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Wolunes I and 11 contain the Proceedings of the Twentieth Annual Conference on 
Nanual Control. The proceedings e r e  published l r l i t n  the support of the 
National Aeronautics and Space Administration and the Army Aeromechanics 
Laboratory, both located at k s  Research Center. The meating MBS held at 
the Sheraton-Sunnyvale Notel in SuMyvale, California from June twelfth 
through fourteenth, 1984. Both foraral papers that represented canpleted work 
and informal papers that represented work in progress uere presented. The two 
wol-s include all of the papers accepted for presentation at the meeting; 
seventy six complete manuscripts and nine abstracts. The papers are divided 
into tu0 wolumes that represent the tu0 general classes of topics that -re 
covered. Voltme I cowers more traditional aIhnual Ptenual" topics such as time 
series Isodeling, flying qualities, and supervisory cmtrol a#iels. Wolune I1  
contains papers that arenore fausedon psychological and physiological 
issues, such as evoked potential Bnd workload laeasuremwrt, that were included 
in the pmgrars of the concurrent "Annual Ibntal" 

This uas the bentieth in a series of conferences datinq back to December 
1964. These earlier meetifqs and their proceedings are listed belm: 

First Amual NASA-Uniuersity Conference M lganudl Control, the University 
of (rlichigan, December 1964. (Proceedings not printed.) 

Second cknwl NASA-lhiversity Conference on 14enual Control, University of 
Southern California, February 2H to Marct~ 3, 1967. (NASA-9-128) 

Third Annual MA-University Conference on -1 Control, University of 
Suuthem California, Ir$rch 1-3, 1968. (NASA-9-144) 

Fourth Annual NASA-Unibersity Conference on lrlanual Control, University of 

Fifth Annual NASA-Uliversity Conference on Manual Control, 

MchiQm, lrtarch 2l-23, 1968. (NASA-9-19) 

i4assachusetts 
Institute of Technology, lrlarch 27-29, 1769. (NASA-SP-ZIS) 

Sixth Amual Ccnference an Mama1 Control, 'aight-Patterson AFB, Ohio, 
bril 7-9, 1910. (AFIT/AFFOL Report, no m r )  

Seventh A m w l  Conferencemlrarnral Control, Univeristy of Southern 
California, June 2-4, 1971. (NASA-%-a1 ) 

Eighth Anrrwl Conference on manUal Control, University of Mchi~an, Ray 
17-19, 1372. (AFFOL-TR-72-92). 

Ninth Anrrual Conference on Ramal Control, lrhssschusetts Institute of 
Technology, FIay 23-25, 1973. (Proceedings published by PIIT, cio nunber) 

April 9-11, 1974. (AfIT/AFFDL Report, no nunber) 
Tenth Annual Conference on PEanUal Control, hfright-Patterson AfB, Ohio, 

Eleventh Annual Conference on Ranual Control, NASA-hes Research Center, 
(NASA Tlrl X-62,464) May 3-23, 1975. 
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Twelfth Annual Conference on Manual Control, University of Illinois, May 
25-27, 1976 (NASA TN X-73,170) 

Thirteenth Annual Conference on r%nual Control, Massachusetts Institute 
of Technology, June 15-17, 1977. (Proceedings published by PIIT, no number) 

Fourteenth Annual Conference on Ranual Control, University of Southern 
Silfornia,  April 25-27, 1978 (NASA CP-2060) 

Fifteenth A m w l  Conference on Manual Control, hh-ight State University, 
Ohio, March 20-22, 1-9. ( A F F O L - T R - ~ ~ , ~ ~ ~ ~  

Sixteenth A n n u a l  Conference on Wnual Control, Ibsachusetts Institute of 
Technulogy, Flay 5-7, 1980. (Proceedings published by flIT, no number) 

Seventeenth Amual Conference on P?anual Control, University of California 
r.t Los Angeles, June 16-18, 1981. (JPL Publications 01-95) 

Eighteenth Annual Conference on Manual Control, Wright-Patterson AfB, 
thio, June 8-10, 1982. (AFWAL-TR-83-3021) 

Nineteenth Annual Conference on k w a l  Control, lrlassachusetts Institute 
of Techolgy, Play 23-25, 1983. (NIT publication, m nucaber) 

b k  Mould like to thank the follming people for the many hours of help that 
they gave in planning, organizing and m i n g  the meeting itself and 
preparing the proceedings for publication: lgichael Bortolussi, Roberta 
Cortilla, Carl Decker, Sherry Dunbar, Gary Guthart, Robin Karl, Patrick 
Lester, Dave brcarian, Ronald Millerp and Richard Rothchild. 

Sandra G. Hart, Conference Publications 

- 
€. James Hartrell, -ral Chairman 
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THE USE OF ERPS TO MONITOR NON-CONSCIOUS MENTATION 

by Emanuei Donchin 

Department of Psychology 
Univers i ty  o I 1  li noi s 

1. In t roduct ion 

1.1 The Washington Post A r t i c l e  

On June 3, 1984 the  Washington Post carr.zd an a r t i c l e  by 
correspondent Michael Schrage e n t i t l e d  "Technoloqy Could Let  Bosses Read 
Minds." The a r t i c l e  continued on the fo l low ing  page under the  heacl ine 
"Privacy Vei l  May Block Bra in Watchers V i e w . "  I n  the  a r t i c l e  Schrage 
reports tha t  "Researchers i n  both academia and indust ry  say i t  i s  now 
possible t o  envis ion a marketable product t ha t  could instantaneuusly assess 
whether employees are concentrating on t h e i r  jobs by analyzing t h e i r  b ra in  
waves as they work." Westinghouse's Research and Development center i a  
Pi t tsburgh i s  described as "explor ing the use o f  b ra in  wave analysis - 
pa r t i cu la r l y  a b ra in  wave known as the P300 - as a means o f  determining an 
ind iv idual  I s  l eve l  cif a t ten t i on  and cogni t ive processing." The manager o f  
the  Human Sciences Laboratory i n  tha t  Center p red ic ts  t h a t  "w i th in  the  next 
10 years Westinghouse could market a complete system capable o f  monitor ing 
the  mental processing e f f o r t  o f  employees as they worked." The a r t i c l e  goes 
or, t o  rev'ew the  opinions o f  others who are involved i n  the  study o f  P300 
lending t o  exchanges w i th  one labor leader and one lega l  scholar, from 
Harvard, regarding the degree t o  which the  use o f  P300 f o r  reading the  mind 
const i tu tes an "invasion of privacy." 

The claims discussed i n  Schrage's a r t i c l e ,  and the  worr ies they 
engender, have appeared frequently, i n  the past few years, i n  t h e  pub l i c  
press and i n  s c i e n t i f i c  communications. The claims, and the  concerns, are 
t r iggered by a s o l i d  body o f  evidence accumulated i n  several labora tor ies  i n  
the two decades since Sutton and h i s  colleagues discovered the  P300 (Sutton, 
Braren, Zubin, 81 John, 1965). The evidence suggests tha t  t he  "endogenous" 
coTonents o f  the Event Related Bra in Potent ia ls  (ERP), and i n  p a r t i c u l a r  
the  P300, can incked be used as a t o o l  i n  the study o f  cogn i t i ve  funct ion 
(Donchin, 1979). 
government agenLies s p e c i f i c a l l y  i n  order t o  determine i f  i t  i s  poss ib le  t o  
monitor, by means o f  the E&?, t h e  operators o f  complex man-machine systems. 
The evidence does ind ica te  tha t  t he  ERP can provide data on aspects o f  t h e  
in te rac t ion  between operator and task tha t  may otherwise be opaque t o  
monitoring (Donchin, Coles & Gratton, 1984; Kramer, Wickens and Donchin, 
1983; Wick ms, Kramer, Vanasse, & Donchin, 1983; Is rea l ,  Chesney, Wickens, & 
Donchi n, 1980). 

indeed, much o f  t h i s  research has been supported by 
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Yet, i t  must be emphasized tha t  these conclusions have y e t  t o  be 
tested i n  t h e  c r u c i b l e  of p rac t ica l  appl icat ions. I n  the m a i n ,  no research 
has ye t  teen done t o  t rans la te  t h e  laboratory f ind ings i n t o  instruments t h a t  
can be used by design engineers and by system managers. This i s  due, i n  
part, t o  budgetary and t o  p rac t ica l  considerations. However t h e  reluctance 
t o  invest i n  the  development o f  ERP based monitoring may a lso be due t o  
concerns regarding the  appropriateness o f  using brain-waves t o  monitor 
mental a c t i v i t y .  It i s  important therefore t o  emphasize tha t  the  "mind 
reading" impl icat ions o f  t h i s  work are of ten stated i n  a misleading and an 
i n f l a t e d  manner. We can indeed monitor mentation using the ERP. Further- 
more, as I w i l l  endeavor t o  show i n  t h i s  paper, t h e  ERPs provide a unique 
opportcnity t o  monitor non-conscious mentation. Yet, i t  i s  not possible, 
and I bel ieve i t  w i l l  never be possible, t o  use the  ERP t o  "read minds" i n  
the  popular, f r i d a y  n i g h t  horror  movie, sense o f  the phrase, Hy purpose i n  
t h i s  lec tu re  i s  t o  describe the  class o f  inference5 t h a t  can be based OR ERP 
data and t o  emphasize t h e  l i m i t s  o f  these inferences. This, however, w i l l  
not be aQ exhaustive r e v i e w m h e  use o f  ERPs i n  Engineering Psychology. 
Rather, the appl icat ion,  i t s  scope, and i t s  l i m i t a t i o n s  w i l l  be i l l u s t r a t e d  
by means o f  one example. 
iq t roduct ion t o  the methodology used i n  the  study o f  ERPs. 

I w i l l  precede t h i s  example by a b r i e f  technical  

1.2 Signal Averagi ng 

Event Related Brain Potent ia ls  (or ERPs) are extracted from t h e  EEG 

It i s  
tha t  can be recorded between a p a i r  of electrodes placed on a person's 
scalp. 
the r e s u l t  o f  t h e  in tegra t ion  of t h e  po ten t ia l  f i e l d s  generated by a 
mult i tude o f  neuronal ensembles t h a t  are a c t i v e  as the bra in  goes about i t s  
business. U i t h i n  t h i s  "ongoing" signal i t  i s  possible t o  d is t ingu ish  
voltage f luc tua t ions  t h a t  are t r iggered i n  neural structures by t h e  occur- 
rence of s p e c i f i c  events. This a c t i v i t y ,  evoked as i t  i s  by an external  
event, i s  known as t h e  Evoked, or Event Related, Potentia?. It i s  bu t  a 
f a i n t  whisper i n  t h e  polyneural roar  o f  t h e  EEG. However, t h i s  whisper 
tends t o  fo l low t h e  same time course whenever i t s  e l i c i t i n g  event occurs. 
Therefore, when the  EEG immediately fo l lowing an event i s  examined over an 
ensemble o f  records the whispering ERP's are synchronized and t h e i r  voice, 
as i t  were, becomes audible over t h e  c o n f l i c t i n g  and asynchronous babble o f  
the  remaining EEG. Signal averaging i s  a technique f o r  ex t rac t ing  such 
f a i n t  s ignals t h a t  fo l low a f i xed  t ime course r e l a t i v e  t o  a t r i g g e r  point .  
Detai led descr ipt ions o f  the  procedure are read i l y  ava i lab le  (see Yall iday, 

?he EEG i s  recorded as a continual f luc tua t ion  i n  voltage. 

1982). 

The ERP extracted i n  t h i s  fashion takes t h e  form of a ser ies of 
f luc tuat ions o f  the  voltage between the recording electrodes. The epoch 
over which an ERP can be observed i s  on the order o f  several hundroJ 
mill iseconds. The ERP i s  commonly considered t o  be d sequence of r e l a t i v e l y  
independent components (Donchi n, R i  t t e r  & flcCal lum, 1978) . The amp1 i tude o f  
the components, t h e i r  latency a n i  t h e i r  scalp d i s t r i b u t i o n  are t h e  
a t t r i b u t e s  o f  the ERP t h a t  are most commonly used i n  monitoring brain, and 
by imp l ica t ion  cogni t ive,  a c t i v i t y .  Some of the components of t h e  ERP, i n  
p a r t i c u l a r  those t h a t  appear w i t h i n  t h e  f i r s t  100 m e c  fo l lowing the 
stimulus are manifestat ion of t h e  transformation, and the cmnunication, of 
information i n  the  sensory pathways. These "exogenous" components are 
general ly fol lowed by one or  more components whose appearance, and patterns 
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of  change, vary w i th  the  information processing demands placed on t h e  
subject, 
cogni t ive a c t i v i t y  . It i s  these, endogenous, a c t i v i t i e s  t h a t  are used i n  monitoring 

1.3 How Are The ERPs Used i n  the Study of Cognition? 

The monitoring t o o l  t o  which Schrage's a r t i c l e  re fe rs  i s  a record o f  a 
voltage change tha t  can be obtained frun the scalp o f  an awake human. These 
recordings can be obtained rather  r e l i a b l y  and our knmledge has advanced t o  
the point  t h s t  we can predic t  w i th  r e l a t i v e  ease how a t t r i b u t e s  o f  these 
waves w i l l  charlge as a consequence of a va r ie t y  o f  exper imnta l  manipu- 
lat ions.  One read i l y  obtained component i s  ca l l ed  P300, because i t  i s  
pos i t i ve  going and i t s  latency i s  hardly ever less than 300 msec. The P300 
i s  often obtained i n  the  so-called 'oddball" paradigm i n  which a ser ies o f  
s t i m u l i  i s  presented t o  the  subjects; t h e  s t i m l i  can be c l a s s i f i e d  i n t o  two 
categories. 
t he  rare events e l i c i t  an ERP t h a t  i s  characterized by a large, p o s i t i v e  
going, voltage change t h a t  peaks about 300 msec a f t e r  the e l i c i t i n g  event. 
This l a t e  p o s i t i v i t y  i s  the P300 (see Pritchard, 1981; Donchin, 1981; 
H i l l y a r d  & Kutas, 1983 f o r  reviews of the l i t e r a t u r e ) .  

I f  the events i n  one o f  t he  categories occur only rarely,  then 

The P300, and other ERP coqonents, provide an i nves t i ga to r  w i th  a set 
o f  dependent variables t h a t  can be used i n  t h e  study o f  cognit ion. The 
manner i n  which these dependent variables r e l a t e  t o  various independent 
variables i s  wel l  established. However, as y e t  very l i t t l e  i s  known about 
the o r i g i n  and funct ional  s igni f icance of these signals. Evidence regarding 
the  i n t rac ran ia l  sources of t he  po ten t ia ls  i s  j u s t  beginning t o  emerge. 
i s  l i k e l y  t h a t  the ERPs represent t h e  s u m t i o n  of  po ten t i a l  f i e l d s  
associated w i th  ind iv idua? neurons who, fo r tu i t ous l y ,  a r e  so or iented t h a t  
t h e i r  f i e l d s  sunmate. But, as f a r  as we can t e l l ,  t h e  sunrwted f i e l d s  have 
no funct ional  r o l e  i n  and of themselves. 

It 

The nature o f  the ERP and the  constraints on the i n t e r p r e t a t i o n  o f  i t s  
physiological s ign i f i cance raises, i nevi t ab l y  , doubts regarding the v a l i d i t y  
and the u t i l i t y  o f  inferences made or! t he  basis o f  these signals. Even 
though the  Press has proven rather  sanguine about t h e  promise o f  ERP i n  
monitoring cognit ion, t h e  enthusiasm f o r  i t s  use has not proven infect ious.  
Indeed, those who are most i n  need o f  techniques fo r  monitoring the ope- 
rators o f  complex systems have not been quick t o  adopt ERPs despite the very 
strong laboratory evidence f o r  t h e i r  u t i l i t y .  
derives fron a misunderstanding, It i s  conaonly assumed t h a t  t o  be useful a 
"physiological" index must be d i r e c t l y  involved i n  t h e  processing a c t i v i t y  
being monitored. But t h i s ,  I argue, i s  not necessari ly a v a l i d  approacn. 
I n  fact  i t  i s  q u i t e  possible t o  conceive o f  a s i t u a t i o n  i n  which 
"epiphenomenal" indices may prove q u i t e  useful. 

I n  part,  t h i s  reluctance 

1.4 The Espionage Metaphor 

The process by which the ERPs are u t i l i z e d ,  i t s  powers and i t s  
l im i ta t i ons ,  may be c l a r i f i e d  by resor t ing t o  an analogy. 
analogy from e lec t ron ic  snooping. It seems tha t  t h e  design o f  computers i s  
nur tur ing a new form o f  i n d u s t r i a l  espionage. These high-tech snoops record 
rad iat ion emitted i n  the  neighborhood of ccmputing devices. 
t ha t  the s t ruc tu re  o f  e lec t ron ic  data processing devices causes some of  the  

I derive the 

It so happens 
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rad ia t ion  emitted i n t o  the  environment t o  be a manifestat ion of a c t i v i t y  
in te rna l  t o  the computer. Moreover, i t  i s  apparently p o s s i t l e  t o  ex t rac t  
f rom t h i s  rsd iat ion,  by appropriate computer analysis, usefu l  data about t h e  
informat ional  transactions t h a t  take place ins ide  t h e  computer. It i s  as if 
t h e  in fo rna t ion  comwnicated w i t h i n  t h e  computer's funct ional  e;,ments 
modulates recordable e l e c t r i c a l  a c t i v i t y  i n  a manner t h a t  a l lows the  
perspicacious and enterpr is ing spy t o  "read the  m i n d "  of the canputer. 

It is noteworthy t h a t  the  a c t i v i t y  recorded, and read, by such a spy 
i s  not necessari ly a meaningful component frm t h e  po in t  of v iew of t h e  
conputer's informat ion processing a c t i v i t i e s .  The rad ia t ion  may very we1 1 
be due t o  the manner i n  which t h e  computer was implemented. The a v a i l -  
a b i l i t y  o f  these extraneous signals depends on such factors as the  choice of 
conponents and t h e i r  packaging, t h e  q u a l i t y  o f  t h e  shielding. These a r e  
factors  tha t  are essent ia l l y  i r r e l e v a n t  t c  t h e  operation o f  the  computer as 
an informat ion processins device. Yet, honewer epiphenomena1 , these 
a c t i v i t i e s  tha t  are "noise" t o  t h e  computer are gery much "s ignal "  t o  t h e  
spy. Provided t h e  technology f o r  ex t rac t ing  t h e  s igcals  m's ts .  O f  course, 
such an i n d i r e c t  method w i l l  be used only  i f  more d i r e c t  methods t o  access 
t h e  information of i n t e r e s t  are not read i l y  avai lable.  

I tend t o  view t h e  ERPs i n  much the  same way. F o r  reasons havisg t o  
do w i t h  the  manner i n  which t h e  bra in  i s  implemented, some o f  i t s  a c t i v i t i e s  
are manifested on the  scalp by a voltage change. 
a c t i v i t y  i s  seen when many neurons are act ivated i n  synchrony and the  
topography w i t h  which these neurons are packed i s  conducive t o  the  
r u m a t i o n  o f  t h e i r  ind iv idua l  f i e l d s  (Al l ison, i n  press). We assume t h a t  
under t h e  appropriate circumstances and w i t h  the  appropriate analysis i t  may 
be possible t o  ex t rac t  from these signals data t h a t  help i n  i n t e r p r e t i n g  t h e  
a c t i v i t y  o f  the  brain. This i s  so because, es w i t h  the  e l e c t r i n i c  spies, 
t h e  actual informational transactions t h a t  take place w i t h i n  t h e  bra+ 
modulate the  ERPs, epiphenomena1 as they may be, i n  ways t h a t  a l low strong 
inferences about these informat ional  transactions. 

It i s  l i k e l y  t h a t  such 

Note that,  as w i th  the  extraneous rad ia t ion  i n  the  complrcer, we need 
not assume t h a t  t h e  ERPs i n  themselves cons t i tu te  a funct ional  e n t i t y  i n  t h e  
informat ion processing executed by t h e  brain. A l l  we need t o  assume i s  t h a t  
t h e  i n t r a c r a n i a l  e n t i t i e s  t h a t  are manifested by the  ERP play a r o l e  i n  
informat ion processing and tha t  the  modula'.ion o f  t h e  ERP, as t h e  e n t i t i e s  
i t  manifests go about t h e i r  business, i s  re la ted  i n  a systematic func t ion  t o  
the a c t i v i t y  o f  in te res t .  With these assumptions we can observe var ia t ions 
i n  the  ERP and draw inferences regarding the  informat ion processing a c t i v -  
i ty .  It i s  these inferences t h a t  a l low t h e  use o f  the  ERP as a t o o l  i n  t h e  
study o f  cogni t ive function. 

To i l l u s t r a t e  the manner i n  which the  ERPs can be u t i l i z e d ,  I w i l l  
summarize a study by Gratton, Dupree, Coles and Donchin ( i n  preparat ion) i n  
which var ia t ions i n  the  latency of one component of the  ERP, t h e  P300, has 
been used t L  reveal aspects of processing tha t  accompany t h e  responses o f  a 
subject who i s  performing an oddball task. The key asse*ion supported by 
t h i s  study i s  :hat ERP data can be useful  i n  the  examination o f  processes 
t h a t  are not read i l y  ava i lab le  t o  introspect ion.  By making t h e  covert  over t  
the  ERPs can help i n  the study o f  non-conscious processes. 
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2. The Oddball Paradigm - Using Names 

The study discussed here i s  one i n  a ser ies o f  studies ewploying t h e  
Oddball parL4igm i n  which t h e  s t imu? i  were names of ind iv idua ls  comonly 
wxd i n  the  American cul ture.  I n  a l l  cases the  ser ies were constructed so 
that 20% (or, on occasion, 102) o f  t h e  names were names of males, (e.9.. 
Jack, John, Eric...). A l l  other names were names corirrwMly associated w i t h  
fmales,  (e.g., Mary, Vanessa...). On SUM? occasions, the subject was 
r i q u i r e d  t o  count the  number o f  names t h a t  f e l l  i n  one or  another category, 

-f COUNT condit ion). On other occasions the  subject ind icated the  
'ccurrence @f  one of t h e  categories by pressing one o f  two buttons, (a  
,<eaction Time, o r  RT, condi t ion).  

The i n i t i a l  study i n  t h i s  ser ies was reported by Kutas, HcCarthy and 
':$onchin (1977). Thei r  subjects were presented w i t h  3 d i f f e r e n t  Oddball 
series. A "Variable Names" ser ies was constructed from nmes o f  males and 
females as described i n  t h e  previous paragraph. A 'Fixed Names' ser ies 
i icluded j u s t  t h e  names DAVID and NANCY. The t h i r d  ser ies was a sequence o f  
! Irds, 20% o f  which were synonym of "PROD." The subject 's task was t o  , ress one button i n  response t o  such synonyms and t o  press another button i n  
i*aponse t o  a l l  other words. The rare events i n  each ser ies e l i c i t e d  a 
large P300. This was t r u e  regardless o f  t h e  s p e c i f i c  task assigned t o  t h e  
subject . 

It turned out t h a t  t5e latency of t h e  P300 var ied across the  3 
conditions. This was p a r t i c i r l a r l y  noteworthy when the  subjects were 
inst ructed t o  be accurate. The shortest latency was observed when t h e  
subject discriminated between t h e  two names, David and Nancy. A longer 
latency i s  seen when the  names vary from t r i a l  t o  t r i a l .  The longest 
latency was associated w i t h  t h e  need t o  decide whether each o f  a ra ther  
disparate l i s t  o f  words i s  a synonym o f  PROD. These, and a considerable 
arnount o f  addi t ional  data, lead us t o  suggest t h a t  t h e  latency o f  t h e  P300 
depends on t h e  t ime required f o r  the  evaluat ion of t h e  stimulus. Subsequent 
work (McCarthv & Donchin, 1981), demonstrated t h a t  t h e  latency of P300 i s  
la rge ly  indvsendent  o f  t h e  durat ion of processes t h a t  are involved i n  t h e  
se'ect ion and execution o f  t h e  response. The i n t e r e s t i n g  conclusion from 
these data has been t h a t  the  latency of P300 i s  proport ional  t o  the  t ime i t  
takes t o  categorize the s t imul i .  I f  t h i s  i s  the  case, t h e  P300 latency may 
be :ised as a too l  i n  mental chronometry t o  measure mental t im ing  uncon- 
taw-inated t: "motor" processes (McCarthy I Donchin, 1983; Donchin, 1981). 
For studies i n  which P300 latency i s  indeed u t i l i z e d  i n  t h i s  fashion see 
Ford, Mohs, Pfeffcrbaum and Kopell (1980), Duncan-Johnson and Donchin, 
(1981:, Goodii . Squires, and S t a r r  (1983), Pfefferbaum, Ford, Johnson, 
Wenegrat, and hopell  (1983), as wel l  as Coles, Gratton, Bashore, Eriksen and 
Donchi n 1 i t l  Greparati on ) . 

L.l The Correlat ion Between P300 Latency and RT 

I n  a more deta i led analysis o f  t h e  data reported by Kutas e t  a l .  
1977), McCarthy and Donchin (1979) examined the  re la t ionsh ip  between t h e  

laten::y o f  P300 Jnd t h e  Reaction Time associated w i t h  each o f  the  t r i a l s  i n  
an oddball study i is inq names, sorted according t o  gender. The analysis 
cap i ta l i ze?  on a f i l t e r i n g  technique t h a t  allowed the  measurement o f  the 
l a t e m y  a t  P300 on ind iv idua l  t r i a l s  (Woody, 1967). The p r i n c i p a l  f i n d i n g  
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has been tha t  t he  co r re la t i on  between P300 latency and RT depends on the  
strategy adopted b the  subjects. When the  subjects were i ns t ruc ted  t o  be 

d i f ferent  than zero. On the other hand, when ins t ruc ted  t o  be fast, t h e  
su5jects'  RTs and P300 latencies were q u i t e  uncorrelated. These data 
supported the  sugwst ion  (Donchin, 1979, 1981) that the P300, and t h e  motor 
response, may each be the culmination o f  a ser ies o f  processing a c t i v i t i e s  
and t h a t  these streams o f  processing can, i n  pr inc ip le ,  be q u i t e  independent 
o f  each other. 

accurate the  corre f a t i on  between P300 latency and RT was s i g n i f i c a n t l y  

The P300 latency i s  assumed t o  r e f l e c t  t he  duration o f  st imulus 
evaluation processes. From the  evidence on hand it would appear t h a t  t he  
processes leading t o  the  invocation o f  a P N O  continue for as long as i s  
required f o r  a f u l l  evaluation o f  t h e  stimulus. The latency o f  P300 is ,  
therefore, a t  l eas t  as long as t h e  durat ion of these evaluat ion processes. 
The overt responses, on the  other hand, may wel l  be released 'prematurely" 
on the  basis of l i m i t e d  information. The co r re la t i on  between Reaction Time 
and t h e  latency o f  the P3W w i l l  therefore depend on the  degree t o  which the  
overt responses tha t  define the RT are made contingent on the  f u l l  
evaluation of the s t i m l u s .  The more i nc l i ned  the  subject i s  t o  respond 
prematurely, t he  poorer t h e  co r re la t i on  between the  latency o f  t h e  P300 and 
the RT. 

2.2 The P300 On E r r o r  T r i a l s  

One s t r i k i n g  aspect o f  the data acquired by McCarthy and Donchin 
(1979) was observed when the t r i a l s  on which subjects made errors. These 
were t r i a l s  on which t h e  subject responded t o  a ra re  event as i f  i t  was 
frequent. That i s ,  even though a #ale name appeared on the  screen, t h e  
subject pressed the  button associated w i th  Female names. There were but a 
few such t r i a l s  i n  the  study reported by McCarthy and Donchin (1979). 
However, i n  v i r t u a l l y  a l l  these t r i a l s  the pattern was the  same - t h e  
Reaction Times were r e l a t i v e l y  short  and the P300 latency was r e l a t i v e l y  
long. It was as i f  on tbese t r i a l s  the  subjects f i r s t  acted and than 
thought! As t h e  number of e r r o r  t r i a l s  was small, we rep l i ca ted  the  
experiment presenting the subjects w i t h  many mre t r i a l s  and pressing even 
harder f o r  f a s t  responses. A p a r t i a l  report  on these data can be seen i n  
McCarthy ( i n  press). I n  10 out o f  t he  11 subjects t h e  pat tern obtained was 
iden t i ca l .  Errors of commission, " fast  Guesses," were associated w i t h  very 
short RTs and r e l a t i v e l y  long P300 latencies. McCarthy and Donchin (1979) 
suggested t h a t  whenever an e r ro r  was detected on any given t r i a l ,  t h e  
invocation o f  the P300 was delayed. The delay was required, presumably, t o  
al low fu r the r  processing o f  t he  t r i a l ' s  data. This i n t e r p r e t a t i o n  
exemplif ies the  manner i n  which observations of t h e  P300 lead t o  inferences 
regarding an i n te rna l  process even though these processes may not be read i l y  
observable by conventional means. 

2.3 Puzzles f o r  Present Experiment 

Even though the  Increase i n  the latency of the P300 was q u i t e  evident 
i n  the data obtained by McCarthy and Donchin (1979) i t  was not su f f i c i en t  t o  
support the conclusion t h a t  t h i s  delay i s  due t o  extended processing 
consequent on an in ternal ,  not necessari ly conscious, recogni t ion o f  the 
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commission o f  the er ro r .  Several a l te rna te  explanations can be invoked. 
Two o f  these d i f f i c u l t i e s  a re  sunnnarized here. 

2.3.1 N e w  Component? 

One of t h e  major d i f f i c u l t i e s  presented by ERP data i s  associated with 
t h e  d e f i n i t i o n  and the  proper i d e n t i f i c a t i o n  o f  components o f  the  ERP. 
example, each o f  the  p o s i t i v e  going peaks observed by Kutas e t  a1 . (1977) i n  
t h e  ERPs e l i c i t e d  by t h e  three ser ies has been labeled "P300" even though 
t h e  peaks d i f f e r  i n  latency by as much o f  100 msec. What leads us t o  
bel ieve t h a t  these three peaks are indeed instances o f  a component whose 
latency i s  s h i f t e d  by t h e  durat ion of t h e  processing precedes i t s  
invocation? How do we know t h a t  the  peaks w i t h  t h e  longer latencies are not 
e n t i r e l y  new components t h a t  are e l i c i t e d  by t h e  presentation of a word, o r  
by t h e  search o f  a synonym. The issue i s  general ly resolved on t h e  basis o f  
the  s i m i l a r i t y  o f  wave shapes, on t h e  scalp d i s t r i b u t i o n  o f  t h e  po ten t ia ls  
and on the  wanner i n  which they respond t o  experimental manipulations 
(Donchin, e t  al., 1978). There remains t h e  p o s s i b i l i t y  t h a t  delayed peaks 
t h a t  are recorded i n  associat ion w i th  e r r o r  t r i a l s  are d i f f e r e n t  components 
ra ther  than a delayed P300. 

For 

2.3.2 Response Related Factors 

Another i n t e r p r e t a t i o n  of these data i s  based on the fact t h a t  on a l l  
these e r r o r  t r i a l s  t h e  subject responded rather  f a s t  t o  the  stimulus. 
other words, these are c l e a r l y  t r i a l s  on which a var ie ty  o f  fac to rs  are 
in jected i n t o  the  stream of processing. How do we know t h a t  i t  i s  the  
recogni t ion of t h e  error,  ra ther  than t h e  f a c t  t h a t  a very fast  response was 
emitted on t h e  t r i a l  t h a t  accounts f o r  t h e  delay? A d i f f e r e n t ,  but  re la ted 
p o s s i b i l i t y  i s  t h a t  it i s  not t h a t  P300 i s  delayed on e r r o r  t r i a l s ,  but  
ra ther  t h a t  e r ro rs  may be more l i k e l y  on t r i a l s  on which P300 latency i s  
1 ong . 

I n  

2.3.3 The Need For an Addi t ional  Study 

The controversy surrounding the i n t e r p r e t a t i o n  of t h e  ERPs recorded on 
e r r o r  t r i a l s  touches on some o f  the  key issues i n  t h e  i n t e r p r e t a t i o n  of the 
ERP. The manner i n  which such controversies arise, and t h e  act ion t h a t  i s  
needed t o  resolve t h e  issue, m s t  be understood i f  these data are t o  be used 
i n  the, so-called, " rea l "  world. Any monitor ing system t h a t  u t i l i z e s  ERPs 
i n  the manner described by t h e  Washington Post a r t i c l e  w i l l ,  i n  one way o r  
another, acquire data much l i k e  those described above. Essent ia l l y  t h e  data 
analysis, hwever  sophist icated, b o i l s  down t o  a comparison o f  t h e  ampl i -  
tudes o f  waveform features obtained a t  d i f f e r e n t  s i t e s  on the  same occasion 
or features t h a t  were obtained from the same s i t e  on d i f f e r e n t  occasions. 
Whenever such a comparison i s  made i t  i s  c r i t i c a l  t o  assure t h a t  one 
compares features o f  t h e  same object. 
component f o r  another, then s h i f t s  i n  latency o r  i n  amplitude t h a t  are 
assumed t o  r e f l e c t  s h i f t s  i n  t h e  a l loca t ion  of a t t e n t i o n  may i n  f a c t  r e f l e c t  
an al together d i f f e r e n t  process. Such a confusion w i l l  f r u s t r a t e  any 
attempt t o  u t i l i z e  t h e  ERPs, regardless i f  the  use i s  made i n  a laboratory 
or an i ndust r i  a1 envi ronment . 

I f  i t  i s  possible t o  mistake one 
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I n  the present case, t h e  c la im tha t  i s  i n  need o f  evaluat ion i s  t h a t  
the  P300 reveals, through modulations o f  i t s  latency, the  a c t i v a t i o n  o f  an 
in ternal ,  mental, process t h a t  i s  invoked as a consequence o f  the  
recogni t ion tha t  an e r r o r  has occurred. 
k i t h  the  longer latency i s  indeed a delayed P300 ra ther  than a new 
component, and i f  we can be sure tha t  the  delay i s  indeed due t o  the  
xcurrence o f  t h e  e r r o r  ra ther  than t o  such fac to rs  as t h e  speed of t h e  
response associated w i t h  t h e  movement, than the  P300 i s  indeed reveal ing i n  
a unique fashion aspects o f  the information processing system. To resolve 
some o f  the  doubts tha t  remained regarding the  ERPs e l i c i t e d  on e r r o r  t r i a l s  
we repl icated, and extended, t h e  study reported by McCarthy and Donchin 
(1979). 

I f  we can be sure t h a t  the  peak 

3. A Study o f  P300 Latency on E r r o r  T r i a l s  

Thus, we have again presented subjects w i t h  a ser ies o f  names. 
ser ies t h e  names appeared w i t h  unequal probabi l i ty ,  names of Females 
appearing frequently, P(female)=.80. 
two categories appeared w i t h  equal probabi 1 i ty. These two probabi 1 i ty 
condit ions were crossed w i t h  two performance regimes. 
was inst ructed t o  respond as fast  as possible. I n  t h e  other regime t h e  
subject was t o l d  t o  be as accurate as he could. From each o f  :he 7 subjects 
we obtained 800 t r i a l s  i n  each o f  the  condit ions. 

I n  one 

I n  another experimental condi t ion t h e  

I n  one t h e  subject 

3.1 Design 

Procedure. The subject was posi t ioned i n  f r o n t  o f  a PLAT0 terminal  
w i t h  the  f ingers o f  each hand r e s t i n g  araund a 2” diameter bar o f  a 
dynomoneter. The choice-reaction-time task required a sharp squeeze and 
release o f  t h e  bar from one hand i n  response t o  male names appearing on t h e  
screen and a squeeze and release from the other hand i n  response t o  female 
names. Names were presented one a t  a t i m e  i n  the  center o f  the screen f o r  
200 msec w i t h  a 2000 msec in ters t imulus in te rva l .  A l i s t  inc lud ing  10 male 
names and 10 female names was used t o  generate the series. The four  t o  
seven character names were chosen f o r  t h e i r  famil iar i ty and f o r  t h e  
cer ta in ty  o f  t h e i r  gender. 

Subjects were shown t h e  names i n  blocks of 100 t r i a l s .  Blocks were 
made up o f  e i t h e r  80 females and 20 males o r  50 o f  each. Also, subjects 
were inst ructed t o  respond as quick ly  as possible o r  as qu ick ly  as p o s i ’ b l e  
without making errors. The two conditions, (1) the  r e l a t i v e  p r o b a b i l i t y  o f  
male and female names and (2 )  the  i n s t r u c t i o n  set (speed o r  accuracy), were 
f a c t o r i a l l y  combined, r e s u l t i n g  i n  e i g h t  experimental c e l l s .  E ight  hundred 
t r i a l s  were run i n  each c e l l ,  w i th  h a l f  the t r i a l s  run dur ing one session 
and the  remaining ha l f  run dur ing a second session. During each session, 
four  blocks o f  100 t r i a l s  were run f o r  one experimental c e l l  a t  a time. The 
order o f  condi t ions was counterbalanced across subjects i n  a l a t i n  square 
design, and the order o f  condi t ions run dur ing t h e  f i r s t  session was 
reversed f o r  the  second session. Also, t h e  re la t ionsh ip  between t h e  class 
o f  s t imu l i  (male o r  female names) and t h e  responding hand ( l e f t  o r  r i g h t )  
was counterbalanced across subjects. 

I n  addi t ion t o  response time, EEG was recorded by Ag-Ag C1 electrodes 
a t  Fz, C t ,  Pz, C1, and C2 placed according t o  the  10-20 system and refer red 
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t o  l inked mastoids. EOG was recorded f o r  purposes o f  subtract ing out ocular 
a r t i f a c t  from EEG, w i th  a Beckman electrode placed above and t o  the  r i g h t  o f  
t h e  r i g h t  eye. EMG was recorded by two Beckman e?ectrodes placed one h a l f  
an inch apart, one t h i r d  o f  the distance on the  diagonal between t h e  elbow 
and the  outer w r i s t  when palm up. Analog t o  d i g i t a l  conversion occurred f o r  
1200 msec which consisted o f  100 msec o f  basel ine before each st imulus name 
and 2200 msec from t h e  movement o f  presentation. 

3.2 Results 

A deta i led presentation o f  t h e  rather  large amount of data, and ti;$ 
numerous analyses o f  these data w i l l  be given i n  Gratton, e t  a1 . ( i n  
preparation). Here, I s h a l l  summarize some of the  r e s u l t s  focusing on t h e  
data obtained when the Hale names where r a r e  an t h e  subject was urged t o  be 
fast ,  ( the "speed" condit ion). 
analyses t h a t  support my various assertions. Again, these are presented 
w i t h  some d e t a i l  by Gratton, e t  a l .  ( i n  preparation). The reader can r e s t  
assured t h a t  a l l  statements made here are backed by adequate analyses. 

I w i l l  not present here t h e  s t a t i s t i c a l  

3.2.1 Reaction Time Data 

3.2.1.1 Histograms f o r  Ind iv idual  Subjects 

The pat tern o f  Reaction Times was consistent. Subjects respond w i t h  
v i r t u a l l y  no er ro rs  t o  Female names. They do so rather  fast .  That i s ,  t h e  
RTs associated w i th  female names tend :c- be short  and the number o f  errors, 
t h a t  i s  presses on the  Male button i n  response t o  a Fe.ale name, i s  mini-  
scLle. The pat tern f o r  Male names i s  q u i t e  d i f fe ren t .  Correct responses t o  
Male names are rare and, when given, they are given slow?y. On t h e  other 
hand, i t  i s  c lear  tha t  on most t r i a l s  on which a Male name i s  t h e  st imulus 
t h e  subject presses t h e  "Female" button. Moreover, t h e  RT on these t r i a l s  
tends t o  be q u i t e  short. The R T  i n  t h i s  case i s  i n  fac t  q u i t e  s i m i l a r  t o  
the  RT associated w i t h  t h e  correct  female name. 

The data ind icate t h a t  t h e  subjects'  responses d i f f e r e d  according t o  
the  button they pressed, o r  the  hand they were using. The Male button was 
pressed so le ly  i n  respmse t o  the appeararlce o f  Male names. The speed w i t h  
which these responses were made was always slower than was t h e  speed of 
response on t h e  Female button. It i s  p laus ib le  t o  assume t h a t  the  subjects 
were primed t o  respond w i t h  the  hand tha t  was ca l led  upon t o  respond most 
frequently. This "response b ias"  caused the  subject t o  respond on many a 
t r i a l  t o  the Male name wi th  t h e  response on the  female button. 
s t r i k i n g  tha t  the  d i s t r i b u t i o n  o f  the  RTs f o r  these f a s t  responses i s  ra ther  
independent o f  the  e l i c i t i n g  stimulus. Pressing, cor rec t ly ,  f o r  a Female 
name and committing a " fast  guess," by pressing the  same button i n  response 
t o  a Male name are ind is t inguishable as responses, a t  leas t  as f a r  as t h e  
shape o f  the  d i s t r i b u t i o n  i s  concerned. 

It i s  

3.2.2 ERP Data 

While t h e  correct  overt  response i s  ind is t inguishable from the  overt  
erroneous response the  processing associated w i t h  the  two classes o f  
responses i s  l i k e l y  t o  be q u i t e  d i f f e r e n t .  There i s  considerabie evidence 
tha t  f a s t  guesses, and other errors, are monitored and processed by t h e  
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subject and tha t  the performance on subsequent t r i a l s  i s  a f fected by such 
processing. This e r ro r  processing need not c a l l  on the  subject 's  awareness. 
The e r ro r  may be processed, and i t s  consequences in tegrated i n t o  the  
response stream, whether o r  not t he  subject i s  conscious o f  t he  error .  
Indeed, the  existence o f  e r ro r - re la ted  processing has heretofore been 
in fe . rea  from var ia t ions  i n  the  performance on t r i a l s  tha t  f o l l ow  the  error .  
An examination o f  the ERPs acquired by Gratton, e t  a l .  reveals t h a t  some 
in t rac ran ia l  processing e n t i t y  i s  a f fected by the  occurrence of an error .  

Support f o r  t h i s  c la im i s  provided by examination o f  t he  ERPs e l i c i t e d  
by names o f  Males and o f  Females. The EEG a c t i v i t y  was sorted so tha t  the  
ERPs associated w i th  co r rec t l y  i d e n t i f i e d  and mis - ident i f ied  Male names are 
p lo t ted  separately, as are t h e  responses t o  Female names. The data were 
also sorted according t o  the  speed of the response. The bottom panel p lo t s  
the  data from the  fastest  responses, each successive panel represents slower 
responses. The data are clear. The ERPs e l i c i t e d  by the  missed Male names 
and by the  Female names are q u i t e  d i f f e r e n t  i n  pattern. The Male names 
e l i c i t  a substant ia l  P300, t h e  Female names bare ly  do. Thus, t h e  
homogeneity o f  the  motor responses obscures a d i f ference betweer, t he  
a c t i v i t y  o f  whatever i n t rac ran ia l  system i s  manifested by the  P300. As the  
response topography o f  the  Male and Female responses appears t o  be qu i te  
s imi lar ,  i t  i s  d i f f i c u l t  t o  a t t r i b u t e  the  delay i n  the  latency o f  names t o  
the  P300 t o  the  speed w i t h  which the  sLL7jects respond on the  e r r o r  t r i a l s .  
The speed o f  the  response on a Female t r i a l  i s  equal t o  the speed of t he  
response on the  incor rec t  Male t r i a l  . 

There i s  a lso  a patent d i f ference between the  ERPs e l i c i t e d  by Male 
t r i a l s  t h a t  were co r rec t l y  i d e n t i f i e d  and those t h a t  were missed. The peak 
p o s i t i v i t y  on the  e r ro r  t r i a l s  i s  delayed by almost 100 msec. This f i nd ing  
corroborates the  reports by Kutas, e t  a l .  (1977). A de ta i led  analysis o f  
t he  d i s t r i b u t i o n  of t he  component supports the  i d e n t i f i c a t i o n  o f  t he  delayed 
component as the  P300 (see Gratton, e t  a1 ., i n  preparat ion).  Thus, we 
confirm the  aradoxical re la t ionsh ip  between the RT and the  latency o f  P300. 
The r e l a t i v e  t y short  RT's  associated w i t h  the  incor rec t  t r i a l s  are 
accompanied by a P300 w i t h  a long latency. Conversely, wht? the  RT i s  
r e l a t i v e l y  long, as i t  i s  on the  correct  t r i a l s ,  t h e  P300 latency i s  short. 
It i s  important t o  note t h a t  t h i s  pa t te rn  o f  resu l t s  holds f o r  a l l  t he  
condi t ions used i n  t h i s  study. E r ro r  t r i a l s  were associated w i t h  the  longer 
latency P300s when t h e  p robab i l i t y  o f  names i n  the  two categories was equal . 
S i m i l a r l y ,  the resu l t  held when subjects t r i e d  f o r  accuracy. Moreover, t h e  
pat tern was maintained even when the  data were sorted according t o  t h e  speed 
o f  the response. That i s ,  when t r i a l s  are c l a s s i f i e d  i n t o  bins according t o  
the  RT on each t r i a l ,  then w i t h i n  - each b i n  the  e r ro r  t r i a l s  are associated 
w i t h  longer latency P300. 

3.3 In te rpre ta t ion  

It seems, therefore,  t h a t  i t  would be prudent t o  accept t h e  empir ical  
assert ion tha t  the  P300 tends t o  have a subs tan t ia l l y  longer latency on 
t r i a l s  on which the  subject pressed the  wrong button. How can we i n t e r p r e t  
such an observation? What, i f  anything, does i t  t e l l  us about t h e  rnerltal 
a c t i v i t i e s  tha t  lake  place as the  subject i s  performing the  assigned task? 
The empirical statement, by i t s e l f ,  can support the  conclusion tha t  there i s  
a d i  fference o f  some s o r t  between processing a c t i v i t i e s  accompanying cor rec t  
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and incor rec t  t r i a l s .  But, estab l ish ing the  existence o f  such a d i f ference 
i s  not a p a r t i c u l a r l y  sa t is fy ing  enterprise. 
a l l  t h a t  surpr is ing  tha t  such a di f ference i s  observed. Moreover, t h e  
existence o f  such d i  fferences has been established q u i t e  persuasively by 
means o f  the  c lass ica l  methods o f  Cognitive Psychology. What do we gain, 
how do we augment the  avai lab le knowledge, by adding the ERP t o  our 
amimentar i  urn? 

I n  the  f i r s t  place i t  i s  not 

3.3.1 The ERP and Non-Conscious Mentation 

It would seem t h a t  one o f  t he  p r inc ipa l  values o f  the  ERPs i s  tha t  
they a l l o w  observation o f  processes t h a t  do not  have obvious representations 
i n  awareness. That such processes e x i s t  goes almost wi thout saying. We are 
not aware, and most probably can not be aware, o f  most o f  t h e  i n te rna l  
informat ion processing a c t i v i t i e s  t h a t  y i e l d  as a consequence the  contents 
o f  awareness. Cmsider Speech. By and large we are aware o f  t he  content o f  
our discourse. We know what we say, we may know why we want t o  say what we 
say and we know t h e  purpose under ly ing our wards. These a l l  are the  
contents o f  consciousness. Yet, we are a t  t h e  same t ime e n t i r e l y  unaware o f  
t h e  nature o f  the process used t o  se lect  our vocabulary, o r  sort out  these 
words i n t o  proper grammatical sentences. Even when we consciously search 
f o r  a word, we are b l i s s f u l l y  unaware o f  t he  manner i n  which our mental 
gears g r i nd  as the word i s  searched for .  When candidate words are dredged, 
we know immediately - we are f u l l y  "aware" o f  - the  degree t o  which t h a t  
word i s ,  o r  i s  not, a su i tab le  choice. But, i f  we know i t  i s  not the  
correct  word, how come we cannot f i n d  the  proper word? These processes, and 
much more t h a t  i s  o f  i n t e r e s t  t o  the cogni t ive sc ien t i s t ,  takes place we l l  
outs ide consciousness. 

It i s  i n  fac t  these non-conscious a c t i v i t i e s  tha t  - are the  p r inc ipa l  
focus o f  i n t e r e s t  t o  Psychologist. True, as persons we are p r i n c i p a l l y  
in terested i n  tha t  o f  which we - are aware. But, as Psychologists we are 
in terested i n  the processess under ly ing the observed behavi or  . We would 
l i k e  t o  understand how memory i s  organized and how in format ion i n  memory i s  
searched and i s  retr ieved. We wou;d l i k e  t o  know how sensory in format ion i s  
integrated i n t o  the percepts o f  ob jects  and how t h e  speech stream i s  scanned 
i n t o  words whose meaning i s  extracted even as a l l  t h e i r  re la ted  associations 
are activated. These are the  psychological operations whose e luc ida t ion  i s  
t he  goal o f  Cogni t ive Psychology. As these are l a rge ly  non-conscious the  
Science i s  based on inferences from observations on the  pa t te rn  o f  over t  
behavior. A l te rna te ly  we depend on sel f - reports,  a r i c h  but  occasional ly 
flawed record. It seems that ,  a t  leas t  t o  a l i m i t e d  extent, ERP components 
al low us t o  monitor d i r e c t l y  the  i n t e n s i t y  and the  latency o f  some o f  these 
processes (Johnson & Donchin, 1978; Johnson & Donchin, 1982; Donchin, 
McCarthy, Kutas, & R i t t e r ,  1983). 

3.3.2 The Research Design 

But, even i f  one grants tha t  the  ERP i s  a manifestat ion o f  b ra in  
a c t i v i t y  which implements an i n te res t i ng  mental operation, and hence by 
imp l ica t ion  the  ERP can be considered a manifestat ion o f  such mental 
operations, how does one determine the  nature o f  the  speci f i c  operations 
associated w i th  a spec i f i c  component. Clear ly  the  degree t o  which t h e  P300 
o r  any other component could be used f o r  monitor ing operators depends on the  
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degree t o  which the  funct ional  significance of the  component i s  known. 
the  spec i f i c  case we are discussing here we need t o  have a theory regarding 
o f  the funct ional  s ign i f icance o f  the P300 so tha t  a framework i s  ava i lab le  
f o r  assessing the imp l ica t ion  o f  i t s  increased latency. 

I n  

How does one go about e luc ida t ing  the funct ional  s ign i f icance of an 
ERP component? I n  my view a three f o l d  process f s  required (see Donchin, 
1981; Donchin & Bashore, i n  press; Donchin, e t  al., 1984). The e n t i r e  
process i s  guided by a view tha t  sees an ERP component as the manifestat ion 
o f  an i n t rac ran ia l  processcr which implements some informat ion processing 
operator. This statement ra'lses some complex phi losophical  issues (see 
Donchin & Bashore, i n  press). However, i n  i t s  simplest form the r e l a t i o n  
between the  ERP and mentation i s  viewed i n  much the  same form as are t h e  
rad io  emissfons discussed i n  Section 1.4, The p r inc ipa l  imp l ica t ion  of t h i s  
view i s  t h a t  theor ies regarding the funct ional  s ign i f icance o f  t he  ERP are 
best developed w i t h i n  some comprehensive model o f  informat ion processing. 
The hypothesis regarding the  component's fw tc t ion  w i l l  be stated by 
i den t i f y i ng  a processing element wi th i r :  t he  general model. Such an element 
i s  defined i n  terms of t h e  transformations it performs on i t s  input.  A 
theory of t he  P300 than asserts t h a t  the component's appearance ind icates 
tha t  t h i s  p a r t i c u l a r  operation has been invoked. The component's latency i s  
a measure of the  durat ion of processes whose occurrence must precede t h e  
invocat ion o f  the  processor. The amplitude o f  the  component i s  taken as a 
measure o f  the i n t e n s i t y  w i t h  which the  c r i t i c a l  operat ion has been 
performed. Many s5sumptions are i m p l i c i t  i n  t h i s  descr ip t ion  o f  theory 
bu i ld ing  i n  Cognitive Psychophysiology. Some are more tenuous than others. 
Thus, inferences about the  latency of a component are f a i r l y  stra- ight-  
forward. On the  other hand, t h e  i n te rp re ta t i on  of  he amplitude as a 
measure o f  the u t i l i z a t i o n  o f  the component (Donchill, Kubovy, Kutas, 
Johnson, & Herning, 1973) i s  based la rge ly  on fa i t h ,  on the  p l a u s i b i l i t y  o f  
t he  assumption and on the fac t  t ha t  t h i s  i s  as good a working hypothesis as 
we can muster. 

3.3.3 The Need f o r  Theory Testing 

A theory o f  the  P300 must begin w i th  an enumeration o f  what I have 
ca l l ed  the  antecedent condi t ions o f  the  component (Donchin, 1981). I n  
ef fect ,  t he  bulk o f  the  research on P300, inc lud ing  the  study described i n  
d e t a i l  i n  t h i s  lecture,  has been concerned wi th the  esumeration o f  these 
antecedent conditions. This search y i e l d s  an ensemble of statements t h a t  
describe the  condi t ions under which the  P300 i s  e l i c i t e d  There i s  a lso  a 
need t o  determine the funct ional  re la t ionsh ip  between var ia t ions  i n  many 
aspects o f  the  e l i c i t i n g  s i t u a t i o n  and a t t r i bu tes  of the  P300. Much e f f o r t  
has been invested i n  determining the  fac to rs  t h a t  cont ro l  the  amplitude o f  
the  P300, i t s  latency and the var ia t ion  i n  i t s  scalp d i s t r i bu t i on .  Such 
data have accumulated i n  the  l a s t  two decades t o  an extent t ha t  permits a 
rat:.er precise enumerati on of the  antecedents o f  t he  P300. 

3.3.4 The Antecedents o f  the  P300 

The l i s t  i s  f am i l i a r  ( H i l l y s r d  & Kutas, 1983; Pr i tchard,  1981). The 
P300 i s  e l i c i t e d  by rare,  task relevant, events. 
constant than the  amplitude of P300 i s  inverse ly  propor t innal  t o  the  
subject ive p robab i l i t y  of t h e  e l i c i t i n g  event. 

If task relevance i s  held 

I f  subject ive p r o b a b i l i t y  i s  
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held constant h a n  P300 amplitude i s  determined by the  extent t o  which the  
task w i th  which the  P300 i s  associated i s  a t  t h e  focus o f  t he  subject 's  
a t tent ion.  This indeed i s  the  basis f o r  the use o f  P300 as a mcasure o f  
Workload ( I s rea l ,  e t  a1 ., 1980; Kramer, e t  a1 ., 1983; Donchin, Kramer & 
Wickens, 1982). It i s  a lso c lear  t h a t  whi le  the r a r i t y  o f  the e l i c i t i n g  
event can play z important r o l e  i n  the e l i c i t a t i o n  o f  t h e  P300, r a r i t y  i s  
ne i ther  a su f f l c i ?n t ,  nor a necessary, condition. Studies o f  P300 e l i c i t e d  
when subjects are assigned dual tasks i nd i ca te  t h a t  P300 i s  a manifestat ion 
o f  processes associated w i t h  perceptui. I ,  categor izat ion,  a c t i v i t i e s .  
add i t ion  evidence has been presented tha t  the  amplitude o f  P300 i s  inverse ly  
proport idnzl  t o  the degree t o  which an e a r l i e r  representation o f  the 
stimulus has decayed (Squi res, W i  ckens, Squi res & Donchi n, 1976). 

I n  

With these ensemble o f  antecedenth on hand one can proceed t c  the  next 
two stages o f  t he  theory bu i l d ing  process. These data, i f  s u f f i c i e n t l y  
complete can lead t o  a model o f  t he  P3JO couched i n  the  terms we required 
above. That i s ,  a statement need be made tha t  assigns a funct ion t o  
P300. The statement represents an i n teg ra t i on  and an i n te rp re ta t i on  11 
t h a t  we know about t h e  P300's antecedent conditions. To be useful  it :ot< 
s u f f i c i e n t  f o r  t h i s  model t o  be merely a p laus ib le  summary of the ava 
data. Rather, i t  skould serve as the basis f o r  the t h i r d ,  the  theory 
test ing,  phase. I n  tha t  l a s t  phase predic t ions tha t  are der ived from the  
hypothesis we e , i te r ta in  regarding the component's funct ion need be tested. 
Such prndic t ions take the  form of statements about t h e  consequences o f  t he  
P300. 

2 

As I argued elsewhere (Donchin, 1981), i f  the  P300 i s  a manifestat ion 
o f  a processing en t i t y ,  a subroutine i f  you w i l l ,  than i t  must have outputs 
t h a t  feed i n t o  subsequent, o r  pa ra l l e l ,  stages o f  the in format ion processor. 
I f  the  amplitude o f  t he  component i s  proport ional  t o  the i n t e n s i t y  o f  i t s  
act ivat ion,  than i t s  a c t i v i t y  w i l l  a f f ec t  subsequent processing stages i n  3 
manner t h a t  i s  re la ted  t o  the  amplitude of P300. I n  ot9er wards, i t  must 
have consequences. I f  we bel ieve we know i t s  funct ion,  we ought t o  be able 
t o  p red ic t  these consequeiices. It i s  i n  the generation and the t e s t i n g  o f  
such hypotheses tha t  theor ies regarding the  P300 are tested. 

4. A Hypothesis Regarding the P300 

The spec i f i c  hypothesis tha t  cur ren t ly  serves as a guide fo r  the  work 
my colleagues and I are ccnducting a t  the  Cognit ive Psychophysiolcgy 
Laboratory a t  the  Univers i ty  o f  I l l i n o i s  views the  process manifested by t h e  
P300 as an instrument i n  the service of the  operation o f  Working Memory. By 
t h i s  term we r e f e r  t o  the ensemble o f  representations t h a t  are, a t  any time, 
i n  a s ta te  o f  higher a v a i l a b i l i t y .  The membership i n  t h i s  ensemble i s  
con t inua l l y  changing as the  needs of t h e  moment change. For  any given task, 
some new representations may be needed, whi le  others (remaining from 
previous tasks) must be discarded. The process i s  dynamic and requires, one 
should assume, a considerable amount of housekeeping. There must be an 
ongoing process of context evaluat ion and context updating. I have argued 
t h a t  the  P300 i s  a manifestat ion o f  a processing e n t i t y  t ha t  i s  u t i l i z e d  
wh i le  such context updating, o r  memory management, takes place. 

Whether t h i s  model w i l l  u l t ima te l y  prove t o  be a good apprwimat ion t o  
the t r u t h  remains t o  be seen. HoMever, i t  does sa t i s f y  the  c r i t e r i a  f o r  a 
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B model i n  chat spec i f i c  predict ions can be de r i v rd  from tha t  model regardin 
t h e  consequences of t he  P300. Fo r  example, Klein, Coles and Donchin (1984 
have shown t h a t  people w i th  per fec t  p i t c h  process phonic probes without 
em i t t i ng  a P300. That t h i s  would be the  case was predicted on t h e  basis of 
t he  context updating hypothesis. Karis, Fabiani and Donchin (1984) have 
shown than the  amplitude o f  the P300 e l i c i t e d  by a st imulus i n  a study o f  
t he  von Restor f f  e f f e c t  p red ic t s  whether or not the  st imulus w i l l  be 
recal led. 

4.1 The Delayed P300 on Frror Trials--An In terpr !? tat ion 

I f  the process manifested by the P300 performs a funct iop t h a t  i s  
necessary f o r  the maintenance o f  the  model o f  t h e  environment i . 1  WcrCing 
Memory than i t  may be suggested tha t  i t  i s  not invoked u n t i l  t n e  ( . -La needed 
f o r  determining the  needed changes i s  avai lable. We prapose t h a t  t h e  delay 
i n  the  P300 on e r ro r  t r i a l s  i s  inserted as the e r r o r  i s  recognized by t h e  
system becalr'le there  i s  a need f o r  f u r the r  processing before the  book can be 
closed on the  t r i a l .  Note, than i n  our view the  P300 process i s  invoked i n  
order t o  ser-s the  needs of ac t ion  on f u t u r e  t r i a l s .  Thus, t he  e l i c i t a t i o n  
of P300 on when the  ra re  st imulus appears may be associated w i t h  the  
rese t t  ltig of the  system t o  accommodate responses t o  the  rare events. A f t e r  
a l l ,  t he  subject i s  c l e a r l y  biased t o  emit the  frequent response ~t the  
s l i gh tes t  orovocation. One assums t h a t  these responses are emitted as soon 
as the  appearance of J stimulus i s  detected. As  processing o f  t h e  st imulus 
continues, a f t e r  t he  response has been made, t h e  name i s  proper ly encoded. 
The c o n f l i c t  between the  category o f  t he  name and the response forces on the  
system addi t ional  processing. The addi t ional  t ime required f o r  t h i s  
processing i s  t he  delay we observe i n  the P300. 

We are f a i r l y  confident t ha t  the  delay i n  P300 on e r r o r  t r i a l s  i s  
indeed associated w i t h  the  recogni t ion o f  t he  error. Though we emphasize 
t h a t  we are not implying t h a t  t h i s  i s  a conscious, i n ten t i ona l ,  delay. 
Other p laus ib le  a l te rna t ives  have been considered and havc heen ru led  mt, 
(Gratton, e t  al., i n  preparation). The proposal i s  plausible. However, t h e  
p l a u s i b i l i t y  does not provide adequate support f o r  t he  theory. The c r i t i c a l  
tes t ,  again, i s  t he  a b i l i t y  t o  der ive from our in te rpre ta t ions  of t h e  delay 
spec i f i c  predict ions. I n  t h i s  case, t he  proposal t ha t  the  process mani- 
fested by P300 serves '-e responses made by the  subject on future t r i a l s  
su ests tha t  there  ought t o  be a re la t ionsh ip  between the  amplitude o f  t h e  

conducted two such t e s t s  t o  evaluate the  v a l i d i t y  o f  t h i s  view. 
P3 88 e l i c i t e d  on e r ro r  t r i a l s  and performance on succeeding t r i a l s .  We 

4.2 The Amplitude o f  P300 on Error T r i a l s  And I t s  Consequences 

If subjects e r r  because they are biased t o  respond t o  the  frequent 
event than one consequence o f  the  recogni t ion of an e r r o r  would be an 
ateempt t o  s h i f t  the  bias away from the a c t i v a t i o n  o f  t he  frequently pressed 
button. The s h i f t  would be i n  the d i r e c t i o n  o f  the  response t o  the  ra re  
event. Such a s h i f t  should be accompanied by an increased p r a b a b i l i t y  t h a t  
a response w i l l  be given on the  "male" button t o  male name. I f  the  P300 i s  
an index of the degree t o  which readjustments of t he  sys ter ' s  model o f  the  
environment than, t he  l a rge r  the P300 t h e  la rge  we would expect t h e  s h i f t  t o  
be. We examined therefore the  subject 's responses on a l l  t r i a l s  i n  which a 
Male name was presented. It tu rns  out t h a t  t he  l a rge r  the  P300 e l i c i t e d  on 
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an e r r o r  t r i a l ,  the  more l i k e l y  i s  t he  subject t o  be correct  i n  the  response 
the  next t ime a male name i s  presented regardless o f  t he  number o f  female 
names tha t  have appeared i n  the  inter im. 
indeed modulate t h e i r  response bias when an e r r o r  i s  discovered. More 
important i s  the  observation t h a t  the  degree t o  which t h i s  s h i f t  i n  strategy 
takes place i s  indexed by the  P300. These data s t rongly  support the  
proposi t ion tha t  the amplitude o f  tne  P300 re f l ec ts  the i n t e n s i t y  wi th which 
a context-updating process has operated. 

It would appear tha t  subjects 

That there i s  indeed a s h i f t  i n  t h e  bias i s  supported by the  analysis 
of the  Reaction Times associated w i t h  the presentation o f  Female names t h a t  
occurred immediately a f t e r  an erroneous response was made t o  a male name. 
If the subject i s  indeed s h i f t i n g  response b ias  i n  the  d i r e c t i o n  o f  Hale 
names, we expect the  responses t o  female names t o  be slowed down i n  the  
t r i a l s  immediately fo l lowing missed Hale names. This increase i n  R T  should 
be proport ional  t o  the amplitude o f  the  P300 e l i c i t e d  on the  e r r o r  t r i a l .  
This, i s  prec ise ly  what we found. The la rge r  the  P300 e l i c i t e d  on a given 
t r i a l  the  slower i s  the  response t o  the  immediately fo l low ing  female names. 

It i in te res t i ng  tha t  the latency o f  the  P300, delayed as it may be, 
docs not p red ic t  the  response on subsequent t r i a l s .  But, than, t h i s  should 
come as no surprise. The latency i s  index o f  t he  durat ion of  t h e  processes 
preceding the  invocat ion o f  the  P300. Thus, i t  i s  not d i r e c t l y  re la ted  t o  
the  process which i n  fac t  updates the  context. The latency should therefore 
should therefore have no e f f e c t  on the  subject 's  model o f  t he  environment. 
And indeed, we could detect no re ia t ionsh ip  between P300 latency and 
subsequent performance. 

5. Conclusions 

5.1 The Imp1 i cat ions f o r  Monitor ing 

The nature o f  the  informat ion on mentation t h a t  can be gleaned f r o m  
ERPs i s  i l l u s t r a t e a  by the  data I have j u s t  described. The study i s  q u i t e  
t y - i c a l  i n  the evidence i t  y ie lded and i n  t h e  complexity o f  the  procedures 
reqgired t o  i n te rp re t  the  evidence. How l i k e l y  i s  i t  tha t  devices f o r  
measuring the P300 w i l l  appear, l e t  alone p ro l i f e ra te ,  i n  the  work place i n  
the  coming decades? It seems c lea r  tha t  the  ERPs do provide informat ion 
t h a t  i s  not otherwise available. However, i t  should be equal ly c lea r  t h a t  
the language w i t h  which the ERPs speak i s  arcane. The s ign i f i cance o f  t h e  
presence, o r  absence, o f  a P300 and the  i n te rp re ta t i on  o f  modulatiaos o f  i t s  
amplitude and latency can be assessed only  w i t h i n  the  framework o f  a caref,l 
analysis o f  the circumstances. The amplitude o f  P300 can increase, o r  
decrease, f o r  a large number o f  d i f f e r e n t  reasons. 
structured s i t ua t i on  the in te rpre ta t ion ,  t o  the t ra ined and s k i l l e d  
invest igator ,  i s  not too d i f f i c u l t .  But, i t  i s  u n l i k e l y  tha t  i t  would be 

I n  a ca re fu l l y  

possible t o  at tach a machine tha t  would y i e l d  a simple,-universal, 
situation-independent, number t h a t  can be used by a manager, a designer, 
even the operator t o  make i n t e l l i g e n t  on- l ine decisions. 

O f  course, i t  i s  not my in ten t i on  t o  sug s t  here tha t  the  e f f o r t s  

do believe tha t  the ERP i s  a unique and valuable too l .  However, i t  must 
rec l ized that,  as i s  t r u e  f o r  any too l ,  i t  i s  best used w i t h i n  the  

develop the ERP as a t o o l  f o r  the Engineering r sychologist  were wasted. 

or  

t o  
I 
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constraints o f  it;, nature and i t  b e t t e r  be appl ied w i t h i n  contexts t h a t  
j u s t i f y  i t s  usage. The avai lab le l i t e r a t u r e  defines t h e  nature o f  t h e  
information about an operator tha t  can be extracted from the ERP. Whether 
t h i s  informat ion i s  o f  u t i l i t y  i n  any given s i t u a t i o n  depends on t h e  degree 
t o  which the in fomat ion  be u t i l i z e d .  
i s  not adaptive then it i s  e n t i r e l y  wasteful t o  provide i t  wi th  informat ion 
on t h e  s h i f t s  i n  t h e  operator 's l e v e l  o f  at tent ion.  The very same 
information my be extremely valuable, and w e l l  worth t h e  cost o f  data- 
acquis i t ion,  i f  t h e  system u i t h i n  which i t  i s  obtained i s  capable o f  
adjust ing t o  the  operator 's l e v e l  o f  at tent ion.  I n  other words, t h e  
Psychophysiologist can p o i n t  t h e  a v a i l a b i l i t y  o f  the i n f o m a t i o n  and def ine 
t h e  methods by which i t  can be acquired. It i s  f o r  the  engipeer and system 
designer t o  determine i f  t h i s  information Carl improve system performance a t  
a reasonable cost . 

If, f o r  example, a man-machine system 

One, of course, cannot be sanguine about t h e  matter. If Polygraphy 
( l ie-detect ion)  can be used as a case i n  point, we must admit t h a t  when a 
technology t h a t  i s  capable o f  commercial exp lo i ta t ion  becomes avai lab le t h e  
potent m i x  o f  the  unscrupulous and the g u l l i b l e  may generate a vast 
industry. Polygraphy, 1 i k e  ERP research, u t i l i z e s  a r e l i a b i e  phenomenon. It 
cap i ta l i zes  on t h e  fact t h a t  emotional changes are manifested by a class o f  
recordable bod i l y  changes. The i n t e r p r e t a t i o n  o f  these changes i n  any given 
s i t u a t i o n  requires s k i l l  and a very carefu l  analysis o f  t h e  psychological 
s t ructure o f  the  s i tuat ion.  It may, i n  very c a r e f u l l y  designed tests,  i n  
t h e  hands o f  well- trained, experienced, Psychophysiologists y i e l d  valuable 
i n f o m a t i o n  about t h e  verac i ty  of a witness. To move from t h i s  t o  t h e  
appl icat ion of t h e  polygraph i n  personnel o f f i c e s  t o  screen j o b  appl icants 
i s  b izarre indeed. I dearly hope t h a t  we sha l l  not see i n  the  near fu tu re  
t h e  appearance o f  ERPgraphers, wie ld ing Signal Averagers, assessing workers ' 
produc t iv i t y  t o  the  joy of g u l l i b l e  corporate managers. 

The need t o  guard against the  avar ic ious and the  naive should not 
obscure t h e  vast possib l i t i e s  opened by Cognit ive Psychophysiology f o r  a 
be t te r  understanding o f  humatt performance, a%i for  monitoring operators i n  
useful ways. The P300, and t h e  other EPP components, c l e a r l y  provide useful  
data. Our knowledge o f  these signa?$ i s  s t i l l  i n  i t s  e a r l i e s t  stages. I an 
confident, however, t h a t  the  rgrige o f  useful informat ion t h a t  can be 
extracted from the  ERP w i l  I be extended i n  t h e  coining decades. There i s  
already s u f f i c i e n t  data t o  j u s t i f y  the  incorporat ion of ERP measures i n  t h e  
design phase of complex systems. The closed-loop appl icat ion t h a t  comes t o  
mind !hen we considw monitoring an operator may be a t h i n g  o f  t h e  remote 
future.  However, t h e  P300 can be of considerable use t o  designers who need 
t o  evaluate several competing systems i n  terms of the ef fect iveness w i th  
which operators can use the  systems. The development s f f o r t ,  t o  my mind, 
should be devoted l a r g e l y  t o  the u t i l i z a t i o n  o f  t h i s  valuable window on t h e  
mind i n  the  design, ra ther  thafi dur ing the  actual use, o f  Person-Machine 
systems . 
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Performance Enhancements Under Dual-Task Conditions 
Arthur F. Kramer, Christopher D. Wickens and Emanuel Donchin 
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Champaign, I l l i n o i s  

SUMMARY 

Research on dual -task performance has been concerned w i t h  del  i neat i  ng 
the antecedent condi t ions which lead t o  dual-task decrements. Capacity 
models o f  at tent ion,  which propose t h a t  a hypothetical resource s t ructure 
under1 i es performance, have been empl oyed as predi  c t  i v e  devi ces. These 
models p red ic t  t h a t  tasks which requi re d i f f e r e n t  processing resources can 
be more successful ly t ime shared than tasks which requi re c m o n  resources. 
We suggest tha t  dual-task decrements can be avoided even when the  same 
resources are required by both tasks, by designing the  tasks so t h a t  t h e  
processing demands can be integrated. The condit ions under which such 
dual-task i n t e g r a l i t y  can be fostered were assessed i n  a study i n  which we 
manipulated three factors  l i k e l y  t o  inf luence t h e  i n t e g r a l i t y  between tasks: 
in ter - task redundancy, t h e  physical proximi i y  o f  tasks and t h e  task relevant 
objects. The resource s t ructure associatec! w i th  these integrated dual-task 
pa i rs  i s  in fe r red  f r a n  changes i n  the  amplitude o f  the  P300 component o f  the  
Event-Related Brain Potent ia l  (ERP). 

Twelve subjects par t i c ipa ted  i n  three experimental sessions i n  which 
they performed both s ing le  and dual-tasks. The primary task was a pt i rsu i t  
step t rack ing task. The secondary tasks required the  d iscr iminat ion between 
d i f f e r e n t  i n t e n s i t i e s  o r  d i f f e r e n t  spa t ia l  pos i t ions of a stimulus. 

same object  resul ted i n  be t te r  performance than task p a i r s  which required 
the processing o f  d i f f e r e n t  objects. Inter- task redundancy, the  physical 
proximity o f  task re la ted  s t i m u l i  and processing p r i o r i t i e s  a lso af fected 
the performance o f  dual-task pairs. The r e s u l t s  are discussed i n  terms o f  a 
model o f  dual -task in tegra l  i ty. 

Task pa i rs  which required the  processing o f  d i f f e r e n t  a t t r i b u t e s  o f  t h e  

INTRODUCTION 

The concurrent processing o f  informat ion relevant t o  several tasks has 
in terested psychologists from the e a r l y  wr i t ings  o f  James t o  contemporary 
invest igat ions o f  dual-task performance i n  complex, operational 
envi ronments. Substantial theore t ica l  end empir ical e f f o r t  has been expended 
i n  mapping t h e  condi t ions under which the  demands impased by tasks performed 
concurrently i n t e r a c t  so t h a t  performance on one, o r  both, tasks degrades. 
Wickens (1980) proposed a MLii t iple Resource k d e l  according t o  which 
processing resources may be represented by three dimensions: stages o f  
processing, modal i t ies o f  processing and codes o f  processing. The extent o f  
dual-task in ter ference i s  predicted on t h e  basis of  the  overlap o f  
processing resources. Tasks which requi re separate processing resources w i  11 
be more sucessful ly t ime shared than tasks which require common processing 
resources. This theoret ica l  conceptual izat ion o f  the  processing s t ruc tu re  o f  
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dual -task performance has received considerable empir ical  support. Tasks 
which requi re processing resources from the same modal i t ies,  codes o r  stages 
o f  processing .-esul t i n  l a rge r  performance decrements than tasks which 
requi re resodrces from d i f f e r e n t  s t ructures (Trunbo, Noble & Swink, 1967; 
Isrea l ,  198b; A l w i t t ,  1981). Wher! two concurrently performed tasks requ i re  
e n t i r e l y  d i f f e r e n t  processing resources, increasing the  d i  r f i c u l t y  o f  one 
task f a i l s  t o  have an e f f e c t  on the  performance o f  the other task (North, 
1977; Wickens & Kessel , 1979). 

v e r i f i a b l e  hypotheses concerning the  decremental e f fec ts  o f  dual - task 
performance, they do not address the issue o f  the in tegra t ion  o f  t h e  
processing o f  one task w i t h  the processing o f  another task. Under some dual-  
task conditions, t h e  processing o f  one of t he  tasks may prove benef ical  t o  
the processing oc tne other  task (Wickens 8 Boles, 1983). For example, 
subjects may be required t o  perform concurrent ly two separate tasks. One 
task may requi re t rack ing  a t a rge t  w i th  a cursor along a s ing le  ax i s  on a 
CRT. The other task may necessi tate a d iscr iminat ion between flashes o f  
d i f f e r e n t  in tens i t ies .  What i f  an event i n  one task now pred ic ts  a change i n  
the second task w i t h  some degree o f  cer ta in ty?  Using t h e  example i l l u s t r a t e d  
above, t he  spat ia l  pos i t i on  o f  the  t rack ing  ta rge t  may pred ic t  t he  
brightness o f  the secondary task stimulus. The spec i f i c  tasks have not 
changed as a funct ion of the  change i n  the  in te r - task  redundancy. Hotever, 
the  processing o f  the  spat ia l  changes i n  the  t rack ing  task may now bene f i t  
the  performance o f  the  i n t e n s i t y  d iscr iminat ion task. This e f f e c t  i n  which 
the in ter - task redundanzj resu l t s  i n  performance enhancements has been 
termed a "concurrence bene f i t "  (Navon & Gopher, 1979). Thus, i t  i s  no t  t h e  
tasks tha t  become in tegrated but  instead the  processing o f  the  tasks. The 
present study w i l l  i nves t iga te  the condi t ions under which performance on one 
task res l r l ts  i n  enhancements i n  performance o f  a second, concurrent ly 
performed task. 

can a lso be appl ied t o  the  examination o f  i n t e g r a l i t y  between tasks. The 
phenomenon o f  dual-task i n t e g r a l i t y  occurs when t w o  separate, but  
concurrently performed tasks can be processed w i th in  the same resource 
framework. I n  most Cual-task cases, increasing the  d i f f i c u l t y  o f  one task i s  
assumed t o  consume resources which would normally be employed i n  the  
processing o f  the other task. Thus, t h e  a l l oca t i on  o f  resources between t h e  
two tasks i s  assumed t o  be reciprocal .  However, under condi t ions o f  
dual-task i n t e g r a l i t y  t he  secondary task increases processing demands w i t h i n  
the domain o f  the primary task. Therefore, i n  the  case o f  dual-task 
i n t e g r a l i t y  resource r e c i p r o c i t y  i s  not obtained, bu t  instead the  resource 
funct ion i n  both tasks i s  iden t ica l .  

performance level ,  dual-task i n t e g r a l i t y  resu l t s  i n  a f a c i l i t a t i o n  i n  t h e  
performance o f  one o r  both tasks when executed concurrently. F a c i l i t a t i o n  i s  
r e l a t i v e  t o  condi t ions i n  which the  two tasks are performed separately o r  
when the  stimulus r e l a t i m s  but  not the processing requirements change 
between dual-task pairs. On a resource leve l ,  dual-task i n t e g r a l i t y  occurs 
when two tasks can be rocessed w i t h i n  the same resource framework. Thus, 

t ha t  do not r e s u l t  i n  cerformance tradeoffs. As argued by capaci ty theor ies,  
tasks which requi re d i f f e r e n t  processing resources can be sucessful l y  t ime 
shared. I n  the  present study we are suggesting tha t  dual-task decrements can 

A1 though the  contemporars* resource models provide empir ical  l y  

The resource model employed i n  the descr ip t ion o f  dual-task decrements 

Dual-task i n t e g r a l i t y  has been described on two levels.  On a 

there appear t o  be a t  Y east two d i f fe ren t  types of dual-task combinations 
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also be avoided i f  the  two tasks permit in tegrated processing even i f  the 
tasks require the  same type of processing resources . 
i n t e g r a l i t y  between tasks. One factor ,  t he  redundancy between components o f  
the tasks, has been described above. I n  the  context o f  the present study it 
i s o f i n t e r e s t  t o  know whether the  cor re la t ion  between task components has 
an e f f e c t  on dual-task processing. Theories of a t ten t i on  have emphasized the 
inf luence o f  the  s a t i a l  loca t ion  o f  stimulus a t t r i bu tes  on the  e f f i c i ency  

Attention, has argued t h a t  features which occur w i t h i n  the  same centra l  
f i x a t i o n  o f  a t ten t i on  are combined t o  form a s ing le  object. Once the  object  
has been formed i t  i s  perceived and stored i n  memory as such. Kahneman and 
co-workers (Kahneman & Henik, 1981; Kahneman & Treisman, 1984; Kahneman & 
Chajczk, 1983; Kahneman, Treisman & Burkel l ,  1983) have underscored the 
importance o f  the object  i n  a t ten t i on  by suggesting t h a t  a t ten t iona l  
c rnpe t i t i on  a r i s e s s e n ,  not w i th in  object  f i l e s .  This argument imp1 i e s  
tha t  t;lsks which requi re t h e  processing o f  d i f f e r e n t  a t t r i b u t e s  o f  t he  same 
object  w i  11 be procesed w i t h i n  t h e  same resource framework. Tasks which 
necessitate t h e  processing o f  separate objects w i l l  compete f o r  processing 
resources. 

The P300 component o f  the  ERP has been found useful  i n  prov id ing 
information concerning the  a1 loca t ion  o f  resources t o  concurrent ly performed 
tasks. P300's e l i c i t e d  by d isc re te  secondary task events decrease i n  
amplitude with increases i n  the  d i f f i c u l t y  of the  primary task ( I s rea l  e t  
a l ,  1980; Kramer, Wickens d Donchin, 1983). The secondary task methodology 
assmes t h a t  changes i n  primary task d i f f i c u l t y  w i l l  be re f l ec ted  i n  
secondary task performance. Increasing the d i f f i c u l t y  o f  a primary task i s  
presumed t o  consume resources which would have normally been used i n  the  
processing o f  the secondary task. Thus, t he  secondary task P300's m i r r o r  t he  
proposed resource function. I f  P300 does i n  fac t  r e f l e c t  t h e  resource 
s t ruc tu re  o f  dual-tasks then i t  would be predicted t h a t  P300s e l i c i t e d  by 
d isc re te  primary task events would increase i n  amplitude with increases i n  
the  d i f f i c u l t y  o f  t he  primary task. This hypothesis was confirmed i n  a study 
i n  which P300s were e l i c i t e d  by d isc re te  spat ia l  changes i n  the  pos i t i on  o f  
a t rack ing  ta rge t  (Wickens, Kramer, Wanasse & Donchin, 1983). Increasing t h e  
d i f f i c u l t y  o f  t he  t rack ing  task by incrementing the order o f  the cont ro l  
dynamics resul ted i n  a systematic increase i n  P300 amplitude. P300s w i l l  be 
employed i n  the  present study t o  provide in format ion concerning the  resource 
framework of the dual -task combinations. 

Several factors  have been proposed t o  in f luence the  degree o f  

o f  processing. Tre +-- man ( m m n T e m e  Integratl'on Model o f  

METHOD 

Subjects 

the student populat ion a t  the Univers i ty  o f  I l l i n o i s  and paid f o r  t h e i r  
pa r t i c i pa t i on  i n  the  study. None of  t he  students had any p r i o r  experience 
w i th  the pursu i t  step t rack ing  task. A l l  o f  the subjects had normal o r  
corrected t o  normal v is ion.  

Twelve r i g h t  handed persons (6 male and 6 female) were recru i ted  from 

Step Tracking and Discr iminat ion Tasks - - 
The t rack ing  d isp lay which consir+ed o f  the  computer dr iven ta rge t  and 

the subject con t ro l led  cursor was presented an a Hewlett Packard CRT-which 
was posi t ioned approximately 70 cm from the subjects. The ta rge t  and cursor 
were 1.2 cm x 1.2 cm i n  s!te and subtended a v isual  angle o f  1.0 degrees. 
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The ta rge t  changed i t s  pos i t i on  along the x ax is  once every 3.6 t o  4 sec and 
the subjects' task was t o  n u l l i f y  the  pos i t ion  e r r o r  between the ta rge t  and 
cursor. The cursor was con t ro l l ed  v i a  the  manipulation o f  a j oys t i ck  w i th  
the r i g h t  hand. Pursu i t  step t rack ing  was def ined as the primary task. The 
dynamics f o r  the  t rack ing  s t i c k  were composed o f  a l i n e a r  combination o f  
f i r s t  and second order components. The system output , X ( t )  , i s  represented 
by the fu l lowing equation. 

where: u = s t i c k  pos i t ion;  t = t ime and a = d i f f i c u l t y  level .  The task 
was conducted a t  three d i f f e r e n t  l eve l s  o f  t he  system order mafiipulation: 
(1) i n  the  r e l a t i v e l y  easy condi t ion a was set t o  zero, a pure , i f s t  order 
(ve loc i ty )  system, (2) i n  the  moderate d i f f i c u l t y  condi t ion a was set t o  -5, 
a 50/50 canbination o f  f i r s t  and second order dynamics, and,-(3) i n  the  
d i f f i c u l t  t rack ing  condi t ion - a was set  t o  1.0, a pure second order 
(acceleration) system. 

The subjects secondary task involved counting the  t o t a l  number of 
occurrences o f  a relevant probe. Probes were presented i n  a Bernoul l i  
series. The p robab i l i t y  o f  e i t h e r  o f  the  s t imu l i  occuring on any one t r i a l  
was .53. I n  d i f f e r e n t  cxperimental blocks, subjects counted the b r i g h t  
f lashes o f  a hor izonta l  bar, b r i g h t  f lashes 9 f  a cursor, t rans la t i ona l  
changes o f  the  cursor upward o r  t rans la t iona changes a f  a hor izonta l  bar 
downward (see Figures 1 and 2). The two types o f  stimulus events 
(brightness and t rans la t i ona l  changes) were equated f o r  d i f f i c u l t y  p r i o r  t o  
the  experiment. Secondary task probes occurred e i t h e r  on the  same x ax is  as 
the t rack ing task o r  2 cm (1.5 degrees o f  v isual  angle) below it. A probe 
was presented every 3.6 t o  4 sec. The presentation o f  the probe was 
tempordlly constrained so tha t  i t  occured 1.8 t o  2 sec subsequent t o  a step 
change i n  the ti ,king target.  Thus the  temporal sequence o f  the  
presentation o f  t he  probes (secondary task s t i m u l i )  and changes i n  the  
spat ia l  pos i t i on  of the t rack ing  ta rge t  was f ixed, whi le  the  temporal 
i n te rva l  between these st imul i was variable. 

I n  the  dual-task blocks subjects performed both the  t rack ing  and the  
count tasks. A t  the  conclusion of each block o f  t r i a l s  subjects reported 
t h e i r  t o t a l  count. A t  t h i s  t ime subjects also rated the  subject ive 
d i f f i c u l t y  of the  block on a b ipo la r  scale from 1 (easy) t o  7 ( d i f f i c u l t ) .  
Following each block the subjects were informed o f  t h e i r  count accuracy and 
root  mean square t rack ing error .  

W) = C ( 1 - a ) l W  d t 1  + C ( a ) U u ( t )  d t I  

Recort:;q System 
- 

was recorded from three mid l ine s i tes  (Fz. Cz and Pz) and re fe r red  
t o  l inked mastoids. Two ground electrodes were posi t ioned on the  l e f t  s ide 
o f  the forehead. Bcrden Ag-AgC1 electrodes a f f i x e d  w i t h  co l lod ion  were used 
f o r  scalp and mastoid recording, Beckman Bipotent ia l  electrodes, a f f i x e d  
with adhesive co l la rs ,  were placed bel  ow and supra-orbi t a l  l y  t o  the  r i q h t  
eye t o  record electro-oculogram (EOG) and t h i s  type o f  e lectrode was a lso 
used f o r  ground recording. Electrode impedances d i d  not exceed 5 kohms/cm. 

(time constant 10 sec and upper ha l f  amplitude of 35 Hz, 3dB octave 
r o l l - o f f ) .  Both EEG and EOG were sampled f o r  1280 msec, beginning 100 asec 
p r i o r  t o  stimulus onset. The data k:s d i g i t i z e d  every 10 msec. ERP's were 
f i l t e r e d  o f f - l i n e  (-3dB a t  6.29 Hz, OdB a t  14.29Hz) p r i o r  t o  s t a t i s t i c a l  
analysis. Evaluation o f  each EOG record for  eye movements and b l i nks  was 
conducted of f - l ine.  EOG contamination of  EEG t races was compensated f o r  
through the  use o f  an eye movement correct ion procedure (Gratton, Coles & 

The EEG and EOG were ampl i f ied w i th  Van Gogh model 50000 ampl i f ie rs  
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Donchi n, 1982). 

factors  were primary task d i f f i c u l t y  (count on ly  f i r s t  order, f i rs t /second 
order and second order contro l  dynamics), t h e  re la t ionsh ip  between primary 
and secondary task stimulus objects (same o r  d i f f e r e n t  ob jects) ,  t h e  spat ia l  
pos i t ion  o f  the primary and secondary tasks (same o r  d i f f e r e n t )  and the  type 
o f  secondary task ( i n t e n s i t y  o r  t rans la t iona l  d iscr iminat ions).  The degree 
o f  cor re la t ion  betweeii the  primary and secondary tasks was a lso manipulated , 
although t h i s  manipulation was not orthogonal t o  the  other four  factors. 
Subjects performed the  dual tasks with e i t h e r  0 o r  .85 co r re la t i on  a t  each 
level  o f  d i f f i c u l t y  i n  the same object  - same pos i t i on  and d i f f e r e n t  ob ject  - same pos i t ion  condi t ions w i th  the i n t e n s i t y  d iscr iminat ion secondary task. 
Procedure 

Each o f  the  twelve subjects par t i c ipa ted  i n  a l l  o f  the experimental 
conditions. One prac t ice  and two experimental sessions, run on successive 
days, were required t o  complete the  experiment. The prac t ice  session 
included 24 blocks o f  t rack ing  and s i x  Secondary task count blocks. Each o f  
the t rack ing blocks las ted  four min. Subjects performed e igh t  blocks o f  
t rack ing a t  each o f  the  three l eve l s  o f  system order. Secondary task blocks 
lasted approximate;y s i x  min. 

The experiqental sessions began w i th  three s ing le  task t rack ing  blocks, 
each las t i ng  approximately 3 min. Following the s ing le  task t rack ing  
blocks, subjects performed 15 dual-task blocks. The 30 dual-task blocks 
div ided between sessions 2 and 3 consisted o f  24 blocks from the (3  t rack ing  
d i f f i c u l t y  leve ls  x 2 types o f  s t imu l i  x 2 task pos i t ions x 2 secondary 
tasks) f a c t o r i a l  design and 6 blocks i n  which dual-tasks i n  the  same cb jec t  - same pos i t ion  and d i f f e r e n t  object  - same pos i t i on  condi t ions were h i yh l y  
corre la tea (.85). Each o f  the  dual-task blocks las ted  approximately 6 min. 
Subsequent t o  the dual-task blocKs subjects again performed three s ing le  
task t rack ing blocks. ERPs. subject ive ra t ings  and RMS t rack ing  e r r o r  were 
recorded during the  experimental sessions. The order o f  the  experimental 
blocks was counterbalanced across subjects. 

repeated measures, four way f a c t o r i a l  design, was employed. Th2 

RESULTS 

Performance Measures and Subjective Rat in s 

order during dual-task performance. The f i gu re  suggests tha t  increasing 
system order resu l t s  i n  increases i n  subjects' t rack ing  error.  Planned 
comparisons ind icated tha t  subjects performed s i g n i f i c a n t l y  be t te r  w i th  
f i r s t  order than they d id  with f i r s t j second  order t rack ing (F(l,l1)=5.64, 
p<.05). Performance was a lso be t te r  i n  the  f i rs t /second order condi t ion than 
i t  was during second order t rack ing  (F(1,11)=8.58, p<.05). The e f f e c t  o f  
system order on RMS e r r o r  d i d  not d i f f e r  s i g n i f i c a n t l y  across dual-task, 
s ing le task o r  corre la ted t rack ing  conaitions. Thus, t he  secondary task d i d  
not in t rude on primary task performance. 

Although the secondary task d i d  not a f f e c t  the  RMS e r ro r  - system order 
re la t ionsh ip  i n  the s ing le  and dual-task t rack ing  blocks, t he  type o f  
secondary task object  d i d  in f luence the  subjects '  t rack ing error .  The e f f e c t  
of secondary task object  on RMS e r r o r  i s  i l l u s t r a t e d  i n  Figure 3a. Subjects 
t rack ing e r ro r  was s i g n i f i c a n t l y  lower when the  secondary task involved 
counting flashes o r  t rans la t iona l  changes o f  the cursor than when subjects 

k igure m n t s t h e  RMS t rat + ng e r r o r  f o r  each leve l  o f  system 
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were required t o  perform the secondary task by counting changes i n  the  
hor izontal  bar (F(1,11)=7.1, p<.05). The d i f f e r e n t i a l  e f f e c t  o f  t he  type of 
secondary task object  on t rack ing  performance may be due t o  the  re la t ionsh ip  
o f  the objects t o  the primary tack. The cursor i s  c l e a r l y  a necessary 
component o f  the t rack ing  task wh i le  t h e  hor izontal  bar i s  not necessary f o r  
primary task perfornancd, Thus, subjects may f i n d  it more d i f f i c u l t  t o  t rack  
and count probes i f  the probes are extraneous t o  the  t rack ing  task than if 
the probcs occur w i th in  the or imary  task. I f  t h i s  i n te rp re ta t i on  i s  t r u e  we 
would expect t ha t  i n teg ra t i cn  o f  the two tasks, by co r re la t i ng  events i n  the 
primary task w i th  events i n  tne  secondary task, would reduce the d i f ferences 
i n  RMS e r r o r  between the  two objects. A comparison o f  the corre la ted and 
uncorrelated dual-task pa i rs  supports t h i s  in te rpre ta t ion .  There was no 
s ign i f i can t  d i f fe rence i n  RMS e r r o r  between the hor izonta l  bar and cursor 
conditions when the  primary and secondary tasks were correlated. 

Average ra t ings  o f  d i t f i c u l t y  f o r  each level o f  system order i n  the  
dual -task condi t ions are pi-esented i n  F i  gure 3b. Subjects perception of 
d i f f i c u l t y  increases f ran  the s ing le  task count condi t ion t o  the dual-task 
condi t ' tns as wel l  as with increases i n  system order w i th in  t h e  dual-task 
condi t ions (F(3,33)=44.39, p<.OOl). Subjects r a t e  the  d i f f i c u l t y  of the 
dual-tasks higher when performing the  secondary task w i th  the  hor izonta l  bar 
than they do whzn count-ing the i n t e n s i t y  o r  t rans la t iona l  changes o f  the  
cursor (F(l,ll)=13.84, p<.Ol). Subjective rat ings o f  d i f f i c u l t y  d i d  not  
d i f f e r  between objects i n  the  corre la ted dual-task conditions. Thus, 
subjects ra t ings o f  t rack ing  d i f f i c u l t y  are consistent w i th  t h e i r  over t  
performance, as measured by RMS t rack ing  error.  

not s i g n i f i c a n t l y  a f fected by any o f  the  experimental manipulations. 
Subjects' counting accuracy exceeded 97 percent i n  a1 1 o f  the  experimental 
conditions. Thus, t he  changes i n  P300 amplitude as a funct ion o f  system 
order cannot be a t t r i b u t e d  t o  the subjects f a i l u r e  t o  accurately count t h e  
probes during higher order tracking. 

The accuracy w i th  which subjects counted the secondary task probes was 

Event-Re1 ated Bra1 n Potent i a1 s 

section examines the ERPs e l i c i t e d  by changes i n  the spat ia l  pos i t i on  o f  the  
t rack ing target.  The second sect ion i s  concerned w i th  the e f fec ts  o f  the  
experimental manipulations on the  ERPs e l i c i t e d  by t h e  secondary task probes 
i n  the  Lorrelated and uncorrelated dual-task conditions. 

The t r e a t x o f  the  ERP data i s  d iv ided i n t o  two sections. The f i r s t  

Primar Task Events !:igure 4 presents the ERPs e l i c i t e d  by changes i n  
the spat + a p m i i t d f t h e  t rack ing  ta rge t  i n  the dual-task condi t ions f o r  
the par ie ta l  recording s i t e .  .t i s  evident t h a t  t he  ERPs d i f f e r  i n  the 
amplitude of the p o s i t i v e  components as the d i f f i c u l t y  o f  the primary task 
i s  varied. This amplitude d i f ference appears as ea r l y  as 350 msec a f t e r  the 
stimulus and continues t o  the end of the  recording epoch. The la rges t  
p o s i t i v i t y  i s  e l i c i t e d  when cracking i s  the most d i f f i c u l t .  

The ERPs acquired in the dual-task condi t ions were quant i f ied  by 
averaging the s ing le  t r i a l s  w i t h i n  experimental condi t ions and analyzing 
these averages by a Pr inc ipa l  Components Analysis (PCA) technique (Donchin & 
Heffley, 1979). The magnftude of "P300" component increased from Fz t o  Pz 
(F(2,22)=115.08, p<.OOl) and the component loadings were maxima? i n  the  
epoch associated w i t h  P300 (450 - 700 msec). The amplitude of the P300 was 
influenced by the  s y s t m  order of the t rack ing task. Increases i n  system 
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order produced increases i n  the  amplitude o f  the P300 component 
(F(2,22)=12.84, p<.OOl). Thus, consistent w i th  previous rev?arch, t he  
amplitude o f  the P300s e l i c i t e d  by d isc re te  changes i n  a primary task 
increase w i t h  increases i n  the  d i f f i c u l t y  o f  t h a t  task. 

Secondary - Task Probe-: Uncorrelated Dual-Tasks F i y - 2  5 presents the  
average pa r ie ta l  ERPs e l i c i t e d  by the  secondary task robes during the  

waveforms are noteworthy. I n  a l l  o f  the  experimental condit ions the  s ing le  
task count block e l i c i t s  a la rge  p o s i t i v i t y  a t  approximately 400 msec 
post-stimulus. This pos i t i ve  de f l ec t i on  has been i d e n t i f i e d  as the  P300 
component. The three l eve l s  o f  system order e l i c i t  varying degrees o f  
p o s i t i v i t y  which appear t o  depend on t h e  part iLu1 a r  experimental condit ion. 
For examp’?, f o r  a l l  experimental condi t ions i n  which the  cursor i s  the  
secondary task probe the  waveforms are most p o s i t i v e  f o r  t he  second order 
condit ion, o f  intermediate amplitude i n  the f i rst /second order conditSon and 
smallest i n  amplitude i n  the  f i r s t  order condi t ion (F(2,22)=28.1, p<.OOl). 
This sequence of leve ls  o f  system order does not appear t o  be inf luenced by 
the pos i t i on  o f  the  secondary task probe r e l a t i v e  t o  the t rack ing  task o r  
the  type of d isc r im ina t ion  required o f  t he  subject. I n  the  two cotidit ions i n  
which the  hor izontal  bar i s  located below the  t rack ing  task the  sequence o f  
the  ERPs e l i c i t e d  by d i f f e r e n t  l e v e l s  o f  system order i s  c lea r  and 
consistent. How>ver, the  order i s  the  inverse o f  t ha t  obtained i n  the  cursor 
conditions. The f i r s t  order t rack ing  condi t ion e l i c i t s  the  la rges t  amplitude 
p o s i t i v i t y ,  the  f i rst /second order condi t ion e l i c i t s  an intermediate l e v e l  
o f  p o s i t i v i t y  and t h e  second order condi t ion produces the  swallest ampl : :ude 
(F(2,22)=24.2, p<.OO1). When the  hor izontal  bar i s  superimposed on the  
t rack ing  task the  ERPs e l i c i t e d  by d i  ferent l eve l s  o f  system order are no t  
s i g n i f i c a n t l y  d i f fe ren t .  

condit ions as a func t ion  o f  system order was predicted on the  basis of t he  
resource s t ruc tu re  i n fe r red  from the Object F i l e  Model of At tent ion 
(Kahneman & Henik, 1981). It was hypothesized tha t  i f  two tasks required 
processing o f  d i f f e r e n t  a t t r i b u t e s  o f  t h e  same object then the  resource 
s t ruc tu re  o f  the two tasks would be s imi la r .  The d i r e c t  re la t i onsh ip  between 
2300 amplitude and system order f o r  the  primary task events and cursor 
probes i s  consistent w i th  t h i s  hypothesis. It was a lso  argued t h d t  if two 
tasks required the processing o f  d i f f e r e n t  objects and these tasks 
overlapped i n  t h e i r  resource demands as defined by the  M u l t i p l e  Resource 
Model, then the  P300 amplitude - system order re la t ionsh ip  would be 
rec i  por ica l  between primary and secondary tasks This hypothesis was 
confirmed w i th  the  dual-task combination o f  t he  t rack ing  task and hor izontal  
bar. Thus, the resu l t s  obtained i n  the  present study are  consistent w i t h  
both hypotheses concerning the  resource s t ruc tu re  o f  dual -tasks. Tasks which 
require the processing o f  d i f f e r e n t  a t t r i b u t e s  on the  same object  lead t o  
the same P300 amplitude - system order re la t i onsh ip  whi le two tasks which 
require the processing o f  d i f f e ren t  objects r e s u l t  i n  a rec ip roc ia l  P300 
ampl i t ude  - system order re la t ionsh ip  between tasks. 

performance o f  the pursu i t  step t rack ing  task. Severa ! aspects o f  t he  

The rec ip roc ia l  re1 at ionship between the cursor and hor izontal  bar 

Secondar Task Probes: Correl ated Dual -Tasks d p - 6 % % m a v e r a g e  p a r i e t a l  ERPs e l i c i t e d  by the  cor re la ted  
and uncorrel ated dual -task condi t ions . There are several i n t e r e s t i  ng aspects 
of the waveforms. A comparison o f  the  ERPs e l i c i t e d  i n  the  cor re la ted  and 
uncorrelated cursor probe conait ions suggests tha t  system order has the  same 
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e f f e c t  on the  ERPs i n  both cond:tions. The ERPs e l i c i t e d  by t h e  cursor 
probes during second order t rack ing  possess a l a r y e  p o s i t i v e  ampl ittide. The 
f i rst /second order conai t ion wavef9rms are o f  intermediate ampl i t u d e  and the  
f i r s t  order condi t ion ERPs are smallest i n  am l i t u d e  (F(2,22)=10.9, p<.OO1). 

presents a d i f f e r e n t  p ic ture.  The e f f e c t  o f  system order i s  not s i g n i f i c a n t  
i n  the uncorrelated hor izontal  bar condit ion. However, t l,e ERPs e l i c i t e d  i n  
the correlated hor izontal  bar condi t ion increase i n  p o s i t i v i t y  w i t h  
incre3ses i n  system order (F(2,22)=12.3,  p<.OOl). Thus, i t  appears t h a t  t h e  
e f f e c t  o f  system order on the ERPs i s  t h e  same across t h e  two cursor 
condit ions and the corre la ted hor izonta l  bar condit ion. 

These resu l ts  suggest t h a t  when two easks are a l read ly  being processed 
w i th in  t h e  same resource framework, as was the case f o r  the  uncorrelated 
dual-task cursor condi t ion,  c o r r e l a t i o n  does :lot have a la rge  e f f e c t  on the  
resources ai located t o  the tae-ks. The P300 amplitade - system order 
re la t ionship vJas not s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e  corre la ted and 
uncorrelated dual-task condi t iocs.  Thus, when the  two tasks requ i re  t h e  
processing o f  d i f f e r e n t  a t t r i b u t e s  on the  same object, t h e  process'ng o f  the  
tasks i s  i n  some sense integrated and in ter - task c o r r e l a t i o n  does not appear 
t o  enhance t h i s  i n t e g r a l i t y  fur ther .  However, when two concurrent ly 
performed tasks require t h e  processing o f  separate objects, as was t h e  case 
i n  the hor izontal  bar condit ions, in te r - task  c o r r e l a t i o n  does appear t o  
enhance the i n t e g r a l i t y  between tasks. This increase i n  dual-task 
i n t e g r a l i t y  i s  in fer red from the cbange i n  the  P300 amplitude - system order 
re la t ionsn ip  between t h e  corre la ted and uncorrelated hor izontal  bar 
conditions. The P3r)O amplitude - system order r e l a t i o i i r h i p  i n  the cor?elated 
condi t ion i s  s im i la r  t o  t h a t  obtained f o r  t h e  primary task events suggesting 
an overlap i n  the resource s t ruc tu re  between tasks. 

An examination o f  the  waveforms e l i c i t e d  by t f: e hor izontal  bar probes 

GENERAL Di SCUSSION 

I n  most dvsl-task combinations increasing the d i f f i c u l t y  o f  one task . i s  
assumed t o  consume resources which normally would be employed i n  t h e  
processing of the  other task. The resources shared by these two tasks are 
presumed t o  be reciprocal  i n  nature. However, under condi t ions o f  dual-task 
i n teg rd l  i t y ,  the  szcondapy task increases processing demands w i t h i n  t h e  
domain o f  the priinary task. Therefore, i n  the  case of dual-task i n t e g r a l i t y ,  
resource r e c i p r o c i t y  i s  not  obtained. 

factors  bel ieved t o  in f luence the degree o f  i n t e g r a l i t y  between tasks. Under 
condit ions o f  low dual-task i n t e g r a l i t y ,  P300s e; ic i ted by d i s c r e t e  
secondary task events decreased ii amplitude w i t h  increases i n  the  
d i f f i c u l t y  o f  the  primary task, The changes i n  P300 were used t o  i n f e r  
changes i n  t h e  a1 loca t ion  o f  rGsources between tasks; increas ing ly  smaller 
P300s ind ica t ing  fewer resources ava i lab le  f o r  the  secondary task. Thus, 
when two tasks requi re s i m i l a r  resources and t h e  processing of t h e  tasks i s  
not integrated, resource r e c i p r o c i t y  occurs. I n  cases i n  which the  
processing o f  two concurrent ly performed tasks i s  h igh ly  integrated, t h e  
P300s e l i c i t e d  by t h e  secondary task events increase i n  amplitude w i t h  
increases i n  t h e  d i f f i c u l t y  of the  t r imary task. Thus, the  P300s e l i c i t e d  by 
the secondary task events produce the  same amplitude pat tern as t h e  primary 
task P300s. 

The present study represents an i n i t i a l  inves t iga t ion  o f  some o f  t h e  

Three factors were sugyestet, t o  foster dual-task i n t e g r a l i t y ,  It was 
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proposed tha t  tasks which required the  processing o f  d i f f e r e n t  a t t r i bu tes  o f  
the same object  would r e s u l t  i n  dual-task i n t e g r a l i t y  whi le  tasks which 
required the processing o f  separate objects would resu l t  i n  resource 
rec iproc i ty .  Figure 7 shows tha t  P300s e l i c i t e d  i n  the  same object  condi t ion 
(cursor) increased i n  amplitude w i t h  increases i n  primary task d i f f i c u l t y .  
Conversely, P300s e l i c i t e d  by a d i f f e r e n t  secondary task ob.ject (hor izonta l  
bar - below) decreased i n  amplitude w i th  increases i n  the  d i f f i c u l t y  o f  t he  
primary task. A second fac to r  proposed t o  in f luence the  degree o f  
i n t e g r a l i t y  between tasks was in te r - task  corre la t ion;  higher co r re la t i on  
resu l t ing  i n  greater dual-task i n t e g r a l i t y .  P300s e l i c i t e d  by secondary task 
events which were h igh ly  corre la ted w i th  events i n  the  prima y task 
increased i n  amplitGde w i th  increases i n  primary task d i f f i c u l t y .  Thus, t h e  
resu l ts  confirmed the  predic t ions f o r  both the  object  and co r re la t i on  
factors. The physical prox imi ty  o f  t i s k s  was also proposed t o  in f luence ~h 
degree o f  in tegra l  i ty  between tasks. In tegra l  i t y  was predicted t o  increase 
w i th  increases i n  the physical prox imi ty  o f  tasks. This r e s u l t  i s  confirmed 
by the P300s e l i c i t e d  i n  the condi t ion i n  which the hor izonta l  bars are 
superimposed on the t rack ing task. However, the physical prox imi ty  o f  tasks 
does not have as strong an in f luence on the  degree oT I n t e g r a l i t y  betvreen 
tasks as the other two factors. 

