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A closed-loop compensatorytrackingtask has been developed which 
yields a measure of t he  human operator's time delay character is t ics  
w h i l e  tracking, constrains his behavior t o  within very narrow l imits ,  
and provides a low-variability indicator of the operator's tracking 

i s  required t o  s t ab i l i ze  an increasingly unstable controlled element 
up t o  the  c r i t i c a l  point of l o s s  of control. 
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I n  the present report, a f i rs t -order  divergence i s  used as the  
controlled element t o  obtain certain theoret ical  advantages. 
recent human response research, a theoret ical  analysis of t h i s  man-machine 
system is performed, and an experimental program i s  described which enables 
describing f'unction and c r i t i c a l  task measures t o  be compmed. A specif ic  
c r i t i c a l  task mechanization and operating procedure 'is developed which 
yields consistent and reliable measurements of the c r i t i c a l  levels of 
i n s t ab i l i t y .  

Based on 

An analysis of the  describing function resu l t s  shows tha t ,  when 
operating near c r i t i ca l i t y ,  t he  subject ' s behavior is adequately repre- 
sented by recently developed human operator describing function models 
and adaptation l a w s .  Further, t he  extrapolation of describing function 
data t o  the  c r i t i c a l  l eve l  of i n s t a b i l i t y  shows t h a t  the  operator con- 
s i s t e n t l y  loses  control at small, but f in i te ,  mean s t a b i l i t y  margins. 
The just-controllable f i rs t -order  divergence is  s h m  t o  be related 
dominantly t o  the  operator's effect ive time delay, and secondarily t o  
the  nominal variations of his average tracking character is t ics  and t o  
mid-frequency phase lags  due t o  long period kinesthet ic  adaptation 
e f fec ts .  
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Recent research in -chine systems (refs. 1 -5)  shows t h a t  

several  important system character is t ics  (such as closed-loop s t a b i l i t y ,  

bandwidth, e tc . )  are c r i t i c a l l y  dependent on the value of the p i l o t ' s  

e f fec t ive  delay t h e ,  

apparent "pure time delay," "dead t i m e , "  or "transmission lag" which is, 

i n  sc tua l i ty ,a  low frequency approximtion t o  the sum of several  high 

frequency ef fec ts .  

sion delays, effect ive lags due t o  neural coding, any delay t i m e  involved 

i n  the  human p i l o t ' s  equalization a c t i v i t i e s ,  and an effect ive delay 

approximating the higher order terms i n  t h e  neuromuscular response of a 

particular limb. 

is such that the equalizstion lead, 5, can be used for partial compensa- 

t i on  of high frequency lags.) While some components of ?e are involved 

i n  the c l a s s i c a l  step reaction-time delay, others, such as the cerebral  

equalizing and processing delays, are different .  

continuous tracking of randodike inputs, modes of h m n  subsystem opers- 

t i on  d i f fe ren t  f r e m  those used fo r  discrete  movements a re  brought i n to  play, 

Effective delay time i s  defined herein as an 

The primary constituents of Te a re  n e m l  transmis- 

(An additional component i n  ?e results when the system 

Furthermore, during 

1 



e.g., con t r a s t  the saccadic ( jump) movements of the eyeball  versus i t s  

smooth pursuit  movements fo r  respective s tep o r  smooth changes i n  the 

desired point of regard ( ref .  6 ) .  Consequently, a simple psychomotor 

test  f o r  measuring the effect ive delay time during continuous tracking 

would be of great prac t ica l  value. 

Such a tracking tes t ,  f o r  use i n  programs related t o  marrinachine 

integration and pi loted vehicles should have the following a t t r i bu te s :  

1. Provide a c l ea r  measure of tracking behavior which 
is  related t o  other tracking tasks  and t o  the 

subjec t ' s  psychomotor capabi l i t i es .  

2. Be sensit ive enough t o  reveal s ign i f icant  changes 

i n  psychomotor performance due t o  the applied 

experimental variables or s t r e s s  conditions. 

3 .  Can be validated rapidly t o  achieve a high leve l  

of confidence, meaningfulness, and baseline data .  

4. Be usable under a wide var ie ty  of test conditions. 

This report  summarizes exploratory research on a c r i t i c a l  task 

technique (involving compensatory tracking of a cer ta in  type of con- 

t ro l l ed  element) i n  which a s ingle  experimentally varied parameter w i l l  

reveal the p i l o t ' s  effect ive delay t i m e  during tracking t a s k s  essent ia l ly  

f ree  from experimental artifacts. 

t o  t h e  analysis  of pilob-vehicle systems we have discovered tha t ,  by 

Proper choice of a first- or second-order divergent "controlled element," 

the P i l o t ' s  tracking behavior can be a r t i f i c i a l l y  constrained t o  si'mple 

In applying servomechanism techniques 
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forms, i n  which ?e i s  the dominant parameter and i s  measured by the 

c r i t i c a l  divergence time constant, beyond which closed-loop control 

becomes impossible. 

The theoret ical  basis f o r  the concept resulted from a i r c r a f t  handling 

qua l i t i es  investigations i n  references 7 and 8. 

aircraft s tab i l iza t ion  task was original ly  proposed as a c r i t i c a l  task by 

Ashkenas i n  an unpublished memorasdum (ref. 9) , and ver i f icat ion of the 

theoret ical  predictions was published i n  reference 10. 

of the  task from the complex dynamics of an a i r c r a f t  t o  a simple first- 

order controlled element was proposed by Durand i n  1961 and was verif ied 

as an unpublished by-product of the work reported i n  reference 10. 

large scale investigations of reTerence 2 included two simpler unstable 

controlled elements t o  determine the  humin opemtor 's  describing function 

under subcr i t ica l  operation, and these results indicated that the under- 

l y i n g  assumptions would probably be m e t  near c r i t i c a l  conditions. 

The use of a constraining 

A simplification 

The 

The present program was started t o  develop the c r i t i c a l  t ask  concept 

i n to  a usable psychomotor test. 

foundation f o r  i t s  jus t i f ica t ion ,  developing a specif ic  test configurs- 

t ion,  and verifying the indicated measurements by independent m e a s u r e -  

ments of an operator 's  describing function under conditions closer  t o  

c r i t i c a l i t y  than reported i n  reference 2. 

This includes laying a firm a n a b t i c  

The report  starts w i t h  a description of the hums response parameters 

a f fec t ing  e f fec t ive  delay t i m e ,  leading t o  the c r i t i c a l  task concept and 

i t s  theore t ica l  basis, a l l  drawing heavily on the  background of reference 2. 

There follows the  evolution of a specif ic  c r i t i c a l  task configuration and 

3 
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procedure, including some ear ly  resul ts .  

validation of the t e s t ,  which wa6 performed i n  the H m n  Response Fac i l i ty  

a t  The Franklin Ins t i t u t e  Laboratory fo r  Research and Development. 

the implications and conclusions of t h i s  phase of the program a r e  s m -  

rized. 

Next comes the experimental 

Finally, 

Certain Illathematical analyses and data a r e  contained i n  the Appendix. 

4 



* 

c 

In %Ids sectian the current Illathenaticalmodel of the h m  operstor 

w i l l  be sumnrzrized t o  form a basis f o r  subsequent theore t ica l  e s e s  

of the c r i t i c a l  task. 

the operator 's  apparent delay time. 

The emphasis will be on those features  a f fec t ing  

The c r i t i c a l  task i s  a single-loop compensatory tracking task, for 

which the important paranteters a r e  defined i n  figure 1. Two key features  

a re  the solitary operator stimulus ( the error) and the randm-appearing 

nature of the forcing function (the system input). Numerous experiments 

(e.g., those sumarized i n  refs. 1 and 2) serve a s  the d a t a  base f o r  the 

analytical model describing humm operation and adaptation f o r  compensa- 

to ry  tracking w i t h  a visual ly  presented, mndom-appearing forcing function. 

The model of f igure 1 ccanprises three elements: 

1 .  A general quasi-linear describing function form. 

2. A ser ies  of "adjustment rules" which specify how t o  

"set" the parameters i n  the generalized describing 

function so that  it becomes a n  approxlnate model of 
humn behavior f o r  the psr t icu lar  s i tua t ion  of 

in t e re s t .  

3.  A set of remnant power spectra related t o  the 

paramiters i n  Item 2. 

5 



The most precise form of operator describing function* for compensatory 4 

control tasks  i s  (see ref.  2 f o r  de t a i l s ) :  

Time 
Delays Gain Neuromuscular Equaliza- 

system t ion  

A s l igh t ly  modified form of t h i s  equation i s  used t o  f a c i l i t a t e  comparison 

between t h e  operator gain i n  t h i s  and various simpler or  e a r l i e r  models. 

T h i s  form i s :  

where K, = K P ( T K / ~ )  = "mid-band p i l o t  gain" 

The operator is able t o  adjust  h i s  mid-band gain, Q, and equaliza- 

t i o n  parameters, TL and TI, within a f a i r l y  wide range f o r  su i tab le  

loop closures. 

ment and t h e i r  application i s  treated i n  numerous other references 

(e.g., 2-5  and 7- 10) and need not be fur ther  discussed a t  t h i s  point. 

The term K ( q / a ~ )  i n  the  describing function refers t o  the  indifference 

threshold describing function. 

tracking tasks, because the  serial thresholds are consciously reduced 

These adjustments have been f i rmly validated by experi- 

This i s  near ly  uni ty  f o r  d i f f icu l t  

*Because t h i s  describing function i s  s t r i c t l y  valid only i n  the 
frequency domain, it i s  herein represented as a function of the frequency 
operator (ju) instead of the Laplace operator( s) . 