Fi5ure S presents a model o f  the processing framework underlying the  
phenomenon o f  dual-task i n t e g r a l i t y  as i n fe r red  from measures o f  P300 
amplitude. Each o f  the three s t imu l i  possesses a number o f  a t t r ibu tes .  The 
subjects are inst ructed thd t  sOnie o f  the  a t t r i b u t e s  are task relevant and 
require processjng whi le  other a t t r i b u t e s  are not neccessary f o r  successful 
performance o f  the tasks. The relevant a t t r i b u t e s  are assigned a high 
processing p r i o r i t y  wh i le  other a t t r i b u t e s  receive a lower p r i o r i t y .  Large 
3 0 s  are e l i c i t e d  by the  a t t r i bu tes  which are assigned a h igh p r i o r i t y ,  
ma11 F300s are e l i c i t e d  by the  low p r i o r i t y  a t t r ibu tes .  The st imulus 
a t t r i bu tes  ar'2 then aggregated on the basis o f  task assignments and 
p r i o r i  t ies .  The a t t r i bu tes  t h a t  are necessary f o r  primary t i isk performance 
receive a higher processing p r i o r i t y  than the a t t r i bu tes  f o r  the  secondary 
task. However, seccndary task a t t r i b u t e s  which occur on primary task objects  
are aisigned the Sam? processing p r i o r i t y  as primary task a t t r ibu tes .  Thus, 
the processing o f  t he  secondary task a t t r i b u t e s  i s  done w i t h i n  the  domain o f  
the primary task. This process represents t h e  phenomenon of dual-task 
i n teg ra l i t y .  Secondary task a t t r i b u t e s  which dc not occur on primary task 
objects a m  assigned a lower p r i o r i t y .  These a t t r i b u t e s  receive the  
resources xmain ing a f t e r  primary task processing. rh i s  process i s  re fer red 
t o  3s resource rec ip roc i ty .  Resource rec ip roc i t y  a1 so depends on the  overlap 
between the  rescurces required f o r  prjmary task performance and those needed 
for the performance o f  the  secondary task. I f  the  two tasks requi re 
d i f f e r e n t  types o f  processing resources, resource r e c i p r o c i t y  w i  11 not occur 
(Wickens, 1980). In ter - task cor re la t ion  and spat ia l  overlap of the task 
relevant a t t r i bu tes  irrcrease the  i n t e g r a l i t y  between tasks by decreasing the  
distance betcecn the  primary and secondary tasks on the i n t e g r a l i t y  
continuum. In ter - task cor re la t ion  i s  more i n f l u e n t i a l  i n  t h i s  respect than 
physical proximity. 

The resource framework i n fe r red  from the P300 provides a theore t ica l  
account o f  the e f fec t  of several factors on the  phenomenon o f  dual-task 
i n teg ra l i t y .  The resu l t s  a lso have impl icat ions o f  a more appl ied nature. 
The PSOO component has beeil employed as a measure o f  cogn i t i ve  workload. 
P300s e l i c i t e d  by secondary task s t imu l i  decrease i n  amplitude w i th  
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increases i n  primary task d i f f i c u l t y .  P300s e l i c i t e d  by d isc re te  primary 
task events increase i n  amplitude w i th  increases i n  t h e  d i f f i c u l t y  o f  t h e  
primary task. The resources a l located t o  tasks have been i n f e r r e d  fran 
changes i n  P300 amplitude. The r e s u l t s  obtained i n  the  present study Suggest 
tha t  the reciprocal  re la t ionsh ip  between the primary and secondary task 
depends on the s t ructure o f  t h e  dual-task. For example, t h e  P300 amplitude - 
task d i f f i c u l t y  re la t ionship changes f r a n  the  care i n  which t h e  two  tasks 

require the  processing o f  d i f f e r e n t  a t t r i b u t e s  on t h e  same object  t o  t h e  
s i t u a t i o n  i n  which the two tasks necessitate the procesing o f  d i f f e r e n t  
objects. Furthermore, in te r - task  cor re la t ion  and t h e  physical prox imi ty  of 
task relevant a t t r i b u t e s  a lso have a s i g n i f i c a n t  e f f e c t  on t h e  resource 
s t ructure o f  the  dual-task pair .  These f ind ings suggest t h a t  a r e l i a b l e  
analysis o f  the  processing demands o f  a task can only take place w i t h i n  a 
theoret ica l  framework. The model o f  dual-task i n t e g r a l i t y  o f f e r s  one such 
framework . 
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INTRODUCTION 

By using appropriate s ignal  averaging techniques, it i s  Qossible t o  
detect a response i n  the human EEG t o  evoking s t i m u l i  such as l i g h t  o r  sound. 
When a l i g h t  stimulus i s  presented w i th  the l i g h t  i n t e n s i t y  s inuso ida l l y  
modulated, the r e s u l t  i s  c a l l e d  a steady s tate evoked response (SSER) . Work 
done i n  t h i s  area (Regan, 1975; Spekreijse, 1966; Wilson and O'Donnell, 1981; 
Wilson, 1979) suggests t h a t  the SSER may be a useful  i nd i ca to r  o f  i n t e r n a l  
c o r t i c a l  functioning. Previous work concentrated on the use o f  a s ing le s ine 
wave o r  a t  most three sine waves t o  d r i v e  the evoking stimulus. The t h r u s t  o f  
the present work i s  t o  explore the u t i l i t y  o f  using a sum o f  sinusoids 
(seven or  more) t o  obtain an evoked response and, furthermore, t o  see i f  the 
response i s  sens i t i ve  t o  changes i n  cogn i t i ve  processing. Within the f i e l d  
o f  automatic contro l  system technology, a mathematical input/output r e l a t i o n -  
ship for  a s inuso ida l l y  st imulated nonlinear system i s  defined as a descr ib ing 
func t ion  (Kochenburger, 1950). Applying t h i s  technology, we have designed our 
sum o f  sines inputs t o  y i e l d  descr ib ing functions f o r  the v i s u a l - c o r t i c a l  
response. What fo l l ows  i s  a descr ip t ion  o f  the method used t o  obtain v i sua l -  
c o r t i c a l  describing functions. A number o f  measurement system redesigns were 
necessary t o  achieve the desired frequency resolut ion.  Results t h a t  guided 
and came out of the redesigns are presented. Prel iminary r e s u l t s  o f  st imulus 
parameter effects (average i n t e n s i t y  and depth o f  modulation) are also shown. 

METHOD 

Apparatus 

A device was constructed which could simultaneously evoke a v isual  c c r i i c a l  
response using f l i c k e r i n g  1 i gh ts  and provide video dr iven cogn i t i ve l y  demand- 
ing  tasks (Figure 1). This i s  accomplished by combining the two images through 
an 18 cm x 26 cm ha l f - s i l ve red  m i r r o r  placed a t  45 degrees 50 both images. 



Figure 1. Experimental Setup 

The evoking st imulus i s  provided by two hor izonta l  f luorescent tubes 26 cm 
long and mounted 4 cm behind a 25 x 27 cm translucent screen i n  order t o  
d i s t r i b u t e  l i g h t  as evenly as possible across the v isua l  f i e l d .  The average 
in tens i t y  o f  these l i g h t s  can be var ied from 0 t o  160 f t - L .  This average 
i n t e n s i t y  range i s  considered low enough t o  comfortably present a video 
d isp lay task i n  the same v isua l  f i e l d .  A United Detactor high speed photo 
c e l l  is placed 13 cm i n  f r o n t  o f  t h i s  display t o  record amplitude o f  the input  
s t i m u l i  f o r  comparisons w i th  EEG response. 
by the evoking stimulus, the second image ( the video task d isp lay)  i s  presented 
on an Audiometrix 11-inch video monitor. 

I n  addi t ion t o  the image provided 

Stimulus 

Sinusoida l ly  modulated l i g h t s  served as the evoking s t imu l i .  Sums o f  10,ll 
and 13 sine waves were used t o  modulate these l i g h t s  around average i n t e n s i t i e s  
o f  40 and 80 f t -L .  Each sine wave provided anywhere from 6.5% t o  13% modulation 
depending on the st imulus parameter chosen. The sine waves were chosen t o  
avoid presentations a t  frequencies which are harmonics o f  the other s ine waves 
i n  the sum. I n  addit ion, no one frequency presentat ion contains a sum o r  
d i f ference o f  any other sine wave input. These r e s t r i c t i o n s  on sine wave 
se lect ion are due t o  the nonlinear behavior o f  our f l i c k e r i n g  l i g h t  generator. 
Appropriate input  se lect ion insures t h a t  the nonl inear 1 i g h t  e f fec ts  w i l l  not  
occur where we place the input  s ine waves. This w i l l  also f a c i l i t a t e  fu tu re  
invest igat ions o f  f i r s t  order nonl inear proper t ies o f  the evoked response 
system a t  harmonics and intermodulat ion frequencies o f  the input  frequencies 
(V ic to r  and Shapley, 1980). Our input  s ine waves range between 5.5 Hz and 
49 Hz. Our sine waves are a lso selected so tha t  they a l l  are mul t ip les  o f  the 
fundamental frequency ( .25 Hz f o r  the f i r s t  resul ts ,  .125 Hz f o r  the f i r s t  
redesign, and .0244 Hz f o r  the f i n a l  redesigned system). 
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For our pre l iminary e f f o r t s  the sum o f  sines (SOS) was generated by a 
PDP 11/60 computer and stored on an Ampex SP300 analog tape. Signals from 
the SP300 were used as input  t o  d r i v e  a S c i e n t i f i c  Prototype tachistoscope, 
model G.B., modi f ied so t h a t  lamp i n t e n s i t y  could be modulated from an 
external  o s c i l l a t o r .  For the most recent system design, the PDP 11/60 
yenerated SOS d i r e c t l y  drove the tachistoscope. 

I n  addi t ion t o  the evoking s t imul i ,  a supervisory contro l  task was 
presented as a cogi : i t ive load (Pat t ipa t i ,  Ephraph, and Kleinman, 1975). 
A manually c m t r o l l e d  s u b c r i t i c a l  t rack ing  task was also used as a possible 
cognit 've d r i v e r  (Zacharias and Levison, 1979). 

Anal ~s i s 

The descr ib ing funct ion i s  a complex measure o f  the input-output 
re la t ionsh ip  o f  a system. We chose t o  look a t  t h i s  measure i n  terms o f  
amplitude r a t i o  and phase angle. For our pre l iminary work a N ico le t  Fast 
Four ier  Transform (FFT) analyzer provided these measures. For our f i n a l  
system design we used a PDP 11/60 tc? both generate the SOS and c o l l e c t  
response data, and a PDP 11/34 t o  perform FFT's. We a lso computed remnant 
or  background EEG power spectrums. We compute background EEG power by f i n d i n g  
the average value o f  the EEG power w i t h i n  a remnant window (20 frequency 
bins, 0.488 H t  f o r  the most recent system design) centered about each input  
frequency o f  the SGS. O f  course the average excludes the power a t  the center 
frequency as t h i s  i s  considered the evoked response. For a de ta i led  discussion 
cf y ~ i d c l  ines for  analysis o f  frequency response data, see Levison (1983). 

Procedure 

Subjects were seated i n  a darkened I A C  chamber i n  f r o n t  o f  a 15 cm2 
window and looked i n t o  the st imulus presentat ion device. For the l i g h t s  on ly  
condit ion, the subjects were inst ructed t o  " re lax and f i x a t e  on a small dot  on 
the center o f  the display" wh i le  the l i g h t s  were f l i c k e r i n g .  For the cogn i t i ve  
loading condit ions, the subjects were t o l d  t o  concentrate on the tasks. 

Recordina 

Mcasurements o f  the evoked response were recorded using s i  l v e r / s i  l v e r  
ch lor ide electrodes a t  Oz according t o  the 10-20 in te rna t iona l  System, w i t h  
mastoid reference and ground. Resistance between electrodes was less than 
5 K ohms. EEG s ignals from subjects were ampl i f ied by Grass P5P1 AC ampl i f iers  
w i th  an e f f e c t i v e  bandpass of 0.2 t o  300 Hz. S i x t y  Hz f i l t e r s  were not  used. 
Analysis o f  st imulus and EEG data averaged over 32 4-second epochs (using a 
50 percent redundant s l i d i n g  window) was accomplished w i t h  a N ico le t  660 A 
dual-channel FFT fo r  pre l iminary resu l ts .  For the  f i r s t  redesign 16 8-second 
epochs were used. For the f i n a l  redesign a PDP 11/34 i s  used f o r  data 
analysis. Four ier  transforms o f  2048 p o i n t  40.96 sec t ime h i s t o r i e s  are 
performed. 
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RESULTS AN0 DISCUSSION 

Prel iminary Results 

Figure 2 is an illustration o f  typical power spectrums. The top graph 
is the spectrum fcr an evoking stimulus at 10 sine waves as measured 

Figure : Stimulus and EEG Power Spectrums. 

at the photo cell. The lower trace i s  the human EEG response for a l i  htS 
only condition. Clearly significant peak responses to the input stimu 9 i 
are indicated in addition t o  the background EEG. 

ratio and phase, is plotted in Fig. 3. The plotted values are for conditions 
The describing function for a typical subject, which consists of magnitude 
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Figure 3. Visual-Cort i c a l  Describing Functions. 

of  l i g h t s  only and decision-making. They represent the average ( i n d i c a t i n g  
mean and standard deviat ion) o f  three 68-second runs. Clear di f ferences e x i s t  
between condit ions fo r  frequencies below 22 H t .  A reduct ion i n  channel gain 
i s  i n t u i t ' v e l y  expected i n  going frm l i g h t s  only t o  decision-making. Among 
other d i  I ierences between the two phase curvesr a decrease i n  phase steepness 
f o r  decision-making a t  11.5 H z  can be observed. The descr ib ing func t ion  
changes across condit ions suggest the not ion t h a t  the v i sua l - co r t i ca l  channel 
changes i t s  dynamic responsr f o r  d i f f e r e n t  cogn i t i ve  loads. As a r e s u l t  o f  
these pre l im inary  f ind ings  we decided t o  concentrate our exp lo ra t ion  below 
25 Hz. I n  t h i s  way we were able t o  increase our frequency reso lu t i on  from 
0.25 Hz t o  0.125 hz. We also r?duced the frequency span o f  our SOS stimulrrs 
i n  hopes o f  more accuraiely captur ing more subt le  gain and phase changes. 

Redesign 1 

Figures 4 and 5. Evoked response describing funct ions are compared across 
The r e s u l t s  o f  t h i s  system redesign are shown f o r  two other subjects i n  
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Figure 4. Vi sual-Cort ical Describing Functions. 
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i 
Figure 5. V isua 1 -Cort i c a  1 Oescr i bing Functions. 
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three conditions; l i g h t s  only (LO), subcr i t i ca l  manual t r a d i n g  (CTT)  and 
decision making (DEC). Again s imi la r  gain and phase dif ferences between 
decision-making and 1 ights only ex is t .  
mama1 tracking are minimal. This seems reasonable as the t racking task 
reduces t o  p - i n c i p a l l y  a minimal cognit ive laad once i t  i s  learned. 

and phase measurements was too great t o  allow useCul modeling of  t h i s  data. 
Thus the need for another system redesign was indicated. 

Differences between 1 ights  only and 

It i s  not shown i n  these graphs, however, the v a r i a b i l i t y  o f  the gain 

F ina l  Redesign 

Referr ing back t o  f i gu re  2, the input SOS peaks were smeared as they 
spanned 5 t o  7 frequency bins. This smearing was par t ia : ly  due t o  the 
N i col  e t  FFT an a1 yzer ' s resol  u t  i on. Furthermore, system syncrob. z a t  i on 
between SOS generation and data co l lec t ion  was lacking. I t  was ,typothesized 
that  these two def ic iencies s ign i f i can t l y  contr ibuted t o  the extreme 
v a r i a b i l i t y  o f  the exparimental resul ts.  To overcane these problems, i n  the 
redesign, the computer that generated the SOS (a  PDP 11/60) was also used t o  
co l l ec t  the responses and a PDP 11/34 was used t o  analyze the co l lected data. 
This redesign resul ted i n  a 10 f o l d  increase i n  frequency resolut ion over the 
o r ig ina l  system c s n f i g ~ z t i 9 9 .  

The e f fec ts  o f  t h i s  redesign can be seen i n  expanded views o f  input 
and output power spectrums. The resu l ts  are p lo t ted  f o r  two sine waves; 
one (18.26 Hz) i n  f igure  6, the other (9.5 Hz) i n  f igure  7. Referring f i r s t  

- 
- -18 

3 - -19 
4 

I :  -21 
3 w -  

-27 

Figure 6. Spec i f i c i t y  of Evoked Response (Mid-Frequency Range). 
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Figure 7. Spec i f i c i t y  of Evoked Response (Alpha Freq. Range). 

t o  f igure  6, the input (stimulus power) as depicted i n  the upper r i g h t  hand 
graph indicates the excel lent  stimulus p u r i t y  achieved. The power appears 
i n  one frequency b i n  o f  0.0244 Hz width with adjacent power down 50 d6. 
Likewise the s p e c i f i c i t y  o f  the evoked response power i s  obvious when i t  i s  
compared t o  background EEG power levels. To insure tha t  the evoked response 
was not due t o  stimulus contamination o f  the EEG, s imi la r  measurements were 
obtained w i th  the subject b l i n d  folded. As expected, there was no response 
t o  the stimulus. 

Figure 7 shows the e f fec ts  of  the evoking stimulus a t  9.5 Ht. This i s  
w i th in  the alpha region of  the EEG spectrum (8 t o  12 Hr ) .  This subject 
consistent ly exh ib i ts  greatest power within t h i s  region. Describing functions 
and remnant spectrums are p lo t ted  f o r  t h i s  subject (subject 5) i n  f igures 9 
and 10. Because t h i s  subject i s  a large "alpha producer" ( reatest  evoked 
response and background EEG levels i n  the 8 t o  12 Hz region B we were interested 
i n  seeing what the s p e c i f i c i t y  o f  the evoked response would be t o  the 
stimulus i n  t h i s  region. Evoked response t o  the stimulus i s  s t i l l  s ign i f i can t  
however there i s  a s ign i f i can t  increase i n  background EEG power as well .  These 
resu l ts  indicate that  the evoked response and background EEG measurements may 
be more coupled together i n  t h i s  region (8-12 Hz) than i n  the mid-frequency 
region (14-20 Hz!. 

As par t  o f  the f i n a l  redesign we used the resu l t s  as shown i n  f igures 
6 and 7 t o  determine the width of the remnant computation window. I t  was 
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chosen t o  span 10 frequency bins b e l w  and 10 bins above each evoking 
stimulus frequency. This i s  the range (0.488 Hz) over which an average EEG 
power value i s  computed t o  y i e l d  remnant o r  background EEG power. 

S t  imu 1 us Parameter Invest i gat i on 

With t h i s  f i n a l  system redesign completed we were ready t o  explore the 
e f fec ts  o f  d i f f e ren t  stimulus a t t r ibu tes  on the evoked response. The two 
major parameter values tha t  can be manipulated are average in tens i t y  leve l  
and depth of modulation. We chose 40 and 80 f t - L  as average in tens i ty  levels, 
and 13% and 6.5% as depth of modulation values f o r  each o f  the 10 sine waves 
i n  the SOS input. The resu l ts  o f  these d i f f e ren t  parameter values are shown 
f o r  4 subjects i n  f igures 8 through 13. 

-1 I 
1 I 1 

8 SO I2 14 16 18 20 
FREQUENCY (HE> 

Figure 8. Stimulus Parameter Effects, Subject 14. 
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Figure 9. Stimulus Parameter Effects, Subject 5 

Each background EEG measurement i s  the avercge power taken over 
20 bins (10 above and 10 below) centered about each o f  the 10 frequency 
values o f  the SO$ stimulus, excluding the power a t  the centered value, 
converted t o  dB. Each evoked po ten t ia l  measurement was computec! as fol lows; 
average gain was computed from average r e a l  and average imaginary FFT 
components a t  the stimulus input frequency values, evoked ,,t?ntial was 
then computed as gain times input 
operations were performed t o  permit d i rec t  comparisons between evoked 
response and background EEG and across stimulus conditions. 

and converted t o  d0. These 
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Figure 10. Stimulus Parameter Effects, Phase S h i f t ,  Subject  5 .  
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Figure 11. Stimulus Parameter Effects, Subject 10. 
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Figure 12. Stimulus Parameter Effects,  Subject 3. 
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Figw-2 13. Stimulus Parameter Effects,  Phase Shi f t ,  Subject 3. 
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Thin s t o  note are the alpha region peaks f o r  subjects 14 and 5 ( f igures 8 
and 8 ) and the marked absence of alpha region peaks f o r  subject 10 and 
subject 3 ( f i gu res  11 and 12). Note also t h a t  d i f f e r e n t  average i n t e n s i t i e s  
do not cause consistent evoked response differences. This was expected 
(Regan, 1975; Spekreijse, 1966). Depth of modulation appears t o  have an 
e f fec t  on subject 10 and subject 3 ( f igures 11 and 12). This t rend was 
expected for  a l l  subjects however (Regan, 1975; spekreijse, 1966). The most 
obvious differences between these 4 subjects are the presence o r  absence o f  
large evoked po ten t i a l  values i n  the alpha (8  t o  12 Ht) region. 

To be t te r  compare differences between subjects; for  each subject we 
averaged evoked response measures across stimulus conditions, and plotted 
the averages for  each of s i x  subjects i n  f igures 14 and 15. Some things t o  

1 I t I 
I I 1 L 

8 10 12 14 16 18 20 
FQEQUENLY (~z.1 

Figure 14. Across Subject Differences. 
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Figure 15. Across Subject Differences, Phase Shift .  

note are t h a t  across subject  d i f ferences are leas t  i n  the mid-frequency 
region. Three subjects exh ib i ted  large alpha region peaks, three d i d  not. A l l  
subjects exh ib i ted  some alpha region peaking. Phase lags across condi t ions 
do not  show trends consistent with alpha peaking. 

Sumnarv 

Results t o  date continue t o  suppori the not ion tha t  the SSER i s  mediated 
by cogni t ive processes. The most recent r e s u l t s  o f  the stimulus parameter 
i cves t iga t ion  suggest t ha t  the most csefu l  region t o  explore f o r  cogn i t i ve  
e f f e c t s  may be i n  the mid-frequency region. Future work w i l l  invo lve modelitjg 
evoked response data, determining whether differences found thus f a r  can be 
explained i n  a parsimonious manner and whether these differences w i l l  be 
found over more subt le  var ia t ions  i n  task d i f f i c u l t y  c r  increased cogn i t i ve  
1 oads . 
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The measurement o f  operator workload i s  an issue of great 
concern i n  the design and evaluat ion of  modern engineer:r-,g 
systems. This concern ha5 l e d  t o  the  development of a wide 
arsenal of measurement techniques, a l l  intended t o  quant i fy  
t he  phenomma accompanying thz  behavior of the  human 
processing system when i t s  capacity t o  meet task demands has 
been excerded. Three general categories of measurement 
approaches are, performance based measures, physiological  
indices, and subject ive scales. In  theory, the three 
appraaches should cons t i t u te  a l t e r n a t i v e  s t ra teg ies  t o  expose 
t h e  hidden l i m i t a t i o n s  of i n te rna l  processors. I n  pract ice,  
there is r n l y  a sparse knolledge on t h e  re la t i onsh ip  between 
workload measures obtained under d i f f e r e n t  approaches. 
Moreover, there appears to be a debate among proponents of 
these approaches on the v a l i d i t y ,  comprehensiveness and 
exclusiveness of  d i f f e r e n t  measures. 

The present paper reviews the Tesul ts o f  two experiments i n  
which workload analysis was conducted based upon perfcrrmance 
measures, b ra in  evoked po ten t i a l s  and magnitude estimations 
of  subjective load. The three types of  measures were j o i n t l y  
appl ied t o  the descr ip t ion of the betlavior o f  r u t j e c t s  i n  a 
wide bat tery  of experimental tasks. Data analysis shows both 
instances of associat ion and d issoc ia t ion  between types of  
measures. A [ meral  conceptual .Framework and methodological 
guidel ines are proposed t o  account f o r  these f indings. 
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ABSTPAC” 

A manua! control tracking task.was manipulated along two 
dimensior, . (1) control order, ap’ (2) forcing function 
bandwiCth. In the first phase of the experiment subjective 
workload assessments were collected. It was found that 
subjective assessments of workload were closely associated with 
perfcrmance i.. the case of increasing control order, but not in 
the case of increasing bandwidth. This was interpreted as 
indicating that subjective workload assessments are most 
appropriate for the study of increasing difficulty centered in 
response selection processes as opposed to response execution 
processes. In the second phase of the experiment the subjects 
were asked to voluntarily limit the effort they applied in the 
performance of the tracking task. The results indicate that 
the subjects were quite facile in doing this. However, 
comparison that 
manipulated effort via dual-task biasing indicate that effort 
manipulation is much more potent in a single-task 
configuration. This finding is; discussed in terms of multiple 
resovrce theories of attentiona! capacity. Also, the utility 
of an ana’.ysis of covariance ( WACOVA 1 procedure in studying 
the relationships between subjective ratings and performance is 
highlighted. 

of this data to the findings of other studies 
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INTRODUCTION 

Possibly the most enduring issue in experimental psychology 
concerns the question of whether people are really aware of what happens 
in their heads. For many of the earliest American psychologists such as 
James, Titchner, or Angel1 it seemed obvious that introspection would 
provide much of the science's data. 
behaviorism it was generally accepted that only observable behavior was 
worth studying. 
strong anti-mentalistic claims today there is still considerable 
evidence of a debate between those who believe subjects can provide 
useful information about what is going on in their heads and those who 
do not. For example, the debate between Nisbett and Wilson (1977) and 
Ericsson and Simon (1980) centers on just this issue. 

But, during the heyday of 

While few researchers subscribe to, or espouse such 

This question is not only of philosophical interest there are some 
serious applied consequences for practicing human factors personnel as 
well. Most obvious, is the question of whether subjective assessments 
of workload posses any value in system evaluation? If, as Ericsson and 
Simon's work would suggest, subjects are capable of accurately reporting 
whether parts of their internal cognitive processing equipmem are being 
over-worked, then the subjects' workload assessments would deserve a 
valued place in the evaluation of man-machine interfaces. 
hand, if Nisbett and Wilson are correct is asserting that subjective 
assessments are actually post hoc logical analyses, then human factors 
practitioners might be better served by creating their own logical 
assessment algorithms for generating wsrkload estimates. 

On the other 

The first step in resolving this debate is to see if subjective 
assessments of workload can accurately predict performance. 
at least establish the possibility that they are based on legitimate 
introspection of the workings of the mind and may be of use to humPn 
factors personnel. If the workload assessments have absolutely no 
relationship to performance, then the question of the value of 
introspection might remain a topic of debate for those of a purely 
theoretical bent, but it would be a sterile issue f 

This would 

applied personnel. 

The present study further investigates these is5 3. 2. Lhis study 
a standard compensatory tracking task was utilized. 
the tracking was manipulated in two different fashions. 
manipulation involved increasing the control order of the system, while 
the other increased the bandwidth of the disturbance forcing function. 
These two different met,..& were selected to emphasize different aspects 
of increasing difficulty. The order manipulation is expected to cause a 
relatively substantial increase in the early perceptual/central 
processin, stages of information processing, because dealing with the 
increased control order involves use of a more sophisticated strategy 
including more anticipation. In contrast, increasing bandwidth speeds 
up everything, but does not require a qualitatively different strategy. 
Therefore, relative to the order manipulation, the bandwidth 
manipulation's increasing difficulty might be cmsidered mostly due to 
increased response processing demands (Wickens, Gill, Kramer, Ross & 

The difficulty of 
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Donchin, 1981). 

Since, Ericsson and Simon have suggested that verbal reports are 
most sensitive to information heeded in primary memory, it would follow 
that subjective workload assessments would be more accurate in the case 
of increasing difficulty by increasing control order. 

To investigate this hypothesis an analysis of covariance (ANACOVA) 
The procedure assumes that some portion of the procedure was employed. 

error component of the dependent measure is predictaLle if the subject's 
score on some related measure, say "X", is known. If so, then the 
ANACOVA procedure allows a researcher to partial out subject: and/or task 
differences in the "X" data from the dependent measure scores. 
Therefore, to the degree that the workload ratings are based on 
information concerning cognitive processes effective in influencing 
performance quality the use of the ratings covariate in the ANACOVA 
technique should attenuate or eliminate the effect of task difficulty in 
the present study's analysis. 
hypotheses, it would be predicted that the ANACOVA procedure would be 
more effective in the analysis of the increasing control order data than 
in the analysis of the increasing bandwidth data. 

Consequently, based on the experimental 

(For a general discussion of the ANACOVA technique refer to Meyers 
(1979); for an example of its application to engineering psychology 
research see Ackerman and Wickens (1982).) 

The same basic methodology can be applied to another somewhat 
related topic; i.e., the question of a subject's ability to voluntarily 
control the amount of effort applied in performing a task. 
case, using the subject's ratings of effort as a predictor of 
performance should wipe out any effects of lowered effort on the 
performance scores. 

In this 

Also, comparison of the results of si,.kle-task effort manipulation 
to dual-task biasing could have important implications as well. 

In summary, the intent of this study was to test the following 
hy u po t heses : 

(1) 
processing of task related information. 
verbal reports. 

Subjects have access to subjectively available data concerning the 
This data can be collected via 

(2)  The closeness of the relationship between verbal reports and 
performance is influenced by the type of processing employed by a task 
and can be tested by use of an ANACOVA procedure. 

(3)  The same general procedure can be used to explore subjects' 
abilities to voluntarily control effort. 
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METHOD 

Sub iec t s 

Nine right-handed students of the University of Illinois (7 male, 2 
All subjects had normal or corrected female) participated in the study. 

vision and were paid $3.50 per hour for their participation. 

Apparatus 

Subjects were seated in a light and sound attenuated booth. 
Stimuli were djsplayed on a 10 cm x 8 cm Hewlet-Packard Model 13- 
cathode ray tube (CRT) positioned approximtely 90 cm in front of the 
subject and slightly below eye level. Responses were collected via a 
Measurement Systems Incorporated Model 435 spring-centered, joystick 
affixed to the left armrest of the subject's chair. 
sixteen bit digital computer with 24K memory was used to generate the 
experimental displays and record subject performance. 

A Raythcon 704 

Tracking Task 

A single-axis compensatory tracking task required subjects to null 
En error iniicated by a lateral displacement of a circular cursor from a 
target line located in the center of the CRT display. The cursor was 
controlled by right-left movements of the joystick. The task was driven 
by a band-limited Gaussian disturbance input with an upper cutoff 
frequency which could be set at 0.3, 0.4, 0.5, or 0.6 Hz. 
control dynamics could be set as a pure first-order velocity control 
(order = loo) ,  a pure second-order acceleration control (order = 2.0) or 
a linear combination of parts of first and second order control (order = 
1.5). 

The system 

Six different combinations of disturbance input frequency 
(bandwidth) and system control dynamics (order) were utilized in the 
experiment. The easiest condition, which will be referred 
"standard", combined the lowest bandwidth (i.e., 0.3 Hz) with the 
easiest control order (i.e., first order). 
were then achieved by increasing either bandwidth or order, but never 
both. 
order control with 0.4, 0.5 ,  or 0.6 Hz. 
conditions were generated by combining 0.3 Hz bandwidth with either 1.5 
or 2.0 order system dynamics. 

to as the 

Higher levels of difficulty 

Three higher difficulty conditions were formed by combining first 
Additionally, two more 

Experimental DesiRn 

Two experiments were performed with the subjects in this study: 
(1) a subjective assessment of workload experiment, and (2) a voluntary 
control of effort experiment. 

In the subjective workload assessment experiment a relative rating 
procedure was used. 
workload rating of 10. 

The standard condition was arbitrarily given a 
All other test conditions were compared to the 
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standard condition by first giving the subject a 15 second exposure to 
the standard iollwed by a full two minute trial o€ the test condition. 
After completing the trial the subject would rate the test condition 
relative to the standard condition; twice as much workload would be a 
rating of 20, half as much workload would be a rating of 5 ,  and so on. 
Within each block of the workload assessment experiment one full two- - 
minute trial of the standard conditon would be run. The subject would 
be warned prior to this trial that this "standard-alone" condition was 
being run merely to obtain a performance score and that there was no 
reason to rate it. 
test which consisted of the 15 second exposure to the standard being 
followed by a full two-minute test trial of the standard c qdition. 
Although this experiment is designed primarily as an investigation into 
the subjects' ability to identify differences in workload , this trick- 
standard was included as a test of the subjects' ability to identify a 

against possible motivational differences contaminating the comparison 
of performance in the standard alone condition to performance in the 
other test conditions. Each block, therefore, consisted of 6 test- 
condition trials which were rated by the subject and 1 standard-alone 
trial. 
assessment experiment. 

However, within each block there was also a "trick" 

same" condition. Also, the trick-standard was included as a hedge 19 

Each subject performed two complete blocks of the subjective 

In the voluntary control of effort experiment each trial consisted 
of a set of three connected two-minute trials of one of the six tracking 
conditions. 
instructed to perform as well as they could (i.e., 100% effort). Just 
before starting the second trial of the set subjects were told to hold 
back a little and to try to work at approximately a 70% effort level. 
Between the second and third trial of the set subjects rated how much 
effort they expended on the previous trial and \-?re then instructed to 
hold back even more and attempt to perform at approximately a 30% level 
of effort. 
rated how much effort they expended on the previous trial. 
of the voluntary control of effort consisted of six sets of three 
connected two-minute trials; one for each tracking condition. 
subject performed two blocks. 

Prior to the first trial of the set the subjects were 

FoLlowing the third trial of the set, subjects once again 
Each block 

Each 

In both experiments each subject received a unique random order for 
each block of trials. 

Prccedure 

The experiment Consisted of five 1-hour sessions for each subject. 
The first sssion consisted of instructions followed by 18 practice 
trials. Following each trial performance feedback was delivered and, if 
appropriate, suggesti 3ns for improving performance were given. The 
second session was also a practice session which opened with fcur trials 
using the subjective workload assesseenr procedure deecribed above. 
This was followed by four s-ts of three trials using ihe voluntary 
control of offort procedure. 
scssion which consisted G i  o1:e block of the subjective assessment of 

The actual experiment started in the third 
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workload experiment, followed by three sets of three trials of the 
voluntary control experiment. 
of three trials of the voluntary control experiment. 
sets completed the first block and the second three sets started the 
second block). 
subjective workload assessment experiment and finished with the 
remaining three sets ci trials for the voluntary cmtrol experiment. 

The fourth session consisted of six sets 
(The first three 

The final session started with the second block of the 

RESULTS 

A single analysis strategy will well be employed in analyzing the 
results of both experiments. 
methods of increasing difficulty (i.e., order and bandwidth 
manipulations) will be separated for individual analysis. 
the analysis will start with an investigation of the effects of tracking 
performance, as reflected in Root Mean Square Error (RKSE). 
analysis of the effects of the task conditions on subjects' ratings will 
be performed. (In Experiment 1 these will be ratings of workload, while 
in Experiment 2 they will be effort ratings.) Following this, the 
ratings data will be utilized as a covz,riant in a ANACOVA with the 
performance data as the dependent meas:ire. 
of the validity of using the ratings i n  explaining variability in 
performance. 
be expected that the covariance analysis technique would eliminate, or 
at least subs tially reduce, performance effects due to increasing 
difficulty in &lie first experiment or ,jue to decreasing effort in the 
second experiment. 

First, the data for the two different 

1.1 each case 

Then an 

This should serve as a test 

If ratings tap a legit,r?ate source of information it would 

Subjective RatinRs Experiment 

Before moving into the basic analysis procedure a quick look at the 
data for the two "standard" conditions are in order. 
the question of whether the uniqueness of the standard-alone condition 
caused any performance differences relative to the trick-standard. 
Although there was a small standard-alone advantage indicated in the 
RMSE means (0.158 VS. 0.166), a I-test comparing these two conditions 
failed to reach significance (~(8) = 1.078, E > 0.05). 
was performed to see whether the mean workload ratings for the trick- 
standard were different from 10. 
to underestimate the difficulty of the trick-standard relative to the 
arbitrary level of 10 (mean rating = 9 . 4 ) .  
also failed to reach significance (t(8) = -0.662, E > 0.05). 
two of the nine subjects would admit during debriefing to having been 
suspicious of the condition, this finding supports the conclusion that 
subjects were reasonably adept at identifying equivalent levels of 
workload. In the following analyses the trick-standard condition will 
provide the data used as the standard condition baseline. 

First, there is 

Another &.-test 

Subjects exhibited a slight tendency 

However, this difference 
Since only 

Moving on to the question of the effects of the difficulty 
manipulations; Figure 1 displays the data for both the order 
manipulation (in the left column) and the bandwidth manipulation (in the 
right column). The two graphs in the top row display the RMSE 
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Figure 1 .  Illustration of the d a t a  from the subjective 
workload assessment experiment. 
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performance for the different difficulty conditions collapsed over 
block. (Note that the leftmost point in all of the graphs represents 
the data for the same standard condition.) These data for each 
difficulty manipulation were subjected to a Difficulty x Block ANOVA. 
difficulty had a significant effect in both the order (E (2,16) = 38.16, 
E < 0.OOOl) and the bandwidth manipulations (E (3,24) = 102.32, E < 
0.OOOl). 
conditions designed to be more difficult. 
effect only in the bandwidth manipulation condition (E (1,8) = 7.87, E < 
0.0230). 
block. 

As expected, in both cases performance worsened in the 
Block had a significant 

Subjects showed a slight improvement from the first to second 

In the second row of the figure the ratings data are displayed. 
These data were also analyzed by a Difficulty x Block ANOVA. 
these analysis difficulty was again found to have a significant effect 
(1 (2,16) = 47.26, E < O.OOO1 in the order analysis; E (3,24) = 32.89, E 
< 0.0001 in bandwidth analysis). 
more difficult conditions as incurring greater workload. 
significant in either analysis. 

In both 

Not surprisingly subjects rated the 
Block was not 

The bottom row displays the adjusted means for the ANACOVA analyses 
of the RMSE data with the ratings used as the covariate. These adjusted 
means are part of the output of the ANACOVA analysis and represent the 
resulting dependent measure scores when differences in the covariate are 
partialled out. 
technique is very effective in eliminating the difficulty effect of the 
order manipulation. This is indicated by the pronounced flattening of 
the curve relative to the corresponding graph in the top row. In other 
words, the performance differences are explained by the differences in 
the subjective workload ratings. 
associated with the bandwidth manipulation show virtually no change 
relative to the raw performance scores. 
difficulty and block remained significant effects (E (3,23) = 18.36, E < 
0.0001 and 1 (1,7) = 8.03, E < 0.0253, respectively). 

On the left side it can be seen that the covariance 

In contrast, the adjusted means 

In the bandwidth ANACOVA both 

To summarize, the overall pattern of results in the first study is 
completely in keeping with the predictions. 
assessments are closely related to performance in the case of increasing 
control order, but not in the case of increasing bandwidth. 

The subjective workload 

Voluntary Control of Effort Experiment 
Figure 2 displays the data from the analyses of the voluntary 

control experiment. 
included in the analyses because there were no corresponding ratings. 

The data from the 10G% effort level were not 

The top two graphs display the raw performance effects. 
were subjected to a set of Difficulty x Instructed Effort x Block 
ANOVAs. 
(2,16) = 33.98, E < 0.0001) and the bandwidth (E (3,24) = 22.3, E-< 
0.0002) analyses. 
lowering the instructed effort level from 70% to 30% significantly 

These data 

Increasing difficulty increased RMSE in both the order (F 

Also, in both the order and bandwidth analyses 
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increased RMSE (1 (1.8) = 34.30, E < 0.0004 and 
0.0003, respectively). 
nor was there any significant interaction. 

(1,8) = 35.50, e < 
There were no significant effects due to block, 

The middle row of graphs display the data from the corresj?onding 
set of analyses performed on the subjects’ ratings of effort. 
ANOVAs performed on this data detected a significant effect of 
instructed effort in both the order (1 (1,8) = 87.26, E < 0.0001) and 
bandwidth (1 (1,8) = 62.63, E < 0.0001) analyses. 
subjects were instructed to expend less effort they responded with lower 
estimates of effort expended. 

The 

In both cases as 

The bottom two graphs display the adjusted means from the output of 
the ANACOVA analyses. In both analyses there is a pronounced reduction 
in the slopes of the lines, resulting from the elimination of the 
previous significant effect of the instructed effort variable. In both 
analyses the difficulty variable remained a significant effect (1 (2,15) 
= 34 .54 ,  2 < 0.0001 in the order analysis; E (3,23) = 30.25, E < 0.0001 
in the bandwidth analysis). 

In general then, the results of the analyses in this experiment are 
even stronger than those of the last experiment in demonstrating that 
the use of subjective ratings as a covariate can eliminate previously 
significant effects in the analysis of performance data. Further, it 
demonstrates that this can be accomplished while leaving the effect of 
other variables in the analysis untouched (in this case the difficulty 
variable) . 
Single-Task Effort 5 Dual-Task Bias 

The effect of effort on performance has most often been 
investigated in a dual-task environment. 
subjects to favor one task over another to some degree. Subjects seem 
to be quite capable of biasing their performance in such a manner; 
although it has been suggested that subjects can only achieve three to 
five gross levels, at best (Navon, 1984). 
concept of effort plays in most capacity notions of attention close 
scrutiny of the empirical effects of laboratory manipulations of effort 
seems essential. The present study manipulated effort in a single-task 
environment with a tracking task that had previously been used in a 
dual-task biasing experiment (i.e., Vidulich & Wickens, 1981). The 
logic of comparing the results of the two studies was inescapably 
compelling. 

This is done by asking 

Given the central role the 

To review, briefly , Vidulich and Wickens (1981) manipulated bias in 
a dual-task environment in which a first or second order tracking task 
was performed concurrently with a Sternberg memory search task. 
bandwidth of the tracking task vas always 0.3 Hz. 
was tested with four different input/output (i/o) configurations; 
auditory/speech (A/S) , auditory/manual (!.I’M) visual/speech (V/S) , 
visual/manual (V/M). 
one or the other task by a 70% to 30% priority split. 

The 
The Sternberg task 

Subjects were asked on different trials to favor 
Results indicated 
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that the bias variable significantly influenced performance in both 
tasks. 
potent when competition for resources was highest; that is, when the 
tracking (which is a V/M task) was concurrently performed with the V/M 
Sternberg task. 

Also, as predicted by multiple resource theory, biasing was most 

Consequently, the data from the V/M Sternberg dual-task trials were 
selected for comparison to the corresponding first and second order 
tracking conditions of the present study. 
Vidulich and Wickens (1981) study were in the form of decrement scores 
(i.e., the difference between single-task and dual-task performance) it 
was necessary to convert the present data to a comparsble format. 
Decrement scores for the present study were generated by subtracting che 
100% effort trials RMSE from the RMSE on the corresponding 70% effort 
and 30% effort trials. 

Since the data from the 

The data from both experiments were then subjectel to an Experiment 
x Control Order x Effort ANOVA. The mean RMSE decrements for Loth 
experiments is displayed in Figure 3. 
effect of effort (E (1,16) = 37.42, e < 0.0001). 
lowering the bias) increased decrements in both experiments. 
a significant effect of experimental procedure on decrement size (1 
(1,16) = 11.89, E < 0.0033). 
large- in the single-task experiment than in ths dual-task experiment. 
But, most imporrant of all, there was a significant interaction between 
the experiment and the effect of manipulating effort (1 (1,16) = 11.01, 
E < 0.0043). 
potent than dual-task changes in bias. 

There was a significant main 
Reducing effort (or 

There was 

Overall, the size of decrements were 

In the single-task case change: in effort were much more 

The ramifications of these findings on hypotheses of effort control 
mechanisms will be reviewed later. 

D I S C U S S I O N  

In the most general sense the present study can be considered an 
investigation into the value of phenomenal events j-n engineering 
psychology research. This general issue was approached in two distinct 
manners: 
assessments of their internal states as workload measures were studied. 
Secondly, the subjects' abilities to voluntarily control the effort 
expended in performing a single task was investigated. In general, the 
results of both studies indicate an encouraging facility on the part of 
the subjects in both assessing and controlling the internal processing 
related to task performance. 
cautions regarding the limitations of these abilities. 

Firstly, the strengths and weaknesses of individuals' 

Yet, the two studies also offer some 

In the workload assessment part of the study a preliminary viewing 
of the data might be more encouraging than is warranted. 
difficulty manipulations successfully influenced performance in the 
expected directions and analysis of the workload ratings 
glance to closely reflect the same trends. 
procedure is used the ratings can only successfully explain the 

Both 

seems at first 
However, when the ANACOVA 
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Figure 3. Comparison of single-task voluntary control 
of effort to dual-task biasing (from, Vidulich 6 Wickens, 
1981). 
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performance in the cade of the control order manipulation. 
bandwidth manipulatior. ANACOVA, the effect remains s i p  ficant and the 
adjusted means show virtually no change relative to the raw performance 
means. 
assessments of workload, is entirely in keeping with both Ericsson and 
Simon's (1980) theoretical ipterpretation of verbal report validity and 
with empirical demonstrations of ,he locus of effects of the two 
difficult manipulations. 

In the 

This result, though damaging to the casual use of subjective 

Ericsson arid Simon propose tha* verbal reports are most sensitive 
to events in short-term -nemory. 
lnodel this would imply that verbal reports are most effective in 
assessing the state of perceptual/cqpitive processing as opposed to 
response execution processing. 
Kramer, Ross & :ochin, 1 W ;  Wickens & Derrick, 1981) has indicated that 
the effect of increasing tracking control order is heavily biased 
towards increasing perceptual/cognitive processing demands ra,ative to 
response execution demand. 
that increasing difficulty by increasing the fcrcing function bandwidth 
of the tracking is somewhat biased toward. increasing the response 
execution processin2 demands more than the perceptual/cognitive 
processing demands. 

Within Wickens (1980) mltiple resource 

Previous research (i.e., Wickens, Gill, 

In contrast, the same research indicated 

Therefore, in the 
subjective asse;smtnts 
most heavily influenced b, the difficulty manipulation. This results in 
a close reldtimship between the ratings and che performance in the 
control order manipulation data. Bu;, in the bandwiath manipulation the 
incr asing difficulty has a major portion of its effect isolated in the 
response execution 
subjective assessments. In this case, since the subjective assessments 
are not based on the same prccessing that is responsible for the 
diff'culty effect there is not such a intimate relationship between 
ratings arid performance and the A N A O V A  analysis cannot eliminate the 
signif +-cant difficulty effect . 

of the order manipulation the subjects' 
-ased on the same locus of processing as is 

iocessing which is relatively inaccessible by 

In summary, the results of the first study favor an extension of 
Ericsson and Simon viewpoint to the area of subjective .o,rkload 
assessment. Such assessments will iend to be most ac:w&e when the 
phenomena of interest is isolated in the F?rceptual/cognitive procebsing 
as opposed to the response execution processing. This identifies a limit 
of the applicability of subjective workload assessments, bur: it is a 
limitation which can be lived with. 
appiicctions of workload assessment are concerned with the operator 's  
decision making processes and these processes should be accessible by 
verbal reports. 

Fortunately, most contemporary 

"I=- second part of the study investigated the volur.tary control of 
effort 11: single-task t -acking at different levels of difficulty. 
this study the effeccs were virtually identical for the two difficulty 
manipujations. In both cases, the trackiug error increased as the 
instructed level c r  b>Cfort was reduced, the ratings of effort were 

In 
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consistent with the instructed effort level, and in t\e ANACOVA analysis 
the ratings covariate eliminated the effect of the instructed level of 
effort from the adjusted performance means. 

Generally, these results can be interpreted as implying that 
subjects are quite capable of adjusting their effort in a reasonable and 
consistent manner. 
underlying mechanism of effort control and imply that this mechanism 
might be fairly complex. 

However, the results encourage speculation on the 

First, the fact that there is no interaction in the performance 
data between effort and level of diffkulty is intriguing, especially in 
the ori - mmipulatior, data. 
Difficulty Level interaction persists even if the performance data from 
the 100% effort trials are included.) 
requires the use of a mre complex mental model, as suggested by Wickens 
et al. (1981), then we would expect that an initial reduction in effort 
might have a somewhat greater effect in the higher control order data. 
In other words, the figure of the performance data for the different 
levels of control order plotted accross effort level night be expected 
to give a "fan-like" appearance as opposed to the set of parallel lines 
which actualiy appears in the top portion of Figure 2. 
interactian does not appear, it calls into question the nature of the 
effort control mechanism. Possibly, riiirher than controlling level of 
effort directly subjects employed an indirect straiegy in which effort 
is "controlled" by loosening the performance criterion they attempt to 
achiere. Such a mechanism would not be expected to produce a Effort x 
Difficulty Level interaction. 

(Note that this lack of a Effort x 

If the increasing control order 

Since this 

Another question is raised by the comparison of the present study's 
results to the results of biasing in a dual-task environment. 
iinding that the effect of controlling effort in a single-task condition 
is more potent than controlling dual-task biasing initially appears to 
be explicable within a multiple resource framework. Previous research 
(Vidulich & Wickens, 1981) suggested that the size of the bias effect in 
a dual-task experiment increases as the amount of resources competed for 
by the two tasks increases. 
differential effort only occured in those resource pools from which both 
tasks demanded resources. 
an ?cross-the-board effort reduction affecting all resource pools. This 
mec..anism appears to explain the comparison results, but does not s e m  
to be easily reconciliable with the pmsibility of a "criterior 
relaxation" mechanism of effort control as discussed previously. 

The 

This implied that in the dual-task case 

In the single-task case subjects might adopt 

Taken as whole, the results of the second study indicate that 
subjects can voluntarily control their effort in a single-task 
environment. 
question and generalization frum single-task effects to dual-trsk 
environments appears antenable, at this time. 

But, the mechanism by which they do this remains an open 

Both studies in this irwstignticv agree on at least one point; 
-.amely that the A!'4COVA procedure appexs to be a useFul statistical 
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technique for investigating the relationship between ratings and 
performance. This is especially true in the first experiment where the 
raw performawe and ratings data showed virtually the same trends for 
both difficulty manipulations, but the ANACOVA procedure showed that in 
the bandwidth data the ratings were not closely enough associated with 
ths-performance to expain it. 
great potential as a tool in engineering psychology research. 

Thk ANACOVA procedure appears to have 
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SUMMARY 

The Modified Cooper-Harper ( M C i i )  scale has  been shown t o  be a s e n s i t i v e  
i n d i c a t o r  of workload f n  s e v e r a l  d i f f e r e n t  types of aircrew t a s k s  (Wierwille 
and Casali, 1983). The s tudy  t o  be descr ibed i n  t h i s  paper was undertaken t o  
determine i f  c e r t a i n  v a r i a t i o n s  of t h e  scale might provide e-ren g r e a t e r  
s e n s i t i v i t y  and t o  determine the  reasons f o r  t h e  s e n s i t i v i t y  of t h e  scale. 
The MCH scale, which is a 10 po in t  scale, and f i v e  newly devised s c a l e s  were 
examined i n  two d i f f e r e n t  a i r c r a f t  s imu la to r  experiments i n  which p i l o t  
loading was t r e a t e d  as a n  independent va r i ab le .  The f i v e  scales included a 15 
po in t  scale, computerized ve r s ions  of t he  MCH and 15 po in t  scales, a scale i n  
which the  d e c i s i o n  tree was removed, and one in which a 15 p o i n t  l e f t - t o - r i g h t  
format was used. 

The r e s u l t s  of t he  study i n d i c a t e  t h a t  while  one of t h e  new scales may be 
more s e n s i t i v e  i n  a given experiment, t a s k  dependency is a problem. The MCE 
scale on the o t h e r  hand e x h i b i t s  c o n s i s t e n t  s e n s i t i v i t y  and remains the  scale 
recomnmded f o r  gene ra l  use. The MCH scale r e s u l t s  are c o n s i s t e n t  with 
earlier experiments a l s o .  Th i s  paper p r e s e n t s  t h e  r e s u l t s  of t h e  r a t i n g  scale 
experiments and a l s o  d e s c r i b e s  the  q u e s t i o n n a i r e  r e s u l t s  which were d i r e c t e d  
a t  ob ta in ing  a b e t t e r  understanding of t he  reasons f o r  t h e  r e l a t i v e  
s e n s i t i v i t y  of t h e  MCH scale and i t s  v a r i a t i o n s .  

INTRODUCl LZN 

I t  has g radua l ly  become recognized t h a t  r a t i n g  scales, p rope r ly  designed 
and t e s t e d ,  r ep resen t  a s e n s i t i v e  and economical means f o r  e s t i m a t i n g  =en ta l  
workload. They can be used i n  a sys t ema t i c  manner t o  o b t a i n  a s i n g l e  
numerical response,  which estimates t h e  magnitude of t h e  multidimensional 
c o n s t r u c t  of mental workload. 

One of the nost popular and widely accepted scales is t h e  so-called 
Cooper-Harper scale (Cooper and Harper, 1969). This  scale inco rpora t e s  an 
unusual d e c i s i o n  tree and d e s c r i p t o r s  d i r e c t e d  a t  handl ing q u a l i t i e s ,  
s t a b i l i t y ,  and workluad. The scale is w e l l  s u i t e d  f o r  e s t i m a t i o n  of workload 
i n  manual c o n t r o l  s y s t e m s .  For example, Wierwille and Connor (1983) showed 
t n a t  the scale was q u i t e  s e n s i t i v e  t o  changes i n  turbulence leJel  and 
l o n g i t u d i n a l  s t a b i l i t y  i n  an instrument  landing t a sk .  V a r i a t i o n s  of t h e  
o r i g i n a l  scale have a l s o  appeared, but they too have been d i r e c t e d  p r imar i ly  

- * Now with Hughes A i r c r a f t  Co., Ground Systems G-oup, F u l l e r t o n ,  CA 
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toward manual cont ro l  appl ica t ions  (North and Graffunder, 1979; O'Connor and 
Buede, 1977; S i e f e r t ,  Daniels, and Schmidt, 1972; and Wolfe, 1982). More 
recent ly ,  Wierwille developed a modication of t he  scale, c a l l e d  the  Modified 
Cooper-Harper (MCH), which could be universal ly  appl ied i n  mental workload 
estimation, regardless  of the  t y p e  of loading imposed by the  t a s k  (Wierwille 
and Casali, 1983)*. In pa r t i cu la r ,  the  scale was designed t o  provide a global  
measure of mental mrkload  i n  t a sks  having loading along carmunications, 
mediational,  and perceptual  dimensions. The scale was subsequently t e s t ed  and 
found t o  be experimentally sens i t i ve  and v a l i d  i n  th ree  independent simulator 
experiments. 

Because the MCH scale ha4 already been t e s t ed  and found adequate, 
quest ions could be asked regarding the  reasons f o r  its s e n s i t i v i t y  and 
regarding improvements t h a t  might be made. Thus, another study was undertaken 
i n  *;hich the MCH scale .JS systematical ly  var ied i n  an e f f o r t  t o  gain g rea t e r  
ins ight .  Spec i f ica l ly ,  t he  MCH scale and f i v e  va r i a t ions  emphasizing major 
design aspects were used i n  t h i s  study. The s i x  r a t i n g  scales were then used 
i n  two d i f f e r e n t  experiments, one involving mediational (cogni t ive)  loading 
and one involving communications loading. The results are reported i n  t h i s  
paper. 

METHOD 

T h i r t y  s i x  p i l o t s  (30 p r iva t e  aod 6 student) pa r t i c ipa t ed ,  each 
pa r t i c ipa t ing  i n  both experiments. Four p i l o t s  were females, and 32 were 
males. The p i l o t s  were tested f o r  hearing and v i s ion  using standard tests. 
They were paid f o r  t h e i r  par t ic ipa t ion .  

The a i r c r a f t  simulator used f o r  t he  two f l i g h t  t a sk  experiments was a 
modified Singer-Link GAT-1B moving base, sirnulator. The simulator had three  
degrees of physical motion--yaw, pi tch,  and r o l l .  For both experiments, the 
s inu la to r  was equipped v i t h  t rans luscent  b l inders  t o  e l imina te  outs ide  
d i s t r ac t ions .  The ambient i l luminat ion was held constant.  A l a p e l  microphone 
and speaker system were i n s t a l l e d  i n  the  simulator cockpit  so t ha t  the 
sub jec t s  could communicate with the  "tower" (experimenter). To assure  t h a t  
t h e  subjec ts  were cont inual ly  providing input  cont ro l  t o  t h e  simulat.or, P i ld ,  
random wind gus ts  were introduced i n t o  the  simulator f l i g h t  dynamics. For the  
mediational experiment the  simulator was addi t iona l ly  equipped with a Kodak 
Ektagraphic s l i d e  pro jec tor  (Model 260) mounted i n  f r o n t  of t he  s imulator  
windscreen. To computerize two of the s ix  r a t i n g  scales, a TRS-80 Model I11 
micro-computer was used. The r a t i n g  scales were programmed i n  BASIC, and the  
subjec t  ra t ings  were performed on the TRS-80 computer i n  a reduced g l a re  
set  tlng. 

Six r a t ing  scale designs were used i n  both the  communications and the  
mediational experiments. The f i r s t  r a t i n g  s c a l e  we8 the  Modified 
Cooper-Harper (MCH) r a t i n g  sca l e  described e a r l i e r .  The MCH scale has a 
3-3-3-1, decis ion tree sca l e  s t ruc tu re .  The second rating fxale,  COMPMCH, was 
a computerized version of the MCH scale. The TLS-80 was used t o  admlnistzr 
t he  MCA scale t o  the sub jec t s  on a decision-by-decision bas is .  The subjec ts  

* Figure 1 of Wierwille and Casali (1983) shows t h e  MCtl scale. 
-- 
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were only permit ted t o  d e a l  with one primary d e c i s i o n  a t  a time. Thus, t h e  
s u b j e c t s  d id  not  know where each primary d e c i s i o n  would l e a d  on t h e  r a t i n g  
scale. ( A  t y p i c a l  computer frame of t h e  COMPMCH scale is i l l u s t r a t e d  i n  
Figure 1). The computer implemented scale was used t o  d i scove r  whether or not  
t h e  d e c i s i o n  tree logic of t h e  MCH s c a l e  was being u t i l i z e d  o r  i f  t h e  s u b j e c t s  
were merely r a t i n g  or) t h e  b a s i s  of t h e  category d e s c r i p t o r s  and numerical 
values.  After each ccmputer r a t i n g ,  t h e  s u b j e c t s  were asked by t h e  computer 
i f  they were s a t i s f i e d  w i t h  t h e i r  r a t ing .  If they were no t  s a t i s f i e d ,  t h e  
program repeated t h e  procedure f o r  r a t ing .  When t h e  s u b j e c t s  were s a t i s f i e d  
wi th  t h e i r  r a t i n g ,  t he  r a t i n g  va lue  &as recorded. To i n v e s t i g a t e  t h e  
p o s s i b i l i t y  of a d d i t i o n a l  r a t i n g  scale c a t e g o r i e s  i n c r e a s i n g  t h e  s e n s i t i v i t y  
of t h e  MCH scale, t h e  t h i r d  r a t i n g  scale, MCH+ (Figure 2), expanded t h e  MCH 
scale t o  a 15 po in t  dec i s ion - t r ee  r a t i n g  scale. One a d d i t i o n a l  category w a s  
added t o  t h e  f i r s t  t h r e e  r a t i n g  groups and two a d d i t i o n a l  c a t e g o r i e s  were 
added t o  t h e  l a s t  r a t i n g  group, g i v i n g  a 4-4-4-3 scale s t r u c t u r e .  The 
COWMCW scale, the  f o u r t h  r a t i n g  scale, was a computerized v e r s i c n  of t h e  
MCH+ s c a l e  and was implemented i n  t h e  same manner as t h e  COMPMCH scale. 

In t h e  f i f t h  ra t ing scale, t h e  PBMCH (performance-based MCH) scale 
(F igu re  3), t h e  primary d e c i s i o n  h i e ra rchy  was changed by manipulat ing t h e  
tree s t r u c t u r e .  The PBMCH d e c i s i o n  tree flow was from l e f t  t o  r i g h t  ana t h e  
f i r s t  d e c i s i o n  was concerned with t h e  e r r o r s  of t h e  s u b j e c t s  i n  performing t h e  
i n s t r u c t e d  task.  This scale was used i n  an at tempt  t o  improve t h e  s e n s i t i v i t y  
of  t h e  MCH scale by modifying t h e  d e c i s i o n  tree l o g i c  of t h e  scale r e q u i r i n g  
a n  assessment of t h e  s u b j e c t s '  e r r o r s  f i r s t  i n  t h e  ra t ing  process. F i n a l l y ,  
t h e  s i x t l  - a t i n g  scale, t h e  NDT (no d e c i s i o n  tree) scale (F igu re  41, removed 
t h e  visu.  A dec i s ion  tree s t r u c t u r e  from t h e  MCH scale t o  f i n d  o u t  how t h e  
v i s u a l  t r e e  a f f e c t e d  t h e  s e n s i t i v i t y  of t h e  MCH scale. The NDT scale p r e s e n t s  
t h e  MCH r a t i n g  information i n  a t a b u l a r  format. 

Ide , t ical  experimental  des igns  were used i n  both t're commutications and 
med ia t i ,  nal experiments. Data were analyzed as a r a t i n g  scale by load (6x3) 
design. Load p r e s e n t a t i o n  o r d e r  w a s  completely counterbalanced. Each s u b j e c t  
used onl:? one r a t i n g  s c a l e ,  which was t h e  Sam2 scale f o r  both experiments. 
S i x  s u b j e c t s  used each scale, r e s u l t i n g  i n  a t o t a l  of 36 s u b j e c t s .  Thus, 
r a t i n g  scale was a f i x e d - e f f e c t s  between-subjects var  a b l e  and load l e v e l  was 
a f ixed -e f f ec t s  within-subject  va r i ab le .  ExFerience l e v e l  was c o n t r o l l e d  by 
d i v i d i n g  t h e  36 s u b j e c t s  i n t o  s e x t i l e s  according t o  f l i g h t  hours and then  
s e l e c t i n g  one sub jec t  from each s e x t i l e  f o r  each r a t i n g  sca l e .  

COMMUNI CAT IONS EXPERIMENT 

The communications experiment t a s k  and p ro toco l  were i d e n t i c a l  t o  those  
uscd by Casali and Wierwille (1983) i n  dn experiment comparing many d i f f e r e n t  
k inds  of workload estimatir I techniques.  The reade r  i s  r e f e r r e d  t o  t h i s  
ea r l ie r  experiment f o r  a d e t a i l e d  d e s c r i p t i o n  of t h e  task.  B r i e f l y ,  t h e  
a i r c r a f t  c o n t r o l  and communications requirements were performed s imultaneously 
i n  t h e  task.  After reaching a l t i t u d e ,  s u b j e c t s  maintained s t r a i g h t  and l e v e l  
f l i g h t  i n  mild turbulence u n t i l  i n s t r u c t e d  t o  make changes. 

For t h e  communications a s p e c t ,  t h e  s u b j e c t s  l i s t e n e d  t o  an 8-minute  t a p e  
recorded message t h a t  was played over t h e  cockp i t  speaker  system. The taped 
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communications scenario was a "tower" c o n t r o l l e r  with a male voice. The 
sub jec t s  were required t o  a t t end  t o  two components of the  taped scenario.  The 
f i r s t  component consis ted of p i l o t  commands. In the  commands, t he  sub jec t s  
were asked t o  change and r epor t  a i r c r a f t  parameters (e.g. change a l t i t u d e ,  
heading, and rad io  frequency, and repor t  a i rspeed,  a i r c r a f  t model, a l t i t u d e ,  
and headinr,). In  the  second component of the  taped scenario,  t he  sub jec t s  
were pre6anted with s t r i n g s  of randomly constructed a i r c r a f t  c a l l  s igns.  Each 
ca l l  s ign  consis ted of two in t e rna t iona l  phonetic letters and two s ing le  
d i g i t s  (e.g. Alpha-Four-Bravo-One) . O u t  of the randomly presented c a l l  s igns  
t h e  subjec ts  were in s t ruc t ed  t o  respond "now" t o  t h e i r  s p e c i f i c  ca l l  s ign  
"One-Four-India-Echo" and t o  any of 5 permutations of the  r s l l  s ign  which 
always fc&:ured "one" i n  the  f i r s t  pos i t ion  of t he  ca l l  sign. Thus, the  
sub jec t s  had s i x  target ca l l  s igns  t o  l i s t e n  fo r ,  each beginning with "one", 
as a cue t o  l i s t e n  t o  what followed. 

The c o m n i c a t i o n s  load w a s  var ied i n  t h i s  experiment by manipulating the  
presentat ion rate of the  t a r g e t  c a l l  s igns  and the  non-target permutations of 
"One-Four-India-Echo.'' The thr=e  load l e v e l s  were: low, 1 t a r g e t  every 12 
seconds w i t h  0 non-target permutations; medium, 1 t a r g e t  every 5 seconds with 
30% permutations; and high, 1 t a r g e t  every 2 seconds with 40% permutations. 

The experiment began with a p rac t i ce  f l i g h t  which contained equal 
por t ions  of a l l  t h ree  communications load leve ls .  The da ta  run f l i g h t s  then 
followed --one a t  each load leve l .  After each of t he  experimental f l i g h t s ,  the  
simulator was placed i n  au top i lo t  cont ro l  and the  subjec ts  l e f t  the s imulator  
t o  make a r a t i u g  on +he i r  respect ive r a t i n g  scale. They then completed a 
questionnaire.  The quest ionnaire  was administered t o  allow t h e  sub jec t s  t o  
descr ibe t'ie f a c t o r s  on which t h e i r  r a t ings  were based. Af te r  the  f i n a l  
experimentF.1 f l i g h t  the  subjec ts  landed the simulator and were dismissed. 
(They returned l a t e r  the  same day t o  p a r t i c i p a t e  i n  t h e  mediational 
experiment. After  completion of both experiments, they were debriefed,  paid, 
and dismissed. ) 

In addi t ion  t o  the r a t ings ,  a l l  verba l  responses of t he  sub jec t s  were 
recorded and la ter  scored f o r  e r r o r s  of omission, errwb of commission, and 
reac t ion  times. 

COMMUNICATIONS EXPERIMENT RESULTS 

The main s t a t i s t i ca l  ana lys i s  r e s u l t s  f o r  the  communication experiment 
are presented i n  Table 1. The r a t i n g  s c a l e  scores  f o r  each r a t i n g  scale were 
f i r s t  subjected t o  a one-way ana lys i s  of variance. An a-level of 0.121 WRS 
spec i f ied  t o  accout t  f o r  the  f a c t  t h a t  s i x  d i f f e r e n t  r a t i n g  s c a l e  ANOVA's were 
performed. Mean values,  i n  terma of 2-scores f o r  each r a t i n g  scale, were also 
computed and appear 4.n i o  t ab le .  For those ANOVAs r e su l t i ng  i n  s ign i f icdnce  
a t  p < 0.01, Duncan's & t i p l e  comparisons were ca r r i ed  out. 

The r e s u l t s  of the tests ind ica t e  t h a t  t h e  MCH, COMPMCH, and PBMCH s c a l e s  
resu l ted  i n  s i g n i f i c a n t  ANOVA's. A l l  th ree  scales increased monoLonically 
with load. Furthermore, the three  sca l e s  exhibi ted similar s e n s i t i v i t y ,  with 
the  MCH showing s l i g h t l y  g rea t e r  s e n s i t i v i t y  than the  o ther  two. 
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Two m u l t i v a r i a t e  ana lyses  were performed on t h e  voice response s a s u r e s ,  
a t  a = 0.05, t o  test t h e  d a t a  f o r  performance v a r i a t i o n s  due t o  e i t h e r  t h e  
rating scale groups o r  t h e  p i l o t  e .$e r i ence  l e v e l  groups. The t h r e e  measure6 
used were e r r o r s  of omission, e r r o r s  of commission, and response times. The 
Wilk's U-likelihood r a t i o  s ta t is t ic  F-approximation i s  reported.  The r e s u l t s  
showed Tha t  t h e r e  were no s t a t i s t i c a l l y  s i g n i f i c a n t  performance v a r i a t i o n s  
among the  r a t i n g  scale groups (1 (15, 77) = 1.40, 2 = 0.1663) nor t h e  p i l o t  
experience l e v e l  groups (E (15, 77) = 1.61, 2 = 0.0895). 

To o b t a i n  g e n e r a l  information regarding t h e  e f f e c t s  of p i l o t  experience 
l e v e l  and load p r e s e n t a t i o n  o r d e r  on t h e  r a t i n g s  of t h e  s u b j e c t s ,  converted 
and co l l apsed  raw s c o r e  d a t a  were analyzed i n  two s e p a r a t e  ANOVAs. The 
results i n d i c a t e d  t h a t  n e i t h e r  t h e  p i l o t s '  experience l e v e l s  (F (5,  30) = 
2.43, E = 0.0579) n o r  t h e  load p r e s e n t a t i o n  o r d e r s  (P (1, 35)-= 0.43, p = 
0.5173) a f f e c t e d  t h e  r a t i n g s  of t h e  p i l o t s .  The experiezce l e v e l  r e s u l t s  were 
analyzed f u r t h e r  u s ing  r eg res s ion ,  but t h e  a d d i t i o n a l  a n a l y s e s  d i d  no; provide 
s i g n i f i c a n t  f indings.  

The responses t o  t h e  q u e s t i o n n a i r e  presented t o  t h e  s u b j e c t s  i n d i c a t e d  a 
s h i f t  i n  tone from p o s i t i v e  t o  nega t ive  as t h e  load l e v e l s  progressed from iow 
t o  medium t o  high. A Chi-square a n a l y s i s  on a 2 x 3 contingency t a b l e ,  
response type  by load l e v e l s ,  confirming 
t h e  change of tone due t o  load i n  t i e  responses of t h e  s u b j e c t s .  
Typical  response c l a s s i f i c a t i o n s  were "time-sharing", " a i r c r a f  t c o n t r o l " ,  dnd 
" recogn i t ion  of target ca l l  s igns" .  

r e s u l t e d  i n  x2 = 68.326, p <0.0001, 

F i n a l l y ,  i t  is worth mentioning t h a t  t he  MCH scale r e s u l t s  i n  t h i s  
experiment were v i r t u a l l y  i d e n t i c a l  t o  t h e  MCB scale r e s u l t s  obtained i n  t h e  
ear l ier  CCasali and Wierwille, 1983) study.  This  i n d i c a t e s  a high degree of 
r e p e a t c b i l i t y  f o r  t h e  MCH scale. 

MEDIATIONAL EXPERIMENT 

This expecimental  t a s k  and p ro toco l  were a l s o  i d e n t i c a l  t o  an ear l ier  
experiment i n  which mediat ional  a c t i v i t y  was emphasized (Wierwille,  Rahimi, 
and Casali, 1984) and i n  which many d i f f e r e n t  workload techniques were 
evaluated.  The r eade r  i s  r e f e r r e d  t o  t h i c  earlier experiment f o r  a d e t a i l e d  
d e s c r i o c i o n  of t he  task.  B r i e f l y ,  t h e  o v e r a l l  t a s k  c o n s i s t e d  of two 
COmpOrients: s t r a i g h t  and l e v e l  f l i g h t  i n  mild turbulence ( w i t h i n  s p e c i f i e d  
t o l e r a a c e s ) ,  and s o l u t i o n  of nav iga t ion  problems. Sub jec t s  performed t h e  
t a s k s  s imultaneously wi th  i n s t r u c t i o n s  i n d i c a t i n g  equa l  p r i o r i t y .  

The nav iga t ion  t a s k  of s o l v i n g  wind t r i a n g l e  problems was used t o  
i n t e r j e c t  mediat ional  loading i n t o  the  b a s i c  f l i g h t  task.  Wind v e c t o r  
t r i a n g l e s  dep ic t ed  on s l i d e s  involved s o l v i n g  f o r  t h e  e f f e c t s  of wind 
d i r e c t i o n  and v e l o c i t y  on t h e  pa th  and speed of an a i r c r a f t .  The s l i d e s  
contained both a problem t r i a n g l e  and a r e fe rence  t r i a n g l e .  The r e f e r e n c e  
t r i a n g l e  provided numerical  va lues  a s s o c i a t e d  wi th  t h e  t r i a n g l e  l e g s  and t h e  
a n g l e s  corresponding t o  t h e  problem t r i a n g l e .  

The d i f f i c u l t y  of t h e  nav iga t ion  problems was manipulated by va ry ing  t h e  
ques t ion  type,  t h e  numbers used i n  t h e  mental c a l c u l a t i o n  of t h e  problems, and 
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t he  o r i e n t a t i o n  of t h e  r e fe rence  t r i a n g l e s .  Depending upon t h e  q u e s t i o n  type,  
t h e  problems r equ i r ed  t r i a n g l e  comparison, t r i a n g l e  comparison followed by an 
a d d i t i o n  o r  s u b t r a c t i o n ,  o r  t r i a n g l e  comparison followed by a n  a d d i t i o n  o r  
s u b t r a c t i o n  and a subsequent d iv i s ion .  For a l l  load l e v e l s ,  t h e  s l i d e  
p r e s e n t a t i o n  rate was held cons t an t  a t  a rate of one s l i d e  p e r  25 seconds. 
Sub jec t s  expressed t h e i r  answers ve rba l ly .  These responses  were recorded f o r  
l a te r  use i n  computing response t i m e  and number of c o r r e c t  responses.  It is 
important t o  n o t e  t h a t  t h e  s u b j e c t s  d i d  n c t  implement t h e  s o l u t i o n s  t o  t h e  
nav iga t ion  problems. They maintained cons t an t  a l t i t u d e ,  heading, and a i r s p e e d  
throughout each f l i g h t .  

The gene ra l  f l i g h t  procedures f o r  t h e  med ia t iona l  experiment were t h e  
same a s  f o r  t h e  communications experiment. In  p a r t i c u l a r ,  one p r a c t i c e  and 
t h r e e  d a t a  f l i g h t s  were performed, and s u b j e c t s  l e f t  t h e  s i m u l a t o r  while  An 
a u t o p i l o t  t o  make t h e i r  r a t i n g s  and q u e s t i o n n a i r e  responses.  

MEDIATIONAL EXPERIMENT RESULTS 

The main r w u l t s  of t he  med ia t iona l  experiment are presented i n  Table 2 .  
The t a b l e  inc ludes  i n d i v i d u a l  ANOVA's a t  a c o r r e c t e d  a l e v e l  of 0.01, 
s t anda rd ized  mean (2-score) va lues  f o r  each r a t i n g  scale, and Duncanls 
m u l t i p l e  comparisons tests f o r  t hose  scales having s i g n i f i c a n t  ANOVA's. 

The r e s u l t s  i u d i c a c e  t h a t  only t h e  PBMCH scale w a s  not  s i g n i f i c a n t  a t  p < 
0.01. A l l  of t h e  s c a l e s  e x h i b i t e d  monotonic i n c r e a s e s  wi th  load. In terms of 
t h e  Duncan's tests, s e n s i t i v i t y  among those  scales demonstrat ing s i g n i f i c a n c e  
could be ranked as follows: Most s e n s i t i v e ,  MCW; next  most s e n s i t i v e ,  
COMF'MCH and NDT; next  most s e n s i t i v e ,  MCH and COMPMCH. However, a l l  f i v e  
scales are a c t u a l l y  q u i t e  s e n s i t i v e ,  cons ide r ing  t h e  small sample s i z e  and 
s t r i c t  c r i t e r i o n  used. 

To provide s u b s t a n t i a t i o n  of t h e  r e s u l t s  obtained with t h e  r a t i n g  scale 
d a t a ,  a MANOVA vas performed us ing  both mean response t i m e  and percentage 0.' 

e r r o r s  on t h e  nav iga t ion  problems f o r  each experimental  f l i g h t  as dependent 
measures. When using t h e  F-approximation of Wilks U-statistic t o  compare t h e  
groups of s u b j e c t s  a s s i g n e z  t o  each r a t i n g  s c a l e c o n d i t i o n ,  t h e r e  was no 
s i g n i f i c a n t  main e f f e c t  of r a t i n g  scale, - F (10,58j  This 
r e s u l t  i n d i c a t e s  t h a t  no d i f f e r e n c e s  i n  primary t a s k  performance were 
a s s o c i a t e d  wi th  s u b j e c t  assignment. The l a c k  ol' a r a t i n g  scale main e f f e c t  
s u g g e s t s  t h a t  conclusions r ega rd ing  t h e  s e n s i t i v i t y  of t h e  scales are based on 
t r u e  s c a l e  d i f f e r e n c e s  r a t h e r  t han  group d i f f e r e n c e s  i n  primary t a s k  
performance. 

= 1.49, E 2 0.1684. 

A second MANuVA was conducted t o  determine whether t h e r e  was a main 
e f f e c t  of experience l e v e l  on mean response time and pe rcen t  e r r o r  i n  t h e  
mediat ional  t a sk .  The F-approximation t o  Wilk's U-statistic r evea led  no 
s i g n i f i c a n t  d i f f e r e n c e s  i n t a s k  performance associated-with experience l e v e l ,  
- F (10, 58) 0.49, 2 = 0.8894. 

Using t h e  s tandarofzed r a t i n g s  f o r  t h e  t h r e e  load Qresen ta t ions - - f i r s t ,  
second, o r  t h i r d ,  a one-way a n a l y s i s  of va r i ance  r evea led  no s i g n i f i c a n t  



d i f f e r e n c e s  a t t r i b u t e d  t o  load l e v e l  p r e s e n t a t i o n  o rde r ,  F (2,70) = 0.37, E = 
0.6942. A one-way ANOVA on t h e  sum of t h e  s t a n d a r d i z e d  ratings a c r o s s  t h e  
l o a d  l e v e l s  f o r  each s u b j e c t  i n d i c a t e d  no s i g n i f i c a n t  e f f e c t s  of experience 
l e v e l  on t h e  summed r a t i n g s ,  E (15,30) = 1.33, 2 5 0.2815. 

The ques t ionna i r e  responses  t o  t h e  low, medium, and high load l e v e l s  were 
s o r t e d  i n t o  comments which were "pos i t i ve"  o r  f avorab le  i n  tone  and "negative" 
o r  unfavorable  i n  tone. A Chi-square test revealed s i g n i f i c a n t  d i f f e r e n c e s  i n  
t h e  f r equenc ie s  of t he  f avorab le  and unfavorable responses  a c r o s s  t h e  l o a d  
l e v e l s ,  4 = 55.94, p = 0.0001. Favorable comments occurred most o f t e n  a t  t h e  
low load l e v e l ,  while unfavorable  ones occurred most o f t e n  a t  t h e  nigh load 
l e v e l .  Based on c a t e g o r i e s  which were derived by s o r t i n g ,  i t  seems t h a t  t h e  
major f a c t o r s  which inf luenced t h e  s u b j e c t s '  r a t i n g s  were t h e  amount of time 
a v a i l a b l e ,  t h e  d i f f i c u l t y  of t h e  t a s k ,  and t h e i r  assessment of haw w e l l  t h e  
t a s k  requirements were m e t .  

I n  terms of comparison of t h e  MCH scale results of t h i s  experiment with 
those  c f  t h e  earlier med ia t iona l  experiment (Wierville, Rahimi, and Casali, 
1984),  i t  was found t h a t  aga in  t h e  two were v i r t u a l l y  i d e n t i c a l .  

CONCLUSIONS DRAWN FROM THE RESULTS OF THE TWO EXPERIMENTS 

Seve ra l  conclusions can be r e a d i l y  drawn by comparing t h e  information 
contained i n  Tables 1 and 2. F i r s t ,  i n  terms of g l o b a l  s e n s i t i v i t y ,  only t h e  
MCH and t h e  COMPMCH e x h i b i t e d  s i g n i f i c a n c e  i n  both experiments a t  t h e  p < 0.01 
l e v e l .  This f i n d i n g  i n d i c a t e s  t h a t  none of t he  o t h e r  scales possess  as high a 
g e n e r a l  s e n s i t i v i t y  as t h e  MCH scale and i ts  computerized vers ion.  A l l  of t h e  
o t h e r  scales e x h i b i t e d  s e n s i t i v i t y  in only one experiment. While t h e  MCW 
scale and NDT s c a l e  e x h i b i t e d  s l i g h t l y  higher  s e n s i t i v i t i e s  t han  t h e  MCH i n  
t h e  mediat ional  experiment,  t h e s e  two scales could not be counted on t o  
provide b e t t e r  r e s u l t s  t han  t h e  MCH i n  o t h e r  t ypes  of experiments.  

The t a b l e  a l s o  shows t h a t  t h e  MCH scale and COMPMCH scale are about equa l  
in s e n s i t i v i t y .  Apparently,  computerizing t h e  scale, such t h a t  a s u b j e c t  is 
fo rced  t o  use t h e  tree s t r u c t u r e ,  has  no e f f e c t  on t h e  s e n s i t i v i t y  of t h e  
scale. I n  t h e  communications experiment t he  MCH scale is s l i g h t l y  more 
s e n s i t i v e ,  and i n  t h e  mediat ionai  experiment t h e  COMPMCH is s l i g h t l y  more 
s e n s i t i v e .  On balance,  however, they ..dve t h e  same s e n s i t i v i t y .  

It should be noted t h a t  each given s u b j e c t  used only E r a t i n g  scale. 
Thus, t h e  r a t i n g s  f o r  t h e  MCH+ scale, f o r  example, were performtd by t h e  same 
group of s u b j e c t s  i n  both experiments.  Therefore,  one cannot a t t r i b u t e  the  
d i f f e r e n c e s  i n  scale s e n s i t i v i t y  ac;oss experiments t o  i n d i v i d u a l  d i f f e r e n c e s  
i n  s u b j e c t  groups. A l l  o t h e r  p e r i p h e r a l  s t a t i s t i ca l  tests support  t h e  
conclusion t h a t  a l l  of t h e  s c a l e 8  except t h e  MCH and COMPMCH are t a s k  
de  pendent . 

Other conclusions can a l s o  be drawn. Does i n c r e a s i n g  t h e  number of 
c a t e g o r i e s  from 10 t o  15 as  i n  ' h e  MCHt scale (F igu re  2) improve s e n s i t i v i t y ?  
The answer appears  t o  be "not c o n s i s t e n t l y " .  While t h e  MCW is somewhat more 
s e n s i t i v e  in t h e  med ia t iona l  experiment, i t  is s u b s t a n t i a l l y  less s e n s i t i v e  i n  
t h c  communications experiment. For t h e  c , .sputer ized v e r s i o n  of t h e  15 
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category scale ( t h e  COMPMCIH), s e n s i t i v i t y  i s  about t h e  same as t h e  MCH i n  t h e  
mediat ional  experiment and much lower than t h e  MCH i n  t h e  communications 
experiment. The conclusion is t h a t  15 c a t e g o r i e s  i s  not g e n e r a l l y  as good as 
10  ca t egor i e s .  

Does r e v i s i o n  of  t h e  scale t o  produce a l e f t - t o - r i g h t  d e c i s i o n  tree with 
15  c a t e g o r i e s  ( t h e  PBMCH, Figure 3) improve s e n s i t i v i t y ?  The answer t o  t h i s  
q u e s t i o n  is "no". The PBMCH i s  no t  as s e n s i t i v e  as t h e  MCH i n  e i t h e r  of t h e  
t m  experiments. 

F i n a l l y ,  does a t a b u l a r  format,  with t h e  d e c i s i o n  tree removed ( t h e  NDT, 
Figure 4) improve s e n s i t i v i t y ?  The answer i n  t h i s  case is a g a i n  "not 
consistenLC1.y". than t h e  MCH i n  t h e  
mediat ional  experiment, i t  is much less s e n s i t i v e  than  t h e  MCH i n  t h e  
c o m m n i c a t i m s  experiment. 

While t h e  NDT is s l i g h t l y  more s e n s i t i v e  

In  regard t o  t h e  q u e s t i o n n a i r e  responses,  i t  was found t h a t  p i l o t s  do 
. a te  on t h e  b a s i s  of concepts  similar t o  those  which r e s e a r c h e r s  tend t o  t h i n k  
should be included i n  workload. While wording d i d  vary,  t h e  s u b j e c t s  tended 
t o  rate on the  basis of time p res su re ,  d i f f i c u l t y ,  a s ses sed  performance, and 
problems of time sharing.  The i r  comments changed i n  tone  and frequency as 
expected with load l e v e l .  

In  g e n e r a l  then, c o n f l i c t i n g  r e s u l t c G  between t h e  two experiments i n d i c a t e  
t h a t  s e n s i t i v i t y  of most r a t i n g  scales varies i n  u b t l e  ways. However, t h e  
MCH scale and i t s  computerized ve r s ion  are c o n s i s t e n t l y  s e n s i t i v e  and 
r e l i a b l e .  Furthermore, p i l o t s '  r a t i n g s  appear t o  be based on f a c t o r s  similar 
t o  those  which r e s e a r c h e r s  c u r r e n t l y  cons ide r  important.  
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Figure 3. PBMCH rdtlng scale (reduced In s i z e ) .  

r--- 

Figure 4 .  --- NDT rztin_g scale (reduced i n  s i z e ) .  
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ASSBSSING THE SUBJBCTIW WORKLOAD O? 
DIRECTIONAL ORIENTATLON TASKS 

Ronald C. Miller Sandra G. Hart 
Informatics General Corporation (PSOW) NASA-Ames Research Center 

Palo Alto, CA Uoffett Field, CA 

ABSTRACT 

An experiment was conducted to investigate the impact of various 
flight-related tasks on the workload imposed by the requirement to 
compute new headings, course changes and reciprocal headings. Eight 
instrument-rated pilots were presented with a series of heading- 
change tasks in a laboratory setting. Two levels of difficulty of 
e x h  of ehree tasks were presented verbally (numeric values imbedded 
i .  simple coaenands) and spatially (headings were depicted on a 
graphically drawn compass). Performance was measured by evaluating 
tke speed (res?onse times) and accuracy (percent correct and time 
outs) of the responses. The workload experienced by the pilots under 
each experimental condition was determined by responses to a standard 
set of bipolar rating scales. The subjective responses and objective 
measures of performance reflected a strong association between 
Subjective experience and objective behavior. The reciprocal 
calculations were performed quickly and accurately throughout and 
were considered to be minimally loading. Subjective workload, 
percent correct and response times for the two course-change tasks 
varied significantly as a function of level of difficulty and display 
format, with no discernable apeedtaccuracy trade off. The results of 
this study will be used to predict the workload that is imposed on 
pilots of actual and simulated flights by course corrections and 
cc?mputations in conjunction with previously obtained estimates of 
control and communications workload. 

I NTRODPcT ION 

This is one of a series of experiments designed to fnvestjgate the 
relationships among the demands that are imposed on pilots, the levels of 
workload they experience, and their performance of flight-related tasks. 
Flight tasks that impose objectively and independently determined levels of 
workload on pilots must be identified to assist in the creation of simulation 
scenarios. Such predictive validity is central to the successful conduct of 
simulation research so as to avoid the circularity involved in ad hoc scenario 
creation coupled with post-hoc evaluation. All too often, the success of a 
load manipulation is determined by referencing the same measures of workload 
or performance that the simulation was designed to investigate in the first 
place. 

In two previous studies (Childress, Hart & Bortolussi, 1982; Hart 6 
Bortolusei, 19841, pilots were asked t o  give their opinions about the 
potential impact of a number of routine, as well as unusual, flight-related 
tasks on their subsequent performance, workload, stress, and effort. In order 
to evaluate the accuracy of the opinion measures, a series of siarulations was 
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conducted (Kantowitz, Hart & Bortolussi, 1983; Kantowitz, Hart, Bortolussi, 
Shively 6 Kantowitz, 1984) to determine the actual impact of a suoset of the 
discrete events (e.g., communications, flight-plan changes) and routine, 
continuous control activities (e.g. speed, heading, and altitude control) on 
pilots' subjective experiences, perfoncance, and ability to accomplish an 
additional concurrent task. 

1-1 the current experiment, the influ:,nce of specific navigation-related tasks 
oc pilot workload and performance was investigated to expand the breadth of 
flight-;elated tasks for which levels of load could be objectively and 
independently predicted. This study imposed three types of mental arithmetic 
calculations that are encountered inflight: calculating reciprocal headings, 
determining new headings and calculating the number of degrees turned to a 9nw 
heading. By imposing relatively realistLC tasks in the laboratory, the nuder 
of computational steps and the type of processing (verbal or spatial) 
performed by the subjects could be varied to experimentally impose different 
levels and types oi workload. In addition, a large number of responses could 
be obtained in a relatively short period of time. Upon completion of each 
task, subjective workload ratings were elicited and used to determine the 
relative mbjective workload differences between tasks and types of processing 
withic tc .ks. 

In earlier laboratory research (Loftus, 19781, performance on various spatial 
direction change tasks was investigated to determine the effect of direction 
of change (clockwise or counter-clockwise) on couputational speed and 
accuracy. It was found that the direction of turn amde no significant 
difference in the difficulty of the tasks. Thus, the "EASY" and "HARD" 
manipulation8 used in the current study were determined by whether or not the 
turn passed through 360 degrees, rather than by the direction of turn. An 
equal number of Left and Right turns were presented within each block of 
trials. 

The navigation problems were presented spatially and verbally to investigate 
the effect of display format on computational speed and accuracy and the 
associated variation in experienced workload. With the introduction of 
computers into the cockpits of aircraft, analog dials and coapasses are being 
replaced by alphanumeric and stylized graphic displays. Thus, the mental 
workload associated with computing (or monitoring changes in) desired or 
current heading or ground path may be considerably different if the 
information is presented on a traditional compass rose or as discrete 
alphanumeric values. With traditional instruments, no computations may be 
involved at all. Pilots may simply observe the current heading, find the new 
heading on the indicator and maneuver the aircraft in the appropriate 
direction until the desired heading has been achieved without ever calculating 
the amount of change or the exact value of the new heading. This may not be 
the case with computer displays of navigation information. New headings or 
course changes nay be entered by keyboard into an onboard computer as discrete 
numerical values, rather than as rough spatial locations. Furthermore, 
monitoring the rate of change or estimating the amount of change yet to occur 
from a digital display may require different mental processes than judging 
angular deviations from a dial. 

For this reason, current headings were displayed in two different ways in the 
current study: graphically on a stylized compass rose (COMPASS), and 
alphanumerically (ALPHA). The new heading (or amount of required change) was 
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always presented in a text format, simulating a verbal e m a n d  from an Air 
Traffic Controller to adopt a new cour~e (e.g. "TURN RIGHT 90 DEGREES" or "FLY 
HEADING 090, etc.) 

Subjects 

One female and seven male instrument-rated pilots, ranging in experience frcnn 
a newly rated pilot with 45 hours instrument time to an Air Transport pilot 
with more than 5000 hours of instrument flving participated in the study. The 
pilots ranged in age from 20 to 45 years. 

Apparatus 

The tasks were presented on a 22.9 cm computer monitor driven by an APPLE 11+ 
computer. Responses were entered via a numeric keyboard. Subjects were seated 
55 CUI in front of the display, which was located in a small, dialy lighted 
response booth . Response times were recorded to the nearest 10 meecs. If 
the subject failed to enter a responaf: within 20 sec from the onset of the 
trial, the display disappeared and a "t-.me out" was recorded. 

Task Description 

Reciprocal 

Subjects were given a current heading, 005 degrees) and asked to enter 
the reciprocal heading, (in this case 185 degrees). (Fig. 1) The B E C I P R W  
tasks were presented with two levels of difficulty. In the EASY trials, the 
initial heading ranged from 0-180 degrees. On the HARD trials the initial 
heading ranged from 181 to 359 degrees. It was predicted that adding 180 
degrees to the current heading to obtain the reciprocal heading would prove to 
be eaeier than subtracting 180 degrees. 

(e.g. 

RECIPROCAL M W  HEAOING DEGREES TURNED 

; . 'ass f.r 

.* rw 
RECIPROCAL? TURN RIGHT. TURN RIGHT. 

025 Dt SREES HEAOINS 190 

rdEW t i t i Q 3 i N G 3  CEGREES TURMiD? 

Figure 1: Display formate, 
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New Beading - 
A current heading was presented (e.g. 275 DEGREES) followed by a direction 
(LEFT or RIGHT) and the number of degrees to turn ie.g. 25 DEGRBES). The 
subject entered the new heading (in this case, 300 degrees). (Fig. 1) Once 
again, The EASY condition consisted 
of a heading change that did not pass through 360 degrees, while the BARD 
condition consisted of a heading change that did pass through 360 degrees. 

two levels of difficulty were presented. 

Degrees Turned 

In the Degrees Turned task, subjects were presented once again with a current 
heading (e.g. 135 DEGREES) and a direction to turn (e.g. RIGHT). They were 
then given a new heading (e.g. 190 DEGREES) and asked to respond with the 
number of degrees of turn required to achieve the new heading (in this case, 
55 DEGREES). (Fig. 1 As with the New Heading task, the BASP version did 
not require a turn through 360 degrees while the HARD condition did require a 
turn through 360. 

Bipolar Rating Scales 

The pilots completed 10 rating scales at the conclusion of each task. The 
scales represented dimensions of the task (e.g. difficulty, time pressure), 
operator-related variables (e.g. fatigue, stress), types of effort expended 
(e.g. physical, mental/sensory), the pilots assessment of their own 
performance and overall workload. (Kantowitz, Hart 6 Bortolussi, 1983; 
Kantowitz, Hart, BOrtOlUSSi, Shively & Kantowitz, 1984; Hart, Battiste & 
Lester, 1984) The computer-generated scale, consisted of an 11-cm. vertical 
line bounded by relevent descriptors (e.g. Extremely Easy / Impossible) 
presented sequenLially. The ratings were entered by pmitioning a jopstick- 
controlled cursor to a point on the line corresponding to the subject's 
perception of the magnitude of the displayed element. The subjects ratings 
were quantified by assigning numerical values from 1-100 to the length of the 
s-=le. 

Immediately before the experimental trials were given, the pilots were asked 
to evaluate the subjective importance of each of the nine dimensions to their 
own definition of overall workload (Hart, Battiste & Lester, 1984). The 
impcrtance attached to each factor was entered as a weight (from a possible 
low value of 0 io a maximum value of 8) into an equation in which the bipolar 
ratings for each subject were multiplied by the weights obtained from each 
subject for that factor. The wefghted bipolar tatinge for each experimental 
condition, were then averaged to obtain a second estimate of the overall 
workload of each task, taking into account the relative contribution of 
different, possibly relevant factors, and the different subjective importance 
placed on the factors by each pilot. This procedure has been found to 
maintain the relative differences in experienced workload associated with 
different experimental conditions, but with a reduction ir. between-mbject 
variability as great as 50%. 

Procedures 

Three directional orientation taske, RECIPROCAL, NEW HEADING and DEGREES 
TURNED were presented to each subject in blocks of 20 tr'als. Only one type 
of task was presented within each block. Each task was presented witl- each of 



two levels of difficulty, in both a npatial (COMPASS) and verbal (ALPEA) 
format. There was however, no mixing of display types or difficulty levels 
within ti given block. (Fig. 2 )  All initial headings, amounts of change and new 
headings were given with a least-significant digit of 0 or 5 to reduce 
interpretation errors in the COMPASS conditions. 

REPLICQTIONS/ESPERIMENTAL NUMBER O F  SUBJECTS = 8 
CONDITION =20 

I 
GLPHQNUMERIC 1 COMPASS 

I I I +- tt NEW HEADING 

TURNEU M 
I I I t DIFFICULTY 

Figure 2: Experimental design. 

The twelve experimental conditions were presented in a different random order 
to each pilot. Following general instructions about the purpose of the 
experiment, the pilots were familiarized with the apparatus and each of the 
experimental tasks was described and demonstrated. Five practice trials 
(with performance feedback) were given prior to the presentation cf each 
experimental task. The pilots were given no feedback about their response 
times or accuracy during the experimental trials. Immediately after each 
block of 20 experimental trials, the pilots were asked to respond to 10 
bipolar rating scales to evaluate their experiences during the immediately 
preceeding experimental conditions. The entire experiment lasted about 3 hr. 

RESULTS AND DISCUSSION 

The performance measures that were collected for analysis included response 
times, number of correct responses and number of time outs. The trials that 
ended In time octs were counted as incorrect responses, and were not included 
in calculating mean response times. 

Three-way analyseb of variance for repeated measures were conducted on the 
three measures of performance and the ratea usrkload. In addition, individual 
two-way analyses of variance for repeated measures were performed on each 
task individually. 

Rating Scales 

As has been found in a number a€ pr.-vicus experiments (Kantowite, Hart 6: 
Bortolussi, 1983; Kantowitz, Hart, B--toluesi, Shively Q Kantowite, 1984; 
Hart, Battiste 6 Lester, 19841, there we e large differences between subjects 
in the relative importance each placed on the nine dimensions. (Pig. 3)  Time 
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SUBJECT 1 SUBJECT 2 SUBJECT 3 

SUBJECT 5 SUBJECT 6 SUBJECT 7 

SUBJECT 4 

SUBJECT 8 

0 TASK DIFFICULTY PHYSICAL EFFORl 
FRUSTRATION TIME PRESSURE 

OWN PERFORMANCE STRESS 
Q MENTAL EFFORT c=) FATIGUE 

ACTIVITY TYPE 

Figure 3: Relative importance to the subjective experience of workload of 
each each of nine factors. (n = 8) 

Pressure, Mental/Sensory Effort, Stress and Frustration were generally 
considered to play an important role in generating different levels of 
experienced workload. There was considerable disagreement about the influence 
of Performance and Physical Effort although Physical Effort was considered to 
be a relatively unimportant factor by most of the pilots. 

Table 1. Average bipolar ratings. (n 3 )  

Rated workload-related dimension 

Task Time Perfor- Ment. Phps. Frustr- Fati- Act. Ov'all 
Diff. Press. mance Eff. Eff. ation Stress gue Lvl. Wkld. 

C/Recp/E 23 27 26 36 11 25 26 19 42 22 
C/Recp/H 22 26 23 30 13 25 29 26 42 23 
C/NewH/E 54 44 49 55 14 49 38 26 53 48 
C/NewH/H 62 58 59 58 14 58 40 34 57 59 
C/DegT/E 39 41 46 46 14 44 37 28 56 47 
C/DegT/H 56 53 56 57 14 49 39 30 57 58 
A/Recp/E 28 23 27 40 13 31 23 23 49 25 
A/Recp/H 25 31 30 36 11 30 26 22 43 28 
A/JewH/E 39 31 41 42 10 34 26 28 49 39 
A/NewH/H 63 60 62 62 22 60 42 34 58 64 
A/DegT/E 22 26 24 31 14 21 20 22 47 24 
A/DegT/H 40 40 50 50 14 38 28 27 53 45 
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The bipolar ratings obtained may be seen in Table 1. The raw bipolar ratings 
were individually weighted (to account for individual subjects' biases about 
which task dimensions most affected their experience of workload) and 
averaged. This weighting procedure reduced the overall between-subject 
standard deviation from 21 to 9.5 relative to that obtained with the single 
global rating of overall workload. This reduction in between-subject 
variability occurred for each experimental condition, individually, as well as 
across experimental conditions. 

In general, the workload imposed by the experimental tasks was considered to 
be moderate. The RECIPROCAL task (mean rating = 37) was rated as 
significantly less loading (F(2,14) = 16.28, p<O.Ol) than the N E W  HEADING 
(mean rating = 50) or DEGREES TURNED (mean rating 44) tasks. There was a 
Significant difference (F(1,7) = 6.38, p<0.05) in rated workload as a 
function of display condition (COMPASS Rating p 46, ALPHA Rating 441, and 
Difficulty Level (F(1,7) = 11.34, p<O.O5), (EASY rating 41, HARD rating a 
45). In addition interesting differences were found on a task-by-task basis. 

Comparisons Xithin Tasks 

Reciprocal 

In general, the RECIPROCAL 
task was performed accurately 
(average percent correct = 
90) and quickly (average 
response time = 6.73 sec). 
There were few time outti and 
workload was considered to be 
low. (Fig. 4) There were no 
significant differences in the 
percent correct or mean 
response times for the 
RECIPROCAL task between either 
the EASY/'URD conditions or 
the COMPASS/ALPHA display 
formats,nor were there any 
significant DIFFICULTY by 
DISPLAY FORMAT interactions. 
There were no signiticant 
difference8 between workload 
ratings between the EASY/MRD 
or COMPASS/ALPHA conditions, 
nor were there significant 
differences in the number of 
time outs. 

Figure 4: 
workload ratings for the RECIPROCAL task. 

Summary of performance data and 

New Heading - 
For the NEW HEADING task, tirere was a signifLCant, (F(1,7) = 22.89, p<O.OJ.) 
decrease in the percenc of correct responses between the EASY/EARD conditions 
and a significant increase in response times (F(1,7) 53.98, p<O.OOl). (Fig. 
5 )  There were no significant differences in percent correct or response times 
between the EASY/EIARD or COMPASS/ALPHA conditions, nor was there a significant 
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DIFFICULTY by DISPLAY FORMAT 
interaction. There was a 
significant difference in the 
number of time outs between 
the EASY/HARD conditions 
(F(1,7) = 13.49, p<O.Ol). 
There were 4.5 time outs (out 
of 20 possible trials) with 
the HARD condition, and only 
1.5 with the EASY condition. 
There was no significant 
difference in time outs 
between COMPASS/ALPHA. A 
significant increase in the 
weighted overall workload 
ratings (from 46 to 54) was 
found between the EASY and 
HARD conditions (P(1,7) = 
13.93, p<O.Ol) but no 
differences were found as a 
function of DISPLAY FORMAT. 
There wa9 a significant 
interaction between EASY/HARD 
and DISPLAY FORMAT for 
workload ratings (F(1,7) = 
8.13, p<0.05), reflecting a 
greater EASY/HARD difference 
for the ALPHA display 
condition than for the COMPASS 
display condition. 

Degrees Turned 

There were moderat ly 
significant differences in 
percent correct for the 
DEGREES TURNED task due to the 
level of difficulty (F(1,7) - 
11.9, ~(0.05) and DISPLAY 
FCRMAT (F(1,7) = 11.7, 
p<0.05). (Fig. 6) There were 
no significant DIFFICULTY by 
DISPLAY FORMAT interactions. 
For response time, there were 
highly significant differences 
due to the EASY/HARD manipu- 
lation (F(1,7) = 31.3, p<O.Ol) 
and the Pn!3ASS/ALPHA fomets 
(F(1,7)=100.7, p<O.OOl). There 
was a significant DIFFICULTY 
by DISPLAY FORMAT interaction 
(F(1,7) = 18.65, ~(3.01). An 
examination of the mean 
response latencies for the 

HEU WING mCTIoW T I S  

N f li 60 50 
1 

40 

WOI WERDlW O W  NOwaoRD 

h T :: 
g 10 

B EC HC EA HA 
EC HC EA HA 

Figure 5: 
ratings for the NEW HEADING tasks. (nm8) 

Performance data and workload 
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Figure 61 
ratings for the DEGREES TURNED tasks. 
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EASY/HARD conditions shows an increase from 9.73 to 11.86 sec between the EASY 
ana HARD conditions. The mean response times were 3.66 sec greater for the 
COMPASS display format than for the ALPHA displny format, suggesting overall 
differences between both levels of difficulty and display types. The 
significant interaction suggests otherwise, however. The means fcr EASY 
COMPASS and HARD COMPASS are 12.61 and 12.62 sec respectively; t'.z el;€ect of 
varying the difficulty level is non-existent. For EASY ALPHA and HAlW ALPHA 
however, the result is different. The EASY ALPHA calculations were performed 
very quickly (6.18 sec), Thus, 
the effect of varying the level of difficulty had a major impact on response 
time in the ALPHA condition but not the COMPASS condition. 

while HARD ALFHA calculations took 11.01 sec. 

There were no significant differences in the number of time outs between 
EASY/IIARD and COMPASS/ALPHA and no significant differences in the overall 
workload ratings between EASY and HARD. There was a significant increase in 
t b  weighted overall workload ratings (F(1,7) = 37.22, p<O.OOl), between tne 
ALPHA presentation format (mean rating 39) and the COMPASS presentation 
format (mean rating 5 48). 

Influence of Display Format 

An examination of the COMPASS/ALPHA conditions collapsed across tasks and 
difficulty levels produced some interesting results. There were no sigificant 
differences between EASY/HARD for either percent correct or response time for 
the COMPASS condition despite the fact that EASY/HARD differences showed up in 
two of the three tasks. In the ALPHA condition, there were significant 
EASY/IIARD differences for percent correct (F(1,7) 0 18.77, p<o.Ol) and 
response time (F(1,7) = 37.59, p<O.OOl), which would lead to the conclusion 
that the greater portion of the EASY/HARD variance can be attributed to the 
ALPHA condition. The between-tasks differences were significant for the 
COMPASS condition for both percent corrdct (F(1,7) - 20.9, p<O.Ol) and 
response time (F(1,7) = 68.6, p<O.OOl). There was a significant between-tasks 
difference, as well, for percent correct (F(1,7) = 11.63, p<.05) and response 
time (F(1,7) = 21.09 p<O.Ol). Since there were no EASY/HARI! or COMPASS/ALPBA 
differences for the RECIPROCAL task, and performance on this task wae 
considerably different than on the other two tasks, a three-way analysis of 
variance for repeated measures was performed on the performance measures with 
the RECIPROCAL data omitted. For the COMPASS condition, EASY/HARD differences 
were found for percent correct (F(1,7) 7.3, p<0.05) that were not evident 
with RECIPROCAL included, although differences in response time did not 
acheive significance. No significant difference was found hetween the two 
heading tasks. a sigrdficant decrease in percent 
correct was still found (F(1,7) 25.86, p<O.Ol) as was a significant 
increase in response latency (F(1,7) = 80.96, p<O.OOl) between the EASY and 
HARD conditions. In addition, a significant difference was found between the 
two heading tasks for percent correct (F(1,7) = 7.6, ~(0.05) and response 
latency (F(1,7) = 20.15, p<O.Ol). 

For the ALPHA conditions, 

Comparison Between Tasks 

The class 
by iteekf. Neither the differences in initial headings or display format made 
any dtfference in the percent correct, response times or workload ratings. 
(Fig. Overall, the percent correct was greater, the responee times faster 
and workload ratings lower than for either of the other two tasks. 

re?u!td suggest that the calculation of reciprocals is a task in a 

7 )  
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This is probably due to the use of 
rules-of-thumb to calculate rcciprocals. 
The most commor:ly used rule-of-thumb 
requires the pilot to add 200 and 
subtract 20 if the initial heading !.s 
between 0 and 180 or to subtract 200 and 
add 20 if the initial heading is between 
180 and 360. Although this rule may 
resuit in answers that pass through 360 
degrees the additional calculation 
required to provide a reaponse between 0 
and 360 is relatively trivial. This 
implies that the ca?.culation of 
reciprocal headings would not be a 
particularly useful task to generate 
variations in workload, although it does 
ptovide a reliable, albeit low, amount 
of workload. 

180- 
90.. 
80.- 
70.- 
50.- 
8 - 
44.. 
38..  
29. .  
i 4.. 
8 -  

c 

For the NEW HEADING task, in general, 
the response times for the EASY 
conditions were lower, the number of 
time outs less, the percent correct 
higher a d  workload ratings lower than 
for the HARD conditions. The DEGREES 
TURNED task produced a highly 
significant difference between the EASY 
and HARD conditions for response times. 
The EASY and HARD conditions wert 
relatively equal as far as the nuube- uL 

time outs imxtred.  Percent correct was 
higher for the EASY condition than HARD. 
It was clear that there was nc speed 
accuracy trade off in any of the 
experimental conditions. 

RECIPROCAL 
DEGREES TURNED 
NEW HEPDING 

* 

I I 

For the COMPASS tasks in ,.-,tneral, the 
response t'mes and number of Lime outs 
were appror aately equal between EASY 
and HARD and the percent correct was 
somewhat higher for the EASY condition. 
Across tasks, in the COMPASS condition 
(with the RECIPROCAL task removed), 
there were no significant differences 
between NEW HEADING and DEGREES TURNED. 
For the ALPYi condition, however, the1 I '  
was a significant difference between NEW 
HEADING and DEGREES TURNED (for NEW 
HEADING *,here were fewer correct 
responses, higher response times and a 
greater number of time outs than for 
DEGREES TURNED). In addition, the Impact 
of 
er with the ALPHA display than with the 
COMPASS display. 

the EASY/HARD manipulation was great- 

a. Percent correct. 

b: Response latency (sec) 

12 

10 :'t NEW HEADING 
DEGREES TURNED 

4 RECIPROCAL i: 

c. Woikload rating 

70 

NEW HEkO I N G  
DEGREES TURNED 

+-----+ REI: I PROCAL 

Figure 7s Interactions among tasks 
and display types. (n 8 )  
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CONCLUSIONS 

The results of this study suggest that the NEW I1EADIPIG task is more 
sensitive than the the DEGREES TURNED task to changes in difficulty levels in 
the areas of correct responses and overall workload ratings. The DEGREES 
TURNED task seems to be more capable of generating response time differences. 

In general, the COMPASS format did not generate differences due to task type 
or difficulty. The use of the compa~s by instrument-rated pilots as an aid in 
solving heading-related problems, seems to preclude the use of heading-change 
tasks to produce performance and workload differences when a compass is 
available. The sensitivity of the ALPHA format however, suggests that heading- 
releted computations can be used, in some instances, to induce performance and 
workload differences. Replication of these results under more realistic 
inflight and simulation conditions is required to establish the validity and 
reliability of these results for imposing predictable levels of load and 
performance. 
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[!usan factors 2racti tioners often are concerned 
with mental workload in xultiple-task situations. 
Investigations of these situations have demonstrated 
repeatedly that individuals differ in their subjective 
estirrates of workload. These differences m a y  be 
attributed in part to individual differences in 5efinitions of 
workload (Hart, Childress, and I!auser, 1982) . t!owever, 
after allohinc; for differences in the definition Df korkload, 
there a r e  still unexplained individual differences in 
workload ratings. T h e  General purpose of the two studies 
reported in this paper was to examine the relation between 
individual differences in multiFle-task perforsance, 
subjective estimates of workload, infor3ation processing 
abilities, 2nd the Type A personality trait. 

EXPERI?iF!IT I 

To date, t x o  systexs have been developed t o  
classify individuals on the basis of their rnultiple-task 
perfornance. One of these was developed by E. S. 
Kennedy ani! dichotomizes individuals on the basis of their 
performance on an auditory mnitorinq task. One qroup, 
the br-oad bandpass group, shows little or  no  decrerent 
with tixe on the complex version of the monitoring task 
but the typical viqilance decrement on the simpler version 
of the task. The second group, the narrow bandpass group, 
shows no vigilance decrenent on the simple version of the 
monitoring task but performs ooorly on the complex 
version. 

The second  system was developed by Damos (Damos 
and Xickens, 1988; D a m s ,  Smist, and Cittner, 1983) and 
classifies individuals on the basis of the response strategy 
they use to perform a mernory-classification task 
combination. Four strategies. have been identified: 
simultaneous, alternating, massed, and mixed. Subjects 
using a simultaneous response strategy respond t o  stimuli 
from both tasks within some small interval (typically less 
than 30 ms).  Those using the alternating strategy make 
one response at a time to each task, alternating between 



the two. I f  more than two consecutive responses are 
emitted consistently to one task before responding to the 
other, the strategy is classified as massed. A f e w  SG jects 
may use all three strategies within a given trial or may 
use different strategies on different trials. These subjects 
are referred to as mixed. 

?he primary purpose of this study was to examine 
the relation between Kennedy's and Damos' classification 
systems and to determine if there were any consistent 
between-group differences in subjective estimations of 
workload or information processing abilities. Three basic 
tests of information : -0cessing ability were selected for 
use: digit span, hidden figures, and time estimation. 

Method 

Tasks. Because detailed descriptions of the tasks are 
given elsewhere (Damos, 5 9 8 4 ) ,  each task will be described 
only briefly. For the memory task the subject responded 
to the stimulus preceding the one currently displayed. The 
stimuli consisted of the numbers one through four and the 
subject pressed one of four keys with her right hand. For 
the classification task two numbers were displayed 
concurrently. The numbers could differ in size (big or 
little) and name ( e . g .  fivc versus six). The subject 
determined thc number of dimensions on which the ,timuli 
were alike (zero, one, or two) and pressed one of three 
keys with her left hand. 

For the auditcry monitoring task the subject listened 
to a series of high, medium, and low tones for 65 #n. In 
the simple version the subject monitored only the . J W  
tone. After the fourth occurrence of the low tone, she 
pressed a button and began counting again. In the 
complex version she monitored all three tones 
simultaneously but independently. 

A semi-automatic digit span test was used in this 
study. The subject saw a sequence of numbere. A t  the 
end of the sequence the subject repeated the numbers in 
order to the experimenter. The hidden figures test 
(EkStrOm, French, Harmon, and Derman, 1976) measured 
field independence. The time estimation test required the 
subject to estimate the passage of 10 s. When the subject 
thought 10 s had passed, she pushed a key and beqan 
estimating 10 s again immediately. Each subject estimated 
ten 10-s intervals. 

Ten bi-polar adjective workload scales were used. 
These scales were: overall workload, task difficulty, time 
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pressure, actual performance, comfort level, mental/sensory 
effort, achievement performance, skill required, fatigue, 
and stress level. The scales were presented sinqly on 
sheets of paper with the scale itself represented by a 
vertia-a1 line 113 rnn long. Subjects made a rating by 
dra%iiiig a line horizontally across the vertical line. 
Ratir 1s were computed as the distance from the botton. of 
t w  zrtical. line to the mark. 

Subjects. Thirty right-3anded female subjects 
co--c:eted the ex2erixent. They were paid for their 
pir  t :. c ipa t i on. 

Procedure. This experiment required approximately 
1.25 h per day OR each of four consecutive days. The 
subj ct performed the information processing tcsts on Day 
1 2n becalm faniliar kith the workload scales. On Day 
2 th subject 2erforxed one version cf the tone ronitorinq 
task.. Half of ti12 subjects performed the simple version on 
3ay 2 ;  half, the coaplex version. Day 3 was devoted to 
prfcrnincj the memory G ~ J  classification tasks used to 
asseLs response strategy. Fiqally, nn Day 4 the subject 
performed the otner version of t h e  tone aonitoring task. 
On iil- four d h y s  the subject rated each task on the ten 
wc.rklc.ad scales imediately after she bad covpleted it. 

Results 

Only the most important results will be discussed 
(fjr a nore detailed description of the data, see Daxos, 
19.j4). One of the mjor pdrposes of this study was to 
examine the ;?lation between Kennedy's an8 P ~ D O S '  
classii'ication systems. Hocever, no evidence of the broad 
bandpdss/narrov banapass distirlctiori was found in the data 
and na analyses weri condccteci using t!iis classification 
s y s  te;-. Subjects' response patterns on the 
rnemorg-classification combination were analyzed using a 
technique described in Damos et a1 (1983). Ten subjects 
subsecjui!ntly wers classified as sixultaneous responders, 
eight 3 : ;  2 l t c r i a i O r s ,  seven as aassed,  and five as mixec?. 

3igit. pan and ti:ne estimation were significantly 
CorLelatei (&=.3C, 2 < . ( 1 5 )  . Consequently, a multivariate 
analysi- of variance was conciucted on the data. T h e r e  
were 3 significant between-7roup 2ifferenccs (p>.D5).  
K O W G  er, tliere were some interesting trends in the z t a  
w i ' i i  1C s aean estimation scores ranging from 10.4 s f o r  
+ : sin.ultaneous group to 7.7 s for the massed group. 
Diqit s p a n  ran;& from 7.5 fcr thc m;-:zd group to 6.5 f o r  
the massed c j ~ o u p .  
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All ten workload scales showed a significant effect 
of task Q<.05).  Two scales, overall workload and task 
difficulty, also showed significant between-group differences 

with the mixed group giving the highest ratings. 
(3,26,)=3.06, p = . 0 S  dnd (3,26)=3.29, p.04, respectively) 

Discussion 

The major findings of interest in this experiment are 
the between-group differences in digit span and time 
estimation although these differences are not statistically 
significant. These results indicate that between-response 
strategy group differences may be related to differences in 
short-term memory, an idea which is explored in more 
detail in Experiment 11. The results also show some 
betueen-group differences in the subjective experience of 
workload. These differences also are examined further in 
the second experiment. 

EXPERIMENT I I 

The prirnary purpose of tnis experiment was to 
explore the relation between response strategy aroups, 
measures of information nrocessing ability, and subjective 
estimates of wor!;load. Additionally, a measure of the 
Type A personality trait was included to aetermine if there 
was any relation between Type A behavior, which is 
marked by self-imposed time pressure, and the subjective 
experience of workload. 

Method 

-- Tasks. To identify the subject's response strategy, 
the memory and classification tasks described in 
Experiment I were used in this investigation. The digit 
span task and the time estimation task from Experiment I 
also were used without modification in this study. 

Two additional information processing tasks were 
included in this study. One was a choice reaction time 
task performed at 1, 2, and 3 bits of information. Stimuli 
for this task were visually presented digits; the subject 
responded manually. The second was a memory search 
task, which used visually presented letters. Each subject 
performed this task using positive set sizes of three, four, 
and five letters. The subject also performed the time 
estilration task concurrently with the choice reaction time 
at the 3-bit level and with the memory search task using a 
positive set size of five letters. 
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Additionally, the subjects performed a matrix task 
and a mental arithmetic task alone and together. For the 
matrix task 5 by 5 matrix grids with five r6ndomly 
selected illuminated cells were presented sequentially to 
the subject. The subject's task was to determine if the 
current matrix was a rotated version of the immediately 
preceding matrix or a different matrix. The subject 
responded "same' or "different" by pressing one of two 
keys with her left hand. For the mental arithmetic task 
randomly selected digits between zero and eight were 
presented sequentially to the subject. The subject 
indicated the absolute difference between the most 
recently displayed digit and the preceding digit using her 
right hand. 

All of the bi-polar workload scales from Experiment 
I except comfort level and skill required were used in this 
study. Additionally, all of the subjects completed a 
modified version of the Jenkins Activity Survey to measure 
the Type A personality trait. 

Subjects. Thirty right-handed female subjects 
completed the investigation. All were paid volunteers and 
none participated in Experiment I .  

Procedure. This study required approximately 1.5 h 
on each of three successive days. On Day 1 the subject 
performed the digit span task and completed the modified 
Jenkins Activity Survey. She also performed t h e  memory 
search task. On Day 2 the subject performed the choice 
reaction time task followed by the matrix task and the 
mental arithmetic task, which were performed alone and 
together. Day 3 was devoted to the memory and 
classification tasks and to time estimation. The subject 
first performed two trials of the time estimation task 
alone. Subsequently, she performed the time estimation 
task concurrently with the memory search task for two 
trials and with the choice reaction time task for two 
trials. After completing each of the tasks mentioned 
above, the subject rated her subjective experience of 
workload using t h e  scales described previously. 

Results 

Cmly the statistically significant results will be 
discussed. Subject's response strategies were identified 
using the procedure described in Damos et a1 (1983). Three 
subjects used the alternating strategy; ten, the 
simultaneous strategy; and 15, the massed strategy. The 
remaining two subjects used tt-e mixed strategy in this 
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investigation. These two subjects' data were combined 
with those of the massed strategy subjects for the 
statistical analyses. 

Statistically significant between-response group 
differences were found on the intercept of the memory 
search task (F- ( 2 , 2 7 ) = 5 . 7 8 ,  2=.Ul). The intercept for the 
simultaneous group was 308 ms; for the alternating group, 
430 ms; and for the massed group, 439 ms. A1thouc;h the 
groups did not differ significantly on their single-task time 
estimation scores (p>.C5), they d i d  differ significantly on 
both dual-task combinations. The estimates for the three 
groups were 1'2.4 s for the simultaneous group,  7.8 s for 
the alternating group, and 13.2 s for the massed group 
when the time estiaation task was done concurrently with 
the choice reaction tine task (1 (2,27)=3.42, 2 = . G 5 ) .  \<hen 
time estirnation was Gone concurrently with the rexory 
search task, the estirriates were 10.2 s foi the simultaneous 
group, 10.7 s for the alternating g r o u p ,  and 14.1 s fo r  the 
massed group (E (2,27)=5.48, p=.Sl). 

All of the subjective workload scales except the 
frustration scale showed a significant effect of task 
(.<.E5). However, none showed a significant effect of group 
( J p . 8 5 )  . 

The seven subjects having the highest scores on the 
modified Jenkins Activity Survey (the top 23% of the 
sample) were categorized a s  Type A ' s  and the nine subjects 
with the lowest scores (the bottom 3[38 of the sample), as 
Type E ' s .  A two-way (group by task) ANOVA conducted on 
the subjective workload scales revealed a significant group 
by task interaction on the frustration scale (1 (7,98)=2.81, 
p = . G l ) .  This interaction reflects differences in perceived 
Trustration under dual-task conditions; Type A ' s  rated their 
frustration much higher under dual-task conditions than 
Type B ' s .  HGdeVer, under single-task conditions there was 
no apparent difference between the Type A ' s  and the Type 
B's. 

Several other statistically significant differences 
between Type A ' s  and Type B's were fourll. A two-way 
ANOVA (group by trial) performed on the rime estimation 
scores of the choice reaction time-time estimation 
combination foulid a significant group by trial interaction 
(l?(1,14)=8.27, ~=.31). Type B subjects lengthened their 
estimation of 10 s from 18.9 s on the first trial to 13.1 s 
or. the second. In contrast Type A subjects decreased their 
estimation from 12.5 s to 12.8 s over the two trials. On 
the choice reaction time task both groups of subjects 
improved about 200 ms over the two trials. However, the 
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average reaction time for the Type A ' s  was 806 ms; that 
for the Type B's, 954 ms. 

Only the two-way ANOVA performed on the memory 
search data of the memory search-time estimation 
combination showed a significant between-group difference 
( F  (1,14)=4.57, ~=.05). Again, both groups improved with 
pTactice, but the average performance of Type A ' s  was 
better than Type B ' s  (75G ms bersus 1004 ms) .  

Discussion 

The trends in between-strategy group differences in 
digit span and time estimation found in Experiment I were 
not replicated in this study. However, there were 
statistically significant differences in dual-task tiae 
estixation scores on both of the time estimation 
combinations wit? the massed subjects having consistently 
the worst performance. Thus, it appears that 
between-group differences in time estimation occur only 
under dual-task con2itions. ?he underlying cause of these 
differences is not apparent and awaits further research. 

Probably the most interesting results Jbtained in 
these two investigations concerns the differences between 
Type k an3 Type R subjects. Type A individua?s have been 
characterized as hard-Griving competitive people with a 
sense of time urgency. Their competitiveness appears to 
be reflected in their superior dual-task performance on 
both time estimation Combinations but i s  also evident in 
their higher frustration with these tasks. Again, the 
underlying source of these differenczs is not apparent an2 
should be explored more thoroughly. 
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llh117AL MODELS OF IllVISlBLE LOGICAL NEWCiiKS 

Penolop. 9andorsan 

Dv,arkassta of Psychology and Indwtlrial Engineering 
Univaraity of Toronto 

Toronto Cenada MSS 1AS 

Thia up.rimont rquirod aubjocta to diacovor tba atructuro of a 
logical network w h o u  link. were iaviatblo. Uetwork atructura 
had to k inforrod fro8 tho khaviour of tho corporunta after 8 
frilun. It uea bypotheaiaed that rinco ruch feilure diagnoai: 
k . k a  oftou draw on apatial procouea, e good deal of apatial 
complo%ity in tho network rhoulrl &f.ct notwork diacovory. 
R.rulta s b d  thet t 5 i  ebilitp to diacover the linkago. in the 
notuork wee dinctly r01rt.d to tho ~patial complowity of the 
pafJwap dourikd by the linkagoe. Thia affect u u  gonuelly 
indopmdent of tho mount of ovidonco evailablo to mbjocts 
rbolt the miatenco of tbb link. 
quoation of whethor inforoncoe about apatially complox pethweya 
woro aimply not rede, or whether thop -0 made but not rotainod 
becrruu of a high load on DUW re.~urcor. 

'Thorn reaulte raiae the 

IWtRODOCtIOd 

Thore ia currently 8uch intoroat in the id06 of a '.ental model' - a 
bypotheticel conatrwk which deacrlboa the for8 of priuete knowledgo ebout e 
k .k  or a ayato8. I t  La gaaorally agreed that the -tal rode1 ir uwal ly  an 
approximrtion to tho nrlitp of a t u k  or apat.8 (Gentaor and Stevuu, 1983). 
A good deal of ruearcb bra boen dovoted to finding out whul tbo fact tbat 
the -tal Mb.1 la en approximation will k evidont, and whon not. 
work auggoat(r tbet ~ontal m a d a h  drew u p  vieuel, vorbrl end kicacathetic 
ood.. and that RuitipiO -tal Dadoh can C0-ai.t (Eberta, 1982: W i & s m r ,  tid 

Such 

I(-1, 1981: Ra88u-r 1979). 

lkntel iodela can ala0 bo w n  ea privet. 'thooriea' a8 to what mediatea 
botcmn the input urd output of ayrkaa w b o a a  structure ir not necaaaarily 
explicit. 
conteaporary human pr-u contrcl oparator controlr and troubloahoota a 
u m p l a ~ ,  slowmoving ayrter. 
dev8lop.ont of n l i r b h ,  raportablo, geaeraliaeble and gurntSfiable 
Iaborrtorp teak. to 6tudy auch ~mrfor8anco at a theoreticel levo1 (John, 
1967: Coat.., Alluiai and Morgan, 1971: R0u.0, 1978). The rerult her b..n a 
f u i l p  of tuk. whicb borrow heavily Prom rocbsnicr end electronic 
uigirmoring (Pylyahyn, 1953; Alluiai end -tu, 1967: John, 1957: Pikrar 

Thio chwactaria6tion ir importent for an underatanding of how the 

From ti80 to tine there have baen calla for the 
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.ad Tmnto, 1981). 
8ubj.ct'& ability to d1.cov.r tho princlplu bohind a taak and tho ruler 
governing ita input-output rolationahip. 
k irrforrod by tho 8ubj.Ct from tho ~cuponea of the 8yatu tc a uriecl of 
input.. 
ruleu caa bo mid to bo him currurt 'montal madol' of the tawc. 

Tho majority of thou Dtudiu havo focuud on tho 

t h o n  principle8 and rule8 have to 

Tho 8ubjoct's mom.at-by-mom.at undoratanding of the p4d.:iplea and 

The n8oarch to k r0port.d here i 8  in thi8 tradition. Howover in ita 
p.tbodology it borrow8 from fault diagnooia atudiu which he-- Red8 the 
principle bebind tho taak mor. oxplicit and which havo foCuLbd J ' i  aid. to 
tha schiovu.nt of porforaancm goah. In thia family of tanka are the recont 
thcrough upriment8 by Rouao (1981) uaing th8 Ta.k and Fault procedures, and 
airilrr urp.rimntr by Brook., Cook and D;ncan (1983) and Goldbeck, 
Born8toin, 91111x and Harx (1957). 
confronkd witb a 1lnk.d network of logical amponate. A fall- aomewhere 
in tho Mtvnrk had8 to at 1oa.t aomo 04 tho component8 in the right-hand 
solum taking rn vrluu of 0 tathu tkaa 1. Subpcta hav. to dlacovor which 
eorpo a t  ham fail&, cauaing tbuo 0 valu.8. Thoy do thla by ..king the 
co0put.t for tho atatru of rerioua link. until they can correctlt hypothoalae 
whlch component cawed the failurr. 

In ROUU'~ 7a.k procedure, 8UbJOCt8 are 

Th8 pro8ant renarch vi11 focur on h w  clubjocta might learn the atructure 
of a notwork of thir kind. 
Ono and Tu0 will bo uud, but with tw important diffuuaco8, 
on0 notwork will k uwd in tho mporimmt. 
novor change at any point in tho proceduro. 
n8tuork will aluay8 bo inviriblo, M that th8 aubj.ct ha. no information at 
all h u t  natwork rtructuro at tho boginriiag of tho experiment. 
only clue8 to network structure will ba tho effect that individual failurea 
bar0 on tho total notuork. Evidonn about 8tructure will havo to tK 
colloctd o v u  many trial8 and many faiAur.8, to be intogratod and hold in 
mmory by tho mubjoct. The roault of thia procou ray bo thought of as the 

b oxporinontal problor 8imilar to Rouao'a Taak8 
Firat, only 

Ita underlying linkagoa will 
a n d ,  the linkage8 in thi8 

TAw, tho 

& u b j e ' .  'manta1 8Od.l' O f  tho n8tuork. 

If tho 8UbJ& re''-@ ontirely upon lWiC t o  di8COV.r tho 8tructure of 
tbir inviriblr, netmtk, thon thon am tht.. gonoral typea of logical 
optation availrblo which will achiovo tbia (thoes will & outlined &low). 
ilowvw it la wall-known in both tha p8yche~oglC~A and human factor8 
literrtun tbat 8ubject8 ofton fa11 to Uploit logic to it8 full OXtOnt 
!Kabman, Slavic end Tvuaky, 1982s ilynatt, Doherty and Tw-ny ,  1977; Waeon, 
1960~ B.lnbridgo, 1981: Rauumon, 1981: Roue, 1978: Hunt and ROUH, 1480). 
Thi8 uaually happen. wh2n the p.rce1v.d complexity of the problom ovoruhelm8 
tba eubject'8 abilltg umh logic, or when tho rcrproa.rctationr1 form o f  tna 
problom triggua a preferurn for an rltornrtivo heuriatic. 
factor. 8nvlronront it 18 important to bo able t o  predict uhen this will 
happon 

In a human 

thoro aro tu0 111~8. of ovidurca uhicb corbin8 to auggar, that i n  tho 
progwtxl aotcnrrk di.caoory taak, tho ropre8ontational form of tho taak may 
intodare with aubj~~t.' logical iafarencu, particularly a. aubjocta will b. 
undor a high 88aory 1 4 .  tho firat U n O  of evidence i 8  th8t failure 
dotrctlon and diagnoda ta8k8 have beon found to b. bigbly dopondoat on 
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-ti41 fmlot.. FOr m4.pl0, (1979) -port6 th8t thr; ability tO 
draw v i m a l  8cbrutic of a diatillatioa proam8 correlate6 with failure 
diagnoaic perfonrace but not w i t h  coatJof pmrforaencs. 
Ikiagertagt (1962) b u  attadcad t b l s  IMW u i t h  d w l  teak metbodologp. 
rultl-eleaeat fail- d.tnctloa aa the primary trrk, a spatial .eclondrury taak 
provided norm latorfenace than a verbal mcondary taak. 
that 4 m t S . l  frctorr ere at  work ia fault diegaoela t u b .  
of evidence co13o.n). t b e  v u i a b l a  wblcb coatrfbuta to the perceived 

coaplexity ere related to such facborc as the variebilitg of u;gu!er changes 
and the number of turna in the coatour of e ahape (attneave, 1957; W a y ,  in 
Roum and RoiiuC 1979), the d w e e  to vbich the epparent cooaiateacy of a 
pattern la violated (Rake and €rikran. 1 s )  and the nuaber of alternatives a 
pattern hsu (Garner, 19?3). Given theaa remilt@, it should be poeaible to 
podtion network components in such a way that some link8 form perceptually 
-re corplex pathuays than others. If the network d i ~ Q V e r p  taak tape into 
Jptial procesclea and if some linkages t r a c e  aut apetially airpie path8 and 

influenced b, the spatial maplexity of the linkaqua they are trying t o  
discover. 

Ilonover, 
W i t h  

Therdore it -0s 
t b  recond line 

COBplUtity O f  -ti41 Pt-M- above that J U d W b  Of Pattern 

Other6 8p8tie’lp COmple% paths, then S~b]act6’ use of logic ScSg w%ll bi3 

Accordingly, in i b e  present experiment the eUbJeCt45 will always p e F f O r P  
the network dimvery t a m  with tke 8a.e underlying network. 
Figure 1. However thia netwrk w i l l  ke displayed to subjecte in t w o  apetial 
configurationa, Pattern A and Pattern B (the linkages &OM in Figures 5- and 
3 are of courae not displayed to subjects). It can be bQen in the urrdulying 
network that there are two pathweya frcm component 2 (12)  to 188 - one through 
16 and the other tnrough #4. 
while the 12-#4-#8 pathway i a  more circuitouo. 
80 that the oppoeite ia  true. Iloreover, in pattern A the 1)3-#6-H) patbuoy i8  
straight while the #1-#4-#8 pathway reveraes direction. 
the o p w i t e  ie true. In all tbeee caeea, it i8 bppoth%ai8ed that t h e  8ore 
circuitouo route will be the herder one for subjects to diocover. 
will ae aneeased by eubjectr’ ability to include the link in a drawing of the 
network. 

Thie  ie a e i ~  i o  

In pettern A the 1112-16-18 pathway 1a straigbt 
Pattern B has becm deuigsed 

Again, in pattern B 

Di.coverp 

An examination of the underlying nstwork in Figure 1 shwb that if any of 
nponents 11, t 2 ,  #3, t 4 ,  16, 98, #9 or #lO fails, component 110 will carry 
a signs1 of 0. 
probability (p=.12S) of fsilute tconditions A-Equal 8nd 8-Equal). In the 
other two condft!onr, the probability of failure for each component YBY 
chosen 90 a8 to bias eub]ecto toiieras discovering t h e  link8 that the pattern6 
might rake difficult. 
#6-#8 link& right be herd t o  find. So, in the biasad condition #2, #3 end #6 
wre Bade to fail lore frequently thon #l and H, aBpha8ibhg t h e  harder 
pathway (p=.187S VI p=.ObZS, condition A-lia.ad1. A airilar wandpuletion uaa 
msde €0: pattern B, 
80 #2# #l and 14 ware Bade to fell acre frequently then 13 and bb (8-Bieeed). 
If the eab~ecto ere u8ing logicri proceue8, then .beer weight o f  avideacr 
may overcome the difflctilty with the harder linka. 

fa two conditiona, each of thew components h8d an equal 

For pettern A it waa hypothasimd tb8t thr @2-16 and 

Here, the #2-#4 and #4-#8 link. right k herd to find, 



i n  ita m t r a l  Lamfiguration 

/P 

mat Pattern A aubjocta mu. Ybat Pattern B 8ubjecta aau. 

PIGURhZ Logic41 notwrk u+.d i n  tha proaant axp.riaont with the apst fa l  
reaxrangmaant8 u u d  for P a t t u n  A and Pattorn 6. 
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SIUOLATIOW AMD IDEAL SEARCH STRUCTUW 

There are three generel typm of logical operetion eoailable uhicb will 
recover tb. 8tructun ob thi8 network. Fir8t, if two compofmnt., X and Ye 
are UUI with e 8tetru of 6 and the 8UbJe~t 1-08 that X i8 th. failure, 
then Y .\ut be 16ter in th9 mquence from X .ad m w t  hove e direct ox 
indirect link from it. It can 8100 be coacluded tbet Y does not l e d  to X. 
Second, it is pouibla to urn inductive logic to eltminate comectioru to 
.OR. co~pon.nt.. Third, radundaat link. can be 'bou8ecleened'. If X 1-8 

redundant and can be dimcardad. 
to o m .  ampc?naItt Y and v load. to .m. ccmpcment 2. then an x to 2 l ink le 

To teat whether theme three rule8 were 8ufficiat to d1.coo.r tha 
atructure of the network, a ai~ulatioa w u  run, namd PLAULTER. PLAULTER 
'pleyed' the fault diagaomia taak the ..H wry u a hwcA aubJ.ct, chaoa i~  
views and a8king hypotbuiea. At W .nd of oacb trial ub.h tb. fail- -8 
known, PUULTER co1l.ct.d inforaatian about the 8tructoru of tb. network 
wing the threo operation8 d i m  abovm, and add.d a code for th i8  
information to an internal reachability matrix. PlAUlTER wa8 put to work on 
a wide variety of 1 ~ t ~ 0 t k 8  vhich differrd in 8tructun end in 6129 fram 4 to 
25 components. 
always able to diucover it8 8truCture. 

the BU~BUB amount of logical information they had about tbe structure OL the 
network at various points over their ~ u l a n .  

A 8  long a8 there WL no feedbeck io the network, PLAULTER ua8 
PLAULTER ua8 a180 u m d  in tb. data 

Maly8i8, BOnftOriOg sub]&' pufm- 10 O r b  t0 Mk0 inf- aboot 

The beat long-t.p. expected number of view8 that a 8ubpct can uchieoa 
for *,he network uaed in thi8 ta8k i 8  3.125 ~ 1 . ~ 8 .  tb. ~ x i m u a  for m y  feilur8 

conai~tmtlg follow6 a 'half-8pllt' strategy, eliminating ea el088 u 
pouible to half the remaining potentiel failure IKHVC.. on eecb view. There 
are many aenrch 8tret.gles which, if followed ctnuiatently, will lead to thi8 
fuult, but 
errp.ctd number of views. 

baiw 4 V i W 8  and th. BiniWB 2 V i M .  ?hi. 1. if th. 8 U b J e  

other 1- utisbactory atretegiu which 1-d to a ~ r w t e r  

me factor. to k manipdoted in thia ~ ~ p u i ~ - t  ware, firat, tho 
patterning of notwork hoa0rpJ.u ('Pettarn' A end B) and, mcood, t h e  
probebllitp v i ta  which individuel compoarnta failed ('Probability of Failure0 

each condition. 
Equal or Bia8ed). A between 8ubJ&e dmign wa6 With 8 8ubJ- in 

Failure8 occurred in exactly the -me aequonce for  the A-€que1 end 
B-Equal condition8, 80 that potential evideocm about the network ua8 
evailnble at the m m e  time, ragardlew of conditioa. 
A-Blah and B-Biad, e t  given point. a lou probsbility feilure in thio 
aequence uaa repleced by a high probability fallure, yielding .lightly 

In tbe condition8 
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different q u e m .  Still, u in tba EqwL coaditforu, all aubj.ct. witbin a 
B i d  condition upuienced tho m e  q u o n e e  of failuru. 

Procedure and Inatructlonr 

Subject8 me a collection of nuakrsd legical coaporrenta on the video 
acreen. 
8 t h  a network, but that tb.w link. will nmmr k oiaible. 
will have to form .ow kind of a meatal rqmamtation of bou the c0a-t.a 
are linked. Sou of the conpon.at. are logical A I D .  g o t u  d -e are 
logical .OR. gat- and thia di8tinctian la indicated by the .brpe of the 
component. 
the 8ubject at thia atage. 
eeen a8 it signal. whether the final outcome of tbe notuerk la 1 or 0. 

They ere told that t& co8poamta cn linked in a f ixd  pattorn to 
flutead, they 

The on(l)/off(O) 8tatua of ce8paImnta 1 to 9 la not oiaible to 
However the atatru of ceaponent IO cen alwpa be 

Subjh-t. are told tb8t when tbe netuotk la &aving notmally, a11 
compa.nt8 carry a 8ignal of 1 and that component 10 b u  a value of 1. 
Eomver, if t h m  la a failure aomewhere in the network, 01). of t b  
ampooanta will drop fro8 a value of 1 to e value of 0. The mtuork 1s 
structured 60 that if there la a failure, it will ev8ntwlly filter tbrough 
to coaponent 10, whicb will be aeen to take on a valw of 0. thkca thia 
happen., the 8ubject ha8 to diacovu the cariponent rupoluible for the 
failure. To do this, it is noceusarp to u e  which c08ponenta are -ding 
signal6 of 1 and which are mending aig~l. of 0 OD thia trial, aa all 
component. sending aignala of 0 a m  potentially r u p o m i b l e  for the network 
failure. 

Tbe 8ubject a&. to 68e the 8tatu. of a component by typing tha h t t u  
'V' (View) follouod by tha n u b o r  of the component la quution. 
of the corponent will then chang. colour. If the umpoaeat la emding a 
ei-1 of 1 the border becoma thick and bright and if it i a  d i n g  a aignal 
of 0 the border beco~ea thick and dark. T h e  aubjact c.~l o i w  tbe atatua of 
u components a@ he or 6he w i a b u .  At any stage the rubjact u y  u1.b to 
make a hypothemis tbat a certain component ia rarponeible for the network 
fai lwe.  To do thi8 the eubject typea 'il' (liypothulr) foll& by the 
component nwber. 
the aubject can to do mora viawing and hypothuiaing. 
correct the word 'CORRECT' appear8 and no more vieving and hypotheaiaing cur 
be done. 
a8 long as required, before going on to tb8 next trial. Uhan tbe command t o  
continue i6 giver,, a11 the  cxmponmta are reatomd to their neutral coloura, 
the failure 1. 'repaired' and component 10 .an bo  mu^ to carry a aignal of 1 
again. 
m~bjecta repeat the fault diagno8ia procedure. 

The border 

If the hypothe818 i. urbng t h e  vord 'UROMG' appear. and 
IL tho hypotheaia la 

At thim point the eub3ect can exanine the diaplay on t h e  acreon for 

However then a failure occura atmawhere alae in the network urd 

Sublecta wore told that componants could h . o m  tither 0 or 2 taputa and 0, 
1 or 2 output., ao that &me corponenta would have input. but no output. 
('dead-end.'), mme output. but no input. ('originator6'), .ou both input6 
and output. ('normal') and Mae neitbar ('dodou'). The .AND. .ad .OR. logic 
YQ. atplainad to them w i t h  a diagram and the diagram vu available to them 
throughout the experiment. They were givsn t h r n  goal. to work toward.: (11 
learn how the network i6 atrueturd, (21 find tbe failad COmpoQUlt in aa f w  



Tho uprsiaontal m i o n  yu two hour8 lmg. Irutructio~ took &out 15 
8inutea and t h m  th. 8ubj.ct waa all& to procmed uith tho fault diagnoaia 
taak. 
did tho tuk. Ilowver, at 35-8inuto intamel8 (oM-*Aird aad tuo-third. 
through the -ion and et tho and) tho aubjoct yu inturuptod and givoa a 
pictur.1, of the notuork a8 it appeared on t b  acreen. 
in uhorr thay currently thought tb. link. were, b a d  on tho widen- t h y  

ua8 utiafiod with tho drawing, genuelly after ebcut 3 mInute8, they 
do8crfB.d it to the enperimeatu. 
subject warn aIlaued to p r m s d  viZb thr fault dhgnOai8 tuk. 

Subj.ct8 -0 not a l l d  to tako notu or 8.k. &wing8 uhilo t h y  

Thmy uuu aabd to draw 

had b.on rather than a about U m  t h y  8ight b.. Ub.n th. 8UbJet 

Thon the drawing yu taken w a y  and tba 

Sub?txtr WFO 32 undugraduate atudmta from Unioeraitr J C  Torocto and 
yu. p%hd 610 each for participating. 
four rondrtion6 until there uora 8 8ubjoct8 par condition. 
takon intenaiva courua in computer actonce or electrical onginooring mro 
not u n d  in tho utporinent. 
ta8k More.  

Tb.3  yu. randomly auigmd to tho 
Student8 who had 

!lo 8ubjoct had uporioncad tha netuork diacooery 

FAULT DIAGNOSIS 

f f  a 8ubJet C08plet.d f w  tbUi 50 trial., W Um 8tlll hfrpothUi8it.g 
at rand08 by tho ond of tho upari8ent, him or hor parfonanco IM. not 
co~parablo with that of otbu 6UbJoct8 and could not & included. 

8UbjOCA8 whom data wro included, tha ooorall avuago numkr of trial8 
completed uaa 106.25 1?0*33.1). 
end Probability of Failure (Equal/Bisud) gevo no ovidonco to 8uggo.t that 
the number of trials completed uaa difforomt undu diffuent experimtal 
conditiana. 

Tho data 
for 81% Out Of 38 8UbJWt8 d1-d Wing thi8 rule. Fol: th. 32 

A tuo-uay MOVA w i t h  factor. Pettorn (A/B) 

All 8 U b p ~ t 8  i n  e11 conditions 8hocnd comidorablo progrru toward8 the 
goal. ut in the  inatcuctiona. *mall perforrenca for aach eubject on tho 
firat SO% of trial6 ('first half') we6 co8par.d with porior8anm on tb. 
recond 50% ('aocond half') for viou8 and hypotheua. Tuo throe-way AJlOVA8 
were uW, the factor. k i n g  Pettorn, Probability of Failuro and Half. In 
both ca-8, the main rffoct of Half we8 algnificent. All HlbJ.Ct.8 took f w r  
v i w 6  in tho m n d  haif befora finding tha failuro (F(1,28)= 194.9, p<.OOl: 
o i w r  in 1.t halfsS.17, 2nd hslfa3.54). On noarly all occuion8, in tha 
ucond half their fitat hypotheair ua8 tha corroct hypothui8 (F(1,28)= 
15.11, p<.OOl: hypothe8u in l8t halfa1.36, 2nd half=l.l2). For both viwa 
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and hypothoma, no other main .ff& or iokractiona uora significant. 

TrM8itiOll mtricSrr 8- f m  the f8W &t. of th. 8ub)&'8 8 0 - s  

Givon that a 8ubJ.cQ had JU8t V i d  01 hypothuisd a CU'taln COIpODWlt, 
with a givm nault, probabilitiu OS the i38xt action could k calculatod. 
From tho tramition probabilitiu, it ydl pouiblo to diecorn the dwolop.mt 

idioayocratlc rtrategy had emerged by th. .ad of A0 uprri..nt. 
of tbi6 v.. that tbe entropy in tbo aubjocte' tr8luition utricoa for tho 
firat ?2 trial8 -8 much hlghez thur for tho la8t 32 trial., by which time 

and for tho laat 32 it va8 -48, c08par.d w i t h  a maximum pouiblo of 
approximately .8 and a mimimw of approximatoly -4. 
that this difference wa8 highly significant (F(l,28)=534.6, p<.oOl), and rn 
main offect8 or Intoraction8 with tho oxp.rim.atal condition8 merged. Tho 
general im~reuion from tha rurults i6 that aub~octa .tart by viouing 
components exhau8tfouly and not in any particular ordu. 
strategy oaorgu rather uuddmly and geauallp tho 8ubject will not altor it 
for tho rout of tho ertp.riront. 

of .aarcb 8 b a t W i U .  FOr #) Of tb0 32 8 u b J e 6 ,  8 8iJB@O C1-r 
OII. ruult 

r~arch ~b. highlp 6trUCtund. Tb.  entrOp0 for tho firat 32 trial8 U- -71 

A t b x w - w a y  U O V A  found 

Tho final ..arch 

Ilypotheaiuod Effect. of Pattern 8nd Probability of Fail- 

For 32 aub~ecta. 25 differmt uarch pattun8 uoro gutoratad, aakiag it 
irpor.siblo to find a con8i8terrt proforeace for OM uarch 8tratogy over 
another betveon condition& Houevor, condition did appmr to havo . o m 0  
offect on tho initial component viouod. 
cla8sifi.d togothu a8 the co8poaontu which link diroctly to 110, coaponent8 
ib and #4 as having both inputs and output. within tho notwork propor and 
component. el,  #2 and #3 a8 k i n g  'origin8tor8' or murcu. Tho m u l t .  .how 
tbat #9 and 18 VU. mor. froquontly tho 8tarting componust. in t& two Equal 
coadition8 (Equal: 12 out of 16, B i a 8 d :  6/16) ubi10 H and #6 wro  llon 
frrquontly the atarting compon.at8 in tho B h u d  conditio~8 (Equal: 4/16, 
B i a u d :  8/16), but thi6 trand failed t0 reach 8ignificcraco. B f n m m r ,  80- 
8 U b J e 8  achioved the optimal march (avorag. of 3.125 ROW) la tho too 
B i a W  condition8 (8116) th8n in tho two Equal Condition8 (2116) mllr4.69, 
pc .os) 

Coaponoat8 19 and (18 can be 

NETWORK DRAWIMGS 

SUbJect8' firat, ..cond and third network drawings -0 rcored for tho 
pre8onco or abwaco of real and non-oxirtmt. link.. 
real link or included a non-ui8tont link OB OII. or mor0 drrwingr, bo or ah0 
~8 mid to havo 'difficulty' placing or olirinating that link. For all 
8ubjoct8 tho third drawing wa8 con6idorablg mor0 accurato than tho fi3.t 
drauing. 
only 2/8 8ub)ect. in each of tho four cot?dition8 produced a perfect final 
drawing 

If a aub).ct omitted a 

While the final drawing w a 8  ofton oory cloao to tho actual notwork, 
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Before lookiag at the influonce of m i t i o r u  011 the ability to draw the 
a e t w t k ,  it i. impartcat to knob? whether the overall difficulty with the 
draulng8 yb. the aan for 0.ch coaditioa. t& C 6 U .  
37 e diff-t -8- of tb. f- of difficultg Y.n UUirnd in 2*2 
contingency table. w i t b  tho Pooraon chi-4urrud t u t  of independence. If e 

end tbe total ~ 6 8  the cell entry. Firat, 
the total nlub.r of link oaiu iom wan not 8ignificurtly different over 
canditiom. Second, the  total nuabu of ti- omismioar y~fy 8till found by 
the fin61 drawing uu not aignificmt. 
‘couiuiona’ of falu link. -8 not aigaiflcmtly differeat over condition.. 

m o t  bo attributed to tbo general difficulty of the condition, but ineteed 
8re m i f i c  interaction8 of l i n k  difficulty w i t b  condition. 

It uu. that ai8 

8 U b J e  JKwrd difficulty With l ink, tbi. YU Odd& tO tb. f m m q  COUt 
’fb. result8 ere .boun la Table 1. 

Finally, the total aumber of 

n u 8  my .Y6tu@tk d i f f n w  0- oorrditiw in the .bility draw link8 

The apetiel Pattern nenipulation appears to have exerted quite ea 
iaflwoce on wbicb links 8ubj.cts found difficult. 
wen when evidence for the link8 we0 .ad8 nore aveilabie i n  the Biased 
conditions, thu8 favouring the null hypotbaoie over the experiaental 
bypothuia. 

This wa8 usually true 

A6 hypothmiaed, tbe Pettern A 8ubject8 hed considerable difficulty with 
tbe #2-#4 link8 while the Pattern B subjects tendad to have aore difficulty 
with the 1.246 link8 < m e  Table 2). 
there w u  a fignificant dependency between Pattern end the difficulty of the 
two link8 a(l)=4.71, p<.OS). 
atill not found the link 8uppoa8id to be harder despite the inclusion of the 
0 1 a h  condition8 and thi8 difficulty still ehowed borderline eignif tcance n‘ 
(1)=3.02, p<.l). If wo remow the B i a d  conditions end look at difficulty 
in the laat drawtag for the Equa 
drowa borderline eignificance %11)=2.86, p<.l) and thi8 finding becoaee aore 
.tronglp aignlficaat for linka never found cl(t1133.99, p<.OS). In generel, 
the Bias aanipulatim appear. to have had very little influence in reducing 
the difficulty 8ubject8 had in Qinding the 8pstially lore corplex link. 

In a chi-8puared te8t of independence 

In the le8t drawing made, aany subject8 had 

condition8 only, the overell difficulty 

It wa8 8180 hypotheuind tbat ~uSject8 vcrking on Pattern A would find 

A 8  Table 3 show8. thia hypotheeia 
the *-Io link barder to find tbaa the 1448 and thet the reverae should be 
tru8 for aub]ect8 working en Pattern B. 
w. not upbeld when Equal and Bie8ed condition. were combined end ehowed only 
a trend i n  tha hypotheeiaed direction when the Biased conditions were 
eliminated. 
concerned the fact thet in Pattern A the #3-#6-#8 pathway reverred direction 
and tba #1-#4-#8 wae 8traigbt. while the opporrite wa8 true for Pattern B. 
There wea 9 8ignificant tendency for 8ubjecta ucing Pettern A to hypotheaioe 
the non-uiatont link 8348 aore frequently tlrrrn #l-#8, and for rubjecte 
uaiag Pattern B to hypotheaiae #l-18 aore frequently than 1348 (eee table 
4). 
(1186.52, p<.C2S) and it we8 e l m  eignificent for the Equal condition elone q’ 
(1)=6.48, p<.025). 
abbreviation of the more complex pathway th.t really exiated. 
v68 not significant in the Bie8ed conditione. 

Howeves e related effect emerged in the resulte. Thio effect 

Collep8ing over tho Blamed end Equal conditions thi8 we8 significant a’ 
In oach c e ~ ,  the preferred but non-enietent link we6 en 

The effect 
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TABLf 1. NUnBER OF LIMB FOUND DIFFICULT, SUMHED OVER SUEtJECTS 

Dlfficultiea at Link8 nevu ~ . i -  link. 
an9 atage f sund drawn 

ALLA ALLB ALLA ALLB A L L A  U B  

EQUAL 33 42 13 14 16 13 

BIASED 45 41 14 12 21 13 

n.a. n.8. n.8. 

TABLE 2. SUBJECTS SflWINC DIFFICULTY WITH 42-#4 AND #2-#6 

Difficulty at Link never Difficulty at Link never 
any atage found any atage found 

A L L  A ALL B ALL A ALL B A-EQU B-EQU A-EQU B-EOU 

#2-M 4 12 2 7  2 8  0 4  

#2-#6 15 9 6 3  8 4  4 2  

x? 1 1 ~ 4 . 7 1  x T l I  13.02 x'c 1) t2.86 x'c 1 1 =3,99e 

TABLE 3. SUBJECTS SHOWING DIFFICULTY #4-#8 ARD 6 - # 8  

Difficulty at Link never 
any stage found 

ALL A A L L  B ALL A ALL E 

#6-#8 10 8 5 2  

TABLE 4. SUBJECTS DRAWING FALSE LIflKS BETYEEM #1-#8 AND #3-#8 

ALL A A L L  6 A-EQU B-EOU A-BIAS E-BIAS 

#1-#8 1 8 0 4  1 4  

w3-1a 8 3 6 1  2 2  

f (  1) 86 .52* X:l) =6.48. ne.. 
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The only 8-9 effect of Biaa on 8~bjwA8' ability to drew network link. 
yu m e n  for the link8 for which there u u  infrequent evidence. 
uu l e u  frequent u x l  more difficult in the A-Biaoed conditiop and #3-#6 we8 
1- frequent end more difficult in the B-Biamd condition (x(1)=4.99, 

Link #1-#4 

p<.Os) 0 

The link which eluded subject. the moat, regerd1e.s of condition, w e a  
#8-#9. 
14/32 had rtill not found it by the end of tbe experiment. 
becauu #9 Y.. the only .OR. eompoaent with input., or because #9 ie in B 
rether difficult apetial and logicel configuration. 

Twenty-tuo out of 32 8ubject8 experienced difficulty with it and 
Thle mey to be 

Rel8tioruhip of Network Drawing with Fault Diegnoeis Performance 

It i8 importent to eatabliab tbe reletionahip between the evidence 
8ubj.Ct. 8au and tbo inference8 about structure that they -re able to make. 
On the one hand, tbe apetiel cherecteri8tic8 of the task may have drew 
8ubj.ct. tc provide the8ulvea w i t h  bleeed informetion. 
tbe apatisl cberacteri8tic8 may have led them to ignore the information that 

On the other hand, 

Yam pn8ent. 

It 5 8  poaaible that Pattern A subject8 aaw the evidence for link #2-#6 on 
e much letu trial than #2-M, end thet the reverae WM true for Pattern B 
Wbj.Ct.. 
drawingo would be due to lack of evidence. 
Otbuuire. Aa Table 5 ahow8, nearly e11 8ubjects 8ew the two piece8 of 
evidence on the .am. trial. 
link k f o r e  the other to reke tbe difficulty with the drawlags entirely 
attribut8blo to lack of evidence. 

If 80, the omi68ion of the harder link in et leeat m m e  of the 
However the data 8uggeat 

Thu8 it 8eOM that not enough oubjects aau one 

It may el80 be the c8.0 that 8UbJe~t8 provided them8olve8 with the 
ovidance for the spatielly ea8i.r link more frequently then evidence for the 
harder link and thir D6de the8 overlook the harder link. However, i f  
anythlng the opposite ia true, a8 Table 6 illuatrstea. 
inferring the epatlellg harder link m a  definitely available. 

Thua the evidence for 

A aimilar eppmch CM be teken for the non-exiatent #l-M and #3-98 
link.. 
u88 not a llnk but r8tb.r the end. of the #1-#4-#8 pathway aluay8 came before 
the evidence that d3-18 we4 the end8 of the #3-#6-#8 pathway. 
w i t h  the link le quite .Independent of thi8 fector. 
independent o f  the number of the8 8uLjectn mu the complete pathway after 
tJm evidencr egeirut the link hed become evail6ble. 

In ell condition6 euccept B-Birbed, evidence for the fact that #l-#8 

Difficulty 
Difficulty i 8  elso 

hdeweerd'a (1979) re8ulta 8uggut.d that abillty at fault diagnoei8 and 

The totel number 
at drawing en image of tho 8y8ten wre correlated, a8 both taaka drew on 
8patlrl procum8. 
of m h t a k u  M a t  8rabject6 8adb on t!!e drawing8 we* examined for correlation8 
with fault diagnoai. mea8ure8. Firat, 8ignlficant correlation8 wera found 
between mietake8 and entropy in the tran8ition ratrice8 for the first 32 
trial. tr(30)=.67, p<.oOl) and tha hat 32 :lala (r(30)=.61, p<.OOl). 

That finding waa pertially echoed here. 
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TABLE 5. SUBJECTS SEEING EVIDENCE FOR #2-#4/&2-#6 IN SAME TRIAL 

A B 

EQUAL 7 8 

BIASED 6 6 

TABLE 6. SUBJECTS SEEING fVIDENCE FOR EASfER/llARDER LIIK FIRST 

A-EQUAL A-BIAS B-EQUAL B-BIAS 

EASIER FIRST 2 3 4 1 

HARDER FIRST 6 5 4 a 

TABLE 7. NUHBER OF SUBJECTS ACHIEVING OPTIYAL SEARCH STRATEGY 

ALL A ALL B 

3,125 (OPT) 2 8 

3.25-4 125 14 8 $l)=4.69* 
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Second, no correlation waa found between the total number of riatake8 on the 
drawing and e8Ch SUbjeCt'a expected average number of viewe (r(30)=.22). 
Point bi8eri.l correlation8 were calculated between whether the subject found 
the harder link from #2 and fault diagnosis performance meaaure~. There were 
minor but significant correlation8 with the actual (not expected) avereje 
nuaber of view8 for the laat 32 triala (r(30)=-.39, p<.O5) and with 
tranaition matrix cntropy for thm last 32 trials (r=-.4, p<.OS). 

The data made it clear that knowledge about the harder link w 8 8  not a 
n8ce.sary condition for achieving the moat efficient search strategy. 
10/32 subject8 whom search atrategy had an expected average nunber of move8 
of 3.125, 2 8ubjecta had still not found the noet difficult link by the end 
of the experiment. Nor did knowledge about the harder link guarantee an 
efficient aearch atrategy. 
harder link, only 6 had a aeerch strategy whose expected average we8 3.125. 

Of the 

Of the 19/32 8UbjWta who eventually found the 

DISCUSSION 

The reaults of this experiment suggeat that a subject's ability to make 
logicai inference8 about network links im affected by the spatial complexity 
of the link in question. 
configurations were apwrently easier LO find or more likoly to be invented. 
In t h e  Equal cenditione, the #2-#4 link was eaeier to identify than #2-#6 in 
Pattern A and the WZ-Wa link waa easier to identhy than #2-#4 in Pattern B. 
Thi8 waa 80 even though PLCLULTER ahowed that the evidence for both link8 wa8 
uoually available to subjects within the same trial. ?he existence of both 
link8 8hOUld have been deduced ueing the firat type of logical deduction 
de8crikd (800 above). Indeed, with the present reeulta it is impossible to 
stat8 categorically that an appropriate deduction for the harder link was not 
made at tha -me time as the eaaier link. It may have been noted, but .tot 
retained or reinforced aufficiently well to appear on the network drawing. 

Plausible linkages or simple spatial 

The fact that the ea8y l i 1 . h  form a eiaple straight line with the #4-#8 
link for Pattern A. and with the #6-#8 link fo: Pattern B, apparently 
overwhelm the poeaibility of other pathways. noreever, the tendency for 
Pattern A subjects to draw 8 #3-18 link and for Pattern B aubjecte to draw a 
#l-#8 link ~ e . 8  to reflect a aimilsr preference for a rpatially einple 
patbwry. The preference for simple pathwayr is probably related to the 
workload of the ta8k. The demands on working remory and Intermediate memory 
storm are quite high, particularly at the start of the experiment. 
8uch condition8 the developing mental model of the network clearly suffered. 

Under 

The Probability of Failure condition ha8 very little effect on apparent 
knowledge of the outputo dron Y2, esp~cLally for Pattorn A where the effect 
of the configur&tJon was most marked. However, an increaeed probability of 
failure of #3 and #6 in Pattern A 8nd of 91 and #4 in Pattern B lesds to more 
oriuiona of the le86 frequent link8 and fewer felae hypotheaea about the 
leeds into 1%. rhis demon8trates thet in aome Caaes at heat, frequency of 
viewing evidence lead. to better knowledge. 
why the greater frequency of evidence 8hould not then work for the harder 

It 13180 poaea the question c f  
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outputs of t 2 .  

It i8 elway8 poA8ibh that the spatial bia8 aay have been exaggerated by 
the fact that dual pathway8 exiat between #2 and #8. 
reelisad that separate rignale fro. a coaponent could aeet up sgein. 
there are erguaenta ageinat thia interpretation. Firrt, aubjact8' inability 
to find the apetially herder link generelly reant that, in their drswinga, 
there we8 an input aio8ing to 96 in Pattern A and to 14 in Pattern B. 
Sub]ect6 k n w  thi6 wes iapo86ibh, 88 all coaponenta had to Cave 0 or 2 
inpute. Hany 8ubject8 espresaed confuaion nbout the source of the second 
input to this coaponent. but the diffA~lty with the drawings pereevered, 
de8pite this aw~ene88. Second, the tendency for Pattern A subjects to draw 
#3-18 and for Pattern 0 subjects to draw 611-18 often genereted a eituaf.ion 
where aeperate 8ignal8 fro. 13 (Pattern A )  or #1 (Pattern B) ret up again a t  
U8, via 16 end #4 respectively. Although this link w 8 8  redundant in terne of 
the actual network. it show8 that aubjects often did allow this eort of 
rtructure in their drawinglr. However it is neces8sry to run a etrong test of 
the apatiel bia6 hypothesi8 where, for instance, the difficulty of thc 
pethueye of intereet i8 controlled bor by other dual pathways within the 
network. 

Sub~ecta aay not heve 
However 

The network drawing reoult6 aey also be due to biaaes present et the tire 
of drawing, rether than bia~e6 in what the rubiect knew ebout the structure 
of the network at that point. 
exiatmnca of a gap in the subject's knowledge. 
provided by the fact that the final failure 6earch atrategy for 11/16 Pattern 
A mlbJ0~t8 did not include the transition "If #3 is 0, then view #2". 
Siailerlp, the fine1 failure 6earch strategy for 10/16 Pattern B subjecte did 
not include the ruie "If 84 i 6  0, then v i w  W2". Theae figure8 are not 
coapelling, but then they do reflect the final rather than en interaediate 
8trategy. 
heve acdified their etrategiee. 
clear at the end of the experiaent when they are ehown the correct network 
mtructure to coapere with their own drawinge. 
particulu' link, oubjects generally were ourpriaed to aee it on the diagraa, 
chiring that they had never euopected its existence or hed seen evidence 
ageinat its exiatenca, rather than that they had forgotten to draw it in. 
Future ewperiaentm should provide other convergent aeasures of knowledge in 
addition to the drswinga. 

Convergent evidence is needed for the 
To e small degree, this is 

By this point alaoet half tho subject6 had found the link and aay 
The bias in 8Ub)eCtb' knowledge i8 also 

I f  they had not sound a 

In the light of Landeweerd'b (1979) and Weingartner'a (1982) work, it is 
intereating that corseletions merge between failure diagnoais perforaance 
end the ability to draw diagrans. It i8 particularly intereating that the 
correlation8 e8erge not wit' the efficiency of the final failure 6e8rCh 
atretegy but with the entropy in the transition aatsix. Thie neans that the 
aore condatently the aubject 8tuck to e reerch strutegy, the leae likely he 
cr .he wa8 to oait link8 or hypotheaim folae link8 on the drawings. 
ectual efficiency of the aearch ntrategy uea not crucial. 

The 

Future ezperiaenta are under drvelopaent which 8hould clarify whether the 
difficulty with link8 i8  due to reluctence in aaking logical infarencea ebout 
mme pattern6 over otherb, or to rente1 load cra6ociated with retsining euch 



inferanma. 
pnamnee OF abHncr of link8 in more complex network8 urd verbal protocol8 

nature of the taak, 8ubpct8' developing rent81 model8 of the network will be 
articulated more clsuly with their f8ilure detection performance and with 
objective calculation8 of the evidence currently 8VOil8ble. 

Sub]ect8 will k requird to make on-line hypothem8 about the 

will br t8k.n. A88U8ing t h a  manipUl8tiOM do not r8dically alrar the 
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The kepre!sent.-,tion O f  f ic t ion Plans I n  Long Term Memory 

I). Gopher N. Fusssfeld W. Koenig D. Kar l5  
Technion - I T T  Univ. o f  I l l i n o i s  

Haifa, I s r a e l  Champaign, I1 1 i n o i  s 

The paper describes t h e  r e s u l t s  o f  a sequence o f  erperiments 
conducted on a two hand chord typewr i te r ,  t o  compare the  
e f f i c i ency  of d i f f e r e n t  coding p r i n c i p l e s  employed t o  
associate l e t t e r s  w i t h  t h e i r  chard productions. Thir. keyboard 
represents an e f f o r t  t o  i d e c t i f y  e f f e c t i v e  a l t e r n a t l v e s  t o  
the  e x i s t i n g  typewr i te r .  I t  cons is ts  o f  two seperate 5 - k e y  
panels (one f o r  each hand), and l e t t z r s  are entered by t yp ing  
chords composed o f  one t o  f i v e  f ingers.  Each panel i s  capable 
of prodacing the  f u l l  Alphabet, and hence can be considered 
t o  c o n s t i t u t e  an independect typewr i te r .  Two key questions 
ra ised by t h i s  design are: a) What i 5  the  best coding 
p r i n c i p l e  t o  represent the  same l e t t e r  on the  two panels? b )  
Is there  a r e l a t i o n s h i p  between the  perceptual  complexi ty of 
the c\ord pa t te rns  t h a t  represent d i f f e r e n t  l e t t e r s  and the  
actual  t ime t o  type them ? 

One group of  experiments contrasted the  t yp ing  performance 
of  three groups of subjects. Two groups were t ra ined  w i th  
hor izon ta l ,  f i a t  panels. The + i r s t  acquired a code based upon 
hand symmetry. The second was given a s p a t i a l  congrusnce 
coding p r i n c i p l e  based upon key arrangement. A third group 
w a s  t r a ined  in a cond i t i on  i n  which the  panels were t i l t e d  
upr igh t  t o  a v e r t i c a l  pos t ion  i n  which hand symmetry and 
spa t ia l  arrangemeots a re  u n i f i e d  i n  the  coord inn t ion  of t he  
t w o  hands, and a l l  representa t ion  c o n f l i c t s  are resJlved. The 
r e s u l t s  show a c lea r  s u p e r i o r i t y  o f  the  s p a t i a l  over hand 
symmetry coding p r i n c i p l e ,  and an add i t i ona l  advantage f o r  
the i n teg ra t i on  uf the two i n  a vert:cal posture. Fur ther  
experimr-nts i n d i c a t e  t h a t  t h e  maln cause f o r  these 
di f ferences i s  the  mode i n  which l e t t e r  chords are 
represented i c  long term memory. If si;bjscts a re  taght  to 
conceive o r  imagine a sLper ior  representaion p r i n c i p l e ,  t h e i r  
performance improves dramat ica l l y  even i f  the  actual  
performance cond i t ions  are  canductive to h igh  in te r fe rence.  

A second grcup rJf experiments w a s  designed t o  separate 
between perceptual and motor f a c t o r s  i n  the  ac i va t i on  of  
s ing le  l e t t e r  chords. T h e  r e s u l t s  ucder l i ne  tne  importance af  
perceptu i l  f ac to rs  i n  the  a c t i v a t i o n  of  motor plaas. Tire 
complexi: f gf t he  pa t te rns  employed t o  represent letters 
bas shown t o  account f o r  50 percent o f  variance i n  the  t yp ing  
speeds of s ing le  l e t t e r s .  I n re res t i ng  i nd i v idua l  d i f ferer tces 
were found i n  the  re l i ance  04 i n d i v i d u a l s  on v i s u a l l y  based 
codes, and these d i f f e rences  a f fec ted  systamat icaly t h e i r  
typ ing performance. 

The theo re t i ca l  implications of these r e s u l t s  a re  dracu~,ised 
i n  r e l a t i o n  t o  a v i s i o n  based theory of ac t i on  plana. 
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CIpplied i s s u e s  are  raised w i  a reference t o  the design cf 
data entry d e v i c e s ,  and the t Ainicg  of psychomotor s k i l l s .  
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ON L O O K I N G  I N T O  THE BLACK BOX: 

PROSPECTS A N D  LIMITS I N  THE SEARCH FOR MENTAL MODELS* 

William B. Rouse and Nancy M. Morr is  

Sea rch  Technology, I n c .  
25B Technology P a r k / A t l a n t a  

Norc ross ,  Georg ia  30092 

SUMMARY 

I t  i s  a commorL as sumpt ioc  t h a t  humans have menta l  models of  

t h e  sys tems w i t h  which t h e y  i n t e r a c t .  I n  f a c t ,  i t  i s  d i f f i c u l t  

t o  exp l t l i n  many a s p e c t s  of human b e h a v i o r  wi thot l t  r e s o r t i n g  t o  a 

c o n s t r u c t  such  as men ta l  node l s .  However, a c c e p t a n c e  o f  t h e  

l o g i c a l  n e c e s s i t y  of men ta l  models can  r e s u l t  i n  t h e  r a i s i n g  o f  a 

whole new se t  of  i s s u e s ,  many of which can  be q u i t e  t roublesome.  

For  example,  what form do menta l  models t a k e ?  How does  t h e  form 

a f f e c t  t h e  usage  of  t h e  models? How can and shou ld  e d e s i g n e r  o r  

t r a i n e r  a t t e m p t  t o  a f f e c t  humans’ menta l  models? 

D e s p i t e  many s1:eeping c l a i m s  i n  t h e  l i t e r a t u r e ,  a v a i l a 5 l e  

answers t o  t h e  above q u e s t i o n s  a r e  r a t h e r  i n a d e q u a t e .  There  a re  

p r o s p e c t s  f o r  improving t h i s  s i t u a t i o n .  However, t h e r e  a l s o  

+This  summary i s  based on t h e  f o l l o w i n g  r e p o r t :  
Rouse, W.B. and M o r r i s ,  N . M .  On i n t o  t h e  b l a c k  

Norc ross ,  GA:  Sea rch  Technology, I n c .  
- box: p r o s p e c t s  g& limits 2 the 
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agpear to be limits; the black box will never be completel; 

trensparent. This paper considers these prospects and limits. 

Tc place tile arguments advanced in this paper in 

perspective, alternative points of view with regard to mental 

models are first reviewed. Use of the construct in areas such as 

neural information processing, manual control, decision making, 

problem solving, and cognitive science are discussed. Also 

reviewed are several taxonomies of mental modds. 

Attention then shifts to the available empirical evidence 

for answering the questions posed earlier. A variety of studies 

are reviewed where the type and form of humans' knowledge have 

been manipulated. Also considered are numerous transfer of 

training studies whose results provide indirect evidence of t'-- 

nature of  mental models. 

The alternative perspectives discussed above and the 

spectrum of empirical evidenco, are combined to suggest a 

framework within which research on mental models can De viewed. 

By considering interactions of  dimensions of this framework, the 

most salient unanswered questions can be identified. Further, 

conjectures can be offered concerning possible inherent 

limitations in the search for mental models. 
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Issues i n  Developing a Normative Descriptive Model 
f o r  Dyadic Decision Making 

BY 

Daniel Serfaty 

arid 

David L. K l e i n m a n  

CYBERLAB 
University of Connecticut 

Dept. of Electrical Engineerin, 
and Computer Science 
S to r r s ,  CT 06268 

ABSTRACT 

Most research i n  modelling human information processing and Decision making 
has been devoted t o  the  case of the  s ing le  human operator. 
e f fo r t ,  concepts from the f i e l d s  of Organizational Behavior, Engineering 
Psychology, Team Theory and Mathematical Modelling are merged i n  an attempt t o  
consider f i r s t  the  case of two cooperating decisionmakers ( the  Dyad) i n  a multi- 
task envirocsent. Rooted i n  the well-known Dynamic Decision Model (DDH), our 
normative descr ipt ive approach brings basic  cognitive and psychophysical charac- 
teristics inherent t o  human behavior i n t o  a Team Theoretic ana ly t ic  framework. 
An experimental paradigm, iuvolving teams i n  dynamic decision making tasks, is 
designed t o  produce the da ta  with which t o  build the theore t ica l  model. 

In t h i s  present 
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Abstract(i formal paper, Annual Mental) 

GETTING MENTAL MODELS WQD COMPUTER MODELS TO COOPERATE 

Thomas 8. Sheridan, James Raseborough, Leon Charraey and Max Mendel 

A qualitative theory of supervisory control is outlined wherein the mental 

modeis of one or more human operators are related to the knowledge 

representations within automatic controllers (observers, estimators) and 
operator decj.sion aids (expert SyStems, advice-givers). 

quantifying knowledge and +he calibration cf one knowledge representation 

to another’(human, computer, or “objective truth“) are discussed. Ongoing 

experiments in the use of decision aids for exploring one’s own objective 
function or exploring syatem constraints and control strategies are 

described. 

Methods of 
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A COMPARATIVE STUDY OF ALTERNATIVE 

CONTROLS AND DISPLAYS 
FOR BY THE SEVERELY PHYSICALLY HANDICAPPED* 

Douglas Williams and Carol Sirnpson 
Psycho-Linguistic Research, 2055 Sterling Av. Menlo Park, CA 9 4 0 2 5  

and Margaret Barker 
Children's Hospital at Stairford, 5 2 0  Willow Road, Palo Alto, CA 9 4 3 0 4  

ABSTRACT 

Effective comwnication for the physically disabled individual relies on 
C . 2 X t i - 0 1  ana Gisplay system design. The systems currently available to 
individuals restric'c-' to usinq single switch interfaces by their 
involuntary (athetoi32) i,iovements have limited. iise and are inadequate for 
communication. Frustration followed by rejection of these aids is 
widespread. 

An observed difficulty 1s the inability of a user to reliably activate a 
time-dependent control and display system. It is possible that this 
group of physically disabled individuals could control devices more 
adequately with an appropriately designed type of control and display 
system. 

This study investigaies a modification of a row/column scanning system i n  
orrier to increase the speed and accuracy with which communicatiop aids 
can be accessed with one or two switches. A selection algorithm was 
developed and programmed in BASIC to automatically select individuals 
with the chdracterisiic difficulty in conrrolling time dependent control 
and display systems. Four systems were compared: 1) Row/Coltnon Directed 
Scan (2 switches), 2 )  Row/Coluam Auto Scan (1 switch), 3 )  Row Auto Scan 
(1 switch), and 4 )  Column Auto Scan (1 switch). For this sample 
population, there were no significant differences among systems for scan 
time to select the correct target. The Rcw/Column Auto Scan system 
resulted in significantly more errors than any of the other three 
systems. TI s ,  the most widely prescriued system for severely p,iysically 
disabled individuals turns out for this group to have a higher error rate 
and no faster communication rate than three other systems that have been 
considered inappropriate for this group. 

BACKGROUND 

This project addressed a question that was raised during the development 
of a versatile, portable, speerh prosthesis (VPSP) for the severely 
disabled (LeBlanc, SiTyson, Williams, and Lingel, 15801, which is a 

---------- 
* A joint effort between the Rehabilitation Engineerins Center, 
Cnildren's Hospital at Stanford and PLRA, supported by an Office of 
Special Educatio;., U . S .  Dept. of Education grant. Maurice LeHlanc, 
Directar of Research, Childrens Hospital at Stanford, dire;t.ed the 
project. The software was developed by Sol Katzman. Research assistants 
Becky Gordon, Tom Dominguez and Leslie Roberts helped run the subjects. 
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microprocessor based, wheelchair portable, speech prosthesis that can be 
controlled to speak and/or store any speecr: rtiessage desired by the user. 
Different control and display systems were provided fdr u s e r s  with 
vary-' .ig degrees of motor control: 1) 1-switch, row/columii scanning; 2) 
joystick + selection switch or 5-slot controller and a user-driven 
cursor; 3 )  keyboard, direct selection. These C O i i t L C l  3nd displzy sysLems 
were chosen because they are typical of a wide range of commercially 
available communication and environmental control devices. 

While communication rpeeds of 30 rJrda per mir,ute were obtained using the 
VPSP keyboard, experienced users could do nc better than 4 WPM using the 
row-column scanning system, and users with cerebxal palsy were 
considerably slower. Wethered (1976) found that ildividuals with 
cerebral palsy were slower using single switches than individuals with 
muscular dystrophy or multiple sclerosis, supporting what was found wit:] 
the VPSP. 

Commercially available communication arid environmcntal control aids a1 1 
use variations of three basic approaches to control and display systems 
whjch enable tk.? user to indicate kis O K  her intendec elements G L  s!mboIs 
of communication. Tkese are scanning, encodiiig and direct selection. The 
approach that an individual uses is dependent ap9n that individual's 
physical and cognitive abilities. For an individual physically limited 
to the use of one or two switches or methods of indication, the approach 
used must involve scarlning, although it may be combiiied with encoding in 
some cases. 'Vanderheiden and Harris-Vanderheiden, 1976) . 
Vanderheiden (in Vanderheiden and Gri llcy, i976) indicated that scanning 
is extremely powerful because it can ae used by individuals with minimal 
control (e.g. able to -3nsistently make only one or twc. movements or 
signals). He also indicated that the power of the scannmg technique is 
offset by slow speed of comunication. The speed is slow because much 
time is spent passing over unwanted symbols before arriving at the 
desired symbol. 

During the VPSP user evaluation, it was observed that indi iuuals with 
athecoid cerebral palsy and involuntary movements could not reliably 
activate the single switch at the desired item, regardless of cursor 
speed (as slow as 6 sec. per jump). No measuri;ble improvement was fLund 
in a week of continuous use. Speech therapists reported similar probiems 
with other devices using tlie row-column scanning system; yet devices with 
that control system continue to be prescribed non-vocal individuals with 
involuntary movements. And, apparently taking their cue f r m  existing 
devices , designers of .iew, m(croprocessor based systems for the 
handicapped are using the row/column scanning system, for example, Bruey, 
1980. 

APPROACH 

Our nurpose was to study the ability of persons with athetoid cerebral 
palsy to control a two-switch, user -driven cursor, r,.w/column scanning 
system. The underlying assumpticns made were 1) That "1-switch" users 
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will actually be able to control some other, second switch. (This 
asswption is supported by the observation that all users of the 1-switch 
VPSP were atle to deal with two switches, the on/off switch and the 
selection switch); and 2 )  That those with severe athetosis who are 
1-switch users wouldD as a group, be able to perform a regular, 
successive switch activation. Some observations of VPSP operators using 
"verify on" moue led us to suspect this would be true. (LeBlanc, et. al, 
1980) 

An interface consisting of two switches utilized this behavior. One 
sb-tch, the "scanning switch", move6 the cursor when it was actuated 
(speed of cursor mavenr?nt was adjustable for each user). This switun was 
used to position : xrsor on the desired item - one of the rows or an 
item within a row. Tne second switch was the "selection switch", which 
"selects* the item next to the cursor. If the selected item is a rvw to 
be scanned, then the act of selecting it causes the cursor to move across 
the row when the user next activates the scanning switch. If the 
;elected jtem is an item in one of t',e rows, then the act of selecting i, 
transfers the selected item to a holding space (where the user would 
construct senterces for viewing, printing or speaking in a complete 
prosthesis system.) When neither switch is pressed, the system does 
nothing, allowing the user to rest, think, or whatever. 

Our principal goal was to determine whether the alternative user-driven 
cursor, 2-switch system is any m x e  effective for the target population 
than is the currently used row/column scanning system. A one-dinensional 
vertical column linear scan system, and a one-dimeshional, linsar 
(horizontal row) scan system. were also studied so as to isolate the 
effect, if any, of the two-dimensional fcclture of row/column scanning 
systems apart from their scanning featxe. 

METHOD 

Cand i 2at e Subjects -- 
From CHS patient lists and from s-hdents at local schools, we obtained 
volunteers for this stndy and from this group chose six for intensive 
study who had: 1. severe atlletosis; 2. cognitive atility to recognize 
the letters used and to follow the dirxtions given; and 3. passed the 
screening test (described below). 

Screening Test 

The purpose of the screening test was to select only those individuals 
who are neither extremely accurate nor totally randon in their operation 
of a row/column scanning display and control system. We wantld to 
include in the study only those individuals who were like the VPSP users 
that we observed erroneously selecting the item just before or jnst after 
the one they wanted. We refer to the volunteers who took the screening 
test as "candidates". Those who were selected by the screening test (and 
the other 3 criteria above) became the subjects for the study. 

The screening test consisted of from 3 to 6 trials, with tnt! number of 
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trials determined by the candidate's performance as the t e s t  proaressed. 
The task for each trial was to use the @@select@' switch to select a target 
item, a letter of the alphabet, presented by the computer. Only the 
first response an each trial was recorded for test purposes. Each wrong 
response was rxorded in terms of its distance in the scan in front of or 
after the target: -1 meacs the item in the scan just before the target; 
0 means the target was accurately selected; +3 means the item 3 items 
after the target was selected. The probability of someane whose 
switch-actution behavior is completely random sel2cting One particular 
ietter from an array of 12 letters is 0.0833. Thug, the c'iance of three 
such se1ectior.s being made in three trials by such an individual is 
0.00057. This was our criterion for accurate performance; if an 
individual selacted the rarger letter three times, he was judged not 
impaired enough to qualify for this study. If he aade three +1 or -1 
errors (p = O.O046j, then the cacdidate was judged to have the r xuisite 
athetoid behavior and comprehension of the task to participate in the 
study. If, after three trials, neither 3 target selections nor 3 +1 3r 
-1 errors had occurred, the testing was continued to a maximua of s i x  
trials. 

If ac the end of 6 trials, 3 or more of the responses were of the -1, 0, 
or +1 type, with the coiidition that 2 of the 3 be of the -1 or +1 type (p 
= C.0033), the candidate was included as a subject in the stuay. If any 
other pattern of responses resulted, the candidate was not selected, 
since a variety of other problems, such as inahility to find the target 
visually, could be present. (Such problems are also important but are 
simply beyond the scope of this study.) 

Subjects 

Of the 39 candidate sabjects who participated in the screening process, 
18 were too accurate, i5 displayed neither high accuracy nor the higk 
rate of +1 and -1 type q f  errors. The rcmaining 6 candidates were 
selected by the algorithm as having the behavior of interest to this 
study. Table 1 shows the characteristics of the six subjects in teris of 
age, diagncsis, and current commnication device, if any. 

Equipment 

A TRS-80 Model IIi Microccaputer was purchased for this project, and 
programmed to handle all stimulus presentation, response timing and 
accuracy measures, and some of the data reduction. Suitable single and 
double switches were constructed by the Children's Hospital at Stanford 
Rehabilitation Engineering Center to prcvide each child with a switch he 
or she could activate ds reliably ana accurately as possible, by whatever 
method was most effective. Actuation means included head motion, head 
stick, hands, feet, or gross limb movement. The computer was programmed 
to present an easily-taught and understood lette- selection task 011 the 
CRT screen. Twelve letters of tne alphabet were chosen for their visual 
dissimilarity, as determint? frbm grapheme confssion matiix data in the 
published literature (Kinnt!y, Marsetta, and Showman, 1966). These 
letters were displclyed on the screen in a row/column matrix, a single 
row, or a single column, as appropriate for the experimental condition. 
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(See Figure 1) The computer was programmed to d r ; - r c -  the cursor in a 
row-column scan under computer control, a row- column scan urder subject 
control, and two types of linear scan (vertical and horizontal) under 
computer control. The programs to accjorpl:sh much of this made use of 
3lgorithms implemented in software developed for the VPSP. 
Implementation of these algorithms t:, provide a test and evaluation 
package on a widely-available computer ;s a significant benefit of this 
project, and this software has been made available for diagnosis of 
children and evaluation of switches. 

Experimental Design 

Each of the six subjects used each of the four systems, one at a time. 
The order of systems used was balanced across subjects to control for 
transfer effects. A given subject used a system approximately every 
other day, except weekends, for approximately 2 hours per day. The first 
day consisted of familiarization with the system to reduce the effects of 
learning. Each subsequent day with that system included some 
refamiliarization time. Each day contained 3 runs of 12 trials each. 
Between runs, subjects rested and relaxed, as they wished. The task for 
each trial was to select a "target" letter (which was shown on a special 
area of the CRT) from the row-column (scanning or subject-driven) or 
linear array displayed on the CRT. Each of the twelve letters was 
presented an equal number of times within each run, in random order. A 
subject used the same system for 3 days for a total of 9 runs with that 
system. The procedure was then repeated with the next system until that 
subject had used all four systems. All runs with a given system were in 
succession to provide for subject familiarization with a given system and 
so that learning could be detected. 

Data collected consisted of errors made and a response time measure 
called scan time. Scan time was defined as the cumulative time that the 
cursor was actually actively scanning in the case of the auto scan 
systems or the time that the cursor was actively controllable by the 
subject, in the case of the directed scan system. All responses (both 
erroneous and correct) were recorded. After 6 erroneous responses for 
any single trial, however, the computer terminated the trial 
automatically. We assumed that further attempts by the subject to select 
the correct response would only lead to fatigue and frustration. 

RESULTS AND DATA ANALYSIS 

Two problems made the results of the experiment more difficult to 
analyze. First, due to procedural problems, some runs were not done with 
the system which had been chosen for that run. Examination of the data 
showed that the interpolated wrong runs did not affect the times. Thus, 
the problem with order was ignored in all data analyses. The second 
problem was that not all subjects were able to use the same machine-paced 
scan rate throughout the experiment. Rather than postpone a run until 
the subject was able to operate the switch at a previously-run rate, runs 
were completed at a rate which the subject could use. Thus, subjects 
2,3, and 6 used two different rates. Their times to successfully select 
the target letter are affected on those runs where they used the 
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different rate. 

From the point of view of pure science, this is a problem with the data 
because it confounds the variables of scan time and system. However, 
from a practical point of view, one could argue that on that day, that 
particular person could not have operated at the faster rate (or would 
have made many m r e  errors in so doing) so the longer times are realistic 
reflections of his capability with that particular system. 

Scan Time Data Analysis --- 
Table 2 shows the overall means and standard deviations of scan time for 
each of the four systems. 

TABLE 2. t4EAN SCAN TIME SCAN TIME IN SECONDS PDR FOUR SYSTEMS ACROSS 9 
RUNS PER SYSTEM AND 6 SUBJECTS. 

SYSTEM 
SCAN TIME 
M?3AN SD 

ROW/COL DIRECTED 19.4 6.9 
ROW/COL AUTO 15.1 6.5 
ROW AUTO 15.0 5.0 
COLUMN AUT3 15.8 8.1 ......................................... 
Table 3 shows the results of a 2-Way AOV of the effects on scan time for 
systems by runs for all six subjects. (AOV done with computer programs 
from Wollach, 1983) 

TABLE 3. ANALYSIS OF VARIANCE FOR SCAN TIMES 

SOURCE ss DF Ms 

Subjects 
system 
Subj. x Sys 
Runs 
Runs x Ss 
Sys x Runs 
Sys x R x Ss 
Total 

5947.7 
693.2 
2005.0 
783.2 
1902.9 
1356.6 
3852.6 
16541.3 

5 1189.5 
3 231.1 
15 133.7 
8 97.9 
40 47.6 
24 56.5 
120 32.1 
215 

F P 

26.82 <0.0001 
1.72 0.2 

2.06 0.063 

1.76 0.024 

There was no significant effect for system (~~0.2) 8 but runs approached 
significance (~~0.063). The interaction between systems and runs was 
significant (p=0.024) however, as was subjects (p<.OOOl). 
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Error Data and Analysis --- 
Table 4 shows the total number of misses made by all subjects for each 
of the four systems. 

TABLE 4. TOTAL NUMBER OF MISSES MADE BY SIX SUBJECTS FOR EACH OF FOUR 
SYSTEMS. 

SYSTEM 
ROW/COL DIRECT ROW/COL AUTO ROW AUTO COLUMN AUTO 

TOTAL 
MISSES 249 456 289 281 

The error analysis, Table 5, is a simple 1-way AOV with system as the 
variable under test, and a significant (p0.0005) effect due to system 
is shown. 

TABLE 5. ANALYSIS OF VARIANCE TABLE FOR ERROR DATA 

SOURCE ss DF Ms F P 

System 49.3 3 16.4 6.18 (0.001 
Subiects 319.9 5 64.0 24-10 <0.001 
sys x ss 107.5 15 7.2 2-70 <0.005 
Within 504.9 190 2 .6 
Total 981.6 213 

Duncan's Multiple Range Test (Bruning 6 Kintz, 1968) shows that the only 
system significantly different from any of the others is row-column auto 
scan, significantly worse than any of the others. 

Table 6 shows the total number of successful target selections and 
failures in target selection for each system. For a given target, the 
selection was scored as a success as long as the subject managed to 
select the target correctly within six tries. If he or she missed six 
times on the same target, then that trial was scored as a failure and a 
new target was presented. 
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TABLE 6. NUMBER OF FAILURES AND 

SYSTEM. 
OF FOUR SYSTEMS. N=6 SUBJECTS, 

ROW/COL ROW/COL 
DIRECT AUTO 

FAILURES 2 13 

SUCCESSES 646 635 

OF SUCCESSFUL TARGET SELECTIONS FOR EACH 
EACH PERFORMING 108 TARGET TRIALS PER 

ROW COLUMN 
AUTO AUTO 

2 7 

646 629* 

A Chi-Squaro analysis showed a significant effect for system (X2=13.77, 
df=3, p=.0032). As can be seen from the table above, the Row/Column Auto 
Scan system's failure rate was nearly double that of the next worse 
system - Column Auto Scan - and was over six times the rate of either the 
Row/Column Direct or the Row Auto Scan system. 

CONCLUSIONS 

The significant subjects effect was expected, even after the subjects had 
passed thru the rigorous selection procedure. It is the nature of these 
subjects that their performance is variable and idiosyncratic. What this 
study re-emphasized is that good scientific research can be done on these 
people, and that one does not have to resort to "clinical judgment" when 
dealing with a diverse population like this. 

Learning seems to have been eliminated as a factor in the results. There 
was a slight improvement from run one to run nine irrespective of the 
system used; most of this gain occurred in the first three runs. The 
"runs" factor was only marginally significant, and the counterbalancing 
prevented learning from affecting any one system differentially; so we 
can conclude that learning or practice was probably not a factor in the 
differences found between s;?stems. 

An importar't Implication of this last finding is that the two hours 
practice was sufPicient time for these subjects to have reached at least 
a learring platua-I, if not an asymptote, in the use of these systems. 
While thsse were Zairly simple control/display systems the subjects did 
have to aCapt tu new switches, a new situation, people they had not met 
before, d ;rove1 task, and a computer which they had not worked with 
before. It is useful ta know that two hours practice is sufficient to 
almost completely train this population. This finding alone could save 
many hours of unnecessary "traiaing" which people like these are often 
subjected to when they are introduced to a new communication system. 

---------- 
Procedural problems due to fatigue of one subject reduced the total 
number of trials for the Column Auto Scan system to 636 instead of the 
648 trials used for the other three systems. 

* 
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Examination of the mean scan times shows that the row-column 
auto-scanning scheme is, for these subjects, the worst choice, though not 
significantly so, of all the systems tested. In terms of errors, it is 
significantly worse than any other tested system. 

It should be noted here that these subjects were persons who would 
normally be prescriptively limited to a single-switch iiiput device, since 
their motor cont;ol is so poor. It is a very important finding of this 
study that such people can in fact run a two-switch directed-scan systam, 
and experience less frustration due to fewer errors, and in addition can 
equal or better the output speed of the three auto scan types of systems 
which are traditionally prescribed for them. We emphasize that we did 
not look for persons who could perhaps operate two switches; rather, the 
subjects who were selected by our screening program later demonstrated an 
ability to use two switches. This represents a doubling of channel 
capacity in the information theory sense. Certainly all attempts should 
be made for this group of users to find a second switch that they can 
reliably operate when not under the rigid time pressure of an automatic 
scanning system. 

It seems that there is something about. the arrangement of items to be 
selected into rows and columns which makes it more difficult for these 
people to deal with them. A simple analysis of scan rate and the number 
of items that must, on the average be passed over in order to reach the 
target, would seem to dictate putting items into rows and columns in 
order to minimize scan time. Infornation theory supports this 
traditional approach, telling us that square matrices are more efficient 
than those having unequal numbers of rows versus columns, For users who 
can use a scanning system with high accuracy this might be so, but it is 
certainly not the case for the subjects included in this study. We are 
fairly confident in recommending that people who meet the selection 
criteria outlined earlier in this report should not be given a row-column 
autoscan system as a communication aid. Our data show that instead, a 
row autoscan system would work well for them if enough could be fit onto 
a single row to meet their needs; if not, they should be trained to use 
two switches and fitted with a row-column directed scan system. We would 
predict that their error rate would be lowest with the row-column 
directed scan, and their speed would be close to that achieved with the 
single row. A major contribution of this project is, in fact, the ease 
with which persons in this group can be identified. Anyone with a Xadio 
Shack Model I or Model I11 computer can perform this diagnostic test 
merely by requesting a copy of the program from Children's Hospital and 
having the potential user run the subject selection program. 

Readers who are interested in a fuller treatment of this study may 
request "A Comparative Study of Control and Display Design Trinciples 
Which Affect Efficient Use of Communication Aids by the Severely 
Physically Disabled-- Final Report" from Children's Hospital at Stanford, 
520 Willow Road, Palo Alto, CA 94304. The software used is available on 
5" disklettes from the same source. 
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A brief manual control test and decision strategy 

95 1 4 5 5 9  
Am 

have been developed, 
laboratory tes ted,  a id  f i e l d  validated which provide- a means f o r  detecting 
humaa operator impairment from alcohol or  other drugs. The test requires t h -  
operator t o  s t a b i l i z e  progressively unstable controlled element dynamics. 
Control theory and experimental data ver i fy  tha t  the  human operator's control  
a b i l i t y  on t h i s  task is constrained by basic cybernetic charac te r i s t ics ,  and 
tha t  task performance is re l iab ly  affected by impairment e f f ec t s  on these 
character is t ics .  

Assessment of human operator control a b i l i t y  is determjnpd by a statisti- 
ca l ly  based decision strategy. The operator is allowed several  chances to  
exceed a preset pass cr i ter ion.  Procedures a re  described f o r  setting the pass 
c r i t e r ion  based on individual h D i l i t y  and a desired unimpaired f a i l u r e  rate. 
These procedures were f i e l d  tes ted  with apparatus in s t a l l ed  i n  automobiles 
tha t  was designed t o  discourage urunk dr ivers  from operating t h e i r  vehicles. 
This t e s t  program, sponsored by the U.S. Department of Transportation, demon- 
s t r a t ed  tha t  the  control  task and detection strategy could be applied i n  a 
prac t ica l  s e t t i n g  t o  screen human operators f o r  impairment i n  t h e i r  basic 
cybernetic sk i l l s .  

This paper reviews the development and val idat ion of a behavioral t e s t ing  
device which can detect  human operator impairment. These s k i l l s  are important 
i n  performing tasks  which require continuously manipulating displayed vari-  
ables with a control device, such as driving or machinery operation. The 
manual control s k i l l s  requited t o  perform these types of tasks have been 
extensively studied (Ref. 11, and the  test described herein hae been developed 
t o  detect  impairment in these s k i l l s .  

The test involves two components, a control task and a detect ion strategy. 
The control  task,  cal led the  Critical Tracking Task (CTT), was dareloped in 
t he  ear ly  sixties t o  test p i l o t  end astronaut v i sua l  -tor performance 
(Refs. 2 and 3).  Over the  years i t  has proven to be an e f f ec t ive  indicator  of 
the  e f f ec t s  of environmental stresses [Beg., mise (Ref. 4); space s t a t i o r  



confinement (Ref. 5 ) ;  s h i p  motion, (Ref. 6); Rpacecraft  re-erLry (Ref. 7); 
human opera tor  impairment (e.g., a lcohol  (Ref. 8): and marihuana (Kef. 911. 

The use of t h e  CTT as an a lcohol  impairment d e t e c t i o n  device was f i r s t  
t e s t e d  i n  automobiles by t h e  General Motors Corp. (Ref. 10). Subsequent 
research  sponsored by the  U. S. Dept. of Transpor ta t ion  (Refs. 11-14) was con- 
ducted t o  optimize t h e  t es t  sErategy. I n  subsequent research  t h e  statist ical  
d e c i s i o n  theory f o r  opt imizing t h e  d e t e c t i o n  s t r a t e g y  was developed and v a l i -  
dated i n  labora tory  tests (Ref. 15). Following t h i s ,  veh?.cle mounted devices  
were assigned t o  convicted drunk d r i v e r s  t o  o b t a i n  f i e l d  v a l i d a t i o n  d a t a  
(Be€. 16). 

I n  t h e  remainder of t h i s  paper we w i l l  b r i e f l y  descr ibe  t h e  c o n t r o l  theory 
b a s i s  f o r  t h e  CTT, t h e  s t a t i s t i c a l  theory behind t h e  impairment d e t e c t i o n  
s t r a t e g y ,  and labora tory  and f i e l d  test r e s u l t s  which v a l i d a t e  tester perform- 
ance i n  a p r a c t i c a l ,  o p e r a t i o n a l  environment. 

C r i t i c a l  Tracking Task (CTT) 

The t a s k  d e s c r i p t i o n  and theory of opera t ion  f o r  t h e  CTT have been previ- 
ously documented (Refs. 2 and 3). A summary is i l l u s t r a t e d  i n  Fig. I .  The 
t a s k  dynamics c o n s i s t  of an  uns tab le  c o n t r o l l e d  element, and an autopacer  u n i t  
which c o n t r o l s  t h e  l o c a t i o n  of t h e  unscable pole. No input  is seceseary  
because the  o p e r a t o r ' s  remnant (noise)  is s u f f i c i e n t  t o  d i s t u r b  t h e  system. 
The uns tab le  r o o t ,  A ,  is i n i t i a l l y  set a t  a small  value. As t h e  s u b j e c t  
begins t o  perform the  task ,  t h e  p lan t  i n s t a b i l i t y  i s  increased  ( t h e  root  moves 
f u r t h e r  i n t o  t h e  r i g h t  ha l f  plane). When a f i l t e r e d  vers ion  (with a one 
second time c o n s t a n t )  of t h e  displayed p l a n t  output  d e v i a t i o n s  (m) exceed 
about 15% of t h e  d i s p l a y  range, t h e  rate of i n c r e a s e  of A is reduced by a 
f a c t o r  of f o u r  times i n  order  t o  slowly approach t h e  poin t  of closed loop 
i n s t a b i l i t y  and avoid overshoot. When m exceeds t h e  d i s p l a y  l i m i t s ,  c o n t r o l  
loss is assumed and t h e  pole  l o c a t i o n  a t  t h i s  po in t ,  termed t h e  c r i t i ca l  
i n s t a b i l i t y  l i m i t  or A,, is used as t h e  t a s k  performance metric. The t o t a l  
tesl: tic? for experienced s u b j e c t s  is on t h e  order  of 30 seconds. 

O) Block Dioqrm 6) Root Locus 

Figure I .  CTT Task Elements and Root Locus S t a b i l i t y  Analysis 
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A s  i n d i c a t e d  i n  Fig. I ,  t h e  s u b j e c t ' s  t a s k  per fonnence  depends on a 
v i sua l /moto r  dynamic time delay  (re), a g a i n  ($1, and i n t . r n a l  n o i s e  or 
remnant (random c o n t r o l  a c t i o n s ) .  The s u b j e c t ' s  time d e l a y  dr ;ate8 t h e  shape  
of  t h e  root Loois ( t h e  pure  time d e l a y  causes  t h e  complex branches  t o  bend t o  
t h e  r i g h t )  wh i l e  $ determines  t h e  o p e r a t i n g  p o i n t  on t h e  locus.  I n c r e a s i n g  
t h e  t a s k  i n s t a b i l i t y  ( A )  t r a n s l a + E a  t h e  e n t i r e  l o c u s  t o  t h e  r i g h t  or u n s t a b l e  
d t r e c t i o n .  The parre g a i n  clostire d i c t a t e s  two primary close loop  roots ( a  
pure  ttme delay  a c t t i a l l y  g i v e s  an  i n f i n i t e  number of roots, but  t h e  lowest 
frequency p a i r  d t c t a t e  t h e  s t a b t l i  t y  c h a r a c t e r i s t l c s ) .  The o p e r a t o r  ' 8  optimum 
s t r a t ~ g y  t e  to  set Up t o  locate both c l o s e d  loop  p o l e s  on t h e  imaginary J x i s  
a= Indtca ted .  The t a s k  is con t in l i a l ly  p e r t u r b e d  by t h e  o p e r a t o r ' s  i n t e r n a l  
n o i s e  source.  As t h e  p o i n t  o f  c l cued  loop  L n R t a h t l i t y  is approached,  t h e  
underdamped r Losed loop system response  t e n d s  to  i n c r e a s i n g l y  ampl i fy  d i s p l a y  
d e f l e c t i o n s ,  a fl tst  caus ing  a r e d u c t i o n  i n  t h e  au topac ing  rate, then  f i n a l l y  
te rmfni l t tng  a t r i a l  when t h e  d t s p l a y  bounds are exceeded. Theue t h e o r e t i c a l  
a s p e c t s  have boen c a r e f u l l y  v a l t d a t e d  by exper iments  i n  t h e  USA (Refs. 2 and 
3 ) ;  and Nether landn (Ref. 17). 

Impai rvents  can a f fec i :  t h e  human o p e r a t o r ' s  c o n t r o l  capabf Li ty  Cn t h r e e  
ways: 1) increarred v is i ia l /motor  time de lay  (re); 2) i n t e r f e r e n c e  w i t h  accur -  
a t e  Kp adjus tments ;  3 )  i n c r e a s e d  noise .  Any Combination o f  t h e s e  t h r e e  
impairment e f f e c t s  would t end  to  reduce  t h e  a c h i e v a b l e  t a s k  score9 A,. 
S e v e r a l  p a s t  s t u d t e s  have been conducted on t h e  e f f e c t s  of  a l c o h o l  on A,. 
Summary r e s u l t s  are p l o t t e d  i n  3 g .  2. As noted  h e r e ,  r e s u l t s  have been 
ex t remely  r e l i a b l e  across s e v e r a l  p a s t  s t u d i e s .  

Impairment De tec t ion  S t r a t e g y  (IDS) 

Details of ihe development and o p t i m i z a t i o n  of  t h e  I D S  have bee41 d e s c r i b e d  
p rev ious ly  (Refs. 15 and 18). The objective of  t h e  IDS is to  maximize t h e  
chance of d e t e c t i n g  o p e r a t o r  impairment w i t h  a minimum number of CTT trtals. 
Th i s  r e s e a r c h  developed a s t a t i s t i c a l l y  based d e c i s i o n  s t r a t e g y  t o  maximize 
test d i s c r i m i n a b i l i t y  (i.e., low f a i i  rate for normal 

0 Ootes, 1975 b 
13 Ootas I975 a 

0 .05 .IO .I5 .20 
Biood Alcohol Concentration (BAC )%wt/vol  

o p e r a t o r s  and h i g h  

P tgu re  2. Fxper imenta l  Q. -1lte of  Alcohol  E f f e c t s  on 
CTT Per fo tmmce  .'her % s1 P a s t  Research  S t u d i e s  
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f a i l u r e  rate f o r  impaired operators). The IDS development and optimization 
s t a r t e d  with an analys is  of the  statistical proper t ies  of CTT performance 
(Ac). A n a l p i s  of past  data  showed t r i a l - t o - t r i a l  and between subject  p e r  
formance v a r i a b i l i t y  t o  be q u i t e  consis tent  across  severa l  s tud ie s  (Refs. 15 
and 18) and a r e l i a b l e  e f f e c t  of a lcohol  impairsent w a s  noted as i l l u s t r a t e d  
i n  Fig. 2. It was also found t h a t  subjec ts  could be rapidly t ra ined  on t he  
CTT but res idua l  long tern s k i l l  improvement would have t o  be accounted for.  

Based on the  statist ical  ana lys i s  of past data severa l  IDS requirements 
were established: 1) s i g d f i c a n t  perfoneance d i f fe rences  between operators  
require  individualized pass criteria; 2) s t a b l e  performance score variance and 
r e l a t ive ly  independent trial-to-ttial performance v a r i a b i l i t y  allow the  use of 
simple mult iple  sampling strategies; and 3) loag term res idua l  s k i l l  Improve- 
ment would require  ptocedures f o r  sampling and per iodica l ly  upgrading perform- 
ance criteria. 

The important statistical cha rac t e r i s t i c s  of CTT performance r e l a t i v e  t o  
IDS development can be i l l u s t r a t e d  with cumulative d i s t r i b u t i o n  funct ions as 
shorn i l r  Fig. 3. The d i s t r ibu t ions  are normalized end averaged across a l a rge  
cumber of subjec ts  and ? lo t ted  on probabi l i ty  paper (a Gaussian d i s t r i b u t i o n  
p l o t s  as a s t r a i g h t  l ine) .  The da ta  are normally d i s t r ibu ted  cver  a wide 
range, and the  alcohol  e f f e c t  is c lea r ly  indicated.  The baaic requirement df 
the  IDS is that sampled subjec t  performance met exceed a prese t  pass level .  
Several sampling strategies were analyzed and t e s t e d  with past da ta  bases 
(Refs. 15 aad 18) and, f o r  various reasons, a one pes8 out of severa l  

99.9[ 1 I I , , I , , , , 

l l l l l l l  I l l 1  

-3.0 -2.0 - -1.0 0 1.0 
AA * A-ASob,, (md/bacl 

Critical Task Score Decrement 

01 0414 from Ootes, /9=6 

Figur 3. C I T  Differen t ia l  Score Dis t r ibu t ions  Averaged 
Acrose 24 Subjects in Each Experimzat 
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permit ted at tempts  was se lec ted .  With t h i s  s t r a t e g y ,  and assueing independent 
t r ia l s ,  t h e  p r o b a b i l i t y  of f a l l i n g  t h e  test is t h e  singl- t r ia l  p r o b a b i l i t y  of 
f a i l u r e  r a i s e d  t o  t h e  m e r  of t h e  number cf permit ted attegpte: 

This approach permits  us t o  simply d e f i n e  t h e  pass  l e v e l  given a s u b j e c t ' s  
performance d t s t r i h u t i o n  and a d e s i r e d  p r o b a b i l i t y  of test f a i l u r e  when sober. 
For example, f o r  a 2.5% f a i l u r e  p r o b a b i l i t y  given four at tempts ,  the  s i n g l e  
t r ia l  p r o b a b t l i t y  must be approximately 40% (i.e., (0.4f' 0.025). Given 
t h i s  sober pass l e v e l  as ind ica ted  i n  Fig. 3, one can also d e r j v e  t h e  expected 
drunk f a i l u r e  rates (l .e. ,  a t  BAC = 0.10, (0.7614 0.35 and st BAC = 0.15, 
(0.9614 0.85). A s t a t i a t t c a l  model based on t h e  above procedure was 
developed, and 13S model p r e d i c t i o n s  of f a i l u r e  rates were coolpared with f a i l -  
u r e  rates obtained with t h e  11)s appl ied  t o  p a s t  experimental  d a t a  (Ref. 15). 
The d i s c r i m t n a h t l l t y  resul tc ,  are i l l u s t r a t e d  t n  Pig. 4. 

The good agreement above hetween model and d a t a  suggest  t h a t  t h e  d e t e c t i o n  
s t r a t e g y  is well imderstoc~d, and t h a t  an  adequate procedure for e s t a b l i s h i n g  
t a s k  perfonnance pass  l e v e l s  ktas been e s t a t l i s h e d .  The above s t r a t e g y  and 
procedures embody two o t h e r  d e s i r a h l e  f e a t u r e s :  f i r s t ,  t h e  pass l e v e l s  are 
near  a s u b j e c t s  average or median performance l e v e l ,  which is s t a b l e  and can 
be determined r. ' Cablp; second, a s u b j e c t  ' 8  cumulative d i s t r i b u t i o n  func t ion  
can be used t o  eaz;tly d e t e r n i n e  pass  l e v e l ,  and also t o  upgrade t h e  pass  l e v e l  
Lo account for r e s i d u a l  s k i l l  improvement.. 

.05 .IO .I5 20  
Blood Alcohol Concentrotion 

IBAC) % w1 /vel 

01 Voriotm in r'2rmittcd Attempts 

Blood Alcohol Concentration 
(BACIK wt/vol 

b/ Vork *ion in Sober foilwe Rote 
at Constont Sober Foilure 
Rote =.02.5 I i/4/ Stroteqy 

for o One Puss in Four Attempts 

Figure 4. Impairment Detection St ra tegy  Comparison Between 
Msdel Analysis and Experimental Data ( S t r a t e g i e s  

Involve One Pass i n  Several  Attempts - l / N )  
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To va l ida te  the effectiveness of the  CTT and IDS j u s t  described, an 
experiment w a s  conducted tha t  compared CTT score with both BAC (Blood Alcohol 
Concentration; weight /volume) and driving performance i n  a driving simulator 
(Ref. 15). Subjects were convicted drunk dr ivers  obtained through the  c o o p e r  
a t ion  of the Los Angeles Municipal Courts. Twenty-four so cal led volunteers 
were permitted t o  parcicipata i n  the experiment as a condition of probation, 
and, i n  exchange, received a reduction i n  t h e i r  court sanctioned fine. 

After being accepted, the subjects  were required to par t ic ipa te  i n  three 
2-hour t ra in ing  sessions and threc rull-day experimental sessions. Each sub- 
ject par t ic ipated i n  one placebo and two drinking sessions. The subject popu- 
l a t i o n  was divided i n t o  three groups matched fo r  age, sex, and dr iving experi- 
ence, and the order of occurrence of placebo session w a s  d i f f e ren t  fo r  each 
group. 

Validation experiment r e su l t s  are summarized i n  Fig. 5. Notice, f i r s t ,  
t ha t  the  discr iminabi l i ty  data agree with the statistical model developed from 
past  experimental studies. More lmpartantlp, analysis  of slamlator data shows 
a high correlat ion between simulator accidents and test, fai lure .  As shown i n  
Fig. 5, pre-drlve CPT f a i l u r e s  detected 81% of subsequent simulator accidents. 
These correlat ions between predicted and ac tua l  test performance show tha t  it 
is now possible t o  both predict  and ver i fy  vehicle operator impairment using a 
cybernetic task such as the  Crit ical  Tracking T e s t  i n  combinatton with a s u i t -  
ab le  Impairment Detection Strategy. 

Additional f indings were also obtained on subject  t r a ln lng  procedctes. 
CTT performance obviously has a strong motivational component. The val idat ion 
experiment subjects  were assigned by the  t r a f f i c  court  and were not t ru ly  
motivated volunteers. Several subjects  exhibited a lackadais ical  a t t i t u d e  

c 
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Q, 

Q 
$ 

5 

U n i w i r e d  
Accihts * 0 .ox .IO .I5 
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01 C T T Impairment Discriminabilify, b)  CfT Failure Oetecfion 
of Simulator Accidenfs Dora and Statistical MOW bmporison 

Figure 5. Results from Laboratory Validation Experiment. 
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d u r i n g  t r a i n t n g ,  and were nor encouraged  by t h e  p o s i f f v e  r e i n f o r c e m e n r  pay- 
ments  t h a t  were o f f e r e d  for g o d  performance.  In a suhaeqcient tr t i ln ing  exper- 
imect (Kef. 19) i: was found t h a t  g i v l n g  a time penal ty  (30 s e c o n d  wat:) far 
test  fail . ires vas a much more e f f e c t i v e  way t3 d e a l  with n o n - v o l u n t e e r  sub- 
jects  who were motivalied main ly  t o  minimize t h e i r  time Involvement .  

PXEW VALI.MTION EKPBRIlWM" 

The p l l rpos i  of the f i e l d  v a l l d a t f o n  e x p e r i m e n t  was t o  d e n o n s t r a t e  Ebat a 
v e h i c l e  mounted CTT/rDS could be a s s i g n e d  t o  c o n v i c t e d  drunk d r i v e r s  or. a 
practical basts.  This i n c l u d e d  s e l e c t i o n  ;Ind a s s i g n m e n t  by t r a f f i c  cour'.s and 
e x c l u s i v e  rou;frie use by t h e  recipients f o r  a s i x  rncnth p e r i o d .  The veh!cle 
mounted t e s t  equipment ,  shoun i n  Fig. 6, combined :he CTTIIDS i n t o  a sysfem 
c a l l e d  tt;e Drunk Driving Warning System ( D D W S ) ;  and was i n s t a l f e d  i n  t e n  !978 
Chevrolet Nova auios. The subjec:  had t o  pass t h e  DDWS t e s t  in o r d e r  t o  deac-  
t i v a i e  cer ta in  alarms: t h e  car  c o u l d  be d r i v e n  w i t h o u t  p a s s i n g  t h e  Lest, b u t  
in t h i s  c a s e  t h e  emergency f lashers would o p e r a t e ,  and i f  the  car was dritlen 
o v e r  13 m i l e s  per h o u r ,  t h e  h o r n  would honk once per second.  If t h e  d r i v e r  
failed rhe t e s t  ( f o u r  f a i l  t r i a l s  tn a u c c e s s i c n ) ,  che computer  r e q u i r e d  a ten 
mfnti&e w a i t  b e f o r e  re;esctng was pennttted. 