6 



' t o  t h e i r  nominal levels, while the rms inputs t o  the  thresholds (the 

displayed error,  etc.)  are re la t ive ly  W g e .  

N e x t ,  consider t he  time delay terms. The pure time delay represented 

term is  due t o  sensory excitation ( the retina i n  the  v i s u a l  

--- 
by the 

case), nerve conduction transport lags, cmputational lags, and other 

latencies i n  the central  nervous system. 

associated Kith multiple display scanning. 

invariant with forcing function and controlled element dyna.mi.cs f o r  random- 

appearing input tasks.  

variations occur. 

range from about 0.06 t o  0.10 sec f o r  single-loop tracking s i tuat ions.  

'rd can a l so  include sampling lags 

It appears t o  be essent ia l ly  

However both intersub jec t  and intrasub j ec t  Td 

Empirically the  minimum value fbr T~ seems t o  l i e  i n  the 

The operator 's  time delay variation, Tr(t), i s  not thoroughly under- 

stood a t  t h i s  time, but is  believed t o  be a good way t o  describe one 

source of remnant. 

task d i f f icu l ty ,  e tc .  

f luctuation and s e t s  one fundamental l i m i t  on the  minimum phase margin 

I n  t h a t  case, it would be a function of a t tent ion level ,  

Any variation i n  'rr results i n  an apparent phase lag 

required for closed-loop s t a b i l i t y  during a long duration tracking task.  

Over long tracking runs ( 1  - 5 minutes) the  mean value of T r ( t )  i s  zero, but 

over very short  periods(on the  order of a few seconds) it may d r i f t  somewhat. 

This point w i l l  be discussed l a t e r  i n  interpreting the experimental results. 

The neuromuscular (NM) system is represented here by a formidable array 

of parameters. 

but is  current ly  i n  preparation. 

i s  a ten ta t ive  model of the effects of kinesthetic sensory adaptation (Or 

"washout") i n  the  neuromuscular subsystem. 

A detai led description i s  beyond the  scope of t h i s  report, 

The pa i r  of terms ( jo + 1 /TK) /( jo + 1 /Ti) 

TK is  the time constant of 

sensory adaptation, on the order of tens of seconds, and is  analogous t o  the  

7 



t i m e  it takes fo r  the fee l  of newly put-on clothing to disappear. 

Ti i s  associated with a closed-loop root resul t ing from % and i s  usually 

much longer than R. 

frequency lag-lead pair i n  the frequency domin. 

the bandwidth of measurement, leaving only a smll  residual  amplitude 

r ise  but appreciable phase l ag  a t  the lower input frequencies. 

t a n t  o b s e m t i o n  about kinesthet ic  adaptation i s  that thelow-frequency 

phase l a g  increases under d i f f icu l t  tasks,  where concentration and 

neuromuscular system tension are maximum (ref. 2).  

Consequently, 1/Q and l /% const i tute  a very low 

They are usually below 

An impor- 

a 

The remining third-order charac te r i s t ics  of the NM portion of 

equation (1 ) are associated with a high frequency f i r s t -o rde r  lag, m1, 
and an underdamped second-order lag,  Q, CN. 
the  viscous damping terms i n  the closed inner NM loops, while the second- 

order terms re f l ec t  the combined s t i f fnes s ,  i ne r t i a ,  and damping i n  the 

arm-plus-stick system. Direct measurements of the  second-order charac- 

ter is t ics  were made i n  reference 12, where, during a continuous tracking 

task,  t he  complete arm-plus-mnipulator was struck and the (q and (N 

were inferred from the resu l t ing  t rans ien t  response. 

most of  these dynamics occur a t  or beyond the frequency of followable 

inputs (about 10 md/sec) . 
terms by combining the =in effects of the  third-order model (a phase Lag) 

i n t o  a single f i r s t -o rde r  NM lag term (TNju  + 1 )-’ , where 

The m1 term i s  related t o  

Generally speaking, 

Thus they can be represented v i a  simpler 

TN = TN1 + e) ( 3 )  

O r  even to merely include as an addi t iona l  t i m e  delay t o  be added t o  Id.  
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& One frequently used term should be c la r i f ied  a t  this point. 

"Unity-gain crossover frequency" or just crossover frequency, q, i s  

defined as that frequency where the  open-loop amplitude r a t i o  (output/error) 

equals 1.0. The crossover frequency i s  important because it approximtes 

the closed-loop bandwidth of the compensatory tracking loop, because it 

defines tne Zrequency region where most of the dynamic interact ions of 

feedback occur, and because it provides the dividing criteria between 

re la t ive ly  high (> (uc) or  law (C q) frequencies. 

demonstrates, it is  only near crossover frequencies that accurate p i lo t  

describing functions are required, and it is i n  the crossover region that 

the  effect ive delay time i s  defined. 