Various coun:ermeasiires were incorporated : n t o  t h e  DDWS EQ p r e v e n t  c h e a t -  
ing. These  i n t l u d e d  s e a l i n g  camponencs and c a b l e s  :o p r e v e n t  or r e v e a l  p h y s i -  
c3l tampering, and r e q u i r i n g  r e t e s t i n g  1.f t h e  d r i v e r  left. t h e  d r i v e r ' s  seat or 
op2ned h i s  door a f t e r  s t a r L t n g  :he tesc. An e ' i e n t  recorder was a l s o  i n c o r p o -  
r a t e d  into DDVS t o  moni:or :he driver's u s e  0.' ROWS and r e c o r d  i m t a n c e s  of 
t e c t  t a t i u re  andjar d r c v i n g  with alarms a c c i v a t e d .  E x t e n s i v e  u s a g e  d a t a  by 
time of day were o b t a i n e d .  

01 <*L p ref -7 spay  and 3rtePitng :Yhee/ Control 6) Tfuffck AIu~!nled Electronics una L.u>;c??P 
DO'? Recorder 

Figure 0 .  V e h i c l e  Hounted F i e l d  T e s t  A p p a r a t u s  
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Two municipal court  judges were wi l l i ng  t o  administer t he  DDWS as a sanc- 
t i o n  t o  convicted drunk drivers.  The Cal i forn ia  l a w  was temporarily aodif ied 
t o  permit experimental evaluat ion of the  DDWS sanction. Approval and/or 
cooperation was obtained frm various state agencies (e.g., t he  Department of 
Motor Vehicles) i n  ordor t l ,  carry out t he  f i e l d  test program. Nineteen 
dr ivers  were subsequer.tly assigned DDWS vehicles  t o  be used exclusively over a 
s i x  month period. Their licenses were restricted so t h a t  they could not 
lega l ly  dr ive any other  vehicle. After I n i t i a l  t r a in ing  the alarm system vas 
act ivated and the  subjec ts  were required t o  check-in a t  two week in te rva ls .  
During the check-in sessions,  the  car and DDWS system were inspected, and the 
data  tape was removed and computer analyzed. The subjec ts  were debriefed and 
questioned about test f a i l u r e  episodes. (There was no penalty f o r  admitt ing 
such instances during the test period.) 

The overa l l  r e s u l t s  were derived from three  basic daCa sources: 
1) recorded data  which was re t r ieved  and reviewed at the  biweekly check-in 
Se8Si0118; 2) in-depth assessments developed during data reviews and debrief-  
it,s a t  the  biweekly check-ins; 3)  s t ruc tured  interview da ta  obtained from 
subjects ,  colleagues, and r e l a t ives  of subjec ts ,  court  and state agency per 
sonnel associated with the  program, and o thers  associated with the  general  
drunk dr iving problem. Results from these three  sources were as follows. 

Recorded D R ~  

Recorded data  were analyzed t o  look f o r  DDWS inf luence on dr iv ing  pat- 
terns, subject performance, and the  a b i l i t y  of DDWS t o  de tec t  impaired 
drivers.  Requiring the  dr iver  t o  take the  C3T test with or without the DDWS 
alarms act ivated seemed t o  have l i t t l e  e f f e c t  on day or night dr iv ing  pa t te rns  
(Ref. 16). An analys is  of test passes and f a i l u r e s  was performed f o r  check-in 
sessions at the  beginning and end of Phase I1 (alarms and the  end of 
Phase I and beginning of Phase 111 (alarms - off).  The purpose of t h i s  ana lys i s  
was t o  determine whether having the  alarms ac t iva ted  a f fec ted  vehic le  usage. 

Data f o r  test attempts as a function of t i m e  of day are i l l u s t r a t e d  i n  
Pig. 7. Chi-squared ana lys i s  showed the  test attempt d i f fe rences  between 
alarms on and off t o  be marginally s ign f f i can t  (p = 0.038). On a r e l a t i v e  
bas i s  the  alarms on VS. off  test attempts are small except f o r  t he  ea r ly  morn- 
ing hours (12:00-4:00 am). Time of day differences were obviously highly sig- 
nif icant .  Time of day in t e rac t ions  with test attempts and performance (pass/ 
f a i l )  were found t o  be s ign i f i can t  while most weekday vs. weekend in t e rac t ions  
were found t o  be small or not s ign i f i can t  (Ref. 18). Thus, fu r the r  ana lys i s  
was r e s t r i c t e d  t o  time of day ef fec ts .  

Fa i lure  rates €or various time periods are i l l u s t r a t e d  i n  Fig. 8. Day 
time f a i l u r e  rstes were about what was expected (I.e., 2.5 percent)  based on 
the procedure used t o  set individual ized CTT pass scores. Nighttime f a i l u r e  
rates were three  t o  seven times g rea t e r  than t h i s  leve l ,  however, which is 
consis tent  with high incidence of drinking and dr iv ing  during nighttime 
“recrea t iona l / soc ia l”  periods VS. daytime t r i p s  f o r  commuting t o  and from work 
and running errands. 
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In-Depth Analysis 

Since no object ive data was iivailable on subjec t  blood alcohol  concentra- 
t i on  (BAC), t he  a b i l i t y  of DDWS t o  circuevent dr lnking/dr iving t r i p s  rests on 
circumstant ia l  object ive evidence such as shown i n  Fig. 8. Debriefing inform- 
a t ion  was obtained on a l l  test f a i l u r e s ,  however, and t h i s  da ta  w a s  combined 
with object ive da ta  as stwmarized i n  Table 1 t o  f u r t h e r  c l a s s i f y  test f a i lu re .  
Total  test f a i l u r e s  have been par t i t ioned  according t o  whether the d r i v e r  was 
f e l t  t o  be sober, impaired, o r  whether some equipment problem might have 
caused the  f a i l u r e  (equipment malfunction episodes were experienced with 
severa l  subjects) .  

D i f f e ren t i a l  test scores (test score-pass l eve l )  were computed from the  
cassette logged data ,  and when t h i s  score  w a s  greater than -0.4 (i.e., t h e  
test  score was greater than 0.4 u n i t s  below the  pass l eve l )  tlie subjec t  was 
assumed t o  be sober when the  test was taken. This assumption was based on 
ana lys i s  of a s ta t is t ical  model f o r  CTT scores and amounts t o  a 95 percent 
l eve l  of confidence t h a t  BAC w a s  less than 0.05 percent wt/vol (Ref. 18). I n  
the  l e v e l  i n  the  beginning was  case of subjec t  19, it was f e l t  t h a t  h i s  pass 

- 

Subject 
Number 

01 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 
19 
20 
22 

TABLE 1. IN-DEPTil ANALYSIS OF TEST FAILURES 

T e s t  Fa i lures  

Tota l  

36 
20 

5 
4 
6 
4 

14 
8 

17 
38 
29 

6 
4 

26 
112 

13 
9 

Sober 
(AXp > -0.4) 

9 
6 
3 
2 
4 
3 
9 
4 
9 

26 
12 
5 
3 

2:* 
12 
4 

Problem 

3 
8 
0 
1 
1 
1 
2 
1 
1 
6 

12 
0 
2 

10 
8 

Impaired 

24 
6 
2 
1 
1 
0 
3 
3 
7 
6 
5 
1 
0 

11 
81 

0 1 
2 1 3  

Trips  
With 

A l a r m s  

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
5 
1 
0 

* 
A X p  -0.2 
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set too high, so his t o t a l  f a i l u r e s  f o r  AX 2 -0.2 were used. Problem f a i l u r e s  
were in te rpre ted  fro= t he  in-depth ana lys i s ,  and the  impaired f a i l u r e s  were 
given by 

As noted i n  Table 1, even i f  we  account f o r  sober and problem f a i l u r e s ,  
there  s t i l l  remain a s ign i f i can t  port ion of impaired f a i l u r e s ,  with two sub- 
j e c t s  accounting f o r  the  majority of these. The DDWS alarms should de t e r  t he  
subjec t  from driving,  but as recorded by t h e  da ta  logger and ind ica ted  
i n  Table 1 th ree  subjec ts  drove with the  alarms act ivated.  

Subjects  17 and 20 had i so l a t ed  incidences where the  car had t o  be moved a 
shor t  distance.  Subject 19 ac tua l ly  admitted t o  occasional ly  dr iving h i s  car 
without passing the  test a f t e r  drinking. This cons t i tu ted  a f a i r l y  ser ious  
v io l a t ion  of one of t he  conditions of probation, and the  court  was so noti -  
f ied.  Subject 19 was cooperative,  however, and it was recommended t h a t  he be 
permitted t o  remain i n  the  program. 

Debriefing Information Analysis 

The municipal cour t s  and Cal i forn ia  Department of Motor Vehicles ca r r i ed  
out  t h e i r  pa r t  i n  pro jec t  support without se r ious  problems. The cour t s  do 
need an individual  t o  take charge of subjec t  screening, however, as was ava i l -  
ab le  through the  West Los Angeles Municipal Court. Also, l i cense  r e s t r i c t i o n  
needs t o  be indicated on the  f ron t  of t he  l i cense  t o  alert enforcement person- 
ne l  and o thers  (e.g., car r e n t a l  agencies) of the  DDWS use r ' s  r e s t r i c t e d  driv- 
ing privi lege.  Cal i forn ia  is cur ren t ly  inves t iga t ing  t h i s  feature and may 
provide i t  i n  the near future .  

Publ ic  accep tab i l i t y  f o r  the  DDWS concept has been q u i t e  good, once the  
object ives ,  approach, and background have been f a i r l y  presenter.. News media 
accounts of DDWS were f a i r  and many times pos i t ive ,  although oLcaslonally with 
some minor misinformation. Pos i t ive  opinions have a l s o  been e l i c i t e d  by o ther  
individuals  associated with the  drunk dr iv ing  problem, including r e l a t i v e s  
and colleagues of t he  DWI offender8 employed here as subjects .  

F ina l ly ,  subject  acceptance was q u i t e  good. No one found the  DDWS t o  be a 
hardship, and most found it t o  be a d e t i r a b l e  and e f f e c t i v e  sanction. Most 
subjec ts  would choose DDWS compared t o  f ines ,  l i cense  r e s t r i c t i o n  or suspen- 
s ion,  or j a i l .  

The da ta  presented here  and elsewhere (Ref. 18) i nd ica t e  t h a t  a DDWS 
equipped vehicle  can maintain good impaired d r ive r  d i sc r iminab i l i t y  i n  a f i e l d  
se t t ing .  As t o  whether subjec ts  d r ive  a f t e r  tes t  f a i l u r e ,  in-depth ana lys i s  
showed only three  subjec ts  drove with the  alarms on (a v io l a t ion  of probation 
which I s  recdrded by the DDWS data  logger). One subjec t  was determined t o  
have driven while impaired, end even i n  t h i s  case there  is some indica t ion  
t h a t  thc dr ive was made a t  low speed. Thus, test f a i l u r e  would appear t o  sig-  
n i f i c a n t l y  d e t e r  DWI t r i p s .  
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The CTT/IDS could be used as a cyberne t ic  sc reening  device i n  o t h e r  sce- 
n a r i o s  such as: d a i l y  screening  oi commercial o r  government v e h i c l e  opera tors ,  
i n d u s t r i a l  process o r  power p l a n t  opera tors ,  etc. "Cardlkey" systems could be 
used t o  permit a common device t o  be used by a number of i n d i v i d u a l s  whereiil 
t h e  ind iv idua l  scores  are updated i n  t h e  card v i a  a magnetic s t r i p .  F i n a l l y ,  
t h e  impairment d e t e c t i o n  system (IDS) could be used with o t h e r  Cybernetic 
t a s k s  t h a t  might piove t o  be s e n s i t i v e  t o  o t h e r  aspects of human opera tor  
impai merit . 
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ABSTRACT 

The re la t ionsh ip  between the movement time (MT) f o r  accurate and rap id  
d isc re te  movepents of distance A t o  a target  o f  width W was quant i f ied  b; 
F i t t s  and i s  given by the equation: 

MT = a t b log2 (2A/W) 

This re la t ionship,  known as F i t t s '  Law, has received considerable support 
f o r  many types o f  movements. It also raises the i n te res t i ng  question: i f  MT 
i s  a f fected by distance moved and accuracy, then how do the pat terns of muscle 
ac t  i v a t  i on a 1 t er? 

Recent studies on elbow j o i n t  movements ind ica te  tha t  f o r  movements o f  
d i f f e r e n t  amplitudes, e i t he r  the i n tens i t y  o f  the E% o r  the time course 
increase: wi th  increasing distance. 

We studied how accuracy of movement a f fec ts  the patterns o f  muscle 
act ivat ion.  The study was performed on the ankle j o i n t  because of the 
asymmetrical nature o f  extensors and f lexors.  Seven subjects made accurate 
and rap id ankle movements o f  12, 18 and 24 degrees t o  targets  o f  2, 4 and 8 
degrees. The data suggest t ha t  the agonist muscle was act ivated fo r  a longer 
time and w i th  greater i n t e n s i t y  f o r  la rger  movements. 
burst  increases f o r  increases i n  ta rge t  siz, but the amplitude was not 
affected. It appears tha t  the pat tern o f  ac t i va t i on  i s  modified i n  bot 
i n t e n s i t y  and durat ion according t o  task demands. 

The durat ion o f  the EMG 

Data i s  presented t o  show the e f fec t  o f  adopting d i f f e r e n t  movement 
s t ra teg ies  on the pat tern o f  muscle ac t i va t i on  and the consequent ve loc i t y  
p r o f i l e .  The in te r re la t i onsh ip  o f  various kinematic and EMG var iables i s  
considered. 
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INTRODUCTION 

The neuropbvsioloqical  mechanisms under ly inq voluntar,y, purboseful ,  r a p i d  
l imb movements from one p o s i t i o n  t o  another has bcen a f e r t i l e  t o p i c  o f  
research f o r  centur ies.  nescartes (1637) proposed an e laborate c o n t r o l  model 
o f  agonist  and antagonist  a c t i v i t y .  

One t y p i c a l  p a t t e r n  of muscle a c t i v a t i o n  associated w i t h  s e l f  t e rm ina t ing  
movements has been described as t r i y h a s i c .  This re fe rs  t o  the f a c t  t h a t  i n  
electromyographic a c t i v i t y  (EMG) the re  i s  an agonist  burst ,  an antagonist  
b u r s t  and a second agonist  burst .  Ir, a qeneral sense t h i s  p a t t e r n  seems most 
compatible w i t h  an impulse-t iming theory o f  movement c o n t r o l  (Schmidt, 
Zelaznik, Hawkins, Frank and Quinn, 1979; Wallace, 1981; Wallace and Wright, 
1982) i n  wb,ich movement i s  c o ! i t r o l l e d  i n  terms o f  successive b u r s t s  o f  
a c t i v i t y  t h a t  propel the l imb and then a r r e s t  the movement. From t h i s  theory, 
p r e d i c t i o n s  nave bee: generated r e l a t i n g  d i f f e r e n t  p a r t s  o f  t h e  EMG p a t t e r n  t o  
d i f f e r e n t  types o f  movement. 

I n  i t s  s implest  form the impulse-t iming model suggests t h a t  t he  agonis t  
bu rs t  propels the  limb and the antagonist  bu rs t  decelerates t h e  limb. This  
theory i s  s i m i l a r  t o  the bang-bang c o n t r o l  o f  arl i n t e r t i a l  load us ing  minimum 
time c r i t e r i o n  (Smith, 1962). Nei ther  tne0r.y requi res a t h i r d  burst .  

I f  movements are regulated i n  t h i s  way, then the fo l l ow ing  quest ions 
ar ise.  When a l imb i s  moved successively f u r t h e r  distances, what are t h e  
c o n t r o l l e d  parameters o f  t he  E M U  Whzt are the  e f f e c t s  o f  asking a person t o  
v o l u n t a r i l y  change the speed o f  h i s  movements? Many o f  these f a c t o r s  i n v o l v e  
t rade -o f f s  and the l i t e r a t u r e  i s  not  c l e a r  on these issues. 

I f  we consider t h e  mechanism f o r  moving d i f f e r e n t  distances F-: i?d and 
Budingen (1978) suggest t h a t  t a r g e t  d i r e c t e d  movements r e q u i r e  approximately 
the same tiri no mat ter  how la rge  the  d is tance covered. This f i n d i n g  i s  very 
important s ince i t  imp l i es  a mechanism which ad jus ts  v e l o c i t y  t o  ho ld  t ime 
constant, a f i n d i n g  i n  c o n t r a d i c t i o n  w i t h  F i t t s '  Law (1954, 1964) t h a t  
p r e d i c t s  t h a t  movement t ime should systemat ical  ly increase as movement 
d is tance i s  increased o r  t a r g e t  s i ze  i s  deci .ased. Close i nspec t i on  of thP 
procedures used by Freund and Budingen, however, suggests t h a t  t h e i r  data i s  
compatible because they a1 lowed requi red t a r g e t  accuracy t o  decrease as 
movement distat tce and v e l o c i t y  increased, the  w l l - known  speed-accuracy t rade-  
o f f .  Ghez (1979) has a lso provided evidence i n  favor o f  keeping d u r a t i o n  
r e l a t i v e l y  constant and postu la tes a mechanim i o r  modulati-.q peak 
accelerat ion.  Nei ther  a r t i c l e  repo r t s  a systematic eva lua t i on  o f  t h e  EMGs. 
Lest ienne (1979) does and a l so  po in ts  out t h a t  movement d is tance does no t  
a f f e c t  agonist  durat ion.  This f i n d r n g  a lso receives support from Brown and 
Cooke (1981) who mainta in  t h a t  "Although the graph i n  Fig. 38 suggests a t r e n d  
f o r  t h i s  bu rs t  t o  increase i n  du ra t i on  as movement ampli tude increased, 
regression ana lys i s  i n d i c a t e s  t h a t  any such change has l ion-s ign i f icant . "  (p. 
101) . 

I n  d i r e c t  con t ras t  t o  the above f i nd ings ,  Wadman, Denier van der Gon, 
Geuze and Mol (1979) suggest t h a t  EMG ampli tude stays constant and durai;:I,n 
increases as d is tance moved increases. Also, Angel (1974) found t h a t  t he  
du ra t i on  of' the i n i t i a l  EMG vo1le.y I S  prolonqed. Ln ' *a  (1983) kas extended 
the  speed c o n t r o l  system hypothesis t o  m u l t i d i r e c t i b o d c r l  and m u l t i a r t i c u l a r  
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movements and has shown thab both s k i l l  leve l  and d i rec t i on  o f  xvement have 
an e f fec t  on the durat ion o f  the net f l exo r  torque. 
however, ne i ther  movement ve loc i t y  nor movement time kpre control led.  

In  these <xperiments, 

How might these f ind ings be reconciled? One p o s s i b i l i t y  i s  t ha t  ve loc i t y  
i s  a regulated fac to r  and i s  control 'ed by a mechanism tjhich adjusts the ra te  
o f  r i s e  o f  tension i n  the muscle. As long as movements are generated a t  less 
than maximal veloci ty,  moving fas te r  i s  accomplished by increasing the r a t e  of 
tension r i s e  ( increasing EMG amplitude) and holding duratior: constant. 
However, t h i s  system i s  ra te  l im i ted  as is rbvious from H i l l ' s  equation (1938) 
for the force-veloci ty re lc t io3ship.  The same mechanism could be used t o  move 
3 l imb further. However, when a large distance needs t o  be covered as rap id l y  
as possible, durat ion may have t o  increase i f  maximum r a t e  oc r i s e  o f  tension 
cannot occur i n  the time taken for the short  movement. Duration would a lso 
have t o  increase i f  t: 2 maximum ra te  o f  r i s e  o f  tension i n  a given durat ion i s  
i n s u f f i c i e n t  f o r  the required movement. 

As a s ta r t i ng  point, l e t  us assume tha t  F i t t s '  Law does hold f o r  tne 
types of movement beinq considered. F i t t s '  Law re la tos  mvement t ime (FIT) t o  
distance moved and target  s i t e  i n  the fo l lowing [,lanner: 
(2A/W), where a and b are m p i r i c a l l y  determined constants, A = d i s t m c e  moved 
and W = the target  width. W t h  t h i -  i n  mind, l e t  us the consider the  
impl icat ions o f  the pulse-step iFoJel f o r  the f i r s t  agonist burst. 
t o  Ghez (1919), rap id limb d is ,  --mnts o f  the cat are cont ro l led  9y a 
p u l s a t i l e  output which i s  nodi . i n  amplitude and of approximately constant 
duration. 
reduced t c  a c o n s t v t  which would be some Pleasure o f  the t i m -  f o r  muscle 
ac t iva t ion  (see Freund, 1983, ~ p .  420-421). I f  d is t rnce  moved requires a 
change i n  the time o f  the f i r s t  burst, then a closer approximation i s  AD = a t 
c A, where c i s  the scal i rb7 factor. I f  both distance and ta rye t  s ize  are 
important, a formula t o r  agonist durat ion rou ld  resemble AD = a + c (A/W). It 
should be obvious tha t  t h i s  i s  indeed a s imp l i f i ca t i on  since agonist i n t e n s i t y  
i s  also a l t e r i n g  as a funct ion o f  distance and i d e a l l y  t h i s  should be 
incorporatea. 
re la t ionsh ip  between EMG and force i n  non-isometric movements (Agarwal and 
Got t l  ieb, 1982). 

MT = a t b log2 

According 

This suggests tha t  an quation for agonist durat ion (AD) would be 

However, t h i s  w i l  I requi re  a be t te r  understanding o f  the 

Studies which quan t i t a t i ve l y  r e l a t e  the f i r s t  antagonist ' x r s t  t o  varicus 
m0vemer.t requ-irornents are few. As Ha l le t  a .d  Marsden (1979) tlavs pointed out, 
antagonist EMG i s  notor ious ly  unre l iab le  and iumercx authors have f a i l e d  t o  
present it. One of tk? dis t ingu ish ing  factors o f  tne t r i phas i c  pat tern i s  
t ha t  the antaqonist bucst occurs dur inq the s i l e n t  per iod between the tw 
agonist bursts; i .e., the bursts occur successively and not concurrently. 
However, evidence is  accumulating tha t  movements are not necessar i ly  
cont ro l led b j  a l te rna t ing  bursts. As ear ly  as 1736, Winslow (see Ti lney and 
Pike, 1925) sugqested coact ivat ion was important i c i  movement control .  Corcos 
(1982) found approximately 20 percent o f  a l l  t r i a l s  were t r i phas i c  and t h a t  
coact ivat ion occurred a t  least  as f requent ly when i n d i v i d m l s  made rap id  
mcveients t o  a arqet. 

Sni th (1981) has suggested tha t  a l t e rna t i ng  p i i t terns (which may o r  may 
not be t r iphas ic )  occur wher 

1) res i i tance prevents displacement, 



2) i n  rhythmic movements, e.q., locomocion o r  mastication, o r  
3)  novements are of low ve loc i ty  o r  low milscular tension. 

Coactivation occurs when: 

I )  
2) movements are made a t  high velocity. 

tension needs t o  be prec ise ly  contro l led or  

The re la t ionsh ip  of the antagonist burst t o  ve loc i ty  has been studied by 
Lestienne (1979). 
agonist force exceeds the passive v iscoelast ic  tension developed by the 
extensor and f lexor  muscles. Fur high speed movements, there was a 
substantial overlapping i n  agonists and antagonists during the accelerat ion 
componen’ 

He suggested i t s  purpose i s  t o  act as a brake when the 

Mustard and Lee (1983) also analyzed the braking function. They showed 
tha t  as movement amplitud- increased, the exc i ta t ion  leve ls  of the muscles 
increased but duration remained constant. They also considered the e f f e c t  o f  
movement velocity. A well  defined antagonist burst d i d  not occur u n t i l  the  
ve loc i ty  exceeded 250 degrees per second. With fu r ther  increases i n  ve loc i ty ,  
the antagonist burst increased i n  size and occurred e a r l i e r  i n  the course of 
the movement. 
antagonist duration increases as distance covered increases but EMG a c t i v i t y  
remains constant. Waters and St r i ck  (1981) showed tha t  i t  was abolished when 
i t  showed no functional purpose. 

I n  apparent contrast, Orown and Cooke (1961) maintain tha t  

Another candidate fo? regulat ion has beeq proposed by Hogan (1984). His 
suggestion i s  tha t  the antagonist modulates mechanical impedance t o  maintain 
posture. 
leve ls  o f  simultaneous ac t iva t ion  involved i n  maintaining upr ight  arm posture 
and tha t  the leve l  o f  coact ivat ion increases as grav i ta t iona l  torque 
increases. 
increase as torque, caused by factors  other than gravity, increases. Hogan’s 
study i s  one o f  the few i n  the area tha t  considers tha t  d u r i q  contraction, 
muscles (both agonists and antagonists) are not merely force g-lnerators but 
qarrable compliances as well. This compliant prcser ty  1s pro4:bhly o f  na jo r  
imp3rtance i n  understanding how movements terminate Lit t h i s  issir? has been 
over1 ooked. 

In a simple demonstration, he showed tha t  there are s i g n i f i c a n t  

It would, therefore, seem plaus ib le  tha t  coact ivat ion would 

No studies have been found which re la te  movement accuracy t s  the 
underlying contro l  messages portrayed by surface EMG. That i s ,  recent 
neurop .tiologic.al studies which use EMG have ignored s!ch o f  the relevapt 
psychological 1iterat.ure sbch as tha t  o f  C i t t s .  who d i d  not measure EMC. 

Tnerefore, the purpose of t h i s  paper i s  t o  consider h3w patterns o f  
muscle ac t iva t ion  are a l te red  by: 1) moving d i f f e r e n t  distances, 2) moving t o  
targets  o f  d i f f e r e n t  sizes. Human subjects were asked t o  make rap id  t l ex ion  
and extension movements about the ankle and elbow jo in t s .  The elbow j o i n t  has 
been studied b.y numerous investigators. The ark le  j o i n t  i s  included i n  t h i s  
study because o f  very s ign i f i can t  dif ferences i n  biomechanical proper t ies of 
the f lexor  and extensor muscles and thei;. respective r o i e  i n  posture. 
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METHODS 

A l l  experiments were performed using seven normal human subjects. A 
subject sat comfortatfly i n  a cha i r  wf th  h is /her  foot placed on a foo tp la te  so 
tha t  the medial malleolus was aliqned with the ax is  o f  rotat ion.  When a 
comfortable pos i t i on  was established, the foot was t i g h t l y  secured by Velcro 
straps . 

A video monitor was posi t ioned about a meter i n  f r o n t  of the subject so 

The Apple 
tha t  d i f ferent  combinations of movement condi t ions could be displayed. The 
video monitor d isp lay was generated by an Apple I1 microcomputer. 
generated a d isp lay o f  the s t a r t i n q  pos i t ion  f o r  a mwement, the amplitiide o f  
the movement and the width oF "ne tarqet.  F s ignal  corresponding t o  l imb 
pos i t ion  was also displayed. A general purpose computer (SPC-16, General 
Automation) was used t o  contrc '  the experiment and record data on four  input  
channels: 
for  the f lexor  and extensar muscles. The foot p la te  i s  attached t o  a torque 
motor w i th  pos i t ion,  ve loc i t y  and torque feedback t o  simulate d i f f e r e n t  load 
dynamics. A very s im i la r  apparatus i s  used f o r  elbow movements. 

the j o i n t  angle, the torque, and the r e c t i f i e d  and f i l t e r e d  EMGs 

For the ankle j o i n t ,  the  EM& were recorded from t'a t i b i a l i s  an ter io r  
( f l e x o r )  and the soleus muscles (extensor). For the elbow j o i n t ,  the  EMGs 
were recorded from the biceps ( f iexor )  and the t r i ceps  muscles (extensor). 
The d e t a i l s  of EMG processing are given i n  Agarwal and Got t l+?b (1977). 

RESULTS 

The data reported here represents pre l iminary observations on seven 
subjects. The subjects were asked t o  d o r s i f l e x  the ankle j o i n t  12, 18, and 24 
degrees t o  targets  o f  2, 4, and 8 degrees width. They were asked t o  make 
accurate movements as fas t  as possible. 
f lex ion  movements t o  targets  o f  2, 4, and 8 degrees width. 

They also made 18 degree p lantar-  

Figure 1 shows a0 ind iv idua l  making 12, 18 and 24 degree movements t o  a 2 
degree target  as wel l  as a movement w i th  no ta rge t  constraint .  It can be seen 
tha t  the movements are generated by d isc re te  bursts o f  a c t i v i t y  which are 
scaled t o  the nlovewnt requirenencs. Scaling occurs i n  both the agonist and 
an tagon i s t  mu sc 1 es . 

Figure 2 shows the same ind iv idua i  making an 18 degree p lan tar  f lex ion  
movement t o  a 2 degree target.  If EMGl i s  considered, i t  can be seen t h a t  
considerably more ac t i va t i on  O C C U ? ~  when soleus i s  ac t inq  as the agonist than 
when it i s  act ing as the antagonist (compare t o  E X 1  i n  EKAI08 from Figure 
1). The same f ind ing i s  t r u e  f o r  EMGE, t i b i a l i s  anter ior .  

Figure 3 shows another suoject pef?rming the same set o f  movements. 
we coipare the condi t ion i n  which there was no ta rge t  cons t ra in t  t o  the 
condi t ions i n  which there were, it can oirsily be seen tha t  there are 
substant ia l  d i f ferences i n  the kinematics. The EMG patterns also reveal 
concofiitant changes. 
and are regulated by a cnntinuous signal  which cannot be pa r t i t i oned  i n t o  
d isc re te  bursts. 

If 

The movements t o  the target< are very slow and precise 

Figure 4 por t rs j ;  an 18 degree p lan tar  f l ex ion  movement t o  a 2 degree 
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Figure 1 shows average data (approximately 10 t r i a l s )  f o r  a subject  
making 12. !S and 24 degree movements t o  a two degree ta rge t  (BKA106, BKA108, 
6AKlll). BkA113 depicts a ?4 degree movement t o  no target.  EMG2 re fers  t o  
t i b i a l i s  an ter io r  which i s  tne agonist. EMGl re fe rs  t o  soleus which i s  the  
antagonist. Angle data i s  i n  degrees, ve loc i t y  i n  degrees per second and 
accelerat ion i n  degrees per second per second. 
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Figure 2 shows averaqe data from the same subjec: as i n  Figure 1. The 
individual i s  making an 18 degree g lantar f lexfm movment t o  a 2 degree 
target. EMGl refers t o  soleus which i s  now acting as the antagonist. It 
should be noted that i t ' s  scale i s  3.5 times larger than that i n  Figure 1. 
EMGL refers t o  t i b i a l i s  anter ior  kiose scale i s  one tenth o f  that  i n  Figure 1. 
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Figure 3 contains the same variables as i n  Figure 1. The only difference 
i s  that  the data i s  from a d i f f e r e n t  subject. 
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6 ! show the average data from the same subject as i n  Figure 3. 
b,'atted on the same scale i n  both figures. EM62 ( t t b i a l i s  ' -- 

' 5  ncs larger than tha t  i n  Figure 3. 
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target. Again, i t  i s  i n te res t i ng  t o  compare dors i  and p lan tar  f lex ion  
movements. I f we compare GCAOO5 (Figure 3) with GCA013, i t  can be seen tha t  
EMGl (soleus) has s im i la r  ac t i va t i on  as both antagonist (GCAOO5) and agonist 
(GACO13). However, EMGP ( t i b i a l i s  an ter io r )  has a t  leas t  ten times more 
ac t i va t i on  when i t  i s  ac t ing  as the agonist (GCAOO3). 

Even Glen rap id movements are made, the patterns o f  some ind iv idua ls  
should be considered as d isc re te  bursts only w i th  considerab?e reservation, 
For example, Figure 5 demonstrates mul t ip le ,  successiwe burst; o f  agonist and 
antagonist ac t i va t i on  which are coactivated. The data are an ind iv idua l  t r i a l  
o f  a subject making a 75 degree elbow extension movement t o  a 3 degree 
target. This example h igh l i gh ts  tha t  extreme caut ion must be taken i n  t r y i n g  
t o  character ize two continuous patterns of  EMG a c t i v i t y  by a small set of 
parameters descr ib ing durat ions and in tens i t ies .  
reciprocal  and coactivated a c t i v i t y  i s  occurr ing impl ies t o  us tha t  i n t r i n s i c  
muscle compliances make major cont r ibpt ions t o .  j o i n t  torques; wi thout 
understanding these torques the EMG patterns cannot be explained. 
especia l ly  t r u e  when rap id movcrnents are made and ef fect ive load compensation 
i s  required (Gr i l lner ,  1972). 

Although the EMG pa t te rn  i s  more complicated than two o r  three f i x e d  
bursts o f  act ivat ion,  we attempted t o  make measurements from the f i r s t  agonist 
and f i r s t  antagonist burst. This was done t o  es tab l i sh  how the f i r s t  pa r t  of 
the signal i s  scaled w i th  respect t o  distance and ta rge t  s i te .  Spec i f i ca l l y ,  
i s  the durat ion o f  the f i r s t  burst  agonist burst  independent o f  d istance 
moved? 

The fac t  t ha t  so much 

This i s  

E f fec t  o f  d is t?nce - and ta rge t  s ize  on ankle agonist durat ion 

The durat ion o f  the f i r s t ,  agonist burst  was determined by v isual  
inspect ion and computer assisted measurements o f  the ind iv idua l  t r i a l s .  These 
t r i a l s  were then averaged and the resu l t s  are presented i n  Table 1. The data 
are the ccnbined average o f  ten t r i a l s  f o r  a l l  seven subjects. A repeated 
measures analysis o f  variance was performed on the data. 
s i g n i f i c a n t  e f fec t  o f  distance moved F (2.24) = 11.03, p < .E and also for  
ta rge t  size, F (2,24) = 3.69, p < .05. There was no in teract ion.  This 
suggests tha t  EMG durat ion increased when longer movements were made and a lso 
when movements were made t o  la rger  targets. It i s  a f i nd inq  which causes a 
problem f o r  a s t r i c t  i n te rp re ta t i on  of the pulse-step model since these are 
opposinc; e f fects .  

There was a 

Ef fect  o f  d istance and ta rge t  s ize on ankle agonist i n t e n s i t y  

corresponding t o  duration. The r e c t i f i e d  and f i l t e r e d  a c t i v i t y  are presented 
i n  a r b i t r a r y  u n i t s  i n  la!  . 2, The same s t a t i s t i c a l  t e s t  was adopted. 
Distance moved was s ign i f i caq t ,  F (3,12) = 17.7, p < .05, but ta rge t  s ize  was 
not. This suggests tha t  longer movements are made by increasing the i n t e n s i t y  
o f  muscle contraction. The conclusion f o r  ta rge t  s ize w i l l  be t reated w i th  
caut ion since inspect ion o f  the data suggests consistent increases i n  
i n t e n s i t y  across ta rge t  width f o r  a l l  three distances moved. One poss ib le  
reason f o r  the s t a t i s t i c a l  nom-significance o f  the i n t e n s i t y  data i s  the 
inconsistency aci-oss-conditions o f  one of our seven subjects. Table 3 shows 
normalized i n t e n s i t y  ( i n t e n s i t y  d iv ided by durat ion)  and supports the idea 

In tens i t y  was determined by i n teg ra t i ng  the area under the EMG curve 

166 



CGElS7 

la*eOl *) I 

-10. 

EL. EXT. 75-3 
-50 TIME 

Figure 5 depicts an individual t r i a l  of a 75 degree elbow extension 
movement t o  a 3 degree target .  EMGt refers t o  the t r iceps and EM62 t o  the 
biceps muscle. Angle i s  i n  deqrees, velocity i n  degrees per secocd and 
accelzration i n  degrees per second par second. 
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TABLE 1 

DURATION OF FIRST AGONIST EMG BURST (ms) 

Distance (deq) 

12 18 24 Ave 

Target 2 

Si te  (deg) 4 

8 

Ave 

67 84.7 94 81.9 

72.6 87 .O 93.4 84.3 

82 83.6 97.1 87.6 

73.9 85.1 94.8 

TABLE 2 

INTENSITY OF FIRST AGONIST EMG BURST 

Target 2 

Sire (deg) 4 

8 

Ave 

DI stance (deg) 

12 18 

23.4 36.8 

26.8 42.1 

31.5 47.4 

27.3 42.1 

24 Ave 

51.6 37.3 

55.7 40.9 

64.5 47.8 

56.6 
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t ha t  increased i n t e n s i t y  i s  not caused only by an increase i n  the durat ion o f  
the contract ion but by scal ing o f  i n t e n s i t y  and duration. The exact form o f  
the funct ion remains t o  be elucidated. We need t o  manipulate a wider range o f  
distances and target  sizes. 

Effects of distance and ta rge t  s ize on ankle antagonist durat ion 

agonist muscles except that there was no e f f e c t  o f  ta rge t  width on EMG 
duration. The data are presented i n  Table 4. 

The findings of the antagonist muscle are very s im i la r  t o  those of the  

Effects o f  distance and ta rge t  s ize on ankle antagonist i n t e n s i t y  

In tens i t y  increased as a funct ion o f  distance moved, but not ta rge t  size. See 
Table 5 f o r  the i n t e n s i t y  data and Table 6 f o r  the normalized data. 

The resu l ts  are very predic tab le from the data already presented. 

DISCUSS I O N  

This study suggests tha t  i t  i s  i l n l i ke l y  that a l l  movements are i n i t i a t e d  
by a pulse of constant duration. 
i n i t i a t e d  by an agonist burst  which i s  scaled both i n  the amount o f  ac t i va t i on  
and the durat ion of ac t i va t i on  according t o  e i t h e r  distance, ta rge t  size, 
veloci ty,  o r  a combination of factors. The number o f  bursts var ies 
considerably and fur ther  research i s  required t o  establ ish:  
affect the pat tern o f  the s ignal  and 2) how d i f f e ren t  patterns produce 
movement t ra jec to r ies .  

Instead, i t  seems tha t  movements are 

1)  which fac to rs  

The antagonist burst  can occur a t  any time fo l lowing the agonist burst  
and i s  also scaled. Further studies are required t o  es tab l i sh  the course of 
the scal ing re la t ionsh ip  between the agonist and antagonist muscles and 
ascertain whether they are cont ro l led  independently o r  as a un i t .  
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Objectives and Background: 

In spite of numerous publications 11) it is still rather 

unclear, whether color is of any help in semar displays. 

The work presented here deals with a particular type of 

sonar data, i.e. 8 LOFAR-grams (low frequency analysing and 

recording) where acoustic sensor data are continuously 

written as a --frequency plot. me questicm to be 

answered qcantitatively is, whether color coding does 

improve target detection when compared with a grey scale 

d e  

In order to enable an experimental evaluation, synthetic 

test pictures have been developed that show vertical target 

lines in front of noisy background on a high precision 

Tv-scrsn. Experimental variables were the signal-to-noise 

ratio, background noise level, background intensity, and 

7 variations in color or grey scale. The generation of 

reasonable scales turned out to be a major problem, since 

the steps must be equally spaced in terms of chrominance 



photo-:olorimetric space concept as proposed by Galves 

and Brm [2,3]. Figure 1 below shows representative dimen- 

sions of this space for color m-monitors. 

1 
Fig .  1:  Photo-colorimetric space 

'G 

LL 
6 )OD27 

A computer algorithm has been developed that automatically 

generates scales with in  this space, e . g . ,  from blue 

(20 cd/m2) over red (40  cd/m') to white ( 1 4 0  cd/mz), and i n  

1 7 6  



addition indicates the number of jnd's available on this 

path. A prerequisite to run this algorithm is a nomogram 

(see F i g .  2) that must be established for the particular 

TV-monitor in use. 

Nichtlmearer Bereich 

BARCO TYf -  .c&T 2/51 

m 
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0 
,03. J1 J 2 1 

ANSTEUERSPANMJNG U[d 

Fig. 2: Typical relation luminance/gun-voltage for a 

color TV-monitor 
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Results : 

A signal detection experiment has been performed using the 

test pictures described above w i t h  7 grey scale and color 

codes. Results are presented as receiver-operating charac- 

teristics (ROC-curves) , where the background noise level 
turns out to be the main factor. (The specimen presented 

in Figure 3 is taken from a pilot study). 

H i t  

I 

1 . 1 '  I I . I I 
I 

0 . 8  

1.6 

0 . 9  

False alarm 

F i g .  3: ROC-curves for various codes dtrd ii psrtirvlar 

background noise level. 

178 



The data show significant differences in ROC-performance 

for the selected codes. In addition it turned out, that the 

background noise level affects the performance dramatically 

for some color codes, while others remain stable or do 

even improve. This paper presents generally valid rules, 

how to generate useful color scales for this particular 

application. To our knowledge, comparable quantitative data 

on color coding have not been published elsewhere so far, 
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MANUAL-CONTROL ANALYSIS APPLIED TO TEE MONEY-SUPPLY CONTROL TASK 

R. C. Whgrove 
NASA P!es  Research Center, Moffett Field,  CA 94035 

ABSTRhCT 

rhe recent procedure implemented by the  Federal Reserve Board t o  control 
the money supply is formulated i n  the  form of a tracking model as used i n  the  
study of manual-control tasks .  Using t h i s  model, an analysis is  made t o  
determine the e f f ec t  of monetary control  on the f luctuat ions i n  economic 
output. 
of f luctuat ions a t  frequencies near t he  region of h i s t o r i c  business cycles. 
However, with s ign i f icant  t ime 1- in the  control loop, monetary control  
tends t o  increase the  amplitude of the  f luc tua t ions  a t  the higher frequencies. 
The study out l ines  hckt the invest igator  o r  student can use the  too ls  developed 
i n  the  f i e l d  of manual-control analysis  t o  study the nature of economic fluc- 
tuations and t o  examine d i f fe ren t  strategies f o r  s tab i l iza t ion .  

The re su l t s  ind ica te  that monetary control  can reduce the amplitude 

LIST OF SYMBOLS 

G 

GNP 

j 

K 

M 

m 

‘m 

r 

T 

t 

X 

tr 
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control gain 

Gross National Product 
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random monetary disturbance 

random nonmonetary d l s  t urbanc e 
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time, y r  

re turn t i m c ,  yr  
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rate of growth in r e a l  GNP, 100 d(1og X)/dt, X/yr 

damping r a t i o  (nondimensional) 
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w o s c i l l a t o r y  frequency, rad /yr  

na tu ra l  frequency , rad/yr  ("n 

A va r i a t ion  &out long-term trend 

( ) o  long-term trend 

( I t  t a rge t  

I. INTRODUCTION 

Adam Smith i n  [ l ]  observes a na tu ra l  tendency of free-market s o c i e t i e s  
t o  balance supply and demand through exchange using t h e  p r i ce  mechanism. 
This se l f - regula t ing  system is dynamic with f luc tua t ions  caused by a d i v e r s i t y  
of e f f e c t s  from individuals ,  business * government, and nature.  Within t h i s  
system, t h e  weal th  of  a na t ion  is i n  t h e  output of goods and services rather 
than i n  the  supply of money used f o r  exchange. 
be n e u t r a l  with respect  t o  real output i n  t h e  long run, t he re  can be short-  
term e f f e c t s  of money on real output. 
real output  as  t h e  economy se l f - regula tes  t o  new ove ra l l  p r i c e  l e v e l s  t ha t  
are caused by changes i n  the  money supply. 
work of Milton Friedman 131, a model for these  economic dynamics was developed 
by Dean Taylor i n  [4]. This model was used by t h e  author i n  151 t o  study how 
output f luc tua t ions ,  termed "business cycles," have been influenced by t h e  
h i s t o r i c a l  movements i n  the money supply. 
t o  study how the  na ture  of output f luc tua t ions  can be influenced by the  recent  
change i n  t h e  procedure used by the  Federal  Reserve Board t o  con t ro l  t h e  
money supply. 

Although t h e  money supply may 

David Hme i n  [2 ]  observes changes i n  

Following t h e  t h e o r e t i c a l  frame- 

This paper uses t h e  model f u r t h e r  

As described i n  [6]-[9], a new opera t ing  procedure t o  con t ro l  t he  money 
supply was implemented by t h e  Federal  Reserve Board i n  October 1979. 
o v e r a l l  pol icy i s  t o  t a rge t  just enough gre,...zh i n  the money supply t o  f inance  
a sus ta inable  growth i n  economic output,  and not so much as t o  feed i n f l a t i o n  
[ lo] .  
Federal  Reserve Bank i n  New York t o  m-nually cont ro l  the actual path i n  t h e  
measured money supply toward the t a r g e t  path i n  money supply. This con t ro l  
t a sk ,  which seeks t o  reduce devia t ions  between t h e  measured and t h e  t a rge t  
values ,  represents  one form of a so-called " t racking task" i n  t h e  f i e l d  of 
manual cont ro l  [ I 1  1, 1121. To provide a means to  study the  dynemic proper t ies  
of t he  new monetary-control procedure, this paper w i l l  u t i l i z e  methods t h a t  
have been used extensively i n  manual-control ana lys i s .  

The 

The operat ing procedure i s  implemented from the  t r ad ing  desk a t  t h e  

The paper is  srganized i n  three  sec t ions .  The f i r s t  s ec t ion  introduces 
the  model t h a t  w i l l  be used t o  represent  the dynamic r e l a t ionsh ip  between t h e  
growth of money supply and the  growth of real  Gross National Product (GNP). 
The next s ec t ion  considers t he  recent ly  implemented procedure ( s e d  t o  cont ro l  
t h e  money supply, and formulates t h i s  con t ro l  t a s k  i n  t h e  form of a t racking  
model. The last sec t ion  then combines the models from t h e  previous sec t i cns ,  
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and s tudies  the  e f f e c t s  of monetary con t ro l  on the na ture  of the  f luc tua t ions  
i n  the growth of real GNP. 

11. ECONOMIC DYNAMICS 

Following t h e  theo re t i ca l  framework of Friedman [3] ,  a model f o r  the 
economic dynamics w a s  developed by Taylor 141 as a l inear second-order d i f f e r -  
e n t i a l  equation. As shown i n  Fig. 1, the  input  va r i ab le  is the growth of 
money supply m 
x is t h e  growth of real GNP and x, is the  long-term growth trend. The 
parameters used t o  character ize  the self-regulat ing dynamics are t h e  na tu ra l  
frequency wn and damping r a t i o  6 ,  and a gain K. Representative values 
f o r  these perameters, based on the  period 1950-1981, are % = 1.5 rad/yr,  
5 = 0.8, and K = 2 yr. These numerical values were determined through 
parameter i den t i f i ca t ion  i n  [ 5  1. 

and the  output va r i ab le  is defined as Ax * x - x,,, where 

The capab i l i t y  of this r e l a t i v e l y  simple model t o  descr ibe t h e  monetary 
contr ibut ions t o  the  growth of real  GNP f o r  t h e  period 1950-1981 is i l l u s -  
t r a t ed  i n  Fig. 1. The upper char t  i n  Fig. 1 presents t h e  measured growth of 
money supply (m) over this 32-yr period. 
sured grc,wth of real GNP (x) along d t h  t h e  ca lcu la ted  output from the  model 
(2). 
representa t ive  value of 3%/yr. 

The loker  chart presents  t he  mea- 

Tn t he  lower cha r t ,  t he  l o n e t e r m  trend (xg) is indicated by the  

As shown i n  the  lower chart of Fig. 1, t he  growth of  real GNP tends t o  
f luc tus t e  around t h e  long-term trend. The contr ibut ions t o  the f luc tua t ions  
include t h e  monetary e f f e c t s  as computed from the  model along with nonmonetary 
e f f ec t s .  
cu t ,  the  1968/69 t a x  surcharge,  and the  1973/74 o i l  shock. 
e f f e c t s  of this type and t h e i r  i n t e rac t ions  with t h e  economic dynamics are 
discussed fu r the r  i n  IS]. 

Nonmonetary e f f e c t s  during this time period include t h e  1964/65 t ax  
Nonmonetary 

Background l i t e r a t u r e  [ 131-[21] points  out t h a t ,  h i s t o r i c a l l y ,  t he  growth 
i n  money supply has moved i n  conjunction with business a c t i v i t y .  
i n  [ 5 ]  analyzes how these procycl ical  movements i n  the  money supply reduce the  
damping of the  o v e r a l l  (closed-loop) system dynamics. Such l i g h t l y  aamped 
dynamics when subjected t o  random disturbances tend to  produce business cy -la. 

The study 

Figure 2 presents a histogram of past  business cycles  (1857-1980) i n  com- 
parison with t h e  representa t ive  value f o r  t h e  na tu ra l  frequency, 
wn = 1.5 rad/yr.  We observe t h a t  most bus imss  cycles  are gathered about the 
na tu ra l  frequency i n  a region from about 0.5 t o  3 rad/yr.  
c y c l i c a l  movements w i l l  be termed the business-cycle frequency range i n  later 
discussions.  

T h i s  region of 
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111. MONETARY CONTROL 

I n  October 1979, a new operat ing procedure was implemented t o  con t r c l  
the money supply. 
reduce any e r r o r  between t h e  t a rge t  trend i n  money supply and t h e  measured 
trend i n  money supply. 
Fig. 3, depend upon a chosen value f o r  what is termed t h e  ' ' return time," 
t r  [9] .  I n  t h e  context of manual-systems ana lys i s ,  the inverse  of the  re turn  
t i m e  ( l / t r )  is equivalent t o  the  value f o r  t h e  "gain" used t o  reduce the 
e r ro r .  
the  lower p a r t  of Fig. 3. 
over model t ha t  has been used e x t e n s i v d y  i n  t h e  f i e l d  of manual-control 
ana lys i s  111 1. I n  rhis formulation, t h e  monetary-control gain ( i / t r )  is 
represented by G. 
supply and t o  implement t h e  policy' is represented by a time delay 
turbances i n  the  growth of money supply are represented by the  r e s idua l  

As described i n  [6]-[9],  t h e  concept uses re turn  pa ths  t o  

The r e tu rn  paths,  s -e tched  i n  t h e  upper par t  of 

A mathematical model f o r  this monetary cont ro l  t a sk  i s  presented i n  
This formulation is based on t h e  s tandard cross- 

The time required t o  a sce r t a in  t h e  e r r o r  i n  t..e money 
T. D i s -  

rm.  

Representative values f o r  the  parameters G and T have been estimated 
from some of the  past  da ta  t h a t  are shown i n  Flg. 4. The upper graph presents  
t he  t a rge t  growth i n  money supply given i n  terms of year-to-year t a r g e t  ranges 
fo r  M 1 .  
on the  month-to-month changes (annualized) i n  M 1 .  Representative t racking 
d a t a  are i l l u s t r a t e d  a f t e r  implementation of t h e  new operat ing procedure. 
These da ta  start i n  the  sp r ing  of 1980 (following a f a i r l y  s t rong ,  downward 
monetary dis turbance apparently caused by c r e d i t  r e s t r i c t i o n s  a t  t h a t  t i m e )  
and continue through mid-1982 (at  which t i m e  t he  cont ro l  of M1 was relaxed 
because of f inanc ia l  innovations and regulatory changes upcoming i n  l a te r  
months). Using these  representa t ive  time-series da ta ,  t h e  parameters G and T 
were estimated by a two-parameter search method as i n  [12] .  Values f o r  t h e  
gain 
be cons is ten t  witb the values  as described i n  [9] .  The  values f o r  the  t i m e  
delay T were estimated t o  be about 0.1 y r  t o  0.2 yr .  These values appear 

The laser graph presents  t h e  measured growth of money supply based 

G were estimated t o  be approximately 3 /yr  t o  4/yr ,  which appear t o  

reasonable based on a descr ip t ion  of the  operat ing procedure as discussed i rr  
16 1-[91 

T3e general  t rend of the  t a r g e t s  during the  period f ron  1979 through 
mid-1982 was t o  reduce t h e  growth i n  money supply by about 1/2% f o r  each year. 
A trend l i n e  i n  t h e  measured growth of  t he  money supply during t h i s  period i s  
shown i n  t h e  lower graph i n  Fig. 4. 
w e l l  t h e  trend i n  t h e  t a r g e t s  from 1979 t h o u g h  mid-1982. We a l so  note  large- 
amplitude, shorter-period f luc tua t tons  about t h e  t rend i n  t h e  measured growth 
of money supply. 
cont ro l  t a sk  w i l l  be examined fu r the r  i n  the  next sect ion.  

We observe t h a t  t h e  t rend matches q u i t e  

These frequency-response c h a r a c i e r i s t i c s  of t h e  monetary- 

'implementation is primari ly  through t h e  buying o r  s e l l i n g  of U.S. 
securities on t h e  open market [6]-[9]. The time delay T include8 the time 
required f o r  open-market operat ions t o  a f f e c t  the growth of money supply. 
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IV. ANALYSIS 

Using the  monetary-control model, t h i s  s ec t ion  f i r s t  examines the e f f e c t s  
of monetary cont ro l  on the nature  of '.he f luc tua t ions  i n  t h e  growth of money 
supply. The monetary-control model Is next combined with t h e  economic model 
from Eection I1 t o  study the  e f f e c t s  of monetary cont ro l  on the  na ture  of t h e  
f luctuscions i n  the growth of real  GNP. 
then consiaerea,  leading t o  a f i n a l  note  on t h e  extensions of t h i s  analysis  
approach. 

An example of policy feedback is 

A. Monetary-control dynamics 

The time-response cha rac t e r i s t i c s  of the monetary-control model are 
i l l u s t r a t e d  by the  graph i n  Fig. 5 .  T h i s  grc I shows the  time h i s to ry  i n  the  
growth of money supp ly  m responding t o  an Lmpulse i n  the disturbance rm. 
The gain G is fixed a t  3 /yr ,  represent ing a 'eturn time of t r  = 0.333 y r  
(4 mol. 
the  t i m e  delay T. For t h e  computed d u n e  with T 5 0 ,  the  response is an 
exponential decay with a t i m e  constant equivalent t o  the  re turn  t i m e  
The othdr curves show that the  e f f e c t  of t h e  t i m e  delay T i s  t o  increase  
the tendency t o  overshoot and produce an o s i i l l a e d r y  response. 
occurs ( fo r  G = 3/yr) when t h e  t i m e  delay T is grea te r  than about 0.13 yr 
(1.5 mo). 
disturbances rm. 

The curves i n  t h i s  graph have been computed f o r  d i f f e r e n t  values  of 

tr. 

Overshoot 

We next examine the  response f o r  the more general  range of possible  

The frequency response cha rac t e r i s t i c s  of this t racking model are i l l u s -  
t r a t e d  by the graph i n  Fig. 6. 
represent ing the  f luc tua t ions  in the  gro-th of money supply (m) caused by 
random monetary disturbances (rm). The wmes i n  this y a p k  have been com- 
puted f o r  differznt-value t i m e  delays T ,  w i th  t h e  gain G f ixed  a t  3/yr.  
The curves show t h a t  t h e  amplitude of the  f luc tua t ions  i n  m, owing t o  r m ,  
are reduced primarily a t  those f r q u e n c i e s  below the  numerical value of G 
( the  gain G is equivalent t o  the  bandwidth, o r  crossover frequency). The 
e f f e c t  of t he  t i m e  delay T is t o  increase  t h e  amplitude of the  f luc tua t ions  
i n  m at  t h e  higher freque- ies ( for  reference: t he  money-supply t racking 
da ta  i n  Fig. 4 appear t o  sh 7n 9.1 increased amplitude of the f luc tua t ions  in 
m at the  : '*her  frequency rapge of approximately 6 t o  10 rad/yr;  i.e., cycle  
periods on t h e  order of a year o r  less). 

T h i s  graph shows the  mult ipl ier  l m / r m l  

B. Monetary con t r c l  and economic dynamics 

Using this t racking model, we can examine the  e f f e c t s  of monetary cont ro l  
on t h e  general  nature  of economic a c t i v i t y .  
flow diagram a t  t h e  top  of Fig. 7 ,  T h i s  f l a w  diagram shows the monetary- 
cont ro l  model combined with t h e  model from sec t ion  I1 represent ing economic 
dynamics. The lower p a r t  of Fig. 7 presents a frequency-response graph t h a t  
i l l u s t r a t e s  the e f f e c t  of t he  monetary cont ro l  on economic f luc tua t ions .  
graph shows the  mul t ip l ie r  l A X / r m l  represent ing t h e  amplitude of t h e  f luc-  
tuar ions i n  the  growth of real GNP (Ax) caused by monetary disturbances (rm). 

The mechanism is  shown i n  the  

T h i s  
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The curves i n  Fig. 7 have been computed f o r  d i f f e r e n t  values of tbe  t i m e  
delay T. 
amplitule of t he  econamic f luc tua t ions  are reduced primarily i n  t h e  region of 
frequencies near t he  h i s t o r i c  business cycles  (near the na tu ra l  frequency of 
the bas ic  economic system) With the l a rge r  value of time delay T, on the 
order  of 0.2 yr, moneta-y cont ro l  tends t o  increase  the amplitude of t he  
f luc tua t ions  a t  the higher frequcncies. 

The r e s u l t s  indicate t h a t  with monetary con t ro l  (G = 3/yr) t h e  

I f  the t i m e  i.elay T could be kept t o  a s m a l l  value,  these r e s u l t s  
suggest that monetary cont ro l  has t h e  po ten t i a l  t o  reduce the  amplitude of 
t he  f luctuat ions caused by monetary disturbances.  
however, there st i l l  remains those economic f luc tua t ions  caused by nonmone- 
t a r y  disturbances (nomnonetary e f f e c t s  were previously discussed with Fig. 1 
and are calculated as One say  considered t o  reduce the ampli- 
tude of the  f luc tua t ions  caused by nomonetary distarbe. .ces is through the  use 
of poiicy feedback. 

Even wlth monetary cont ro l ,  

rX = x - GI. 

C. Monetary cont ro l  and policy feedback 

A formulation of t h e  closed-loop system with a pol icy feedback path is 
presented a t  the  top  of Fig. 8. The general  concept here  is t h a t  the t a r g e t  
growth i n  money supply (mt) is t o  move countercycl ical  witn t h e  state of the 
economy (Ax). The monetary-control m d e i  is from sec t ion  1x1, and t h e  
economic model is from sec t ion  11. External dis turbances include both =ne- 
t a ry  e f f ec t s  (rm) and nonmonetary e f f e c t s  (rx). 
represented by a gain G' and a t i m e  delay T'. 

T h e  policy feedback is 

The e f f e c t s  of policy feedback on the nature  of e c o n d c  f luc tua t ions  are 
The upper graph shows 

represent ing the amplitude si the f luc tua t ions  in the 
i l l u s t r a t e d  by the  frequency-response graphs in Fig. 8. 
the  mul t ip l ie r  IAx/rm! 
g row5  of real GNP Ax caused by monetary d+-sLurbances rm. The lower graph 
shows the  mul t ip l i e r  I Ax/rxl representing t h e  amplitude of t h e  f luc taa t ions  
i n  the growth of real GNP Ax caused by nomonetary disturbances rX. 

The frequent,-response curves i n  Fig. 8 have t zen  computed using d i f f e r -  
ent  values for  the policy-feedback t i m e  delay T '  (with monetary cont ro l  f ixed 
with G = 3/yr and T = 0.1 yr).  Essent ia l ly ,  t h e  r e s u l t s  i nd ica t e  that t h i s  
feedback policy can reduce the  amplitude of t he  f luc tua t ions  caused by both 
monetary and nonmonetary disturbances a t  the laver frequencies. However, this 
feedbzck policy tends t o  increase the ampl i tude  of the  f luc tua t ions  a t  the 
;;igher frequencies. The e f f e c t  of t he  t i m e  delay T' is t o  increase  t h e  
amplitude of the f luc tua t ions  i n  :he upper port ion of t he  business-cycle fre- 
quency range. The r e s u l t s  i n  Fig. 8 were calculated using a representa t ive  
policy-feedback gain G' = 0.4 (nondimensional). For higher values  of gat-. 
G' (not shorn) the  e f f e c t s  of t he  time delay T' ate more pronounced i n  
amplifying the economic f luc tua t ions  I n  the upper port ion of t he  business- 
cycle f requtncy range. 

The r e s u l t s  from this study are probably i n t u i t i v e  t o  those who have 
studir 3 control  systems o r  t o  those who have s tudied  economic dynamics. 
Basically,  it is d i f f i c u l t  t o  achieve good s t a b i l i z a t i o n  i f  t he re  &re 
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s ign i f i can t  t ime delays i n  any of the  control  loops. 
Influenced by a large nmber  of f a c t x s ,  the observations are "noisy" and 
some amount of time is required t o  a sce r t a in  e c o n d c  t rends and proper 
responses. 
delays i n  the cont ro l  loops is t o  increase the amplitude of economic fluctua- 
tions a t  t he  higher frequencies. 

Because t h e  economy is 

The r e s u l t s  i n  t h i s  paper shuu that tbe major e f fec t  of tbe t i m e  

This l i n e  of inves t iga t ion  can be continued by considering other values 
fo r  the gains and t i m e  lags. 
f i l t e r ing /p red ic t ion )  and addi t ional  feedback var iab les  such as the growth i n  
pr ices ,  i n t e r e s t  rates, the unemployment rate as i n  [SI, or the growth i n  
nominal GNP as i n  [21] .  These types of extensions appear t o  be promising as a 
means to bui ld  upon and compare d i f f e r e n t  concepts &out s t a b i l i z a t i o n  
pol ic ies ,  and t o  study re la t ionshlps  among a broader class of dynamic 
var iables .  

Also, one can add d p d c  elements (e-g., 

Some r e su l t s  based on the appl ica t ion  of manual-cmtrol analysis methods 
t o  the study of economic d y n d c s  and s t a b i l i z a t i o n  have bzen presented. 
Ecomdc pol ic ies  and dynamics w e r e  formulated to  include i n t e r n a l  eleslents 
t ha t  respond to  external  random disturbances. 
monetary and nonmonetary e f fec ts .  

The disturbances include both 

The procedure used to control  the  rsoney supply w a s  modeled by ttm para- 
eters: a control  gain and a t h e  lag. Using this =del ,  t h e  s tudy ind ica t e s  
t h a t  m n e t a r y  control  can reduce t h e  aepl i tude  of the  f luc tua t ions  in output 
caused by monetary disturbances at the  lauer  frequencies near t h e  region of 
h i s t o r i c  business cycles.  
cont ro l  tends t o  increase the amplitude of the  f luc tua t ions  a t  higher 
frequencies . 

With s ign i f i can t  values of time iiig, monetary 

This study also considered a feedback policy wherein the  target growth 
i n  money supply is to  move countercycl ical  with the  growth i n  real GNP. This 
countercycl ical  policy has the po ten t i a l  t o  reduce the amplitude of the  fluc- 
tuat ions caused by both monetary and nonmonetary disturbances at lower fre- 
quencies. Countercyclical policy tends to increase the  amplltude of t he  
f '  - m a t i o n s  at frequencies i n  the upper portion of the  business-cycle fre- 
queilcy range. 

This report ou t l ines  a f a i r l y  simple qp roach  t o  mathematically represent 
the  dynamics of t h e  ove ra l l  economy under closed-loop control.  These dynamics 
are constructed by combining a linear secod-o rde r  model (section 11) with the  
monetary-control aodel (sect ion 111) and policy feedbacks (sect ion IV) .  Using 
this framework, an inves t iga tor  or s tudent  with bas ic  skills i n  l i n e a r  analy- 
sis can formulate and study how d i f f e r e n t  s t a b i l i z a t i o n  strategies tend t o  
change t h e  dynamics of t h e  economic system and modify the  amplitude of t he  
f luctuat ions that a r e  caused by random disturbances. Future appl icat ions of 
t h i s  framework might be  i n  the  development of simple dynaiaic ma,iels to be used 
i n  predict ion and forecasting. 
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Crew Factors 



WHAT PILOTS LIKE (AND D O h T  LIKE) 
A W C T  THE NEW COCKPIT TJXHNOLOGY 

Renwick E C u r w  
Aerospace Human Factors Research Dtvision 

NASA Ames Research Center 
M e t t  Field. CA 94035 

Yew cockpit technology is continually required for the 7irlines to remain competitive, and the 
manufacturers respoEd to d a r  competition. A histo:lztl view of the introduction of new 
technology suggests that the changes have not always gone as planned, and that there have 
been ;actions to the new technology *at were not anticipated. This joint AidinelNASA 
study was establish b during the introductim of a new technology aircraft, the B-767. and 
had sever.1 purpases to identify any adverse reactions IO the new technology should any 
develop (none were fouhd); to provide a *clearing house" of informatim for the airlines and 
pilots on the experiences during the introductorv period; to provide feedback on a i r h e  train- 
ing programs for the new aircraft; and to pro\ ide field data to NASA and other researchers to 
help them d$velop principles of human interaction with automated systems 

Three airlines and their pilots agreed to participate in the study. Data were obtained through 
more than 100 questionnaires returned by pilots. direct observation and interviews with pilots 
and check airmen. and attendance oy a NASA observer at the ground schools of the prticipat- 
ing irl ines 

This papr reports on the plots' perceptions of the new cackpit technology. Although the 
data repited in this paper were taken from the introductory experience of the B-767, it is 
felt that similar, if not identical. results would be obtained with any other new cockpit tech- 
nolqv a. ~ ,raft, ir, the A310. The following conclwons have been drawn from the informa- 
tion ccillected thus far: A large mapmy of the pilots enpy flying the E767 more than the 
older airplanes The pilots accept the new cockpit technology. and they choose to use it 
because they find it useful. The pllots are aware of the possible loss of dying skill with the 
presence of automatian, and they hand fly (usually with flight director) to prevent this loss. 
There is no evidence of loss of skills from the data collected in this study. The pnmary points 
of confusion er suprise were autothrottle/autopilot mteractions; the autopdot turning the 
"wrong wag" or not capturing the course; and achieving desired results with the Flight 
Management Svstem/Control h p l a y  Unit  (FMS/CDL). The pilots felt training for the 
FMS/CDL' could be improved, and they especially wanted more "hands on" experience. 

%ow with Search Technology. Inc, palo Alto, CA 



Background 

Sew aircraft technology is continually required for the airlines and manufacturers to remain 
competitive. Most of the time the new technology takes the form of small. "add+n' systems 
to existing aircraft (such as Automated Communications and Reporting System, ACAR$ or 
Ground Proximitp Warning Systems. GPWS). Infrequently. there is a dramatic change in 
cockpit techndogy. as with the introduction of the E767 and Airbus A310. 

The Operators' View 

Based on previous experience with new technology, it was expected that there would be con- 
comitant changes required in the role of the crew, piloting techniques. procedures, and train- 
ing. it was generally perceived that previous conversions to new 'ahnology dld not always 
go smoothly; that many airhnes experienced higher than expected training curas and that sosne 
pilots experienced diflkultp in the transition to the newer wide-body jets (the L-1011 a d  
DC-XO). There have been several explanations offered for this: certainly. the fight guidance 
systems on these aircraft are more complex than their predecesrors. but it has also been noted 
that the captains tramtioning to these aircraft had not k n  to schml in periods of 10 u? 15 
pears. and this mav have contributed to some of the difficulties 

The Human Factors View 

In many respects the technology of human factors has not kept pace with the technology of 
the cockpit. There is a significant body of knowledge on how to design displays and conTmls 
- material on which manual systems are based - but there is precious little material to help 
the human factors practitioner with the design of interfaces to complex deviws. It has been 
felt by many observers that the performance of such systems will be determined less by trad- 
itional manual plotkg skills bit more by the pilot's decision making behavior (what mode 
should 1 use?); his knowledge of the systems (is this thing woriing correctly'?); hls monitoring 
behavior (key strokes entered now may influence the system 5 hob3 later); and crew coordi- 
nation (set up and monitoring of the systems and other members of the crew). 

The job of the systems deslgner and operator is made even more complicated Since many out- 
comes of the design and operation (such as the loss of manual skills) do not emerge until a 
considerable amount of experience has been gained with the new equipment. This is precisely 
t k e  type of information that cannot be obtained in simulation, the traditional design m l .  

In short, new human factors techniques are required to assist in the design of new cockpit 
technology . 
Study Objectives 

TLe objectives of the pint Airline/NASA study were the following: to identify any unantici- 
pated side effeLts of the new tshnology that were related to safety; to provide feedback to the 
carriers on their training related to the new cockpit technology; to help the exchange of opera- 
tional experience among carriers; to provide quantitative data on the human factors aspects of 
the new technology; to provide field study information for later development of human fac- 
tors "principles" of automation. 

Those interested in more details and other aspects of the study should consult the Technical 
Report (Curry, 1984). 
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The study was conducted with the coasldenble help and Cooperatim of literally hundreds d 
individuals within the three participating airlmcs. Tbe m a p  sources cf informath usbd in 
the nudv are outlined in thm section. 

Ground School 

Tke SASA ohserver attended the full (2 week) ground school of one airline, and 1 sleek 
with ixtstruction of periods in ground school of the other two airlines; these periods allactded 

flqht guidance, instrumentation. and the Flight Management System. Iht observer did not 
take the oral exam or any simulator trainmg, but he did observe three four-hour simulator 
training SepSiolLE. 

. .  

Pilot Volunteers 

Pilot volunteers from the t h e e  participating aklines were solicited from thm who attended 
767 transition training. A procedure was established with the carriers whereby the pnoap-  

ity of each Not wwld be pmerved by having him adopt an identity code number. This was 
necessary to establish identification for a possible second round of questionnaires. Invitatians to 
participte in the study (a five page question and answer W e t )  were prepared for each air- 
line. Initially the mvitatxms to participate were distributed when the pilots enroiled in the 
g Jnd school for transition training. Later this was chaqed so that the pilots received 
material after their simuiator training. either before or plst after their initial operating experi- 
ence. 

Questionnaire 

The primary data collection device was the questionnaire. Over 100 returns were received and 
102 were used for most of the analyses The questionnaire corms- of three parrs: 

Frqueitcy of Use Tab& 

This part was designed to to determine what features were being used by the pilots. and how 
frequently they used these features 

Open-Ended Questions 

These questions were demgned to 5tain mformatim about the features and systems that the 
pilots like and 6nd useful: characteristics that they don't like; the aspects of the cockpit they 
would chuqe if they could; and their opinion about the training they received. 

Attitude Survey 

This ponic- consists of 36 statements (Table 1) abovt the pdots' opinions on automation and 
flying in general. and the airplane in particular; the pilots responded on a five point "agree-- 
disagree" Lkert Scale. 
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Interview and Meetings 

lnformai interviews were held with approximately 20 pilots and eight ckxk pilots. Each 
interview lasted f nun me-half to one-and-ane-half hours 

Progress report meetings were held at each of the three participamg airlines Attendees of 
these meetings consisted of representatives from fight operations management, training, line 
pilots, and check airmen. These progress ~eports sxmed to have a catalyuc effect. Since they 
usually evolved into a spirited discusions among all attendees. 

Cockpi: Ohsewation 

The NASA okrver tlew as cockpit observer on one trahing Q h t  (two pilots received train- 
ing on this flight). two segments where a captain was receiving line training. and approxi- 
mately 40 segments wii5 line pilots operating the aircraft in normal line operation. 

Internal Documentation 

The airlines made available ;my pilot reports of irregularities or incidents that occlified. 

RESULTS 

Questionnaires 

A total of 104 questionnaires had been receiked between February 22.1982 and July 31.1983 
(the cuwif date for the analysis). Two of the questionnaires could not be identified with a 
specific airline. so they have not been included in the analysis. The distribution of responses 
by airline, p t i o n  (captain/fim &cer), total flying time, and timt in the 767 is shown in 
Table 2. Perhaps the most interesting fact is that a majority of the respondents were captains, 
whereas our past experience hiis been that first &cers are usually mnre interested in studies 
of this type. 

Open-ended Questwr2s 

Without a doubt, the answers to the open-ended questions were the most dltficult to extract 
and summarize, but they yielded extremely useful informatian. Included in this category of 
responses were any notations from the comment column of the frequency of use table, or 
comments from the pilot opinion portion of the questionnaire. These additional comments 
were solicited, and were quite useful. 

After carefully examining 30 or so questionnaires, several categories of response began to 
emerge. The responses to the open-ended questions are shown in Table 3, and have been 
grouped into Features Liked, Features Missing or Not Liked, Points of ccnfusion or Surprise, 
and Training. Not included in these responses are those comments relating to human engineer- 
ing and cockpit e?.vironmental issues, or comments regarding the implementation of a particu- 
lar feature if they were not pertinent to the present study. See Curry (1984) for examples of 
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responses u) the open-ended questions 

Pilot Opinion Questionnaire 

The pilots responded to 36 statements and were asked to circle one of five answers to describe 
how they felt about the statement: strongly agree; slightly agree; neither agree nor disagree 
slightly disagree; or strongly disagree. Their responses were examined to determine d there 
was any correlation with the following variables airline, total flying time. flying time in the 
767. and their p t i o n  (e*, captain or first oilicer). In addition, a factor analysis was per- 
formed to determine if there were any underlying dimensions to the response to the 36 qws- 
tions. 

The pooled responses appear in Table 4 for eaAi cf .he 36 questions 

Airline LXJerences A contingency table znalysis was first periormed to detcrmme whether 
.Y nct t h e  any gross differences existed between airlines The respcnw ':ere $ 0 1 4  into a 3 
S ' m t r i x  consisting of the three airlines and the three responses "agree/neither/disagree". 
?!icrc- results were not significantly different from that expected by chance, thus return 
weict cmbined a c m  airlines for later analyses. 

~u, . .~ in^ 6: C.wd O&&s Each of the 36 questions was eiamined fo determine if Captains 
2nd First ~ G 2 - s  responded differently. This was done by constructing a 2 (captain/FO) X 2 
(agree/disagred contingency table for each of the 36 statements. There were 11 statements in 
which the captains and First officers agreed (p>.80, Table 5). and there was si@cant 
disagreement (pCO5) on two statements the captains agreed (and the FOs disagreed) that the 
autoland capability enhances safety. and that "automation frees me of much of the routine, 
mechanical parts of flying so I can concentrate more on managing the flight". 

Total Flying Time and 767 Flying Time An analysis was performed on the answers to the 
35 opinion questions in order to detemiine the relationship between total flying time, 767 
flying time, and captain/first officer differences and these opinion responses. This was done by 
performing e disciiminant analysis to see if the three variables could discriminate between the 
two categories (agree/disagree) on each question. While there was some e l k t  for a few state- 
mens (e.& 767 time predicted agreement with the satement "I can find the exact location of 
imprtafit controls and switches without mv hesitation"). in general, the percentage of correct 
classifications 2f responses on the basis of these three variables was always lpss than 70%. ic, 
there seems to be almost no detectable relatiwhip between the agree/dsagree respomes and 
the three variables. 

Factrrr Andy& The responses to the 36 questions were subjected to a factor analysis (there 
were 96 complete responses for this purpose). An examination of the percent variance 
explained versus the number of factors showed no significant "knee" in the curve, but 8 fac- 
tors exslained slightly more than WO of the variance. See Curry (1984) for more information 
on the factor analysis. 
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Pilot Acceptance of the New Technology 

The pilots feel positively about the airplane. More than 86% ag, ,d they "enjoy flying the 767 
more than the older aircraft" (441). Ln response to a statement (#MI about the enjoyment of 
hand flying, one pilot remarked "It's a sweetheart-tough to turn it over to automation!!. Tlus 
enthusiasm was also evident during the pilot interviews and the cockpit observations where 
the pilots also mentioned the a:-cral't performance (high climb rate and cruise altitudes) and 
the low fuel consumption. 

The New Cdkpi t  Te~htwL~gy 

The pilots also seem accepting of the new cockpit technology, they choose to use it, and they 
find it helpful. Over 87% say they "like to use the new features of the 767 as much as possi- 
ble"(#188), 7990 "use the automatic devices a lot because I find them usefuI"(#lO), although 
31% also agreed to some degree that they "use automatic devices mainly because the company 
wants me to"(#35). 

The items mentioned by the pilots are shown in Table 3. Particularly noteworthy is that the 
general capabilities of the AFDS, FMUCDU and EICAS are mentioned, suggesting their gen- 
eral agreement with the functions and implementations. Specifically mentioned items, such at 
the map display and autothrottle, are also heavily used as indicated in the frequency of use 
table (in spite of their complaints about the implementation demls of the autothrottle, Curry, 
1984). 

Worklaad 

The pilot acceptarice of the new cockpit technology, with respect to workload reduction, 
seems divided into two groups t h w  who say it reduces workload, aad those who feel operat- 
ing the devices creates a form of workload. This is reflected in the evenly divided responses 
to several questions 47% agree and 36% disagree, that "Automatian reduces overall workload" 
(#32k 53% agree and 37% disagree that "automation does not reduce overall workload, since 
there is more to heep watch over" #15; yet 7990 agree that "I use the automatic devices a lot 
because I find them useful"(#lO), regardless of any workload penalty. A workload issue for 
which there was a significant difference between captains and first officers seems based on 
their different roles captains agreed more, on the average, and first officers disagreed more, on 
the average, that "Automation frees me of much of the routine, mechanical parts of flying so I 
can concentrate more on 'managing' the flight" (#24). 

Maintenance of flying skills was a concern of the pilots. This appeared in the questionnaires 
and in the pilot interviews. For example 8790 agree that they "hand fly part of every trip to 
keep my skills up" (#14), and 8Wo agree that "pilots who overuse automation will see their 
flying skills suffer" (#18). Interestingly, this concern for other pdots did not always carry 
over to themselves because only 634 agreed that " I  am concerned about a possible loss of my 
flying skills with too much autoination" (#31). 
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The frequency of use table (Curry, 1984) shows that the pilots. in general. hand fly during 
transition and enroute climb (especially at the lower altitudes, as observed on line fights) and 
in the terminal area and final approach phases. 

blot opinion about the reliability of the equipment was measured by some of the attitude 
questions and roughly one quarter of the pilot.. expressed some concern. 2 M  of the pilots 
disagree with the statement"The new equipment is more reliable than the old" (45% 
agreed with the statemznt, and 35% neither agreed nor disagreed). Similarly, 27% agreed that 
they were 'worried about sudden failures of the ne% devices like the FMS computer and the 
CRT displays" (49). although the majority, 64% disagreed with the statement; and 26% agreed 
that they "have serious concerns about the reliability of this new equipment', and again the 
majonty disagreed (62%). 

Features Disliked 

There were few features or wncepts that the pilots did not like, although there were features 
whose implementation. they felt, needed improvement. 

FMC Response Deluy A large number of pilots felt that the response time for the Flight 
Management Computer was excessive. When a specific instance was mentioned, it usually 
involved complying with ATC requests while maneuvering in the terminal area. Although 
some of the pilots have learned that they can "type ahead" of the FMC, that is, push the 
appropriate buttons before the display requests the information, no one said they did this in 
the terminal area when rapid, accurate responses were required, perhaps because it has the 
potential for cornmining errors. 

Mechanical/EleaW Checklists One of the participating carriers used a mechanical check- 
list, and the two others used cardboard checklists. Pilots of those two carriers felt some aid 
would be useful, especially as one pilot commented, it is difKcult for a two man crew to get 
through a checklist without some form of interruption. Many of the pi!Ls felt that havhg 
the checklist displayed on the ElCAS would be beneficial. Perhaps so, but previous experi- 
nents (Rouse and Rouse, 1980) have fwnd thzt simply transferring material to the CRT does 
not necessarily improve performance. 

Locution of Circuit Breakers an3 Spare Bulbs Several pilots commented on the hability to 
reach circuit breakers and spare bulbs while remaining ic their seat. This appehrs to be a 
result of having to pcll circuit breakers frequently during the early months of line operation 
to remove nuisance UCAS messages. The need to do this has been decreasing as system pram- 
eters are adjusted. 

Although the indicators have more than one bulb, one pilot reported having both bulbs in the 
landing gear indicator burned out. The cockpit design philosophy clashes with the reality of 
line operation at this point: should the pilot continue the landing without leaving his seat, or 
should he get up to replace the bulbs? Only more experience can answer this question. 

Conrrof Wheel Steering This autopilot mode was rarely used by the pilots, and some said its 
use was discouraged during training. See Curry (1984) for further discussion of tbis topic. 
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Points of Confusion and Surprise 

Autot hrottle-VIS-SPD Interactions 

About 25% or the pilots reported experiencing some confusion. or seeicg %hers become con- 
fused about tb? interaction of the autothrottles and autopilot. The sourc.? of this confusion 
seems to be twofold: 

First, the thrust/devator combination is a complicated interaction in any aircraft, and it 
recalls the seeniingly endless debate about controlling speedialtitude with throttldelevam. 
Obviously, both strategies are possible in climb and descent. (There is agreement in some 
regimes, such as constant altitude: elevator controls altitude. thrust controls speed.) When 
these functions are automated, then, confusion and surprise are likely to follow if the pilots 
are not aware of the modes actually in use. 

The second proposed reason for the confusion of the autopilot/autothrottle interactions, is that 
this design has more features than previous systems. The autothrottle is almost always 
"armed"; in this state. it can become engaged, e.g, by engaging the SPD mode, even though it 
had been turned off with the throttle-mounted switches. Most pilots are used to autothrottles 
that can only be engaged by an autothrottle switch. The response to the questionnaires and 
the experience in line observation suggests that there is some uncertainty about the conditions 
that will allow the autothrottles to become engaged. In addition, the throttles Seem to come 
out of idle during descent at times that the pilots feel are inappropriate. 

Almost 1040 of the pilots reuv*%d some discomfort with the speed syncronization at the time 
the Flight Level Change (FLCH) m d e  is engaged; FLCH is designed to climb at  the existing 
IAS and climb thrust. The reason for the confusion seems to be that the SPD window shows 
a value at the time FLCH is engaged, but this value has no bearkg on FLCH operation since 
the displayed speed automatically changes to the existing speed when FLCH is engaged. These 
pilots felt that FLCH should hold the speed displayed in the window. instead of the existing 
speed. Perhaps the confusion arises because the other numerical parameters on the mode con- 
trol panel (altitude, heading, even speed ituelf) operate as ee!ected, not held, values. 

It is dificult, from the available data, to allocate the the autothrottle/autopilot confuion 
among the several possible sources: system design, system implementation. training, and lack 
of experience with the aircraft. 

AFDS Turns 'Wrong Way" or doesn't Capiure 

&early 2040 of the pilots reported that at one time or another, the autopilot either turned the 
wrong way (usually on LOC intercept or passing over a waypoint), or did not capture the 
desired route or course. I t  is impossible from the reports received to attribute these Occurenm 
to a lack of system knowledge, incorrect programming of the system, or equipment maliunc- 
tion. Even if the pilots could be contacted for mcre information, it would be difficult for them 
to recall all the pertinent details, and in addition, they may not know what caused the ano- 
maly. (Some pilots, in their response to the question "have you ever been surprised by the 
automatics" answered in the afirmative, but said they never had the time to determine why). 

The causes of reported "failure" of the FMS to capture a course are difficult to determine. It is 
true that several preconditions must be satisfied before capture will occur, and it was noted 
that not everyone was aware of these preconditions during the early phases of operation. 
Still, equipment malfunctions or idiosyncrocies cannot be ruled out as contributors to the 
reported instances. 
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Using The Wron,o Contrd 

Pilots report using the wrong control knob, especially the heading knob for the speed select 
knob, and vice versa. This seems to occur during the hrst few hours on the airplane, and 
disappears with exposure; no murances were observed on the line trips. 

Unselected Mode Changes 

This phenomenon was reported by 12% of the pilots, with all but two reporting a change to 
vertical speed, and the others reporting a change to heading hold; both are the default modes 
of the autopilot. One incident was precipitated by such a change. 

Training 

Subject Material Grouping 

Conversations with personnel involved in the transition training suggested that pilots felt the 
material fell naturally into three topics: aircraft systems, the Autopilot and Mode Control 
Panel, and the Flight Management System. In some sense, the same was true for the instruc- 
tors and program developers. Both the pilots and instructors seemed more at home with the 
aircraft systems. and these were learned without any appreciable difficulty even though they 
sometimes contained more automation than previous systems, e.&!., electrical source selection. 
Some pilots and instructors had previous experience with mode control panels. Instructors 
felt strongly that this previous experience made the transition easier for pilots. 

The Flight Management System was entirely new to most instructors and pilots Although 
some had prior experience with inertial navigation systems, the extensive capabilities of the 
FMS and its integrated nature were completely new to most individuals. The following com- 
ments received from two pilots reflect this view. 

"[The FMS/CDU] system is complex and so completely different." 

"I  believe that the FMC was the mOst difficult to understand during ground school 
and the first few periods in the simulator. My classmates felt the same way." 

F M S / C W  Training 

When asked Dn the questionnaire what material they wanted more or less of in training, the 
strongest responses were requests for: more FMS and CDU training (in general); more "hands 
on" experience and training with the FMSICDU; moie line-oriented CDU exercises; and less 
non-operaticid CDU material. These comments were confirmed by several line training 
pilots, who, in the early phases, felt that the pilots arrived for line training with less than 
desirable knowledg and skills about the F'MSKDL'. 

The difficulties of conducting the FMS/CDU training seemed to have come from several 
sources. First, there were many new concepts for the pilots to learn, e.g, navigating from 
autotuned radios, not from a single radio. Second, alt..mgh it is beyond the scope of this study 
to identify the conceptually difficult aspects of the system, the organization of the informa- 
tion, and the naming conventions seemed to cause problems for people. Third, and perhaps 
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mast important, there was no training device that (fmm the pilots' view) was an adequate 
simulation of the real FMUCDL!; see the comments below on Computer Aided Instrur:ion. 

Relevant Material 

I t  can be seen from the responses that many of the pilots wished they had had more "realis- 
tic' or line-oriented material in their FMS/CDC exercises and less material on features that 
were not operational. This latter request seems to have arisen fro% the scheduled versus 
actual introduction of equipment capabilities (Curry, 1984). 

In addition to the material they received that they did not nmd, the pilots also felt tha' they 
did not receive material they could have used. In the case of the FMYCDU, pilots revealed in 
interviews that they did not know how to deal with w ; t s  such as crossing restrictions until 
after their line training. Although one can argue tkat these functions would have been 
covered by the VNAV system, pilots were not given ,in interim method and sometimes did not 
receive the material in line training. Another item mentioned in the interviews, and the 
questionnaires, was a last minute change in apprdach assigned by ATC; removing old informa- 
tion seemed to be as much of a problem as sek t ing  the new approacn from the menu. 

Computer Concepts 

Two of the questionnaire respondents asked for some instruction 3n computer concepts. 

"Ground school should not teach just function of the CDU/computers, but a philo- 
sophy @f computer applications and programming as applicable to our aircraft. This 
was done whe- the [new jet turbine technology] E707 was introduced in 1958. 
Now that everbme is jet oriented, this is not necessary. So today, the computer is 
new and should be taught until everyone has the 'idea'". 

"For those of us with no computer literacy (buzz word) a 10 minute dissertation 
on computer functioning wouid help. Actually, just the thought that the damn 
thing only does what it is told would save some errors." 

One pilot suggested an even broader mpe. 

"From what I've seen so far, we could use a bit more emphasis on the 'background' 
of some of the automatics to better able a crew to understand what's happening or 
not happening when things don't go as programmed ...' 

This type of trainiilg would certainly be consistent with the idea of creating c "schema" CT 
framework about computers or automation, into which detailed informatian would more 
easily be ,:cimilated. 
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CONCLUSIONS 

The data repofled in this paper were taken from the introductory experience of the B-767, k t  
it is felt that similar, if not identical, results would be obtained with any other new cockpit 
technology aircraft, is, the A310. The following conclusions have been drawn from the 
information collected thus far: 

o A large majority of the pilots enjoy flying the E767 more than the older airplanes. 

o The pilots accept the new cockpit technology, and they choose to use it because they 
find it useful. 

o The pilots are aware of the possible loss of flying skill with the presence of automa- 
tion, and they hand fly (usually with flight director) to prevent this 1- There is 
no evidence of loss of skills from the data collected in this study. 

o The primary points of confusion or suprise were autothrottle/autopilot interactions; 
the autopilot turning the "wrong way" or not capturing the course; and achieving 
desired results with the FMSICDL'. 

o The pilots felt training for the FMS/CDU (Flight Management System/Control 
-lay h i t )  could be improved, and they especially wanted more "hands on" 
experience. More training on the mode control panel, and more hand flying were 
also mentioned. 
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Table 1. Statements Rated by Pilots 

1 . 1  a n  fly the airplane as smoothly and safely by hand as with automation. 
2. Younger pilots catch on to automation faster than older ones. 
3. Flving today is more challenging than ever. 
4. 'The FMSICDU IS easy to use in normal iine flying. 
5. 1 th irk they've gone too far with automation. 
6. Ag3:cland capability definitely enhances safety. 
7. I spend more time setting up and managing the automatics (such as the FMS/CDU) than I 

8. I like to use the new features of the 767 as much as possible. 
9. I am worried about sudden failures of the new devices like the FMS Computer and the 

10.1 use automatic devices a lot because I find them useful. 
11.1 enpy flying thf 767 more than the older aircraft. 
12. I alwdys know what  mole the Autopilot/Flight Director is in. 
13. I can fly as esciently as the FMS without its help. 
14. I hand fly part of every trip to keep my skills up. 
15. Automation does not reduce workload, since there is more to keep watch over. 
16. I can find the exact location of important controls and switches without any hesitation. 
17. Automation is the thing that is going to turn my company around and make i t  profitable 

18. Pilots who overuse automation will see their skills suffer. 
19. The AD1 and EHS1 displays are always !egible and easy to read. 
20. I am favorable toward automation in the cockpit - the more the better. 
21. Flying the 767 is definitely easier than flying other aircraft. 
22. Setting piloting priorities with this new cockpit technology is no more difficult than in our 

23. We should have full autothrottles on all the company's aircraft. 
24. Automation frees me of much of the routine, mechanical parts cf flying so I can mncen- 

25. I have serious concerns about the reliability of this new equipment. 
26. Sometimes what the automatics do or Jm't do takes me by surprise. 
27. It is easier to cross-check the other pilot in the 767 than in our other airplanes. 
28. Too much automation can be dangerous. 
29. The new equipment is more reliable than the old. 
30. It is important to me to fly the most modern plane in the company's fleet. 
31.1 am concerned about a possible loss of my flying skills with t c ~ )  much automation. 
32. Automation reduces overall workload. 
33.1 always feel I am ahead of the airplane. 
34. Hand flying is the part of the u ip  1 enpy most. 
35. I use automatic devices mainly because the company wants me to. 
36. The FMS/CDU requires little or no in-flight button-pushing below FL180. 

would hand flying or using the old style autopilots. 

CRT displays. 

again. 

other airplanes. 

trate more on "managing" the flight. 
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Table 2 Pilot Statistics 

Airline A 

Airline B 

Airline C 

x*1 Pilots 

Captain F/O Total Timdhours) 767 Timdhours) 

Minimum Mian &ximum Minimum kbdian Maximum 

15 7 8000 14ooo 23150 17 60 300 

16 12 8500 12000 24000 20 113 300 

30 22 4200 15500 25000 5 104 250 

61 41 4200 13500 25000 5 100 300 
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Table 3. Specific items mentioned on questionaires 

Frequency 

Total 
102 

FEATURES LIKED 

AFDS 

20 Autothrottle Concept/Speed Control 
14 AFDS Capabilities 
10 Takeoff Mode anJ/or EEC 
8 Reduzed Workload 
6 Altitude CaptCre/Select 

EFIS 

42 
22 Map display 
7 Green Altitude Arc 
5 Wind Vector 
4 AD1 Mode Annunciation 
2 Ground speed display 

Display and clarity of information 

48 System capabilities 
2 Route display 

EZCAS 

35 
6 Engine limits & numbers 
3 Monitoring capabilities 

Quality & Quantity of infermstion 

FEATURES MISSING OR NOT LIKED 

20 FMC response delay 
7 Want electrical/mechanical checklists 
7 Circuit breakers and spare bulbs not within reach 
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Table 3. Specific items mentioned on questiCmaires (cant.) 

25 
20 
19 
12 
i l  
11 
9 
7 
7 
6 
6 
S 
3 
3 
3 
2 
2 
2 
1 

4 

POI?;Ts OF CONFCSIOh' OR 'SURPRISE" 

Autothmttle-V/ S-SPD Interaction 
AFDS turns "wrong way' or does not engage 
Using wrong control (especially HDG/SPD) 
L'nselected mode change (10 to V I S 2  to HDG HLD) 
Removing route discontiauities and extra information 
Track/heading on map display 
Speed sync at FLCH engagement 
Early altitude capture at high climb rate 
AFDS-MCP mode (general) 
FMS/CDU w a g e  (general) 
Simultaneous Speed brakes & landing flaps 
Changing approaches on FMVCDU clcsein 
No aural trim indication 
Holding with FMYCDC 
Map dnft  
Use of J routes in FMYCDC 
High bank angles at LOC capture 
Defining waypoints from statim 
Unselecutd i e v e l 4  at FL!80 

TRALXING 

Satisfactory as is 

MOR: 
2s Fh4s >mL 
22 "Hands on' CDL' experience 
12 Hand flying 
8 AFDS-MCPtraining 
7 Practical, line-oriented CDU exercises 
6 Aircraftsystems 
3 Single engine simulator experience 

Less: 
10 Computer aided instruction 
7 3 man simulator 
3 non-operational M S  material 
2 Phase-of-fight ?resentation 
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1’dble 4. Pilot Opinion Summary (%I responses in each category) 
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Probabilitv 

.85 

.99 

.87 

.88 

-85 

.9 1 

-90 

1 .oo 

.87 

.85 

.&I 

Probahlitv 

.047 

,043 

Table 5 Contingency Table Comparison . Captains vs First Officers 
and their Response to the 36 Statements 

Statements on which there was agreement (F > 0.80) 

Statement number 

1 

4 

1 0 

12 

13 

19 

21 

22 

23 

StatemenJ- 

I can fly the airplane as smoothly and safely by hand 
as with automation. 

1 he FMSTDL' is easy to use in normal line flying. 

I use automatic devices a lot because I find them use- 
ful. 

1 always knew what mode the Autopilot/Flight 
Director IS in. 

I can fly as efficiently as the FMS without its help. 

The AD1 and EHSI displavs are always legible and 
easy to read. 

Flying the 767 is definitely easier than flying other 
aircraft. 

Setting piloting priorities with thls new cockpit tech- 
nology is no more difficult than in our other airplanes 

We should have full autothrottles on all the 
company's aircraft. 

AutomaTim reduces overall workload. 

!:and flying IS the part of the trip I e n p y  most. 

32 

34 

Staten~~its on which there was disagreement (p  < .05) 

Statement number 

6 

24 

Statement 

Autoland capability 
definitely enhances safety. 

Automation frees me of 
much of the routine. 
mechanical parts of flying 
so I can concentrate more 
on "managing" the flight. 

Captains agree more, FOS 
disagree more 

Captains agree more, FOs 
disagree more 
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p a 5  ' - 3  1,4555 
Crew Commuzication as a Factor 

in Aviation Accidents 

by Joseph Goguen', Charlotte Linde' and Miles Murphy3 

1. INTRODUCTION 

The  basic motivation for the research reported here is to reduce the incidence of those 
air transport accidents caused wholly or in part by p i A e m s  in crew communication and 
coordination. A major objective is to determine those communication patterns which 
actually are  most effective in specific situations; this requires developing methods for 
assessing the effectiveness of crew communication patterns. It is hoped that these results 
will lead to the development of new methods for training crews to communicate more 
effectively, and will provide guidelines for the design of aviation procedures and 
equipment. 

The  two main contributions of this study are a set of validated hypotheses about air 
crew communication patterns, and the development of a novel methodology for 
formulating and testing such hypotheses. Transcripts from eight commercial aviation 
accidents were used as data. Section 3 below gives a precise treatment of each 
hypothesis, while Section 2 presents the procedures used, including definitions for the 
variables occurring in the hypotheses. The  following list informally presents the result of 
test.ing each hypothesis, together with its relevance for aviation safety: 

1. 

2. 

3. 

4. 

Speech acts to superiors are more mitigated, Le., the speech of subordinates is more 
tentative and indirect than the speech of superiors. This indicates a relationship 
between the social hierarchy and the form of cockpit discourse, and provides a 
foundation for later hypotheses concerning the effects of excessive mitigation. 
Speech acts are less mitigated in crew recognized emergencies, ie.,  when crew 
members (including the captain) know that they are in a emergency situation, their 
speech is less tentative and indirect. This indicates that  crew members are able to 
vary their use of mitigation depending on their perception of the situation, and 
suggests both that experienced crews fie1 that mitigation is inappropriate in an 
emergency and that the level of mitigation may be trainable. 
Speech acts are less mitigated during crew recogniz\?d problems. This hypothesis is 
similar to the previous one, stating that when crew members know that they are in 
a problem situation, their speech is less tentative and indirect. 
Captains and subordinates differ in frequeacy of planning and explaining. This 

'Structural Semantics, P .0 .B  707, Palo Alto CA 94302, and SRI International, Menlo Park CA 94025. 

'Stwctural Semantics, P.O.B. 707, Palo Alto 94302. 

3NASA. Amea Researcb Center, Moflett Field CA 94035. 



hypothesis probes, in an indirect way, possible inhibitory effects of the social 
hierarchy on contributions by subordinates. Test results suggest that captains may 
plan and explain more than subordinates. 

5. Planning and explanation are less common in crew recognized emergencies. This 
hypothesis represents the intuition that when crew members know they face an 
emergency, they will do less planning and explaining of possible courses of action. 
Clearly an emergency calls for immediate action, but it is still possible that more 
planning and explanatioc would be useful in some emergency situations. 

6. Planning and explanation are more common during crew recognized problems. 
This hypothesis states that when cr-w members are aware that they are in a 
problem situation, they do more planning and explaining. This result indicates 
that crew members do indeed plan and explain in appropriate situations, those 
where the original flight plan is no longer adequate. 

7. Topic failed speech acts &:e more mitigated. This hypothesis tests the idea that 
excessive mit.igation can have undesirable consequences, specifically that a new 
topic is less likely to be picked up by other crew members if the speech act in 
which it is introduced is excessively mitigated. The result suggests that the 
frequent situation of a subordinate failing to get a correct point accepted might be 
improved by training in linguistic directness. 

8. Unratified draft orders are more mitigated. This hypothesis tests the idea that 
when a crew member proposes a suggestion to the captain, the more indirect and 
tentative the suggestion, the less likely the captain is to ratify it. Like the 
preceding hypothesis, this suggests the possible value of training in linguistic 
directness. 

These results show that crew conimunication patterns are frequently present in accident 
sit.uations, and suggest that they may have a significant effect on aviation safety. 

This methodology is novel in it.s use of linguistic investigation of how crews actually talk, 
using aviation accident transcripts as data, yielding an empirically grounded formal 
descripbion of communication patterns in the cockpit. An ongoing study uses the same 
methodology and hypotheses with audio and video recordings of sixteen full mission 
simulations as data [Murphy et al. 84). 

2. METHOD 

This section discusses data acquisition, the theoretical concepts which define the 
variables used in the hypotheses, and the variables themselves. 

2.1 Sampling Procedures 

There are three main stages to the sampling process: (1) the production of accident 
transcripts, (2) the selection of transcripts, and (3) coding the selected transcripts. The 
sample space that results from these procedures consists of a large number of speech 
acts, rather than, for example, a small number of transcripts or of crew members. This 
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choice seems well suited to studying relationships between linguistic behavior and 
features of the cockpit situation. On the other hand, accident transcript data is less 
suitable for studying individual differences in the behavior of crews or crew members. 
This is the case because these transcripts do not provide a sample of crews tested in a 
single standard situation, but rather show single crews in a variety of unique situations. 
We will not describe the production of accident transcripts here, except to note that this 
is an DunobtrusiveD procedure, in the sense that the collection of this data has nothing to 
do with the researchers who later analyze it. 

2.1.1 Transcript Selection Criteria 

The transcript selection criteria were developed using categories and analyses in [Murphy 

1. The transcript contains a critical segment. A critical segment is a portion of 
transcript containing observable degradation or failure of crew coordination which 
is actually or potentially critical to the completion of the flight. 

2. The entire situation of interest must not be significantly longer than 30 minutes 
(since the maximum length of the tape is 30 minutes). 

3. There must be sufficient background information to permit understanding all 
relevant aspects of the situation (e.g., in the NTSB report). 

4. The language of the transcript should be suitable for analysis. In particular, there 
should be enough talk to permit analysis, and all the conversation should be in 
English, since we are not focussing on cross-linguistic problems. 

5. There shodd be sufficient interest and agreement in the aviation community to 
support further investigation. 

6. All other things being equal, more recent transcripts are preferred. (Note that this 
criterion also plays a major role in determining whether or not criterion 5 is 
satisfied; older flights are of lesser interest since the procedures and equipment are 
more likely to have been superseded.) 

7. If possible, the set of transcripts should include all flight segments - taxi, takeoff, 
climb, cruise, approach and land. 

Eleven potentially suitable transcripts were preselected at NASA using criteria 1 and 5 ,  
and 6 and 7 whenever possible: 

801: 

1. United Airlines/Portland/78; 
2. Eastern Airlines/Miami/72; 
3. Northwest Orient Airlines/Thiells, New York/74; 
4. Allegheny Airlines/Rochester/78; 
5. World Airlines/Cold Bay, Alaska/73; 
6. Texas International Airlines/Mena, Arkansas/73; 
7. Pan American Airlines/Bali/74; 
8. Air Florida/Washington, D.C./82; 
9. Southern Airways/New Hope, Georgia/77; 

10. PSA/San Diego/78; and 
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11. Pan American Airlines/?'eneriffe/77. 

These eleven were examined in detail. The first eight transcripts of this set were found 
suitable for inclusion in the sample. The last three are unsuitable for the following 
reasons: 

1. Southern/New Hope. Several of the major contributing events occur before the 
beginning of the tape, and indeed, before departure, i.e. the company's failure to provide 
up-to-date severe weather inforniation, and the crew's "lack of significant att,empt to 
seek information on current flight conditions" (NTSB report, p. 33). 
2. PSA/San Diego. The NTSB report on this accident mentions the possibility that 
there were two small planes in the vicintiy of the PSA plane, rather than just one as 
both the crew and ground control appear to have helieved. This makes it impossible to 
determine accurately to which plane the PSA crew and ground control were referring at 
any given time. 
3. Pan Am-KLM/Teneriffe. Unlike the other accidents considered, the cause of this 
accident appears to lie in failure of communication with the tJwer, rather than in crew 
coordination. Futhermore, some of the communication problems appear to  arise from 
the fact that three different langusges are involved -- English, Spanish, and Dutch. 

2.1.3 Data Coding 

Each of t k  1725 speech acts in the sample space was coded according to twelve 
categories: speaker; addressee(s); speech act type; discourse type; new or old topic; topic 
success or failure; draft order; ratification; mitigation level; crew recognized emergency; 
crew recognized problem; and operational relevance. Most of these variables depend 
upon linguistic theories that are described in the following subsection. For details of the 
coding procedures, see [Structural Semantics 831. 

2.1.3 Use of Hycothesis Formulation and Test Transcripts 

Two of the eight transcripts, chosen for the interest of their language and situation, were 
used to develop hypotheses which illuminate the basic structure of crew communications. 
We call these two transcripts, United/Portland/78 and Texas/Mena/73, the hypothesis 
formu1atio;l group. The remaining six transcripts were used to test the hypothesis; we 
call these transcripts the test group. 

The six transcripts from the test group contain altogether 480 operationally relevant 
speech acts, and the two hypothesis formulation transcripts contain 399. Each 
hypothesis selects as a dataset for testing a subset of the 399 speech acts of the 
hypothesis formulation group and a subset of the 480 speech acts of the test group. 
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Each hypothesis is first tested on speech acts from the six transcripts of the test group. 
It is then tested on the speech acts from the two hypothesis formulation transcripts. 
Speech acts from these two groups are pooled when possible to yield a larger sample for 
a stronger test of the hypotheses. However, pooling is justified only if it is possible to 
avoid the methodological bias that results from testing hypotheses on the data from 
which they were formulated. If the hypothesis is accepted on the basis of data from the 
six test transcripts and/or is rejected for data from the two hypothesis formulation 
transcripts, then the two datasets can be combined. The purpose of this division is to 
reduce the probability that the obtained results are in actuality due to the effects of 
some uncontrolled variable. 

2.2 Linguistic Theories 

In order to provide an adequate description of cxkpi t  communication, we have adapted 
or created a number of linguistic theories. These include speech act theory, and formal 
theories for the discourse types of planning, explanation, and command and control. 
These theories support the linguistic variables used in our hypotheses. The vmiables 
include: mitigation/aggravation level, crew recognized emergency, crew recognized 
problem, operational relevance, topic success or failure, and draft order and ratification. 
We now turn to a brief dicussion of these underlying lingvistic theories. 

2.2.1 Speech Act Theory 

Speech act theory focusses on the operational aspect of language - how a particular 
sentence achieves some effect in the world. We call this the social force of the speech 
act. The fundamental insight of speech act theory is that some sentences, such as (1)) 
d e s c d e  or report a state of the world, while other sentences, such as (2), create a state 
of the world. 

(1) There'e a thunderstorm ahead. 
(2) 

These examples express their social force directly. However, there are also speech acts 
which express their most probable social force indirectly, by using a linguistic form which 
is not to be interpreted literally. For example' 

I declare thie bridge open. 

(3) CAM-1 m o t  I need ie the wind, really 
(1766 : 13) 

is literally an expressive, in which the captain expresses his psychological state 

'Examples from the United/Portland/78 transcript are indicated by giving the time of the utterance 
below it in parentheses. This transcript is used in our examples because of its relevance to our research 
topic and its familiarity to the aviation community. 
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of .needingm information about the wind. However, given the context in which i t  was 
spoken, its social force might be given as the dirzctive 

(4) Give ae the wind. 

The basic question about indirect speech acts is how can it happen that one speech act 
gets interpreted as another. To answer this, speech Xct theory [Searle 791 uses felicity 
conditions, which are conditions that must be satisfied in order for a speech act of a 
given kind to be uttered mfelicitouslym (also termed 'non-defectively*). These conditions 
include preparatory conditions, propositional content conditions, sincerity conditions. an 
essential condition, and possibly some others. Preparatory conditious cover what 
must be satisfied befDre the utterance is made; for example, for an  order, that  the 
speaker must h a v  appropriate authority over the addresee, and that  the addresee is 
able to perform the act; or for a promise, that  it is not obvious that what is promised 
would otherwise occur. Propositional content conditions express constraints on the 
propositional content; for example, for a promise, that  it express a future act by the 
speaker. Sincerity conditions concern the speaker's internal states, including his 
intentions. For example, in a request that  the addressee perform an act A, the speaker 
should really want the addressee to do A. Tbe  essential condition defines the desired 
effect of the speech act *!pori the addressee. 