As reference 13 clear ly  

Consider a sine wave of a given frequency, 0, operated on by a pure 

t i m e  delay, 7. 

the  output, but w i l l  s h i f t  i t s  angular phasing with respect t o  the input 

by an amount, rsp, which increases with the  applied frequency: 

A fixed value of 7 w i l l  not alter the amplitude of 

& = -TO 

where Lcp i s  in radians (negative 

f o r  lag) and o is i n  radians/second 

(4) 

In reverse, considering a frequency response plot ,  a phase lag which 

varies as a l inear  increase with frequency (and with uni ty  amplitucle 

r a t io )  represents an effect ive time delay. 

9 



The def ini t ion of t he  operator's "effective delay time" while 

tracking a continuous random input i s  re la ted  t o  the  mid-band lags  

i n  the complete describing function (eq. 1 ) . 
at  frequencies greater than the crossover frequency are cqq and 1/57.,' 

and l/TL w i l l  l i e  i n  t h i s  same frequency region i f  low frequency lead  

equalization is  not required i n  the  system. 

t o  these high frequency components is: 

The breakpoints occurring 

The phase l a g  corresponding 

A t  frequencies i n  the  mid-band region (near we), t h i s  becomes: 

whence the effect ive delay t i m e  i s  defined as: -- 

The effective time delay, 76, is the sum of the "near crossover" lead 

and lag time constants plus the basic traseport delays. 

Changes i n  T, imply changes i n  one or more of i t s  consti tuents.  

f romth i s  consideration that measures of T e  have promise as integrated 

indicators of the p i l o t ' s  physiological i n t eg r i ty  i n  a tracking t a s k .  

It i s  

1 The adequacy of any such d i f f e ren t i a l  measure (i .e., Tea,tual - Tenominal 

i s  thereby dependent on the  s t a t iona r i ty  of i n  the  normal organism. 

10 



.re appears t o  be s table  (with smll variance) over a smll number of b 

trials, ye t  exhibits learning ef fec ts  via s l i gh t  reductions over a large 

rider of trials. It appears t o  be c r i t i c a l l y  dependent on those physio- 

l oc iga land  psychological factors  involved i n  the  attainment of high grade 

s k i l l .  It offers  potent ia l  as a genemlmeasure of psychomotor perform- 

ance when only a f e w  runs are taken, wniie terminal values a f t e r  nntny 

runs indicate  mbml tracking p e r f o m c e .  Further, since current values 

can be compared with e i ther  absolute minim previously obtained or  average 

population values, the measure provides some indication of probable 

proficiency on d i f f icu l t  tracking tasks.  

The measurement of Te W h i l e  tracking i s  n o m l l y  a very d i f f i c u l t  

procedure, i n  which one of two =in approaches canbe  used: 

1 .  The p i l o t ' s  quasi-random input describing function 

i s  first obtained, using Fourier analysis or a 

cross-spectral analyzer. Then the frequency 

response amplitude and phase a re  simultaneously 

curve-fi t ted t o  remove the l i n e a r  response terms. 

From the  residual phase versus frequency, the Te 

i s  found using the following relationship: 

d(cp residual) 
du, Te = 

2. A parameter tracker, o r  "mimic," is operated i n  

parallel with the p i lo t ,  and contains an approxi- 

m t i o n  t o  a pure time delay (possibly a first- o r  

second-order Pad; polynomial). 

as other p a m e t e r s ,  i s  adjusted t o  minimize the 

difference between the p i l o t  and mimic outputs, and 

the  "best f i t "  value taken as 7,. 

This delay, as well 



c- 

It should not be surprising that very f e w  accurate data on re 
exist;  such sophisticated measuring and data analysis procedures 

preclude any large scale  sampling T~ by these methods. 

The c r i t i c a l  t ask  technique can be explained as follows, using 

a simplified p i l o t  describing function. The complete model alters 

the de t a i l s  but not the  main essent ia ls .  

closed-loop tracking task  with a low frequency randomlike input, and 

a controlled element having a variable f i r s t -order  divergence (f ig .  2 ) ,  

Yc E -Kc/(*s -F 1)  The appropriate p i l o t  describing function for t h i s  

controlled element (ref.  2) i s  a pure gain, 5, and an effect ive delay 

time, re. The la t ter  i s  approximated by a f i r s t -order  Pa& polynomial, 

giving f o r  Yp: 

Consider a compensatory 

The system surve$of f igure 2 shows that there  i s  a minimum gain, K d n ,  

which must be reached t o  s t ab i l i ze  the  system (at  a), and a mximum 

gain, Kmx, a t  which it again goes unstable (a t  0). A t  Gpt (near@) 
the system i s  stable, but only m r g i n a l l y  so. If 4 i s  now decreased 

(more unstable),  then it can be seen t h a t  both the phase margins and 

gain margins vanish as T approaches T e e  

help h i s  control by adopting low frequency lead o r  lag equalization; 

lead gives less gain spread and lower gain margins, while lag  gives more 

phase lag and thus reduces the phase m r g i n .  Consequently, the p i l o t  i s  

constrained t o  adopt a nearly pure & response & the crossover region, 

and i n  the idea l  l imi t  Tm-in A T ~ .  

first- and second-order divergent controlled elements of t h i s  type, using 

human p i l o t  models, are given i n  reference 2. 

ance and s t a b i l i t y  aspects of a loop closure,  using simultaneously the  
root locus, conventional jw-Bode, and "Siggy" Bode techniques included i n  
the Unified Servo Analysis Method of reference 14. 