I 
I 
i 
I 
I 
I 
I 
I 
I 
I 

Preparatory: 

Propositional Content: 

Sincerity: 

Essential: 

Addressee i e  able to perform act A I 
I 

Speaker predicates a future act A of the 1 
addressee I 

I 
Speaker .ante the addressee to do act A I 

I 
I 

to get the addressee to do act A I 
I 

Utterance counts a19 an attempt by the speaker 

Figure 1: Felicity Conditions for Directives 

The  most obvious way to accomplish a speech act indirectly is to make reference to one 
of its felicity conditions. For example, a sincerity condition for a request that  the 
addressee make a report is that the speaker should really want to know the contents of 
this report. This gives us an explanation of how (3) can indirectly convey (4). Figure 
1 gives a list of felicity conditions for directives, a class which includes orders and 
requests; Figure 2 gives a list of mgeneralizationsm for the indirect accomplishment of 
directives. (Both figures are adapted from [Searle 791.) 
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1. 

2 .  

3 .  

4.  

Preparatory Condition. 
do act A either by aeking whether a preparatory condition concerning 
the addre~eee'e ability to do A holde, or by etating that it doe6 
hold. 

Speaker can make an indirect directive to 

Propositional Content. 
asking whether the propositional content condition holds or by etating 
that it doe6 hold. 

Speaker can make an indirect directive by 

Sincerity Condition. 
etating that the eincerity condition hOld6, but not by asking whether 
it holde. 

Speaker can make an indirect directive by 

Essential Condition. Speaker can make an indirect directive to 
do an act A iither by etating that there are good or overriding 
reasone for doing A,or by aeking whether euch reaeone exiet, except 
where the reaeon ie that the sddreeeee niehea to do A, in which came 
the speaker can only ark whether the addre66m Wi6he8 to do A, but 
caa not aeeert $hat he does. 

Figure 2: Strategies for Indirect uirectives 

There is a very large literature on indirect speech acts in the fields of linguistics, 
philosophy of language, artificial intelligence, and psychology, e.g. [Searle 79, Gordon & 
Lakoff 71, Gazdar 79, Labov & Fanshel 771. Our discussion summarizes the approach 
of [Searle 791, which underlies most other approaches. Speech act theory also provides a 
taxonomy of possible types of speech act. We have modified this taxonomy to provide 
an inclusive listing of the speech acts found in cockpit communication. These are: 
requests, including orders, requests, suggestions and questions; reports; declarations; 
and acknowledgements. The set of all speech acts in the 8 transcriph selected in 
Section 2.1 constitute the basic sample on which our hypotheses were tested. 

2.2.2 The Discourse Unit 

Although speech act theory is of great value to the study of crew communication, our 
account would be quite incomplete if it remained at the level of the simple sentence. It 
is necessary to study larger units as well. The  larger unit of language that  we have 
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found appropriate for this study is called the discourse unit. A dlscourse unit is a 
segment of spoken language, longer than a single sentence, having initial and final 
boundaries that are socially recognizable, and having a formally definable interrial 
st.ructure. (This definition generalizes the criteria given by [Labov 72) for the narrative 
of personal experience.) Discourse types that have been studied include the narrative, 
the spatial desciption [Linde 74, Linde & Labov 751, the joke (Sachs 741, small group 
planning [Linde & Goguen 781, and explanation [Cloguen, Weiner & Linde 831. There are 
a number of points to be made about the definition of discourse unit: 

1. Level of Unit. In the linguistic hierarchy, the discourse unit is immediately above 
the sentence, and hence is composed of sentences. 

2. Socially Recognized Boundaries. The discourse unit has boundaries which are 
recognized as such by the participants in the conversation. These boundaries are 
often recognized through their stereotyped form; for example, They l ived 
happily ever after as the end of a fairy tale, It seems there was a.. . as the 
beginning of a joke, And that was it. as the end of a narrative. Or they may be 
recognized as encoding a certain type of semantic information; for example, an 
abstract of a story, summarizing its point, czn serve as an initial boundary. 

3. Formally Definable Internal Structure. Labov has given an account of t,he 
structure A narrative which is, in effect, a phrase structure grammar lLabov 721. 
Plans and reasoning have been described using a transformational grammar in 
which the transformations mirror the real-time additions, deletions, and 
modifications made by speakers [Goguen, Weiner & Linde 83, Linde & Goguen 781. 
A discourse type is a class of discourse units having internal structure in 
conformity with the same set of rules. 

We have found that the most important discourse types in the study of crew 
communication are planning, reasoning, and the command and control speech act chain. 
We have also found indmces of narrative and pseudonarrative, but since they are used 
only in non-operationb..j relevant ways, we do not consider them here. The following 
subsections discuss the three operationally relevant discourse types in some detail. 

2.2.3 Planning 

This research focusses on planning as a linguistic activity carried on by a group, rather 
than as an individual mental activity. The linguistic study of small group 
planning [Linde & Goguen 781 has shown that the language used to accomplish planning 
is a discourse type, since it has an initial boundary, consisting of the statement of the 
goal which the planning is intended to accomplish; it has a final boundary, which may 
consist of the group’s evaluation of the probable effects of the plan, or of their 
acceptance or rejection of it; and it has a precise internal structure, consisting of 
members’ proposccls to add new subplans, and to modify or replace parts of the plan 
previously proposed by others. 
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Formally, the internal structure of a planning discourse unit is described as a sequence of 
transformations on the plan being formed by the group. In planning, these 
transformations represent the real-time effects of proposals by mer-bers to add, delete, or 
modify plan parts. Similarly, the relations of logical subordination that hold among the 
plan parts are represented by B tree structure. Figures 3 and 4 show a plan from the 
United/Portland/l978 accident. Its major goal, stated by the first officer, is to call 
out the equipment, and his plan for this iS to have the company call. This 
PLAN/GOAL relationship is indicated in Figure 3. In Figure 4, the captain replaces the 
first officer’s plan with a plan to call diepatch in San Francieco. In Figure 5, he 
adds a node indicating that maintenance down there will handle it that way. 

CAM-2 He’e going to have PWN/GOAL 
the coup~ay call / \  
out the equipment? / \ 

have the call out 
company call the equipment 

Figure 3: A GOAL/PLAN Node 

CAM-1 We’ll call diepatch 
in Sa0 Francieco 

COAL/PLAN 
/ \ 

/ \ 
call out ACTOR/SAY/TO 

the equipment / I \  
/ I \  

we call diepatch 
in San 
Francieco 

Figure 4: Addition of an ACTOR/SAY/TO Node 

2.2.4 Explanation 

We do not use the term explanation to refer to segments of discourse that serve the 
function of explaining something; rather, explanation is a discourse type, having similar 
structural properties and expressible with similar formalism, as planiiing. Informally, an 
explanation is a discourse unit consisting of a statement to be demonstrated, and a 
structure of suppc -!ing reasons, which often have further embedded relationships of 
subordination. This kind of discourse occurs, for example, in social contexts where a 
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CAM-: and maintenance COAL/PLAN 
down there will / \  
handle it that / \ 
W'aY call out ACTOR/SAY/TO 

(1764 : 27) the equipment / I  \ 
/ I  \ 

/ I (call) \ 
/ I \ 

ACTOR/DO 
/ \  

/ \ 
maintenance handle it 
down the:e that way 

Figure 6: Addition of aD .;CI'JR/DO Node 

single person attempts to jiistify to an addressee actions he has already performed, or 
will perform later. Figure 6 shows an analysis of a simple explanaticn in which the flight, 
engineer reports his justificatim of the iecision not to recycle the landing gear. 

The most important relationship of subordination in evDlszncion is indicated by 
STATEMENT/REASON nodes. In Figure 6, the main STATEWXT is Don't recycle the 
gear. Everything that follows is a REASON supporting this. The AL'I node represer,ts 
the speaker's postulation of two alternate worlds, which differ by whether or not the 
landing gear is broken. This ALT node is established by the underljned portion )f the 
text . . .we're reluctant to recycle the p a r  for fear SomethinR iB bent or 
broken. The phrase for fear indicates indicates both the uncer!,..ity about whether the 
gear is bent, and the decision to treat the alternate world in which it bent as the one 
on which attention is focussed. 

2.2.5 Command and Control Discourse 

The command and control speech act chain is the basic discourse '.ype for command and 
control in the cockpit. A apeecn act chain is a sequence of speech acts, each of havixg 
the same major propositional content. Command and control chains may also 'nclude 
the other discourse types characteristic of 0perationP':y relevant cockpit communication, 
planning and explanation. (5) is a typical speech act chain. Its conpone3t speech acts 
include requests, reports, explanations and acknowledgement; a!! concerning the major 
topic *fuel weight.' 
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STATQdEHT/REASOIl 
/ \ 

/ \ 
/ \ 

don't recycle U T  
the gear / \  

/ \  
/ \ 

/ \ 
/ \ 

(not bent or REASON/STATEMWT 
broken) / \ 

/ \ 
OR not able 
/\ to get it 

/ \  dorm 
bent broken 

... and I eaid we're reluctant to recycle the gear for fear 
something is bent or broken, and we won't be able to get it 
down (1761 : 16) 

Figure 6: An Explanation Tree 
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(Sa) CAM-1 
(Sb) CAM-3 
(SC) CAM-1 

(Sd) CAM-3 
(6s) CAM-1 

(Sf) CAM-3 
(Sg) CAM-3 

(Sh) CAM-? 

Hay Froetie 
Yee sir 
Give us a current card on weight figure 
in another fifteen minutee 
Fifteen minutee? 
Yeah give ue three or four thousand pounde on top 
of zero fuel weight 
Not enough 
Fifteen minutee is goma really run ue lor 
on fuel here 
Right 

(1760 : 16) 

Details of a formal grammar specifying the constraints on command and control speech 
act chains are given in [Structural Semantics 831. One use for such a grammar is to 
indicate some possible and impossible embeddings of social force. For example, we will 
not find an acknowledgement of a support of a request for an act. However, we may find 
an acknowledgement of a request for an act and a request for a support of a request for 
3n act. We hypothesize that correct command and control chains describe optimal 
patterns of communication in the cockpit, particularly in emergency situations. 
Although this hypothesis can not be tested using accident data, it could be tested with 
simulator experiments by training crews to use strict commmd and control form, then 
measuring flight performance, and comparing it with performance of a control group not 
so trained. 

2.3 Variables Used in the Hypothesea 

The discourse types discussed above provide many of the coding categories used in the 
precise formulation of the hypotheses, including the division of the transcript into speech 
acts, the inclusion of a speech act in a command 2nd control chain, or in planning or 
explanation. We now discuss the remaining variables required to code the data for 
hypothesis testing. 

2.3.1 Crew Recognized Emergency 

Crew Recognized Emergency (CRE) is a social, rather than a legal or factual category. 
The beginning of a crew recognized emergency is defined as the first point at which the 
entire crew begins to attend to that situation which led directly to the accident. There 
are several remarks to be made about this definition: 

1. In order to identify the situation which led to the accident, we rely upon informed 
and documented opinicn in the aviation community. In practice, this means that 
we rely on NTSB accident reports, but in disputed cases, it would be possible to 
make use of minority reports, other published materials, or oral reports from 
members of the aviation community. 
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2. Tde definition requires that the entire crew attend to the situation. It may happen 
that individual crew members attend to the situation that led to the accident long 
before the CRE point, and may even have attempted to bring it to the attention of 
the rest of the crew. However, it is group attention that is required here. Note 
that in practice, this means the attention of the captain, since in the command and 
control situation, the captain has the authority to direct the attention of the crew 
to any situation which he considers to be threatening, while other crew members 
may suggest but can not compel such attention. 

3. In some accidents there may never be a CRE. These are cases in which the crew 
never attends to those situations that caused the accident. 

Note that a captain's official Mayday declaration does not serve to identify this point, 
since this declaration often appears quite late, considerably after the point at which the 
crew begins to act as if they were in an emergency situation. In fact, Mayday is a legal 
category, specifying a situation in which there is "immediate danger to equipment and 
personnel. 

2.3.2 Crew Recognized Problem 

In addition to Crew Recognized Emergency, we also use the notion of Crew 
Recognized Problem (CRP). This is a situation recognized by the crew as potentially 
dangerous and not a normal part of flight operations. It could be an actual problem, or 
some situation which is off-nominal, surprising, or not expected. Like CRE, Crew 
Recognized Problem is not defined by the actual onset of the situation as given by the 
system data readout, but by the point at which the crew as a whole first attends to that 
sit uat ioD . 

2.3.3 Operational Relevance 

A very pervasive distinction, entering into many of our definitions and all of our 
hypotheses, is whether or not a given speech act is operationally relevant. Operational 
relevance means that the speech act is directly involved with the achievement of the 
mission. Thus, a request for a snack is not operationally relevant, even though it might 
have some effect on the state of a crew member, and hence an indirect effect on 
successful mission completion. This distinction has been introduced because there are 
certain phenomena which are potentially of great importance in operationally relevant 
discourse, but have no serious consequence in non-operationally relevant segments. For 
example, if a speaker introduces an operationally relevant topic and other crew members 
do not continue this topic, the consequences can be quite serious. However, failure of a 
non-operationally relevant topic is of much less concern. 
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2.3.4 Mit igat ion/Ae;gravat ion 

The mitigation/aggravation scale provides one way of assessing the assertiveness of 
speech acts. For example, (6) is direct, (7) is mitigated, (8) is highly mitigated, and (9) is 
aggravated. 

(6) Cloee the window. 
(7) Would you cloee the window? 
(8) Please, would you mind cloeing the window? 
(9) Lieten, cloeo that dam window right now. 

Mitigation softens the possible offense that an utterance might give. Our results show 
that mitigation is very important tor cockpit communication, since the greater the 
degree of mitigation, the more likely it is that a given utterance will fail to accomplish 
its effect, and speech acts by subordinates are more mitigated than those of superiors 
(Section 3.1 gives a more precise discussion of these findings). 

It should be noted that mitigation and aggravation are linguistic categories, not 
psychological ones. Thus, when a speaker llses an aggravated form, we can not directly 
draw any conclusions about his psychological state at the mcment, nor about his 
personality characteristics, although a speaker’s long-term profile of using 
mitigation/aggravation in different contexts is probably related to his personality 
characteristics. Use of few mitigatinn strategies, or of many aggravation strategies IS one 
way of behaving assertively; there are, cf course, many others. There are many devices 
that function to mitigate: questions are more mitigating than imperatives; modal 
auxiliaries such as would, might and could are more mitigating than simple verbs; 
markers of request for agreement such as right and OK are mitigating. Moreover, 
indirect speech acts (see Section 2.2.1) are more mitigating than direct ones. 
(See [Structural Semsntics 831 for a review of the unified theory of mitigation given 
by [Brown and Levinson 791.) 

2.3.5 Scale of Mitigation/Aggravation 

Several of the hypotheses suggested in this report require discriminating degrees in a 
scale of mitigation and aggravation. The degrees of this scale correspond to the sense 
felt by native speakers of a language that some sentences are more polite or more 
indirect than others. The validity of this scale has been established by checking the 
judgement of linguistic analysts against the judgements of members of the aviation 
community. We have found that four degrees of mitigation/aggravation are the most 
that native speakers can reliably discriminate. This scale has a midpaint of zero, 
representing a direct, unmitigated utterance. There are two degrees of mitigation - low 
and high. There is only one degree of aggravation, corresponding to the facts tbat 
aggravation is much rarer than mitigation and that there are fewer strategies for 
effecting aggravation than for effecting mitigation. 
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Scale validation was established by a reliability experiment. The stimuli consisted of 31 
reports and requests, chosen randomly from the six transcripts. The scale of 
mitigation/aggravation tested had the following four levels: Aggravated; Direct; Low 
hiitigat ion; and High Mitigation. The experimental subjects consisted of six commercial 
airline professionals, including two captains, three first officers, and one flight engineer. 
Before being asked to score tbe s p e d  acts, they were given pretest  training in the 
meaning of the categories wed: A ..eviously prepared explanation of the notion of 
mitigation was read to the subjects. They were then given some sample speech acts (in 
written form) to rate, and these examples were discussed with the group by one of the 
analysts. Finally, they were given the written stimuli to score. 

The criterion which is generally used for reliability of such scales is a stringent one: there 
should be at  least an 80% match between the ratings of the subjects and the analysts; 
that is. the average number of agreements of the analysts judgements with the subjects 
should exceed 8 out of 10. This criterion was just met in the present experiment, in 
which the average agreement of the six subjects with the analysts' judgement was .801. 
' h i s  ;esult supports the conclusion that this is indeed a reliable scale for degrees of 
mitigation. A more detailed analysis of the data (see [Structural Semantics 831) suggests 
that the variance among subjects is due to regional dialect differences and to their being 
less well trained than the analysts. 

2.3.6 Topic and Topic Failure 

A careful definition of topic is nec-cry to investigate why crew members sometimes fail 
to recognize or continue newly proposed topics, often topics of great operational 
importance. The 
propositional content is what a sentence predicates about the world, what the 
sentence is about, independent of its social force. For example, (lo), ( l l) ,  and (12) have 
different social force but the same propositional content. 

Topic is defined as the propositional content of a speech act. 

(10) Cloee the window. 
(11) The window is closed. 
(12) I6 the window cloeed? 

Using this definition, we have been able to determine instances of topic failure in our 
sample. We count as topic failed any speech acts exprzssing a new topic not followed by 
a speech act having the same topic from another speaker. We have also given a 
taxonomy of the major topics found (see [Structural Semantics 831). 

2.3.7 Draft Orders and Ratification 

Plans are a majtx means by which a crew can discuss possible actions. A crucial 
question about this process is how decisions about what actions to take are actually 
made and expressed. This is a complex social process, requiring appropriate 

23 1 



communications among the individlials involved, and depending, in part, on the fact that 
there is a strict social hierarchy, in which all the participants are biyhly trained and are 
moreover legally responsible for the correctness of the decisions ride. 

Studying the execution of plans means understanding planning as part of the command 
and control system. From the conimsnd and control perspective, a plan is a directive 
whose propositional content contains possible actions. If such a directive is made by 
sonleone other than  the captain, or by the captain as a suggestion rather than as an 
order, then it must be ratified before it has the social force of an action which the crew 
understands is to be performed. Since the final authority rests with the captain, all 
possible non-routine act ions should flow through him for ratification. Examination of 
the transcripts shows that such ratif‘ictions can be either explicit or implicit. Thus, an 
action proposed by someone other than the captain may be viewed as a draft order, 
which requires the captain’s ratification to turn it into an actual order. Actions 
proposed but not ordered by the captain are more complex; they m.ty receive approval 
or modification by crew members, and then flow back to the cabtain for actual 
ratification. Under this description, all ratified actions are seen as orders issuing from 
the captain. These concepts are used to formulate two variables used in our hypotheses, 
whether or not a speech act is a draft order, and whether or not it is subsequently 
ratified. 

This area is interrs t iq  because of its relevance to air crew coordination. A general 
problem here is how it can happen that important and relevant actions are not in fact 
taken. One specific form of this is that an appropriate action is actually proposed but. 
then not ratified. 

2.4 Level of Significance and Statistical Tests Used 

This subsection discusses the statistical tests and levels of significance used in the 
hypothesis testing. 

In statistical research in linguistics and sociology, a .OS level of significance is 
standard [Herdan 661. The reader who is not familiar with these disciplines should note 
that verifying hypotheses in these areas is in general more difficult t:. n verifying 
hypotheses about physical science data, in part because there are many mora sources for 
uncontrolled variation. Although we have adopted this conventim, it should be boted 
that a significance level of .03 would suffice for all hypotheses actually accepted here. 

2.4.1 Assumptions Underlying Use of the t Test 

Only two statistics are used for testing the hypotheses in this research, dbudent’s t 
statistic and the x2 statistic. Both statistics test whether or not two samples differ 
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significantly in the values of some variable. The choice of statistic for testing a given 
hypothesis is determined by whether or not certain assumptions are satisfied by the data. 
Modern statistical practice has found both the t and x2 statistics to be remarkably 
robust, so that only approximate satisfaction of their underlying assumptions is 
required [Bowen & Weiaberg SO]. Whenever appropriate, the t statistic is preferable to 
the x2  statistic, since the t statistic yields a more detinitive decision on the same data. 
This research only uses the one sided t test, but uses both one and two sided x 2  tests. 

According to the classical view (e.g., [Siegel SS]), appropriateness of the t statistic 
depends upon approximate satisfaction of four conditions: 

(1) the dependent variable has a normal distribution for each of the two populations 

(2) these distributions have equal variance; 
(3) the two samples being compared are independent; and 
(4) the dependent variable has values on an interval scale. 

being compared; 

Let us consider each of these assumptions in relation to the data involved in this study, 
and in the light of more modern views. Assumption (1) is usually valid for reasonably 
large samples, and in fact is approximately satisfied by the mitigation scores obtained in 
this study. Regarding asumption (2), we have computed the variances of each sample 
for all the hypotheses tested in the research reported here, and have noted that they are 
approximately equal. (This could be tested using the F statistic, but we have not done 
so.) 

The independency assumption (3) is more problematic because ou: units of analysis are 
speech acts rather than individuals. For some hypotheses, the speech acts in the samples 
compared are generated by different individuals, w:-;lp for others they are generated by 
the same individuals in different situations. We hsv* therefore used computatiizz! 
formulas for related- or single- sample (i.e., pooled variance) comparisons. (However, the 
outcomes should be virtually identical to those for independent sample test procedures.) 

The role of assumption (4) is very controversial, and many writers do not believe it is 
necessary [Gaito 80). We can argue that the mitigation/aggravation levels of speech acts 
approximate an interval scale, specifically a scale of just noticeable differences of 
mitigation/aggravation. If this argument is accepted, then assumption (4) is satisfied 
whene, er the dependent variable is mitigation/aggravation score, and therefore the t test 
can be used for all hypotheses except 4, 5 and 6. To show that the intervals of the scale 
of mitigation/aggravation are 'jnd's,' trial studies were run using two scales having 
more levels of both mitigation snd of aggravation, a first with three levels of each, and a 
second with one level of aggravation and three levels of mitigation; both had a single 
'direct' level. It was found that reliable coding could not be achieved using these finer 
scales. This suggests that the four level scale finally found to be reliable (see Section 
2.3.5) is a scale of 'jnd's of mitigation/aggrsvation level.' If this is the case, then the 
scale of mitigation/aggravation is an interval scale whose unit is one jnd of 
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mitigation/aggravation. This argument is not entirely conclusive, because the earlier 
attempts at reliable scaling with more levels were not as rigorous as our final experiment, 
and we did not try to determine directly whether or not these levels are really jnd's. 
One can also follow [Gaito 801 and others in claiming that use of the t test does not 
require satisfaction of the interval scale assumption5. The reader who does not accept 
our arguments may prefer to use the x2 test for each hypothesis. These are given in 
Section 3.2, and support all our results except in the case of Hypothesis 1. 

2.4.2 Assumptions underlying Use of the x2 Test 

The x2 test must be used for Hypotheses 4, 5 and 6 since the dependent variable in these 
hypotheses takes the two values 'planning or explanation' and 'not planning or 
explanation.' These two values do not form an interval scale (in fact, they do not even 
form an ordinal scale, but only a nominal scale, because it makes no sense to ask 
whether 'planning or explanation" is greater than 'not planning or explanation'). The 
only assumption that needs to be satisfied is that samples from the two distributions are 
independent. This is cleiir when the independent variable is rank, since the sets of 
speakers are then disjoint in the two groups being tested for difference; this justifies the 
use of this test for Hypothesis 4. For Hypotheses 5 and 6, the independent variables are 
CRE/non-CRE and CRP/non-CRP, respectively. Although we are unable to give a 
definitive justification for the applicability of the x2 test for these hypotheses, we can 
give an argument that may be reasonably convincing: because of the relative stability of 
linguistic frequency distributions, the relatively large numbers of speech acts and 
speakers, and their relative independence of speaker', especially for such a close-knit 
community as commercial air transport crews, it may be expected that the average rate 
of planning or explanation (which is the dependent variable) over a number of 
individuals will also be stable. 

3. RESULTS 
The first subsection below precisely states eight research hypotheses about the use of 
1. iguage in this setting, reports the results of testing them, and discusses their 
significance for aviation safety. The next subsection summarizes the results, while *he 
final subsection discusses their generalizability. 

3.1 Hypotheses and Test Results 

This subsection precisely formulates the null hypothesis and dataset involved in each of 

'Gait0 cites Lord as saying 'The numbers do not know wbere they come 

'This argument is not circular, because ;e tests supporting the homogeneity of the sample (see Section 
3.3) use tbe t test. 
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our eight research hypotheses, and also gives the statistical test used and the level of 
significance obtained. The choice of hypotheses to be tested was influenced by the 
pioneering work Df [Foushee & Manos 811. Each hypothesis is restricted to speech acts 
whose speaker and addressee are both crew members, because we are not studying air-to- 
ground communication, nor are we studying communication with flight attendants or 
passengers. They are restricted to operationally relevant speech acts because there is 
more linguistic variation in the non-operationally relevant portions of the text, and 
because non-operationally relevant speech acts are less important for our purpose. 
Checklist speech acts are excluded because checklist activity is highly stereotyped; in 
particular, these speech acts are almost always direct and almost never acknowledged. 
These restrictions apply to all eight research hypotheses and are not repeated below. A 
further requirement is the well-definedness of the variables occurring in a given 
hypothesis; for example, speech acts with unknown speaker cannot be used in testing 
hypotheses that involve speaker rank. Frequency tables for each hypothesis are omitted 
here, but may be found in IStructural Semantics 831. Some further hypotheses, which we 
were unable to test on the present sample, may be found in [Structural Semantics 831. 

3.1.1 Requests to Superiors Are More Mitigated 

The null hypothesis here is that the mean mitigation/aggravation score for requests to 
subordinates equals (or exceeds) the mean score for requests to superiors. 

This test is limited to requests because requests (which include orders, questions, draft 
orders and suggestions) are the most characteristic speech act in command and control 
discourse, and also because the consequences of misunderstanding requests are more 
direct and immediate than those of any other speech act. This hypothesis represents the 
intuition that the speech of subordinates is more tentative and indirect than the speech 
of superiors. The hypothesis is important because it posits a direct effect of the basic 
social hierarchy on cockpit discourse. If this hypothesis is verified, and if it is also shown 
that more highly mitigated speech acts are more often misunderstood or ignored (as is 
strongly susgested by the acceptance of Hypotheses 7 and 8 below), then it should be 
worth testing whether training subordinates to use less mitigation would improve crew 
performsot?. Such a training hypothesis can not itself be tested with data from accident 
transcripts, but 8 Quid be tested with simulator experiment data. 

Becaus. ;he hypothesis asserts that one mean is greater than another, it is tested with a 
one sided Student’s t test. The frequency data for this hypothesis from the six test group 
transcripts yields t=2.38 (df=136 and p=.OO9), using the normal approximation, which 
is valid because of the large sample size. The hypothesis is therefore accepted, and we 
conclude that crew members indeed use more mitigation in making requests to superiors 
in the test transcript sample. Testing the hypothesis with speech acts from the two 
hypothesis formulation transcripts yields a similar pattern of frequencies, but with an 
obtained probability of only .32. The hypothesis is therefore not supported by these 
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data, perhaps because there are too few speech acts to achieve the desired significance 
level. However, because the hypothesis has been accepted on data from the test 
transcripts, the speech acts from the two groups can be combined. The pooled 
frequencies yield t=2.01 (df=252, p=.022), so the hypothesis is accepted for the entire 
dataset. 

Since appropriateness of the parametric t test depends on homogeneity of variance, it is 
interesting to notice that in this dataset, the two samples involved do indeed have 
approximately equal standard deviations. For speech acts from the six transcripts in the 
test group, the standard deviation of speech acts by subordinates is -516, while that of 
speech acts by superiors is .579. 

3.1.2 Requests Are Less Mitigated in Crew Recognized Emergencies 

The null hypothesis here is that the mean mitigation/aggravation score for requests in 
CRE equals (or exceeds) the mean mitigation/aggravation score for requests not in CRE. 

This hypothesis reflects the intuition that when crew members know that they face an 
emergency situation, their specch is less tentative and indirect. It is based on the notion 
that in any utterance, the speaker is encoding both his understanding of the situation he 
is talking about (the propositional content) and his understanding of the relation between 
himself and his addressee. Mitigation level is a major linguistic means by which a 
speaker can indicate his understanding of this social relation. When the situation 
becomes urgent, we might expect the speaker to focus most of his attention on it, and 
thus less attention upon social relations. 

Verification of this hypothesis would imply that crew members are able to vary their 
level of mitigation depending on their perception of the circumstances. This should 
mean that training crew members to use less mitigation in specified circumstances would 
not seem new or strange to them, because mitigation level is already something that they 
alter when aware that they are in an emergency situation. Under the assumption that 
what experienced crews do in emergency situations may be valuable, verification of this 
hypothesis would also lend some support to the hypothesis that training crews to speak 
more directly would improve their performance and thus reduce accidents (however, 
caution is advisable in drawing such a conclusion from the present dataset of accident 
transcripts). 

The frequencies obtained from the test transcripts for investigating this hypothesis yield 
k 3 . 0 5  (df=166, p=.OOl), and the hypothesis is therefore accepted. The obtained 
probability level for similar comparisons of speech acts in the hypothesis formulation 
group of transcripts is .026. It is therefore permissible to combine the two datasets, 
yielding t=3.46 (df=276, p=.0003). Hypothesis 2 is therefore very strongly supp xted. 
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3.1.3 Requests are Less Mitiaated in Crew Recognized Problems 

The null hypothesis here is that the mean mitigation/aggravation score for requests in 
CRP equals (or exceeds) to the mean mitigation/aggravation score for requests not in 
CRP. 

This hypothesis corresponds to the intuition that crew members’ speech is less tentative 
and indirect when they know they face a problem. Its significance is similar to that of 
the previous hypothesis. (Note that every CRE speech act is also a CRP speech act.) 

The frequencies obtained from speech acts in the test group of transcripts, comparing 
CRP and non-CRP mitigations levels, give t=2.34 (df=166, p=.OlO). The hypothesis is 
therefore accepted for the test dataset. For the hypothesis formulation transcripts, the 
corresponding obtained probability level is .149. Combining the two groups produces 
k 1 . 7 9  (df=276, p=.047). The research hypothesis is therefore accepted for the dataset 
as a whole. 

3.1.4 Captains and Subordinates Differ in Frequency of Planning and Explanation 

The null hypothesis is that the percentage of speech acts in explanation and planning 
discourse units produced by subordinates equals the percentage produced by superiors. 

This research hypothesis indirectly probes the effects of social hierarchy on subordinates’ 
contributions to explaining what is happening and to plasning what should happen in 
the future. Accepting the research hypothesis would suggest that the social hierarchy 
might be having a detrimental effect on crew communications. 

We use a two sided x2 test with one degree of freedom. Discourse type frequencies for 
speech acts in the six test transcripts yield x2=1.52 for an obtained probability level of 
.22, not suporting the research hypothesis. A similar evaluation of speech acts from the 
formulation group transcripts gives x2=1.13, with probability level .29. It is therefore 
permissible to combine the two datasets, yielding x2=2.97 with p=.086. Thus the null 
hypothesis cannot be rejected on the pooled data, and therefore the research hypothesis 
is not accepted. 

Modern management theory generally asserts that groups are more effective when 
subordinates contribute more than superiors. Moreover, informal examinations of 
accident transcripts have suggested to many observers that captains can behave in an 
autocratic manner that prevents subordinates from making appropriate contributions. 
Our results suggest that it would be valuable to determine whether crew performance is 
improved by training subordinates to engage in more planning and explanation, and 
training captains to encourage this, a t  least in the condition of CRP but not CRE. In 
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this connection, it would be important to determine if there are circumstances, such as 
CRE, in which it would be counterproductive to engage in more planning and 
explanation. 

if we had been Q priori certain of the direction of difference in frequency of planning and 
explaining between captains and subordinate crew members, we could have used a one 
sided x2 test, and the hypothesis that captains plan and explain more would have been 
accepted with an obtained probability level of .043. Subordinates in fact only produced 
38% of the planning and explaination speech acts in the pooled dataset, while captains 
produced 62%; in fact captains and subordinates each produced about half of all speech 
acts in this dataset, but planning and explanation speech acts are only 9% of the total. 
it would also have been interesting to test whether captains plan and explain more 
during CRP and during non-CRE, but we have not done so. 

3.1.5 Plan-;ng and Explanation Are Less Common in Crew Recognized Emergencies 

The null hypothesis is that the percentage of speech acts that occur in planning and 
reasoning discourse units in CRE equals (or exceeds) the percentage that occur in non- 
CRE. 

This hypothesis represents the intuition that when crew members are aware that they 
face an emergency, they do less planning and explaining, because an emergency calls for 
immediate action. Precise knowledge of the distribution of planning and explanation in 
accident transcripts is important because it may suggest circumstances in which crews 
should be trained to do more planning and explanation, or else less, when it proves to be 
counterproductive. 

Because the research hypothesis asserts the degree of difference and there is only one 
degree of freedom, a one sided x2 test is used. The speech act frequencies for this 
hypothesis in the test transcripts yield x2=3.87 for an obtained probability level of .025. 
The hypothesis is therefore accepted at the .OS significance level. The corresponding test 
for speech acts from the hypothesis formulation transcripts yields x2=7.03 (p=.004). 
Thus, it is permissible to combine the two datasets for Hypothesis 5. The combined 
frequencies yield x2=12.49 (p=.0002); the hypothesis is therefore strongly supported on 
the pooled data. Further discussion of the implications of this result is included with 
that of the following hypothesis. 

3.1.6 Planning and Explanation Are More Common in Crew Recognized Problems 

The null hypothesis is that the percentage of speech acts that occur in planning and 
reasoning discourse units in non-CRP equals (or exceeds) the percentage in CRP. 
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This hypothesis corresponds to the intuition that crew members use more planning and 
explanation when they are aware that they face a problem. If verified, this hypothesis 
would strengthen our confidence in the relevance of the variables involved (discourse 
type and CRP), and would also confirm the value of training crews to plan and reason in 
problem situations. 

Again using a one sided x2 test (df=l), the discourse type frequencies obtained from 
speech acts in the test transcripts yield a y2=25.90, with an obtained probability level 
beyond .000001. The hypothesis is therefore very strongly confirmed in this dataset. 
The corresponding x2 value for discourse type frequencies from the hypothesis 
formulation transcripts is .27, for an obtained probability level of .30. Frequencies by 
discourse type for speech acts from the combined group of eight transcripts yield 
x2=12.03, and an associated probability level of .0003. The hypothesis is therefore 
strongly confirmed for the entire dataset. 

This result taken together with the findings relevant to Hypothesis 5 suggests that, 
perhaps contrary to expectation, more planning and reasoning occur when the crew 
believes that it is dealing with a problem, but not when it believes that it is dealing with 
an emergency. One explanation for this result is that by the time an emergency 
situation has developed, crew members may feel that it is too late to take the time to 
plan as a group, or to explain the reasons for taking specific actions. It is of course 
possible that more planning and explanation would be desirable in some emerger, * 

situations, but not in others. This suggests using simulator experi..ients to determine 10 
which flight segments (if sny) more planning and explanation produce better 
performance. In any case, these results make it clear that crews should plan as 
effectively as possible during CRP, because they may not have time for planning during 
a subsequent emergency. 

It should be noted that because this study is hased upon accident transcripts, i t  cannot 
be assumed that observed crew behavior in this data is necessarily optimal. It seems 
quite possible that the data used in this study are a combination of good and bad 
instances of cockpit planning and reasoning; thus, testing the present hypothesis on data 
from normal flights should yield more definitive results. 

3.1.7 Topic Failed SDeech Acts Are More Mitiaated 

The null hyothesis is that the mean mitigation/aggravation score for speech acts whose 
topic has failed is greater than or equal to that for speech acts whose topic has 
succeeded. 

This hypothesis and the next one attempt to probe the idea that excessive mitigation can 
have undesirable effects in the cockpit. Since the effect of mitigation on performance 
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(e.g., the probability of an accident) cannot be explored directly with the present data, 
we are forced to examine less direct connections. This hypothesis represents the 
intuition that a new topic is less likely to be continued by its adaressees if the speecZ act 
in which it is introduced is excessively mitigated. 

A comparison of mitigation scores for the two topic conditions using speech acts from the 
six test transcripts gives t=1.65 (df=182, p=.O1), and thus this hypothesis is accepted. 
For comparisons based on the hypothesis formulation transcripts, t=2.23 (df=- ~80, 
p=.013). Examining the combined dataset mitigation levels across topic conditions in all 
eight transcripts yields t=2.493 (df=264, p=.O964). Therefore the hypothesis is 
accepted. 

This result lends strong support to the intuition that excessive mitigation can have 
undesirable effects on crew performance. A number of NTSB reports have recommended 
assertiveness training for crew members to encourage more effective participation by 
subordinates. (See, for example, [NTSB 791.) Verification of the present hypothesis and 
the following one demonstrate effects for one kind of lack of assertiveness. Moreover, 
this kind of lack of assertiveness is defined precisely enough to allow both for training 
arld for the evaluation of training methods. 

3.1.8 Unratified Draft Orders Are More Mitiaated 

The null hypothesis is that the mean mitigation/aggravation score for ratified draft 
orders equals (or exceeds) the mean for draft orders that are not ratified. 

This hypothesis attempts to test the intuition that when a crew member proposes a 
suggestion to the captain, the more indirect and tentative that suggsstion is, the less 
likely the captain is to ratify it. Statistical evaluation of the frequencies for ratified and 
unratified draft orders from the six test transcripts yields t=2.927 (df=45, p=.002). 
The hypothesis is therefore accepted for speech acts from the test transcripts. For 
similarly classified speech acts from the hypothesis formulation transcripts, k . 5 8 9  
(df=13). The t statistic table gives an obtained probability level of approximately .2, so 
the two groups can be combined, yielding t=2.412 (df=60, p=.OO8) on the pooled data. 
Thus, this hypothesis is strongly supported. 

Like Hypothesis 7, this hypothesis implies that excessive mitigation can have undesirable 
effects on crew performance. In particular, this hypothesis focusses attention on the 
situation in which a subordinate makes a correct suggestion which is ignored. Training 
in linguistic directness may be valuable in correcting this kind of pattern. 
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8.2 Summary of Results 

This subscction gives two figures ;!swing first, the indepandent and dependent variables 
that are used in each hypothesis, and second, the resuits of testing each hypothesis. 

I independent variablee I 
I I 
I rank I CRE I CBP I topic I ratif I 

I dep vble I I I I failed1 I 
I I I-- I - I I I 
I mitigatn I 1 I 2 I 3 I 7 I 8 I 

I I I I-- I I I 
Iplardexplnl 4 I 6 I 6 I I I 
I I I I I I I 

I 

- 

Figure 1: Hypotneses with Dependent and Independent Variables 

- 
IHypotheeie I N I t I x2 I df 1 P, I P, I Deciaioo I 
I I I I I I I I I 
I 1 I 254 I 2.01 I 7.45 I 3 I .022 I .06+ I Yes I 
I---- f I I I I I I I 
I 2 I 278 I 3.46 ii2.m I 3 I .ooo31 <.oi ( Yee I 
I 1- I I 1- I I I I 
I 3 I 278 I 1.79 I 4.70 I 3 I .047 I C.01 I Yes I 

i I I-- I - I I I I I 
1 4 I 079 I I 2.97 I 1 I I .086 I No I 
I 1- I I 1- I I I I 
I 6 I1039 I 112.49 I 1 I I .oc02 I Yes I 
I 1- I I I-- I I I I 

I I I I I-- I I I I 

I I-- I I 1- I I I I 

I I I 1- I I I I 

--- 

-- 

I 6 I1039 1 112.03 I 1 I I .0003 1 Yee I 

I 7 I 266 I 2.49 I 7.96 I 3 I .0064l <.06 I Yes I 

I 8 I 62 ! 2.41 I 9.62 I 3 I .008 I .02+ I Yen I 
I ---- 

Figure 8: Summary of Results 

Figure 7 shows the independent e; . dependent variables occurring, and which 
hypothesis uses each. (The twa blar.'-= ..I <&est possibly interesting hypotheses that have 
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not been tested in this study.) Figure 8 shows for each hypothesis: the size, N, of the 
dataset used to test it (in each case this includes speech acts from all 8 transcripts); the 
obtained t value (if any); the obtained x2 value; the number of degrees of freedom (for 
the y2 test); the obtained probability level for the t test; the obtained probability level 
for the x2 test; and the decision (whether or not the research hypothesis was accepted). 
The decisions obtained using the x 2  test agree with those obtained using the t test, 
except in the case of Hypothesis 1 .  Although the x2 value is very close to that required 
for acceptance, a reader who is doubtful about the applicability of the t test, may want 
to consider this hypothesis rejected. 

3.3 ReDresentstlveness of the Samde 

We now consider the generadigability of our results from these transcripts to the 
broader population of commercial aviation cockpit discourse. The results will generalize 
provided that the sample is representative. This subsection presents various arguments 
for me representativeness of our sample. 

It might be argued that the sample cannot be representative because it consists of only 
eibht transcripts. But this is a misunderstanding of the nature of the sample. It CO'AS~S~S 

not of the eight transcripts (or equivalently, the eight crews), nor of the 25 speakers 
present in the transcripts, but rather of all the (operatio:.ally relevant) speech acts 
produced by these speakers. This is a much larger sample, and on9 which is much more 
likely to be representative of its population, for reasons given below. 

The first and most basic argument for representativeness is that a sample is very likely 
to be representative if it is sufficiently large and is also a random sample; in fact, the 
probability that a random sample is not representative can be made as small .s desired 
by making the sample large enough. The argument that our sample is large enough is 
based upon experience with statistica! studies of other linguistic data. This experience 
suggests that samples of size one or two hundred units are generally adequate [Herdan 
661 and that smalle- samples often suffice if the pattern of variation is not especially 
complex [Guy 801. Only Hypothesis 8 might be in doubt on the ground of sample sir<; 
however, as this hypothesis does not seem especially subtle, there seems to be no  CRUS^ 

for more than raising a mild cautionary flag. 

We now give three arguments for the randomness of our sample. The first and most 
direct argument is that our sample is random because the criteria used for trapscript 
selection are in fact statistically independent of the dependent measures used in the 
hypotheses. F a  example, it seems clear that whether or not a critical segment occurs in 
a transcript cannot effect the mitigation level of the speech acts occurring in that 
transcript. (Section 2.1.1 gives the selection criteria used in this study.) 
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The second argument for randomness of the sample is based on the principle of locality 
of effects, which says that, although there are significant s* pential dependencies in 
natural language, they are largely confined to units a few steps earlier in the sequence, 
and hence have little effect on the randomness of tiny reasonably large sample. This has 
been observed for units at all levels of the linguistic hierarchy, including phonemes, 
morphemes, lexemes (Le., words) and syntactic phrases, and it is presumed to hold for 
speech acts as well, although this has not been formally tested. 

A third argument for representativeness is the fact that the sample can be successfully 
used as a standard of comparison for the behavior of crew members, that is, the sample 
i s  homogenous. Since we have aggregated data from a number of speakers, it might be 
questioned whether the sample is dominated by a few loquacious speakers who exhibit 
unusual linguistic behavior. To support the assertion that individual differences are 
relatively unimportant in this sample compared to systematic differences arising out of 
the cockpit situation in which the language is produced, we have tested whether or not 
the most loquacious speaker of each rank differs significantly from his colleagues of t.he 
same rank, using the most important, and perhaps the most sensitive, measure in the 
research reported here, namely degree of mitigat' m/aggravation. We have found that, 
for speakers of a given rank, the sample is not dominated by a few speakers with unusual 
linguistic behaviw. (For more details, see [Structural Semantics 831.) 

As a final point, recall from Section 2.1.3 that the transcripts are divided into two 
disjoint groups, called the hypothesis formulation snd test groups, in order to reduce the 
likelihood that the 'esult obtained from testing a given hypothesis is due to some 
uncontrolled variable, different. from the independent variable of the hypothesis in 
question. 

The results of the statistical tests on the research hypotheses of this study are clearly 
valid as descriptive statistics, that is, as statistical summaries of a particular sample. 
The above arguments for generalizability support our giving these results the usual 
inferential interpretation. 

4. CONCLUSIONS AND EXTENSIONS 
The results reported above support the conclusion that a methodology is now available 
for the detTiled analysis of cockpit discourse, and that this methodology can be applied 
to improving aviation saf ty. This methodology has produced a number of verified 
results concerning the linguistic behavior of air crews that seem to have significant 
implications for crew training. In addition, a number of interesting directions for further 
research have been suggested. The first two subsedions below detail what we think 
have been the main contributions of this research, while the third discusses its 
extensions. 
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4.1 General and Basic Contributions 

1. A theory of the structure of command and control discourse that include a 
determination of its relationships to planning and explanation, as well as 
determination of its basic speech acts, which are request, report, acknowledgement 
and declaration. 

2. A general theory of the structure of discourse; this theory involves analyzing a 
given discourse unit as a sequence of transformations that construct an underlying 
tree structure representing the structure of the discourse, i.e., a hierarchical 
classification of the discourse parts and their relationships. 

3 A classification of the discourse types that occur in aviation discourse. These are: 
command and control chain, including the subtype of checklist; planning; 
explanat.ion; and narrative and pseudo-narrative. 

4. A scale of mitigation levels for speech acts occurring in aviation discourse. This 
five point scale ranges from .highly mitigated. to .aggravated. and has "direct. 
as its zero point. The scale has been experimentally validated. 

5. A theory of draft orders (suggestions for action that have not yet been ratified by 
the captain) and Low they come to be ratified has been developed, based on the 
theories of planning, explanation, and command and control discourse. 

6. A collection of variables has been isolated that summarize many important 
characteristics of the speech acts that occur in cockpit discourse. 

4.2 Applied and Specific Contributions 

This subsection describes what we believe ar.4 the relation of the hypotheses discussed 
here to further research and direct training in crew coordination and communiation for 
aviation safety. It should be remembered that these results are necessarily limited by the 
restriction of our data to accident transcripts. It should be possible to go much further 
in the directions indicated here when both systems data and non-accident data are 
available. 

1. It has been shown that the average mitigation level of requests by subordinates is 
significantly higher than that of requests by superiors It would be important to 
test whether this asymmetry contributes to the misi -!metation of suggestions 
and commands in the cockpit, because it should c be difficult to train 
subordinate crew members to use less mitigated language, or (as NTSB reports put 
it) to be more assertive. 

2. It has been shown that requests are less mitigated during a Crew Recognized 
Problpm, and are still less mitigated during a Crew Recognized Emergency. This 
suggests that crew members should not find it strange or abnormal to be trained to 
use I-ss mitigation, since variation of mitigation level is soi.iethiy that they 
already do under certain conditions. It also suggests that training in linguistic 
assertiveness would only be reinforcing a tendency that already appears under 
problem and emergency conditions. 

3. It has been shown that superiors produce a higher proportion of explanation or 
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planning speech acts than subordinates. The  optimal ratio is not clear, and may 
depend on the context; it would be important. to investigate this. There are 
reasoils t o  believe that this ratio would be a good indicator of degree of the 
ai:!hority delegated by a given captain to his crew. 

4. I t  has been shoun that planning and explanation are much more common during 
crew recognized problems. and that they are less common (luring crew recognized 
emergencies. This suggests furthcr research to discover whet.her training crew 
members to engage in more planning and reasoning under real emergency 
conditions \\auld improve performance. 

5. 1t has Iwen shown that niore mitigated speech acts introdwing a new topic, are iess 
lihely to have their topic become the subjecl of further conversation. This 
demonstrates the importance of crew members not using mitigated language when 
intrc&cing operat ionally significant topics. Because this also is presumably 
behavior for which crew members can be trained, it would be intereding to explore 
hoth the basic linguistic yhenoniena further, and to test whether or not such 
training can improve an! objective performance measures. 

6. It has betm shown. with a very high level of significance, bhat on the average, draft 
orders that do not get ratified are more mitigated than those that do get ratified. 
The implications of this result are very similar to those of the previous result, but 
concern the ratification of subordinates’ suggestions rat,her than the success of t,heir 
topics. 

7. The research reported here (see (Structiiral Scniantics 831 for details) suggests that. 
a number of other linguistic variables should be investigated for correlation with 
objective system and crew performance variables. These variables include: degree 
of  command and control coherence, as defined in; the rate of request-report- 
acknowledge triples; the rate of planning and reasoning; and the rate of simple 
acknoivlcdgements. In certain cases, it might be less costly to use a reliable 
linguidic variable as an indicator of some objective performance measure than to 
measure it directly. In other cases, important training implications might be 
discoverr :. 

8. Finally. the research prokram initiated in this report should have many 
applications to the design of aviation procedures and equipment systems that 
involve communication (such as onboard display and speecs generation). This 
possibility of application arises from the clear demonst.ration that air crew 
discourse involves definite linguistic strucbures, and bhat these structures 
correspond in specific ways to the operational structwe of the flight. This means 
that there are only certain t,imes when it is natural for certain kinds of 
communic3tions to occur, and that there are natural forms for each kind of 
communication. For example, a piece of equipment in the cockpit that  produced 
complex verbal information about the status of the flight plan would probably not 
be useful unless it produced this information ht the right time and in the right 
form. 
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4.3 Extensions 

The methodology described here is presently being used in a study of crew coordination 
factors and their relationship to flight task performance, using as data audio and video 
recordings of 16 full mission simulations [Murphy et al. 841. This will permit some 
important extensions of the present research including: 

1. Extension of the hypotheses to non-verbal performance and to factors of the 

2. Comparison of communication in successful and unsuccessful flight performance. 
We expect that  the findings of the current study will be confirmed, refined and extended 
by this richer dataset. It is hoped that this will lead to the development of new methods 
for training crews in more effectiv. communication, and will provide guidelines for the 
design of improved aviation procedures and equipment. 

aircraft systems. 
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A FULL M I S S I O N  SIMULATOR STUDY OF AIRCREW PERFORMANCE: 

and 
T h e i r  R e l a t i o n s h i p s  t o  F1 i g h t  Task Performance 

The Measurement of C r e w  Coord ina t ion  and Decisionmaking F a c t o r s  

Miles R. Murphy, Rober t  J. Randle, T r i e v e  A. Tanner,  NASA/ARC 
Richard M. Franke l ,  Wayne S ta t e  U n i v e r s i t y  

Joseph A. Goguen and C h a r l o t t e  Linde, S t r u c t u r a l  Semant ics  

A b s t r a c t :  S i x t e e n  three-man crews f l e w  a f u l l -  
mi s s ion  s c e n a r i o  i n  an a i r l i n e  f l i g h t  s i m u l a t o r .  
The s c e r s r i o  was des igned  t o  e l i c i t  a high l e v e l  of  
v e r b a l  i n t e r a c t i o n  d u r i n g  i n s t a n c e s  o f  c r i t i c a l  de- 
c i s ionmaking .  Each crew f l e w  t h e  s c e n a r i o  o n l y  
once ,  w i thou t  p r i o r  knowledge of t h e  s c e n a r i o  prob- 
lem. Following a s i m u l a t o r  run and i n  accord  wi th  
formal  i n s t r u c t i o n s ,  each  of t h e  three crewmembers 
independen t ly  viewed and commented on  a v i d e o t a p e  of  
t h e i r  performance. Two check-p i lo t  o b s e r v e r s  r a t e d  
p i l o t  performance a c r o s s  a l l  crews and,  fo l lowing  
each  r u n ,  a l s o  commented on t h e  v i d e o  t a p e  of  t h a t  
crew's performance. A l i n g u i s t i c  a n a l y s i s  o f  v o i c e  
t r a n s c r i p t s  is be ing  made t o  p r o v i d e  added assess- 
ment of  crew c o o r d i n a t i o n  and dec is ionmaking  q u a l i -  
t ies .  Measures of  crew c o o r d i n a t i o n  and d e c i s i o n -  
making f a c t o r s  a r e  be ing  c o r r e l a t e d  w i t h  f l i g h t  t a s k  
performance measures.  Some r e s u l t s  and c o n c l u s i o n s  
from o b s e r v a t i o n a l  d a t a  a r e  p r e s e n t e d .  

I NT R ODUC T ION 

C r e w  c o o r d i n a t i o n  and dec is ionmaking  have been impl i -  
c a t e d  a s  f a c t c r s  i n  many a c c i d e n t s  and i n c i d e n t s  (NTSB, 
1976; Murphy, 1980) and many crew f a c t o r s  have been sug- 
g e s t e d  a s  c a u s e s  of i n e f f e c t i v e  crew performance,  f o r  exam- 
p l e ,  p i l o t - c o p i l o t  r o l e  r e l a t i o n s ,  l a c k  o f  d e c i s i v e  command, 
and s t r a i n e d  s o c i a l  r e l a t i o n s  (Murphy, 1977) .  A f u l l -  
mi s s ion  s i m u l a t o r  s t u d y  o f  crew performance (Ruffe l l -Smi th ,  
1979) r e l a t e d  t h e  i n e f f e c t i v e  management of  bo th  human and 
m a t e r i a l  r e s o u r c e s  t o  i n c r e a s e d  d e c i s i o n  times. G e n e r a l l y ,  
however, sugges t ed  c a u s a l  f a c t o r s  i n  a i r  crew performance 
e f f e c t i v e n e s s  have n o t  been w e l l  d e f i n e d  through s y s t e m a t i c  
s t u d y  o r  r e sea rch .  One r eason  f o r  c h i s  s t a t u s  is sugges t ed  
t o  be  a l a c k  o f  an e f f e c t i v e  method f o r  i s o l a t i n g  and quan- 
t i f y i n g  crew i n t e r a c t i o n  f a c t o r s  and f o r  r e l a t i n g  these fac-  
t o r s  t o  f l i g h t  t a s k  performance ( c f .  Mur,lhy, 1977; Hackman 
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and Morr i s ,  1975) .  This  s t u d y  c o n t i n u e s  e f f o r t s  t o  deve lop  
s u c h  methods (Goguen e t  a l ,  1984; Goguen and L i n d e ,  1983; 
Foushee and Manos, 1981; Kurphy, 1980) .  

The  pr imary o b j e c t i v e  of  t h i s  s t u d y  is t o  deve lop  
methods f o r  q u a n t i f y i n g  crew c o o r d i n a t i o n  and dec is ionmaking  
f a c t o r s  and t h e i r  r e l a t i o n s h i p s  t o  f l i g h t  t a s k  performance. 
A secondary  o b j e c t i v e  is t o  deve lop  in fo rma t ion  abou t  crew 
p r o c e s s  and performance f o r  a p p l i c a t i o n  i n  t h e  development 
of  r e s o u r c e s  management t r a i n i n g  programs. Of s p e c i a l  
i n t e r e s t  is  in fo rma t ion  on how e r r o r s  evo lve  i n  t h e  c o c k p i t ,  
p a r t i c u l a r l y  e r r o r s  i nvo lv ing  i n t e r p e r s o n a l  f a c t o r s .  

R e l a t i o n s h i p s  between s e v e r a l  crew and sys t ems  p e r f o r -  
mance measures  and some p e r s o n a l  and crew p r o c e s s  v a r i a b l e s  
a r e  explored  i n  t h i s  s tudy .  Personal  v a r i a b l e  c a t e g o r i e s  
i n c l u d e  p e r s o n a l i t y  and background v a r i a b l e s  such  a s  age  and 
e x p e r i e n c e ,  f o r  example. The  pr imary emphasis  , however, is 
on crew p r o c e s s ,  o r  i n t e r p e r s o n a l  i n t e r a c t i o n .  C o n s t r u c t s  
o r  v a r i a b l e  classes of  major concern  here a re  s u g g e s t e d ,  a 
p r i o r i ,  t o  be: 1. command h i e r a r c h y ,  2. command s t y l e ,  3. 
i n t e r p e r s o n a l  communications, 4. crew c o o r d i n a t i o n ,  5 .  
r e s o u r c e s  management, and 6 .  group  decis ionmaking.  

The  o v e r a l l  d e s i g n  of t h i s  s t u d y  is  s i m i l a r  t o  t h a t  o f  
NASA's f i r s t  f u l l  mi s s ion  s i m u l a t o r  s t u d y  o f  a i r  crew per-  
formance (Ruffe l l -Smi th ,  1979) .  Th i s  s t u d y  d i f f e r s  from t h e  
e a r l i e r  s t u d y  mainly i n  t h e  more formal  and comprehensive 
assessment  of  i n t e r p e r s o n a l  i n t e r a c t i o n  f a c t o r s ,  i n  s c e n a r i o  
d e s i g n ,  and i n  crew member s e l e c t i o n  c r i t e r i a .  

METHOD 

S imula to r  
A Boeing 720B f l i g h t  t r a i n i n g  s i m u l a t o r ,  an e a r l y  ver -  

s i o n  of  t h e  Boeing 707, was used  i n  t h e  s tudy .  T h i s  s imula-  
t o r  is an FAA approved v i s u a l  s i m u l a t o r  w i t h  a model-board 
scene and h a s  th ree  d e g r e e s  of freedom i n  motion: p i t c h ,  
r o l l ,  and heave. The  s i m u l a t o r  is opera t ed  by t h e  A i r l i n e  
T ra in ing  I n s t i t u t e  ( A T I ) ,  San C a r l o s ,  C a l i f o r n i a .  

A i r  T r a f f i c  Con t ro l  
A current ,  p r o f e s s i o n a l  a i r  t r a f f i c  c o n t r o l l e r  was used 

i n  t h e  s i m u l a t i o n .  The  c o n t r o l l e r  a l s o  p a r t i c i p a t e d  w i t h  
ano the r  member of  t h e  expe r imen ta l  team i n  s i m u l a t i n g  
c o n v e r s a t i o n s  w i t h  o t h e r  a i r c r a f t ,  t h u s  p rov id ing  background 
c o n v e r s a t i o n s  on t h e  ATC network. 
S c e n a r i o  

Simply, t h e  s c e n a r i o  r e p r e s e n t e d  a f l i g h t  from Tucson 
(TUS) t o  Los Angeles ( L A X )  v i a  Phoenix (PHX) w i t h  a fo rced  

- 
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d i v e r s i o n  t o  an a l t e r n a t e  upon r each ing  LAX. The crew's 
enactment  of  t h e  s c e n a r i o  began w i t h  a C a p t a i n ' s  B r i e f i n g  i n  
t h e  s imula t ed  o p e r a t i o n s  room a t  TUS and endee upon deplan-  
ing a t  t h e  selected a l t e r n a t e - - - e i t h e r  Palmdale (PMD) o r  
Ontar i o  (ONT) . 

T h e  s c e n a r i o  was des igned  t o  evoke a ser ies  of d e c i -  
s i o n s  about  where t o  proceed fo l lowing  a missed approach a t  
LAX due t o  a nose  g e a r  not-down-and-locked i n d i c a t i o n .  T h i s  
s i t u a t i o n  was exace rba ted  by having occur red  a t  a time when 
t h e  Los Angeles b a s i n ,  i n c l u d i n g  O n t a r i o ,  was e x p e r i e n c i n g  
low and d e t e r i o r a t i n g  c e i l i n g s  and v i s i b i l i t i e s  d u e  t o  coa- 
s t a l  fog.  O n t a r i o ,  l o c a t e d  i n l a n d  from Los Angeles,  was 
l a g g i n g  Los Angeles i n  t h i s  d e t e r i o r a t i o n .  And, j u e , t  over  a 
mountain range ,  o u t  of  t h e  b a s i n ,  Palmdale was e x 9 e r i e n c i n g  
c l e a r  weather  w i t h  good v i s i b i l i t y .  Upon going through a 
complete  g e a r  check procedure  t a k i n g  s e v e r a l  minutes ,  t h e  
crews would d i s c o v e r  t h a t  t h e  g e a r  was down and pinned and 
they  cou ld  t h e r e f o r e  assume t h a t  t h e  pane l  l i g h t  i n d i c a t i o n  
was f a u l t y .  

Within t h i s  s c e n a r i o  t h e  most c r i t i c a l  d imens ions  o f  
t h e  d e c i s i o n  p r o c e s s  invo lve :  1. when t o  proceed f r o n  t h e  
LAX a r e a  t o  an a l t e r n a t e ,  and 2.  t h e  c h o i c e  of  t h e  a l t e r -  
nate. Rela ted  s u b s i d i a r y  c h o i c e s  invo lve :  1. whether t o  do  
a complete  g e a r  c h e c k  i n  t h e  LAX a r e a ,  2. whether t o  make a 
second l and ing  a t t e m p t  a t  LAX ( c e i l i n g s  and r;nway v i s u a l  
range [RVR] degrade  t o  l e g a l  minimums a t  LAX d u r i n g  t h i s  
c h o i c e  "window" and w i l l  go  below minimums i f  and when t h e  
a i r c r a f t  c r o s s e s  t h e  o u t e r  m a r k e r ) ,  3. w h e t h e r  t o  r a i s e  t h e  
g e a r  f o r  f u e l  c o n s e r v a t i o n  w h i l e  f l y i n g  t o  t h e  a l t e r n a t e ,  
and 4.  w h e t h e r  t o  d e c l a r e  an emergency f o r  e i t h e r  t h e  g e a r  
problem o r  a minimum f u e l  problem. 

Research Amroach  
An observational-correlational approach was used i n  t h e  

s tudy .  Each crew f l e w  t h e  s c e n a r i o  o n l y  once,  w i t h o u t  p r i o r  
knowledge of  t h e  s c e n a r i o  problem. The i n t e n t  o f  t h e  
approach and procedure  was t o  maximize a v a l i d  d e s c r i p t i o n  
of n a t u r a l  crew performance. 

R e l a t i o n s h i p s  between s e v e r a l  crew and sys tems p e r f o r -  
mance measures  and v a r i a b l e 7  i n  t h e  fo l lowing  p e r s o n a l  and 
o p e r a t i o n a l  c a t e g o r i e s  a r e  a s s e s s e d .  

Pe r sona l  c h a r a c t e r i s t i c s :  S e v e r a l  p e r s o n a l i t y  dimen- 
s i o n s  were a s s e s s e d .  I n s t r u m e n t a l i t y  and e x p r e s s i v e n e s s  
(e.g. ,  Spence and Helmreich, 1978) were measured t o  a s s e s s  
t h e i r  p o t e n t i a l  a s  p r e d i c t o r s  of d i f f e r e n c e s  i n  i n t e r a c t i o n  
and performance. T h e s e  d imens ions  have been sugges t ed  a s  
p o s s i b l e  p r e d i c t o r s  of  manager ia l  e f f e c t i v e n e s s  i n  such  con- 
c e p t s  a s  t h e  manager ia l  g r i d  (Blake and Mouton, 1978) .  A 
mul t i -d imens iona l  measure of achievement  m o t i v a t i o n  was a l s o  
inc luded .  T h e s e  d imens ions  inc luded  a t t i t u d e s  toward work, 
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mas t s ry ,  and c o m p e t i t i v e n e s s  (e.g. Spence and Helmreich, 

Back round v a r i a b l e s :  Background d a t a  o b t a i n e d  from 

p o s i t i o n  f o r  t h e  B707,  time since l a s t  p r o f i c i e n c y  check i n  
t h e  B707, a r a t i n g  o f  how o f t e n  each crewmember had flown 
w i t h  o t h e r  members o f  t h e  crew i n  t h e  p a s t .  

1978) 

crewuem 7+T- ers  nc luded ,  f o r  example: l e n g t h  of  time i n  "rew 

Pre-s imula t ion  a c t i v i t  v a r i a b l e s :  Pre-s imula t ion  d a t a  
o b t a i a  from crewmem --E+ ers  inc luded ,  f o r  example, d e p a r t u r e  
d a t e  and a u r a t i o n  of l a s t  d u t y  t r i p , - t h e  q u a n t i t y - a n d -  qua l -  
i t y  o f  s l e e p  t h e  n i g h t  b e f o r e  t h e  s i m u l a t o r  r u n .  
- C r e w  p r o c e s s  v a r i a b l e s :  T h i s  c a t e g o r y  o f  v a r i a b l e s  

i n c l u d e  those  u s u a l l y  c l a s s i f i e d  u n d e r  t h e  g e n e r a l  term 
"crew c o o r d i n a t i o n "  ---f o r  example, i n d i c a t o r s  o f  c o n c e p t s  
s u c h  a s  command s t r u c t u r e  and command s tyle---as  w e l l  a s  t h e  
s t r e n g t h s  of  s p e c i f i c  p r a c t i c e s  s u c h  as:  informing o t h e r  
crewmembers of  in tended  a c t i o n s ,  per forming  crew b r i e f i n g s  
e a r l y  i n  r e l a t i o n  t o  c r i t i c a l  f l i g h t  e v e n t s ,  s e t t i n g  
a p p r o p r i a t e  t a s k  p r i o r i t i e s ,  d e l e g a t i n g  t a s k s  a p p r o p r i a t e l y ,  
e t c .  T h i s  c a t e g o r y  of v a r i a b l e s  a l s o  i n c l u d e s  some com- 
ponents  of  t h e  crew dec is ionmaking  process---for example, 
t h o s e  i n t e r p e r s o n a l  components by w h i c h  a crewmember st-gges- 
t i o n  may be  " r a t i f i e d "  by t h e  Capta in  and become a conmand 
( c f .  Goguen e t  a l ,  1984;  Goguen and Linde, 1983). Another 
s u c h  example would concern components by which  sugges t ed  
t o p i c s  a r e  cont inued  o r  ignored .  Data f o r  t h e  a s ses smen t  o f  
crew process  v a r i a b l e s  a r e  o b t a i n e d  from o b s e r v e r  r a t i n g s ,  a 
l i n g u i s t i c  a n a l y s i s  o f  aud io  r e c o r d s ,  and a v i d e o  p e e r  
review p rocess  . 

C r e w  and s y s t e m  performance measures ,  t h a t  is, t h e  
f l i g h t  t a s k  measures ,  a r e  d e r i v e d  from o b s e r v a t i o n a l  d a t a  
and s i m u l a t o r  s t a t e  d a t a .  C r e w  performance measures  
i n c l u d e ,  f o r  example: r e a c t i o n  time i n  detect in ,  a system 
f a i l u r e ,  time t o  a d e c i s i o n ,  system o p e r a t i o n  e r r o r s .  Sys- 
tem performance measures  i n c l u d e ,  f o r  example: f l i g h t  pa th  
c o n t r o l  accu racy ,  a l t i t u d e  e x c u r s i o n s  on cl imb-out ,  exces- 
s i v e  f l i g h t  v e l o c i t i e s ,  e tc .  T h e r e  is some e v i d e n c e  t h a t  
s i m u l a t o r  system measures  a r e  c o r r e l a t e d  w i t h  measures  
o b t a i n e d  i n  t h e  a i r c r a f t  (Randle ,  e t  a l ,  1981) .  

Another p a r t  of t h i s  s t u d y ,  r e p o r t e d  s e p a r a t e l y  ( C a l f e e  
e t  a l ,  1 9 8 4 )  f o c u s e s  on how crewmembers r e p r e s e n t  t n e  t a s k  
o f  f l y i n g  and p e r c e i v e  i n d i v i d u a l  r e s p o n s i b i l i t i e s .  Inter-  
view d a t a  f o r  t h e s e  a n a l y s e s  were o b t a i n e d  from crewmembers 
b e f o r e  and a f t e r  t h e  s i m u l a t o r  r u n .  

Data A c a u i s i t i o n  
S imula to r  s t a t e  d a t a :  T w e n t y  s i x  channe l s  of  s i m u l a t o r  

s t a t e  d a t a  were a c q u i r e d  and recorded us ing  an Analog Dev- 
ices  MACSYM 150 d i g i t a l  measurement and c o n t r o l  

-- 

2 5 2  



m i c r o p r o c e s s o r  w i t h  f l o p p y  d i s k  s t o r a g e .  T a b l e  1 descr ibes  
these d i s c r e t e  and a n a l o g  s i g n a l s .  

0 e r a t i o n a l  v o i c e  r e c o r d i n  s: A n  8- t r . sck  a u d i o  recorder 

comm n e t s ,  i n d i v i d u a l  crewmember v o i c e s  from l a p e l  m i k e s ,  
and  a c h a n n e l  c o n t a i n i n g  a c o m p o s i t e  o f  t h e  v o i c e s .  

was k c - g  -Ti-+- t e vo  ces from t h e  r a d i o  and i n t e r -  

Video  r e c o r d i n g s :  Four v i d e o  c a m e r a s  were loca ted  i n  
t h e  m a t o r ,  o u t  of s i g h t  o f  t h e  crewmembers. Four  i n d i -  
v i d u a l  v i ews  were recorded: a f r o n t a l ,  uppe r  t o r s o  v i ew o f  
e a c h  of t h e  three crewmembers and a c o n t e x t  v i e w  s h o t  from 
t h e  back o f  t h e  s imula to r  cockp i t  showing a l l  t h r e e  
crewmembers p e r f o r m i n g  a t  t h e i r  i n s t r u m e n t  p a n e l s  and con- 
t r o l s .  A f i f t h  k ind  of r e c o r d i n g  p o r t r a y e d  t h e s e  f o u r  v i e w s  
a s  a quad imaso c o m p o s i t e  f o r  p r e s e n t a t i o n  on  a s i n g l e  
s c r e e n .  T h i s  composite p r e s e n t a t i o n  shows t h e  C a p t a i n  i n  
t h e  upper l e f t  q u a d r a n t ,  t h e  F i r s t  O f f i c e r  i n  t h e  uppe r  
r i g h t  q u a d r a n t ,  and t h e  F l i g h t  E n g i n e e r  i n  t h e  lower r i g h t  
q u a d r a n t ;  t h e  l o x o r  l e f t  q u a d r a n t  p o r t r a y s  t h e  c o n t e x t  v i ew,  
p r e s e r v i n g  t h e  same r e l a t i v e  l o c a t i o n s  o f  t h e  crewmembers 
( s e e  f i g u r e  1 ) .  Four  o f  t h e s e  quad image, composite v i e w s  
were r e c o r d e d  r e a l - t i m e  f o r  use i n  t h e  v i d e o  peer r e v i e w  
p r o c e s s .  

Video  peer r e v i e w  comments: Comments made by e a c h  
crewmember and o b s e r v e r  d u r i n q  t h e i r  r e v i e w  o f  t h e  v i d e o  
t a p e  of t h a t  crew's p e r f o r m a n c e  were r e c o r d e d  on o n e  c h a n n e l  
of 2-channel  a u d i o  c a s s e t t e s .  Greenwich  Mean Time (GMT)  # 

r e p r e s e n t i n g  t h e  o p e r a t i o n s  time f o r  ,he f l i g h t ,  was 
r e c o r d e d  on t h e  second  c h a n n e l .  T h i s  e n a b l e d  t h e  comruta-  
t i o n  of  time d i s t r i b u t i o n  f o r  a l l  i n t e r p r e t i v e  c o m e n t s  
r e l a t i n g  t o  any s i n g l e  e v e n t .  

I R I G  t i m i n  s stem: An I R I G  t i m i n g  s y s t e m  g e n e r a t e d  t h e  
GMT for d a h g  e v e n t s  o n  a l l  a u d i o  and v i d e o  
records. The microprocessor used  i n  a c q u i r i n g  s imula to r  
s t a t e  d a t a  was m a n u a l l y  s y n c h r o n i z e d  t o  t h i s  GMT. 

O b s e r v e r  comments: The two c h e c k  p i l o t  o b s e r v e r s  rated 
p e r f o r m a n c e s  o f  t h e  two p i l o t  crewmembers f rom t h e i r  loca- 
t i 3 n  i n  t h e  r e a r  o f  t h e  s i m u l a t o r .  They r a t e d  p e r f o r m a n c e  
i n  s e v e r a l  c a t e g o r i e s  d u r i n g  e a c h  p h a s e  of t h s  f l i g h t  and  
f o r  e a c h  of two f l i g h t  l e g s .  They r a t e d  p e r f o r m a n c e  on  5- 
p o i n t  s c a l e s  f o r  which a " 3 "  i n d i c a t e d  a v e r a g e  p e r f o r m a n c e  
and a "1" and " 5 "  i n d i c a t e d  below and above  a v e r a g e  p e r f o r -  
mance, r e s p e c t i v e l y .  Ra ted  c a t e g o r i e s  i n c l u d e d ,  f o r  exam- 
p l e :  Crew Coordination/Communications, P l a n n i n g  and S i t u a -  
t i o n  Awareness ,  and O v e r a l l  Pe r fo rmance  and E x e c u t i o n .  

S u b j e c t s  
S e l e c t i o n :  The crewmembers were p a i d  v o l u n t e e r s .  'i!leir 

e x p e r i e n c e  r e p r e s e n t e d  a wide  r a n g e  i n  r e f e r e n c e  t o  a i r l i n e  
o f  o r i g i n  and r e c e n c y ,  o r  c u r r e n c y ,  on  R-707 l i n e  
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o p e r a t i o n s .  Some were current on t h e  8-107. Many had r e c e n t  
B-707 l i n e  e x p e r i e n c e  and were now f l y i n g  o t h e r  j e t  a i r c r a f t  
i n  l i n e  o p e r a t i o n s .  Some were re t i red  from t h e  l i n e .  T h i s  
d i v i = r s i t y  i n  e x p e r i e n c e  was impor t an t  a s  an a i d  i n  e v a l u a t -  
ing t h e  s e n s i t i v i t y  o f  t h e  v a r i o u s  performance measures.  
Thus crew composi t ion ranged from one i n  wh ich  a l l  members 
were ret i red from t h e  l i n e  t o  one c u r r e n t l y  f l y i n g  t h e  B-707 
as an i n t a c t  crew. 

C i f f e r e n c e s  t r a i n i n g :  P.11 crewmeabers r e c e i v e d  s i x  
hour s  of  c lass room d i f f e r e n c e s  t r a i n i r , g  and f o u r  t o  e i g h t  
hours  of  s i m u l a t o r  d i f f e r e n c e s  t r a i n j n g .  The number o f  
hour s  of s i m u l a t o r  d i f f e r e n c e s  t r a i n i n g  t h a t  a crewmember 
rece ived  was based on recency.  S u b j e c t s  were formed i n t o  
crews p r i o r  t o  t h i s  s i m u l a t o r  t r a i n i n g  and b*ere i n s t r u c t e d  
i n  coord ina ted  Frocedures  d u r i n g  t h i s  t r a i n i r t g ,  

B a s e l i n e  system er fo imance  d a t a :  Some b a s e l i n e  system 
performance d a t a  were b o t a i n e r i - f o r  each  of  t h e  two p i l o t  
crewmembers a t  t h e  comple t ion  of  t h e  s i m u l a t o r  t r a i n i n g .  
When t h e  i n s t r u c t o r  Gudged t h a t  a p i l o t  had s u f f i c i e n t  
t r a i n i n g ,  t h e  p i lo ; - sub jec t  made three t ake -o f f s  and land-  
i n g s  i n  t h e  s i iau la ted  LAX t r a f f i c  p a t t e r n .  They inc luded  
t h e  clsual takc cl imb,  v e c t o r s  t o  ILS, approach ,  l a n d i n g ,  
and r o l l - a u t .  J f u r t h e r  i n s t r u c t i o n  was g iven  d u r i n g  t h i s  
exercise. A l l  t h c  v a r i a b l e s  l i s t e d  i n  t a b l e  1 were con t inu -  
ously recorded du r ing  t h a s s  b a s e l i n e  d b t a  runs.  

Procedure 
I n i t i a l  b r i e f i n  : In  an i n i t i a l  h r i e f j n g  t h e  p o t e n t '  . 

crewmembers d o r m e d  about  t h e  s t u d y  o b j e c t i v e s ,  dat ,  
t ak ing  procedures ,  t h e  s i m u l a t o r  t o  b e  used,  and t h e  d i f f e r -  
ences t r a i n i n g  procedures .  They were a l s o  t o l d  t h a t  t h e y  
would be f ly i t i g  a f u l l  miss ion  s c e n a r i o  and t h a t :  "The 
s c e n a r i o  ( f l i g h t )  is i n i t i a t e f  a t  Tucson (TUS) w i t h  a 
C a p t a i n ' s  B r i e f i n g  and is t o  c o n t i n u e  t o  L ~ P  Angeles (LAX)  
v i a  Phoenix (PHX). The f l i g h t  w i l l  have 3 , r i v e d  a t  T U S  from 
I>3l las ,  t h e  d i s p a t c h  l o c a t i o r . ,  on t h e  dc?y o f  Janua ry  31, 
1984 and is scheduled  t o  d e p a r r  t h a t  a f t e r n o o n .  J anua ry  31 
is  s p e c i f i e d  s o  t h a t  c h a r t s ,  NOTAMS, dawn and d u s k  times, 
e t c .  w ~ l l  be s t a n d a r d  a c r o s s  crews. Weather and o t h e r  f ac -  
t o r s  w i l l  be programmed f o r  a h y p o t h e t i c a l  day  i n  January."  

They were a l s o  informed abou t  ou r  i n t e n t i o n s  f o r  p a r t i -  
c i p a n t  anonymity. And t h e y  were t o l d  t h a t :  " I n  o r d e r  t o  
insure t h a t  e l l  crewmembers p a r t i c i p a t i n g  i n  t h e  s t u d y  
receive i d e n t i c a l  and s i m i l a r l y  t imed inEormat icn ,  we ask  
t k ? t  i n fo rma t ion  aboLt t h e  s t u d y  be  kep t  c o n f i d e n t i a l  u n t i l  
the s tudy  i s  cor .2 le ted .  You w i l l  be n a i l e d  a n o t i c e  of com- 
p l e t i o n . "  A copy of  t h e  b r i e f i r rg  was g iven  t o  c o n t i n u i n g  
p a r t i c i p a n t s ,  a b a u t  97% o f  t h i s  c roup .  
- Pre-ruIA -- ; i s t r u c t i o n s  - and b r i e f i n g :  On t h e  .,iorning of a 

c rew ' s  s i m u i a t o r  r u n  they  r e c e i v e d  f i n a l  i n s t r u c t i o n s  on t h e  
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pro jec t  procedures---a set o f  procedures  i n  u s e  a t  t h e  A i r -  
l i n e  T r a i n i n g  I n s t i t u t e .  These  f i n a l  i n s t r u c t i o n s  c o n c e r n e d  
f l i g h t  p l a n  and d i s p a t c h  formats  and a r e v i e w  o f  s i m u l a t o r  
1 i m i  t a t  i o n s .  

The  crew t h e n  r e c e i v e d  a f i n a l  b r i e f i n g  i n  which t h e y  
were t o l d :  "We would l i k e  you t o  perform j u s t  a s  you would 
on  a r e g u l a r  a i r l i n e  f l i g h t ,  i g n o r i n g  l i m i t a t i o n s  of t h e  
s imula to r  t o  t h e  e x t e n t  possible.  W e  a s k  you n o t  t o  even  
u s e  t h e  word ' s i m u l a t o r '  w h i l e  i n  y o u r  role  a s  a crewmember. 
We a s k  you t:, p l e a s e  p l a y  y o u r  r o l e  f u l l y ,  i.e., do j u s t  
what  you V-pould do i n  an  a c t u a l  a i r c r a f t ,  even  i f  you some- 
t i n e s  ha..e t o  ' f a k e  i t '  because, a s  you know, f u l l  a i r c r a f t  
d u F l i c a t i o n  d o e s  n o t  e x i s t . "  T h i s  l a c k  o f  f u l l  d u p l i c a t i o n  
m o s t l y  i n v o l v e d  minor  communica t ion  and n a v i g a t i o n  
d i s c r e p a n c i e s  on w h i c h  t h e  crew had been  i n s t r u c t e d .  The o n e  
m a j o r  e x c e p t i o n  t o  f u l l  d u p l i c a t i o n  was access t o  a lower 
bay  of  t h e  a i r c r a f t  fo r  i n s p e c t i o n  of  t h e  n o s e  gear  p i n .  
For t h i s  t a s k  s i m u l a t i o n  of time t o  wai t  and  r e s u l t s  t o  
report, e.g. ,  " p i n  i n " ,  was e f fec ted  by a n  o b s e r v e r  h a n d i n g  
t h e  F l i  h t  E n g i n e e r  an  i n s t r u c t i o n  c a r d  a s  h e  began  h i s  
s i n u l a t e j  e n a c t m e n t  of t h e  t a sk .  

During t h i s  b r i e f i n g  t h e  crew was a l s o  informed t h a t  
o p e r a t i o n a l  time (GMT) was t o  be i n i t i a t e d  on t h i s  a i r c r a f t  
a t  t h e  time t h e  F l i g h t  E n g i n e e r  was r e l e a s e d  from t h e  
C a p t a i n ' s  B r i e f i n g  t o  s t a r t  h i s  p r e - f l i g h t  c h e c k s ,  and  t h a t  
t h i s  time r ~ a s  t G  be d u p l i c a t e d  i n  t h e  s i m u l a t e d  o p e r a t i o n s  
room. T h i s  time was i n i t i a t e d  a s  one -ha l f  h o u r  b e f o r e  b l O C K  
d e p a r t u r e  time. The crew was i l s o  i n s t r u c t e d  t o  remain  i n  
r o l e  on  t h e  g round  a t  Phoenix  f o r  t h a t  q u i c k ,  o n e - h a l f  h o u r  
tur-1-around . 

Durinq-run p r o c e d u r e :  The A i r  T r a f f i c  C o n t r c l l e r  and 
- . t h t r  e x p e r i m e n t e r s  were l o c a t e d  i n  a c o n t r o l  room z d j a c e n t  
t o  t h e  s i m u l a t o r  . M o n i t c r s  a v a i l a b l e  t o  t h e  e x p e r i m e n t e r  
team were: 1. a n  X-Y p l o t t e r  showing t h e  a i z c r a f t  p a ~ h ,  2. 
a v i s u a l  s c e n e  d i s p l a y ,  3. a u d i o  speakers,  and  4. v i 6 0 0  
s c r e e n s  showing v i e w s  of t h e  cre-members and  c o c k p i t .  The 
a i r  t r a f f i c  c o n t r o l  and backgrot ind c o n v e r s a t i o n s  were 
s c r i p ' e d ,  a l t h o u g t .  a n  o c c a s i o n a l  c o n t i n g e n c y  i n t e r v e n t i o n  
was r t q u i r e d .  F u e l  a v a i l a b l e  a t  t h e  i n i t i a t i o n  o f  t h e  
a p p r o a c h  t o  LAX was s t a n d a r d i z e d  by c l e a r i n g  t h e  a i r c r a f t  
from a n  e n r o u t e  h o l d  when t h e  f u e l  l e v e l  r e a c h e d  14,003 
pounds.  
-- P o s t - r u n  p r o c e d u r e :  After e n g i n e  shut-down o c c u r r e d  i t  

was r eemphas ized  t o  t h e  crew t h a t  t h e y  were n o t  t o  d i s c u s s  
t h e  f l i g h t  u n t i l  a f t e r  t h e  v i d e o  peer r e v i e w  p r o c e s s .  Each 
crewmember t h e n  r a t e d ,  on  5 - p o i n t  sca les ,  q u a i i t i e s  o f  t h e  
simula:.or, t h e  s c e n a r i o ,  and s t u d y  d e s i g n  a s  t o :  1. t h e  
s t r e n g t h  o f  a g r e e m e n t  t h a t  t h ?  q u a l i t y  e x i s t e d  and 2. t h e  
e s s ? n t i a l i t y  o f  h a v i n g  t h e  q u a l f t y  , f o r  : e a l i s t i c  crewmember 
p e r f o r m a n c e ) .  Twenty-one q u a l i t i e s  were d e f i n e d  by s t a t e -  
men t s  l i k e :  " t h e  s imu la to r  ' f l i e s '  l i k e  t h e  a c t u a l  

7 
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a i r c r a f t "  and "programmed anomal i e s  ( inser ted problems) were 
r e a l i s t i c . "  

T h e  crewmembers and o b s e r v e r s  t hen  independen t ly  
reviewed and commented on i d e n t i c a l  b u t  s e p a r a t e  v ideo  t a p e s  
of  t h a t  crew's performance. I n s t r u c t i o n s  t o  t h e  r e v i e w e r s  
s o l i c i t e d  comnents o n  e v e n t s  related t o  degraded o r  exem- 
p l a r y  crew c o o r d i n a t i o n  and t a s k  performance. T h i s  v i d e o  
peer  review p r o c e s s ,  and subsequen t  a n a l y s i s ,  was adapted  
from an approach developed f o r  ana lyz ing  c l i n i c a l  transac- 
t i o n s  i n  a medical  s e t t i n g  (F ranke l  and  Beckman, 1982). The 
day ended  w i t h  t h e  second phase of  i n t e r v i e w s  r e l a t e d  t o  how 
crewmembers representec'  t a s k s  and pe rce ived  r e s p o n s i b i l i -  
ties. 

R ES ULTS 

Analys i s  of t h e  d a t a  o b t a i n e d  d u r i n g  t h i s  s t u d y  a r e  i n  
i n i t i a l  phases .  The r e su l t s  r i p o r t e d  h e r e i n  a r e  summart 
o b s e r v a t i o n s  o f  t h e  f i r s t  a u t h o r .  Some major obse rva t i a - , ;  
concern  t h e  decision-making p rocess .  A l a r g e  number a €  
crews d i d  n o t  i n i t i a t e  a t i m e l y  o r  adcquate  assessment  ot 
t h e i r  o v e r a l l  s i t u a t i o n  w i t h  r e s p e c t  t o  f u e l  and weather  
p r i o r  t o  t h e i r  f o r c e d  go-around a t  LAX. Many o f  t h e s e  crews 
con t inued  t h i s  t r e n d  w h i l e  ho ld ing  t o  perform a comple te  
g e a r  c h e c k  procedure.  Many s t a y e d  i n  t h e  area f o r  a second 
approach a t t e m p t  a t  LAX d e s p i t e  c o n s i d e r a b l e  e v i d e n c e  c f a 
d e t e r i o r a t i n g  c e i l i n g  and RVR. 

S i n c e  t h e  weather  s i t u a t i o n  d i d  e v e n t u a l l y  p r e v e n t  a 
l e g a l  and s a f e  l and ing  being made a t  L A X ,  a second go-around 
was r e q u i r e d  upon r each ing  t h e  minimum a e s i s i o n  h e i g h t  (con- 
d i t i o n s  were r e p o r t e d  a s  go ing  from "minhums" t o  "below 
m i n i m u w s "  a f t e r  an a i r c r a f t  c r o s s e d  t h e  o u t e r  rnarksr. t h u s  
p e r m i t t i n g  c o n t i n u a t i o n  of  t h e  descent t o  t h e  minimum deci- 
s i o n  h e i g h t ) .  

r e q u e s t  weather  i n fo rma t ion  o ~ l y  f o r  a i r p o r t s  w i t h i n  t h e  Los 
Angeles b a s i n ,  i g n o r i n g ,  s p e c i f i c a l l y ,  Palmdale,  l o c a t e d  
nearby and e x s e r i e n c i n g  good v i s u a l  f l i g h t  r e f e r e n c e  (VFR) 
weather .  A 1  though condi  t f o n s  ?t O n t a r i o  were approaching  
"min imwns"  e a r l y  i n  t h e  s c e n a r i o ,  many crews d i d  choose t o  
land  there.  O f t e r ,  t hey  d i d  so w i t h  a remaining f u e l  l e v e l  
t h a t  would e v e n t u a l l y  commit them t o  O n t a r i o  d e s p i t e  f u r t h e r  
weather d e t e r i o r a t i o n .  

As could  be p r e d i c t e d ,  c o n s i d e r i n g  t h e  crewmember m i x ,  
c o n s i d e r a b l e  v a r i a b i l i t y  i n  performance, a c r o s s  crewmembers 
and crews appeared t o  e x i s t .  These d i f f e r e n c e s  d i d  not,  
however, aDpear t o  be s i m p l e  f u n c t i o n s  of recency  on t h e  
l i n e ,  o r  t h e  8707. 

A t r e n d  f o r  many crews i n  e x p l o r i n g  a l t e r n a t i v e s  was t 
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CONCLUSIONS 

Although most c o n c l u s i o n s  a w a i t  d e t a i l e d  d a t a  a n a l y s e s ,  
one major c o n c l u s i o n  can  be drawn Cram o b s e r v a t i o n s  made 
d u r i n g  t h e  sttidy: performance,  by many crews o f  a f u n c t i o n  
c a l l e d  h e r e i n  " c r i t i c a l  s i t u a t i o n  assessment"  was o f t e n  
inadequate .  Usiia!ly, i t  seemed t h a t  a crew's o v e r a l l  per-  
formance could  best  be e v a l u a t e d ,  or d e s c r i b e d ,  on t h e  b a s i s  
of how t h e y  per fo twe3 three s p e c i f i c  crew f i inc t ions :  crew 
c o o r d i n a t i o n ,  f l i g h t  :ask performance, and an ongoing c r i t i -  
c a l  assessment  of  th,? c v e r a l l  f l i g h t  s i t u a t i o n .  The  terms 
crew c o o r d i n a t i o n  and f!.ight t a s k  performance a r e  used here 
i n  t h e i r  u sua l  sense. T h t  term " c r i t i c a l  s i t u a t i o n  assess- 
ment" w i l l  refer t o  t h e  onq.oing p r o c e s s  of  c r i t i c a l  a s sex -  
ment of f l i g h t  and e n v i r o n 1 ~ e n t 3 1  f a c t o r s  t h a t  a r e ,  o r  may 
become, c r u c i a l  to f l i g h t  s a z c t y .  I n  t h i s  scena : r io ,  t h t  
major ,  a p p a r e n t  f a c t o r s  o f  reference were f u e l  reinaining, 
t h e  weather  c o n d i t i o n  and t r e n d  a t  t h e  pr imary a i r p o r t ,  t h e  
geograph ica l  l o c a t i o n  of  t h e  a i r c r a f t  w i t h  r e s p e c t  t o  wari-  
ous  p o s s i b l e  a l t e r n a t e s ,  and weather  c o n d i t i o n s  and t r e n d s  
a t  these  a1 t e r n a  tes. 

O f t e n  i t  appeared t h a t  t h e  above t h r e e  major crew func- 
t i o n s  were f a i r l y  independent  w i t h  r e s p e c t  t o  d e t e r m i n a n t s  
of  performance excellence. T h u s ,  a crew might ,  f o r  example, 
be w e l l  coo rd ina ted  and perform c o n t r o l  and n a v i g a t i o n  func- 
t i o n s  well, w h i l e  f a i l i n g  t o  perform t h i s  c r i t i c a l  s i t u a t i o n  
assessment  f u n c t i o n .  F i g u r e  2 is a diagram o f  t h e s e  three 
f u n c t i o n s  and t h e i r  r e l a t i o n s h i p  w i t h  " r e s o u r c e  management" 
a s  p r e v i o u s l y  d e f i n e d  (Murphy, 1980):  "The a p p l i c a t i o n  of 
s D e c i a l i z e d  s k i l l s  t o  ach ieve  a crew o r a a n i z a t i o n  and pro- * -L  

cess t h a t  e f f e c t u a l l y  and e f f i c i e n t l y  u t i l i z e s  a v a i l a b l e  
r e s o u r c e s  i n  a t t a i n i n g  system o b j e c t i v e s " .  T h r e e  se ts  of 
s p e c i a l i z e d  s k i l l s  were i d e n t i f i e d :  1. s o c i a l  and communi- 
c a t i o n  s k i l l s ,  2. l e a d e r s h i p  and management s k i l l s ,  and  3. 
p lanning ,  problem s o l v i n g ,  and decision-making s k i l l . ? .  

A l a r g e  amount of many k i n d s  of  d a t a  were o b t a i n e d  i n  
t h i s  jus t -comple ted ,  f u l l  ;..;ssion s i m u l a t i o n .  R e s u l t s  w i l l  
be  r e p o r t e d  i n  a ser ies  of  1 a t e r . p a p e r s .  
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I n s t i t u t e  pe r sonne l  f o r  t h e i r  c o o p e r a t i o n  and  d i l i g e n c s  d a r -  
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CREW CRITICAL 
COORDINATION SITUATION ASSESSMENT 

RESOURCES 
MANAGEMENT 

FLIGHT TASK 
PERFORMANCE 

Fig. 2: Major Crew Functions 

TABLE I 
REC3RDED S I G N A L S  

ANALOG 

1 .  ILS/VOR DEV 
2. G/S DEV 
3. T A 5  
4. ROC 
5 .  P I T C H  
G. ROLL 
7. HDG S I N  

9.  ALT (GROSS) 
10. ALT SIN 

12. T/D LONG. E m .  
13. T / D  LAT. ERROR 

8. HDG COS 

11. ALT COS 

DIGITAL 

1 .  MAIN GEAR ON GROUND 

3. AP ENGAGED 
4. AP COUPLED 
5 .  AP IN C/S MAN 
6.  NAV-1 ILS 
7. V I S  S Y S T  V A L I D  
8.  V I S  S Y S T  UNFADE 
9. 1!4 VALVE OPEN 
10. LE FLAPS EXTEND 
1 1 .  T E  P U P  H > 3 5  
12. OBSERVER EVENT 
13. OVER OUTER MARKER 

2. LDG. GEAR WARNING LIGHT 
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- -  
COMMUNICATION ON THE FLIGHT DECK 

To f l y  a modern je t l iner  it is n e c e s s a r y t h a t  we l l - t r a ined  f l i g h t  crews work 

t o g e r h e r  in a coordinated way--they r u s t  b e  a b l e  t o  communicate about what 

t h e y  a r e  doing. 

serves t h i s  communicat ior  and coord ina t ion .  However, evidence shows that 

a c c i d e n t s  and i n c i d e n t s  o f t e n  are a r e s u l t  of f a i l u r e  t o  communicate 

( B i l l i n g s  6 Cheaney, 1981, NASA Techn ica l  Paper 1875). 

The i r  common understanding of what it t a k e s  t o  f l y  a p l ane  

We approach t h e  s tudy  of t h i s  p rob lan  from an information-prcessing 

po in t  cf view. 

an effect Jn how t h e y  perform a t a s k  and hou they  communicate about t h e i r  

performance of t h a t  t a s k .  We a l s o  know t h a t  if w h a t  t h e y  are doing i s  

complex, t h e y  must f i n d  some r e l a t i v e l y  simple framework f o i  r e p r e s e n t i n g  

it -ot herwise t h e  7Qmplexit y overwhelms them. 

We know t h a t  p e o p l e ' s  concep t ions  of what t h e y  are doing have 

{ S p e c i f i c  examples - NTSB r e p o r t s  - AAR - 81-14, 

AAR - 79 - 7; AAR - 80 - 14) 
The f i r s t  s t e p ,  t h e n ,  in s tudy ing  t h i s  problem is t o  develop a model 

t h a t  reduces t h e  complexjty of f ly ing  a j e t  t o  a r e p r e s e n t a t i o n  composed of 

a few r e l a t i v e l y  independent dimensions which c a p t u r e  t h e  major f e a t u r e s  of 

t h i s  t a s k .  The model, once developed, should allow UP t o  assess whet crew 

members know (which is t h e  b a s i s  f o r  how t h e y  ac t ) ,  t o  look  at a c t u a l  per-  

formance, and perhaps t a  develop t r a i n i n g  recommendations. 

The Model 

Our p re l imina ry  model ( F i g u r e  1 )  !s made of t h r e e  dimensions. We t h i n k  

it is s t r u c t u r e d  in t h e  way a we l l - t r a ined  crew member laight o r g a n i z e  h i s  

understanding of t h e  requirements  of f l y i n g .  

r e p r e s e n t s  t h e  t y p e s  of t a s k s  crew members need t o  thinK about and perform 

dur ing  a f l i g h t .  The second dimension is f l i g h t  phases;  each phase of  a 

The f i r s t  d h e n s i o n ,  f l i g h t  t a s k s ,  

S i c s f  e ld /Ca l f  ee 
S tan fo rd  6/84 
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f l i g h t  has 3 somewhat d i f f e r e n t  set of demands which crew members need t o  

meet. F ina l ly ,  t h e  circumstances o t  t h e  flight--whether events  are normal 

or turning crit ical--demand d i f f e r e n t  types  of knowledge and a t t e n t i o n  from 

each crew member. 

Here is a b r i e f  look at t h e  composition of each of t h e s e  dimensions: 

Fl ight  T a s k s  - Five ca t egor i e s  make of t h i s  dimension: 

- External  communication - t h e  monitoring and manageex&: of a l l  

informat ion exchanged with ATC, Weather Service,  Company Dispatch, e t c  

-- Navigation - A l l  a c t i v i t i e s  involved in planning, d i r ec t ing ,  and 

monitoring t h e  f l i g h t  course 

-- Vechicle Controi -All ac t iv i t i e , c  Involved in -t . taining t h e  des i red  

a t t i t u d e  and speed of t h e  a i r c r a f t  

-- Airc ra f t  Systems Management - The operat  ion,monitoring, and main- 

tenance of a l l  t h e  systems, excluding t h e  systems of veh ic l e  con t ro l  

and cOmmun i c  a t  ion 

-- Transport  Management - All act i v  it ies undertaken spec i f  ical  l y  f o r  

t h e  management of passengers and cargo 

Each of t h e s e  tasks needs t o  be handled during s e v e r a l  phases of t h e  

f l i g h t ,  and each has  a dif 'erent bearing on t h e  f l i g h t .  

Fl ight  Phases - This  dimension is important because t h e  d iv i s ion  of a 

f l i g h t  i n to  phases i s  par t  of t h e  thinking of every f l i g h t  crew member. 

Their t r a i n i n g  and f l i g h t  manuals tend t o  organize t h e  t echn ica l  

r e s p o n s i b i l l t  ies of crew members in  t h i s  sequent la1 fashion. 

-- P r e t l i g h t  -ends when t h e  plan begins t o  r o l l  

-- Taxi/Takeoff - ends when t h e  plane leve'.s off  a t  c r u i s e  a l t i t u d e  

-- Cru i se  - ends when t h e  p l ane  is c leared  t o  descent 

Siesf eld/Calf ee 
Stanford 6/84 
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Communicat i m / f  1 l g h t  deck 

-- Descent/Approach - ends wi th  c l e a r a n c e  t o  land 

-- Landing 

Arguably, t h e r e  are many d i f f e r e n t  ways t o  d i v i d e  a f l i g h t  i n t o  phases. 

We u s e  t h e s e  f i v e  because of t h e  s a l i e n c y  of each  phase ' s  border 

event and because of  d i f f e r e n c e s  in t h e  r e l a t i v e  importance of 

v a r i o u s  act i v i t  i es  wi th in  each of t h e s e  phases .  

Flight Circumstances - This  d inens ion  is bes t  thought of as a continuum. 

A t  one end is t h e  uneven t fu l  f l i g h t ,  and a t  t h e  o t h e r  end is t h e  f l i g h t  

in crisis. We have cu t  t h e  continuum i n t o  t h r e e  segments; noimal 

abnormal, a d  cri t ical  circumstances.  

c l o s e l y  with t h o s e  made in most t r a i n i n g  programs. 

These d i s t i n c t  ions correspond 

The Interview 

We used t h i s  model t o  bu i ld  a s t r u c t u r e d  interview that would l e t  u s  assess 

how crew members t h i n k  about f l y i n g  a jetliiier. Before I do on t o  d e s c r i b e  

how w e  c o l l e c t e d  d a t a  on f l i g h t  crew knowledge, l e t  me g i v e  a b r i e f  account 

of t h e  t echn ique  of t h e  s t r u c t u r e d  interview. 

It begins  with a g e n e r a l  quest ion.  For example, " T e l l  me how t h e  

An i n d i v i d u a l  w i t h  a w e l l -  f l i g h t  eng inee r  goes about doing h i s  j o b . "  

formulated understanding of f l y i n g  a je t  might take a m o m e n t  t o  "find" w h a t  

he knows b e f o r e  j i v i n g  an explanat ion.  

t ion--in r e t r i e v i n g  memories--should be e a s i l y  r e so lved  with a s p e c i f i c  probe. 

"Dciring a f l i g h t ,  w h a t  systems r e q u i r e  t h e  most a t t e n t i o n  f r m  'he f l i g h t  

engineer?"  

with s p e c i f i c  probes. It js s t r u c t u r e d  in t h e  s e n s e  t h a t  it i s  designed t o  

match a we l l -de f ined  concept ion of how knowledge should be organized. 

Any problems "finding" t h i s  informa- 

The interview c o n t i n u e s  as  a series of g e n e r a l  q v s e t l o n s ,  backed 

Siesf  e ld /Ca l f  ee 
Stanford 6/84 

266 



Communicat ion/f 1 ight  deck 

In  t h i s  study t h e  in te rv iew was designed t o  match t h e  s t r u c t u r e  of our 

mndeL of t h e  knowledge of f l i g h t ,  

I'his in te rv iew vas  given t o  each p a r t i c i p a n t  in t h e  study. I t c o n s i s t e d  

cf two p a r t s :  t h e  f i r s t  was given t h e  day crews were having d i f f e r e n c e s  

t r a i n i n g  on t h e  s imula tor ;  t h e  follow-up was a f t e r  t h e  s imulated mission 

and video review. We asked d i f f e r e n t  t y p e s  of questio., in  each sess ion .  

During t h e  lrst in te rv iew w e  asked t h a t  crew members answer t h e  ques- 

t i o n s  3s they per ta ined  t o  a normal, unevent fu l  f l i g h t  in v%ch t h e  c a p t a i n  

was t h e  p i l o t .  We asked f i v e  t y p e s  of ques t iogs  (Table 1). On6 ?-ample, 

"Divide t h e  sequence of e v e n t s  in a f l i g h t  i n t o  f o u r  t o  six phases. As 

you do so, list t h e  event that marks t h e  border between each phase." 

For t h e  follow-up, w e  concent ra ted  on t n e  i n t e r p l a y  between f l i g h t  t a s k s  

Again w e  asked t h e s e  t y p e s  of ques t ions  (Table  I). and f l i g h t  circumstances.  

An cxamp . here ,  "In your experience,  w h a t  are t h e  three most cL unon 

occurrences which d i s r u p t  a c t i v i t i e s  r e l a t e d  t o  v e h i c l e  c o n t r o l ?  What 

would t h e  immediate consequence of each occurrence be?" 

Findin@ 

We have completed t h e  interviews,  and have begun t h e  d a t a  ar.. .-Jysis. We w i l l  

compare t h e  f i n d i n g s  wi th  performance measures taken dur ing  t h e  s imulat ion.  

As w e  do t h i s ,  w e  expect t o  f i n d  more e f f e c t i v e  coord ina t ion  among crews 

with members who 

1. 

2 .  

3 .  

s h a r e  a comon understanding of ac t iv i t i e s  and r c s p o n s i b i l i t i e s  

a r e  most aware of t h e  ongoing a c t i v i t i e s  of t h e  o t h e r  crew members 

are a b l e  t o  m n l y z e  t h e  demands of t h e  f l i g h t  from t h e  d h m s f o n s  

0-- t a s k  c a t e g o r i e s ,  and f l i g h t  phases  

are s e n s i t i v e  t o  f a c t o r s  a f f e c t i n g  t a s k  ~ e r f o r m a ~ c e  during abnormal 

and emergency condi t  ions.  

4. 

S i es f  e l d /  Cal. ee 
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Table I 

Interview Topics 

PRE-S IMULAT ION 

I .  

2. F l i gh t  sequence: d i v i s i o n  of f l i g h t  into major segments 

3. F l i g h t  tasks: d i v i s i o n  of f l i g h t  i n t o  task categories 

4. Spec i f i c  a c t i v i t i e s :  pos i t i on  x phase x task descr ip t ions 

5. Tra in ing background: abnormal + emergency procedures; 

Job descript ions: major act i v i t  ies  of each crew member 

crew coordination + curmunication 

POST- S I MULAT ! ON 

1. Abnormal events: frequency + e f f e c t s  o f  most cormon abnor- 

2. Emergency events: frequency + e f f e c t s  of most serious emer- 

3 -  Scenario response: expectations for crew response t o  an 

4. Simulation reca l l :  r e c a l l  of crew a c t i v i t i e s  during three 

mal i t i e s  i n  each task category 

gencies i n  each task category 

abnormal and an emergency scenario 

po ints  of the s imulat ion 

Siesfeld/Curiey/Calfee 
Stantord 6/84 
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Although we have j u s t  begun t h i s  ana lys i s ,  w e  developed some impressions 

about the knowledge s t r u c t u r e s  of crew members while c o l l e c t  5ng t h e s e  data.  

These f i r s t  impressions are leading u s  t o  begin t o  reformulate  t h e  model. 

Af t e r  present ing t h e s e  impressions, I 'll fiElish by descr ib ing  our initial 

r e f o m l a t  im. 

1-1 ess ions  

1. From t h e  f i r s t  interview, it is evident that t h e  dimension of f l i g h t  

phases makes a l o t  of sense t o  crew m e m b e r s .  

us f i u e r  d i v i s i o n s  cif f l i g h t  phases than we i den t i f i ed .  

made most cons i s t en t ly ,  t h a t  d i f f e red  from ours ,  w a s  in t h e  p re f l igh t .  

Where we had one, they s a w  two phases. 

all t h e  a c t i v i t i e s  undertaken before  en ter ing  t h e  plane, and p r e f l i g h t -  

Terat  ions, those a c t i v i t i e s  assoc ia ted  with p re f l igh t ing  t h e  plane. 

In f a c t ,  members kept g iv ing  

The d iv i s ion  they  

They iden t i f i ed  pref l ight-planning,  

2. Also,  from t h e  f i r s t  i n t e r v i a  w e  got a d i f f e r e n t  p i c t u r e  about t h e  

dimensions of t a s k  categories .  It seeas that most crew menbers organize  

t h i s  dimension by descr ib ing  what d i f f e r e n t  crew pos i t i ons  are respons ib le  

f o r  during d i f f e r z n t  phases. 

t a s k  ca t egor i e s  that  covered al! r h e  t a s k s  that  need t o  be  performed during 

t h e  course of t h e  f l i g h t .  

h l y  a f e u  crew members generated a list of 

3. The l z x  impression comes frm t h e  second interview. It appears  that 

each c r e w  member ha: a d i f f e r e n t  not ion of w h a t  c o n s t i t u t e s  an abnormal 

and a c r i t i c a l  s i t ua t ion .  Because of t h i s ,  c e r t a i n  s i t u a t i o n s  are viewed 

and handled in va r ious  ways. 

Siesf eld/Calf ee 
Stanford 6/84  

269 



Caasauaicat ion / f l igh t  deck 

Revised Model 

These impressions are leading u s  t o  reconsider our model. 

sims are  sound, but some of them need t o  be reorganized. Figure 2 

shows t h e  c k g e s  we have made. 

The major dimen- 

1. 

in our f i r s t  model. 

they w i l l  do based on t h e i r  assumptions of uhat o thers  w i l l  do, it 

is importent t o  make t h i s  dimension expl ic i t .  