Furthermore, the  p i l o t  cannot 

- 
Further systems analyses and data f o r  

*A "system survey'' i s  a systems analysis ,  considering both the perform- 
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t As an a l te rna t ive  t o  the graphical solution, consider the ana ly t ica l  

solution, which is  par t icu lar ly  simple in this case. 

of s fo r  a n a l y t i c d  purposes, the  open-loop t ransfer  f'unction is: 

W B i h  rp in terms 

e-*e" 
YO+) = Yp(s)Yc(s) = -K 

(-Ts + 1 )  

-K (- 7 Te 8 + 1) 

- - j K = K p K ,  (9)  
( 4 s  + 1)(; s + 1) 

After some algebra, and using the basic closed-loop relat ionship that 

YcL( s) = YoL(s)/[l + YoL(s)] , the  closed-low transfer function is: 

Y C L M  = 
2(K - 1)  

Note that i n  t h i s  simplified case q~ - 0 at the c r i t i c a l  condition 

(point 0 ,  dashed root locus in f i g .  2). 

equation ( lo) ,  the r e su l t  i s  K m t  =1.0. 

wing term, 21c~o-t;l~ = 0, gives: 

Then, from the U$L term in 

Putting this i n  the  t o t a l  

Theref ore  : Tc = Te 

With the  more complete neuromuscular system and f i n i t e  s t a b i l i t y  mrg in  

e f f e c t s  included, the numerical results are modified, a s  Kil l  be sham l a t e r .  

S t i l l  preserved, however, are the essent ia l  constraining e f fec ts  on the 



p i l o t ' s  behavior ( t o  pure gain near the shaded phase region of f ig .  2) 

and t h e  close correspondence between 

4 

and Tc.  

The cr i t ica l  task concept l e ,  then, t o  provide a divergoit controlled 

element of  a form that tightly conetralne the allowable p i lot  equalization 

near the region of croeeover, leaving the effective delay t ime ,  le ,  as  the 

Bole determinant of 13y8tOm stability. 

inorweed unti l  control l e  loet ,  whereypon the cr i t ica l  divergence time 

conetant, Tc, le a maewe of T e .  

The divergence l e  then slowly 

De EFFECTS aF OPERATOR MODEL REFINEMENT 

8bblllty.- The def in i t ive  r e su l t s  on p i l o t  describing functions i n  

reference 2 demonstrate t ha t  the precision p i l o t  model [represented by 

eq. ( I ) ]  represents the measured operator describing function data 

with remrkable accuracy over a two-decade range of frequency. 

Unfortunately, a t e n  parameter model i s  too  cumbersome for  routine 

data analysis, and it i s  not rea l ly  necessary t o  represent every d e t a i l  

of the data t o  ge t  a good understanding or measurement of T e ,  as the  

subsequent analyses w i l l  prove. We w i l l  now make three loop closures 

around a near -cr i t i ca l  controlled element, using successively simpler 

p i l o t  models: first,  the complete "precision" model; second, an 

"extended crossover" model; and, th i rd ,  t he  "simple crossovert' model 

( a l l  are derived and explained i n  d e t a i l  i n  reference 2 ) .  The small 

errors  i n  the  closed-loop roots,  s t a b i l i t y  margins, and e r ro r  spectra 

result ing from the simplifications wdll  then become apparent. 

t i v e  1s t o  j u s t i fy  the use of these more t r ac t ab le  models f o r  the 

Subsequent ana ly t ica l  investigations.  

The objec- 



b The controlled element t o  be examined is: 

which i s  near the observed l i m i t  f o r  continuous tracking of a rela- 

t i ve ly  wide band input, having a bandwidth of c q  = 4.0 rad/see. 

The precision m o d e l  smmeters, actually based on m e a s u r e d  describing 

function data t o  be shown later i n  figure 17, are  as follows: 

1.9 cm/cm 

0.065 sec 

0.02 sec 

0 

2.5 sec 

25 sec 

0.0625 sec 

23 rad/sec 

0.1 

l /TL = 50 sec-' 

I/% = 0.40 sec-l 

I / T ~  = 0.04 sec-' 

I / T ~ ~  = 16.0 sec -1 

The complete precision describing function f o r  t h i s  case i s  thus: 

The extended crossover m o d e l  of reference 2 is  a much simpler form 

of equation (l), reasonably accurate over a range of frequencies of more 

than one decade spanning the crossover region, i n  which the high frequency 



neuromuscular dynamics are represented only by t h e i r  phase lag, i . e . ,  as 

increments of effect ive delay t i m e ,  while the low frequency kinesthet ic  

lags are  represented by a single inverse delay t i m e ,  a. Thus, 

where a = 1/TK-1/* (1 4) 
ze = zd + T N ~  + Z C N / ~  (1 5 )  
TL, TI as i n  equation ( 1 )  

Kp here corresponds t o  the mid-frequency gain, K, 

Often, when TL i s  smll and ~ / T L  i s  beyond the crossover region, 

as here, it i s  a l s o  included i n  T ~ .  

previous parameters fo r  eq. 12 yield,  f o r  t h e  extended crossover m o d e l :  

With these simplifications the  

-j[(.%/w) + .1160] 
h 1 .ge ypxc 

This i s  the form which has been found bes t  sui ted f o r  f i t t i n g  of f irst-  

order c r i t i c a l  task data. 

The simple crossover model merely ignores the low frequency kinesthet ic  

lags and thus i s  represented, i n  general, by: 

For t h e  specific numbers here, and noting that TI = 0 and including.the 

Smal l  Value of TL i n  T e :  

-.I 1 6 j w  Yps 1 .ge 
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. 
I * This is  the situplest model capable of demonstrating the s ignif icant  

aspects of c r i t i c a l  tasks,  and lends i t s e l f  t o  analyt ic  manipulation 

more r ead i ly than  the extended crossover model.* 

I The comparative loop closures can now be made. Root-locus and Bode 

p lo ts  f o r  each case a re  compared i n  figure 3, where the  closed-loop 

roots  corresponding t o  IC, or Kp = 1.9 a re  designated by the  0. 

exact expressions f o r  the  phase lags from 7, and a were used.) 

and Table I demonstrate t he  following points: 

I (Here, 

Figure 3 
I - 

1. The dominant closed-loop imaginary roots  near 

p i l o t  models. 
8 rad/sec are  c losely given by all three 

2. The dominant closed-loop frequency i s  near the 
unity-gain crossover Frequency s h m  on the  Bode 
plots;  W L  4 *. 

3. The simple model, having the  least  phase lag near 
crossover, results i n  the highest damping r a t i o  
of the  dominant roots, and highest phase margin. 

The m a i n  ef fec t  of the more precise models is t o  
make the minimum unstable frequency r i s e  from zero 
(as  on previous f ig .  2) t o  the  crossover region. 
The precise low and high Frequency i n s t a b i l i t y  
points, c c q  and a re  closely approximated by 
the extended crossover model. 

4. 

5. The damping of the second-order neuromuscular 
dynamics i s  increased when the loop is  closed. 

*One addi t ional  approximation made i n  most analyses i s  t o  represent 
the  time delay terms by t h e i r  first- o r  second-order Pade approximations. 
Thus : 



6 ;  I+, CCC be i n t e r r e d  by inspection of figure 3, 
and demonstrated by computation, t h a t  the  
optimum crossover frequency, wc, (with respect 
t o  s t a b i l i t y  and performance) drops only s l i gh t ly  
as 1/T i s  increased (more in s t ab i l i t y ) ,  and ends 
up near the c res t  Of the  phase curve hump when the 
s t a b i l i t y  margins vanish. 
follows the precise value a t  first, then continues 
t o  suddenly decrease toward zero as  1/T approaches 
the  c r i t i c a l  value. Nevertheless, down t o  the very 
low s t a b i l i t y  margins shown here, the  simple model 
gives correct trends i n  most of the closed-loop 
parameters. 

For the  simple m o d e l ,  co, 

This numerical example demonstrates tha t  the extended crossover model 

gives a remarkably accurate approximation t o  the precision model, and 

even the simple model shows the correct trends i n  the  closed-loop 

s t ab i l i t y  character is t ics .  

TABLF: I 

SUMMARY OF LOOP CLOSURF: FESuI;TS 

MCDEL 

Dominant Root: 

qL (rad/sec) ............. 
CCL ....................... 

Crossover Region: 

a+ (rad/sec) .............. 
ql (rad/sec) ............. 
cuu2 (rad/sec) ............. 
Phase margin (deg) ........ 

.. Gain margins (a) at %I 
at cDu2 

PK3CISION 

7.7 

0.31 

6.5 

1 *7 

1 1  .o 

13 
5 
3 

EXTENDED 
CROSSOVER 

7.4 

0.32 

6.7 

1.8 

11.2 

14 
5 
4 

SIWLE 
CROSSOVER 

7.9 

0.36 

6.7 

0 

11.4 

17 
6 
4 
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& Perfornanoe .- As a p e r f o m c e  consideration, the closed-loop error/input 

response will now be compared fer each model. The error/input response i s  

given by : 

The Pad6 apgroximtions of equations (19) and (x>) w e r e  used t o  approx-te 

the delay terms, and the resul t ing closed-loop factored t ransfer  functions i n  

terms of t he  h p l a c e  variable, B, are: 