We have added t h e  d b e n s b n  of crew p s i t i a n .  This  was implici t  

However, because crew members of ten  decide what 

2. 

This reflects t h e  d i s t inc t ion  that most crew ambers  made. 

We have split the  phase of pref l igh t  into -planing and Qperatians. 

3. F i n a l l y  t h e  f i v e  t a s k  categories  can be reorganized in to  three.  

Vehicle coatroi  and a i r c r a f t  system management came together i n t o  a 

category best described as keeping t h e  plane a lo f t .  Externai com- 

munication and navigation carbine t o  get t h e  plane from point A t o  

point  B. 

W a g i n g  passengers and cargo is not essential t o  f ly ing  t h e  plane 

(however, t he re  vould be no f ly ing  without passengers o r  cargoj.  

Transport management s t a y s  as it is, but I s  de-emphasized. 

Each of t h e  new categories  is composed of three types of tasks.  

planning, monitoring, and performing tasks associated with each. 

These are 

Siesf eld/Calf ee 
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Ccrmmuatrat l d f l i g h t  deck 

coaclusiat 

I will conclude with t h e  following conunents about t h i s  research. 

are aiming t o  set t h e  groundwork f jr a detai led picture of how crew members 

th ink  about their jobs.  

t h i s  f ield-in the  development of instruments t o  assess crew cammication, 

coordination, imd decision-making. llad if productive, it has long-term 

implfcatioas for how f l i ght  crew traiaing should be conducted. 

We 

This has lamediate implicatioas for research in 

S l e s f  eld/Calf ee 
Stanford 6-84 
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DETERWIBINC T R A I B I I G  DEVICE RltQUIREMENTS TZ ARMY A V I A T I O N  SYSTEMS 

Cap ta in  Wichael L. Poumade 
D i r e c t o r a t e  of T r a i n i n g  and Doc t r ine  

US Army Avia t ion  Center  
P o r t  Rucker, AL 36362 

The views,  o p i n i o n s ,  and/or  f i n d i n g s  con ta ined  i n  t h i s  r e p o r t  are 
t h o s e  of t h e  a u t h o r  and should  n o t  be c o n s t r u e d  as an  o f f i c i a l  
Department of t h e  Army p o s i t i o n ,  p o l i c y ,  or d e c i s i o n  u n l e s s  so 
d e s i g n a t e d  by o t h e r  o f f i c i a l  documentat ion.  

ABSTRACT 

The growing complexi ty  of Army Avia t ion  systems has been 
accompanied by i n c r e a s i n g  s o p h i s t i c a t i o n  and c o s t  of t r a i n i n g  
d e v i c e s  f o r  t h o s e  systems.  Converse ly ,  some less c o s t l y ,  p a r t -  
t a s k  t r a i n e r s  have a l s o  been proposed t o  a d d r e s s  some of t h e  
a v i a t i o n  t r a i n i n g  requi rement .  These t r e n d s  have caused t h e  
d e c i s i o n  makers t o  make t r a d e - o f f s  i n  o r d e r  t o  p rov ide  t h e  most 
t r a i n i n g  e f f e c t i v e  system, while  s t a y i n g  w i t h i n  c o n s t r a i n e d  r e -  
sou rces .  A method of  q u a n t i f y i n g  and f a c i l i t a t i n g  t h e  d e c i s i o n  
making proce3s  is c l e a r l y  needed. 

Th i s  paper  d i s c u s s e s  such  a methodology which a p p l i e s  t h e  
systems approach t o  t h e  t . ra in ing  problem. T r a i n i n g  i s  viewed as 
a t o t a l  system i n s t e a d  of  a c o l l e c t i o n  of  i n d i v i d u a l  d e v i c e s  and 
u n r e l a t e d  techniGues.  The co re  of t h e  methodology i s  t h e  u s e  of 
o p t i m i z a t i o n  t e c h n i q u e s  such  as t h e  t r a n s p o r t a t i o n  e l g o r i t h m  and 
m u l t i - o b j e c t i v e  g o a l  programming wi th  t r a i n i n g  t a s k  and t r a i n i n g  
d e v i i e  s p e c i f i c  data. The r o l e  of computers,  e s p e c i a l l y  au to -  
mated d a t a  bases and computer s i m u l a t i o n  models, i n  t he  develop-  
ment of t r a i n i n g  programs is  a l s o  d i scussed .  

The approach d e s c r i b e d  i n  t h i s  paper  can p rov ide  s i g n i f i c a n t  
t r a i n i n g  enhancement and c o s t  s a v i n g s  over  t h e  more t r a d i t i o n a l ,  
i n t u i t i v e  form of t r a i n i n g  development and d e v i c e  r equ i r emen t s  
process .  While g iven  from an a v i a t i o n  p e r s p e c t i v e ,  t h e  methodo- 
logy  i s  e q u a l l y  a p p l i c a b l e  t o  o t h e r  t r a i n i n g  development e f f o r t s .  

PORPOSE 

The purpose of t h i s  paper  i s  t o  d e s c r i b e  a methodology which 
a p p l i e s  t h e  systems approach t o  a v i a t i o n  t r a i n i n g  d e v i c e  develop-  
ment. T r a i n i n g  i s  viewed as a t o t a l  system and n o t  merely a 
c o l l e c t i o n  of i n d i v i d u a l  d e v i c e s  and u n r e l a t e d  t echn iques  . De- 
v i c e  development is p o r t r a y e d  aa  bo th  a t r a i n i n g  enhancement and 
a c o s t  avoidance measure. Automation and e t a n d a r d  o p e r a t i o n s  
r e s e a r c h  t echn iques  a r e  i n t L ? r a t e d  i n t o  t h e  methodology as a 
founda t ion  of t h e  d e c i s i o n  making prooese.  
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Although p resen ted  from an a v i a t i o n  t r a i n i n g  p e r s p e c t i v e ,  
t h i s  methodology i s  e q u a l l y  a p p l i c a b l e  t o  t r a i n i n g  dev ice  devel-  
opment e f f o r t s  i n  o t h e r  a reae .  

I t  i s  f e l t  t ha t  t h i s  methodology can a i d  d e c i s i o n  makers, 
o f f e r  more comprehensive t r a i n i n g  programs and provide  monetary 
sav ings  over t h e  u s u a l  t r a i n i n g  device  development process .  I t  
i s  a l s o  hoped t h a t  t h i s  paper w i l l  s t i m u l a t e  thought  and d i s c u s -  
sion among u s e r s ,  t r a i n e r s ,  a n a l y s t s  and d e c i s i o n  makers which 
w i l l  r e s u l t  i n  improved methodologies and more t r a i n i n g  and c o s t  
e f f e c t i v e  t r a i n i n g  systems. 

BACKGROUHD 

F l i g h t  s i m u l a t o r s  have a long  h i s t o r y .  The fi;st f l i g h t  
s i rnula tors  a r e  s a i d  t o  have been in t roduced  about  1910, wi th  t h e  
Army A i r  Corps procur ing  s i x  dev ices  in 1934 t o  t r a i n  p i l o t s  f o r  
mail r o u t e s .  The t r a i n i n g  u t i l i t y  of t h e s e  systems was recog- 
n i zed  and over  500,000 airmen r ece ived  t r a i n i n g  i n  10,000 l i n k  
t r a i n e r s  du r ing  World War Two. 

Technoiogica l  advances were made i n  s y n t h e t i c  f l i g h t  simula- 
t o r s  wi th  t h e  i n t r o d u c t i o n  of t h e  UH-1 F l i g h t  S imula tor .  That  
s imula to r ,  c u r r e n t l y  the most numerous i n  t h e  Army, was p r i m a r i l y  
in tended  f o r  i n s t rumen t  f l i g h t  t r a i n i n g .  The CH-47, AH-1 and UH- 
60 F l i g h t  S imula tors  i n c o r p o r a t e d  v i s u a l  systems which g r e a t l y  
expanded t h e  t r a i n i n g  c a p a b i l i t y  of t h e  s imula to r .  The AH-64 
Combat Miasion Simula tor  (CMS) is a f u r t h e r  expansion of t r a i n i n g  
device  c a p a b i l i t y  wi th  i n t e r a c t i v e  t h r e a t  and o t h e r  f e a t u r e s .  

P a r a l l e l l i n g  t h e  i n c r e a s e d  use of f l i g h t  s i m u l a t o r s ,  an 
i n c r e a s e  i n  t h e  employment of pa r t - t a sk  t r a i n e r s  has  a l s o  oc- 
cur red .  These range  from cockp i t  procedure t r a i n e r s  (mock-ups of 
the  c o c k p i t  wi th  ope rab le  in s t rumen t s  and capable  of f a u l t  i n s e r -  
t i o n  t o  t r a i n  p i l o t s  i n  r o u ; i n e  procedures  such as engine run-up, 
shutdown and emergency procedures) ;  t o  Cockpi t  Weapons Emergency 
Procedures  T r a i n e r ,  or WEPT, which approaches t h e  c a p a b i l i t y  of 
a f l i g h t  s imula to r  bu t  l a c k s  motion; t o  computer a ided  i n s t r u c -  
t i o n  i n  t h e  form of claasroom systems t r a i n e r s  or desk top  type  
t r a i n e r s  o r i e n t e d  toward s p e c i f i c  groups of t r a i n i n g  t a s k s .  

A l l  of thee6 dev ices  c o s t  money, as a t o t a l  t r a i n i n g  system 
hundreds of m i l l i o n s  of d o l l a r s  a r e  involved .  In 1982, t h e  Army 
Audit Agency ( A A A )  valued  f!.ight s i m u l a t o r s  a l o n e  a t  about  616 
m i l l i o n  d o l l a r s .  N a t u r a l l y ,  :)rograns of t h i s  s i a e  r e c e i v e  a t t e n -  
t i o n  from s e v e r a l  eources .  Competi t ive funding  is a f a c t  of life 
and decLsion makers a t  all l e v e l s  must conduct t r a d e - o f f s  among 
v a r i o u s  programs t o  reduce expend i tu re s  whi le  provid ing  an accep- 
t a b l e  product .  In t h e  a v i a t i o n  community t h e  d e s i r e d  product  i s  
a f u l l y  q u a l i f i e d  a v i a t o r .  The most c o s t  and t r a i n i n g  e f f e c t i v e  
means of  proaucing t h a t  a v i a t o r  is t h e  goa l  of t h e  d e c i s i o n  
makers concerned. The i n c r e a s i n g  a v a i l a b i l i t y  of computer re- 
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sources  and t r a i n e d  a n a l y s t s  have enabled t h e  a v i a t i o n  t r a i n i n g  
community t o  q u a n t i f y  t h e  t r a i n i n g  requi rement  as never  be fo re  
p o s s i b l e .  This  new methodology i s  necessa ry  t o  a i d  t h e  d e c i s i o n  
maker i n  making h i s  t r a d e - o f f s  by answering some e s s e n t i a l  ques- 
t i o n s ,  such as:  

- What a r e  t h e  c h a r a c t e r i s t i c s  r e q u i r e d  f o r  a given device?  
Why? - What t a s k s  w i l l  be t r a i n e d  on t h i s  device?  - Why i s  t h e  q u a n t i t y  of t h i s  device  r e q u i r e d ?  - Why i s  t h e r e  a v a r i e t y  of device  types  r e q u i r e d  fe r  t h i s  

- What are t h e  b e s t  ( t r a i n i n g  and c o s t  e f f e c t i v e j  l o c a t i o n s  
system? 

f o r  t h e s e  dev ices?  

Some m i l i t a r y  f a c t s  of l i f e  complicafe  t h e  answers t o  t h e s e  
q u e s t i o n s ,  

- System c h a r a c t s r i s t i c s  (hardware and o p e r a t i o n a l )  a r e  
evo lu t iona ry ;  a l s o  they  may not be s t anda rd .  (e.g., t h e  AB-1 
COBRA has had 6 models 8 h C 0  1967, 5 c u r r e n t l y  i n  s e r v i c e  wi th  
the t o t a l  Army and o t h e r  models w i th  t h e  Marines) - Tra in ing  technology i s  a l s o  evo lu t iona ry .  - U n i t / a i r c r a f t  l o c a t i o n s  a r e  dynamic, n o t  s t a t i c .  - The a v i a t o r  popu la t ion  is d i v e r s e .  - The t r a i n i n g  environment encompasses o t h e r  systems (8.g.)  
combined arms, t h r e a t ) .  

The methodology about  t o  be p re sen ted  does n o t  imply t h a t  
a v i a t i o n  t r a i n i n g  has  n o t  been s t u d i e d  p rev ious ly .  On the  con- 
t r a r y ,  s e v e r a l  s t u d i e s  by t h e  Army, by o t h e r  s e r v i c e s  and by 
c o n t r a c t o r s  have been conducted over t h e  y e a r s .  Unfo r tuna te ly ,  
many of t h e s e  s t u d i e s  have been e i t h e r  ques t ioned ,  r e j e c t e d  or 
soon became outda ted .  A number of f a c t o r s  may have c o n t r i b u t e d  
t o  those  problems, r e s o u r c e  and methndology c o n s t r a i n t s  were 
o f t e n  involved.  The major d e f i c i e n c i e s  could be summarized as 
follows : 

- Task a n a l y s i s  n o t  comprehensive. - Device a n a l y s i s  r e s t r i c t e d  t o  e y n t h e t i c  f l i g h t  s imu la to r .  - Tank t r a i n i n g  requi rement  not i d e n t i f i e d  by t ime and 

- Data base n o t  e s t a b l i s h e d  or n o t  used. - S e n s i t i v i t y  a n a l y s e s  not performed. - Tra in ing  and device  s t r a t e g i e s  determined consensua l ly  

i t e r a t i o n s .  

wi thout  access  t o  d e t a i l e d ,  q u a n t i t a t i v e  in fo rma t ion .  

METHODOLOGY 

The program which i s  preser?ted now cons ide re  t h e  q u e s t i o n s  
r a i s e d  by d e c i s i o n  makers and t h e  shortcomings of e a r l i e r  s t u -  
d i e s .  The approach i n c o r p o r a t e s  s e v e r a l  f e a t u r e s  from thoee  
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s t u d i e e  and from prupoeed s t u d i e s .  I t  a l s o  adds some r a t h e r  
s t anda rd  o p e r a t i o n s  r a s e a r c h  teohnlques  t o  h e l p  q u a n t i f y  t h e  
device  requi rements .  

The proceee f o r  de te rmining  and q u a n t i f y i n g  t r a i n i n g  dev ices  
f o r  Army a v i a t i o n  systems cen be viewed a s  o o n s i s t i n g  of el,'-'- 
major s t e p s .  These s t e p s  are shown in f i g u r e  1. 

FIGURE 1 .  GENERALIZED METHODOLOGY FLOW 

STEPS 1 AND 2 SYSTEM A I D  MOS IDENTIFICATIOI 

S teps  1 snd 2 a r e  performed by t h e  d e c i s i o n  maker. Although 
they  may seem t r i v i a l ,  t hey  ere c r u c i a l  f o r  problem f o r m u l a t i o n ,  

276 



scope, d a t a  needs and f e a s i b l L t y  a n a l y r i s .  For i n s t a n c e ,  i s  t h e  
d e d i s i o n  maker i n t e r e s t e d  i n  helicopter t r a i n i n g  o r  i n  a t t a c k  
h e l i c o p t e r  t r a i n i n g ?  If a t t a c k  h e l i c o p t e r s ,  are both  t h e  AH-64 
and t h e  AH-1 t o  considers:? If  only t h e  AH-1, are all fnodels t o  
be ana lysed  o r  only one. Yhat m i l i t a r y  occupationa,. s p e c i a l t i e s  
a r e  t o  be cons idered?  Warrant O f f i c e r  p i l o t s ?  Commissioned 
p i l o t s ?  Maintenance pezsonnel?  Armament personnel?  e t c .  

Step6 3,  4 ,  an& 5 can be conducted concur ren t ly  i f  reeourcee  
a l low . 

STEP 3 SYSTEM SIMULATION 

S t e p  3 i nvo lves  i d e n t i f i c a t i o n  and modelling of t h e  t r i n i n g  
syatem, e s p e c i a l l y  t h e  manpower pool. R e l a t i o n s h i p s  must, be 
explored  t o  a l low t r a i n i n g  needs i n  f u t u r e  y e a r s  t o  be f o r e c a s t .  
A s imula t ion  of t h e  t r a i n i n g  eyetem over t ime can then  be per-  
formed t o  i d e n t i f y  s t u d e n t  popu la t ions  r e q u i r i n g  dev ice  use  a t  
t h a  i n e t i t u t i o n  and a v i a t o r  popu la t ions  r e q u i r i n g  dev ices  f o r  
euetainment .  I t  may be p o s s i b l e  t o  f o r e c a e t  t h e  requi rements  of 
competing or  companion systems as well ,  t h u s  i d e n t i f y i n g  poten- 
t i e l  problems wi th  rangee o r  t r a i n i n g  a r e a s .  The t r a i n i n g  eye- 
tern's s e n s i t i v i t y  t o  changes i n  a i r c r a f t  p roduc t ion ,  d o c t r i n a l  
s t a f f i n g  r a t i o s  of crews t o  a i r o r a f t ,  t r a i n i n g  aourse  l e n g t h s ,  
e t c . ,  can a l s o  be examined. 

STEP 4 TASK ANALYSIS 

S t e p  4 must i d e n t i f y  all t oeke ,  not merely dev ice  s p e c i f i c  
t a s k s .  Task  d a t a  ga thered  can then  be inc luded  i n  a d a t a  base 
f o r  use  i n  t h e  f u t u r e  should t h e  t r a i n i n g  system change. The 
t a s k  a n a l y e i s  should i n c l u d e  a comparat ive a n a l y s i s  of t a s k s  f o r  
o t h e r  systems,  t h i s  i s  one of t h e  major ways t o  begin  t r a i n i n g  
development f o r  a system j u s t  being conaep tua l i s ed .  When a 
comparative a n a l y s i s  i e  used t h e  t a s k  a n a l y s i s  must be r e p e a t e d  
as t h e  system matures and e m p i r i c a l  d a t a  becomea a v a i l a b l e  
through o p e r a t i o n a l  t e s t s .  Data leema i n c l u d e  t a s k  i t e r a t i o n s  
r e q u i r e d  f o r  p r o f i c i e n c y ,  time per  i t e r a t i o n  and f u n c t i o n a l  
t r a i n i n g  c h a r a c t e r i s t i c s  (FTC) a s s o c i a t e d  w i t h  t h e  task.  Genera- 
t i o n  of a b a s i c  t a s k  l i s t  can be a i d e d  by automation. An elemen- 
t a r y  meane i s  t o  c o n s o l i d a t e  e x i e t i n g  t a e k  l i s t s  f o r  a i r a r a f t .  of 
i n t e r e e t  and code them by tjtpe i n t o  a f i l e .  This  enab le s  a 
r e t r i v a l  of a t t a c k  t a s k s ,  cargo  t a s k s ,  e t c .  A more s o p h i s t i c a t e d  
technique  i s  i l l u s t r a t e d  by t h e  Computer Aided System f o r  Devel- 
oping Aircrew Tra in ing  (CASDAT), an i n t e r a c t i v e  computer program 
developed f o r  t h e  US Navy. This  program c r e a t e s  a t a s k  list by 
a sk ing  t h e  deve loper  a s e r i e s  of q u e s t i o n s  r e l a t i n g  t o  a i r a r a f t  
performance, mission and crew c o n f i g u r a t i o n  and then  r e t r i e v i n g  
t i s  a p p r o p r i a t e  t a s k s  from i t s  d a t a  base.  
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STEP 5 DEVICE ANALYSIS 

S t e p  5 i n c l u d e s  an e .na lys ie  of  e x i s t i n g  and p o t e n t i a l  de- 
v i c e s .  Data i t e m s  i n c l u d e  c o e t ,  r e l i a b i l i t y  and a v a i l a b i l i t y  
d a t a ,  and f u n c t i o n a l  t r a i n i n g  cha rac t e r i s t i ce  which t h e  d e v i c e  is 
c a p a b l e  of r e p l i c a t i n g .  

I t  i s  i m p e r a t i v e  t h a t  t h e  i n f o r m a t i o n  g i t h e r e d  i n  s t e p s  3-5 
be e n t e r e d  in t o  a date, b a s e ( s ) .  T h i s  a l l o w s  a r e a d y  means of 
r e t r i v a l  and comparison.  I t  a l s o  a l l o w s  f o r  a r a p i d  and compre- 
h e n s i v e  u p d a t e  p r o c e d u r e  as t h e  a i r c r a f t  or t r a i n i n g  system 
e v o l v e .  

STEP 6 OPTIMIZATION MODELS 

F i l t e r  and S o r t  R o u t i n e s  
--e- c-- ---- -uI- 

S t e p  6 i n v o l v e s  f u r t h e r  a p p l i c a t i o n  of  o p e r a t i o n s  research 
end a u t o m a t i o n  t e c h n i q u e s .  The p r o d u c t  of t h e  t a s k  and d c v i c e  
a n a l y s e s  can be merged t h r o u g h  a program which can  i d e n t i f p  t h e  
c a p a b i l i t y  o f  e a c h  d e v i o e  t o  t r a i n  each t a s k  based  on assumed o r  
ciemonstrated f u n c t i o n a l  t r a i n i n g  c h a r a c t e r i s t i c s .  The program 
is b a s i c a l l y  a s o r t i n g  r o u t i n e .  If v o i d s  e x i s t  where no d e v i c e  
is c a p a b l e  of t r a i n i n g  a t a s k  based  on FTCs, t h e n  t h o s e  u a s & t i s -  
f i e d  f u n c t i o n a l  t r a i n i n g  c h a r a c t e r i s t i c s  may c o n s t i t u t e  a new 
d e v i c e  d e s i g n  r e q u i r e m e n t ,  The r e q u i r e m e n t  may be added t o  an 
e x i s t i n g  d e v i c e  o r  a s e p a r s t e  d e v i c e  may be conce ived .  The t a s k  
l i s t  i t s e l f  may be f i l t J r e d  a f t e r  d e t e r m i n i n g  d e v i c e  c a p a b i l i t y  
t o  reduce t h e  l i s t  based  on s u c h  c o n s i d e r a t i o n s  as p r e v i o u s l y  
l e a r n e d  tasks o r  t a s k s  t h a t  a re  t r a i n e d  i n c i d e n t a l  t o  nurmal 
m i s s i o n s ,  e t c .  It  i s  i m p o r t a n t  t h a t  d e v i c e - t a s k  c a p a b i l i t y  be 
e s t a b l i s h e d  f i r s t  because  changes i n  e n t r y  l e v e l  c h a r a c t e r i s t i c s  
or o p e r a t i o n a l  p o l i c i e s  may change what t asks  a r e  p r e v i o u s l y  
l e a r n e d  or r o u t i r  l y  performed.  Also  r e d u n d a n t  t r a i n i n g  c a p a b i l -  
i t i e s  among c a n d i d a t e  d e v i c e s  can be i d e n t i f i e d  t o  p e r h a p s  r e d u c e  
de  ' c e  v a r i e t y .  

The u e e  of a computer program a l l o w s  s e v e r a l  e x c u r s i o n s  +,o 
i n v e s t i g a t e  t h e  i -spact  of changing  d e v i c e  o r  t a s k  FTCs, t a s k  
l i s t s  o r  d e v i c e  a v a i l a b i l i t y .  

T r a n e p o r t a t i o n  &ori thm 

When d e v i c e - t a s k  c a p a b i l i t i e s  a r e  known ( o r  assumed) t h e y  
can  be u s e d  i n  an o p t i m i s a t i o n  program. If l i n e a r  r e l a t i o n s h i p s  
can be assumed f o r  d e v i c e  o p e r a t i n g  c o s t s  and t a s k  t r a i n i n g  
times, t h e n  a l i n e a r  program such  as t h e  t r a n s p o r t a t i o n  a l g o r i t h m  
can be used .  T h i s  program is a s t r e a m l i n e d ,  more c o m p u t a t i o n a l l y  
e f f i c i e n t  v e r s i o n  of t h e  SIMPLEX method, S e v e r a l  t e x t b  can  b e  
found on t h i s  t e c h n i q u e .  The T r a n s p o r t a t i o n  Algor i thm i s  so 
named because  of  t h e  t y p e  of problem i t  was o r i g i n a l l y  used  t o  
s o l v e ,  The problem was f o r m u l a t e d  t o  f i n d  t h e  minimum zc,st of 
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t r a n s p o r t i n g  a g iven  supply  of goods from a c e r t a i n  number of 
sou rces  t o  s a t i s f y  a g iven  demand a t  c e r t a i n  d e s t i n a t i o n s ,  t h e  
t r a n s p o r t a t i o n  c o s t  between a s o u r c e  and a d e s t i n a t i o n  was g iven  
as w e l l  as any o t h e r  key r e l a t i o n s h i p s .  For the  t r a i n i n g  a p p l i -  
c a t i o n  t h e  b a s i c  r equ i r emen t s  are: a c o s t  m a t r i x ,  exp res sed  i n  
s t anda rd  u n i t s  such as d o l l a r s  p e r  minute;  a dev ice - t a sk  c a p a b i l -  
i t y  ma t r ix ,  t h i s  can be of t h e  form of 1-0 f o r  capable o r  n o t  
capable ,  i f  t r a i n i n g  e f f e c t i v e n e s s  r a t i o s  are a v a i l a b l e  t h e y  can 
be used: a se t  of c o n s t r a i n t s  i n d i c a t i n g  t h e  t r a i n i n g  time 
r e q u i r e d  pe r  t a s k ;  and a n o t h e r  se t  of c o n s t r a i n t s  i n d i c a t i n g  the  
time a v a i l a b l e  per  device .  The c o s t  m a t r i x  r e p r e s e n t s  t h e  opera-  
t i n g  c o s t  of t h e  d e v i c e  and co r re sponds  t o  the  t r a n s p o r t a t i o n  
c o s t .  The dev ice - t a sk  c a p a b i l i t i e s  cor respond t o  key r e l a t i o n -  
s h i p s  between source8  and d e s t i n a t i o n s ,  i n  t h i s  case t h e  s o u r c e s  
sre  d e v i c e s  and t h e  d e s t i n a t i o n s  are t r a i n i n g  t a s k s .  The supp ly  
i s  t h e  t r a i n i n g  time a v a i l a b l e  and t h e  demand i s  t h e  t r a i n i n g  
r e q u i r e d .  The program a s s i g n s  t r a i n i n g  i t e r a t i o n s  t o  esch d e v i c e  
s u b j e c t  t o  the d e v i c e s  c a p a b i l i t y ,  time a v a i l a h l e  and t a s k  re- 
qui rements  remaining.  After each  ass ignment  t h e  t a s k  time and 
devfce  time a re  decremented and t h e  t r a i n i n g  c o s t  i s  c a l c u l a t e d .  
After a l l  ass ignments  p o s s i b l e  are  made, t h e  computer r e p e a t s  t h e  
p rocess  a t t e m p t i n g  t o  modify t h e  ass ignments  so t h a t  a less 
expens ive  t r a i n i n g  program r e s u l t s  w h i l e  s t i l l  satis+';-ing a31 the  
c o n s t r a i n t s .  

Of cour se ,  t h i s  model has some rather  e x t e n s i v e  data re- 
qufremente and it i s  a bottom-up approach t o  t r a i n i n g  r e q u i r e -  
ments. The r e l i a n c e  on s t e p e  4 and 5 are  c lear .  Task data 
( t i m e s ,  i t e r a t i o n s ,  i t e r a t i o n  d u r a t i o n s ,  e t c . )  can be o b t a i n e d  i n  
numerous ways. For emerging systems a compara t ive  a n a l y s i s  or 
analogy t o  e x i s t i n g  systems can p rov ide  a f i r s t  cu t .  The metho- 
dology should be r e p e a t e d  ( s e e  s t e p  8 )  as d a t a  i s  r e f i n e d .  R e -  
f inement  can be d m e  w i t h  s u b j e c t  matter e x p e r t  i n p u t s  ( a  modi- 
f i e d  consensua l  d e l p h i  t e c h n i q u e  i s  one p o s s i b i l i t y ) ;  developmen- 
t a l / o p e r a t i o n a l  t e s t s ;  f o l l o w  on e v a l u a t i o n e ;  and l o g i s t i c  sup- 
p o r t  a n a l y s i s  r e p o r t s  (LSAR) a re  o t h e r  means. While t h e  accu racy  
of t h e  model i s  dependent  upon t h e  i n p u t ,  i n p u t  in t h i s  case i s  
d e f i n a d ,  can be r e p l i c a t e d  and can be e a s i l y  updated  - a l l  f a i l -  
i n g r  of e a r l i e r ,  more i n t u i t i v e  approaches .  The da ta  r e q u i r e -  
ments a re  n o t  show s t o p p e r s .  If models of t h i s  t ype  were c o n s i s -  
t e n t l y  a p p l i e d  t o  t r a i n i n g  sys tems much data cou ld  be a l r e a d y  
a v a i l a b l e  f o r  uee d u r i n g  t h e  concept  f m m u l a t i o n  of new sye tems,  
due t o  t a s k  commonality. 

The ou tpu t  of t h e  above model can be s t r u c t u r e d  t o  i d e n t i f y  
u n s a t i s f i e d  t r a i n i n g  r equ i r emen t s ,  t r a i n i n g  time and cos+. per  
t a e k ,  t r a i n i n g  time and c o s t  pe r  d e v i c e ,  unused t r a i n i n g  t i k r  p e r  
d e v i c e ,  and t o t a l  t r a i n i n g  c o s t s .  Th i s  a l l o w s  t h e  d e c i s i o n  maker 
t o  q u i c k l y  g r a s p  t h e  impact  of t r a i n i n g  c e r t a i n  t a e k s  o r  t h e  
impact of a c e r t a i n  d e v i c e ' s  a v a i l a b i l i t y .  Again s e n s i t i v i t y  of 
t h e  t r a i n i n g  program can be e a s i l y  i n v e s t i g a t e d  - t h e  a n a l y s t  can 
run  t h e  model w i t h  d i f f e r e n t  t r a i n i n g  r equ i r emen t s .  

279 



The above model u i l l  produce t h e  op t ima l  t r a i n i n g  s t r a t e g y  
pe r  a v i a t o r ,  t h e  rc rsu l t s  of  the  t r a i n i n g  system s i m u l a t i o n  i n  
s t e p  3 when combined u i t h  t h e  above p roduc t  can i d e n t i f y  t h e  
t o t a l  dev ice  requi rement  over  time f o r  t h e  system and t h e  assump- 
t i o n s  used. The time f a c t o r  is impor t an t  s i n c e  it p r e s e n t s  
p o t e n t i a l  m i l e s t o n e s  for dev ice  a c q u i s i t i o n s .  The t o t a l  q u a n t i -  
t i e s  are a l s o  impor t an t ,  as economies of  s c a l e  may i n f l u e n c e  t h e  
c o n t r a c t  and budget ing  p rocesses .  

Mul t i -Objec t ive  Goal Programming 

One more model t h a t  can be used t o  f i n e  t u n e  t h e  requi rement  
p rocess  i s  t h e  m u l t i - o b j e c t i v e  g o a l  programming model d e s c r i b e d  
by Dr. I g n i z s i o  i n  s e v e r a l  t e x t s .  Th i s  model would a l low r e f i n e -  
ment of the d e v i c e  mix based upon more c o n s i d e r a t i o n s  t h a n  t r a i n -  
i n g  e f f e c t i v e n e s s  and o p e r a t i n g  c o s t .  A series of p r i o r i t i e s  
which might i n c l u d e  o p e r a t i n g  c o s t s ,  a c q u i s i t i o n  c o s t s ,  number of 
t a s k s  t r a i n e d  ( o r  n o t  t r a i n e d ) ,  a v a i l a b i l i t y  and r e l i a b i l i t y  
d a t a ,  and v a r i e t y  of d e v i c e s  could  be used  t o  modify t h e  d e v i c e s  
selected. The o u t p u t  of t h i s  model might r e q u i r e  t h a t  t h e  t r a n s -  
p o r t a t i o n  model be r e p e a t e d ,  e s p e c i a l l y  i f  t h e  v a r i e t y  of d e v i c e s  
were a l t e r e d .  

Basis of I s s u e  P l a n s  ---- 
Hhen the r e q u i r e d  d e v i c e  mix i s  e s t a b l i s h e d ,  t h e  n e x t  need 

is t o  de te rmine  t h e  op t ima l  basis of i s s u e  p l a n  (BOIP) o r  sta- 
t i o n i n g  p l a n  f o r  t h e  dev ices .  Some d e v i c e s  would have been 
des igned  f o r  use  a t  t h e  i n s t i t u t i o n  o r  f o r  u se  a t  each u n i t .  
The i r  requi rement  would have been e i t h e r  j u s t i f i e d  or modif ied by 
t h e  procedures  above. For t h a s e  d e v i c e s  ( such  as f l i g h t  
s i m u l a t o r s )  t h a t  must s t i l l  be a s s i g n e d  t h e  t r a n s p o r t a t i o n  a lgo -  
r i t h m  can be modif ied t o  de te rmine  t h e  op t ima l  p lan .  I n  t h i s  
ca se  one needs t o  know t h e  a v i a t o r  d e n s i t i e s  a t  each  l o c a t i o n  and 
t r a v e l  c o s t s  between each  l o c a t i c n .  From t h e  a v i a t o r  d e n s i t i e s  
and i n d i v i d u a l  t r a i n i n g  r equ i r emen t s ,  t h e  t r a i n i n g  r equ i r emen t  
pe r  i n s t a l l a t i o n  can be determined.  The a p p r o p r i a t e  i n f o r m a t i o n  
f o r  t h e  model i s  t h e  t r a i n i n g  pe r  i n s t a l l a t i o n ,  t r a v e l  c o s t  
be tueen  i n s t a l l a t i o n e ,  c a p a b i l i t y  of an i n d i v i d u a l  t o  t r a i n  a t  an 
i n s t a l l a t i o n  (e.g.  long  r ange  f o r c e  s t r u c t u r e  p l a n s  may r u l e  o u t  
s o s i t i o n i n g  a simultr tor  a t  a c e r t a i n  s i t e )  and s i m u l a t o r  t ime 
a v a i l a b l e .  This  program would produce an op t ima l  p l a n  f o r  t h e  
assumpt iocs  made. I t  u2uld enab le  s e n s i t i v i t i e s  such as f o r c e  
s t r u c t u r e  changes t o  be e a s i l y  e v a l u a t e d .  

STEP 7 REQUIREMENT 

All of t h e  above s t e p s  nou f e e d  i n t o  s t e p  7, t h e  a c t u a l  
s t a t e m e n t  of  t h e  requi rement  and i t s  funding .  The s t e p s  above 
should  p rov ide  adequa te  j u s t i f i c a t i o n  f o r  t b e  requi rement  and 
i n s i g h t s  i n t o  t r a i n i n g  and c o s t  i m p l i c a t i o n 6  i f  t h e  requi rement  
i s  n o t  s a t i s f i e d .  A d d i t i o n a l l y ,  t h e  u s e  of automated d a t a  bases  
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and in-house models w i l l  a l l ow t h e  t r a i n i n g  developer  t o  respond 
t o  t h e  q u e s t i o n s  asked by v a r i o u s  d e c i s i o n  8 a k e r s  throughout  t h e  
budget process .  The a p p l i c a t i o n  of j udg8en ta l  f a c t o r e ,  aubjec-  
t i r e  and o b j e c t i v e ,  may a l te r  the requirement .  If t h e  r e q u i r e -  
ment i s  a l te red ,  t h e  mechanism is i n  p l a c e  t o  assee8 t h e  impact 
and modify the train:ng plan and sfetem accord ingly .  

STEP 8 FBBDBACU 

The l a s t  s t e p  i n  t he  requi rement  p rocess  is feedback. As a 
system matures more data v i 1 1  become a v a i l a b l e .  Tests m y  r e v e a l  
t h a t  e dev ice  does not meet e x p e c t a t i o n s ,  or t h a t  it exceeds them 
i n  r e g a r d s  t o  performance, c o s t  or d e l i v e r y  schedule .  Tests can 
a l s o  provide  e m p i r i c a l  d a t a  if only  s u b j e c t i v e  estimates were 
p rev ious ly  a v a i l a b l e .  Doct r ine  may change caus ing  the a d d i t i o n  
of neu t r a i n i n g  t a s k s  o r  t h e  e l i m i n a t i o n  of o l d  oces, the same i s  
t r u e  f o r  hardware develop8ente .  Force s t r u c t u r e  may change, or 
t h e  c h a r a c t e r i s t i c s  of t he  t r a i n i n g  popu la t ion  may beco8e d i f f e r -  
e n t .  Any of these change6 may occur ,  and it is n e a r l y  c e r t a i n  
t h a t  a t  l eas t  some u i l l .  Each change w i l l  i n  t u r n  affect  t h e  
t r a i n i n g  system, The mechanism t o  e v a l u a t e  t h e  change w i l l  be i n  
p l ace ,  only r e q u i r i n g  t h a t  new d a t a  r e p l a c e  t h e  o l d  and the 
techniques  be repea ted .  

Feedback Syetems 

Wanp feedback systems a l r e a d y  e x i s t  f o r  Army a v i a t i o n  sys- 
tems. Host n o t a b l y ,  they  inc lude :  the US Army S a f e t y  Center ,  
which t r a c k 6  a c c i d e n t  data; t h e  Direct3rate of Eva lua t ion  and 
S t a n d a r d i z a t i o n ,  which r e c o r d s  t h e  r e s u l t s  of a s s i s t a n c e  and 
i n e p e c t i o n  v i s i t s  t o  a v i a t i o n  u n i t e  worldwide; t h e  D i r e c t o r a t e  of 
Train ing  and Doct r ine ,  uh ich  t racks t h e  r e s u l t s  of the  Annual 
Aviator  Wri t ten  Examination; t h e  Device and System T r a i n i n g  
Informat ion  System, a d a t a  base on Army t r a i n i n g  dev ices  main- 
t a i n e d  by the  US Army Tra in ing  Support  Center (ATSC); the Tra in-  
i n g  Development Informat ion  System, a l a 0  a t  ATSC, which i s  a d a t a  
base con ta in ing  in fo rma t ion  on t a s k s  f o r  a l l  MOSS; and f i r a l l y  
t h e  US Army S o l d i e r  Support  Center, which ma in ta ins  demographic 
d a t a  on the Army t r a i n i n g  popula t ion .  

While t h e  procedures  i d e n t i f i e d  i n  s t e p  6 were l i n e a r  me- 
thoda,  one should no te  t h a t  t h e  re f inement  of d a t a  ma$ l e a d  t o  
t h e  use of non l inea r  ae tbods  t o  de te rmine  the op t ima l  t r a i n i n g  
device  requirmenta.  Th i s  i s  e s p e c i a l l y  t r u e  when t h e  c o s t ,  
l earuing and l e a r n i n g  decay curves  can be de f ined .  While t h e  
a p p l i c a t i o n  of l i n e a r  o p t i m i s a t i c n  method8 have been demonstrated 
a t  t h e  US Army Aviat ion Center  i n  t h e  t r a i n i n g  c o n t e x t ,  the  
nonlinear t echniques  remain t o  be puraued. 
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S U W R P  

The methodology p r e s e n t e d  r e q u i r e s  e a r l y  involvement  of t h e  
d e c i s i o n  maker and e a r l y  d e f i n i t i o n  of t h e  t r a i n i n g  system. I t  
r e l i e s  on s i m u l a t i o n  t o  f o r e c a s t  t h e  t r a i n i n g  r equ i r emen t  as 
d r i v e 2  by t h e  t r a i n i n g  p o p u l a t i o n  and by compe t i t i on  w i t h  o t h e r  
systems. I t  emphasises a n a l y s e s  of a l l  t a s k s  and a l l  d e v i c e s  and 
t h e  c r e a t i o n  of automated f i l e s  for u s e  i n  upda t ing  t r a i n i n g  
requi rements .  The approach a l s o  u t i l i g e s  computer d r i v e n  opt imi-  
z a t i o n  models, b u i l d i n g  on t h e  r e s u l t s  of ear l ie r  s t e p s ,  t o  
de te rmine  op t ima l  t r a i n i n g  d e v i c e  m i X e 6 ,  q u a n t i t i e s  and l o c a -  
t i o n s .  These s t e p s  a s s u r e  t h a t  a sys tems approach is fo l lowed ,  
t h e  r e l a t i o n s h i p r  among a l l  t a s k s  and d e v i c e s ,  as w e l l  as t h e  
e x t e r n a l  t r a i n i n g  environment e.re cons ide red .  The implementat ion 
of computer ~ e t h o d s  enab le  t h e  a n a l y s t  or d e c i s i o n  maker t o  
e a s i l y  e v a l u a t e  system s e n e i t i v i t i e s  and respcnd t o  t r e n d s  i n d i -  
c a t e d  by e x i s t a n t  feedback systems.  

COlCLUSIOL 

Although no s i n g l e  e lement  of t h e  methodology, by I t s e l f ,  i s  
o r i g i n a l ,  t h e  combinat ion of  s t e p s  and subelements  i s  n o t  common- 
l y  found i n  t h e  t r a i n i n g  development process .  The need f o r  
q u a n t a t i v e  methods i s  u r g e n t ;  t h e  t e c h n i q u e s  are t h e r e .  It  only  
r e q u i r e s  t h a t  t hey  be implemented. The methodology above I s  a 
road map f o r  t h a t  implementat ion.  Resource J o n s t r a i n t s  such as 
time, pe r sonne l  o r  money may p rec lude  i t s  f u l l  imp lemen ta t ion . ,  
Even so, s h o r t  c u t s  and s i d e  e x c u r s i o n s  from t h i s  rc-? map may 
l e a d  t o  t h e  f i n a l  g o a l  of s u p p o r t a b l e  and e f f e c t i v e  t r a i n i n g  
dev ice  requi rements .  
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THE DESIGN AND USE OF SUBTASKS I N  PART TRAINING 
AND THEIR RELATIONSHIP TO IHE WHOLE TASK 

h i r  M. k n 6 ,  Pt.chae1 G.H. Coles, h e t r i o s  Karis, 
David Strayer and Emanuel Donchin 

Cogn i ti ve Psyc hop hy s i  01 ogy Laboratory 
Univers i ty  o f  I l l i n o i s  

INTRODUCTION 

The issue of pa r t  versus whole t r a i n i n g  has a t t rac ted  researchers from 
the ear ly  days of experimental psychology. Comnon sense d ic ta tes  t h a t  a 
massive body o f  knowledge should not be taught as a whole (Adams 1960). 
the  same reason, i f  a pa r t  o f  the  task i s  very d i f f i c u l t ,  one should not go 
over the  task i n  i t s  ent i re ty .  Repet i t ive t r a i n i n g  on the  d i f f i c u l t  pa r t  
should lead t o  be t te r  resu l t s  (Seymour, 1954). 
have been developed, inc1:iding pure part, progressive part,  r e p e t i t i v e  part,  
retrogressive and iso la te4  par ts  (Stammers and Patr ick  1975). Typ ica l l y  t h e  
s c i e n t i f i c  question was whether o r  not t r a i n i n g  on "parts" o f  a task i s  a 
benef ic ia l  enterprise. This question cannot be answered without a p r i o r  
d e t e n i n a t i o n  o f  the way the task w i l l  be disassembled f o r  t h e  "par t "  
t ra in ing .  The major controversies i n  t h i s  area have concerned t h e  manner i n  
which tasks are decomposed rather  than t h e  spec i f i c  effect iveness o f  
par t - t ra in ing,  (Adams, 1960; Annett & Kay, 1956; Briggs & Naylor, 1962). 
Furthermore, Naylor and Briggs (1963) have argued persuasively t h a t  t h e  
effect iveness o f  par t - t ra in ing  depends on the degree t o  which a task i s  
decmposabl e. 

For 

Several pa r t  t r a i n i n g  methods 

While the importance o f  decomposition appears self-evident, 
invest igators  are confronted w i th  a major hurdle. There are cur ren t ly  no 
consensual, objective, techniques f o r  e f fec t i ng  such a decomposition. Much o f  
what passes f o r  task-analysis i s  essent ia l l y  i n t u i t i v e .  The most commonly 
used techniques (e.g. t ime- l ine  analysis) are very descript ive. 
d i f f i c u l t  t o  i n fe r  any r e l a t i o n  between the  resul tant  components and the  
elements o f  a model o f  t he  cogni t ive s t ruc tu re  o f  the  operator. That i s ,  
there i s  l i t t ? e  t h a t  re la tes  the  task components t o  aspects o f  humar s k i l l s  
and cogni t ive resources. Other attempts (Mi l le r ,  1967; Gagne, 1970) have 
been made t o  discuss t h e  s k i l l  i n  psychological terms. However, these 
attempts are purely descr ip t ive and are not tested against any ob jec t ive  
c r i  t e r  i on. 

It i s  

I n  a previous repor t  (Mane, Coles, Wickens and Donchin, 1983) we 
described an attempt t o  apply a decomposition methodology developed by 
Sternberg (1969) i n  the  domain o f  mental chronometry t o  the  analysis o f  
complex tasks. Sternberg's approach assumes tha t  i f  the e f f e c t s  o f  two 
independent variables are add i t i ve  the  two must a f fec t  independent aspects o f  
the information processing system. Two variables whose e f fec ts  on performance 
in te rac t  are viewed as a f fec t i ng  the  same aspect. We applied t h i s  
methodology t o  study the  s t ructure o f  a computer-controlled video game which 
was developed f o r  research purposes and was named "Space Fortress". I n  the  
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f i r s t  study we manipulated t h e  d i f f i c u l t y  o f  the  game along several d i f f e r e n t  
dimensions. The resu l ts  indicated t h a t  the  Space Fortress garrle i s  a complex 
task, whose successful performance depends on a t  l eas t  three s k i l l s :  
appraisal , motor, and perceptual -motor. These sk i  1 1 s, and the  associated 
aspects o f  the task tna t  draw upon them, can be isolated. 
t ra in ing,  t h e  data implied t h a t  a successful t r a i n i n g  regime should include 
two parts. F i r s t ,  par t  t r a i n i n g  on appraisal, motor, and perceptual-motor 
s k i l l s .  Second, whole t r a i n i n g  w i t h  gradual increase i n  d i f f i c u l t y  o f  t h a t  
component o f  t he  task which draws on perceptual-motor a b i l i t y .  Note that, 
because we found an i n te rac t i on  between perceptual-motor and other a b i l i t i e s ,  
a regime t h a t  on ly  included pa r t  t r a i n i n g  could not be expected t o  succeed. 
Substantial whole t r a i n i n g  i n  which a l l  s k i l l s  are in tegrated i s  c l e a r l y  
necessary . 

I n  terms o f  

Based on the  task s t ruc tu re  we developed sub-tasks t h a t  (a) depend f o r  
t h e i r  successful performance on the  iso la ted  s k i l l s  and (b) provide t r a i n i n g  
whereby these s k i l l s  can be developed. If our subtasks meet there c r i t e r i a ,  
performance on a p a r t i c u l a r  Pub-task should be re la ted  t o  spec i f i c  aspects o f  
the whole task performance, the same aspects which were t i e d  t o  t h e  iso la ted  
s k i l l  . If  these re la t ionships are obtained, they would provide converging 
evidence f o r  t h e  al leged task structure. 

Game descri t ion. I n  t h e  Space Fortress Game the  subject was seated i n  
f r o n t r a  a-f- i s p  ay u n i t  on which a number of elements were presented (see 
f igure  1). His task was t o  destroy a Space Fortress (Fort), located i n  the  
center o f  the  display, by po int ing h i s  space ship (sh ip)  a t  the  f o r t  and 
f i r i n g  miss i les a t  it. To destroy the  f o r t ,  t he  subject had t o  f i r s t  h i t  t he  
f o r t  w i th  ten  s ing le  shots, before f i r i n g  a burst  o f  two shots w i th  a maximum 
inter-shot i n te rva l  o f  250 msec. The number o f  s ing le  h i t s  on the  f o r t  was 
displayed a t  a l l  times by a d i g i t  located beside the  fo r t .  The subject 
cont ro l led h i s  ship and f i r e d  miss i les  using a standard av ia t i on  contro l  
s t i ck  manipulated by the  r i g h t  hand. When the  t r i g g e r  o f  t he  s t i c k  was 
depressed, miss i les were f i r e d  from the  ship i n  the  d i rec t i on  i n  which the  
ship was pointing. Forward movements o f  the  s t i c k  caused the  ship t o  
accelerate. Lateral movements caused the  ship t o  rotate. Because t h e  sh ip 
was f l y i n g  i n  a f r i c t i o n l e s s  environment, i t  continued t o  f l y  i n  t h e  
d i rec t i on  i n  which i t  was po in t ing  unless i t  was rotated and t h r u s t  was 
applied. Thus, cont ro l  o f  the  ship was a complex perceptual-motor task. 
t r y i n g  t o  destroy the  fo r t ,  t h e  subject had t o  deal w i t h  a number o f  
d i f f e r e n t  obstacles. F i r s t ,  t he  f o r t  could rotate, ''lock-on", and f i r e  
shel ls  a t  t he  subject 's ship. Thus, t he  subject could not remain stationary. 
Second, from time t o  time mines emerged from tho f o r t  and chased the  
subject 's ship. Every m iss i l e  which was f i r e d  when a mine was present on the 
screen was i n e f f e c t i v e  against the  f o r t .  Mines could be o f  t w o  types, 
" f r iend"  o r  "foe". A l e t t e r ,  presented i n  the  center o f  the  screen, was used 
t o  designate the  type o f  the mine. As par t  o f  the  ins t ruc t ions  p r i o r  t o  the  
experiment, the subject was t o l d  which lkt,bvs i d e n t i f i e d  the  "foe" mines. 
The subject had t o  act d i f f e r e n t l y  depending on the  mine type. 
was a "foe", t h e  subject had t o  f i r s t  i d e n t i f y  i t  as such before f i r i n g  a 
m iss i l e  t o  destroy it. 
a button located on top o f  the joyst ick .  The subject had t o  depress t h i s  

I n  

I f  the  mine 

I d e n t i f i c a t i o n  was accomplished by the  depression o f  



button twice, with a prescribed in terva l  between the two presses t o  
accomplish ident i f icat ion.  I f  the mine was a "friend", no i den t i f i ca t i on  
response was required. H i t t i n g  the mine with a s ingle miss i le  shot 
"energized" the mine, i.e. the mine changed d i rect ion and moved rap id ly  i n  
the direct ion o f  the fort.  The iden t i f i ca t i on  procedure was presented t o  the 
subjects i n  terms o f  select ion of 9 weapon system according t o  target. I f  
the subject f a i l e d  t o  destroy a "foe" mine or t o  energize a "fr iend" mine 
within 10 sec, the mine s e l f  destructed. The in terva l  between mine 
appearances was 4 sec, and the subject had t o  f i r e  a t  the f o r t  during that  
interval  . 

?ne Indicator 
I + 

Vulnerability 

Subject's INTER 

Ship 
SCORE KILLS 

L-100, 

Figure 1 The elements o f  the Space Fortress game 

THE DEVELOPMENT OF THE SUBTASKS. 

Four subtasks were designed on the basis o f  the task analysis. The four 
subtasks were: (a )  production o f  the double button press; (b) recognition a f  
the l e t t e r s  designated f o r  a f r iend or  a foe; (c) aiming o f  the ship; and (d) 
control o f  the ship movement. These tasks depend on s k i l l s  re lated 
respectively t o  (a) motor, (b) appraisal, and (c,d) perceptual-motor 
processes. 

Aimin sub-task. I n  t h i s  task the space ship can only rotate. The 
subject * a F a f i n d  shoot a t  a mtne which was stationary. The subject's 
score ref lected the nrmber o f  mines destroyed i n  a 2 min block. 

285 



Double-press sub-task. I n  t h i s  sub-task t h e  l e t t e r  ' X I  appeared cn the  
s c r e e - x j z  =instructed t o  respond by a double button press. 
The second press had t o  be executed 225 msec fo l lowing the  f i r s t ,  but  any 
response in te rva l  between 150 and 300 mil l iseconds was considered correct. A 
subject's score re f lec ted  the  number o f  times t h a t  he co r rec t l y  produced t h e  
double press. 

Mine- ident i f icat ion sub-task. The subject was taught the  l e t t e r s  which 
i d e n t m a  a foe. A 1 e t t F w G r e s e n t e d  (designating e i t h e r  f r i end  o r  foe). 
The subject was asked t o  i d e n t i f y  the  l e t t e r  and respond accordingly by 
p u l l i n g  the  t r i g g e r  or by a double press and a shot. The subject received 
points f o r  each correct  i den t i f i ca t i on .  

=-control sub-task. I n  t h i s  task the  subject had t o  learn how t o  
slow down t h e p 7 T h e h i p  was presented alone on the  screen. Then, t h e  
program accelerated the  ship t o  i t s  maximal sped. The subject f i r s t  had t o  
ro ta te  the  ship so t h a t  i t  pointed i n  the d i rec t i on  opposite the  one i n  which 
i t  was heading. Then, he had t o  use the  accelerat ion contro l  t o  b r i ng  the  
ship t o  a slow spezd. When t h e  ship slowed down t o  a c r i t e r i o n  speed, the  
subject's score was increased dnd th2 computer accelerated the  ship again. 

PROCEDURE 

Forty male, right-handed " S j e c t s  w i th  normal r corrected-to-normal 
v is ion  were r e c r u i t a t  rim tne  un ivers i ty  student community. 
used f ? ~  -t:LdsK tr:iIring included three blocks o f  aiming (2 min each), one 
block o f  buttort prcsz ~?bt;rcl! ( 3  min.); one block o f  l e t t e r  subtask (2 min) 
and two blocks o f  ship contro l  (5 min eab7). A f te r  subtask t ra in ing ,  
subjects received t r a i n i n g  on the  whole task according t o  an adaptive 
algori t tm. 
elements (i.e. mines z i  i o r t  she l l s )  was i n i t i a l l y  set t o  a slow speed (5). 
Then, as the  subject 's performance improved (defined by surv iva l  t ime and 
fortress destruction 1 2 e ) ,  t h e  speed o f  these elements was increased. 

The schedule 

For t h i s  adaptive t r s i n l n g  procedure, t he  speed o f  t h e  h o s t i l e  

Training i n  t h i s  adaptive mode proceeded f o r  a t o t a l  o f  20 f i v e  minute 
C!c?cks given over three sessions. For the  l a s t  block o f  each session, t h e  
3th, 12th, and 20th blocks, t he  speed o f  the  h o s t i l e  elements was f i x e d  a t  
the maximum speed o f  20. These blocks a l low us t o  compare the progress o f  
the subjects on i den t i ca l  conditions. 

RESULTS 

The f i r s t  step i n  our analysis concentrated on the  r e l i a b i l i t y  o f  t he  
subtasks scores. The cor re la t ions  among the  three administrat ions o f  t h e  
aiming task were 0.78; 0.790 0.83. The cor re la t ion  between the  two blocks o f  
ship control was 0.92. The corre la t ions between the  three aiming blocks and 
the ship control blocks ranged betweeen 0.54 t o  0.64. The double press and 
the l e t t e r  recognit ion subtasks d i d  not cor re la te  w i th  each other nor w i th  
the other subtasks. 
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Some o f  the  corre la t ions between the  scores o f  subjects i n  the  subtasks 
and t h e i r  scores i n  the  whole task are presented i n  f i g u r e  2. 
blocks o f  aiming and the  two blocks o f  ship contro l  corre la ted w i th  success 
o f  the subjt,; i n  the  task a t  the  three probe points. The cor re la t ion  o f  
t h i r d  block o f  aiming w i t9  score on the  f i f t h  block was 0.54 (unless 
specif ied otherwise p i s  always < 0.01). The cor re la t ion  was higher w i th  
score on the  12th and 20th blocks: 0.70 and 0.72 respectively. The sme i s  
t r u e  about the  ship contro l  subtask which corre la ted a t  0.38 (p<.05) 0.72 and 
0.69 w i th  the  three blocks respectively. It appears t h a t  t he  cor re la t ion  of 
performance on both subtasks w i th  whole task performance increases as 
t ra in ing  proceeds. I n  comparison, t he  corre la t ions between the  subjects' 
scores on the  f i r s t  block o f  whole t r a i n i n g  ( i n  the  adaptive mode) and h i s  
scores on the  5th, 12th, and 20th blocks were 0.64, 0.62 and 0.60 
respectively. The other two subtasks d i d  not cor re la te  w i th  the  subjects 
score on the whole task. 

A l l  three 
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Figure 2 The cor re la t ions  between scores o f  the  subtasks-and success i n  
the  whole task on blocks 5 12 and 20. 

The same pat tern o f  resu l t s  appears fo r  a wide range o f  measures o f  
performance i n  the  whole task. As an example, t he  nmber o f  times t h a t  t he  
slrbject h i t  t he  f o r t  corre la ted w i t h  the  aiming subtask a t  0.59, 0.68, 0,70 
a t  the end of the  three sessions. For the  same blocks sh ip contro l  
correlated a t  0.57, 0.69 and 0.78. Another example i s  t he  movement through 
hyperspace. Subjects were ins t ruc ted  t o  avoid moving from one end of  t he  
screen t o  the  other because o f  the  negative consequences which fol lowed such 
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a move. The inverse o f  the  number o f  times tha t  the subject moved through 
hyperspace correlated w i th  aiming a t  0.48, 0.59, 0.71 and w i th  ship contro l  
a t  0.60, 0.58 0.80 a t  the end o f  the three sessions. Once again, the  other 
subtasks d i d  not cor re la te  consis tent ly  w i th  any o f  the whole task measures. 

CONCLUSIONS 

The aiming sub-task, which represents a basic element o f  p i l o t i n g ,  and 
the ship-control sub-task, which taps a more complex element o f  p i l o t i n g  - 
the  a b i l i t y  t o  slow dorm - are both l i nked  t o  the  success o f  t he  subject i n  
the task as a whole. A p rac t i ca l  use o f  t h a t  f i nd ing  i s  t h a t  performance on 
these tasks may be used t o  p red ic t  t he  subject 's eventual performance a f t e r  
compietion o f  t ra in ing .  The pred ic t ion  i s  powerful i f  we consider the  fac t  
tha t  it i s  based on a very simple version o f  the task, and can be obtained 
w i th  a minimum investment o f  time. 
t o t a l  o f  s i x  minutes was successful ly used as a screening and placement t e s t  
i n  another experiment which u t i l i z e d  the Space Fortress task (Mane, 1984). 

Indeed, t h e  aiming subtask, which takes a 

It i s  i n te res t i ng  t o  note the  changes i n  the  corre la t ions among 
variables along time. The corre la t ior is  o f  t he  two subtasks w i th  the  various 
ind icators  o f  success increased. That i s ,  the cor re la t ions  were higher for 
the l a t e  blocks o f  t r a i n i n g  than f o r  t he  ear ly  blocks. I n  contrast, t he  
cor re la t ion  between performance o f  the  subject i n  the  f i r s t  block of whole 
t r a i n i n g  w i th  performance i n  l a t e r  blocks d i d  not show such a t rend (see 
f igure  2). A possible i n te rp re ta t i on  i s  t h a t  the  importance o f  p i l o t i n g  of 
the ship grows w i th  the development o f  t he  s k i l l .  
t ha t  sk i  11 determines the  abi 1 i t y  o f  the subject t o  improve h i s  performance 
w i th  other elements o f  the task .  

I n  other words, mastery o f  

The resu l ts  o f  the  reported experiment cannot be used t o  evaluate the  
overa l l  effect iveness o f  the  pa r t  t r a i n i n g  method. This can be achieved only  
w i th  a t rans fer  o f  t r a i n i n g  experiment (See Mad, 1984 f o r  the  evaluation o f  
the effectiveness o f  pa r t  t ra in i i ig ) .  However, t he  f ind ings can serve t o  
contrast the  d i f f e ren t  subtasks, and t o  evaluate t h e i r  relevance t o  the  
performance of the  task as  a whole o r  t o  spec i f i c  aspects o f  the task a t  
d i f f e r e n t  stages i n  t ra in ing .  

Overall, there i s  a high co r re la t i on  between performance on the  whole 
task and performance on the  two subtasks t h a t  were re la ted  t o  the  perceptual- 
motor s k i l l .  No such co r re la t i on  was found between the  other two subtasks 
and the performance o f  the whole task. These corre la t ions ind ica te  tha t  t he  
s k i l l  tapped by t he  perceptual-motor subtasks i s  cent ra l  t o  the performance 
o f  the  task. 

There i s  an apparent c o n f l i c t  between the  fact t ha t  i n  the  :ask 
decomposition there were three s k i l l s  which const i tu ted t h e  whole task and i n  
the present analysis one s k i l l  dominates. However, t he  game i n  i t s  current 
version was performed a t  t he  easy leve ls  o f  'he appraisal procedure and motor 
response. This dev iat ion from the p r i o r  version may be the  reason f o r  t h i s  
conf l  i c t  . 
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Multiple Task Performance 



REPRESENTING MULTIDIHEMSIONAL SYSTEMS U S I f f i  VISUAL DISPLAYS 

E l i t abe9  3. Casey, A r t h u r  F. Krmer and Christopher D. Wickens 
Cognitive Psyckophysiology LaboratGry 

University o f  I l l i n o i s  
Champaign, I l l i n o i s  61820 

Techniques employed to represent mu1 t i a t t r i b u t e  in fomat ion i n  an 
integrated, object display are reviewed and discussed. A study i s  
proposed to investigate the ef fects o f  system parameters such as in ter -  
variable correlat ion on the choice o f  an optimal display format. The 
results o f  a psychophysical scaling study o f  f i v e  d i f fe ren t  displays 
am presented. 

INTRODUCTION 

A visual display acts as an interface between a dynanic system 
and a human operator. I t s  composition i s  c r i t i c a l  to the performance 
of the operator i n  con t ro l l i  a system and detecting and diagnosing 

amount o f  information available to the human operator has become 
overwhelming. Therefore, there i!: a serious need t o  optimize the 
display formats used t o  present system status information. The 
operator nust be presented with information i n  a format tha t  requires a 
minimal amount o f  mental transfomation pr io r  to integrat ing i t  with an 
already exist ing internal model o f  the system. The display fomat  
should also allow the operator to respond quickly and accurately when 
so required. 

system failures. As the comp T exi ty  o f  systems has increased, the 

When acting i n  a supervisory role, the human fomulates a high 
f ' !e l i ty  internal model o f  the system. The internal model refers t o  
the human operator's conception o f  the in fomat ion structure and serves 
as a basis for potential actions (Wickens, 1984). A d i s p l w  compatible 
wf t h  the operator's internal model w i l l  m i  nimi r e  work1 oad thus a1 1 owing 
faster, more accurate detection and diagnosis. The internal  model may 
vary a1 ong several dimensions. These dimensions i ncl ude the frequency 
with whtch the model i s  updated and the degree t o  which the 
representation o f  the system i s  spatial and/or verbal (Bainbridge, 
1981; Landeweerd, 1979). Another dimension o f  v a r i a b i l i v  i s  the 
perceived degree o f  in tegra l j t y  o f  the system variables, o r  i n  other 
words, the operator's perception o f  the re1 at ive correlat ions between 
the Variables. I n  our research program we w i l l  examine several 
df fferent methods o f  graphically representing a dynamic mu1 t i a t t r i b u t e  
system. We w i l l  attempt to match the display techniques so they are 
canpatible with the operator's conception o f  the system. 

One type of graphic representation o f  mu1 t i va r ia te  data which has 
recently received a great deal o f  attention i s  the object display i n  
which several variables are typ ica?ly  r e  resented on a sfngle frame o f  

ends o f  i r v i s i b l e  l ines  which extc.Id out from one point. The length o f  
reterence. As an example, consid... 3 PO P ygon formed by connecting the 



the imaginary spokes, and therefore the inner angles o f  the vert ices o f  
the polygon represent the values o f  the system attr ibutes. I n  addit ion 
to giving information about the magnitude o f  each variable, the overal l  
shape and size o f  t h i s  display can give ins igh t  i n t o  relat ionships 
betwen the variables. A pract ical  application o f  the integrated 
presentation o f  mult ivar iate data i s  found i n  the f i e l d  o f  aviation. 
The contact analog display combines the two variables o f  roll and p i t ch  
in to  a single, highly schematic representation of the a i rc ra f t .  

Soae o f  the advantages o f  the object display over t rad i t ional  , 
separate representations o f  tau1 t i va r ia te  systems include the subjects' 
f a a i l i a r i t y  with the objects, the h o l i s t i c  property o f  object 
perception by which subjects perceive the overal l  status o f  the systaa. 
and the single fraae o f  reference against which a l l  o f  the variables 
can be compared. We hypothesize tha t  the integrated representation 
provided by the object display w i l l  a id  the operator i n  perceiving the 
relationships ainong the system variables. This i s  because a l i fet ime's 
experience o f  dealing wi th objects and the correlated dimensions of 
these objects as they are transformed i n  space, has allowed us to 
associate the integral  dimensions that  define an object wi th a 
correlat ion between the values along those dimensions. Ye hypothesize 
t h a t  t h i s  association should allow bet ter  perception o f  correlated 
variables through integral  displays. This hypothesis has received sme 
val idation i n  the ea r l i e r  research o f  Garner (6arner, 1970; Garner d 
Fefoldy, 1970). Other research has shown tha t  subjects are 
par t icu lar ly  sensit ive to correlat ions betweeil variables and thus a 
displqy which optimally depicts relat ional  information w i l l  be useful 
to operators o f  complex, mu1 tidimensional systems (&din, A1 ton, 
Edel son Ll Freko, 1982). 

Several empirical studies have been conducted to assess the 
re la t i ve  advantages and disadvantages o f  d i f fe ren t  displays. I n  one 
such study four displays were evaluated: arrays o f  d ig i ts ,  each d i g i t  
defining a system variable; glyphs, which portrayed the system 
variables using the lengths o f  a series o f  rays surmounting a c i r c l e  of 
f i x e d  size; pclygons, the distances from the center to the vert ices 
representing the system Variables; and schematic faces, i n  which each 
feature delineated a system variable (Jacob, Egeth d Bevan, 1976). 
dsing a card s w t i n g  task and a paired associate learning task, Jacob 
e t  a1 demonstrated tha t  people process in fomat ion from standard 
displays (such as the arrays of d ig i t s )  i n  a "piecemeal, sequential 
mode which could obscure the rec-gnition o f  relat!onships among the 
individual elements". I n  contrast, Jacob et. a l .  assert tha t  the 
st imuli  represented i n  ob:ect displays are processed h o l i s t i c a l l y  
resul t ing i n  easier detection o f  relat ionships among variables. 

I n  a series o f  studies cor,ducted a t  the Idaho National Engineering 
Laboratorh ( INEL) investigators have evaluated the potential use o f  
object displays as Safety Parameter Display Systems (SPDS) i n  nuclear 
power plant control rooms (Blackman e t  al., 1983; Danchak, 1981; 
Gertnsan e t  al., 1982; Petersen e t  a1 , 1982). The basic functions o f  
the SPDS include; a le r t ing  the operator t o  the Occurrence o f  abnormal 
plant conditions, aiding the operator i n  ident i fy ing specif ic abnormal 
parameters and assi st ing the operator i n  diagnosing plant conditions 

292 



based on the re la t i ve  values o f  parmeters. The IREL studies, which 
have evaluated d i f fe ren t  object displays i n  a series o f  tasks and 4 t h  
several d i f fe ren t  methodological techniques ( psychoptvsical scaling, 
n u l  t i va r ia te  ra t ing  scales, check1 i s t s  and decision analysis), have 
shown tha t  generally perfomance w i t h  object displays i s  equivalent o r  
superior to that wi th inore t rad i t ional ,  separate representations o f  
mult ivariate data. Westinghouse has also proposed and evaluated an 
object display (polsgon) as one o f  a series o f  displays t o  be used i n  
an SPDS ( L i t t l e  d Mods, 19eI 1. 

A recent study demonstrated tha t  using a polygon t o  display system 
informatian fostered subject perfcmance tha t  was superior to the 
performance obtained h e n  the infonnation was displqyed on a bar graph 
(Carswell d Yickens, 19841. This effect was deemstrated under several 
d i f ferent  Conditions. Object displays have also been found useful i n  
presenting a mu1 t i va r ia te  frame o f  reference to iden t i f y  relevant 
physiologic patterns tha t  may delineate the seriousness o f  medical 
abnormal i t i e s  (Siege1 e t  a1 , 1971 1. 

Several investigators have proposed tha t  the h o l i s t i c  perception 
engendered by schematic faces would be ideal f o r  the presentation o f  
highly related system paraneters (Danchak, 1981; Wilkinson, 1981). I n  
one study concerned with the fac ia l  representation o f  mu1 t i va r ia te  
data, the investigator found tha t  the sterotype meaning already present 
i n  the faces could be measured and exploited t o  construct an inherently 
meaningful display (Jacob, 1978). Thus, i n  addition to the advantages 
qlready c i ted  f o r  object displays, subjects' f a a i l i a r i t y  w i t h  facial 
expressions appears t o  provide another dimension which can enhance the 
perception o f  mu1 tidimensional data. Schematic face displays have been 
found t o  be superfor t o  separate numeric presentations o f  mult ivar iate 
in fomat ion i n  areas as diverse as the f inancial p r o f t l e  o f  businesses 
( b r i a r i t y ,  19791, Soviet foreign pol icy  i n  Sub-Saharan Afr ica ( W a q  b 
Lake, 19781, the evaluation of psychiatr ic data (Mezzick d Uorthington, 
19781, and product performance (Hahn, Morgan d Lorensen, 1983). 

Our program o f  research i s  cancerned with expl icat ing the factors 
tha- influence the subject's perception, transformation, and response 
t o  complex, v isual ly  presented informatfon. We are pursuing t h i s  issue 
i n  the context o f  investigatins the conditions under which d i f f e ren t  
displays provide an optimal representation o f  system status 
information. Some o f  the specif ic issues which we w i l l  address 
i ncl ude: 

I) Are displays which provide an integrated 
representation o f  system paraneters superior t o  more 
t rad i i ional  displays which present the same 
information separately ( i  .e. polygons vs. meters)? 
Furthermore, does the display formab in teract  wi th 
the type o f  task which the operator i s  required t o  
perform? Some research has suggested tha t  polygons 
may be superior t o  meters f o r  detection tasks while 
meters appear t o  be optimal f o r  the loca l izat ion o f  
abnormal variables (Petersen e t  a1 . , 1981, 1982). 
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Does the correlational structure o f  the system 
variables interact  with the presentation fonnat o f  
the variables? I n  other mrds, are d i f ferent  display 
formats optimal f o r  systems with di f ferent 
inter-variable correlations? Highly intenrated 
object displays have been proposed t o  be host useful 
i n  situations i n  which the system p a r m t e r s  are 
moderately t o  highly correlated (Hickens, 1984). 

Do subjects with d i f ferent  degrees o f  spatial a b i l i t y  
adopt d i f ferent  strategies to perfom detection and 
diagnosis tasks? Can me optimize the subjects' 
performance by presenting system status infomat ion 
i n  a manner consistent with the subjects' preferred 
processing strategy? 

In our program o f  investigation, f i v e  d i f ferent  displays w i l l  be 
evaluated. These displays, which are represented on a continuum o f  
in tegra l i ty  o f  infomat ion presentation, are show i n  Figure 1. The 
displays include d ig i t a l  meters, bar graphs, glyphs, polygons 
(pentagons), and schematic faces. Each o f  the displays w i l l  represent 
f i ve  variables o f  a dynanically changing system. The f i v e  facial  
features that w i l l  represent the system parameters are the angle of the 
eyebrows, the width o f  the mouth, and the lengths o f  the eyes, the 
ears, and the nose. 

In a series o f  experiments, e intend t o  investigate the re la t i ve  
n r r i t s  o f  these di f ferent dlsplqys i n  tasks which involve nonitoring a 
Qnamic, mult ivariate system. The tasks w i l l  include detection and 
diagnosis o f  system failures. While we hypothesize that face and 
object displays w i l l  foster better performance to the extent that  
variables are correlated, i t  i s  essential that  certafn basic factors o f  
the displays be accounted fo r  before such studies are run. 
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It i s  important i n  arty comparison o f  v isual  displays t o  determine 
&ether tne super io r i t y  o f  a given v isual  d isp lay can De accounted f o r  
by perceptual factors. Therefore, i n  order t o  properly compare these 
displays we f i r s t  had t o  ensure that i t  was equally d i f f f c u l t  t o  
perceive a change i n  a system var iab le  regardless o f  the  d isp lay o r  
display feature on which t h a t  var fab le was represented. Thus, a 
psychophysical sca l ing study was conducted on the  f i v e  d splays. 

Ten co l lege students par t i c ipa ted  i n  the  experiment A l l  were 
right-handed w i th  normal o r  corrected-to-normal vision. During the two 
hour session the subjects performed the task w i t h  each o f  the f i v e  
displays. The subject 's task was t o  decide whether two sequential ly 
presented d isp l  ays matched o r  mismatched. The importance o f  both speed 
and accuracy was emphasized. Subjects pressed one response button if 
the displays matched and another i f  they d i d  not. I n  a s ing le  block 
of t r i a l s  on ly  one of the f i v e  variables on a d isp lay was t o  be 
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attended by the subject. The other four variables remained a t  constant 
levels. Each o f  the f i v e  features o f  the face varied i n  a i f fe ren t  
blbcks. 

For each display and feature, ten equidistant leve ls  were defined. 
The "standard" ( S 1 )  was always e i ther  a t  leve l  5 o r  a t  leve l  11. The 
comparison stimulus (S2 )  varied as follows: 

STANDARD PERCENT COMPARISON PERCENT 
TRIALS IALS 

UP TWO LEVELS ?"i5 
UP ONE LEVEL 12.5 

50.0 
DOWN ONE LEVEL 12.5 
DOWN TU0 LEVELS 12.5 

LEVEL 5 50.0 

LEVEL 11 50.0 
OR 

I n  to ta l  there were nine blocks, f i v e  f o r  the face and one each 
fo r  the other four displays. Before each block o f  160 t r i a l s ,  the 
subjects had f i f t een  practice t r i a l s .  Experimental blocks and response 
buttons were counterbalanced across subjects. 

The amount o f  time required t o  decide whether two displays matched 
or mismatched wds affected by the type o f  display being judged 
(F(8,72)=4.3, pc.01). The order o f  displays from fastest  to slowest 
was the meters (318 msec), bar graphs (334 msec), polygon (342 msec), 
glyphs (373 msec) and schematic face (394 msec). The amount of time 
required to compare d i f fe ren t  fac ia l  features ranged from 375 msec f o r  
the eyebrows t o  417 msec f o r  the mouth. RT was also influenced by 
stimulus level. S l ight  mismatches took longer t o  respond t o  than 
matches and more obvious mismatches (F(4,36)=18.3, p<.Ol). There was 
an interact ion between display type and stimulus leve l  such tha t  RT 
performance with ineters and bar graphs was not d i f f e ren t i a l  l y  affected 
by stimulus leve l  (F(32, 2881-1.7, pc.0:). Error ra te generally 
followed the same pattern as RT with larger er ror  rates being 
associated with longer RTs. 

The resul ts o f  t h i s  scaling study w i l l  be used t o  adjust the 
magnitudes o f  the physical changes o f  the display components. The 
ranges o f  variat ions w i  11 be scaled t o  be psychophysically equivalent. 
Thus, any differences i n  performance among displqys w i l l  not be 
at t r ibuted t o  perceptual factors. 
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Tracking Errors 

TYPE8 OF TRACKINQ ERRORS 
INDUCED BY CONCURRENT SECONDARY MANUAL TCISK 

8tuar t  T. Klapp, P a t r i c i a  A. Kel ly,  
Vernol Bat t is te ,  and Sherry Dunbar 

Ca l i fo rn ia  State Univeroity, Hayward 
Hayward, CCI. 94542 

Future, one-man hel icopters may requi re the p i l o t  t o  control  
f l i g h t  w i t h  one hand, and simultaneously manipulate other 
instruments using the other hand. T h i s  repor t  of work i n  
progress examines the nature of er rors  induced i n  a r i g h t  hand 
tracking task (simulating f l i g h t  cont ro l )  when responeea are? 
required by the l e f t  hand. The present experiment facused on 
detection of hes i ta t ions i n  which the tracking Joy s t i c k  remained 
motionless f o r  1/S see. or longer. 

METHOD 

The 12 subjects were r i g h t  handed students who par t ic ipated 
am one option of a course requlrament. The r i g h t  hand task WOB 
pursu i t  t racking i n  which the positior: of the Joy s t i c k  
corresponded to the v e r t i c a l  pos i t ion  of a cursor on a CRT 
dioplay. The sub-*.ct was t o  attempt t o  keep t h i s  cursor w i th in  a 
target box which moved up and down, driven by a random-appearing 
forc ing funct ion which changed ve loc i ty  no more of ten than once 
per 167 mmec. fit randomly determined times (avarago r a t e  of 
once per 30 m c . )  a tones sounded signal ing tha t  a levor-moving 
reoponpie, should be wxecuted by the l e f t  hand. 

Tracking performance was observed on corresponding forc ing 
function segment@ wi th  and without the l e f t  hand response. 
I n  order t o  detect heuitatione, the pos i t ion  of the t racking joy 
s t i c k  was sampled 60 times per see. during the f i r s t  2 ooc. aftmr 
a stimulus f o r  a l e f t  hand response, and during the corresponding 
control  right-hand only segments. 

The l e f t  hand responses were movements of a switch handle a t  
least  1.0 mm. t o  the lrft or r i g h t  as commanded by a tone. Thim 
tone was terminated when the correct  responoo w m  completed. CI 
hiqh-frequency tone (2000 H t m )  signaled a r ightward movmmar!? rnd 
a low-frequency tone (500 Hr.) signaled a l++tward movermnt. The 
t iming c,f these signals warn random f a r  a l l  ~ u b j ~ c t s .  Far ha l f  of 
the subjects tho appearance of high and low tones warn also 
random, and hence the l e f t  hand tamk was a choice RT s i tuat ion.  
For the remaining subjectm the 9igh and low tones appbared i n  
pradictable blocka, no tha t  the l e f t  hand tank was a nimple RT 
s i  tuat  i an. 
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Tracking Er rors  

For 1/3 of the oubjecta, the  t rack ing  task was emphasized by 
ins t ruc t ion ,  and by the  presence of an unpleasant audi tory  alarm 
which cboundsd when the, cursor was beyond the  boundaries o f  the  
ta rge t  box. For another 1/3 of tho subjects the l e f t  hand 
response was emphasized by inatr t .xt ian,  and by the marno alarm 
which sounded when the incor rec t  d i rec t i ona l  recponoe was mark. 
The remaining 113 of the  subjecto recoiverd no emphasis 
i n s t r u c t i o n  and no alarm. 

RESULTS 

We were p r i m a r i l y  in te res ted  i n  the  occurrence of  
hes i ta t ions  in tracking. A hes i ta t i on  was defined am holding the 
t rack ing  ‘ j o y  s t i c k  motionfoss as determined by sampling i t s  
pos i t i on  a t  the r a t e  of  60 observations per sec. I n  order t o  
qua l i f y ,  a hes i ta t i on  had t o  s t a r t  no l a t e r  than 1 SIDC. a f t e r  the  
st imulus f o r  the l e f t  hand response (or w i t h i n  the  corresponding 
time i n  cont ro l  segments) and t o  larst f o r  1/5 see. or more. 
Heoitat ions, o r  por t ions of hooi tat iono, which resulted i n  
m i n i m !  diS.irerence between cursor po%!tion and center o f  the  
ta rge t  ( le%& than 112 of tho upward or  downward tolerance ea 
defined by ta rge t  box height )  were considered t o  be cor rec t  
responses ra ther  than e r ro r  hes i ta t ions.  

Corresponding t o  each opportuni ty f o r  tho  r i g h t  hand t o  
hes i ta te  as a r e s u l t  o f  tho concurrent l e f t  hand replponoe, there  
was a contro l  trsnckino pa t te rn  i n  which the  same fo rc ing  func t ion  
segment was tracked without a stimulus fav l e f t  hand responding. 
Hesi ta t ions occured on 48% o+ t he  opportunites when the  l e f t  hand 
st imulus wao present, but on only  6.5% of the cont ro l  
opportuni t ies,  F(l,l1)=27.0, p <.001. Clear ly  hemitat ione were 
caused by the l e f t  hand respansear, and were frequent ra ther  than 
r a r e  events. 

The remainder o f  t h i s  diecussion concern. those hesitation. 
which occurred on t h m  dual task t r i a l s .  Table 1 display8 the  

d e f i n i t i o n  only  hss i ta t i one  exceeding 333 mmec. are  considered.) 
d i s t r i b u t i o n  of  the durat ions of  these hes i ta t ions.  (BY 

Duration range, msec. Observations 
333-480 53 

667-033 17 
834- 1000 S 
2 1000 S 

‘401-666 28 

Table 1. D i s t r i b u t i o n  of hes i ta t i on  durations. 
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Tracking Errore 

The emphasis i n s t r u c t i o n  and alarm inf luenced tho r a t s  of 
hes i ta t i on  in r i g h t  hand tracking. Hesi ta t ions occured on 76% of 
the oppor tun i t ies when l e f t  hand performance was emphasized, but 
only on 29% of  the  oppor tun i t ies whon r i g h t  hand t rack ing was 
emphasized, F(1,6)=7.4, p <.OS. fin intermediate r a t e  of 
hes i ta t ions,  37X, occurred w i th  no emphasis i n s t r u c t i o n  or 
alarm. The two subjects w i t h  fewest hes i ta t i ons  were both i n  the 
t rack emphasis condi t ion,  and the two aubjects w i th  the most 
hes i ta t ions  were both i n  the l e f t  hand emphasim condi t ion.  

We had thought tha t  hes i ta t ions  might by a t t r i b u t a b l e  t o  the  
necessity of making deci;ions concerning which response t o  
generate w i t h  the l e f t  hand. Thus, we expected t o  f i n d  more 
r i g h t  hand hes i ta t ions  f o r  the choice RT l e f t  hand condi t ion than 
fo r  t h r  simple RT l e f t  hand condi t ion.  The only  other study we 
know of repor t ing  hes i ta t i ons  ( C l i f f ,  1973) observed h u s i t : t i o n s  
upon inspect ion of  t rack ing  recorda when subjects engaged i n  
speech shadowing, a task f o r  which the  simple-choice d i s t i n c t i o n  
is not c lear.  Contrary t o  our wpectat ions,  thereb was no h i n t  of 
reduced hes i ta t ions  f o r  simple RT l e f t  hand reaponsas. The r a t e  
oi hes i ta t ions  was 53% f o r  simple compared t o  42% f o r  choice. 

For the  l e f t  hand response, e r ro r  r a t e  ( i n i t i a l l y  incor rec t  
d i r e c t i o n  of movement) and median RT was dmterminmd f o r  each 
subject i n  each condit ion. Conmistent w i th  the  usual f ind ing ,  
overa l l  O c s m  o f  mrdiana) RT was longer f o r  the choice RT 
condi t ion ( 799 msec., e r ro r  r a t e  lO.J%) than f o r  simple RT (491 
msec., e r ro r  r a t e  2.3%), F(l,lO)= 12.9, p<.OOS. For the simple 
RT task, subjects f o r  whom the  l e f t  hand task was emphasized 
produced a ahortarr mean RT ( 378 msoc.) cornpared t o  the other 
emphasis condi t ions ( 554 f o r  t rack  emphasis and 542 msac. f o r  no 
empahsis). By contrast ,  f o r  the choice RT task, emphasie of  the 
l e f t  >and task produced a longer RT (991 msec.) compared t o  the  
other emphasias conditionm (625 and 670 msec.). This apparent 
i n te rac t i on  may be undmrstood by assuming tha t ,  f o r  choice RT and 
alarmed l e f t  hand, subjects confirmed t h e i r  response ert lect ion 
before moving the  reepwlae switch, thereby incrcsasing RT. By 
contrast, f o r  simple RT, no response se lec t ion  was requi red and 
emphasis on the  l e f t  hand response caused a reduct ion i n  RT. 
We repor t  these RT r e s u l t o  p r i m a r i l y  t o  i nd i ca te  t h a t  RT 
behaved i n  an order ly  and understandable manner f o r  these r o u t i n e  
comparisons. This mtta the stagas f o r  our primary po in t  about RT 
f o r  which the r e s u l t s  were rather  unexpected. 
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Tracking Error. 

Data on l e f t  hand performance was ceparaied i n t o  two poole, 
ones f a r  those t r i a l s  on which tho r i g h t  hand t rack ing  taek 
exhib i ted a hes i ta t i on  and m e  f o r  those t r i a l s  on which no 
hes i ta t i on  occurred. Surpr is ing iy ,  l e f t  hand performance d i d  nqt 
d i f f e r  s i g n i f i c a n t l y  as a func t ion  o f  t h i s  d i s t i n c t i o n .  The 
mean l e f t  hand RT was 629 msac.(error r a t e  4.2%) when tho  r i g h t  
hand hesi tated, compared t o  648 mrec. (e r ro r  r a t e  4.6%) w i th  no 
hes i ta t ion.  These RT means d i d  not  d i f f e r  c i g n i f i c a n t l y ,  
F ( l , l l ) < l .  Thus, thrwe is l i t t l e  reason t o  suppose t h a t  subjects 
t rade o f f  between the l e f t  and r i g h t  hand performance. The other 
repor t  of t rack ing hesitat ionm ( C l i f f ,  1973) a l so  ind icated t h a t  
secondary task performance d i d  not d i f f e r  as a funct ion of 
wheet.rer t rack ing chawed a hes i ta t ion .  

DIBCL18SiQN 

Hesi ta t ions i n  f l i g h t  con t ro l  would represent a po ten t i a l  
d isaster i n  nap of tho ear th  f l i g h t .  Thus, the, occurrence of 
t rack ing hes i ta t ions  of  a t  l eas t  1/23 mec. durat ion on near ly  h a l f  
of the instances i n  which a concurrent l e f t  hand response was 
required is a caume of concern. althcsugh hes i ta t i ons  occurred 
less  o f t e n  when emphasie was placed an tracking, our emphasis 
i n s t r u c t i o n  and alarm were not  succelrsful i n  r l i m i n a t i n g  
hes i ta t ions  completely. Thus, i t  i s  pos r ib lo  t h a t  p i i  2te might 
hes i ta te  i n  f l i g h t  con t ro l  even i n  dangerous s i tuat ione.  

Contrary to our expectation, the  r a t e  of t rack ing  
heeitationm was independent o f  whether the  concurrent l e f t  hand 
response was a choice RT or simple RT task. Thus, the  
hes i ta t ions  were not produced by response eelaction. Another 
unoxpectard r e s u l t  was tha t  hes i ta t i ons  on t rack ing  d i d  not 
produce improvement i n  l e f t  hand performance. Therefore, we 
proposes a model which does not  assume t h a t  hemitation. r e s u l t  
from d i v e r t i n g  a po r t i on  o f  l i m i t e d  r~ lcources t o  l m f t  hand 
r eaponse se l  r e t  1 on. 

O u r  model assumes a mingle channel of  a t t e n t i o n  whic5 can be 
d i rected toward the r i g h t  hand rscsponse or  toward the  l e f t  hand 
response, but which cannot simultaneously attencr t o  bot): 
rasponses. Diversion of  a t ten t i on  t o  the  l o f t  hand occura on a l l  
t r i a l s  which requ i re  a l e f t  rmrponse, inc lud ing  thoee f o r  which 
the r i g h t  hand doecs not  hesi tate.  This a t t e n t i o n  r h i f t  occurs 
even i C  l e f t  hand response se lec t ion  i s  predetermined (simple RT 
task).  When a t ten t i on  is diver ted t o  the l e f t  hand, r i g h t  hand 
t rack ing continues i n  an open loop mode of  con t ro l  un t i l  
completion of a reaponme segment which has been 'tprogrammo6t' 
(Keele, 19681 Klapp, 1975). I f  the program i n  t tbuf fer  memory" 
(Klapp,1981) ics completed p r i o r  t o  r r turn of a t t e n t i o n  t o  the 
r i g h t  hand, a haeit;tisn oecure. 
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T h i s  much of the model accounts .for several obmiwvatioiis. 
F i r s t ,  i n  a separate p r ? o t  study of r e p e t i t i v e  tapping wiLh the  
r i g h t  hand, we observed open loop cont inuat ions ra ther  than 
hes i ta t ions  when a concurrent l e f t  hand response was required. 
This f i nd ing  can be, understood by asscming t h a t  the r e p e t i t i v e  
nature of the tapping response corresponded t o  a long-duration 
response program f o r  open loop continuation. This hypothesis 
a lsa  accounts f o r  the observation t h a t  no hes i ta t ions  i n  the  
t rack ing task s ta r ted  u n t i l  about 350 msec. a f t e r  the st imulus 
fo r  l e f t  hand responding. This delay before hes i ta t i on  
corresponds t o  the l a g  o f  t he  t rack ing reaponrae behind the 
stimulus. I f  t h i s  l ag  represents the m i n i m u m  durat ion of  
preprogrammed rrncking, then, according t o  the model, no 
hes i ta t ions  should occur u n t i l  t h i s  progrmnmed response sequence 
is completed. 

I n  t h i s  model, a t ten t i on  is assumed t o  be completely 
d iver ted t o  the  l e f t  hand on a l l  t r i a l s  invo lv ing  the l e f t  hand. 
Thus, the model accounts f o r  the r e s u l t  t h a t  l e f t  hand 
performance was independent o+ whether the r i g h t  hand exhib i ted a 
hesi ta t ion.  Hesi ta t ions occur i f  the r i g h t  hand response program 
is too short,  and the durat ion of  the program is detrrmlned p r i o r  
t o  a l l aca t i on  of a t ten t i on  t o  the  l e f t  hand. 

How, then, are we t o  account f o r  the  apparently 
cont rad ic tory  f i n d i n g  tha t ,  although l e f t  hand performance was 
independent of whether a p a r t i c u l a r  t r i a l  included a h o e i t l a t i o n ,  
neverthelass subjects responded t o  the emphamis i a a t r u t t i o n  and 
alarm by reducing hes i ta t ions? T o  handle t h i s  r . *sc7t  the model 
is elaborated by assuming t h a t  subjects3 can reprogram ?he r i g h t  
hand t rack ing response jumit before they d i v e r t  atttontion away 
f r o m  tracking. I 9 i s  assures tha t  a long program is available f o r  
the r i g h t  hand, thereby reducing the chance t h a t  the program w i l l  
be completed p r i o r  t o  r e t u r n  of a t ten t i on  t o  the r i g h t  hand. 
This reduces hesitations. But ,  programming takes time (Klapp, 
1975,1981) and hence delays the l e f t  hand response. Note t h a t  
t h i s  view accounts f o r  overa l l  s e n s i t i v i t y  t o  the emphasis 
manipulation without i n c o r r e c t l y  p red ic t i ng  a t rade-of f  between 
hes i ta t ions  and l e f t  hand perqormance on a t r i a l  by t r a i l  baaffis 
wi th in  an emphasis condit ion. 

This model has features which are o p t i m i s t i c  and others 
which are pessimist ic concerning the, p o s s i b i l i t y  of maintaining 
f l i g h t  cont ro l  i n  a dual tamk s i t ua t i on .  On the  op t im ls t rc  s ide  
is the poseib i ! i ty  tha t ,  on a task w i th  preview (much as f l i g h t  
con t ro l ) ,  programming i n  advance might be ra ther  extensive and 
hence hes i ta t ions  mlght be g rea t l y  reduced i f  p i l o t s  were made 
aware of the necessity of planning a f l i g h t  cont ro l  sequence 
beSore attempting a l a f t  hand secondary responmie. On  the 
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pemimis t i c  a i d e ,  t h i o  model i o  a singlm channel view which holds 
tha t  f l i g h t  cont ro l  can only operate open loop dur ing performance 
of the l e f t  hand response. Hence, i t  would not  be poeoible t o  
respond to unexpected f l i g h t  events whi le  the  secondary task i s  
being performed. 
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ABSTRACT 

A distinction was made between two aspects of time-sharing 
performance: 
optimality. The first is concerned with the level of joint performance 
of the time-shared tasks. The second 
of protecting the performance of a high priority task from varying with 
changes in task demand. 
evaluate the effects of the task structures of the component time-slmred 
tasks on both aspects of the time-sharing performance. Five pairs of 
dual tasks differing in their structural configurations were 
investigated. The primary task was a visual/manual tracking task which 
requires spatial processing, 
tracking task or a verbal memory task with one of four different 
inputjoutput configurations, 
sharing efficiency was observed to decrease with an increasing overlap 
of resources utilized by the time-shared tasks. Results also tend to 
support the hypothesis that resource allocation is more optimal &en the 
time-shared tasks placed heavy demands on cornon processing resources 
than whea they utilized separate resources. These data suggest thmt 
cateful consideration of the tradeoff between time-sharing efficiency 
and resource allocation optimglity is necessary in making multitask 
design decisions. 

time-sharing efficiency and attention allocation 

is concerned with the consistency 

A socondary task technique was employed to 

The secondary task was either another 

Congruent to a cOPmon finding, ti- 

INTRODUCTION 

Imagine a scenario in which the pilot is tracking a landing beam, 
simultaneously communicating with the ground controller, and all the 
while, coping with unseen gusts. 
situations, what might the effects of the task structures of the many 
concurrent tasks on the pilot's time-sharing performance be? 
predictions are offered by the structure-specific resource model 

In such dynamic high workload 

Two 

* Now a National Research Council Research Associate at NASA-Ames 
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(Wickens, 1980). In this model, task structures are defined by three 
dichotomous dimensions related to: 
(perceptual/central VS. response processing), (b) the codes of 
processing (spatial vs. verbal processing), and (c) the ipncct'?ctput 
(I/O) modalities (visual VS. auditory/manual vs. speech). Each of these 
elements is postulated to be associated with a separate pool of resource 
and the degree of resource overlap between two time-shared tasks is 
defined by the number of task structures they have in common. 

(a) the stages of processing 

The structure-specific resource model predicts that 2 greater time- 
sharing efficiency can be achieved when the time-shared taws are 
structurally different and place heavy demand on different resources 
than vhen they are structurally similar and have to compete for the same 
resources. There are two reasons for this. First, there are 
potentially more resources available in the separate resource case. 
Second, because the different resources are conceptualized as rather 
independent pools of attentional capacity, less task interference is 
expected between separate resources than within a c m o n  resource. On 
the other hand, the model also predicts that continuous resource 
allocation would only be possible if the ti*-shared tasks place heavy 
demand on at least some common resources, 
the model, separate resources are not sharable and what is withdrawn 
from one type of resource should not benefit the other. 
predictions have already received some empirical support (e.g., Brickner 
& Gopher, 1981; Triesman & Davies, 1973; Wickens, Tsang, & Benel, 19791, 
there is yet little research effort to systematically examine the 
effects of the task structures on the relation or interaction bi':ween 
the two aspects of time-sharing performance. 

This is because, according to 

Although both 

In the present paper, time-sharing efficiency and attention or 
resource allocation optimality are considered to be two equally 
important aspects of the more generic term, time-sharing performance. 
However, a major point here is how they can be and why they should be 
distinguished. 
described below and the former is a matter of definition. Time-sharing 
efficiency describes the maximum joint performance of the time-shared 
tasks whereas resource allocation optinality describes the control of 
the amount of resources to be distributed among the time-shared tasks, 
Operationally, time-sharing efficiency is measured by the degree of task 
interference between the time-shared tasks whereas resource allocation 
optimality is inferred from the consistency of maintaining the 
performance at a desired level regardless of demand fluctuations. 
some instances (e.g., under very high workload situations), optimal 
allocation may mean maximizing one performance while sacrificing the 
other. 
the least Performance decrement to both tasks as a whole. 
hypothesized in the present paper that the level of allocation 
optimality will increase, but the degree of time-sharing efficiency will 
decrease, with an increasing degree of resource overlap between the 
time-shared tasks. 
level of allocation optimality and time-sharing efficiency attainable in 
five pairs of dual tasks differing in their degree of similarity in task 

The latter is to be demonstrated by the experiment 

In 

In contrast, time-sharing efficiency is always concerned with 
It is 

This hypothesis will be tested by contrasting the 
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structures between the component time-shared tasks. 

EXPERIMENTAL APPROACH 

A secondary task technique in which a high priority primary task is 
time-shared with a low priority secondary task will be employed. With 
this technique, the primary task performance is to be kept constant at 
the same level as its single task performance (see Ogden, Levine, & 
Eisner, 1979) so that the differential secondary task performances 
between the single and dual task conditions can be used as an index of 
the demand imposed by the primary task. 

All five pairs of dual tasks will have a compensatory tracking task 
as the primary task whose difficulty (control order) varies dynamically 
within a trial. 
tracking task as the secondary task. 
four pairs has a constant difficulty running memory task in all four 
possible combinations of two input (visual and auditory) and two output 
(manual and speech) modalities. 
impose the greatest demands upon the response stage but also requires 
increased perceptual/central processing resources of a spatial nature 
with higher order control dyfiamics (see Israel, Chesney, Wickens, & 
Donchin, 1980). In ccntrast, the running memory task is assumed to 
place heavy demands on the central processing stage and relatively less 
on the response resources. ilecause of the type of stimuli used, it is 
considered a verbal task. Therefore, the tracking task and the memory 
task differ from each other in terms of both the processing stages 
(response VS. perceptual/central) and processing codes (spatial vs. 
verbal). 
other in their various combinations of the 1/0 modalities. 

One pair has a constant difficulty compensatory 
The secondary task of the other 

The tracking task is considered to 

Furthermore, the four memory-tracking pairs differ from each 

Placing these five pairs of dual tasks on a continuum of degree 
of overlapping resources between the time-shared tasks, the dual 
tracking task (beinq a pair having identical task structures) will be on 
one extreme and the auditory/speech memory-tracking pair (being a pair 
with two tasks relying on different processing stage; and codes, and 
completely separate 1/0 modalities) will be on the other extreme. 
continuum is portrayed in Figure 1 wit1 the different secondary tasks 
labelling the horizontal axis. As shtwn on thiF figure, time-sharing 
efficiency is txpected to increase as the degree of resource overlap 
decreases. 
in the opposite direction. 

This 

In contrast, allocation optimality is expected to increase 

The relative resource demands of the time-shared tasks was 
manipulated by: (1) char.ging the task priorities by means of payoffs 
and instructions, and (2) varying the difficulty level of the primary 
task (for example see, Gopher & Navon, 1980; Kantowitz & Knight, 1976). 
The underlying rationale for these manipulations is as follow. 
priority or the difficulty level of the primary task increases, 
additional resources will have to be invested in the primary task in 
order to maintain its performance at a constant level. 
where the primary and secondary tasks must compete for the same 

As the 

In the situation 
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TR iJM AM VS AS 

SECONDARY TASKS -- 
OECRL~SING D€CREE W RESOURCE 

OVERLAP BEWEEN THE TitiE-LHaRED TASKS 

Figure 1. Predicted time-sharing efficiency and resource allocation 
optimality obtained from five pairs of dual t a s k s  with 
various degrees of structural similarity between the 
component time-shared tasks. 
visual/manual tracking task as the primary task. 

All five pairs had a 

resmrces, the wcondary task. performance will inevitably deteriorat 
because of its decreased share of resources, provided that the maximum 
available capacity is already being deployed. 

A departure from the more conventional practice of employing a 
discrete manipulation of the relative use of resources between trials is 
the adoption of a continuous difficulty manipulation within a trial 
(time-varying primary task difficulty) in the present study to reflect a 
more realistic dynamic environment (see also Wickens & Tsang, 1979). 
Since the primary task performance is to be kept constant, the primary 
task difficulty momentary increase is thus to be absorbed by the 
secondary task. The secondary task error is therefore expected to covary 
more closely with the primary task difficulty than the primary task 
error would if the two tasks were competing for the same resources. 
Hence, with perfect control of resource allocation, there should be 
little correlation between the 
difficulty variation but a relatively high correlation between the 
secondary task performance and the primary task difficulty fluctuations. 
The correlations between the difficulty fluctuation and the primary and 
secondary tracking error wil; be estimated by the coherence measures 
obtained between the  primary task difficulty function and the moment by 
moment tracking error through a bivariate time-series analysis (see 
Pierce 8 Wickens, 1978). 

primary task performance and its 

308 



METHOD 

Ten r igh t -handed  male s u b j e c t s  p a r t i c i p a t e d  i n  t h e  exper iment .  The 
t r a c k i n g  d i f f i c u l t y  parameter  was t h e  p e r c e n t  of t h e  second o r d e r  
component i n  a l i n e a r  combina t ion  of f i r s t  and second o r d e r  of c o n t r o l  
dynamics. 
d i f f i c u l t y  f u n c t i o n  v a r y i n g  between 0 ( f i r s t  order) and 1 ( second o r d e r )  
a t  two c o n s t a n t  rates w i t h i n  a t r ia l  (200 seconds) .  
t r a c k i n g  d i f f i c u l t y  was f i x e d  a t  .5 f o r  t h e  e n t i r e  t r ial .  The  secondary  
memory t a s k  was similar t o  t h e  one  employed by Z e i t l i n  and Finkelman 
(1975). 
t i m e  t h roughou t  t h e  t r i a l .  S u b j e c t s  were to  recall t h e  d i g i t s  one-back 
as soon as t h e  n e x t  s t i m u l u s  appeared .  
v i s u a l l y  (V) on t h e  same CRT d i s p l a y  as t h e  t r a c k i n g  t a s k  or a u d i t o r i l y  
( A )  th rough headphones. S u b j e c t s  responded e i t h e r  by s a y i n g  t h e  d i g i t s  
( speech  r e sponse ,  S) or by p r e s s i n g  t h e  a p p r o p r i a t e  b u t t o n  o n  a keyboard  
(manual r e sponse ,  M). 
c o n t r o l l e d  by a PDP 11/40 computer. 

The pr imary  t a s k  d i f f i c u l t y  was always t ime-vary ing  w i t h  t h e  

The secondary  

Digits from 0 t o  9 were p r e s e n t e d  i n  a random o r d e r  o n e  a t  a 

The d i g i t s  were p r e s e n t e d  e i t h e r  

The d i s p l a y s  and r e s p o n s e  p r o c e s s i n g  were 

S u b j e c t s  r e c e i v e d  f o u r  h o u r s  o f  s i n g l e  t a s k  p r a c t i c e  which i n c l u d e d  
t r a i n i n g  w i t h  t h e  u s e  o f  t h e  speech  r e c o g n i t i o n  u n i t  (Cent igram 
Corpora t ion  Mike-2). 
p r a c t i c e  w i t h  a l l  f i v e  d u a l  t a s k s :  t r a c k i n g - t r a c k i n g  (TR-TR) and  f o u r  
p a i r s  of  memory-tracking (VM-TR, AM-TR, VS-TR, and AS-TR). Throughout  
t r a i n i n g ,  s u b j e c t s  were s imply  a sked  t o  keep  t h e i r  error o f  b o t h  t a s k s  
as l o w  as p o s s i b l e .  
as p o s s i b l e  w i t h o u t  s a c r i f i c i n g  a c c u r a c y  for t h e  memory t a s k .  
from s e s s i o n  8 and 
s u b j e c t  was i n s t r u c t e d  to  m a i n t a i n  t h e  pr imary  t a s k  per formance  a t  t h e  
same l e v e l  as h i s  own b e s t  s i n g l e  t a s k  per formance  (which s e r v e d  as h i s  
own performance s t a n d a r d ) .  
t h a t  t h e  most i m p o r t a n t  o b j e c t i v e  was t o  m a i n t a i n  the p r imary  task 
performance c o n s t a n t  a t  t h e  s t a n d a r d  l e v e l .  
(w i th  a much smaller monetary i n c e n t i v e )  was t o  maximize t h e  s e c o n d a r y  
task performance. The latter p r o v i s i o n  was 'ncluded t o  d i s c o u r a g e  
s u b j e c t s  from n e g l e c t i n g  t h e i r  secondary  t a e k  e n t i r e l y  e x c e p t  when 
n e c e s s a r y  to  do  so to p r o t e c t  t h e  pr imary  t a s k .  

S u b j e c t s  t h e n  r e c e i v e d  t h r e e  h o u r s  of d u a l  t a s k  

S u b j e c t s  were also encouraged t o  re spond  an  q u i c k l y  
S t a r t i n g  

for t h e  f o l l o w i n g  t h r e e  1-hour s e s s i o n s ,  e a c h  

I n s t r u c t i o n s  and monetary p a y o f f s  emphasized 

The secondary  o b j e c t i v e  

Track ing  per formance  measures  i n c l u d e d  root mean s q u a r e  error 
(RMSE) and l i n e a r  c o h e r e n c e  measures  (between t h e  t r a c k i n g  error and  
pr imary t a s k  d i f f i c u l t y  v a r i a t i o n )  d e r i v e d  from time-series a n a l y s i s .  
Performance measures  for t h e  memory t a s k  i n c l u d e d  recall a c c u r a c y  
( p e r c e n t  error), and r e a c t i o n  times (RT). 

RESULTS 

Effects of Task S t r u c t u r e s  on Time-sharing Eff ic iency 

The e f f e c t s  of t h e  p r i o r i t y  i n s t r u c t i o n s  on t h e  d u a l  t r a c k i n g  
performance are p o r t r a y e d  i n  t h e  a v e r a g e  RMSE p l o t t e d  i n  F i g u r e  2. 
Before  t h e  p r i o r i t y  i n s t r u c t i o n s  were i n t r o d u c e d  ( S e s s i o n s  6 and  7 ) ,  t h e  
l e v e l s  of  t h e  pr imary  and secondary  t a s k  errors were almost 
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Figure 2. Dual tracking performance. 

indiscriminable. 
Session 8, the primary task error dropped drastically and remained 
fairly close to the average standard 
by the horizontal line on the figure). In contrast, the secondary task 
error even increased slightly with the introduction of the priority 
instructions (from Session 7 to Session 8). Although the secondary task 
error eventually decreased as well, the decrease was much smaller 
compared to that of the primary task. The Task (primary VS. secondary) 
x Session interaction was significant at -01 level (1 ( 4 , 3 6 )  = 18.97). 
This interaction suggests that the subjects were voluntarily allocating 
more resources to the primary task than to the secondary task in 
response to the priority instructions. Furthermore, the continual, 
though slight, decrease in the secondary task error suggests that, with 
practice, only sufficient resources were allocated to the primary task 
to maintain its performance at the standard level; the spare resources 
were utilized to improve the secondary task performance. 

With the introduction of the priority instructions in 

(with a RMSE of .22 as indicated 

The primary task performance of the four memory-tracking.pairs also 
showed remarkable improvement with the priority instructions and they 
are compared with that of the dual tracking condition ir? Figure 3. 
Results of a two-way ANOVA (Session x Task) indicates that the session 
main effect (E (4, 36) = 104.76) and the task main effect (1 (4, 36) = 
20.01) were significant at .01 level. A post hoc pairwise comparisons 
(Scheffe) performed on the data from the last three sessions showed that 
the TR, VM, and AM conditions were not significantly different from each 
other (2 > .05). However, these three conditions, all of which employed 
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different task pairs: 

a manual secondary response, had significantly higher error than the two 
conditions employing a speech secondary response (VS and AS) at .05 
level. 