With Precision Elode1 

( s +  .&)(s-~)(s+I~)(s+ 31)[s2+2(.1)(23)s+ (23121 

(s  + .go) ( s  + 32.4) [s2 + 2(. 31 ) (7.7)~+( 7. T)~] [s2 + 2( .23) (20.7)s + (20.7)2] 
Giep(s) = 

(2'1 1 
With &&ended Crossover Model 

(. - .i8)(~ - 4)(~ + 17.2) 
Giexc(s) = (22) 

(s  + .65)[s2 + 2(.32)(7.4)s + (7.41~1 

With SimDle Model 

The power spec t ra l  density, or s ~ p l y  "error spectrum" of the e r ror  

2 f o r  a specified input, i s  obtained by multiplying IGiel by the  input 

spectrum. The mean square e r ro r  r e l a t ive  t o  the  mean square input i s  

given by the  in t eg ra l  over the  input mndwidth of t h i s  spec t ra l  density, 



For a rectangular input spectrum of bandwidth 9, 
- 

n 

Rather than assume an input spectrum a t  t h i s  point, j u s t  t h e  square 

modulus IGie12 i s  plotted,  i n  f igure 4, f o r  each case. Also noted i n  

the  figure are the bandwidths corresponding t o  q = 1.5 and 4.0 rad/sec. 

This comparison shows that: 

1. The e r ro r  spectra f o r  the  three radical ly  d i f fe ren t  

appearing models are qui te  similar, especially i n  

the range of frequencies below 4 rad/sec where 

most inputs are concentrated. 

2. For inputs cu t  off a t  modemte frequencies l i k e  

q = 1 .5 t o  4.0 rad/sec, the m i n  difference i s  

s l i gh t ly  less e r ro r  a t  the low end of the spectrum 

f o r  the more precise m o d e l s .  

3 .  The large peaks are sens i t ive  t o  the  s l i gh t  changes 

i n  closed-loop damping r a t i o  of the dominant root 

a t  c + ~ .  
nents of the e r ro r  w i l l  be more sens i t ive  t o  the  

model used than t h e  low frequency portions of the  

error .  

Consequently, the higher frequency compo- 

4. The dip i n  the  precision case near 23 rad/sec is  due t o  

the neuromuscular system dynamics, cq and CN. 

Generalizing these and similar results, w e  conclude that, compared 

with the  precision p i l o t  m o d e l ,  the  more ana ly t i ca l ly  t rac tab le  extended 

crossover p i l o t  model w i l l  reveal  most of the s igni f icant  theore t ica l  
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implications of c r i t i c a l  tasks. 

m o d e l  w i l l  reveal the main trends of such loop closures down t o  the 

point of very small s t a b i l i t y  margins. 

Even the very approximte simple p i lo t  

Simple model.- The reason f o r  seeking simpler theoret ical  p i l o t  

describing function forms than the precision m o d e l  is t o  permit parametric 

analyses of the s t a b i l i t y  and performanee i n  the c r i t i c a l  task. 

previous section the simple p i l o t  model f o r  the  f i rs t -order  c r i t i c a l  task 

has been shown t o  yield reasonably accurate trends in the mid-frequency 

dynamics, the s t a b i l i t y  mrgins ,  and the error  spectrum. 

a t  some of the theoret ical  implications which can 5e drawn by using the 

simplest operator model. 

In  the 

Let  us now look 

F i r s t ,  consider the behavior-constraining effects of the  critical 

task as the  divergent root is  made more unstable.* 

previously, a f i r s t -order  divergent controlled element is such that 

no p i l o t  equalization i s  required i n  the crossover region. 

lead equalization would increase the  phase margin, but only at  the expense 

of gain margin, and conversely f o r  lag equalization. The final test of 

t h i s  theore t ica l  result (that no equalization is  required in the  cross- 

Over region) WXU have t o  rest on experbent.  

As mentioned 

Low frequency 

The narrowing range of gain and phase margins as X is  increased 

toward c r i t i c a l i t y  (incipient l o s s  of control) can be eas i ly  shown 

analyticaUy using the  simple crossover m o d e l .  

*For convenience the  inverse time constant will henceforth be given 
a single synibol, x 1/k. 
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Study of figures 2 and 3 would be helpful before s ta r t ing  t h i s  

discussion. From the  denominator of equation (1 0) , t he  open-loop 

s t a t i c  gains necessary f o r  t he  system t o  be unstable, %L> 0 and 

scL > 0, are: 

Qin = 1 .o 

1 = - -  2 1  %ax - - -  
- 2T 

'e 'e' 

Gain margin i s  defined as the  r a t i o  (expressed i n  dB) of a 

For the s i tua t ion  specified gain t o  the  gain f o r  neutral  s t a b i l i t y .  

here, there  are two gains f o r  neutral  s t ab i l i t y ;  hence the optimum 

closure gain t o  maximize both gain margins i s  t h a t  gain which l i es  

i n  the  middle of K- and &in expressed i n  dB. I n  other words, 

t he  gain f o r  max imum gain margins, I$-,+ i s  the  geometric mean of 

&in and &. Thus, 

The maximum phase m r g i n  and the corresponding gain can a l s o  be computed. 