Like the dual tracking condition, subjects were able to maintain a 
constant primary task performance at the standard level only at the 
expense of the secondary task for the memory-tracking task pairs. 
Reaction time decrements of the memory tasks are shown in Figure 4. The 
decrements were much reduced with przctice, but they were not eliminated 
entirely even for the AS-TR pair. Although the task main effect was not 
significant (2 > .05) ,  Figures 3 and 4 together show that the degree of 
performance decrement (i.e., the extent of task interference) for each 
of the 1/0 conditions appears to be in the exact order predicted by the 
structure-specific resource model (see Figure 1) by the end of the 
experiment: 
with the tracking task and the greatest degree of task interference was 
observed between this task pair; the AS task had the least common 
resources with the tracking task and its RT decrement was the smallest: 
the AM and VS tasks each had one 1/0 modality in common with the 
tracking task and their RT decrements were found to be in between the 
two VM and AS extreme conditions. 

The VM task had the greatest degree of shared resources 

Only the RT performance was analyzed because, with the exception of 
the first two hours of single task training, the percent error for most 
subjects was close to zero throuahout the experiment. 
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F i g u r e  4. R e a c t i o n  t i n e  d e c r e m e n t s  i n  t h e  f o u r  memory- t racking  
c o n d i t i o n s .  

E f f e c t s  of Task  S t r u c t u r e s  on Resource  A l l o c a t i o n  O p t i r n a l i t y  

The raw sampled RMSE v a l u e s  (one  p e r  50 m s )  were smoothed by 
computing a r u n n i n g  a v e r a g e  of t h e s e  v a l u e s  w i t h i n  a 2-second s l i d i n g  
window. The  200 a v e r a g e s  were computed f o r  e v e r y  t r ia l .  T h e s e  
a v e r a g e s  were ensembled across s u b j e c t s  before t h e y  were e n t e r e d  i n t o  
t h e  time-series a n a l y s i s  (BIOMED-02T). 
ensemble  a v e r a g e s  o b t a i n e d  under  t h e  AS-TR c o n d i t i o n  when t h e  p r i o r i t y  
i n s t r u c t i o n s  were f irst  i n t r o d u c e d  ( S e s s i o n  8). 
o b t a j n e d  between the  p r imary  t a s k  d i f f i c u l t y  v a r i a t i o n  and  its error 
f l u c t u a t i o n s  f o r  a l l  f i v e  p a i r s  o f  d u a l  t a s k  f o r  e a c h  s e s s i o n .  
Coherence measures  between t h e  pr imary  t a s k  d i f f i c u l t y  v a r i a t i o n  and  the 
secondary  t a s k  error were also o b t a i n e d  f o r  t h e  d u a l  t r a c k i n g  
c o n d i t i o n s .  However, time-series a n a l y s i s  was n o t  per formed o n  t h e  RT 
d a t a  b e c a u s e  of its discrete n a t u r e .  

F i g u r e  5 is a s a m p l e  of s u c h  

Coherence  measures were 

The d u a l  t r a c k i n g  c o n d i t i o n  w i l l  b e  d i s c u s s e d  f irst .  
F i g u r e  6, a n  i n c r e a s e  i n  t h e  secondary  t a s k  c o h e r e n c e  measures wes 
obse rved  upon t h e  i n t r o d u c t i o n  o f  t h e  p r i o r i t y  i n s t r u c t i o n s  i n  
8. T h i s  would i n d i c a t e  a n  i n c r e a s e  i n  t h e  secondary  task  performance 
v a r i a b i l i t y  t h a t  was t ime-locked t o  t h e  pr imary  t a s k  d i f f i c u l t y  i n  s p i t e  
of t h e  fact t h a t  t h e  secondary  t a s k  d i f f i c u l t y  was f i x e d  a t  a c o n s t a n t  
l e v e l .  Although t h e  pr imary  t a s k  c o h e r e n c e  measures  d i d  n o t  d e c r e a s e  i n  
S e s s i o n  8 as  p r e d i c t e d  by t h e  o p t i m a l  a l l o c a t i o n  model (Pierce & 
Wickens, 1978) ,  i ts i n c r e a s e  was s l i g h t  compared t o  t h a t  of t he  
secondary  t a s k .  

As shown i n  

S e s s i o n  

U n f o r t u n a t e l y ,  s i n c e  a l l  t h e  c o h e r e n c e  m e a s u r e s  were 
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obtained from ensemble averages, no error terms were available t o  test 
statistically the interaction between the primary and secondary tasks. 

T?le linear coherence measures obtained for the memory-tracking 
conditions were even more non-optimal. 
condition (which showed the least chdnge), the primary task coherence 
measures for the other three memory-tracking conditions generally 
increased between Sessions 7 (before the priority instructions were 
introduced) and 10 (after practice with the priority instructions). 

With the exception of the VM-TR 

Upon closer examination of the moment by moment tracking 
performance of each of the five dual task conditions, a further 
differentiation among the memory-tracking task pairs was observed. 
Recall that the subjects were instructed to maintain a constant primary 
task performance by allocating the appropriate amount of resources to 
the task as the difficulty level dictates. As such, any error spikes 
occurring at the increase of difficulty such as thvse found in Figure 5 
can be considered as signs of resourc 
Despite the fact that the primary task was the same for all pairs of 
dual tasks, sharp primary task error spikes were found to be present 
only in the memory-tracking ensembles and not in the dual tracking 
ensembles obtained when the priority instructions were first introduced 
(Session 8 ) .  After some practice with the priority instructions 
(Session IO), the error spikes were much reduced for those memory- 
tracking pairs employing a manual secondary response (VM-TR and AM-TR) 
but not for those employing a speech secondary response (VS-TR and AS- 
TR) * 

allocn?ion non-optimality . 

To examine the error spikes data in a more quantitative fashion, 
the amplitude of the error spikes cccurring at each of the four rising 
slopes of the prini..iry task difficulty function was estimated by 
subtracting the * "*le of the tracking error at the base of the spike 
from that at the peak of the spike. The mean spike amplitudes obtained 
from Sessions 8 and 10 are plotted in Figure 7. 
identical task pair (TR-TR) clearly has the smallest error spikes early 
in practice while the pair with the same 1/0 modalities but separate 
stages and codes of processing (VM-TR) has the next smallest error 
spikes. 
either separate input or separate output modalities (AM-TR or VS-TR) 
were found to have spikes of moderate magnitude. 
spikes are the largest for the task pair with completely separate stages 
and codes of processing and 1/0 modalities (AS-TR). 
that the magnitude of the error spikes could be ordered by the degree of 
non-overlapping resources between the time-shared tasks and particularly 
so early in practice with the priority instructions. After some 
practice with the priority instructions (Session lo), the amplitudes of 
the error spikes for the VM-TR and AM-TR conditions were much reduced 
indicating the subjects' improved ability to guard their primary tad; 
performance against the momentary difficulty increases in these 
conditions. On the other hand, the magnitude of the error spike?: oi' 
those memory-tracking pairs with separate output modalities remined 
large reflecting subjects' failure in protecting their primarj task 

The structurally 

The pairs with separate stages and codes of processing and 

Finally, the error 

Thus, it appears 
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performance from the difficulty increases even by the er,d of the 
experiment. 

ANOVA results show that the session main effect was not significant 
but the task main effect was reliable at -01 level. Post hoc 
comparisons (Scheffe) show that the spike amplitudes (collapsed over 
sessions) for the AS condition were significantly larger than those for 
the VM condition with E > .lo. 'The rest of the pairwise comparisons 
were not reliably different. Results from a separate ANOVA (Session x 
Input x Output) showed that the two input modalities were not 
signifier. tly different from each oLher (2 > . lo) but the two output 
modalities were reliably different at -01 level. The Session x Output 
interaction was also significant (E < .02), confirming the observation 
that the error spikes obtained in the VM and AM ensembles in Session 8 
were much reduced by Session 10, but the spike? in t h e  VS end AS 
ensembles were unchanged by practice. 
resource allocation optimality is related to the degree of overlapping 
resource?; between the time-shared tasks as hypothesized. 

In short, Figure 7 suggests that 

DISCUSSION 

One of the task design guidelines suggested by the multiple 
resource theory is that time-shared tasks should be as strricturally 
different as pcssible in order to maximize the total potential resources 
available and to minimize task interference. Such a recommendation is 
strongly supported by the present finding of systematic variation in the 
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degree of task interference obtained from the five dual tasks of various 
structural similarity. At the Same time, it is apparent that the same 
dual task configuration that would generate the best +he-sharing 
efficiency wou?d also be the one that is least conducive to optimal 
resource allocation. A ques-ion that comes immediately to iuind 'is: 
there no design that can both maximize time-sharing efficiency and 
optimize resource aliocation. There does not appear to be any if the 
different resources are indeed completely separate and independent of 
each other. 
performance of the time-shared tasks as a whole ard facilitating 
resource allocation so that the performance of a high priority task will 
always be protected. 
the mission. However, the data presented here suggest that the 
relationship between the different resources may not. be this simple. 

Is 

In this case, one must choose between maximizing the 

The choice dill naturally depends on the goal of 

First, the present results suggest that the degree of task 
interference between the time-shared tasks doe:. not depend mtirely on 
the number of shared resources but also on the particular conmon 
resowces utilized by the time-shared tasks. 
AM aqd VS memory tasks each has one 1/0 mdality in common with the 
traching task, the primary task erior of the AM condition was found to 
be higher than that of the VS condition. 
by the fact that the primary tracking task relies heavily on the 
response resources and thus competition between the tracking task and 
the manual memory task would be particularly severe (see alsc Vidulich & 
Wickens, 1981). 
eventually a data base that could tell us a priori the precise 
structural composition of the task of interest. 

In Figure 3,  although the 

This can perhaps be expiained 

Wha- we nee6 then is a reliable methodology and 

Second, that the error spikes for the manual memory conditons could 
be reduced by practice but not those for the speech 
Figure 7) posts the question of whether the three dimensions by which 
the processing resources are defined in the structure-specific res urce 
model play an equal role in determining the degree of time-sharing 
efficiency and resource allocation optimality. For example, proper 
training may be able to reduce the resource allocai ion non-optimality 
between certain resources but not others. Further, as suggested by 
Wickens (1981), the different resources may not be all equaJly 
functionally distinct. Certain dimensions may have partially sharable 
resources (and hence amenable to training) while others are totally 
icdependent resowces. Much research effort is still needed to unfold 
the functional organization of the multiple resources -- an 
understanding that will help reveal the precise circkmstances under 
which the tradeoff between time-sharing efficiency and iesource 
allocation optimality will occur and the extent to which such a tr-Ideoff 
will occur. 

conditions (see 
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ABSTRACT 

P r o b a b i l i s t i c  d e c i s i o n  t h e o r i e s  a r e  commonly d iv ided  i n t o  t w o  types  : 
cons tan t  u t i l i t y  models and random u t i l i t y  models. 
models d i f f e r  in t h e  l o c u s  of t h e  random component. 
models t h e  randomness is a t t r i b u t a b l e  t o  t h e  d e c i s i o n  r u l e ,  whereas i n  the 
random u t i l i t y  model t h e  randomness is a t t r i b u t a b l e  t o  t h e  u t i l i t i e s .  

Comparative Judgment and a cons tan t  u t i l i t y  model based on Luce's Choice 
Axiom are reviewed i n  d e t a i l .  P r e d i c t i o n s  from t h e  two models are sham t o  
be equiva len t  under c e r t a i n  r e s t r i c t i o n s  on t h e  d i s t r i b u t i o n  of t h e  under- 
l y i n g  random process .  
model i n  a dynamic, mul t i - task ,  environment. Resul t ing  choice p r o b a b i l i t i e s  
are n e a r l y  i d e n t i c a l ,  i n d i c a t i n g  t h a t ,  d e s p i t e  t h e i r  conceptual  d i f f e r e n c e s ,  
n e i t h e r  model may be p r e f e r r e d  o v e r  t h e  o t h e r  based s o l e l y  on its p r e d i c t i v e  
c a p a b i l i t y .  

The two t y p e s  of choice 
I n  t h e  c o n s t a n t  u t i l i t y  

An independent random u t i l i t y  model based on Thurstone 's  Theory of 

Each model is appl ied  as a s t o c h a s t i c  choice  sub- 

* Research supported i n  p a r t  under US Air Force Contract  No. F33615-81-K-0510 



I. INTRODUCTION AND MOTIVATION OF THE RESEARCH 

Based on the  Dynamic Decision Model (DDM) developed by P a t t i p a t i ,  e t  a1 
[18-211 and t h e  experimental  paradigm used t o  v a l i d a t e  i t ,  t h e  present  paper 
explores  the  concepts behind t h e  s t o c h a s t i c  choice sub-model. Spec i f i ca l ly ,  
two d i f f e ren t  classes of p r o b a b i l i s t i c  t h e o r i e s  of choice,  t h e  hundom . U q  
models and t h e  cObL5tUnX models, are inves t iga t ed  i n  regard t o  a dynamic 
mul t i  - task decisionmaking environment. I n  p a r t i c u l a r ,  a der iva t ion  of  a random 
u t i l i t y  model based on ThLLtb.&~bze'b eckU 06 COmpaJuzLive judgement [22-241 w i l l  be 

C'roice A ~ o m  f4-131. 
exhib i ted  be twen  t h e  two theo r i e s  from t h a t  of pa i red  comparisons i n  a s ta t ic  
s e t t i n g  t o  t h a t  of mult i - task,  dynamic decision-making environments. 

c l a s s e s  of p r o b a b i l i s t i c  t heo r i e s  of choice and e l abora t e s  on a representa t ive  
example of each. Pa r t  I11 b r i e f l y  reviews t h e  Dynamic Decision Model and then 
discusses  a comparison of t h e  two approaches with regard t o  t h e  dynamic raulti- 
t a s k  envlronrnent. 
presented. F ina l ly ,  P a r t  IV comments on t h e  r e s u l t s  obtained. 

. presented, fo l lousd  by a development of a constant u t i l i t y  model based on Luce'b 
This  work w a s  motivated by t h e  d e s i r e  t o  extend similarities 

The organiza t ion  of t he  p a p e r  is as follows: Pa r t  I1 descr ibes  t h e  two 

Model/data comparisons f o r  each of t h e  two approaches w i l l  be 

11. PROBABILISTIC THEORIES OF QIOICE 

It is w e l l  known t h a t  when laced with the  same a l t e r n a t i v e s ,  under seemingly 
i d e n t i c a l  condi t ions,  people do not  always make t h e  same choice [SI. Inconsis tency 
is thus  One of t he  bas i c  c h a r a c t e r i s t i c s  of ind iv idua l  choice behavior. F luc tua t ions  
i n  response t o  t h e  same st imulus occur even when the re  are no changes i n  t h e  in- 
formation o r  resources  ava i l ab le  t o  t h e  decis ion maker. Therefore,  one is l e d  t o  
t h e  hypothesis t h a t  t h e  observed inconsis tency is a consequence of an underlying 
random process. 

durj models and twtdom (.d,&%j models. Constant u t i l i t y  models assume t h a t  each 
a l t e r n a t i v e  has  a constant or f ixed  value and t h a t  t h e  p robab i l i t y  of choosing 
one a l t e r n a t i v e  over  another  is a funct ion of t h e  d i s t ance  between t h e i r  u t i l i t i e s .  
Random u t i l i t y  models assume t h a t  t h e  dec is ion  maker always chooses t h e  a l t e r n a t i v e  
t h a t  has t h e  highest  u t i l i t y ,  but t h e  u t i l i t i e s  themselves are random var iab les .  
Thus t h e  a c t u a l  choice mechanism is de terminis t ic ,  but t h e  u t i l i t y  of each alter- 
na t ive  is subjec t  t o  momentary f luc t a t ions .  

random component. I n  t h e  constant u t i l i t y  models t h e  randomness is a t t r i b u t e d  to 
t h e  dec is ion  ru le ,  whereas i n  the  random u t i l i t y  model t h e  randomness is a t t r i b u t -  
ab le  t o  the  u t i l i t i e s .  Both models are c lose ly  r e l a t e d  t o  psychophysical t h e o r i e s  
i n  which t h e  p robab i l i t y  of judging one objec t  g r e a t e r  (heavier) than another is 
expressable  as a monotonic funct ion of the  d i f fe rence  of t h e i r  scale values. 
decis ion problem is considered as a discr iminat ion problem where t h e  decisbnmaker  
i s  t ry ing  t o  determine which a l t e r n a t i v e  would be more s a t i s f y i n g  151. 

psychological terms, they are somewhat compatible i n  mathematical terms. 
renainder  of t h i s  s ec t ion  two p r o b a b i l i s i t i c  t heo r i e s  of choice w i l l  be considered 
and will be shown t o  be q u i t e  similar mathematically. 

P r o b a b i l i s t i c  decis ion theo r i e s  may be divided i n t o  two types:  wn&tant 

The two types of choice representa t ions  are d i f f e r e n t  i n  t h e  locus of t h e  

The 

Although these  two types of choice representa t ion  are very d i f f e r e n t  i n  
I n  t h e  
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Thurstone*s Theory of aomparative Judgment 

One of  t h e  f i r s t  t o  pos tu l a t e  t h a t  choice behavior is p r o b a b i l i s t i c  i n  
na ture  was L. L. Thurstone 122-231 who noted t h a t  'I... an observer  is not  
cons is ten t  i n  his comparative judgments from one occasion t o  t h e  next. 
g ives  d i f f e r e n t  comparative judgments on success ive  occasions about t h e  same 
p a i r  of s t imuli" .  
of ob jec t s ,  Thurstone introduced t h e  

the  two s t i n u l i  j and k shoun in Fig. 1. 
each s t imulus c s c i t e s  a disctimind! ~&OuUb d The s t imulus  e f f e c t s  d 

are normally d i s t r i b u t e d  with means s 
0 . 
ok t h e  p a i r  of s t i m u l i  is c a l l e d  a dischirnibtd%&JI.tMtX and is denoted by % 

H e  

To account €or  t h e  f l u c t a t i o n s  i n  t h e  psychological  eva lua t ions  

The bas i c  t o d e l  underlyir.; Thurstone's theory may be descr ibed by consider ing 
When presented toge ther  t o  the observer ,  

Tory of comparative judgment 

j' 

-j - 

and d . 
sk 'and di.ktYcink~ae dibpeMioM (J 

The d i f f e rence  in discr imina l  proceJies  ( -d.) f o r  any s i n g l e  p re sen t i i i on  

2. 

m 
Y - 
2: 

3 0 

2 

effect d 

c c c I 
n 

discrimination 

dk-j = dk - dJ 

Fig. 1. VARIABLES RELEVANT TO THURSTONE'S THEORY 

The p robab i l i t y  dens i ty  f o r  d 
which is equal t o  t h e  d i f f e r e k d  i n  scale values  of t he  two s t i m i l l i ,  and 
s tandard deviat ion,  given by 

. a l s o  has a normal d i s t r i b u t i o n  wi th  mean ak-j, 

2 2  112 
J j k  

= (a. + ak - 2pcr Q 1 
k- j 'd 

where p represents  t he  co r re l a t ion  between momentary values  of discrimii  11 processes  
assoc ia ted  with s t i m u l i  j and k. 

As ind ica ted  i n  Fig. 1, i t  is assumed t h a t  t h e  judgment "stimulus k is greater 
than s t imulus j" occurs  whenever t h e  d i sc r imina l  d i f fe rence ,  d 
Whenever t h i s  d i scr imina l  d i f f e rence  is negat ive,  t h e  judgmentkrr$timulus j is 
grea te r  than s t i m u l u s  k" w i l l  be obtained. 

, is pos i t i ve .  

Thus t h e  shaded por t ion  t o  the r i g h t  of 
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the  zero point  gives  t h e  r e l a t i v e  observed frequency of t h e  judgment k > j .  
the-assumption of normality t h e  area under t h e  curve f o r  d 

Under 
> 0 on t h e  discriminat 

axis equals  k-j 

1 1 

which by introchcing 

be comes 

- 
in which z = - d /U . Therefore,  frorn t h e  t h e o r e t i c a l  proport ion of times 

kj k-j dk-j 
st imulus k is judged greater than s t imulus j ,  t h e  value of z 
from a t a b l e  f o r  t h e  normal d i s t r ibu t ion .  
deviat ion of t h e  d i f f e rences  and t h e  d i sc r imina l  d i spers ions  of t h e  two s t i m u l i  
is known, xe a r r i v e  a t  t h e  genera l  form of t h e  taw 06 wmpah.&ue judgrnad: 

may be determined 
Since a r e l a t i o n  k w e e n  t h e  s tandard  

Thurstone (1927b) presented s e v e r a l  s impl i f i ed  forms of the l a w ,  of which 
case V involves t h e  add i t iona l  assumptions t h a t  the c o r r e l a t i o n s  between a l l  p a i r s  
of s t i m u l i  a r e  zero and t h a t  a l l  t h e  d i sc r imina l  d i spers ions  are equal ,  hence 

e4pressed as 
I f  P is defined as t h e  p robab i l i t y  t h a t  j > k ,  then case V may be 

jk 
s.-sk = Zk.0. 

I n  p r inc ip l e ,  i t  is r a t h e r  s i m p l e  t o  genera l ize  Thurstone's model +F'O a 
model f o r  t h e  choice of one s t i m u l u s  from a set of more than two s t imu l i .  This  
leads  t o  t h e  genera l  form of t h e  k ~ ~ d O r n  W q  models as fol lows [12]: 
be t h e  f i n i t e  set of a l t e r n a t i v e s  and let U be a funct ion def ined on A such t h a t  
f o r  each x i n  A, U(x) i s  a random var iab le .  
preference p r o b a b i l i t i e s  defined f o r  a l l  subse t s  of a f i n i t e  A f o r  which t h e r e  I s  
a random vec tor  U on A such t h a t  f o r  x E: Y C - A, t h e  p robab i l i t y  of choosing x from 
t h e  set  y is  given by 

,et A 

Then a random u t i l i t y  model is a set of  
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pY(x) = Pr{U(x) ~ ( y )  , y E Y) = Pr{U(x) = t , V(yj  5 t , y e Y} d t  

If t h e  d e f i n i t i o n  is only a s se r t ed  f o r  t h e  binary preference p r o b a b i l i t i e s ,  
t h a t  is, t he  p robab i l i t y  of choosing x over  y is P(x,y) = Pr{U(x) 2 U(y)) then 
t h e  model is ca l led  a bin- random u t i l i t y  model. 
of components t h a t  are independent random var i ab le s ,  then w e  s ~ . y  t h e  model is an 
buf~pendent ranclom u t i l i t y  model, i n  which 

I f  t h e  random vec tor  U c o n s i s t s  

Therefore,  genera l iz ing  Thurstone's theory i n t o  an indtqendent random u t i l i t y  
model leads t o  the following: 
chosen from t h e  set A = {x,y,.. -1. 
t h e  sensat ion of st imulus x has  a nonually d i s t r i b u t e d  d i sc r imina l  process wi th  mean 

X'  

Let  P (x) be t h e  p robab i l i t y  t h a t  a l t e r n a t i v e  x is 
by assuming, along t h e  lines of Thurstone, that 

and var iance O2 then 

and 

which, upon a change of var i ab le s  along wi th  l e t t i n g  (0 represent  t h e  s tandard 
normal i n t e g r a l ,  l eads  t o  

which can be evaluated numericclly v i a  Gauss-Hermite quadrature  [27] .  

h c e ' s  choice A x i o m  IS] 

A second p r o b a b i l i s t i c  model, appl icable  t o  pa i red  comparisons as w e l l  as t o  
choices from more than two a l t e r n a t i v e s ,  is a random response m3del based on Luce's 
Choice Axiom 191. 
governed by a random process, but Instead of making add i t iona l  assumptions c?bout 

luce  accepted t h e  bas i c  assumpticn t h a t  choice behavior is 
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t h e  form of t h e  value d i s t r i b u t i o n  he assumed t h a t  choice p r o b a b i l i t i e s  s a t i s f y  a 
s i m p l e ,  but powerful, axiom t h a t  se rves  as a cornerstone of  t h e  model. 

The choice axiom, i n  essence,  states that  t h e  removal of some alternatives 
from t h e  choice set A does not  alter t h e  relative p r o b a b i l i t i e s  of choice among 
t h e  remaining a l t e r n a t i v e s .  In o t h e r  words, t h e  presence o r  absence of an 
a l t e r n a t i v e  is i r r e l e v a n t  t o  t h e  r e l a t i v e  p r o b a b i l i t i e s  of choice between two o the r  
a l t e r n a t i v e s ,  although t h e  absolu te  values  of t hese  p r o b a b i l i t i e s  w i l l  i n  general  
be a f fec ted .  Formally, f o r  a l l  x C A C  T Luce's Choice Axiom asserts t h a t  t h e  
p robab i l i t y  of choosing an element x of A, from t h e  e n t i r e  set T, P (x), equals  the  
p robab i l i t y  t h a t  the s e l e c t e d  a l t e r n a t i v e  w i l l  be i n  t h e  subset  A, $ (A), m u l t i p l i e  
by t h e  p robab i l i t y  of choosing x from A, P,(x) . T Mathematically, 

PT(X) = PA(X)PT(4) f o r  A 5 T  

The a x i o m  states that t h e  p robab i l i t y  cf s e l e c t i n g ,  f o r  example, r o a s t  beef (x) 
from a menu (T) equals  t h e  p robab i l i t y  of s e l e c t i n g  roas t  beef from t h e  meat entree:  
(A) times t h e  p robab i l i t y  of choosing a meat en t ree .  S t a t ed  d i f f e r e n t l y ,  t h e  axiom 
implies  t h a t  the p robab i l i t y  of choosing x from A equals  t h e  cond i t iona l  probabi l i t :  
of  choosing x from T given t h a t  t h e  choice is r e s t r i c t e d  t o  A, i.e. P (x) = PT(xlA) 

derived a l a rge  number of i n t e r e s t i n g  consequences, some of which are presented i n  
t h e  following theorem ( f o r  proof see [9, 281): 
Theorem: I f  f o r  a l l  x & T, PT(x) # 0 and i f  t h e  choice axiom holds  f o r  a l l  x and A 
such t h a t  x E A C  T, then,  by l e t t i n g  p(x:y) = P (XI = prob. of chooshg  x when 

presented with t h e  two a l t e r n a t i v e s  x and y,  w e  obttiin 

Using t h e  choice axiom and t h e  fundamental laws of p r o b a b i l i t y  theory,  Luce 

k Y  1 - 

and 

The r e s u l t  can be extended t o  any subset  A C  T t h a t  conta ins  t h e  a l t e r n a t i v e s  
x and y. 
expresses t h e  f a c t  t h a t ,  under t h e  choice axiom, t h e  r a t i o  of t h e  form PR(x)/PR(y) 
is independent of R. That is, t h e  r a t i o  of t h e  p robab i l i t y  of s e l e c t i n g  s t e a k  
f c r  dinner and the  p robab i l i t y  of s e l e c t i n g  roas t  beef f o r  dinner  i s  t h e  same f o r  
a l l  menus containing both en t r ees .  This  r u l e  may a l s o  be considered as a pro- 
b a b i l i s t i c  vers ion of t h e  p r inc ip l e  of  independence from i r r e l e v a n t  a l t e r n a t i v e s ,  
i . e .  "our preferences between s p e c i f i c  o b j e c t s  do not  change when o t h e r  o b j e c t s  are 
added t o ,  o r  subt rac ted  from, t h e  o v e r a l l  set of objects"  [17]. 

The condi t ion i n  (i) is commonly c a l l e d  the  constant  r a t i o  r u l e  rJhich 

Comparing t h e  t h e o r i e s  of Thurstone and Luce 

Based on t h e  choice axiom, Luce 191 derived a r e l a t ionsh ip  among t r i p l e s  of 
pairwise p r o b a b i l i t i e s  which he used as a b a s i s  f o r  comparing h i s  model with Case V 
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of t h e  Thurstone model. 
d i c t ed  p(x:z) from known p(x:y) and p(y:z) shown i n  t h e  fol lowing t ab le :  

Luce (91 presented r e s u l t s  showing a comparison of pre- 

TABLE 1. Comparison of  Predicted p(x:z) from Known p(x:y) and p(y:z) 
Using Axiom 1 and Thurstone's Case V. (from Luce [ 9 ] )  

0 .6  

0 . 9  

p(y:z) 

0 .6  0 .7  0 . 8  0.9 

0.692 0.778 0.857 0.931 0 .6  
0.845 0.903 0.954 0 .7  

0.988 0.9 
P(x:Y) 0 . 8  0.941 0.973 

p(x:z) from axiom 1 

p(y:z) 

0.6 0.7 0.8 0 .9  

0.695 0.782 0.864 0.938 
0.853 0.915 0.965 

0.954 0.983 
0.995 

p(x:z) from Thurstone's case V 

Thus, "although t h e  two models are based on d i f f e r e n t  assumptions, they pre-  
d i c t  p r a c t i c a l l y  t h e  same values  and hence i t  is q u i t e  d i f f i c u l t  t o  choose between 
them on e m p i r i c a l  grounds" [ 9  1. 

d i sc r imina l  processes are assumed t o  have t h e  double e x p o n e ~ a l  &A&&iburtion 
H o l m a n  and Marley ( c i t e d  i n  Luce and Suppes [12]) showed that i f  Thurstone's 

- ( =+b) 
~ ( x )  = e-e (a  > 0, b a r b i t r a r y )  

then t h e  Thurstone model i s  completely equivalent  t o  t h e  Choice Axiom. 
recent ly ,  i n  a comprehensive comparison between t h e  two t h e o r i e s ,  Yel lo t  [26 J showed 
t h a t  - f o r  pa i r ed  comparisons t h e  r e l a t i o n ,  c i t e d  above, between Thurstone's Case V 
and Luce's Choice Axiom is not unique; i.e. o the r  d i sc r imina l  process  d i s t r i b u t i o n s  
also y i e l d  a model equivalent  t o  t h e  Choice Axiom. 
genera l  t h e  following theorem ( f o r  proof see [26]): 
Theorem: 
experiments [one i n  which choice p r o b a b i l i t i e s  are determined f o r  every subse t  of 
ob jec t s ]  wi th  t h r e e  (or more) o b j e c t s  i f ,  and only i f ,  [ t h e  a s soc ia t ed  Thurstone 
model's d i s t r i b u t i o n ]  F is a double exponent ia l  d i s t r i b u t i o n .  

f o r  two d i f f e r e n t  models: 

More 

Yel lo t ,  however, proved i n  

A Thurstone model [case V] is equivalent  t o  t h e  Choice Axiom f o r  complete 

Fig. 2 shows a comparison of d i scr imina l  process  p robab i l i t y  dens i ty  func t ions  

(a)  t h e  Normal (Case V) model: 

and (1 ... r,he k u b l e  Exponential  model: 

?he mean, mode, and median of t h e  Normal dens i ty  i s  given by 11, and its variance 
by u2. The Double Exponential  d i s t r i b u t i o n  has its mode a t  5 ,  its median at 
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6-8loglog2, its mean at 6+Y8 (where y = E u l e r ' s  constant = .57722), and its 

variance is given by b $82 171. 

(%a H W  LIMlTAilONS 
. AND HONlTORlNG SYSTEM D Y N M l C S  

> 

r5 (a) N o m 1  

'$1 f 

' 1 

(b) Double Exponential 

c - 0  
8 = J a r  

0 

Fig. 2. DISCRIMINAL PROCESS PROBABILITY DENSITIES 

III. APPLICATION I N  A DYNAMIC MULTI-TASK ENVIRONMENT 

Review of  t h e  D y n a m i c  Decision Model 

A block diagram of t h e  Dynamic Decision Nodel (DDMj developed by P a t t i p a t i ,  
et a1 [18-211 for modeling human decisionmaking performance i n  a dynamic m u l t i -  
t a s k  environment is  shown i n  Fig. 3. The bas i c  assumption underlying the  develop- 
ment of the  dynamic dec is ion  model is t h a t  a well-trained human behaves i n  a 
normative, r a t i o n a l  manner subjec t  t o  his inherent l imi t a t ions .  Mathematically t h i s  
may be in t e rp re t ed  i n  terms of maximizing a spec i f i ed  metric. 
u t i l i z e d  the sub jec t ive ly  expected value (SEV) of a decis ion as a metric (or  
"a t t rac t iveness  measure") for  optimization. 

P a t t i p a t i ,  e t  a1 [18-2 

DISTURAHCES I t  

Fig .  3 .  OYNANC DECISION NODEL OF HUNAN TASK SELECTION PERFOWACE 

326 



The dec is ion  s t r a t e g y  incorporated i n t o  t h e  DDM may be summarized as fol lows 
b e e  [18-21,281 f o r  d e t a i l s ) :  Each of t h e  N t a s k s  i n  t h e  opportuni ty  window is 
represented by a dynamic system acted on by d is turbances  t o  account f o r  t h e  non- 
s t a t i o n a r i t i e s  i n  t a s k  cha rac t e r i s t i c s .  

t o r i n g  process.  
unbiased estimates of t h e  t a s k  states {ZTi] and t h e i r  assoc ia ted  covariances { E t )  
v i a  a K a l m a n  f i l t e r - p r e d i c t o r  submodel, 
{XTi ,E i )  are, i n  t u q ,  used t o  determine t h e  f i r @  and second o rde r  s t a t i s t i c s  of 
t h e  dec is ion  s t a t e  {THi,cJRi} t i m e  required and {TM,oM) time ava i lab le .  The combined 
s t a t i s t i c s  of t h e  dec s ion  states of t h e  t a s k s  i n  t h e  opportuni ty  window are used 
t o  compute t h e  t r a n s i t i o n  p r o b a b i l i t i e s  among the var ious  process  states f o r  each of 
the decis ion a l t e r n a t i v e s .  The t r a n s i t i o n  p r o b a b i l i t i e s ,  a locg w i t h  t h e  t a s k  va lues ,  
are used t o  determine t h e  a t t r a c t i v e n e s s  measures cf :ha tasks, employing t h e  SEV 
c r i t e r i o n .  These measures form t h e  fitput t o  a s t o c h a s t i c  choice model which genera tes  
the dec is ion  p r o b a b i l i t i e s .  
by t h e  DDX. 

The human's perceived outputs  
delayed, noisy vers ions  of t h e  t a s k  states and are contingent 

The perceived outputs  are processed t o  produce t h e  b e s t  l i n e a r  

The s t a t i s t i c s  of t h e  t a s k  states 

Fig. 4 d e p i c t s  t h e  human decis ion  process  as modelled 

tr.? 

r . 
fn,) Stochastic 

SEV choice 
Transi t l o n  

SEflP 
Formulatiar probabilities ' C r i e r i o n  Attractivenes? Model 

* Measures 

Fig 4. tww DECISION PROCESS 

The poss ib le  t r a n s i t i o n  events  assoc ia ted  w i t h  a dec is ion  t o  a c t  on a t a s k  i 
i n  a process state 3 at t i m e  t are shown i n  Fig. 5 .  
of t a s k  i", occurs i f  t h e  decis ion s ta te  v a r i a b l e  T 

t h e  opportuni ty  window. The p robab i l i t y  $4 t h i s  event,  denoted by qi(t)  is given by 

The event, ' 'successful completion 
(t) of t a s k  i is g rea t e r  t han  

ze ro  but less than t h e  ava i l ab le  times, T (t), of Rf a 1 t h e  t a s k s  including i i n  

A rl i( t)  = P {act ion on t a s k  i, t a s k  i is success fu l ly  completed, 
o t h e r  t a s k s  i n t a c t }  

Successful 
Cmpl e t i on 
o f  task i 

Action on 
task 
time 

Fig. 5 .  TRANSITION EVENTS FOR M E  MLTI-TASK DECISION PROBW 
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On t h e  o the r  hand, a t a s k  j is s a i d  t o  be " los t"  (while ac t ing  on t a sk  i) 
i f  T 
p r o b s i l i t y  of t h i s  event ,  

(t) is g r e a t e r  than zero,  but is less than TRi(t) and T b ( t ) ,  m # j .  The 
(t),  is 

A wij(t) = P(act ion on t a s k  i ,  an accessible t a s k  j is l o s t ,  a l l  
t h e  o ther  t a s k s  i n t a c t  } 

The a t t r a c t i v e n e s s  measure, 

wiCr) = ri(t)rli(t) - 

where A c t )  represents  t h e  set of 

Mi(t), of a decis ion t o  act on t a s k  i is given by 

1 qj  (t) uij (t) 
j M t )  

ava i l ab le  tasks i n  t h e  opportunity window at 
time t ,  r (t)-are t h e  t a s k  va lues  (rewards) and q (t) are-the (subjective) l o s s e s  
&=igned i y  t h e  decisionmaker f o r  t he  loss of task j .  
subjec t ive  q j ( t )  is t h e  ob jec t ive  value, rj(t).  

S tochas t i c  Choice Sub-models 

I n  t h e  current  DDM, t h e  

The s t o c h a s t i c  choice model used by P a t t i p a t i ,  et  a1 [18-211 w a s  based on 
Luce's Choice Axiom which has  been discussed at l e n g t h  i n  P a r t  11. I n  order  t o  
make t h e  axiom f i t  i n t o  t h e  decis ion framework, it was necessary t o  assume t h a t  
although t h e  a t t r a c t i v e n e s s  measures, M i ( t ) ,  could be CkadraCteriZed by a single 
f ixed  number, t h e  sub jec t s  perceive it  as a random va r i ab le ,  M i ( t ) ,  w i th  an 
assumed Gaussian d i s t r i b u t i o n .  P a t t i p a t i ,  et a1 [20] ind ica t e  t h a t  "the randomness 
may be in t e rp re t ed  i n  terms of the  unce r t a in t i e s  assoc ia ted  with t h e  human percep- .  
t i o n  of t a s k  valLes,  r i ( t ) ,  o r  h i s  estimates of t h e  t r a n s i t i o n  p r o b a b i l i t i e s ,  
r l i( t)  and Wij(t)".  

v i a  
Using Luce's Choice Axiom, the  dec is ion  probabilit. ' .es, Pd i ( t ) ,  may be computed 

where D(t) is t h e  set of f e a s i b l e  dec is ions  at  time t .  It is assumed t h a t  t h e  
Ri ( t )  are Gaussian random var i ab le s  with mean ?li(t) and var iance & C t )  that scales 
with zl$(t). That is, 

where c is  the  co-ef f ic ien t  of va r i a t ion ,  a model parameter. The form of t h e  
above equation was motivated by t h e  Weber's l a w  of s ca l ing  in psychophysics. 

S imi la r ly ,  us ing  t h e  same approach as P a t t i p a t i ,  e: a l ,  one can envis ion t h e  
u s e  of  an independent random u t i l i t y  choice sub-model based on Thurstone's theory 
of comparative judgment. Spec i f i ca l ly ,  w e  may make the same assumptions about t h e  
a t t r ac t iveness  measures as d id  P a t t i p a t i ,  e t  al. I n  f a c t ,  t h i s  assumption is none 
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o t h e r  than t h a t  o r i g i n a l l y  proposed by Thurstone [22-241, %.e. t h e  a t t r a c t i v e n e s s  
measure M g i v e s  rise t o  a d i s c r i m i n a l  process  which I s  normally d i s t r i b u t e d  w i t h  
mean %(ti and s tandard  d e v i a t i o n  clMi(t)  I. 

Therefore ,  fol lowing t h e  developmenc i n  P a r t  I f ,  t h e  genera l ized  independent 
random u t i l i t y  model, based on Thurstone's theory  of comparative judgment, can be 
appl ied  t o  y i e l d  t h e  dec is ion  p r o b a b i l i t i e s ,  P d i ( t ) ,  as fo l lows;  

& d e l  P r e d i c t  ions  

The dynamic dec is ion  model can be usee i n  a s t r a i g h t f o r w a r d  manner t o  
genera te  p r e d i c t i o n s  of P d i ( t ) ,  as w e l l  as of o t h e r  response measures t h a t  
can be computed from t h e  Cxperimental d a t a  [18-211: 

The Comptu2on P m b a b U y :  

Pci(t) is t h e  p r o b a b i l i t y  t h a t  t a s k  i is completed by t i m e  t. 

The €moa PmbafitLty: 

P,(t) is t h e  p r o b a b i l i t y  t h a t  t h e  human c o m i t s  an e r r o r ,  i .e . ,  s t ; . , s  
a c t i n g  on a task he can not  p o s s i b l y  complete. 

The Avcuge AccwnuRctted Rewatd: 

B(t)  is t h e  average t o t a l  reward earned up t o  t h e  present  t i m e  t. It 
is an o v e r a l l  response measure. 

\J,(t) i s  t h e  average ins tan taneous  reward-earning rate, and is a 
measure of ins tan taneous  performance. 

T o t a t  expected X a h  wmpleted: 

g c  i s  t h a  average number of t a s k s  completed. 

5 (t)  is  t h e  average time spent  on a task on l i n e  i dur ing  t h e  j-th pass .  i j  
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DDH Resul t s  

Table  2 provides  a comparison of  t h e  model , ) red ic t ions  us ink  t h e  two 
s t o c h a s t i c  choice sub-models wi th  t h a t  o f  t h e  experimental  da ta .  
d a t a  were obtained by averaging o v e r  32 rune of a mult i - task experiment (see 
[28] f o r  d e t a i l s ) .  A s  is r e a d i l y  seen, both s t o c h a s t i c  choice submodels perform 
w e l l  i n  terms of t h e s e  o v e r a l l  performance measures. 

The ensemble 

Table  2. 

DDY RESULTS 

CONSTANT UTILITY RANDOM UTILITY DATA 
(UICE) (THURSTONE) 

EXPECXED REWARD EARNED: 56.596 
TOTAL % REWARD EARNED: 75.461 
EXPECTED TASKS COMPLETED: 24.801 
TOTAL X TASKS COMPLETED: 63.591 

56.719 58.125 
75.625 77.500 
24.862 28.000 
63.75 71.795 

The time h i s t o r i e s  of t h e  a c t i o n  p r o b a b i l i t i e s ,  as w e l l  as of the e r r o r  
p r o b a b i l i t y ,  and the normalized incrementa l  reward are given i n  Figs. 6-8 f o r  
each of t h e  two s t o c h a s t i c  choice sub-models. The model-data match is unifcrmly 
good t o  e x c e l l e n t  f o r  both models under s t u d y  here .  
p r o b a b i l i t i e s ,  P d i ( t ) ,  f o r  both t h e  cons tan t  u t i l i t y  model (hce) and t h e  random 
u t i l i t y  model (Thurstone) show remarkable similari t ies.  This  is most noteworthy, 
a l though perhaps n o t  t o o  unexpected. 

I n  f a c t ,  t h e  a c t i o n  

Measures of Performance S i m i l a r i t y :  Model/Data 

I n  o r d e r  t o  assess t h e  c loseness  of model vs. d a t a  r e s u l t s ,  P a t t i p a t i ,  e t  a1 
[18-211 developed s e v e r a l  t ime-his tory and scalar measures of s i m i l a r i t y .  
h i s t o r y  metrics c-mpare t h e  ensemble-averaged t i m e  h i s t o r y  of a response v a r i a b l e  
obta ined  e m p i r i c a l l y  w i t h  t h a t  p red ic ted  by t h e  DDM. 
paradigm, comparison of decis ion  p r o b a b i l i t i e s  , completion p r o b a b i l i t i e s  , normdlized' 
incrementa l  reward, accumulated reward and t h e  e r r o r  p r o b a b i l i t y ,  appear t o  b e  f i v e  
s u i t a b l e  t h e - h i s t o r y  metrics. 

Assessment of model-data s i m i l a r i t y  on t h e  basis of t ime-his tory measures is 
o f t e n  s u b j e c t i v e ,  and is d i f f i c u l t  t o  quant i fy .  T h i s  r e s u l t e d  in t h e  development 
of t h e  fo l lowing  f i v e  scalar measures i n  t h e  model-data v a l i d a t i o n  s t u d i e s  ( f o x  
d e t a i l s  see [la-21,281) : 

The t i m e -  

I n  t h e  present  mul t i - task  

M computes t h e  normalized time i n t e g r a l  o f  t h e  squared e r r o r  d i f f e r e n c e s  
between t h e  dec is ion  p r o b a b i l i t i e s .  

IRY is t h e  normalized tirue i n t e g r a l  of t h e  squared,  weighted d i f f e r e n c e  of 
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the  completion p r o b a b i l i t i e s  of t h e  model and t h e  data. 

ARM is t h e  normalized t i m e  i n t e g r a l  of t h e  squared d i f fe rence  between t h e  
average reward earned up t o  t h a t  i n s t an t  of time by t h e  human and t h e  model. 

Avehage T k  & Each Task ~ W n i c :  

ATTM ca lcu la t e s  t h e  normalized root-orean-squared sum of t h e  d i f fe rence  between 
t h e  times spent  on each task by t h e  human and the model. 

E r c n ~ n  P m b U g  !&hie: 

EPh is the normalized time i n t e g r a l  of t h e  squared d i f f e rences  between t h e  
e r r o r  p r o b a b i l i t i e s  of t h e  model and t h e  data. 

Note that t h e  normalized scalar measures can range from a value of 0 ,  corresponding 
t o  a pe r fec t  f i t  between the model and da ta ,  t o  a maximure  value of 1. 
provides a summary of the  scalar measures of s i m i l a r i t y  for  each of t h e  stochastic 
choice submodels : 

T a b l e  3 

Table 3. MODEL/DATA PERFORMANCE HETUCS 

(1) ACTION l4lRRzC = ,095634 .095624 
2) INCREYEPTAL REWARD METRIC = .lo698 .lo706 
(3) ACCUMULdED REWARD METRIC -- -0001 79 1 . 000 1778 
(4) AVER. TI= ON EACH TASK METRIC = ,075815 -076635 
( 5 )  ERROR PROBABILITY HETRIC = .OS5437 .OS5316 

Stochastic. Choice Sub-Model Comparison 

As ind ica ted  i n  the  preceding time h i s t o r y  p l o t s ,  and summarized i n  Table 3, 

Indeed the  decis ion p r o b a b i l i t i e s  pred ic ted  by each sub-model are nea r ly  
both s t o c h a s t i c  choice sub-models achieve similar matches t o  t h e  e x p e r i n w t a l  
data.  
ident ica l .  
each sub-model have been shown t o  y i e l d  similar r e s u l t s  under c e r t a i n  r e s t r i c t i o n s  
on t h e  underlying d i s t r i b u t i o n  of t h e  d iscr imina l  processes.  Spec i f i ca l ly ,  it 
has been shown 1261 t h a t  i f  t h e  underlying d i s t r i b u t i o n  is  of t h e  double exponential  
type, t b e n  both models are iden t i ca l .  me to  the  s i m i l a r i t i e s  between t h e  double 
exponent ia l  and t h e  nr mal d i s t r i b u t i o n  (recall Fig. 21, it  is not  t oo  su rp r i s ing  
t o  f ind  such a good agreement i n  t h e  dynamic multi- task paradigm between t h e  two 
sub-models a s  evidenced by t h e  DDM predict ions.  

a "nominal" condition, from which broad conclusions may be mistakenly drawn, we 
feel t ha t  t h e  agreement between t h e  two appr08cheS (random u t i l i t y  or  Thurstone 
and constant u t i l i t y  o r  Luce) i s  indeed noteworthy. 
been noted inder var ious  t t h e r  experimental  contexts.  

This w a s  not t o t a l l y  unexpected, s ince  t h e  pred ic t ions  obtained from 

While w e  r e a l i z e  t h a t  t h e  d a t a  used f o r  t h e  model/data comparison represents  

I n  f a c t ,  t h i s  agreement has 
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IV CONCLUSIONS 

The present  paper has  examined two dominant p r o b a b i l i s t i c  t h e o r i e s  concerning 
ind iv idua l  choice bczhavior. I n  p a r t i c u l a r ,  an independent random u t i l i t y  mode1 
based on Thurs twe ' s  theory of cmparat!_.;e judgment [22-241 and a constant u t i l i t y  
model based on hce ' s  Choice Axiom [9] have been presented i n  d e t a i l .  S i m i l a r i t i e s  
and d i f fe rences  between t h e  two approaches have been discussed wi th  emphasis placed 
on both t h e  psychologicA and t h e  mathematical aspec ts  of each. 
been appl ied as a stoc&i*st ic  choice sub-riwdel i n  t h e  Dynamic Decision Model (DDM) 
which w a s  recent ly  developed f o r  modeling the  dec is ion  maker's performauce i n  a 
dynamic m u l t i - t z k  environment. 
should be preferred ove r  t h e  o t h e r  based s t r i c t l y  on t h e  observed modelldata match. 
One may note  t h a t  although t h e  two approaches are based upon t w o  d i s t i n c t  phi losophi  
regarding ind iv idua l  choice behavior, t h e  r e s u l t s  obtained i n  t h e  present  context 
are for tt .2 most p a r t  t h e  same. 

E a c h  theory has 

Resul ts  have ind ica ted  that n e i t h e r  approach 

- Future Direct ions 

As mentioned previously,  t h e  choice p r o b a b i l i t i e s  obtained from e i t h e r  choice 
model are d i r e c t l y  inf luenced by t h e  set of  a l t e r n a t i v e s  presented t o  t h e  dec is ion  
maker. 
is i r r e l e v a n t  t o  the r e l a t i v e  p r o b a b i l i t i e s  of choice between t w o  o t h e r  alternatives 
although t h e  absolu te  values of these  p r o b a b i l i t i e s  w i l l  i n  genera l  be affected.  
(he aspect of opera t ive  behavior under s t r e s s f u l  s i t u a t i o n s  is t h a t  of reducing 
the number of a l t e r n a t i v e s  t h a t  may r e s ide  i n  the dec is ion  maker's ac t ion  set by 
some form of f i l t e r i n g  mechanism. It appears (from preliminary work along t h e s e  
l i nes )  t h a t  a mechanism by which elewc:- may be discarded o r  added t o  t h e  dec is ion  
maker's ac t ion  set would comprise a necessary addi t ion  t o  t h e  two e x i s t i n g  sub- 
models t o  account f o r  t h i s  opera t ive  behavior under s t r e s s f u l  s i t u a t i o n s .  This 
rerPains a f u t u r e  d i r e c t i o n  of research. 

According t o  Luce's Choice Axiom, t h e  presence o r  absence o f  an alternative 
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ABSTRACT 

B l i n k  r a t e  b a s  b e e n  r e p o r t e d  t o  v a r y  d e p e n d e n t  upon o n g o i n g  
t a s k  p e r f o r m a n c e ,  p e r c e p t u a l ,  a t t e n t i o n a l  and  c o g n i t i v e  f a c t o r s ,  
a n d  f a t i g u e .  

F o r  o u r  e x p e r i m e n t ,  w e  o p e r a t i o n a l l y  d e f  l n e d  f i v e  l e v e l s  o f  
t a s k  d i f f i c u l t y  and  m e a s u r e d  t a s k  p e r f o r m a n c e  a s  l i n e s  r e a d  a l o u d  
p e r  m i n u t e .  A s i n g l e  n o n - i n v a s i v e  i n f r a r e d  TV e y e t r a c k e r  w a s  
m o d i f i e d  t o  m e a s u r e  b l i n k i n g  a n d  a n  o n - l i n e  c o m p u t e r  p r o g r a m  
i d e n t i f i e d  a n d  c o u n t e d  b l i n k s  w h i l e  t h e  s u b j e c t  p e r f o r m e d  t h e  
t a s k s .  B l i n k  r a t e  d e c r e a s e d  by 50  X,  when e i t h e r  t a s k  p e r f o r m a n c e  
i n c r e a s e d  ( f a s t  r e a d i n g )  o r  v i s u a l  d i f f i c u l . t y  i n c r e a s e d  ( b l u r r e d  
t e x t ) ;  b l i n k  r a t e  i n c r e a s e d  g r e a t l y  d u r i n g  rest b r e a k s .  

T h e r e  w a s  n o  c h a n g e  i n  b l i n k  r a t e  d u r i n g  o n e  h o u r  
e x p e r i m e n t s  e v e n  t h o u g h  s u b j e c t s  c o m p l a i n e d  o f  s e v e r e  f a t i g u e .  

INTRODUCTION 

F a t i g u e .  F a t i g u e  Is o n e  o f  m a j o r  f a c t o r s  o f  t i l o t  w o r k l o a d ,  
r e l e v a n t  b o t h  t o  s a f e  c o n t r o l  o f  a i r p l a n e  f l i g h t  a n d  a l s o  f o r  
l o n g  t e r m  w e l l - b e i n g  o f  p i l o t s .  H o w e v e r ,  f a t i g u e  i a  a p s y c h o -  
p h y s i o l o g i c a l  p h e n o m e n o n ,  d i f f i c u l t  t o  m e a s u r e  o r  q u a n t i f y .  
T h r e e  o p e r a t i o n a l  m e a s u r e s  o f  f a t i g u e  c a n  be : o n s t d e r e d  --- 
s u b j e c t i v e  f a t i g u e ,  g e n e r a l  p h y s i o l o g i c a l  f a c t J r s ,  a n d  o c u l a r -  
m o t o r  f u n c t i o n s .  Our  p u r p o s e  o f  s t u d y  i s  t o  i n v e s t i g a t e  b l i n k  
r a t e  c h a n g e  d u r i n g  t h e  p e r f o r m a n c e  o f  f a t i g u i n l :  p r o l o n g e d  t a s k .  
I t  i s  e s s e n t i a l  t o  c o n t r o l  s e v e r a l  a s p e c t s  o f  t h e  t a s k  i n  o r d e r  
t o  be  a b l e  t o  d r a w  c o n c l u s i o n s  a s  t o  how b l i n k  r a t e  c h a n g e s  w i t h  
f a t i g u e .  Two f a c t o r s  c o n t r o l l e d  i n  o u r  e x p e r i m e n t  were  v i s u a l  
d i f f i c u l t y  a n d  r e q u i r e d  p e r f o r m a n c e  r a t e  d u r i n g  a p r o l o n g e d  
r e a d i n g - a l o u d  t a s k .  

Demand f o r  h i g h  p e r f o r m a n c e .  Wood a n d  B i t t e r m a n  ( 1 9 5 0 )  
o b s e r v e d  b l i n k  r a t e s  w i t h  t h e  same v i s u a l  i n p u t  b u t  u n d e r  t w o  

--- - -- 
d i f f e r e n t  demands  o f  p e r f o r m a n c e  c o n d i t i o n s  --- f a s t  r e a d i n g  w i t h  
maximal  e f f o r t  and  s l o w  r e a d i n g  w i t h  m i n i m a l  e f f o r t ,  and  r e p o r t e d  
a s i g n i f i c a n t  d e c r e a s e  i n  b l i n k  r a t e  d u r i n g  f a s t  r e a d i n g  a s  
compared  w i t h  s l o w  r e a d i n g .  They s u g g e s t e d  t h a t  b l i n k  r a t e  m i g h t  
b e  i n v e r s e l y  c o r r e l a t e d  t o  p e r f o r m a n c e .  A v i s u a l  t r a c k i n g  
e x p e r i m e n t  by P o u l t o n  a n f  G r e g o r y  ( 1 9 5 2 )  d e m o n s t r a t e d  t h a t  b l i n k  
r a t e  was s i g n i f i c a n t l y  r e d u c e d  d u r i n g  t r a c k i n g  a s  compared  w i t h  
r e s t  p e r i o d s .  
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P e r c e p t u a l  d i f f i c u l t y .  D i f f e r e n t  t y p e s  o f  t a s k s  r e s u l t  i n  
d i f f e r e n t  b l i n k  r a t e s .  In a v i s u a l  t r a c k i n g  e x p e r i m e n t ,  D r e w  
(1951)  r e p o r t e d  t h a t  t h e  b l i n k  r a t e  was s i g n i f i c a n t l y  r e d u c e d  a s  
t h e  t r a c k  i n c r e a s e d  i n  d i f f i c u l t y  f r o m  a s t r a i g h t  l i n e  t o  a n  
o s c i l l a t i n g  c u r v e .  D u r i n g  t h e  t a c h i s t o s c o p i c  p r e s e n t a t i o n  o f  
g r a t i n g s  a t  v a r i o u s  s p a t i a l  f r e q u e n c i e s  a n d  l e v e l s  o f  
i l l u m i n a t i o n ,  Mecacci  a n d  P a s q u a l i  ( 1 9 8 0 )  o b s e r v e d  l o n g e r  
l a t e n c i e s  o f  e v o k e d  p o t e n t i a l s  a n d  l o n g e r  i n h i b i t i o n s  o f  e y e  
b l i n k s  a t  h i g h  s p a t i a l  f r e q u e n c i e s  and  l o w  l e v e l s  o f  i l l u m i n a n c e .  
In t h e  r e a d i n g  t a s k  e x p e r i m e n t ,  many r e s e a r c h e r s  t r i e d  t o  
i n v e s t i g a t e  t h e  e f f e c t  o f  l e v e l  o f  i l l u m i n a t i o n ,  p r e s e n c e  o f  
g l a r e ,  a n d  s i r e  o f  t y p e  a s  e x p e r i m e n t a l  v a r i a b l e s  t o  v a r y  t h e  
d i f f i c u l t y  o f  t h e  v i s u a l  c o n d i t i o n s  o f  t h e  t a s k .  Some e a r l i e r  
i n v e s t i g a t i o n s  ( L u k i e s h  6 Moss, 1 9 3 7 )  showed t h a t  b l i n k  r a t t e  was 
i n v e r s e l y  r e l a t e d  t o  t h e  e a s e  o f  v i s u a l  c o n d i t i o n  u n d e r  w h i c h  
v i s u a l  work  is p e r f o r m e d .  

OFthe  o t h e r  hand ,  c e r t a i n  e x p e r i m e n t a l  r e s u l t s  ( B i t t e r m a n ,  
1 9 4 5 ;  B i t t e r m a n  & S o l o w a y ,  1 9 4 6 )  a s s e r t e d  t h a t  b l i n k  r a t e ,  when  
i t  was  a v e r a g e d  o u t  o v e r  many s u b j e c t s ,  t e n d e d  t o  b e  s l i g h t l y  
h i g h e r  u n d e r  t h e  p r e f e r r e d  v i s u a l  c o n d i t i o n .  However ,  i n  e i t h e r  
case,  t h e  d i f f e r e n c e  was n o t  s i g n i f i c a n t  s i n c e  i n d i v i d u a l  c h a n g e  
o f  b l i n k  r a t e  showed much g r e a t e r  v a r i a t i o n  w i t h  t i m e .  

a 
d 

P e r c e p t u a l  e t t c n t i o n  and c o g n i t i v e  e f f o r t .  B o t h  p e r c e p t u a l  
t t e n t i o n  a n d  c o g n i t i v e  e f f o r t  a r e  h i g h l y  a b s t r a c t  c o n c e p t s ,  
i f f i c u l t  t o  q u a n t i f y ;  h o w e v e r ,  i t  i s  g e n e r a l l y  a c c e p t e d  t h a t  

b l i n k  r a t e  i s  i n v e r s e l y  r e l a t e d  t o  t h e m .  K e n n a r d  a n d  G l a s e r  
( 1 9 6 4 )  r e p o r t e d  b l i n k i n g  w a s  i n h i b i t e d  d u r i n g  o b s e r v a t i o n  o f  a 
l i g h t  s p o t  and  o c c u r r e d  on r e l a x a t i o n  o r  w i t h d r a w a l  of a t t e n t i o n .  
H o l l a n d  a n d  T a r l o w  ( 1 9 7 5 )  n o t e d  b l i n k  r a t e  t o  b e  s i g n i f i c a n t l y  
r e d u c e d  d u r i n g  a n o n v i s u a l  c o g n i t i v e  b a c k w a r d  c o u n t i n g  t a s k .  I n  
a n o n v i s u a l  t a s k  o f  r e c a l l i n g  n u m b e r s  w i t h  v a r i o u s  d i g i t  s p a n s ,  
H o l l a n d  a n d  T a r l o w  ( 1 9 7 2 )  r e p o r t e d  t h d t  a s  t h e  m e n t a l  l o a d  
i n c r e a s e d  w i t h  l o n g e r  d i g i t  s p a n ,  t h e  b l i n k  r a t e  f o r  c o r r e c t  
t r i a l s  t e n d e d  t o  be  l o w e r e d .  The a v e r a g e  b l i n k  r a t e  f o r  c o r r e c t  
t r i a l s  were o b s e r v e d  s i g n i f i c a n t l y  l o w e r  t h a n  for i n c o r r e c t  
t r i a l s .  O t h e r  r e s u l t s  (Wood 6 B a s s e t ,  1 9 8 3 ;  E d w a r d s ,  1 9 8 3 )  
s u g g e s t e d  t h a t  a s  c o g n i t i v e  d i f f i c u l t y  i n c r e a s e d  w i t h  l o n g e r  
d i g i t  n u m b e r s ,  g r o s s  b l i n k  r a t e  was r a t h e r  r a i s e d .  

On t h e  o t h e r  hand ,  d u r i n g  c o n v e r s a t i o n  ( H a l l ,  1945 ;  K a n f e r ,  
1 9 6 0 )  a n d  d u r i n g  s l o w  m e n t a l  a r i t h m e t i c  w i t h  v e r b a l i z a t i o n  
(Crammon  6 S c h u r i ,  1 9 8 0 ;  S c h u r i  & C r a m m o n ,  1 9 8 1 ) ,  s i g n i f i c a n t  
i n c r e a s e  i n  b l i n k  r a t e  h a s  been  r e p o r t e d .  

METEODS 

B l i n k  --- -------- r e c o r d i n g  a p p a r a t u s .  ------ A t e l e v i s i o n  e y e  t r a c k e r  
/ p u p i . l o n e t e r  w a s  u s e d - t o  m e a s u r e  t h e  n u m b e r  o f  e y e b l i n k s .  I n  
p r e l i m i n a r y  e x p e r i m e n t s ,  t h r e e  o u t p u t s  --- p u p i l  a r e a ,  h o r i z o n t a l  
e y e  p o s i t i o n ,  and  v e r t i c a l  e y e  p o s i t i o n  --- w e r e  a l l .  e x a m i n e d  on 
a c h a r t  r e c o r d e r ,  a n d  v e r t i c a l  e y e  p o s i t i o n  d a t a  w e r e  s t o r e d  i n  
LSI  11 /23  c o m p u t e r  f o r  f u r t h e r  a n a l y s i s .  A h e a d  r e s t  m a i n t a i n e d  
t h e  e n l a r g e d  p u p i l  i m a g e  o n  t h e  TV m o n i t o r  s c r e e n .  The  v e r t i c a l  
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e y e  p o s i t i o n  o u t p u t  m e a s u r e d  e y e b l i n k  r e l i a b l y  a n d  p e r m i t t e d  a n  
a c c u r a t e  c o u n t  o f  t h e  n u m b e r  o f  n o r m a l  f u l l  b l i n k s  ( F i g u r e  1). A 
s i m p l e  b l i a k e  a n a l y e i s  c o m p u t e r  p r o g r a m  v e r i f i e d  t h e  o c c u r r e n c e  
o f  b l i n k  a n d  m a r k e d  t h e e e  l o c a t i o n e  w i t h  t r i a n g l e s  b e l o w  t h e  
t i m e  f u n c t i o n s  o f  t h e  b l i n k ;  p a r t i a l  b l i n k s  were  d i s c a r d e d  
b e c a u s e  o f  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  t h e m  f r o m  i n s t r u m e n t a t i o n  
g 11 t c h e s  ( n o i s e ) .  
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T I M E  ( S E C )  
3 0  3 2  3 4  36 3 8  4 

r) 

I 

I 

F i a u r e  1 T i m e  r e c o r d i n ~ s  o f  b l i n k .  O b t a i n e d  w i t h  T V  
p u p i l l o m e t e r r e y e  t r a c k e r  f r o m  v e r t i c a l  e y e  p o s i t i o n  o u t p u t  
c h a n n e l .  S p i k e s  r e c o g n i z e d  a s  f u l l  b l i n k  b y  c o m p u t e r  a n a l y s i s  
p r o g r a m  a r e  m a r k e d  w i t h  t r i a n g l e s .  One m i n u t e  r e c o r d i n g  w i t h  
f o u r t e e n  b l i n k s  ( u p p e r  g r a p h ) ;  a t e n  s e c o n d  p o r t i o n  c n  e x p a n d e d  
t ime s c a l e  ( l o w e r  g r a p h ) .  

-- --- - - -- -------- - -- ----- 

3 3 9  



R e a d i n g  t a s k  p r e s e n t a t i o n .  S u b j e c t s  were  s e a t e d  a b o u t  5 0  
c e n t i m e t e r s  i n  f r o n t  o f  a v i d e o  m o n i t o r  sc reen  on w h i c h  r e a d i n g  
t e x t s  were  d i s p l a y e d .  A c l o s e d - c i r c u i t  t e l e v i s i o n  s y s t e m  was  
u s e d  t o  i m p l e m e n t  b l u r r y  a s  w e l l  a s  c l e a r  r e n d i t i o n s  o f  t e x t .  
C o n s i d e r a b l e  d e f o c u s i n g  o f  t h e  v i d e o  c a m e r a  p r o d u c e d  m o d e r a t e  
d e g r e e  o f  b l u r r i n g  w i t h  l u m i n a n c e  a n d  c o n t r a s t  r a t i o s  
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  c l e a r  t e x t  ( T a b l e  I ) .  F i f t y  s h e e t s  
were  p h o t o c o p i e d  f r o m  a s i m p l e  h i g h  s c h o o l  p s y c h o l o g y  t e x t  a n d  
u s e d  a s  t h e  r e a d i n g  m a t e r i a l .  

Table  I 

P h o t o m e t r i c  q u a n t i t i e s  of t h e  v i d e o  d i s p l a y  s c r e e n  for t h e  c lear  
a n d  b l u r r y  t ex t  m e a s u r e d  w i t h  a P h o t o r e s e a r c h  S p e c t r a  P r i c h a r d  
Model 1980A Photometer 

12.2 
67 

0.92 

8.25 
58 

0.88 

- R e a d i n g  t a s k  p r o c e d u r e .  O n e  c o m p l e t e  e x p e r i m e n t  o f  t h e  
r e a d i n g  a l o u d  t a s k  c o m p r i s e d  9 o r  1 2  s e s s i o n s ,  e a c h  s e s s i o n  
l a s t i n g  5 m i n u t e s .  B e t w e e n  s e s s i o n s ,  r e s t s  were  g i v e n  t o  
s u b j e c t s  f o r  a b o u t  1 m i n u t e .  F o r  s e s s i o n s  1,  4, 7 a n d  1 0 ,  
s u b j e c t s  w e r e  i n s t r u c t e d  t o  r e a d  t h e  c l e a r  t e x t  d i s p l a y e d  o n  t h e  
s c r e e n  a l o u d  a n d  r a p i d l y .  F o r  s e s s i o n s  2 ,  5 ,  8 a n d  11,  s u b j e c t s  
w e r e  i n s t r u c t e d  t o  r e a d  a l o u d  t h e  b l u r r y  t e x t  a s  f a s t  a s  p o s s i b l e  
i n  s p i t e  o f  t h e  m a r k e d  b l u r .  For  s e s s i o n s  3 ,  6 ,  9 a n d  1 2 ,  
s u b j e c t s  r e a d  t h e  c l e a r  t e x t  a l o u d  b u t ,  t h i s  t i m e ,  w e r e  
i n s t r u c t e d  t o  r e a d  s l o w l y .  

------------ P s e u d o - r e a d i n &  ---- t a s k  p r e s e n t a t i o n .  ----------- A " p s e u d o - r e a d i n g "  
t r a c k i n g  t a r g e t  was p r e s e n t e d  t o  s u b j e c t s  t o  p r o d u c e  r e a d i n g - l i k e  
p a t t e r n s .  T h e  LSI 1 1 / 2 3  c o m p u t e r  g e n e r a t e d  a s e v e n  s t e p  s t a i r -  
c a s e  w a v e f o r m  a n d ,  t h r o u g h  t h e  a n a l o g - t o - d i g i t a l  c o n v e r t e r ,  
d i s p l a y e d  a p o i n t  t a r g e t  o n  t h e  s c r e e n .  T h e  t a r g e t  r e p e a t e d l y  
j u m p e d  f r o m  l e f t  t o  r i g h t  i n  s e v e n  s t e p s ;  e a c h  p o s i t i o n  o f  t h e  
p o i n t  t a r g e t  r e q u i r e d  a f i x a t i o n  p o i n t  a s  d u r i n g  r e a d i n g ,  a s  w e l l  
a s  a r e t u r n  s w e e p  b a c k  t o  t h e  b e g i n n i n g  of a new ' p s e u d o - r e a d i n g '  
l i n e .  
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P s e u d o - r e a d i n 8  - t a s k  p r o c e d u r e .  S u b j e c t s  were i n s t r v c  t e d  t o  
t r a c k  t h e  ' p s e u d o - r e a d i n g  p o i n t  t a r g e t  d i s p l a y e d  o n  t h e  s c r e e n .  
One c o m p l e t e  e x p e r i m e n t  c o n s i s t e d  of e i g h t  t w o - m i n u t e  s e s s i o n s  
w i t h  d i f f e r e n t  s t i m u l u s  r a t e s  i n  t h e  s e q u e n c e  o f  0 . 2 ,  0 . 4 ,  0 . 5 ,  
1, 2 ,  3 ,  4 a n d  5 s t i m u l i l s e c .  B e t w e e n  s e s s i o n s ,  s u b j e c t s  were  
g i v e n  10 t o  5 0  s e c o n d s  r e s t - b r e a k s  d e p e n d i n g  u p o n  t h e i r  f a t i g u o  
s t a t e -  B l i n k  r a t e  was m e a s u r e d  b o t h  d u r i n g  b r e a k s  a n d  d u r i n g  t h e  
p e r f o r m a n c e  o f  t a s k .  

Combined  r e a d i n g  a n d  p s e u d o - r e a d i n  t a s k  r o c e d u r e  R e a d i n g  
a n d  p s e u d o - r e a d i n g  t a s k  ( a t  3 s t e p s  s e c  o r  e q u i v a  e n t l y  2 5  s-+ - 
l i n e s / m i n )  were  c o m b i n e d  t o g e t h e r . -  F i v e  d i f f e r e n t  o p e r a t i n g  
c o n d i t i o n s  o f  4 - m i n u t e  e a c h  were r e n d e r e d ,  w i t h  1 m i n u t e  b r e a k  
b e t w e e n  t h e m .  T h e  f i v e  c o n d i t i o n s  were  :- s e q u e n t i a l l y ,  c l e a r -  
f a s t ,  c l e a r - s l o w ,  b l u r r y - f a s t ,  p s e u d o  r e a d i n g s ,  a n d  res t .  B l i n k  
r a t e s  d u r i n g  1 - m i n u t e  r e s t  b r e a k s  were a l s o  m e a s u r e d .  

S u b j e c t s  T h r e e  a d u l t s  (1 e m m e t r o p i c  male, 1 m y o p i c  ma le  a n d  
1 s t r o n g l y  m y o p i c  f e m a l e ,  a l l  w e a r i n g  t h e i r  c o r r e c t i o n s )  
p a r t i c i p a t e d  i n  t h i s  e x p e r i m e n t ;  t w o  r e p e a t e d  t h e  e x p e r i m e n t  
o n c e  m o r e  o n  d i f f e r e n t  d a y s  t o  e x a m i n e  w i t h i n  i n d i v i d u a l  
c o n s i s t e n c y  o f  d a t a .  Two s u b j e c t s  (1  e m m e t r o p i c  m a l e  a n d  1 
m y o p i c  male w i t h  c q r r e c t i o n )  p a r t i c p a t e d  i n  t h e  p s e u d o - r e a d i n g  
e x p e r i m e n t .  One m y o p i c  male  w i t h  c o r r e c t i o n  p a r t i c i p a t e d  i n  
t h e  c o m b i n e d  r e a d i n g  a n d  p s e u d o - r e a d i n g  e x p e r i m e n t .  

RESULTS 

B l i n k  r a t e .  D i f f e r e n t  c o n d i t i o n s  o f  t h e  p e r c e p t u a l  a n d  
p e r f o r m a n c e  a s p e c t s  o f  t h e  t a s k  were  p r e s e n t e d  i n  s e r i a l  o r d e r  
f o r  f i v e  m i n u t e  s e s s i o n s  e a c h ,  a n d  t h e  s e r i a l  o r d e r  r e p e a t e d  
u n t i l  1 2  s e s s i o n s  o r  a p p r o x i m a t e l y  1 h o u r  o f  r e a d i n g  a l o u d  h a d  
e l a p s e d .  A b o u t  30 s e c o n d s  t o  1 m i n u t e s  p a u s e  o c c u r r e d  b e t w e e n  
s e s s i o n s  t o  a l l o w  f o r  c h a n g e  o L  f o c u s i n g  o f  t h e  TV camera b e t w e e n  
c l e a r  t e x t  a n d  b l u r r y  t e x t  c o n d i t i o n s  a n d  t o r  c h a n g e  o f  
p e r f o r m a n c e  i n s t r u c t i o n  t o  r e a d  a l o u d  f a s t  o r  s l o w .  M i n u t e - t o -  
~ i n u t e  v a r i a t i o n s  i n  b l i n k  r a t e  ( F i g u r e  2 )  were o b s e r v e d  b u r  
t h e s e  v a r i a t i o n s  w e r e  m u c h  s m a l l e r  t h a n  t h e  m a r k e d  i n c r e a s e  i n  
b l i n k  r a t e  ( 3 3 . 4  b l i n k s / m i n  o n  a v e r a g e )  f o r  t h e  c l e a r  t e x t  s l o w  
r e a d i n g  s t a t e ,  a s  c o m p a r e d  w i t h  t h e  o t h e r  t w o  c o n d i t i o n s  --- 
b l u r r y  t e x t  (18 .5  b l i n k s / m i n )  a n d  c l e a r  t e x t  f a s t  r e a d i n g  ( 1 7 . 8  
b l i n k s l m i n ) :  --- n o t  a s i g n i f i c a n t  d i f f e r e n c e  i n  b l i n k  r a t e  
b e t w e e n  t h e s e  t w o  c o n d i t i o n s .  T h e s e  c h a n g e s  c o n t i n u e d  t h r o u g h o u t  
t h e  m o r e  t h a n  1 h o u r  o f  t h e  e x p e r i m e n t a l  r u n  w i t h o u t  h a v i n g  s e e n  
a n y  s i g n i f i c a n t  c h a n g e  d u e  t o  f a t i g u e .  T h i s  i s  s o ,  e v e n  t h o u g h  
a l l  s u b j e c t s  r e p o r t e d  c o n s i d e r a b l e  s u b j e c t i v e  f a t i g u e  d u r - n g  t h e  
l a s t  h a l f  h o u r s  o f  t h e  e x p e r i m e n t s ;  i n d e e d ,  o n e  s u b j e c t  s t o p p e d  
a t  t h e  n i n t h  s e s s i o n .  T h e  a v e r a g e  b l i n k  r a t e s  o v e r  e a c h  o f  
c o m p l e t e  5 m i n u t e  s e s s i o n  a g a i n  s h o w e d  c l e a r  i n c r e a s e  i n  b l i n k  
r a t e  f o r  c l e a r  t e x t  s l o w  r e a d i n g  v i s - a - v i s  o v e r  t h e  o t h e r  t w o  
c o n d i t i o n s  ( F i g u r e  3 a n d  T a b l e  11). A g a i n ,  d u r i n g  t h i s  f a t i g u i n g  
e x p e r i m e n t ,  n o  o v e r a l l  i n c r e a s e  o r  d e c r e a s e  i n  b l i n k  r a t e  w i t h  
t i m e  was  s e e n .  
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F i g u r e  2 M i n u t e - t o x i n u t e  v a r i a t i o n  of b l i n k  r a t e .  R a t e  i s  
S o l i d  

l i n e  r e p r e s e n t s  m e a n  b l i n k  r a t e  f o r  e a r h  f i v e - m i n u t e  r e a d i n g  
s e s s i o n  ( a b s c i s s a ) ;  s e s s i o n s  were a l t e r n a i e d  b e t w e e n  c l e a r  t e x t ,  
f a s t  r e a d i n g  ( s q u a r e s ) ,  b l u r r y  t e x t ,  a t t e m p t e d - f a - . ,  r e a d i n g  
(x's) ,  a n d  c l e a r  t e x t ,  s l o w  r e a d i n g  ( t r i a n g l e s ) .  

. n u m b e r  of b l i n k  o c c u r r e n c e s  € o r  e a c h  m i n u t e  ( o r d i n a t e ) .  

R e a d i n g - a l o u d  P e r f o r m a n c e .  T h e  t w o  c o n d i t i o n s  r e q u i r i n g  o r  
p r o d u c i n g  s i m i l a r  s l o w  b l i n k  r a t e s  c o u l d  b e  e a s i l y  s e p a r . = . t e d  
u s i n g  p e r f o r m a n c e  r a t i n g s  o f  t h e  s i m p l e s t  bind --- n u m b e r  o f  
l i n e s  r e a d  a l o u d  per m i n u t e  ( F i g u r e  4). B l u r r y  t e x t  f a s t  r e a d i n g  
d e m o n s t r a t e d  l o w  s p e e d  r e a d i n g  p e r f o r m a n c e  r a t e  (12.2 l i n e s / m i n  
oa a v e r a g e )  d u e  t o  s e v e r e  b l u r  ( T a b l e  111) a8  c o m p a r e d  w i t h  c l e a r  
t e x t  f a s t  r e a d i n g  ( 1 7 . 7  l i n e s ! m i n ) ,  t h o u g h  t h e  s u b j e c t  t r i e d  t o  
r e a d  a l o u d  a s  f a s t  a s  p o s s i b l e  i n  b o t h  c o n d i t i o n s .  I n  f a c t ,  t h e  
p e r f o r m a n c e  r a t e  w i t h  b l u r r y  t e x t  v a s  a s  l o w  ad) in s l o w  r e a d i n g  
w i t h  c l e a r  t e x t  (12.3 l i c e s / m i n ) .  

P s e u d o - R e a d i n g .  An a d d i t i o n a l  e x p e r i m e n t  w a e  y e t f o r m e d  
c o m p a r i n g  b l i n k i n g  d u r i n g  r e s t  p e r i o d s  w i t h  b l i n k i n g  w \ i l e  a 
t r a c k i n g  a p o i n t  t a r g e t  t h a t  j u m p e d  r i g h t w a r d  i o  a s e p p n  c t e p  
s t a i r c a s e  a n d  t h e n  made a " r e t u r n  s w e e p "  b a c k  t o  t h e  b e g i n n i n g  of 
a new l i n e  (Figure 5 ) .  The  s t i m u l i  r e q u i r e d  t h r o u g h  s e 8 a . o ~  w i t h  
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30 s e c o n d s  t o  1 m : : r l t e  p a u s e s  b e t w e e n  s e s s i o n s .  S e s s i o n s  1, 4, 7 
a n d  1 0  a r e  c l e a r  t e x t ,  f a s t  r e a d i n g  ( 6 q u 8 t e s > ,  s e 6 s i o n s  2 ,  5 ,  8 
e n d  1 1  b l u r r y  t e x t ,  a t t e m p t e d - f a s t  r e a d i n g  (xes), a n d  s e s s i o n s  3 ,  
6 ,  9 2 n d  1 2  c l e a r  t e x t  b u t  w i t h  i n s t r u c t e d  slow r e a d i n p  
( t r i a n g l e s ) .  Same e x p e r i m e n t  a s  i n  F i g u r e  2. 

increasing r ace  from 0.2 t o  5 s t i m u l i  p e r  s e c o n d .  Slower s t i n u t l  
r a tes  r e q u i r e d  v i g i l a n c e  i n  t h e  p a r t  of  subjecta; f a s t e r  stimuli 
r a t e s  r e q u i r e d  f a b t e r  r a t e s  o f  8 a c c a d ~ c  eye mouements .  This t a s k  
W J S  r a t h e r  e f f e c t i v e  I n  r e d u c i n g  b l i n k  r a t e ,  o n l y  b.1 b l i n k s / m i n .  
C o n v e r s e l y ,  t h e  r e s t  b r e e k s  p r o v i d e d  a n  o p p o r t u n i t y  f o r  t h e  
h i g h e s t  b l i n k  f a t e 8  w e  o b s e r v e d  i n  ~ h r  e x p e r i m e n t s ,  5 8  
b l l n k s l m i n .  A g a i n ,  f a t i g u e  w a s  not a f e a t u r e  o f  t h i s  
a p p r o x i m a i e l y  t w e n t y  m i n u t e s  long e x p e r f m e n t .  

Combined r e a d i n g  and  p s e u d o - r e e d i n g .  Two r u n s  of  combined  
f i v e  o p - r a t i n g  c o n d i t i o n s  e x p e r i m e n t  were p e r f o r m e d .  B l i n k  r a t e s  
u n d e r  p s e u d o ,  c l e a r  t e x t  fast, a n 4  b l u r r y  t e x t  a t t e m p t e d - f a s t  
reading c o n d i t i o n s  were  o b s e r v e d  s i g n i f i c a n t l y  l o r  a s  coppared 
w ? t h  c l e a r  t e x t  slow reading o r  r e s t  c o n d i t i o n s  ( T a b l e  I V ) .  
Aga in ,  no chenhe . . ! t h  f a t i g u e  was seer\. 

- 
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F i g u r e  5 P e r f o r m a n c e  d u r i n g  r e a d i n g - a l o u d  t a s k .  Average  number  
o f  l i n e s  r e a d  ( o r d i n a t e )  f o r  e a c h  s e s s i o n  ( a b s c s s s a ) .  S a m e  
e x p e r i m e n t ,  s y m b o l s  and  a b s c i s s a  as  io F i g u r e s  2 a n d  3 .  

b 
2 
f 

' 1 
0 

V a r i a b l i t y .  Our  t h r e e  s u b j e c t s  showed q u i t e  d i f f e r e n t  mean 
i n k  r a t e  u n d e r  s i m i l a r  e x p e r i m e n t a l  c o n d i t i o n .  F o r  e x a m p l e ,  
.7 b l i n k s / m i n u t e  f o r  s u b j e c t  LA, 3 4 . 2  f o r  s u b j e c t  US, a n d  1 0 . 9  

os WZ ( T a b l e  SI, c l e a r  t e x t  s l o w  r e a d i n g ) ;  o t h e r s  h a v e  r e p o r t e d  
s i m i l a r  i n t e r - s u b  j c c t  v a r i a t i o n .  However ,  a l l  s a b  j e c t s  showed  
c o n s i s t e n t  and  l a r g e  r e d u c t i o n  in b l i n k  ra t+-  when b i b r r e d  t e x t  or 
f a s t  r e a d i n g  c o n d i t i o n s  e x i s t e d .  V a r i a t i o n  b e t w e e n  s u b j e c t s  i n  
r e p e a t e d  s e s s i o n  was less; e v e n  t h e  m i a u t e - t o - m i n u t e  v a r i a t i o n  
( F i g .  2 )  were  not so l a r g e  a s  t o  o b s c u r e  t h e s e  m a i n  e f f e c t s .  
I n t e r e e t i n g l y ,  v a r i a t i o n  i n  mean  p e r f o r m a n c e  r a t e s  ( T a b l e  111) 
was ' ? a s  t h a n  i n  mean b l i n k  r a t e s .  

DISCUSSIOU 

No c b s n g e  i n  b l i n k  r a t e  w i t h  f a t i g u e  i s  o b s e r v e d .  T h e  t a s k  
d i d  p r o d u c e  f a t i g u e ;  o u r  s u b j e c t s  r e p o r t e d  c o m p l a i n t s  o f  e y e  
s t r a i n ,  b a c k a c h e  a n d  n e c k a c h e .  ' t t w e v e r ,  t h e y  m a i n t a i n e d  
p e r f o r m a n c e  r a t e  a t  a p p r o x i m a t e l y  c o n s t a n t  v a l u e s ,  d e p e n d e n t  tlpon 
o p e r a t i n g  c o n d i t i o n s ,  i h r o u g h o u t  o n e - h a l f  or two  h o u r  s e s s i o i i s .  
W e  c o n c l u d e  t h a t  b l i n k  r a t e  i s  n o t  a n  a d e q u a t e  m e a s u r e  f o r  t h e  
d r t e c t i o r .  o r  a s s e s s m e n t  c :  f a t i g u e .  

L a r g e  c h a n g e s  i n  b l i n k  r a t e  o c c u r  d e p e n d e n t  upon o p e r a t  l n g  
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Table I f  

Uean b l i n k  rates (b l inks /min)  for three r e a d i n g  c o n d i t i o n s  

Table 111 

Mean performance rates ( l i n e s / m i n )  for hree reading c o n d i t i o n s  

c o n d i t i o n s .  Rest p e r i o d s  a n d  u s e  o f  c l ea r  t e x t  w i t h  s l o w  r e a d i n g  
a l o u d  a s  t h e  i n s t r u c t e d  a n d  m o n i t o r e d  t a s k  p e r m i t t e d  h j g h  b l i n k  
r a t e s .  I n c r e a s e d  v i s u a l  d i f f i c u l t y  o r  d e m a n d  f o r  h i g h  
p e r f o r m a n c e  ( f a s t  r e a d i n g  o r  p s e u d o - r e a d i n g )  l o w e r e d  blink r a t e .  
T h e s e  f i n d i n g s  s u p p o r t  a n u m b e r  of e a r l i e r  e x p e r i m e n t s  r e p o r t e d  
(see I n t r o d u c t i o n )  b u t  c o n t r a r y  r e p o r t s  a l s o  e x i s t .  

A B  L u k i e s h  a n d  n o s 6  ( 1 9 4 7 )  s u g g e s t e d ,  d i f f e r e n c e s  i n  
o p e r a t i n g  c o n d i t i o n s  m a y  u n d e r l i e  s o m e  o f  t h e  c o n f u s i o n  i n  t h e  
l i t e r a t u r e .  F o r  e x a m p l e ,  i f  * s u b j e c t  b e c o m e s  f a t i g u e d  d u r i n g  
t h e  c o u r s e  o f  a n  e x p e r i m e n t  a n d  r e d u c e s  h i s  t a s k  p e r f o r m a n c e  
( p e r h a p s  s u c h  c h a n g e s  a r e  a l s o  u n m o n i t o r e d  by t h e  e x p e r i m e n t e r ) ,  
o u r  r e s u l t  w o u l d  p r e d i c t  a n  i ~ c r e a s e  i n  b l i n k  r a t e .  T h i s  b l i n k  
r a t e  i n c r e a s e  w o u l d  n o t  b e  a d i r e c t  c o n s e q u e n c e  of f a t i g u e  on 
b l i n k  r a t e ,  b u t  r a t h e r  a n  i n d i r e c t  e f f e c t  d u e  t o  t h e  s t r o n g  
e f f e c t  o f  d e c r e a s  ; e r f o r m a n c e  i n  i n c r e a s i n g  b l i n k  r a t e .  
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F i g u r e  2 B l i n k  r a t e s  d u r i n g  p s e u d o - r e a d i n g  t a s k .  O r d i n a t e :  
b l i n k  r a t e s  f o r  p s e u d o - r e a d i n g  t a s k  ( s q u a r e s ) ,  a n d  f o r  r e s t  
i n t e r v a l s  ( x O s ) .  A b s c i s s a :  p s e u d o - r e a d i n g  s e s s i o n  n u m b e r ;  e a c h  
s e s s i o n  was 2 m i n u ' e s  l o n g .  S t e p  s t i m u l i  s e q u e n c e d  t h r o u g h  
s e s s i o n s  w i t h  i n c r r a s i n g  r a t e ;  t h i s  h a d  o n l y  a m i n o r  e f f e c t  
c o m p a r e d  t o  c o n s i s t e n t  l o w  r a t e  o f  b l i n k i n g ,  8.1  b l i n k s / m i n .  
R e s t  i n t e r v a l s  b e t w e e n  s e s s i o n s  were v a r i e d  f r o m  10 t o  6 0  s e c o n d s  
d e p e n d i n g  upon s u b j e c t  c o n d i t i o n  o f  f a t i g u e ;  b l i n k  r a t e  a v e r a g e c  
58 b l i n k s / m i n .  
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f a t i g u e  e f f e c t  o f  v i d e o  d i s p l a y  t e r m i n a l .  
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PERFORMANCE MEASURES FOR AIRCRAFT LANDINGS 
AS A FUNCTION OF AIRCRAFT DYNAMICS 

Edward M. Connelly 
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ABSTRACT 

A theory of performance measurement for operator controlled 
systems is presented. The theory permits snythesis of a 
system performance measure which scores performance on 
successive data samrles based on the impact of the sampled 
performance on the overall summary of performance. 
Since performance is lneasured and evaluated on each sample, 
the dynamics of the controlled element, i .e., the aircraft, 
are effectively removed from the measurement eventhough 
the pilot (operator) continues to control the aircraft. While 
the theory directly applies to problems where the perfor- 
mance limiting factors are known, the method has been 
extended to apply to problems where the performance 
limiting factors are not known explkitly, but are known to 
be implicit in the performance data. 

This paper documents the development of measures for 
aircraft carrier landings for the glide path and angle of 
attack control channels. While developing the performance 
measures, the measures used previously were evaluated and 
were fmnd to lack the necessary discrimination capability. 
The przviously used measure, the RMS of deviations from the 
glide path, can, for instance, provide identical scores for both 
satisfactory and unsatisfactory flight paths. 

Two types .-+ c Torrnance measures developed for 
aircraft Ian .gs are described. Also, an argument is  given 
for the need to .est performance measures prior to their use. 
A suggested test of the meaSures is  offered. Examples of two 
common measures RMS and "time on target" are identified 
as having questionable discrimiration capabilities. Finally 
a procedure for syne;lesizing rather than simply selecting 3 
measure is  outllned and illustrated with an example. 
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INTRODUCTION 

A theoretical model based on control theory has been 
developed to identify the factors that should be determined i n  both 
theoretical and empirically-based performance measures. Use 
of the theory leads to development of comprehensive and sensitive 
measures. 

The theory of performance measurement introduced by 
Connelly & Schuler (1969) is  used here to develop a measurement 
of the overall task performance in terms of the individual subtask 
performance effects. This theory was first applied to flight control 
problems in which the factors limiting performance originated in the 
hardware and were known. It was recently extended (Connelly, 
Comeau, & Steinheiser, 1981) to permit its application to team- 
computer systems where the factors limiting performance are not 
always known explicitly, but are known to exist. 

Since, in  many human performance problems, the factors 
limiting performame are not always explicitly known, demonstrations 
of task performance at various performance levels that exhibit the 
effects of those limiting factors must be used to develop the performance 
measures. This empirically based method for developing measures 
is described by Connelly, Bourne, Loental, & Knoop (1974) and i s  
the foundation of the Measurement and Analysis of Performance (MAP) 
Processor. MAP extracts information from the performance demon- 
stration data and then constructs the performance measure. Develop- 
ment of the performance measurement theory, a description of MAP, 
and applications arc given in Connelly (1981). 

Types of Performance Measures 

Summarv Performance Measures. A summary performance 
measure (SUMPM) i s  a set of rules for  scoring each task demonstration. 
A SUMPM provides measurement only of the total task performance, 
and, as a result, the complete information required for a SUMPM is  
not available until the demonstration has been completed. This property 
i s  a fundamental limitation of a l l  XJMPM's. 

Typically, SUMPM's are first formulated subjectively, and 
reflect the judgment of an individual or  group concerning the objective 
of the task and the factors believed to be important in scoring 
demonstrations. These factors may involve, for example, statements 
about certain desired terminal ar?d safety conditions that must be 
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satisfied during the task demonstration. But whatever the factors are, 
the subjective form of the SUMPM must then be converted into a 
quantitative form in which specific rules determine the SUMPM value 
trom the demonstration. 

The central issue regarding the selectiori of a SUMPM is 
its ability to discriminate performance of task demonstrations. A 
SUMPM i s  said to be acceptable only if it scores (or at least orders) 
performance demonstrations the same way the investigator (or group 
accepted as subject matter experts) would score or order performances. 
An unacceptable SUMPM would score performances that are actually 
poor at a higher value or  performances that a re  actually superior at 
a lower value. Consequently, some superior performances demonstra- 
tions might be rated as fa i r  o r  pour and vice versa. 

The consequence of using a measure whose acceptability 
i s  unknown, as might be the case if a SUM1 'M is  simply selected without 
fitrther analysis, to evaluate performance fn experiments supporting 
decisions regarding such things as training courses, and equipment 
designs is to transfer the uncertainty of the measures' discrimination 
capability to an uncertainty of the decision. Yet, in spite of the 
serious conseqLences of using a measure with ar? unknown acceptability, 
few studies report results of measure evaluation or the measure 
snythesis procedures used to control the measures' acceptability. In 
these cases one must suspect that the measure was simply "selected" 
and its acceptability is, in fact, unknown. 

Two SUMPM measures frequently used i n  aircraft flight 
control and weapor. aiming tasks (as well as many other tasks) that 
have been found to have poor discrimination capability are the root- 
mean-square (RMS) and time-on-target (TOT) measures. Early 
suspensions concerning these measures were reinforced when 
performance discrimination failed to show significance as reported 
in Conqelly, Schuler, Knoop (1971) and again in Connelly, Bouren, 
Loental, Knoop (1974). Poulton (1974) also reports the Lack of 
discrimination capability of TOT. Further, Connclly, Shipley (1981) 
show that even a "super1' TOT where boLi error and er,-or rate must 
be near zero (witl-.in a srnall tolerance) does not have acceptable 
performance discrimination capabilities. Reaarding the HMS error, 
Shipley (1983) shows various charts of aircraft altitude control which 
include converging, diverging, exponential and oscillatory rssponses; 
but, a l l  have the same RMS score! 
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The solution ko the performance measurement problem for 
flight control is conceptually simple. Typically for flight control 
problems an isolated reference (i.e., the desired) path is  established 
such as constant altitude or  a glide path and a l l  other trajectories are 
scored based on their distance from the reference - according to the 
RMS fitnction. By specifying a reference path and a scoring rule for 
trajectories cff-the-reference-path, reference trajectories not on 
the reference path are implied, but do exist even though they are not 
directly specified. These off-the-reference-path trajectories, which 
may not be known to the measure user, are the optimal trajectories, 
i.e., those that minimize the RMS measure. It i s  quite possible 
that the optimal control responses required to produce the "optimal" 
trajectories, which can be "bang-bang" control responses (control 
device f i l l y  on or om, may not even be desirable control strategies. 
A solution to this problem i s  to specify reference trajectories every- 
where of interest in the problem space rather then only specifying 
an isolated reference path and an error criterion. Reference 
trajectories can be conveniently specified by the differential equation 
that produces them. This paper describes the results of such a 
specification i n  an aircraft landing problem. A more complete 
descriGtion of the method which includes a methodology for snythesizing 
acceptable SUMPMs, using the MAP Processor, i s  found in 
Connelly (1981). 

System Performance Measures. System performance 
studies conducted to evaluate such things a6 unit readiness level, o r  
the effects of different types of equipment, training, proceclures must 
cope with the probkm of varying effect on performance of these factors 
at various parts of a task. If, for instance, the use of new equipment 
affects performance in different ways or  to a different degree at various 
parts of a task, then it is difficult to evaluate that affect using the SUMPM. 
This i s  because the SUMPM reflects performance of the parts of the 
task affected by the new e Apment plus the other portions of the task 
not affected LI\/ the new equipment, but affected by a l l  the other per- 
formance influencing factors. The other performance influencing 
factors are considered as "noise" tending to obscure the relationship 
of interest, If a measure could be developed that permits assessment 
of the affect of performance on each part of a task on total task 
performance, then task performance can be evaluated by observing 
performance on only crit ical portions of the task. This wculd greatly 
imprcwe the measure sensitivity. 
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System performance measures (SYSPM) reveal the effect 
of performance of a constituent part of a task on summary performance 
and as a result, provides sensitive performance discrimination. 
System performarice measurement theory, which was developed first 
by Connelly, et al. (1969) and later extended by Connelly, Zeskind, 
& Chubb (1977), recognizes that performance is limited both by 
machine factors and by human factors. Recognition that such limiting 
factors exist, whether o r  not they are explicitly known, leads to 
a measurement equation that permits evaluation of the effect of either 
instantaneous or  of interval performance on the performance of the 
entire task. 

A second issue regarding system performance measures 
results from the ability of SYSPM to score performance at closely 
spaced data samples. For instance, some data collection systems 
sample at rates of 10 to 100 samples per second and control per- 
formance can be scored for each sample, i .  e ., the SYSPM removes 
the dynamic lag effects of the aircraft from the scwe calculation. 
But performance scores from successive samples can be correlated clue 
to the dynamic response of the pilot. Consequently, the measurement 
issue is: what time difference between data sr ’  .iples permits independent 
evaluation of successive samples. If the time between samples i s  
large, each can be considered as representing arb independent control 
problem to the pilot. If, for example, a task lasts 60 seconds and 
the task can be partitioned into independent parts every 6 seconds, 
then there would be 10 independent control problems presented to 
the pilot. Instead of 1 performance score value, there would be 10 
repetitions scores. As the partition interval is decreased, there i s  
an increase i n  the rwmber of repetitions (N) (assuming that all the 
control problems are considered to be the same). Hawever, the 
partition interval reduction i s  limited - due to the dynamic processing 
and response time of the pilot. Clearly intervals less than expected 
human response times (from 0.05 to 0.10 seconds) may exhibit 
correlated responses. In order to investigate this issue, a correlation 
analysis of successive performance measurement samples for  various 
partition intervals was performed. The results w e  presented in a 
subsequent sect ion. 

Method of Approach 

The method employed here can be applied where performance 
demonstration data are available but the demonstrations are not 
scored o r  ordered according to performance. The method uses 
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demonstration data to develop a model of the system (aircraft) dynamics 
and also performance criteria. To accomplish this, demonstration 
data is  analyzed to develop a set of approximate aircraft equations and 
representative pilot control policies. These equations and policies 
are used to construct a measure which wi l l  indicate the convergence 
of at least some performance demonstrations. The measure i s  then 
tested and applied to al l  performance demonstrations so that a l l  
demonstrations are scored consistently. 

The specific approach was to construct a second order 
performance model which measures performance according to how 
well the pilot controls the second error derivative given the error 
and its f i rst  derivative. For instance, in  logitudinal glide path control, 
the second derivative of the glide path error is evaluated as a function 
of the glide path error and its f i rst  derivative. 

In general, a model of any order desired for a specific 
problem can be canstructed. If it is known, for instance, that the 
pilot's (operator's) controls directly affect the first derivative of the 
error, then a f i rst  order model should be used. The objective is to 
use a model of an order that permits evaluation of a derivative that 
can Le or is rapidly adjusted by the pilot (operator). The ideal model 
would permit evaluation of the control element (throttle, control stick) 
as a function of system state. However, as w i l l  be seen, i t is  desirable 
for  computational simplicity to evaluate performance of a variable which 
is  dynamically "close" to the pilot's control elements, i .e. , a 
variable that can be rapidly modified by the pilot. 

Specific Method of Approach. Take the set of equations as: 

3, = x2 

A2 = -ax -bx t 
1 2 

U 

where 

X are state variables and U is  a control variable. 
xls 2 

The summary performance measure fitnction i s  taken as: 

t 
P l  
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where 

F = A1X12 + A2X,X2 t A3Xa2 + A4U 2 
(41 

and F > 0 except at the origin. Conditions insuring that F > 0 are that 
A A > 0 and the quadratic has imaginery roots. This requires t l h a t  

1 4  

2 
+l 2 < W1A3 

Optimal control theory is  used to find the optimal control 
lcw and the system performance measure which has the f. - 

2 
SYSPM = A4(U-U*) 

where U* is the optimal control law 

4 

and B1 and E are functions of A A 
solution for &SPM is given in &nnS;y(ib2). 

A and Ad. A detailed 

RESULTS 

Results concerning the effect of the command and conventional 
displays are presented in Westra (1 982). Results regarding the application 
of the measures to the landing problem are given in Connelly (1983). 
Development of the system performance measure showed that a measure 
referencing the system differential equation rather than &he isolated 
glide path provides greatly improve6 performance discrimination. 
With this approach, performance deviations are determined by comparing 
the observed value of the rate of change of each system variable with 
a reference differential equation. Consequently, +here exists a famity 
of differential (incremental) reference solutions everywhere in the 
problem space where an acceptable solution is possible. This is in 
contrast to the corrimonly used approach where an isolated glide path 
is  tic refereme and performance deviations are measured as the 
distance of  the aircraft from the glide path. 



An auto correlation analysis was performed to determine the 
correlation of pcrformance scores for data samples shifted T samples 
from each other. T was varied from 1 to 10. Since samples were 
taken at a rate of 30 times a second, each shift is equivalent to a 
time difference of T/30 seconds. I t  was expected that correlations 
would be . .igh for small T with a redrction in the correlation 
coefficient for increasing To Results shawed that the correlation 
for T=l was high, being in the order of .95. But correlation -lues for 
large T shifts (2 through 10) dropped to a low mlue - in the order of 
. 0 5 .  Such a rapid redrctfan in cczrretation coefficient values, with 
increasing T, cannot logically be attributed to the speed of response 
L.f the pilot because it is known that control elements were  held constant 
JT longer periods, e.g., in some instances the throttle was maintained 

at a constant level for several seconds. Thus,tkrere fs evidence that 
the system performance measure, which adjusts the reference control 
as a function of the state variables, presents independent problems to 
the pilot at a c h  sample. Additional study is required to ir. n e s t i g a t e  
this issue since we cannot expect a pilot (or other human opemtor) 
to respond to each sample when T is small; but, when T is large each 
sample is an independent test and each fligkt, which consists of many 
samples, will contain many independent tests. 
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Studies of pilot  behavior in f l i gh t  eimulators o f t en  have 
used a secondary t a s k  as an index of workload (e.g,,ltQntaoitx, 
Hart, & Bortolussi ,  1983; Wierwille & Connor, 1983). It is 
rout ine i n  such s tud ie s  t o  regard f ly ing  as the primary task and 
some lees complex t a s k  as the secondary t a s k ,  Thus, f ly ing  is 
considered a uni tary t a s k  much a8 the secondsty t a s k  is 
COnSideted t o  be a tmltary trsk. While this assumption is q u i t e  
reasonable for most secondary t a s k s  used t o  study mental workload 
i n  aircraft (Williges and Wierwille, 1979), the treatment of 
f ly ing  a simulator through some carefully crafted f l i g h t  scenario 
as a uni tary t a s k  is less j u s t i f i e d ,  while this is of t en  a 
necessary s impl i f ica t ion  that  can be e a s i l y  forgiven since it 
y ie lds  useful information, i.t should be remeabered that f ly ing  is 
a -lex t a s k  that  is l i k e l y  t o  have an hierarch ica l  
organization. While remearchers concerned w i t h  t r a in ing  have 
never forgot ten this, researchers who are concenred with 
evaluating workload w i t h  s k i l l e d  p i lo t s  tend t o  ignore t h e  
general complexity of f ly ing  aiiJ have been content t o  acknowledge 
only the general d i f f i c u l t y  of a particular f l i g h t  scenario with 
l i t t l e  regard t o  complexities t ha t  might be related t o  the  
hierarchical structure of t he  f l i g h t  t a s k ,  

The present research is a first s t e p  towarde acknawledging 
tha t  to ta l  mental workload depends upon the  specific nature  of 
t h e  sub-tasks that an aircraft p i l o t  must  complete, AS a f i r s t  
approximation, w e  have divided f l i g h t  t a s k s  i n t o  three l e v e l s  of 
complexity. The simplest l e v e l  (called t h e  Baoe level) requires 
elementary maneuvers t h a t  do not  u t i l i z e  a l l  t h e  degrees of 
freedom of which an aircraft, or a moving-base simulator, is 
capable. Examplea would be f ly ing  a t  a constant a l t i t u d e  or a t  a 
constant heading. The second level (called the Paired level) 
requires the  p i l o t  t o  simultaneously execute two B a s e  level 
t a s k s ,  f o r  example, f ly ing  on a constant heading while also 
maintaining a constant a l t i t u d e ,  The th i rd  level (called t h e  
Complex level) impose8 three simultaneous cons t r a in t s  upon t h e  
pilot. An example would be f ly ing  a t  a constant a l t i t u d e ,  on a 
constant heading, and a t  a constant speed. Further example of 
Base, Paired, and Complex taoks used i n  t h i s  experiment can be 
found i n  Table 1. Mote t h a t  even t h e  Complex l e v e l  is r e l a t i v e l y  
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elementary when compared t o  t h e  actual demands of f l i g h t  where 
other necessary t a s k s  such as navigation and communication mus t  
also be performed. This  addi t ional  complexity is addressnd i n  
Experiment 11, current ly  i n  progress. 

Workload is assesst.3 by subject ive ra t ings  and by an 
asynchronous secondary choice-reaction t a s k  q u i t e  similar t o  
those used by Kantaatib, Hart and Bortolussi  (1983) . Two general 
questions are asked. The f i rs t  involves comparing secondary-task 
performance under single- and dual - task  conditions, Since highly 
s k i l l e d  p i l o t s  are being tested, one reasonable predict ion would 
be t ha t  elementary maneuvers are so automatic and overlearned 
t h a t  they impose no workload on the  pilot. Therefore, one would 
expect no differences between secondary-task performance 
regardless of whether or not the primary f ly ing  t a s k  was 
required. An a l t e r n a t e  prediction, based upon t h e  notion t h a t  
t ra in ing  does not eliminate a t t en t iona l  requirements of f l i g h t  
(Johnson, Haygood c Olson, 1982), would expect faster reaction 
ti.aes cu;d/or fewer e r r o r s  under single-task conditions. The 
second general question arises only i f  the a l t e r n a t e  predict ion 
is correct. Given t h a t  even these elementary f l i g h t  t a s k s  create 
workload, one can then a s k  if the  three d i f f e r e n t  l e v e l s  of t a s k  
complexity defined a pr ior i  as B a s e ,  Paired, and Complex also 
produce d i f f e ren t  l e v e l s  of p i l o t  workload. One might Pxpec t  t h a t  
t a s k  differences,  espec ia l ly  between B a s e  and Paired, are so 
small that no workload differences should be produced or one 
might predict that workload should increase as levels go from 
Base t o  Complex. And of course, one can always a s k  t h e  e t e rna l  
question i n  workload s t u d i e s  by attempting t o  relate subject ive 
and object ive measures of p i l o t  workload, 

Pilots 
Seven male and f i v e  female instrument-rated p i l o t s  served as 

paid par t ic ipants ,  Four p i l o t s  had a p r iva t e  p i l o t  l i cense ,  s i x  
had commercial licenses, and two had a i r l i n e  t ranspor t  l icenses.  
P i lo t8  had from 500 t o  6000 hours of to ta l  f l i g h t  time 
(median4025 hours) and from 30 t o  1200 hours of actual 
instrument t i m e  (median430 hours). 

Bach pi lot  flew 21  separate f l i g h t  tasks (Table 1) twice, 
once with t h e  secondary t a s k  and once by itself. Bach f l i g h t  taak 
l a s t e d  three  minutes. A l l  f l i g h t  t a s k s  were flown i n  a 
Singer/Link G A P 1  instrument trainer with three degrees of 
freedom. As indicated i n  Table 1, ce r t a in  degrees of freedom were 
frozen for ce r t a in  f l i g h t  tasks. This prevented t h e  p i l o t  from 
attempting t o  control i r r e l evan t  simulator motion. Freezing a 
task component also f roze t h e  corresponding instruments ins ide  
t h e  simulator. 
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ThBLE 1 

BASE LEVEL-TASK. 

1. F L Y  HD6 360 
2. FOAINT4iIN 2000FT. 
3. "S* TLlRN 
4. CLIME AT sO0Fp)Q 
5. DESCEND AT SOOFPM 
6.MCSIMTAIN 12OKTS. 

P A I E D  LEVEL-TASKS 

1. F L Y  HDG 360,MINTAIN 2000FT. 
2. MINTAIN 2000fT., "S" TURN 
3. F L Y  HD6 360,CLIMB AT SO#PM 
4. F L Y  HD6 360,DESCEND AT SOOFPM 
5. "S" TURN,CLINB AT SOOFPM 
6. "S" TUW,DESCEND AT SOOFPM 
7. F L Y  HDG 360,MINTAIN IZOKTS 
8. M I W A I N  2000FT. ,)ICIINTAIN 12OKTS 
9. "S" TURN, MCIINTAIN 12OKTS. 

COMPLEX LEVEL-TASKS 

PITCH ROLL Y M  CILT AS1 

F F F  
F F F 

F F F  
F F F 
F F F 
F F F  

F 
F 
F 
F 
F 
F 

F 

F 
F F  

1. F L Y  HDG 360,l"l&INT 2000FT.,MC)INi 12OKTS. 
2. F L Y  HDG 360,DESC. AT 500FPPl,MAINT 120KTS. 
3. FLY HD6 360,CLIMB AT SOOFPM,MINT 120KTS. 
4. "S" TURN 360,DESC. AT SOOFPM,MC\INT 10SKTS. 
5. "S" TWZN,CLIM8 ClT SO0 FPM,WINT 105 KTS. 
6. "S" TURN,MINT 2000FT. ,MAINT 120KTS. 

36 1 



Three positions of a helicopter trim switch (.coolie-hatn 
s w i t c h )  mounted on the  l e f t  side of the  control  yoke under the  
pilot 's  thumb were used for responses t o  auditory tones, A low 
tone (800 Ex) was paired with switch motion t o  t h e  left, a medium 
tone (1500 Hz) with a forward switch motion, and a high tone 
(4000 E=) wi th  a r igh t  switch motion. Tones were 300 msec i n  
duration and approximately 70 dB SPL, presented over headphones. 
An Apple I1 9 1 A  in t e r f ace  generated 
tones and recorded reaction t i m e  t o  the nearest  millisecond as 
w e l l  as errors, Tones were presented asynchronously-that is, 
regardless of performance on t h e  f ly ing  task--every e igh t  
seconds. 

computer with a Cyborg Hodel 

Normally, it is prudent t o  u t i l i z e  t w o  l e v e l s  of d i f f icu l ty  
i n  the secondary t a s k  (Kantowitz SI Knic-?t, 1976) t o  ensure t h a t  
data can be theore t ica l ly  interpreted.  However, only one l eve l  
(3-choice t a s k )  w a s  used i n  t h i s  study because an earlier s t u d y  
using much the same secondary t a s k  (Kantowitz, Bart ti Bortolussi, 
1983) found no in te rac t ion  with two- and four-choice auditory 
secondary tasks. 

Procedure 

Each of t h e  21 f l i g h t  tasks were flown twice: w i t h  and 
without  t h e  secondary RT task. As a single-task control  
condition, t h e  RT t a s k  was performed alone i n  t h e  GAT cockpit a t  
t h e  end of each f l i g h t  level .  A l l  31 orders of f l i g h t  l e v e l  were 
used wi th  two subjects randomly assigned t o  each order. I n  each 
block ha l f  of t h e  p i l o t s  f l e w  t h e  task wi th  trne f i rs t  (dual-task 
condition) and the  other  h a l f  flew firs:: without tones 
(single-task condition). 

A l l  p i l o t s  were given approximately 30-40 minutes of 
simulator practice t o  l ea rn  t h e  f l i g h t  characteristics of t h e  GAT 
before s ta r t ing  t h e  experiment proper. Practice on t h e  auditory 
choice-reaction t a s k  continued u n t i l  a c r i t e r i o n  of 95% -98% 
accuracy was achieved. 

Immediately after each single-task f l i g h t  condition, p i l o t s  
completed bipolar ra t ing  scales for ten  items. During a l l  
simulated f l i g h t  airspeed, a l t i t u d e ,  x-y posi t ion and rudder, 
elevator and a i l e ron  control def lec t ion  were continuously 
recorded. 

RESULTS 

t 
The major concern t o  be evaluated i b  a comparison of single- 

versus dual-task performance fo r  the f ly ing  t a s k .  The r e l a t i v e  
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performance for t h e  2 1  f l i g h t  tasks of Table 1 is not  of major 
i n t e r e s t ,  e spec ia l ly  s ince  it is not  clear how t o  d i r e c t l y  
compare d i f f e r e n t  tasks, e.g., how much rms e r r o r  i n  a l t i t u d e  is 
equivalent t o  a given rms e r r o r  i n  heading? I t  is, however, 
poss ib le  t o  compare Paired and Complex tasks  wi th  the appropriate 
Base tasks s ince  here t h e  u n i t s  are comparable b u t  Paired and 
Complex tasks cannot be contrasted.  

Figure 1 shows rms e r r o r  for  s ing le-  versus  dual-task 
performance f o r  each of t h e  three l e v e l s  of complexity. Three 
separate analyses  of variance (one a t  each l e v e l )  revealed no 
s i g n i f i c a n t  d i f fe rences  between f l y i n g  a lone  and f l y i n g  p lus  
responding t o  tones for t h e  Base l e v e l  ( F ( 1 , l l )  = 0.04), Paired 
l e v e l  ( F ( 1 , l l )  = 0.54),  and Complex l e v e l  ( F ( 1 , l l )  = 0.18). Thus, 
adding t h e  secondary-tone t a s k  d id  not  a l ter  f l y i n g  performance. 

A vector  ana lys i s  was computed i n  order  t o  con t rns t  Base 
versus  Paired and Base versus Complex f l i g h t  performance. T h i s  is 
best i l lustrated by t h e  Base versus  Paired comparison which can 
be plotted i n  two-dimensional space b u t  t h e  extension t o  t h e  
three-dimensional space of t h e  Base versus Complex comparison is 
s t ra ight fornard .  L e t  u s  select as an example a comparison of Base 
performance of f l i g h t  tasks 1 and 2 i n  Table 1 wi th  f l i g h t  t a s k  7 
t h a t  demands simultaneous performance of tasks 1 and 2. I n  a 
two-dimensional space we can p l o t  Base performance w i t h  rms e r r o r  
i n  heading as a point on t h e  abscissa and rms e r r o r  i n  a l t i t u d e  
as another po in t  on t h e  ordinate .  Paired performame can be 
represented by a s i n g l e  po in t  i n  t h i s  vector  space. W e  then 
calculate t h e  length of t h e  e x i s t i n g  vector  represent ing Paired 
performance and a l s o  t h e  length of t h e  implied vec tor  formed by 
pro jec t ing  t h e  two Base p o i n t s  perpendicular t o  t h e i r  respec t ive  
axes u n t i l  they meet. Note t h a t  t h i s  implies  an equal weight ing 
of t h e  scales shown on t h e  abscissa and o rd ina te  and t h a t  such an 
assumption requires empirical  j u s t i f i c a t i o n  which w e  s h a l l  soon 
provide. F i g u r e  2 shows comparisons based upon vector  length.  As 
w e  would expect from Figure 1, t h e r e  was no s i g n i f i c a n t  effect of 
s ingle-  versus  dual-task for either t h e  Base vs. Paired 
comparison, F(1,384) = .14, or t h e  Base vs. Complex comparison, 
F(1,240) = 1.03. Bowever, s i g n i f i c a n t  effects ind ica t ing  
r e l i a b l y  smaller rms e r r o r  i n  t h e  Base condition were obtained 
for both Base VS. Paired, F(1,384)  = 31.63, p<.OOl, and Base vs. 
Complex, F(1,240) = 32.55, p<.OOl, comparisons. No s i g n i f i c a n t  
i n t e r a c t i o p s  were obtained f o r  e i t h e r  comparison. 

I n  order  t o  check t h e  v a l i d i t y  of t h e  equal-weighting 
assumption mentioned above, an addi t ional  ana lys i s  was performed 
whereby the  lenqth of a vec to r ' s  p ro j ec t ion  upon an axis  was 
compared t o  Base performance on t h a t  axis. If performance f o r  t h e  
Base condi t ion was worse than t h e  corresponding vector 
project ion,  t h i s  might i n d i c a t e  a trade-off between task 
components where outstanding performance on one task component 
(Le. ,  performance better than t h a t  component performed s ing ly  
during t h e  Base condition) was achieved a t  t h e  expense of 
performance on t h e  remaining vector  p r o j e c t i o n ( s ) .  There were 43 
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TASK 

Base tasks  1-6 
1 
2 
3 
4 
5 
6 

Paired tasks 7-15 
7 
0 
9 

10 
11 
12 
13 
14 
15 

Complex tasks 16-21 
16 
17 
18 
19 
20 
21 

Bote: w = p  .01 
*=p .05 

MEAN 

20.4 
22.2 
25 04 
22.3 
24.7 
20.6 

df P 

5.55 2 073" 

8,88 2 074" 
29.8 
35 09 
31 03 
'51 03 
32.1 
34.5 
29.8 
25.8 
31 e l  

5,55 3.5.; 
29.5 
35 09 
36.2 
39.5 
41 03 
36.4 

Table 3.  Weighted Mean Subjecti.ye Rating6 
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poss ib le  paired comparisons of t h i s  na ture  f o r  s ingle-  and a l s o  
f o r  dual-task performance. Since there were 1 2  subjects a t o t a l  
of 1032 data o i n t s  were examined (43 X 2 X 12) .  We searched for 

p ro jec t i cns  s ince  t h i s  would be a s i g n i f i c a n t  number of subjects 
by s ign  test. O f  t h e  to ta l  of 86 cell'e (43 s ing le -  and 43 
dtial-task) only 'ihree cells had 9 such deviant  po in t s  and no cell 
had 10 or more deviant  points.  Hence, we conclude t h a t  an  
equal-weighting assumption is reasonable for these data. 

To recapitulate, t h e  tor tuous  ana lys i s  of primary task 
performance, required since t h e  var ious  rms e r r o r  sca leo  are not  
equivalent,  showed t h a t  Base \erformance was better than either 
Paired or Complex performance. This is hardly an astonishng 
outcome and t h e  detailed vec tor  ana lys i s  should not  detract from 
t h e  more important result shown i n  Figure 1 t h a t  add i t ion  of a 
secondary task d id  not  a2ter primary f l igh t - task  performance. 

cells i n  wh I ch a t  least 9 subjects showed lesser vector  

1 
For each p i l o t  and each f l i g h t  t a s k ,  t ransmi t ted  infozmdtion 

!3its/sec) was calculated f o r  t h e  secondary three-choice reac t ion  
task. Since t h i s  measure takes both speed and accuracy i n t o  
account, it is t n e  optimal index of cecondary-task performance 
(Kantowite, Hart, 0 Bortolussi ,  1983). Figure 3 shows t h a t  
t ransmit ted information was highest  fo r  t h e  Base l e v e l  condi t ions 
and declined w i t h  higher f l i gh t - t a sk  l eve l s ,  F(2,22) = 8.23, 
p<.OO1. As was expected, r c i i a b l y  more information was t ransmi t ted  
during t h e  single-task cont ro l  conditions,  F(1,18) = 39.6, 
p<.OOl. Howeverc while t ransmi t ted  information was able t o  
d iscr imina te  among l e v e l s  of f l i g h t  task, three separate analyses  
of variance performed wi th in  each l e v e l  (Figure 4 )  weri? rnable  t o  
detect any reliable differences.  

Figure 5 s l . - ~ s  t h e  same results as Figure 3, except t h a t  
reac t ion  time and e r r o r s  are plotted sepa ra t e ly  rather than 
cob h e d  as t r a n m i t t e d  information. Effects of l e v e l  were 
s i g n i f i c a n t  for both reac t ion  time, F(2,252) - 33.1, p<.OOl, and 
errors, F(2,252) - 4.12, p<.O5. 

Subjects  were asked t o  rate each of 2 1  f l i g h t  tasks using 10 
bipolar r a t ing  scales. TSe results of t h e  analyses  of var iance 
i n d i c a t e  t h a t  a l l  t h e  ecales were able t o  d i s t ingu i sh  between a t  
least two of t h e  2 1  f l i g h t  tasks (Table 2.) .  

Further ana lys i s  was done t o  determim t h e  effect of f l i g h t  
task on r a t i n g  behavior. The sub jec t s  gave a sub jec t ive  r a t i n g  
of importance t o  each of the  10  scales. This importance r a t i n g  
was used t o  weight each sub jec t s  summed r a t i n g s  on a l l  t h e  scales 
for each of t h e  21 f l i g h t  tasks. Analysis of t h e  weighted mean 
scores over a l l  f l i g h t  tasks indicates t h a t  a t  least 2 of t h e  21  
f l i g h t  task means are s i g n i f i c a n t l y  d i f f e r e n t ,  F(20,220)=8.84, 
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p<.OOl. The f l i g h t  t a s k 6  were divided i n t o  3 categories and 
separate analysis  were calculated on the mean scores in each 
category. The results ind ica te  t h a t  a t  least 2 of the means f o r  
each category differ s ign i f i can t ly  (Table 3). 

'Po determine which f l i g h t  t a s k  means differed t-tests were 
calculated on a l l  possible pairs of f l i g h t t a s k s  within eaLh 
category. Tbe s ign i f i can t  wan differences are summarized i n  
Table 4. 

Base Tasks 
1 6 2 4 5 3 

Paired T a s k s  
1 4  7 13 15 10 9 11 12  8 

Complex t a s k s  
16 17 18 21 19 20 

Tasks  are arranged i n  increasing mean value for each 
category. The l i n e  indicates those means t h a t  do not  differ 
s i g n i f i c a n t l y  a t  p<.05. 

Table 4. Pairs of F l i g h t  T a s k s  

DISCUSSION 

R e s u l t s  c lear ly  showed t h a t  even t h e  most elementary f ly ing  
tasks (Base) produced measurable p i l o t  workload using t h e  
objective secondary-task technique. Furthermore, as t h e  f ly ing  
t a s k s  were made more complicated, progressing t o  Paired and 
Complex task8, workload increased even more, These findings are 
impressive confirmation of t he  u t i l i t y  of t h e  asynchronous 
choice-reaction secondary t a s k  used by Kantowitz, Hart and 
Bortolussi (1983). Primary t a s k  performance was unaffected by the  
addition of t he  secondary tone-task w h i l e  transmitted information 
decreased w i t h  f l ight- task complexity. 

Subjective rat ings conf itmed t h e  object ive results, 
Furthermore, us ing  ra t ings t h a t  weighted t h e  importance of t he  
bipolar r a t ing  scale produced a metric t h a t  could dis t inguish 
workload w i t h i n  one of t h e  three c l a s ses  of f l i g h t  tasks. 
Therefore, t h i s  improved subject ive scale was more sens i t i ve  than 
t h e  objective measure which could not discriminate within a 
class. Due t o  the  short duration of each f l i g h t  tack, it is 
unlikely t h a t  t h e  superior i ty  of the  weighted ra t ing  sca l e  can be 
a t t r ibu ted  t o  its measuring peak, ra ther  than average, workload 
as shggested by Kantowitz et a1 (1983). Instead, weighted ra t ings  
may j u s t  be more sens i t i ve  measures. The use  of such ra t ing  data 
is acceptable when confirmed by object ive results. 

The next  s t e p  Is t o  repeat t h i s  experiment using f l i g h t  
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scenarios that combine more complex f l i g h t  demands, Thus, instead 
of one of the present B a s e  ta8k8,  e.g., f l y  a t  constant speed, w e  
would s u b s t i t u t e  a tracking t a s k ,  e,g. WIR tracking. Then the  
corresponding Paired level would require VOR tracking while 
maintaining constant speed. Pinally,  an analog t o  the  present 
Complex level would require VOR tracking, constant speed and 
controlled descent, W e  would a n t i c i p a t e  results similar t o  the 
present with greater object ive and subject ive worhioad associated 
w i t h  increasing t a s k  compexity. 
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Some of the r e l a t ive  ererits of the PROCBU approach t o  modelling Irulti-crew 
f l f g h t  deck activity durlng approach to  landing are discussed. On the bas i s  of 
tvo realistic f l i g h t  scenarios, the a b i l i t y  of the rodel to sionlate d i f f e ren t  
vectored apFmaCheS is demonstrated. A second exemplary analysis  of a nominal 
and an a L x l e r a t e d  f i n a l  approach is performed, i l l u s t r a t i n g  the  poten t ia l  of 
the expected ne t  gain (ENGP) functions as a measure of decision- load. 

1. mTRmCT1m 

The a b i l i t y  Lo analyze variuus aspects of crew a c t i v i t y  during the  carry- 
lng out cf well defined f l i g h t  scenarios is of grea t  po ten t i a l  value, both as 
a developmental t oo l  f o r  the  design of f l i g h t  decks and as ar a i d  f o r  u l t i -  
mately approving t h e i r  airworthiness. Included ammg the  varlous issues to  be 
addressed i n  t h i s  respect are the  quantity,  qua l i ty  and syachronizacioa of 
(electronic) display information, minimum equipment lists, rninhm crew com- 
plements, n o m 1  operating and emergency procedures, system safe ty  and relia- 
b i l i t y  assessments, f a i l u r e  analyses and crew workload evaluation. Because the  
c e r t i f i c a t i n g  of modern automated f l i g h t  decks is i n  i t s e l f  a l so  a very com- 
p l e x  undertaking, demanding as ins igh t fu l  and methodical an approach as pos- 
sible, sM1ar objective ana lys i s  tools are necessary f o r  t h i s  task  as w e l l .  
Ideally,  
hsnd throughout a l l  of the  various engineering evaluation, t e s t ing  and design 
review stages. As cockpit technology becomes more integrated and the  p i l o t  
increasingly assurnes the role of system supervisor, the log ica l  trend is t o  
r-oannence such j o i n t  development and c e r t i f i c a t i o n  e f f o r t s  ever earlier in the  
project  'lanning and design stages. 

a fact, development and c e r t i f i c a t i o n  e f f o r t s  should proceed hand i n  

Conventiowr!ly, a number of (overlapping) approaches have been adopted 
fo r  pred ic \+vs  aad evaluating crew performance and "workload" during ear ly  
s tages  of design and f o r  "measuring" it  during the later stages. These include 
applpky both objective performance measures and subjective expert opinion 
ratin,, t o  the evaluating of limited scale (laboratory) experiments, ( s t a t i c  
or iynamic) mockup assessmentct, fu l l - sca le  (fixed- o r  movlng-base) simulations 
I d, u l t i m a t e l y ,  prototype f l i g h t  tests. In the less advanced design stages,  
that is, before mockups, simulations o r  test f l i g h t s  have become ( e c o n d -  
cal ly)  feasible ,  task ana ly t ica l  methods may be used i n  order t o  ind ica te  
obvious d e s i p  shortcomings and poten t ia l  opera t ima1 problems. 

Aualytical methods can be categorized i n  many ways, one of which is t o  
d i e t f y u i s h  between the  use of closed-form s o l u t l m s  and the use of Monte 
h + l o  numerical simulaticn methods. A l a rge  porticxc of the  w d e l l i n g  e f f o r t s  
i n  the past decades, especial ly  i n  the  realm of control  theore t ic  models, has 



concentrated 011 the class of closed-fore solutions, which renders predictions 
of stochastic ensemble-averaqe pcrfurslance measures. These models have a clear 
economical advantage O\ ' t i  those vhich generate and then accumulate individual 
sieulation run8 fu order ultinrately to derive similar enseable averaged mea- 
sures. Closed-form modelling efforts have in general been liarited, however, to 
the eodeiling of well defined, constrained and continuous task performance. In 
order to Podel more cosplex mlti-task, multi-crew e e d  discrete-continuous 
task performance, it is clear that Important considerations with respect to 
system linearity, stationarity and ergodicity must carefully be taken into 
a c c m t  before closed-form ensemble average prediction models may be employed. 
Althuugh the importance of 'average' measures has certainly not decreased, it 
has become increasingly useful to employ numerical simulations of individual 
time lines as a human performance evaluation technique. 

Another -8 of categorizing analytical methods is via bott-up vs. 
top-down emdelling. 
date fall under the bottasl-up classification and have been Implemented by 
means of a variety of so-called "network models". Tn bottam-up modelling, 
human performance is synthesized from a sequence of fundamencl activities, 
such as ~ l e ~ ~ o r y  recalls, control actions, etc. (For discussion ot :he proper- 
ties and relative merits of network models, the reader is referred to < I ) . )  
Two significant weaknesses of such methods are the difficulties frequently 
encountered during model checkout and validation, due to the intrinsic inter- 
connectedness of the various task sub-models, and their stoug dependence upon 
and sensitivity to the quality of data which must be gathered for setting 
model parameters. With respect to the latter, especially in mdern integrated 
cockpits where humans perform prharily as system supervisors, the gathering 
of reliable behavioural data which relate to what the pilots are actually 
'doing' is clearly very difficult. 

The majority of operational tw-line analysis methods to 

In contrast to bottom-up methods, top-dm models commence with a des- 
cription of the task environment (system) 4.hat includes goals and sub-goals 
and then attempt to characterize the human component in modular fashion at the 
task or function level (1). More often than not such models are implemented 
normatively, that is, in a manner whereby the behaviour of the operator (and 
thus hidher performance) is prescribed according t o  a set of normative rules 
which are explicitly set up in order to optimize system performance with res- 
pect to its soals and sub-goals. 
therefore, involves ascertaining whether or not the predicted performance 
measures, detarmined by a particular set of (sub)task objec-ives, match the 
corresponding operational performance measures. This is in contrast to the 
validating of strictly bottom-up models, which require that the performance of 
each model subcomponent agree with that of its structural analogue. 
more, because normative (sub)models need not necessarily be functionally 
anthropomorphous (although this is higUy desireable), the reliability of 
their predictions is much less dependent upon empirical data. 

"Validation'' of a particular (sub)model, 

Further- 

The PROCRU madel of flight crew procedure-oriented behaviour during com- 
mercial ILS approach-to-landing scenarios is a top-down model which combines 
elements of both normative and non-normative modelling, in order to generate 
numerically simulated time-lines of both continuous and discrete activity and 
of various covert and overt behavioural measures. The normative elements of 
PROCRU comprise well established optlmal control, estimation and decision 
theoretic 'submodels' of human perfornancc, which have been implemented in 
order to simulate the continuous regulating, monitoring, information proces- 
sing and decision making behaviour of two interacting crew members: a pilot 
flying (PF) and a pilot not flying (PNF) . Because most of the aiscrete tasks 
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associated with an ILS approach to landing, which do not easily lend 
themselves to continuous modelling, are well defined routines which must be 
executed under well defined, event-related conditions, it has been possible to 
simulate the actual carrying out of such discrete procedural activity by uieans 
of purely functional modelling and to integrate this discrete behaviour with 
the associated continuous sub-task behaviour. 

For a detailed description of the concepts underlying the PROCBU -del 
and of the details of its implementation, the reader is referred to (2). Other 
more global descriptions of the d e l  may be found in (1) and (3). The objec- 
tive of this paper is to illustrate some of the top-down normative and non- 
normative aspects of the PROCBU model by providing a demonstration of some of 
the means by which PROCBU may be employed operationally in order to evaluate 
both overt crew activities during approach to landing and the normative deci- 
sion making demands placed on the pilots while carrying out these activities. 

2. EVALUATION OF LANDING PERFORMANCE 

In order to illustrate PROCRU's ability to simulate outer loop landing 
performance, a short exemplary analysis has been carried out on the basis of a 
realistic landing scenario. The aircraft siraulated is a Fokker F-28, manually 
operated by a 2-person crew. Alrcraft and pilot parameters have been speci- 
fied according to reference (2). The mission simulated is a standard ILS 
approach to landing on Runway 19R of Schiphol International Airport in The 
Netherlands, coming from the south. The approach is radar vectored and is 
performed under IFR, CAT I1 weather conditions, with a 150 foot cloud cover. 
No other traffic has been simulated and aircraft conditions are normal. In 
order to illustrate the effect of different levels of inteusity of procedural 
activity, two versions of this basic mission scenario have been simulated: a 
long-turn approach and a short-turn approach. The ground tracks of these two 
approaches have been superimposed upon the map given in Fig. 1. 

Both the mission scenarios and the outer loop PROCRU simulation results 
are summarized in Fig. 2 and Table 1. 
flight "milestones". Once the airport, aircraft, crew and procedural para- 
meters have been set, the course of each scenario is determined by the air 
traffic control (ATC) vectors. Except for two changes the vectors used to 
generate the short-turn approach .!n Fig. 2B are the same as those f*.r the 
long-turn approach in Fig. 2A. 

The latter appear in the form of major 

Comparing Table 1A (long-turn) and 1B (short-turn) we see that the two 
scenarios correspond up to and including milestone no. 4. In the short-turn 
approach the crew is instructed at time t=290 s to decelerate in addition to 
the turn to 360'. This deceleration, which is not encountered in the long-turn 
approach, causes a decrease in the aircraft's velocity in the x-direction. 
Because in the long-turn approach the aircraft is travelliug faster when the 
"decelerate to 180 Kts" command is given, the "Flaps 11" request (milestone 
no. 9) which is triggered by vu180 Kts occurs 76 8 later than in Table 1B. 
milestone no. 10 the crew is instructed in the long-turn approach to turn to 
145' and decelerate to 140 Kts, whereas the short-turn initial approach phase 
is speeded up by instructing deceleration to 160 Kts instead. 

At 

In the long-turn scenario there follows a period of straight and level 
flight before localizer (LOC) intercept (milestone no. 12) at 2.5 dots. After 
the turn to localizer (190') there follows another period of straight and 
level flight (2000 ft, 140 Kts) until the glideslope (GS) is intercepted at 
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2.9 dots ,  milestone no. 16. In the  short-turn scenario, on the  other hand, 
inmediately a f t e r  the turn  to  145' and deceleration t o  160 K t s  the  loca l izer  
is intercepted, a l so  a t  2.5 dots. Similarly, immediately upon completion of 
the turn t o  loca l izer  the  glideslope is intercepted, a t  1.2 dots  deviation. 
This leaves comparatively l i t t l e  t i m e  f o r  making the prescribed gear request 
(at -1.0 dots) and then conrmencing the  f l a r e  t o  GS (-2.5'). Iremediately pr ior  
to  crossing the GS a "Flaps 25" request is i n i t i a t e d  and deceleration to  137 
K t s  is commenced. In s p i t e  of these rapidly successive manoeuvres the  air- 
c r a f t  i n  the short-turn scenario es tab l i shes  i t s e l f  successfully on the  LOC 
and GS and the  f i n a l  approach which follows is essent ia l ly  iden t i ca l  t o  that 
of the long-turn scenario. 

This example i l l u s t r a t e s  the capabi l i ty  within PROCRU t o  d i rec t  a simu- 
la ted  a i r c r a f t  by means of (preprogrammed) ATC vectors a t  d i f f e ren t  rates 
along d i f fe ren t  nomlnal t r a j ec to r i e s ,  characterized by a set of a l t i t u d r ,  
velocity,  heading angle and path angle prof i les .  
the short- and long-tun scenarios simulated here are i l l u s t r a t e d  i n  Fig. 3. 
The method by which these t r a j ec to r i e s  are flown is such that a t  any moment i n  
time the a i r c r a f t  is flown along one of f ive  nominal t ra jec tory  segments, cor- 
responding t o  f i v e  standard, well-defined manoeuvres: Straight  & Level f l i g h t ,  
Deceleration, Turn, Flare and Descent. The p i lo t  f lying (PF) computes and 
(manually) implements the  deterministic nominal trlm control vector  necessary 
f o r  carrying out each manoeuvre. 
out random disturbances; t h i s  task is modelled by means of the Optimal Control 
Model. 
changes along the approach t ra jec tory  a r e  a l s o  included i n  the  model. 

The respective p ro f i l e s  f o r  

The PF is responsible als:. f o r  regulating 

Systematic changes i n  a i r c r a f t  dynamlcs corresponding t o  aerodynamic 

From the  above it is c l ea r  tha t  one should not underestimate the compu- 
tational compiexities involved i n  obtaining the nominal t r a j ec to r i e s  i l l u s -  
t ra ted  i n  Fig.'s 1-3. More importantly, it is imperative t o  r ea l i ze  tha t  
these t r a j ec to r i e s  are "flown" not by a complex but nevertheless determinis t ic  
trim-computing algorithm, but by a "stochastic" p i l o t ,  who has perceptual 
l imitat ions,  who can only monitor one display c lus t e r  a t  a time, who must 
perform a number of o;;her important prescribed f l i g h t  procedures and who must 
decide whether o r  not the carrying out of the  required nominal manoeuvre is a t  
a l l  the most important act ion t o  be undertaken a t  a par t icu lar  moment. 
lat ter aspect of PROCRU is dea l t  with in the  following section. 

This 

3. EVALUATiON OF DECISION-MAKING DEMANDS 

Whereas sect ion 2 I l l u s t r a t e s  those aspects of the model which determine 
the outer loop f ly ing  of the airplane,  i n  the  present sect ion we look a t  the 
underlying goal-oriented decision-making processes which govern tha t  f lying 
behaviour as w e l l  as other  procedural a c t i v i t i e s .  In order t o  accomplish t h i s  
two more landing scenarios have been defined, focussing on the f i n a l  approach 
sections only. 
ident ica l  (Fig.'s 1-3) one of these (the short-turn scenario) was chosen a s  
the nomiual scenario f o r  the  present example and a new scenario f o r  an 
'accelerated' f i n a l  approach was defined. 

Since the  two f i n a l  approaches i n  the f i r s t  example a r e  almost 

The ground t racks f o r  these two scenarios a re  shown i n  Fig. 4. The 
accelerated approach was created by i n i t i a t i n g  the simulation immediately 
pr ior  t o  the loca l izer  in te rcept ,  with a veloci ty  of 140 K t s ,  heading 160' and 
a l t i t u d e  1500 f t .  As was shown i n  sect ion 2, the  a i r c r a f t  i n  the nominal case 
has su f f i c i en t  time a t  2000 f t  t o  complete the  turn t o  loca l izer  (190') and 
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functions. 
any moment i n  t i m e ,  on the bas i s  OI which p r io r i ty  for  execution of that pro- 
cedure is decided. 
and dpnamlc gain of the  procedure. 

These functions assign a measure of "urgency" t o  each procedure a t  

This is done rather  elegantly,  i n  terms of both the  s t a t i c  

The static ENGP value is a constant which is chosen t o  r e f l e c t  the base- 
line value associated with the  procedure. It 8erves the dual purpose both of 
es tabl ishing a defaul t  a c t i v i t y  f o r  each crew member, as discussed earlier, 
and of deciding between two or more procedures which may happen t o  be equally 
relevant at any par t icu lar  t ime.  
designed to  represent the "s i tuat ional  relevance" of each procedure. 
"situational" aspect is  determined by a function, presently a un i t  s t ep  
function, which enables its corresponding procedure following the  occurrence 
of an appropriate event. 
is e i the r  a function of the p i l o t ' s  s tochast ic  i n t e rna l  estimate of a relevant 
state var iable  o r  an exp l i c i t  function of external  events. 
of functions is mdel led  i n  PROCRU by means of two types of "appropriateness" 
functions, which become non-zero contingent upon exceedence of either a preset  
critical leve l  or a tolerance window. The latter are implemented by means of 
a "timeliness" function, which weighs the gain f o r  executing a procedure as a 
function of the  elapsed t i m e  following a predicating event. 

The dynamic part of the ENGP function is 
The 

The "relevance" aspect of the  dynamic ENGP function 

The former class 

The ENGP functions c lear ly  f u l f i l l  an important ro le  i n  the normative 
PROCBU model. 
bas i s  of maximizing expected ne t  gain corresponds t o  the goal-directed be- 
haviour associated with top-down modelling discussed earlier. 
wherein the individual gains f o r  e A t a t i n g  two or  more procedures conf l ic t ,  i t  
is possible t o  postulate  tha t  the t o t a l  decisionla,ring load imposed upon the  
p i l o t  ( 8 )  increases accordingly. 

That is t o  say, the choosing of procedures f o r  execution on the  

In  s i t ua t ions  

In Fig.'s 6B-9B t h i s  postulate is i l l u s t r a t e d  i n  the  p lo t s  of the ENGP 
functions corresponding t o  the procedures i n  Fig. 6A-9A. In Fig. 6B it is 
clear tha t  the PF undergoes l i t t l e  decision-making load. In Fig. 7B, however, 
w e  see that the ENGP function f o r  defaul t  procedure no. 26, Flying the Air- 
plane, has r i sen  above i ts  minimum constant value (0.3), i n  contrast  t o  proce- 
dure no. 26 i n  Fig. 6B. 
the glideslope overshoot discussed earlier (see Fig. 5). Because the proba- 
b i l i t y  of the s t a t e  vector components' being within tolerance is decreased i n  
t h i s  case, ENGP appropriateness function no. 26 is correspondingly larger .  
This gives r i s e  t o  a number of minor conf l i c t s  with other  ENGP functions,  
namely the retrim porcedure (no. 4) and message decoding (no. l ) ,  which have 
r i s en  t o  l eve l s  higher than those a t ta ined  i n  Fig. 6B. 

The behaviour of t h i s  function is the  ne t  r e su l t  of 

Similar conclusions t o  the above may be derived from the ENGP p lo t s  f o r  
the PNF i n  Fig. 8 B  and 9B. In Fig. 9B the  ENGP appropriateness function no. 
22 (monitoring a i r c r a f t  s t a tus )  a l so  achieves leve ls  much higher than i n  Fig. 
8B, due t o  the same consequences of the  glideslope overshoot. The conf l ic t  
s i tua t ion  which w e  observe here is tha t ,  because ENGP function no. 22 is 
r e l a t ive ly  high, EEJGP function no. 21 (approach s t a b i l i t y  monitoring) a l so  
increases accordingly, since procedure no. 21 cannot be executed u n t i l  
ENGP(21) is grea te r  than EhdP(22). Fig.'s 8B and 9B are furthermore especial ly  
in te res t ing  when recal l ing the procedure time-lines i n  Fig.'s 8A and9A. 
There it was noted e a r l i e r  t ha t  i t  is d i f f i c u l t  t o  discern between the  osc i l -  
l a tory  behaviours i n  each figure.  
ever, much more insight  is now available;  although the (covert) performance of 
the two supervisory PNF's is s imilar  i n  the two scenarios, i t  is  now possible 
t o  speculate t ha t  t h e i r  behaviours a r e  indeed different: . 

On the  bas i s  of the  ENGP functions, how- 

377 



then commence the f l a r e  t o  glideslope (-2.5O). 
however, the turn t o  1 c . a l i e e r  is  begun a t  1500 f t  with loca l izer  deviation 
2.2 dots. Immediately a f t e r  the turn is commenced the glideslope becomes a l ive  
a t  1.0 dots. During the turn, and i n  quick succession, the GS a l i v e  cal lout  
is made and then processed, the  f i n a l  approach checkl is t  is requested and then 
L Arted, the gears are requested and lowered, Flaps 25' are requested and the 
outer marker (nM) becomes active! 
glideslope is commenced with the a i r c r a f t  already 0.3 dots  above the  glide- 
slope. The resu l t ing  overshoot reaches a maximum of 1.0 dots ,  but is slowly 
corrected over a period of approximately 90 s. 
s e t s  of p ro f i l e s  eventually converge j u s t  p r ior  t o  touchdown and sa fe  landings 
are achieved i n  both cases. 

In  the accelerated approach, 

When the  turn  is completed the  f l a r e  t o  

As shown in Fig. 5 the  two 

In order t o  discuss more thoroughly the spec i f ic  act ions which have been 
carr ied out by the  p i l o t s  i n  enacting these two landing scenarios, Fig.'s 6-9 
are presented. In  each of these f igures  the upper plots (Fig. 6A-9A) show the 
"procedure time l ines"  generated by PROCRU. Keeping i n  mind tha t  in the  model 
each p i l o t  is occupied a t  a l l  times with one and only one procedure, these 
p lo t s  consis t  of a series of binary 'pulses', whereby OFF (low) corresponds t o  
inact ive and ON (high) corresponds to  procedure active.  There are 27 of these 
procedure curves f o r  the  PF and 28 f o r  the PNF. The procedure numbers corre- 
sponding t o  each procedure p lo t  are shown along the  v e r t i c a l  axis. In Table 
2A and 2B lists of the  ,ictions zqd enabling conditions corresponding t o  each 
procedure are given f o r  the PF azLd PNF respectively.  
and 2B, not a l l  procedure numbers are implemeyted f o r  the  present scenarios; 
they are nevertheless a l l  plot ted i n  Fig.'s 6-9.) 

(As evident i n  Table 2A 

Of spec ia l  i n t e r e s t  i n  these f igures  are the so-called "default" proce- 
dures, comprising those a c t i v i t i e s  which are carr ied out by e i t h e r  crew member 
during periods i n  which no other a c t i v i t i e s  are demanded. For the PF 
(Fig. 667) t h i s  is procedure 26: Flying the Airplane, and fo r  the PNF (Fig. 
869) t h i s  is procedure 22: Monitoring Aircraf t  Status. As evident i n  the  
f igures ,  i n  contrast  t o  the rest of the  procedure t i m e  l i n e s  which are usually 
inact ive and only on occasion act ive,  the  two defaul t  procedures exhibi t  the 
reverse pattern. 

The types of conclusions which may provisionally be drawn from these t i m e  
l i n e s  are re l a t ive ly  straightforward. By noting how densely spaced and perio- 
d ica l ly  the (non-default) procedures occur, i t  is possible t o  derive (numer- 
i c a l )  measures f o r  quantifying " intensi ty  of act ivi ty" .  Comparing Fig. 6A and 
7A, f o r  example, we see, as expected, tha t  the "activity" of the PF appears t o  
be s l i g h t l y  more intense during the accelerated f i n a l  approach. In Fig. 8A and 
9A the most conspicuous pa t te rn  is the  periodic a l te rna t ing  between the  de- 
f a u l t  procedure 22 (Monitoring Aircraf t  Status)  and procedure 21 (Monitoring 
Approach S tab i l i t y )  a f t e r  the Outer Marker (OM) has been passed. It is not 
immediately obvious from these p lo t s  whether the in t ens i ty  of PNF a c t i v i t y  is 
greater  f o r  the nominal than f o r  fo r  the accelerated approach. 

Although the information contained i n  the  procedure time l i n e s  is of 
great  po ten t ia l  value t h i s  information I s  nevertheless l imited,  due t o  the  
f a c t  that  only one procedure is ac t ive  i n  the model a t  any one time. It is not 
possible,  therefore,  t o  derive d i r ec t ly  from these p lo t s  insight  i n to  the 
informetion processing considerations which have l e d  t o  the  decisions t o  carry 
out par t icu lar  procedures a t  par t icu lar  moments i n  time. Consequently, it is 
a l so  not easy t o  detect  the  occurrence of conf l i c t s  which may have a r i sen  
while these decisions were being made. 
ever, from the  so-called Expected Net Gain f o r  Procedure execution (ENGP) 

Such informatlcn is avai lable ,  how- 
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Finally, it is obvious that an efficient means of integrating the above 
ideas is to add up the ENGP functions over all of the procedures for each 
pilot and to produce a total summa ted ENGP function, which has many attrac- 
tive aspects as a potential measure of total procedural-related decisionmaking 
demand. 
functions corresponding t o  Fig.'s 6-9. 
with respect to the postulated increase in decision-making load on both the PF 
and PNF during the accelerated approach are illustrated here very clearly. 

This notion is illustrated in Fig. 10, which shows the summated gain 
All of the points diecussed earlier 

4. CONCLUSIONS 

The exemplary analyses and discussions in this paper demonstrate some 
practical operational applications of analytical modelling, in particular of 
the PROCRU procedure oriented crew model, for predicting problems and pot- 
ential conflicts in flight crew decision-making during approach to landing. 
Because covert supervisory behaviour of human operators is difficult to 
measure, mathematical human performance modelling is expected to become 
increasingly important as modem flight decks become more integrated and the 
supervisors' tasks grow more complex. Although simulation time-lines have 
proven t o  be useful for investigating different aspects of crew behaviour, 
most traditional bottom-up methods possess a number of serious weaknesses. 
Top-down (normative) modelling, on the other hmd, goes a long way towards 
alleviating these problems. The top-down PROCRU approach, as illustrated 
here, also retains a number of favourable aspects of functional bottom-up 
modelling, in order to generate time lines of both discrete and continuous 
flight task activity and of both overt and covert pilot behaviour. 
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TABLE 1(A) 

PRCZRU Lon&-tun- approach into Schiphol runwajr 19R; milestone summary. 

no. 
1 
- 

2 

3 

4 

5 
6 

7 
8 
9 

10 

11 

12 

13 

14 

15 
*6 
17 
18 

19 
20 

time (s) 
0 

83 
85 

130 

290 

,943 
3 0  
400 

432 

443 
475 
529 
53 1 

573 
67 1 

708 
753 
882 

892 
903 

Description 

Altitude = 7000 ft., Velocity = 25U kfs, Heading = 010" 
ATC vector: "Descend t o  4500 ft." 
ATC vector: "Decelerate to 210 kts ;  descend t o  2000 ft." 

Flares from f l i g h t  path angle -4. 1' t o  0' at 4500 f't, t o  
decelerate. 

Flares from f l i g h t  path angle 0" t o  -2.4' t o  descend t o  
2000 Ft. 
AW vector: "Turn t o  360"" 
Flares from f l i g h t  path angle -2.4" t o  0" at 2000 f t .  

Begins turn from 010' t o  360" 

AW vector: "Decelerate t o  180 kts, t u n  t o  100"" 

Begins turn from 360' t o  looo (after the deceleration); 
PI? requests i n i t i a l  f laps ( 1 1") 

ATC vector: "Tuw t o  145"; decelerate t o  140 kts." 

ATC : "Cleared f o r  approach'' 

Intercepts localizer at 2.5 dots deviaticr: 

Begins turn t o  190' t o  the local izer  

Intercepts glidesiope at -2.9 dots deviation 

PF requests landiug gear down 

PF requests approach f laps  (25') 
Outer Marker active 

Middle Marker active 

PNF c a l l s :  "Runway in sight" 

Flares from f l i g h t  path angle -2.5' t o  0' i n  order t o  land 



TABU i ( B )  

E'ROCRU Short-turn approach into Schiphol r u n w a y  19R; milestone surnuary. 

Bo. 
1 
- 

2 

3 

4 

5 
6 
7 
0 
9 

10 

11 

12 

13 

14 

15 
16 

18 
19 
20 

17 

time (s) 

0 

83 

85 

110 

2 9 c  

ae 
300 

313 

356 

356 
37c 
383 
404 
407 
417 
449 
493 
62 1 

632 

64 2 

Description 

Altitude = 7000 ft., Velocity = 250 k t s ,  Heading = 010' 
ATC vector: "Descend t o  4500 ft." 
ATC vector: '*Decelerate t o  210 kts ;  descend t o  2300 ft." 

Flares froa f l i gh t  path angle -4.1 t o  Oo at k500 ft. t o  
3ecelerste. 

Flares from f l i gh t  path angle Oo t o  -2.4O to descend t o  
2000 ft. 

An: uector: "Turn t o  360'; dexelerate t o  I90 kts" 

nares from f l i gh t  path angle +.bo t o  0' at 2000 ft. 

begins turn f r o m  O I O O  t o  360O 

An: vector: "Decelerate t o  180 kts, turn t o  100'" 

PF requests i n i t i a l  f laps ( 1 l o )  

ATC vector: "Turn t o  145'; decelerate t o  160 kts" 

ATC : " C l e a r &  for appraach. 'I 

In i t i a t e s  deceleration from 183 t o  160 kts. 

Intercepts localizer at 2.5 dots dev-ation 

Intercepts glideslope a t  -1.2 dots deviation 

PF requests lauding gear down 

PF requ2sts approach flaps (25O) (glideslope dev. 0') 

Outer Marker active 

Middle Marker active 

F%F ca l l s :  "Runway i n  sight" 

Flares from f l igh t  path angle -2.5' t o  Oo i n  order t o  land 
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ORWNN PAGE 6 
OF POOR QUALIW 

ALTITUDE PROFILE 

TO 
TIME-TO-TOUCHDOWN ITD) 

HEADING PROFILE 

PATH ANGLE PROFILE 
2. 

- 

c 

TO 
T IME-TO-TOUCHDOWN !TO) 

FIG. 3 FLIGHT PROFILES FOR SHORT- AND LONG-TURN SCENARIOS -- - -- LONG-TURN - SHORT-TURN 
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FIG. 4 GROUND TRACKS FOR NOMINAL AND ACCELERATED FINAL APPROACHES - - NOF 1 NAL (SHORT-TURN) 

- - - ACCELERATED 
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FINAL APPROACH: ALTITUDE 

FINAL APPROACH HEADING 

DEGREES 

, 
180 ' I/ I 

FINAL APPROAW: PATH ANGLE 

DEGREES 

FINAL AppsoAcH: VELOClTV 

? 
s 
8 * 

B 

120 - 
- 

100 1 ' " 1 1 ' " ~ ~ ' '  

-200 
TIME-TO-TOUCHDOWN (SECONDS) 1 

FIG. 5 FLIGHT PROFILES FOR NOMINAL AND ACCELERATED FINAL APPROACHES - - NOHINAL (SHORT-TURN) - - - ACCELERATED 
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do. 

1 

2 

3 
1 
5 
6 

- 

7 
8 

9 
16 

18 

19 
20 

21 

23 

24 

25 

17 

26 

27 

TABU 2A 

Procedures for  P i lo t  Flying (PF) 

Procedures 

Decode message 

Request I n i t i a l  Approach CL 
Request Final Approach CL 

he-trim 

Process ATC command 

Flaps request : 1 1' 

25O 

42O 

Respond t o  F i n a l  Approach CL 

Respond t o  nRunway-in-sightn 

Set Altitude Alerter 
Rewest Gears-down 

Flare t o  GS-trim 

Flare t o  TD-trim 

Turn onto LOC-trim 

Decel t o  137 kts  

Decel t o  127 k t s  

Decel t o  117 k t s  

Turn off Altitude Alerter 

Execute Missed Approach 

Fly the airplane 

Process a l t i tude callouts 

Enabling Condition 

Any audio ac t iv i ty  

Detects a l t i tude  < 5000 ft 
Detects al t i tude < 2000 ft 

Performing a manoeuvre 

ATC message decoded 

Detects Velocity = 180 k t  

Detects Glideslope intercepted 

Detects Altitude = 1500 ft 

PNF performs Final Approach CL 
"Runway- in-s ight decoded 

Change a l t i tude  command decoded 

1 dot below glideslope 

a dot below glideslope 

Detects a l t i tude  < 50 ft 
Detects Localizer "ON" 
Detects GS-intercepted 

Detects a l t i tude  < 1500 f t  

Detects a l t i tude  < 150 f t  

Altitude Alerter Alarm decoded 

Missed Approach callout decoded 

(Default procedure : always enabled) 

Altitude callcut decoded 
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NO. 

1 

2 

3 
4 
5 
6 

8 
9 
10 

21 
22 

23 
24 

25 
26 
27 
28 

- 

TABU 2B 

Procedures for Pilot  Mot Flying (PEW) 

Procedures 
Decode message 

Loc A l a r m  callout 

Gs Alarm callout 
OM Alarm callout 

MM Alarm callout 

Begin monitoring external scene 
for Runway i n  Sight 

Respond t o  Flaps request 

Respond t o  Gear request 

Acknowledge ATC message 

Monitoring approach st abi l i ty  

Monitoring aircraf t  status 

1000 f t  alt i tude callout 

500 ft alt i tude callout 

Enabling Condition 

Any audio activity 
LOC Alarm decoded 

Os Alarm decoded 
OM Alarm decoded 

MM Alarm decoded 
Petects a l t i tude = search height 
= cloud cover ( 150 ft) + 75 ft 
Flaps request decoded 

Gear request decoded 

ATC message decoded 

OM Alarm decoded 

(Default procedure: always enabled) 

Detects alt i tude = 1000 + 25 f t  

Detects alt i tude = 500 + 25 Ft 

Approach minimum alt i tude callout Detects alt i tude = 300 + 25 ft 

Minimum alt i tude callout Detects alt i tude = 200 + 25 f t  

Perform Initial Approach CL Initial Approach CL request decoded 

Perform Final Approach CL Final Approach CL request decoded 
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PROCEDURES PF 
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PROCEOURES PNF 
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THE STERNERG TASK AS A WORKLOAD METRIC IN 
FLIGHT HANDLING QUALITIES RESEARCH 

U 

John C. Hemingamy 
AmesReoervchCWltW 

Moffett Field, California 

The objective of this research was to determine whether the Sternberg ate- 
recognition task, employed as a secondary task measure of spare mental capacity for 
fllght handling qualities (MQ) sinrulstion research, could help to differentiate 
between difi'erent flight-control conditions. FEQ ewaluatioas vere couducrei on the 
Vertical Hotion Simulator at Ames Research Center to investigate different .rlmary 
flight-control configurations, and selected stability and control augmentsLion 
levels for helicopters engaged in low-level fligbt regiraes. 
superimposed upon the primary flight-control task in a balanced experimental design. 
The results of parametric statistical analysis of Sternberg secondary task data 
failed to support the continued usa of this task as a measure of pilot workload. 
In addition to the secondary task, subjects provided Cooper-Harper pilot ratings 
(CHPR) and responded to a workload questionnaire. 
provide reliable statistical discrimlnation between FElQ treatment conditions; some 
insight into the behavior of the secondary task was gained from the workload ques- 
tionnaire dara. 
task as a workload metric is also provided. 

Tbe Sternberg task was 

The CHPR data also failed to 

A limited yeview of the literature on the use of the Sternberg 

INTRODUCTION 

The advent of sophisticated flight-control spsteme technologies, including 
digital avionics, systeia actuators, and fly-by-vire/f ly-by-optics (FBW/FBO) systems, 
has lent a ilew dimension to the design of flight controls, and Stability and control 
augmen! ition systems (SCAS). Technical innovations, including side-arm controllers, 
variable SCAS, and advanced multimode displays, are commonplace in modern military 
and commercial aircraft. 
by conventional mechanical, hydraulic, and electromechanical flight-control systems 
no longer apply. 
tems design within the total mission/systems context; He is more likely to be con- 
strained by his own creatide abilities than by available technologies. 
operational flexibility, if not improved cost, ret-iability and maintainability 
figures-of-merit ensure the eontinuing application of modern technology. 
advanced designs are resulting i n  greater demands on flight handling qualities (PHQ) 
research personnel to glean the full advantage afforded by the new technologies, 
and to determlne optimal man-machine mixes. 

Previous constraints imposed on control system designs 

The contemporary des- engineer must approach flight-control sys- 

Greater 

These 

Historically, FHQ research has relied on the abilities of highly trained and 
experienced test pilots to assess the adequacy of handliag qualities In  developmental 
aircraft. 
scale, mly generally reflect system performance and pilot workload; moreover, they 
are subject to pilot biases (ref, 1). Traditional FHQ rating scales alone may not 
be sufficiently sensitive to provide adequate discrimination between the sophisti- 
cated flight-control systems of contemporary aircraft. Thus, future FHQ research 
may be faced with an important problem of finding a sufficiently sensitive metric 

However, FHQ rating scales, such as the Cooper-Harper pilot rating (CRPR) 



to permit system performance distinctions to be made, particularly across the cen- 
tral and negative portions of the FHQ scale (ref. 2). 

One possible solution being investigated by several researchers is to assess 
the pilot's spare mental capacity while perforaing a control task to obtain an index 
of the workload associated with a specific control systen and, by extension, the 
F'HQ of the system under study. In the current investigation, a relatively straight- 
forward secondary task - the Sternberg task -was superimposed upon the pilot's 
prlmary flight-control task in order to assess reserve mental capacity. This was 
an exploratory Investigation in which the primary objective was to determine whether 
performance on the Sternberg item-recognition task  can provide an objective index 
of pilot mental workload in an F%Q simulation study. 

BACKGROUND 

The Sternberg task evolved from Donders' early work (ref. 3) using subtraction 
methodology to measure component processing times for stages believed to exist 
between stimulus onset and response execution. 
given in Koster (ref. 4) together with an extension of the methodology by Sternberg 
into an additive-factor method for detecting processing stages, assessing their 
attributes, and for determiiling their stochastic independence. 

A translation of DOnders' work is 

A description of the basic task along with findings from two exploratory inves- 
tigations on human memory scanning was provided by Sternberg (ref. 5). 
stimulus ensemble for the Sternberg task consists of a homogeneous set of elements 
(IC) :.om which n elements are randomly drawn to compose a positive set. The 
remaining (K-n) elements comprise the negative set. 
subjects are required to memorize the positive set, which typically varies in size 
from one to six elements. 
either the negative or positive subsets of 
displayed stimulus, decide whether it is from the positive or negative set, and 
respond appropriately as rapidly as possible within the fixed interstimulus interval 
(ISI). Correc' responses and reaction-time (RT) data from stimulus onset to 
response execution are collected for analysis. Response error rates for the 
Sternberg task are normally between 1% and 2%. Sternberg RT data vereus memry set 
sizes are commonly presented as linear functions via regression analyses. 
y-intercept value is interpreted as time for stimulus processing and response for- 
mulation, independent of set size; the slope is interpreted as the rate of search 
through short-term memory. 

A typical 

Before each set of trials, test 

Stimuli are presented serially, randomly drawn from 
K. The subject's task is to perceive a 

The 

This RT measurement methodology was originally proposed by Sternberg (ref. 5 )  
for studying the retrieval of symbolic information in short-term memory, which he 
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later externled to  research in to  the mechnninrn underlying human information process- 
lng. In a more receat paperr Sternberg (ref. 6) reexamlned the assrnption d e r l y -  
ing the basic it-recogaition paradigm, and diecussed the  implications of findings 
of other  researchers f o r  the  methodolc and &*el. 
vant to  t h i s  research are (1) mean ETs creased l i nea r ly  with the site of the 
memry set; (2) negative and positive rs;porures produced approxiaately the sasie 
Slope; (3) the  rate of increase is approrirately 38 msec f o r  each addi t ional  element 
of the  posi t ive set; and (4) the  y-intercept var ies  about a cen t r a l  value of 
400 msec. 
been interpreted to  mean that memory search is "exhaustive." or sequent ia l ly  com- 
pleted for  a l l  elements i n  a given memory set. 

Four of the  findings most rele- 

These basic propert ies  have been r ea f f imed  by aany researchers and have 

In addition t o  the  value of Steraberg methodology in studying basic  mechanisms 
of information processlug (see refs .  7 and 8 ) .  the  r e l a t ive  s t a b i l i t y  of performance 
on the meamory search t ask  orakes i t  an attractive candidate as a secondary task f o r  
studying workload. Knowles (ref.  9) s t a t ed  that a secondary or auxi l ia ry  task  can 
be used t o  discover haw arch addi t icna l  work an operator can undertake while still 
performing the primary task to  e-- specif ied system criteria; Kwrvles and Rose 
(ref.  10) indicated that secondary t ask  performance is sens i t i ve  to  differences i n  
problem d i f f i cu l ty ;  that i t  r e f l e c t s  increased ease i n  handllng the  control task  
with practice;  that i t  r e f l e c t s  differences i n  workload between c r e r s ;  and 
that 2: exposes control l m  d i f f i c u l t i e s  during critical f l i g h t  segments. 

Researchers a t  the  University of I l l i n o i s  ( refs .  8 and 11) have been uslug var- 
iations of the  i t e r e c o g n i t i o n  paradigm i n  basic Information processing s tudies  t o  
investigate s t ruc tu ra l ,  capacity. and resource theories  of a t ten t ion ,  includiag 
dual-task performance. 
mation processing based on a multiple resource theory of a t t en t ion  (ref .  12) which 
k g  ia@ications f o r  workload reeasurement arid task integration. The model presup- 
poses the s t ruc tu re  of resources t o  include processing s tages ,  processing mdalities, 
and processing codes. 
procesd.-q, respansr selection. and execution. 
auditory iuputs and mmual and vocal responses. 
spatial. 

Cer..ral to much of this work is a s t r u c t u r a l m d e l  of infor- 

Examples of processing s tages  included perceptual and central 
Modalities included v isua l  arid 

Codes could be e i the r  verbal or 

Wickens et a l .  ( ref .  13) evaluated the  model's a b i l i t y  t o  define resource 
reservoirs i n  a feries of experhenta  that employed the Sternberg task  among others.  
A p r h a r y  compensatory tracking t a s k  with e i the r  rate or accelerat ion control  dynam- 
i c s  w a s  administered i n  the f i r s t  experiment. A Sternberg task var iant  was adlain- 
i s te red  as a concurrent task on selected trials. Dimensions that were varied on 
the secondary task included perceptual load (superimposing a v isua l  grating) , cen- 
tral processing load (menary set s i z e ) ,  and response load (single- versus double- 
key press). The resu l t8  of t h i s  invest igat ion showed that stage-defined resources 
could be successfully d i f fe ren t ia ted  by the Sternberg task. 0t.e surpris ing r e s u l t  
was  that RT's were not affected when the  double response load was superimposed upon 
the secondary task. 
i n  poorer performsace on the  primary tracking task.  

The authors suggested that the  addi t ional  load was re f lec ted  

In a second experiment by Wickens et al. ( ref .  13), a failure-detection task  
was paired with the  Sternberg t a s k  to  evaluate the function of s p a t i a l  and verbal 
processes i n  defining resource reservoirs  fo r  encoding and cent ra l  processing 
stages. 
differences i n  slope for  longer memory set 812eS f o r  both verbal and s p a t i a l  s t i rmr l i  
fa i led  t o  materialize. 

Contrary t o  predictions based on multiple resource models of a t ten t ion ,  

Imtead ,  differences between single- and dual-task 
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performance were ref lected in the y-intercept values,  which were alevated particu- 
l a r l y  f o r  the spatial condition. 
values were consistent with multiple resource theory, placing grea te r  demands on 
spatial instead of on verbal resources for perceptual in te rac t ions  between the  cen- 
tral processing loads (memory set s i zes )  imposed on the Sternberg task.  

The authors pointed out that higher intercept  

In a follav-on study, Wickens et  al. (ref .  14) conducted three  expe rhen t s  to  
examine coding e f f ec t s  on per5onnance. 
t a s k s  were col lected in the  f i r s t  experiment. 
generally linear functions, although the autbore reported finding a s igni f icant ly  
greater  slope f o r  the  spatial condition, as wel l  as a weak quadratic tendency i n  the  
function. 
s p a t i a l  s t h l i ,  and response hand, which tbe authors interpreted as providing evi- 
dence f o r  separation and resource competition between and within hemispheres fo r  
processing these st imuli .  
the second experiBbent i n  combination with a memorization task. Results suggested 
that the  sratial secondary task  shared more c0BIIy)n resources with the mewry task 
than its verbal counterpart. 
agy is an b p o x t a a t  elemert i n  in te rpre t ing  dual task interference pat terns .  

Baseline data on verbal and s p a t i a l  Sternberg 
Data f r a a  both variants produced 

Reliable in te rac t ions  were reported between memory set she,  verbal  versus 

The same Sternberg task var ian ts  and s t h u l i  were used i n  

The a u t b r s  concluded that the spa t ia l /verba l  dichot- 

The r e s u l t s  of t he  th i rd  experiment, which shared an autopi lo t  monitoring/ 
fa i lure-detect ion task with the  sane two Stern’lerg tasks, indicated that more inter-  
ference occurred with the  s p a t i a l  var ian t  than with the  verbal,  because the  fal lure-  
detection task was s p a t i a l  In nature. 
et al. ( ref .  13), no in te rac t ion  was discovered between dual-task load and memory 
set s ize .  
process%= demands, the  add i t iv i ty  seemed t o  be re la ted  more t o  the  automaticity of 
cer ta in  procssses. Theoretical considerations surrounding the  use of the  -:ernberg 
additive factor  method fo r  assessing the  demands of the  primary task  have been dig-- 
cussed within a mlt iple-resource modeling context In  several  r t h e r  publications 
(refs .  11, 12,  and 15) .  

As in the  previous invest igat ion by Wickens 

Rather than indicating that the  p r h a r y  task had no perceptual o r  cen t ra l  

The s implici ty  and relative s t a b i l i t y  of the Sternberg task  methodology make it 
su i tab le  fo r  multimodality research as w e l l .  Vidullch and Wickens (ref .  16) 
reviewed recent mul t imdal i ty  research, and reported findings from two experiments 
i n  which Sternberg tasks were used t o  invest igate  differences between combinations 
of input (auditory or v i s j a l )  and output (verbal o r  manual) modalities. Findings 
from these invest igat ions are described i n  terms of multlple-resource theory, and 
help t o  c l a r i f y  both code and modality re la t ionships  i n  f a c i l i t a t i n g  time-sharing 
efficiency. Two of t h e i r  f indings ( re f .  16) of par t icu lar  relevance t o  the  current 
invest igat ion are: 

1. Task p r i o r i t i e s  exerted a r e l i a b l e  e f f ec t  on performance, and t h i s  e f f e c t  
was grea te r  as the  tasks  shared more common resources. 

2. 
modality conditions, these were not re f lec ted  i n  the assessment of subject ive work- 
load rat ings.  

Although clear performance differences were observed between input/output 

Observer ra t ings  were not su f f i c i en t ly  sens i t ive  t o  judge dual-task demands; 
however, the demands of d i f fe ren t  types of primary tasks  could be assessed by speci- 
f i c  types of secondary tasks ,  with grea tes t  s e n s i t i v i t i e s  obtained when task  demands 
t a p  common resource pools. 
deter iorat ion of the  intermit tent  d i sc re t e  reaction time task,  whereas shaking out- 
puts could lead t o  a deter iorat ion of the  continuous manual task (ref .  17).  

In other words, sharing input modalit ies may lead to  a 
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Several researchers have employed Sternberg task methods to evaluate workload 
demands in real and shlated ffight. 
shlator, evaluated two levels of flight control and four levels of multifunction 
svitchlq, using the Sternberg task as a secondary measure of reserve infomation- 
processing capacity. 
flight-control levels, and by 20% to 31%, respectively, for slmpts and complex multi- 
function switching tasks. Corriclt (ref. 19) employed the Sternberg task to evaluate 
four alternative display formats used to present aisoi le  launch envelope information. 
Although subjects failed to report any large performance-related differences between 
the displays, the author found large difference6 in secondary task performance which 
they attributed to the workload imposed by display formatting of the primary task. 

Cravford et al., (ref. 18) us lq  a cockpit 

Performance OR the Sternberg task differed by 54% between 

An Interesting variation of the Sternberg task vas employed by Johnson (ref. 20) 
in studying the effects on reaction time of ,rain background, dowdlook angle, and 
response-processing Levels in target acquisition. The sthluci ensemble consisted 
of eight tank targets in place of traditional alphanumeric stimuli. 
of five subjects each were required to make a positive or negative set determination, 
recognize a target (friend or roe), or identify the target. 
collected and analyzed for w r y  set sizes of one, two, and four for each of the 
three acquisition tasks. Greatly inflated y-intercept (1,400 vs 400 msec), and 
slope (200 vs 40 msec per m r y  set size) values over those reported by Sternberg 
(ref. 6) were attributed to differences in target and task complexities. Statisti- 
cally significant performance differences were found between levels of target back- 
ground, downlook angles, and acquisition tasks. 
Sternberg's findings, supporting the serial exhaustive model of memory search, and 
the authors concluded that the Sternberg task method served as a useful tool in 
understanding the observer's cognitive processes in complex target acquisition tasks. 

Three groups 

Reaction-time data were 

The results were consistent with 

Schiflett et dl. (ref. 21) used the Sternberg task in actual flight tests on 
board a T-33 variable-stability research aircraft. 
evaluate two levels of flight control and two alternative head-up display (€IUD) for- 
mats under simulated instrument meteorological conditions. The primary control task 
flown in the T-33 fixed-wing aircraft consisted of glide-slope and localizer inter- 
cepts, and an ILS approach to touchdown. 
bination of display conditions and handling-quality level. 
et al. were similar to those of Corrick (ref. 19) -poor agreement was obtained 
between the primary flight performance measures, Cooper-Harper ratings across pri- 
mary flight-control task configurations, and pcrformance on the secondary task. 
appeared that the pilots compensated for the more demading flight-control varia- 
tions, but at the expense of reserve information-processing capacity. 
interest were the apparent sensitivities of measures obtained on the secmdary task 
for positive memory set sizes of one, tJo, and four. All data appeared t >  fit the 
Sternberg paradigm remarkably well, witn both sl5pe and y-intercept discriminants 
showing consistency across levels of flight-control and display type for both sub- 
jects. 
performed, and that analysis was restricted to exploring trends in reaction-time 
and response-error data. 
reserve capacity while flying the predominantly pictorial/symbolic €IUD configuration 
than when flying the conventional HUD format with scales and alphanumerics; however, 
they recommended further research be done to establish the efficacy of the Sternberg 
task in evaluating aircrew tasks. 

The goal of the study was to 

Subjects flew four approaches for each com- 
The findings of Schiflett 

It 

Of particular 

It should be noted, however, that no parsmetric statistical analyses were 

The authors concluded that the pilots had more mental 
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Pretest and Findings 

In order to determine if the Sternberg task could be effectively integrated 
into an F'HQ simulation study, a preliminary investigation was perforated in a fixed- 
base simulator at Ames Research Center. 
primary flight-control task for two pilot subjects during a comparative evaluation 
of an ismgrated isometric controller for nap-of -the-earth (NOE) flight (ref. 22). 
In addition to the secondary task, measures of pilot control activity, CHPR data, 
and pilot commentary were collected across the different experimental conditions. 
The experimental protocol f3r the Sternberg task was previously described; the 
methodoiogy approximated that described by Schiflett (ref. 23) employing the same 
alpha stimulus ensemble, the same positive set sizes (one. two, and four), and the 
same 7.0-sec interstimulus interval (ISI). 
formed in a fixed-base, rotary-wing simulator, and typified an NOE mission with 
maneuvering. hover and bob-up, and straight-and-level flight segments. 

The Sternberg task was superlmposed O:I a 

The primary flight-control task w a s  per- 

Linear regression fits -f the reaction-time data obtained on the baseline con- 
to the classical Sternberg model dition (secondary task alone) generally conformed 

for serial probe recognition. 
598 msec, respectively, were longer than the typicrl 40O-msec values reported by 
Sternberg.' Slope values for ascending memory set sizes were 43 and 27 msec. 
respectively, compared with the 38-msec value reported by Sternberg (ref. 6). Num- 
bers of reversal and time-out errors (RT > 500 msec) on the baseline task were less 
than 1%. 

The y-intercepts for the two subjects, 665 and 

The behavior of the Sternberg function became erratic for both subjects with 
the addition of the primary flight-control task. Specifically, y-intercept values 
across all experimental conditions ranged between 850 and 1,550 msec, and the slope 
of the function across memory set sizes ranged from a high of 47 msec per set size 
to a negative 111 msec. 
increased from 1% on the baseline condition to over 10%. RT's for these responses 
were discarded from other analyses. 

Response error rates (reversal and time-out errors) 

Pilot ratings (CHPR) regarding FHQ were generally pnor, ranging from a high of 
3.5 (satisfactory with unpleasant characteristics) on the cruise flight segment to 
7.0 (unacceptable) on the maneuvering and hover and bob-up segments. 
variance of secondary task conditions showed only one statistically significant 
difference (p < 0.001) between the baseline Sternberg condition and the other com- 
bined experimental conditions, and no memory set size effects upon RT's emerged when 
the primary task was added. 
erratic slopes obtained on the secondary task when combined with the primary task. 
It is important to recall, however, that data were obtained from two pilots only, 
and results must be viewed accordingly. Although both subjects accepted the addi- 
tion o'f the secondary task, poor handling qualities on the primary flight-control 
task appeared to have inhibited their performance on the secondary task.' 

An analysis of 

The absence of this effect was apparent from the 

Although the procedural integration of the Sternberg task into an FHQ research 
paradigm was accomplished, it was difficult to collect sufficient numbers of data 
points (reaction times) for analysis without incurring primary task overload from 

'A post hoc examination of the software program revealed an implementation bias 
which consistently inflated RT's between 70 and 100 msec. 
to these pretest data. 

No correction was applied 
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the secondary task. 
secondary task response key on the collective control interfered with the manual, 
primary flight-control task, thus indicating an alternative response mode for the 

Additionally, the subjects complained that the location of the 

secondary task. 4- 

Research Question 

The objective of the investigation was to determine whether the Sternberg task, 
used as a secondary task to measure pilots' spare mental capacity in WQ simulation 
research, could differentiate between different flight-control systems. 
hypothesized that any change on the relatively stable Sternberg task would reflect 
variation in encoding, output, or processing loads of the primary task competing 
for connoon resources with the Sternberg task; an increase or decrease in the 
y-intercept would reflect a change in encoding or output components, while mental 
information processing would be reflected by changes in the slope. The secondary 
task input and output modalities were configured to achieve compatibility with 
the resource demands of the primary flight-control task. Thus, both primary and 
secondary tasks involved a sharing of the spatial input modality, whereas the output 
modality on the secondary task was switched to verbal (ref. 15) for this experiment. 

It was 

Unanticipated performance decrements on the primary rather than the secondary 
task (ref. 13) and prioritization shifts (ref. 16) have already been discussed as 
potential problems in the application of this workload method. Consequently, all 
practice and at least one data run were completed for each FHQ experimental coadi- 
tion without the secondary task. If significant performance differences were sub- 
seqiently found on the primary task, they would constitute evidence for rejecting 
the Sternberg task as a useful workload metric on future FHQ simulation research. 

In addition to the aforementioned objectives, we also wanted to investigate 
the relationship between subjective workload assessment ratings, CHPR data, and 
performance on the Sternberg secondary task. 
data were systematically collected throughout this investigation. 

Consequently, questionnaires and CHPR 

METHOD 

This investigation was conducted in the Vertical Motion Simulator (VMS) at Ames 
Research Center. 
helicopter, incorporating a conventional helicopter front instrument panel. 
primary objective was to evaluate the FHQ of three different primary flight-control 
configurations and three stability and control augmentation levels in low-let el 
flight regimes. 
flight-control task to determine whether this particular secondary task could pro- 
vide an indication of pilot workload. 

The VMS cab was configured to represent a generic single-seat 
The 

A Sternberg item-recognition task was superimposed upon the primary 

Subject s 

Four helicopter test pilots served as subjects for this investigation; two 
were NASA test pilots; one was a Canadian National Aeronautics Establishment pilot, 
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(PNVS) display formats for various flight modes, including descent, accelerating and 
decelerating transitions, hover and bob-up, and cruise (ref. 26); see fig. 2. 

Mission scenario- A predefined mission profile comprising four distinct flight 
segments was used throughout this investigation. Figure 3 shows the mission seg- 
ments, including a 457-m (1,500-ft) AGL, 6" descent into a nap-of-the-Earth (NOE) 
ground track composed of maneuvering, hover and bob-up, and cruise flight segments. 
The profile was defined such that each flight segment required approximately 2 min 
to complete. 

Data recording- A Voterm voice recognition system (VRS) was used by subjects in 
responding to the Sternberg secondary task to avoid manual response incompatibility 
problems identified in the preliminary study. Reaction times were recorded by cal- 
culating elapsed time from stimulus onset to the first utterance detected by the 
VRS. Subjects' digitized responses (yes or no) and RT flats were stored on the 
simulation computer following each run, together with handling qualities data. 
addition to FHQ objective performance measures, Cooper-Harper ratings, pilot com- 
ments concerning each of the four mission segments, and responses to a postflight 
questionnaire were obtained at the end of each simulation run. Each subject also 
completed a final debriefing questionnaire following the simulation. 

In 

Procedure 

System performance and calibration checks. including picture quality assess- 
ments and flight-control response dynamics, were carried out before each test ses- 
sion. The Sternberg secondary task procedure was identical to that described for 
the pretest, except that subjects were required to respond aurally, instead of 
manually. The four subjects were acquainted with the primary flight-control task, 
introduced to the Sternberg secondary task. and given a pre-recorded set of instruc- 
tfons that explained the procedures and performance priorities to be employed on the 
primary and secondary tasks. 
required to fly an 8-min NOE mission composed of a 1,500-ft, 6" descent; low-altitude 
maneuvering; hover and bob-up; and straight-and-lwel flight segments. The subjects 
were also furnished with the appropriate altitude and airspeed requirements for each 
segment. The PNVS display-mode switching control functions were explained for each 
mission segment. The subjects were instructed to maintain a high and constant level 
of performance on the primary flight-control task, alrhough their performance would 
be scored on the Sternberg secondary task as well. They were reminded that although 
the letters from the secondary task would remain on the display for 5 sec, they 
should respond as rapidly as possible after making their yes or no decision. 
lowing each run, subjects were required to assign a Cooper-Harper rating to each of 
the four mission segments and to provide commerts on selected facets of both the 
primary and secondary tasks. 

They were told that they would be 

Fol- 

After receiving their instructions, the subjects were brought into the sfmula- 
tion cab, given several practice sessions on the Sternberg task, and then tested 
solely on the secondary task to ensure proficiency and obtain baseline data. 
core experiment, comprising the flight-control conditions depicted in table 1, con- 
sisted of testing all subjects on the conventional flight controls first. then run- 
ning a pair of subjects through one of the advanced side-arm flight-control config- 
urations. All subjects were permitted familiarization runs before commencing data 
collection on each primary flight-control condition, first without the secondary 
task, then with balanced presentations of the three memory set sizes (one, two, and 

The 
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Figure 2.- Modified PNVS display symbols (from Aiken, ref. 25). 
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four) of the Sternberg task while flying the mission segments. 
were then reconfigured, and the subjects were tested on the other advanced control 
configuration. 
reverse ordering of the advanced side-arm flight-control con5igurations. 
COCFer-Harper ratings and pilot comments were eolicited after each run, and a 15-mi 
rest period w a s  permitted between each control-system reconfiguration. 
and test sessions, running two subjects sequentially, required 1.5 days to complete 
per pilot. 

The cab controls 

The other pair of subjects received the same treatment, except in 

Training 

Experimental Design 

In addition to collecting baseline data on the Sternberg task and on the FHQ 
conditions dc?icted in table 1, the original plan included superimposing three 
levels of the secondcrry task on each of the nine FHQ combinations given in table 1. 
Computer difficulties severely limited the scope of the original FHQ design; com- 
plete data were obtained for only two of the original four subjects for the rate- 
command/attitude-hold (RCAH) stability augmentation level across the three control 
configurations as ill~3trated in table 1. 
sizes were also obtained from one subject flying two of the control configurations 
under the rate-damping condition. 
figurations and of Sternberg memory set sizes was Initially balanced across four 
subjects, with the exception that the convr-itional flight-control configuration was 
always presented first. The design was to have progressed from the best stability 
augmentatlor. level (RCAH) to the most difficult (unaided). 
presentation for the two subjects on whom data were obtained is shown in table 2. 

Limited data on two Sternberg memory set 

The order of the presentations of control con- 

The actual order of 

TABLE 1.- FLIGHT HANDLING QUALITIES EXPERIMENTAL DESIGN (THE THREE STABILITY 
AUGMENTATION LEVELS WERE TO HAVE BEEN F,XA!!INED IN SEPARATE INVESTIGATIONS 

(1) CONVENTIONAL (CYCLIC, 
COLLECTIVE, VAW 

, DAMPER PEDALS) 

(2) THREE AXIS FORCE 

(SIDE-ARM CONTROLLER) 

408 



TABLE 2.- ACTUAL PRESENTATION ORDER OF SECONDARY TASK MEMORY SET SIZES 
WITHIN TIlE FHQ EXPERIMENTAL DESIGN 

C3 

0,2,4.1 

c3 

0 , l .Z  4 

EXPERIMENTAL I CONDITIONS SUBJECT 

61 83 

0,4,1 0 . 1 ~ 4  

I SCAS/CONTROLLER* 

I 4 MEMORY 
SET 
SIZE 

SESSION NU 3= 0,1,2,4 0,4,1,2 

lBER (4 RUWSESSION) 

I 3 7  4 I 6 

'SEE TABLE 1 

RESWTS AND DISCUSSION 

FHQ aspects of this research project, including the pilots' evalustions of the 
adequacy of the three flight-control configurations and stab'lhy augmentation levels 
(table 1) for helicopter terrain flight, were reported by Aiken (ref. 25, p. 5). 
Aiken presented the fallowing conclusions: 

1. With conventional controllers, a rate- or attitude-stabilized vehicle, 
and a head-up display, adequate but unsatisfactory handling qualities were 
achieved for the low-altitude tasks investigated. 

2. Satisfactory handling qualities may be achieved with a head-up display 
and a properly designed two-axis displacement side-stick controller for either 
a rate- or attitude-stabilized vehicle. 
include the force-deflection characteristics and mechanization of the trimming 
function. 

Critical side-stick design features 

3. Attitude stabilization is required to maintain adequate handling quali- 
ties with either the rigid three-axis (pitch, roll, and yaw) or four-axis con- 
troller configuration evaluated during this investigation. 

The remainder of this report addresses workloal-related findings using the 
Sternberg task, and the effect of Introducing a secondary task on the primary 
flight-control task. 

Linear regression ffts of the Sternberg baseline data obtained from the four 
These data were corrected for subjects in this experiment are shown in figure 4. 

length of utterance and Voterm processing times to enable comparison with classical 
Sternberg task results. The curves and means were adjusted downward for subjects.1 
and 2 by averaged yes and no utterance times of 530 and 540 msec, respectively, plus 
the 224-msec Voteim processing time. For subjects 3 and 4, individual utterance and 
processing timee were recorded and subtracted on each experimental trial. There were 
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Figure 4 . -  Plo t s  of subjec ts '  basel ine Sternberg data .  Symbols represent  means f o r  
each subject  f o r  memrv set s i z e s  one, two, and four.  Error rates were insigni-  
f i can t  over these data.  

24 t r i a l s  p e r  memory set s i z e ;  however, only 15 of t he  o r i g i n a l  24 d i s c r e t e  RT's 
could be used pe r  c e l l  f o r  basel ine da ta  analyses - a  r e s u l t  of unrecoverable da ta  
on subject  3. Consequently, the  las t  nine t r ia ls  were deleted from each c e l l  of the 
remaining three  subjec ts  t o  f a c i l i t a t e  ana lys i s .  Error r a t e s  ( reversa l  e r r o r s )  for 
a l l  subjec ts  remained r z l a t i v e l y  constant ,  varying between 1% and 2% - rt- : u l t s  
similar t o  those reported by Sternberg ( r e f .  5 ) .  

The r e s u l t s  of an ANOVA ( r e f .  2 7 )  performed on the  k x a e l i n e  da ta  f o r  the  four 
subjec ts  are given i n  t a b l e  3 .  
(M) were highly s i g n i f i c a n t ,  (F - 21.45 (df = 3 ,421  p < 0.0001) and 
(F = 19.54 (df = 2 ,281  p 
in te rac t ions .  A Rtrength-of-association s t a t i s t i c  - omega-squared ( r e f .  28) - was 
calculated f o r  both s ta t i s t ica l ly  s ign i f i can t  main e f f e c t s .  
about 27% of the  RT var iance,  and memory set s i z e  captured about 12%. 

Both main e f f e c t s ,  subjec ts  (S), and memory set s i z e  

O.OOOl), respect+.vely, and there  were 1.9 s ign i f i can t  

Subjects accounted fo r  

Four ANOVAS ( r e f .  27) were ca lcu la ted  using ehch sub jec t ' s  base l ine  Sternberg 
data  t o  separate out t he  e f f e c t s  of memory set s i z e  01'1 RT. 
yses together  with r-squared etrength-of-as3cciation measured is shown ?:( t a b l e  4. 
The resul ts  showed t h a t  memory set size had a e ' p i f i c a n t  e f f e c t  on the  performsnce 
of a l l  but t he  t h i r d  subjec t .  
captured about 9 % ,  22%, 0.8%, and 20% of the  RT variance. of the  four  sub jec t s ,  
respect ively.  

A sumnary of these  anal- 

The r-squared values  showed t h a t  memory set  s i z e  

An orthogonal polynomial regression ( r e f .  2 7 )  wad run on these da ta  t o  inveb ' i -  
ga t e  the  l i n e a r i t y  assumption of t he  Sternberg model. The results showed t h a t  t h e  
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TABLE 3.- RESULTS OF m V A  (ref. 27) PERFORMED ON STERN3ERG BASELINE DATA; STRENGTH 
Or' ASSOCIATION VALUES (ref. 28) INDICATE TOTAL ACCOUNTED VARIANCE 

13527381.61 

Source 

- 83527381.61 

- 
df 

0.0001 

. 0001 
Subjects 
Error 
Me.;lory set (M) 
Error 
SM 
Error 
Mean 
Error 

0.2680 

.1154 

3 
42 
2 
28 
6 
84 
1 
14 

Source df 

Memory set (SI) 1 

Memory set (S,) 1 

Memory set (S3) 1 

Memory set (Sb)  1 

Error - 49 

Error - 50 

Error - 79 

sum of 
squares 

510218.69 
1828596.00 

10259.06 
1259894.00 
357086.87 
1457935.00 

~ ~~ 

2141213.75 
1397803.50 
922212.31 
660737.86 

510218.69 
36571.92 

10259.06 
15948.02 
357086.87 
19439.13 

2 10458.80 
2122299.70 

13.961 

.643 

i8.369 

Mean 
squares 

.001 .2182 

N.S. .0081 

.001 .196? 

F 

113737.92 
38288.39 

461106.16 
23597.78 
35076.47 
25265.47 

21.45 

19.54 

1.39 

I 
Strength of 
association 

a not significant. 

TABLE 4.- RESULTS OF SEPARATE ANOVA's (ref. 27) PERFORMED ON MEMORY SET SIZE FOR 
ALL SUBJECTS; THE PERCENT OF VARIANCE CAPTURED BY MEMORY SET SIZE IS REFLECTED 

NGTH OF ASSOCIATION MEASURES 

slope was significant for all but the third subject, and that no significant qua- 
dratic term existed for any of the data sets. 
summarized in table 5. 

The polynomial regression analysis is 

As previously discussed, all secondary task data for subjects 1 and 2 under 
dual-task experimental conditions were unrecoverable because of data acquisition 
problems. All remaining RT data for subjects 3 and 4 on the se-ondary tcsk were 
summarized by flight-control configuration, stability augmentation level, and mis- 
sion segment (table 6). In the original design, 2 min of flight tlme were planned 
for each of the four mission segments in order to ensure near-equal data samples 
across segments. In actuality, pilots varied greatly in the amount of time they 
devoted to each segment, presumably in the interests of pel-iorming FHQ evaluations. 
Thus, there were unequal numbers of data points obtained for each of the three 
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TABLE 5.- RESULTS OF POLYNOMIAL REGRESSION ANALYSIS (ref. 27) RUN ON SUBJECTS' 
BASELINE RT DATA FOR THREE MEHORY SET SIZES; ANALYSIS PROGRAM AUTOMATICALLY 
TERMINATES AT NEXT HIGHEST VALUE 

Subject Degree 

0 
1 
2 
0 
1 
2 

0 
1 
2 
0 
1 
2 

hlt iple 
r-squared 

- 
0.08619 
.11467 

- 
.21815 
,22319 

- 
.00807 
.00927 

- 
.19673 
.19691 

Regression 
coefficient 

4776.4954 
443.8203 

7741. :346 
714.2353 
108.5881 
6416.0000 
101.2619 
-38.9191 
5483.3271 
597.5495 
-18.3496 

-255.1048 

F 

3 .c4 
1.51 

- 

- 
6.90 
.31 - 
.36 
.09 

8.: - 
.02 

- 

- 

P 

0.0572 
.2250 - 
.002 3 
.5793 

.6988 

.7616 

- 

- 
.0003 
.8970 - 

memory set sizes. 
largest was 44 data points per set size. 
(out-of-time errors), particularly during the descent and hover and bob-up mission 
segments. 
requiring pilots to perform a heads-up secondary task while flying a head-down ILS 
approach to breakout at 100 ft AGL. 
occurred because pilots attended to external visual cues, rather than to their 
primary, head-up flight display. 
core (RCAH) experiment, but were not included in the data analysis. Reversal errors 
(yestno confusions) were between 1% and 2% in the baseline condition. 

The smallest sample size was six data points per set size; the 
Pilots also failed to respond to trials 

Failure Lo respond during the descent was the logical consequence of 

3ailure to respond during hover and bob-up 

Fifty-one out-of-time errore were recorded on the 

Rea-tion times, and presumably pilot attention, varied greatly in the presence 
of the primary flight-control task. In order to improve normality or equality of 
variance, several possible transformations were considered, including logarithmic 
transforms and Windsor transforms (ref. 29). Logarithmic transforms of these data 
tended to ieduce the problem of outliers, not atypical of such data, accompanied by 
a dramatic decrease in standard deviations. Unfortunately, this transform also 
obscured relatively large differences in slope and intercept values, and prevented 
interpretation of the data within the context of the Sternberg paradigm. 

In addition to these manipulations, subjects' RT data were replotted using a 
technique proposed by Schiflett (ref. 23) which involves a truncation of the serlon- 
dary task RT's above a predetermined vaiue (1500 msec). 
techTique discussed by Schiflett, using an arbitrary 1500-msec RT cutoff, tenc'?d to 
normalize many of the extreme excursions in the data sets. 
benefits were noted: 

The application of the 

The following apparent 

1. By truncation of data sets at 1500 msec, y-intercept values, artificially 
inflated or deflated by ovtiying RT data, were decreased or increased, respectively. 
This also facilitated comparisons with the Sternberg task baseline data. 

UKIGINAL PAGE IS 
OF POOR QUALITY 
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TABLE 6.- HEHORY SET SIZE MEANS, STANDARD DEVIATIONS, SLOPES, AND INTERCEPTS. FROM 
THE STLRNBERG TASK RT DATA SHOWN AS A FUNCTION OF THE FLIGHT CONTROLLER, SCAS, 
AND FLIGHT SECMENT (see fig. 3) 

Subject 
number 

3 

~ 

Experiment a1 
condi t ions 

Base l i n e  
RCAH /Conv 

RCAH / 3-Ax 

RCAH/4Ax 

RD/Conv 

RD/3-Ax 

B a s e  l i n e  
RCAH /Conv 

RCAH / 3-AX 

RCAH/4-Ax 

RCAH / 3-Ax 

- 
S 
E 
G - 
D 
K 
H 
S 
D 
N 
H 
S 
D 
N 
H 
S 
D 
N 
H 
S 
D 
N 
H 
S 
- 

D 
N 
H 
S 
D 
N 
H 
S 
D 
N 
H 
S 
D 
N 
H 
S - 

nerao 
1 

697 (98) 
1169(619) 
873 (401) 
910 (455 ) 
651(167) 
970 (351) 

1246(881) 
1049 (418) 
1293 (478) 
1057 (571) 
1027 (493) 
1034 (411) 
749 (172 ) 

1179(860) 
1157(539) 
1385(1059) 
862 (415) 

1485 (740) 
1023 (456) 
1145 (441) 
1246 (689 ) 

550 (108) 
7 38 (243) 
870( 315) 
674(110) 
778 (139) 
822 (162) 

1199 (759) 
1160(936) 
797(215) 

2232 (1492) 
884 (468) 

1927(1310) 
957 (460) 

1104(666) 
930(267) 
992 (432 1 

1159(284) 
- 

y set s i z e  
2 

716 (152) 
975 (515) 

1256(1136) 
1097(1127) 
1138 (936) 
1895 (1350) 
1263(692) 
1217 (715) 
958(453) 

1513 (935) 
1109(459) 
1356(939) 
1044 (430) - 

- 
- - 
- - - 
- 

610 (167 ) 
989(417) 
7 90 (149) 

1010 (317) 
717 (151) 

1844(1122) 
1274(898) 
1205 (447) 
1105 (454) 
1561(550) 
935 (249) 

1311(890) - - - 
- - 

726(114) 
1151 (550) 
1464 (748) 
1051 (448) 
1236 (692) 
1425 (913) 
1217 (431) 
1064 (338) 
978 (348) 

1726(11161 
1086 (598) 
1056 (740) 

941 (197) 
1388 (1011 1 

907 (289) 
1022(192) 

910(344) 
1504 (875) 
1007 (253) 
llOO(488) 
1149 (760) 

714 (133) 
1449(775) 
1209 (603) 
1119(215) 

922 (367) 
1862 (865) 
1115 (472) 
1379(948) 

1396 (911) 
1127 (445) 
1599 (1248) 
879 (126) 

1556 (956) 
965 (312) 

1450 (1039) 
1158 (347) 

9oa t 324) 

Slope 

9.18 
1.25 

182.71 
34.85 

172.97 
76.00 

-11.98 
-5.60 

-89.86 
202.92 

13.79 
-9.48 
49.12 
69.70 

-88.33 
-120.70 

16.13 
6.32 

-6.95 
-14.92 
-32.34 

54.27 
236.32 
126.95 
130.61 
56.93 

263.61 
-37.94 

76.50 
33.24 

-223.23 
82.24 

-48.72 
-32.90 
150.95 
11.48 

152.72 
-.31 

Lntercep t 

692 
1094 

774 
936 
603 

1281  
1270 
1144 
1297 
961 

1044 
1162 
806 

1109 
1241 
1505 
845 

1479 
1030 
1160 
1278 

498 
507 
663 
635 
672 
957 

1287 
1068 
883 

2253 
791 

1668 
1016 

953 
919 
839 

1159 

2. Radically high,  as s e l l  as negat ive ,  s lope  va lues  w e r e  decreased, or made 
pos i t i ve  by t h i s  t runca t ion ,  with only t h r e e  exceptions.  

3. Standard dev ia t ions  w e r e  dramatical ly  and c o n s i s t e n t l y  decreased across a l l  
set s i z e s  using t runcated da ta  sets. 
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Despite apparent advantages derived from this treatment, adequate justification 
for discarding outlying data was not availaile in this investigation because sub- 
jects were not informed of a predetermined cutoff for acceptable RT's. 
numerous latencies greater than 1500 msec, believed to be the result of task over- 
load, were noted on secondary task responses during the actual simulation, despite 
instructions to respond as rapidly as possible. This finding is not only relevant 
to the feasibility of establishing empirical criteria for defining ha out-of-bounds 
type error, Ls discussed by Schiflett (ref. 231, but also affects the potential 
utility and interpretability of secondary RT task data within the Sternberg paradigm. 
The possible application of Windsor transformations to these limited sets of RT 
data was rejected for reasons similar to those stated above, but might be considered 
as an alternative to truncating actual data when greater numbers of observations can 
be taken within selected set sizes. 

In fact, 

The RT data obtained from this investigation do not fit within the classical 
Sternberg interpretation. Additionally, transformations and manipulations of the 
data set failed to improve interpretability within this context. 
whether this was a result of (1) primary-task overload, which violates basic, 
a priori assumptions described by Sternberg (ref. 71, (2) a limiced sample size, or 
(3) insufficient experimental control in progressing from relatively precise labora- 
tory invatigations to dynamic simulations. 

It was not evident 

An analysis of variance (ref. 27) was performed on the RT data from the core 
experiment employing the RCAH stability augmentation model (table 1) to help identify 
unknown sources of variation, and to determine the feasibility of pooling selected 
RT data across selected experimental treatments. Despite skewness in the raw data 
from the secondary task, ANOVA's were considered sufficiently robust to circumvent 
the logical problem of running test statistics on data not meeting the model assump- 
tions. As is appropriate for a repcated measures design, F-tests for main effects 
and selected interactions were recompute[! using the next, higher-order interaction 
as the error term. 
statistically significant main effect or interaction; they are reported together 
with the results of the ANOVA in table 7.  

Strength-of-association values were also estimated for any 

From the strength-of-association values (table 71,  it is evident that statisti- 
cally signjficant findings only account for about 6% of the variation on the secon- 
dary task, compared with 39% on the baseline Sternberg condition. 
strength-of-association values are not unexpected in complex investigations, they 
failed to provide support for statistically significant ANOVA findings in accounting 
for much of the total experimental variation. 
two higher-order significant interactions precluded pooling the data across the 
thrte latter flight segments. 
approached a statistical level of significance (F = 5.63 (df = 3.3) p < 0.09). 
was probably a result of difficulties in attending t o  the secondary task during the 
descent and the hover and bob-up flight segments, as discussed earlier. The diffi- 
culty level of the secondary task across flight segments was seemingly affected dif- 
ferentially by the choice of subjects, as well as by the particular controller being 
flown. 
interpret, and no probable explanations are apparent. 
questionnaire data were examined to identify the factors that contributed to the 
complicated behavior of the secondary task in this investigation. 

Although low 

Additionally, three second-order and 

Of the main effects, only flight segments (S) 
This 

The statistically significant, higher-order interactions are difficult to 
Thus, pilot FHQ ratings and 

Four CHPR's were elicited for each mission segment following each flight 
(table 8 ) .  An ANOVA summary is given in table 9 .  Of the three main effects, only 
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TABLE 7.- RESULTS OF ANOVA ( re f .  27 )  PERFORMED ON T W  CORE RCAH PORTION OF THIS 

Source 

Subjects (S) 
Controller (C) 
Memory s a t  (M) 
Segment (GI 
sc 
cw 
SM 
SG 
CG 
MG 
SCM 
SCG 
SMG 
rn 

TOTAL ACCOUNTED VARIANCE 

F P 
sum o f  Mean 

squares squares  dr' 

1 65712.30 65712.30 0.14 N.S. 
, 2 . i1048081. 5524040.86 2.38 N.S. 

2 G736264.78 3368132.39 4.08 N.S. 
3 27267811.48 9089270.49 5.63 N.S. 
2 4634441.05 2317220.53 4.77 <.01 
4 6600664.76 1650166.19 .98 N.S. 
2 1649452.36 824726.18 1.70 N.S. 
3 4840061.00 1613353.67 3.32 c.02 
6 13602626.60 2267104.43 9.32 <.01 
6 2407021.77 401170.29 2.91 N.S. 
4 6758336.21 1689584.05 3.48 e .  01 
6 1460181.65 243363.61 .SO N.S. 
6 827935.84 137989.31 .28 N.S. 

12 11784057.13 982004.76 .79 N.S. 
S W  I 12 14900174.93 
Error 1240 602715670.48 

INVESTIGATION; STRENGTB OF ASSGCIATION VALUES ARE PROVIDED AS AN INDICATION OF 

I 

TABLE 8.- COOPER-HARPER PILOT RATINGS OBTAINED ON THE CORE R M  PORTION OF 

1241678.99 2.55 e.01 
486061.02 

Controller 
configuration 

Conventional 

Four-axis 
side s t ick  

Three-axis 
side s t i c k  
and 
collective 

Memory 
set size  

0 
1 
2 
4 

0 
1 
2 
4 

0 
1 2 

4 - 

THIS INVESTIGATION 

Strength of 
association 

Descent 

5 1 4 1 ~ 1 6  
6 . 5 / 4 / 5 / 4  
5 .5 /4 /5 / :  
6 / 4 / 5 / 7  

4151615 
615 I615 
515.51615 
515.51614.5 

5151517 
5.5151515 
5.5151615 
5 .5 / ' / / 5 /5  

Miss ion  segment 

Maneuvering 

4.516/515 
5.5151515 
5.5151514 
5 .5 /5 /5 /8  

6151614.5 
7 15 15 14 
7 I5 I6 I4  
7151614 

5 / 4 / 5 / 6  
6151516 
5.5151516 
5.5151516 

- 
- - 
- 

0.0065 - 
- 

.0067 

.0190 

.0094 
- 
- 
- 
- 

.0208 - 

Hover /bob-up 

5151414.5 
5.5151415.5 
5.5161413 
5 .5 /5 /4 /4  

7151415 
81514 15.5 
815.51514.5 
815.51515 

6151414.5 
6151416 * 

6 /6 I 4  I6 
6 / 5 / 4 / 6  

S t r a i g h t  /level 

414 14 13 
5141513 
5151413 
5 / 4 / 3 1 3  
5141413 
5.5141513 
5.514.51513 
5.5141514 

4.5151414 
5 I6 I 5  I 4  
5151414 
5161414 - 

Note: The four numbers given in  each cel l  correspond t o  t L  f w r  subjects. 
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TABLE 9.- SUkMRY OF ANALYSIS OF VARIANCE TABLE FOR 
THE COOPER-HARPER PILOT RATINGS 

Source 

Mean 
P/ 
CONTROL 
CP/ 
MEMSET 
MP/ 

cMP/ 
CM 

SEGMENT 

MSP 
CMS 

ss 
4870.2552 
24.7344 
5.8932 
17.5547 
3.1719 
5.4635 
.2422 

5.9349 
31.1927 
28.6927 

4.7526 
22.9245 
1.6302 
10.3594 
4.9870 
14.7109 

- 
df 

1 
3 
2 
6 
3 
9 
6 
18 
3 
9 
6 
18 

9 
27 
18 
54 

- 

- 

Ms 

$&id  ')e- . -2JL 

8.2448 
2.9466 
2.9258 
1.0573 
.6071 
.0404 
,3297 

10.3976 
3.1881 
,7921 

1.2736 
, 1tL-s 
.3837 
.2771 
.2724 

F 

533.707 

1.007 

1.742 

.122 

3.261 

.622 

.472 

1.017 

P 

0.000 

.420 

.228 

.992 

.073 

.711 

.880 

.457 

the flight segment approached a level of statistical significance 
(F = 3.261 (df = 3,9) p < 0.075). Neither memory set size nor control configuration 
was significant, and there were no higher-order interactions. 
flight segment to approach significance is interesting, since it was the only depen- 
dent variable which also approached statistical significance for the Sternberg task. 
It is probable that a fair degree of pilot compensation was being required to per- 
form the primary flight-control task, and that the secondary task may have been per- 
iodically ignored in favor of providing consistent FHQ ratings. 
tends to support the earlier contention that excessive loading on the*primary task 
may have inhibited the classical behavior of the Sternberg function. 

The tendency for 

The former finding 

Each subject was required to complete a postflight questionnaire after each set 
of runs with a different controller/stability augmentation level combination, as well 
as a final debriefing questionnaire following the simulation. The following is based 
on the responses of the four pilot subjects to the postflight questionnaire: 

1. 
mary flight-control task, especially while flying three- and four-axis control con- 
figurations. 
descent segment, with conflicting head-up/head-down visual demands. 
pilots initially neglected to respond to the secondary task altogether upon enterhg 
the descent and the hover and bob-up segments. 
cross-check the secondary task had a profound effect on degrading primary task per- 
formance and increasing overall workload. A second pilot stated that the sc ondary 
task, especially with the four-axis controller, had a strikingly negative effect on 

Subjects considered the effects of the secondary taak harmful to t,Jeir pri- 

Two eubjecLs noted that this was particularly apparent durivg the 
In fact, ueveral 

One pilot stated that the need to 
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his ability to analyze handling qualities in flight, and felt that his overall 
flight performance was compromised. 

2. Pilots reported that the need to perform display mode-select control func- 
tione had very little effect on their performance on either the primary or secondary 
tasks. 

3, With the exception of one Ames Research Center project pilot, who considered 
himself to be overtrained, a tendency was noted for the remaining three subjects to 
consider themselves undertrained on the primary flight-control systems task. m 
anticipated, this tendency was greatest for the experimental three- and four-axis 
controllers. Two of the pilots rated themselves extremely undertrained for flying 
the three-axis control configuration, despite additional training runs. 

4. There was a tendency for subjects to rate their performance slightly worse 
on the secondary task as the number of letters increased in the memory set. 

5. There was a decided tendency for subjects to increase their scan pattern 
difficulty ratings with the addition of the secondary letter recognition task. 
of the four pilots stated that this difficulty was particularly accentuated during 
descent - a finding undoubtedly related to the head-up/head-down visual demands 
during that segment. 

Two 

6. There was a slight tendency to rate the presentation location of secondary 
task stimuli on the head-up display as nonoptimal. 
the head-up/head-down problem during descent, howevZr, and only one subject suggested 
relocatick. from the nine o'clock to the twelve o'clock position. 
commented that the HUD is a very busy display and must be used during hover and 
bob-up; addition of the secondary task in this already busy display makes this seg- 
ment most difficult. However, he further commented that moving secondary task sym- 
bols to another display would be unacceptable for this maneuver. 

This tendency was related to 

Another subject 

7. Subjects did not indicate that they b d  made many false identification 
errors, and for the most part, their perceptiotrc -Jere correct, On several of the 
most difficult runs, or when subject6 fell behicct 0.. the primary task, their per- 
ception of the number of false identification errors appeared to be inflated. One 
pilot reported that he had difficulty triggering the voice response mechanism. A 
smell number of such errors were noted, but were discarded from further analysis. 

8. As noted earlier, subjects appeared to experience greatest difficulty 
responding to the secondary task while flying the desceIit, and pilot ratings on this 
question tended to substantiate this observation. Difficuzties were also identified 
during hover and bob-up, followed by the NOE segment. 
difficulties in attending to the secondary task during the straight-and-level 
flight segment. 

Subjects reported only minor 

9 .  The consensus regarding the relative difficulty of executing the four 
flight segments rated the 6" descent as most difficult and straight-and-level as the 
easiest. 
ments, but appeared to be at least partially a function of the flight-control con- 
figuration (see appendix A, table 10). Variations in pilot ranking on this ques- * 

tion were also related to the amount of exposure to side-arm flight controllers, 
with specific configurations affecting segment difficulty differentially. 

Consensus was mixed regarding the NOE and hover and bob-up mission seg- 
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Postflight questionnaires were also completed by two subjects flying the rate- 
damping stability augmentation model with conventional flight controls. Subject 
ratings on these questionnaires were compared with their previous ratings flying 
the same controller, but employing R W  stability augmentation. 
ences were noted between ratings with one poseible exception: on question 9, one 
pilot rated the hover and bob-up segment as most difficult to fly under RCAH, but 
easiest under the rate-damping stability augmentation level. 
rated most difficult to execute under rate damping. 

Only minor differ- 

The 6' descent was 

Subjects indicated that they had received adequate training 
on the secondary task, and on flying the mission profile, but one pilot noted that 
more training would have been beneficial on the flight controllers, and two pilots 
indicated that more exposure was needed to the SCAS levels. 
subjects appeared to remain strongly motivated throughout the simulation. 
pilot indicated some difficulty with fatigue, and another with boredom IC flying the 
same mission profiles. A slight tendency to consider rhe secondary task distracting 
from the primary task was again noted, as in the postflight questionnaire results. 

For the most part, 
Only one 

CONCLUSIONS 

The results of this investigation failed to support the continued use of the 

Not only did the Sternberg 
Sternberg task as a secondary measure of pilot workload in exploratory FHQ evalua- 
tions in which primary task demands may be excessive. 
function fail to materialize from data obtained under dual task conditions, but 
relevant main effects failed to reach levels of statistical significance. 
cal interactions were also largely uninterpretable. 
indicated that only a relatively small portion of the total variance was beina 
accounted for by statistically significant effects. 
stand the otherwise stable and predictable behavior of the Sternberg metric which 
became erratic in the presence of the primary flight-control task. 
nations include the following: 

Statisti- 
Strength-of-association values 

Some attempt was made to under- 

Possible expla- 

1. Task loading was high on the primary flight-control task. This finding was 
supported by CHPR data, pilot responses to the questionnaires, and by direct obser- 
vation of pilot failures to respond to the secondary task. It is likely that pilot 
responses to the secondary task were inhibited by insufficient reserve capacity 
owink to excessive demands of the primary task, at least during portions of the 
mission segments. 

2. Insufficient numbers of observations were collected to ensure reliable 
measures of central tendency for RT's across all experimental variables - a continu- 
ing problem in the FHQ test environment in which a relatively small number of highly 
trained test pilots are typically wed. Further decreasing the IS1 on the secondary 
task, or expanding the length of mission segments to obtain a sufficient number of 
responses, would only tend to degrade performance on the primary task and would 
likely be unrealistic. 

3. Responses to the postflight questionnaire provided b m e  indication of con- 
flict or overload occurring in the visual input channel when the secondary task was 
presented concurrently with the prjilary task. Vidulich and Wickens (ref. 16) 
reported that the Sternberg task was performed most poorly under S-C-R incompatible 
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visual-manual conditions, and best under compatible auditory-speech conditions for 
both single and dual task conditions. Experimental methods employing an auditory- 
speech Sternberg task may be more compatible with a heavily demanding visual-manual 
primary flight-control task. 

4. One final factor that merits consideration is the response state used by 
the pilot subjects during this investigation. Damos (ref. 30) and others have 
pointed out that strategy is a major determinant of dual-task performance. 
(ref. 31) stated that the priority an operator assigns to a task is an important 
factor in determining the level of performance maintained on that task as other 
duties are added. 
within the constraints of this investigation, differences in subject strategieB and 
priorities were undoubtedly operative during this study and accounted f x -  at least 
some of the variability in RT data. It is important to remember that the test 
pilot's primary job is the FHQ evaluation; it is difficult to modify a learned 
set of priorities through a limited sequence of instructions and practice trials. 
The Sternbarg task may actually have been relegated to a tertiary position by test 
pilots as they concentrated on formulating responses to the CHPR scale. It would b. 
interesting and informative to investigate the sequence of events leading to formu- 
lation of CHPR's in context of a secondary task. 

Chiles 

Despite careful procedural and experimental controls exercised 

It is both relevant and informative that CHPR data also failed to provide reli 
able statistical discrimination between the core (RCAH) treatment conditions in thi. 
investigation. Without quantitative performance or rating data, the FHQ researcher 
I s  forced to rely primarily on the pilots' subjective comments and observations 
regarding flight-control system evaluations. Regardless of the fact that test 
pilots are trained observers, it is evident that system evaluations can be affected 
by the number of observers, their background and experience, and other, hard-to- 
control, intervening factors. The negative findings obtained from this investiga- 
tion do not obviate the need for continuing research to identify and develop sensi- 
tive workload metrics for FHQ investigations, but rather hi~hlight the complex 
problems and difficulties surrounding this type of work. 
current investigation that secondary tasks superimposed upon demanding primary 
flight-control tasks are likely to yield inconclusive results. 
efforts are likely to be more productive and acceptable to the FHQ community at 
large, if an embedded task structure can be defined within the demands of the pri- 
mary flight-control task. 
demanding task 'structures, potential workload metrics should be as unobtrusive as 
possible from the pilot ' 8  viewpoint. 

It is apparent from the 

Further research 

In addition to avoiding the use of additive or more 
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