Using the  a c h a l  delay time i n  equatisn ( 9 ) ,  the  phase angle i n  radians i s  

given by: 
(28) 

-1 
cp = -,I- ~ ~ u ,  + t a n  Tu, 

Thus, the phase m r g i n  is :  

-1 
'pM = ,I + cp = - Z ~ W  + t a n  Tu 
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4 

At the  naximum phase margin point, the slope with respect t o  frequency 
i s  zero: 

Solving t h i s  f o r  the frequency f o r  maximum phase margin, 9 ~ :  

This value of 9~ m y  be put back i n  eqmtion (29) t o  compute %, and 

can be used t o  compute 

the simple model represented by equation (30) i s  not completely accurate 

i n  the l i m i t  as T/oe- 1 ,  where the above equation indicates that COPM - 0, 

whereas i n  the more precise m o d e l s  9~ remins a t  a f h i t e  frequency. 

or t o  locate it graphically. Rernember t h a t  

To i l l u s t r a t e  the constraints on these parameters, figures 5 and 6 

show some results from the more extensive computations i n  reference 15. 

In figure 5 are plot ted the gains fo r  the various s t a b i l i t y  margins as 

the open-loop in s t ab i l i t y ,  A, i s  made more unstable, with the effect ive 

time delay held constant a t  a typical  value of T e  = 0.2 sec. 

a Very rapid decrease i n  a l l  the s t a b i l i t y  margins as the c r i t i c a l  con- 

d i t i on  i s  approached. More specifically:  

There i s  

1 .  %: The gain f o r  miximum gain mrgins  i s  between 

the  gain fo r  mximurn phase lnargin a d  the gain f o r  

minimurn l l ~ ~ s  error.  

a r e  mrked along the KGM curve. 

The m a x i m  gain margins, KM, 
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2 .  

3. 

4. 

Except f o r  

Km: 
iow side or' -QM, but is very similar. 

achievable phase margins lnarked along t h i s  curve 

become qui te  low (< 20 deg) w e l l  before the c r i t i c a l  

point i s  approached. 

The gain f o r  mximum phase margin i s  on the 

Tne lnaximum 

The gain f o r  a prac t ica l  minimum phase margin 

of 10 deg i s  near the  s tab le  gain L i m i t  a t  noncri t ical  

conditions, but departs appreciably from it f o r  X > 3 
( i n  general, f o r  X T ~  > 0.6). 

&&n: 
rectangular-plus-shelf spectrum of the B6 type 

( ref .  16) and % = 2.5 rad/sec i s  very near t he  

m a x i m u m  &able gain. Because t h i s  c r i t e r ion  

corresponds t o  a phase margin less than 10 deg 

and gain margin l e s s  than a f e w  dB, it is doubtful 
t h a t  the  theore t ica l  minimum e r ro r  w i l l  be approached 

under most near -cr i t i ca l  conditions. This analysis 

ignores the  e f f ec t  of remnant, which w i l l  generally 

increase the  t o t a l  errors  and reduce Kernin.  

The gain f o r  minimum rms e r ro r  with a 

' 

the hmin curve (which depends on a given q and input spectnun 

shape), the  s t a b i l i t y  margin curves can be normlized t o  any T e  i n  terms 

of the r a t i o  of T t o  T e  (or i t s  inverse,  Te/T = XTe) as shown a t  the top 

of figure 5 . 
Next, consider the theore t ica l  e r r o r  performance implications of the 

* simple model, as shown i n  figure 6. 

ems/i,s, is  shown versus the  i n s t a b i l i t y ,  1, f o r  gain adjusted t o  QM 

Here, the  normalized e r ror ,  

The n o m l i z e d  e r ro r  i s  computed with standard procedures as outlined * 
near equations (24) and (25) herein and i n  references 2 and 15. 
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(maximum gain margin). 

analysis represented by figure 6: 

Two key conclusions may be drawn from the e r ror  

1. The tracking error  r i s e s  very steeply as the  

i n s t a b i l i t y  i s  increased beyond approximately 

two-thirds of the  idea l  c r i t i c a l  value. 

2. The rms tracking error  exceeds thz m Lap% 

by a factor  of 5 t o  10 as c r i t i c a l i t y  is 

approached. 

The prac t ica l  implications of these l a s t  two theore t ica l  findings 

are very important. F i r s t ,  they imply that,  i n  order f o r  the  displayed 

e r ro r  t o  remain within bounds, the  input level  must be very small compared 

t o  the  display range. 

i n  the  section on "Critical Task Development.") 

(There w i l l  be fur ther  discussion of t h i s  point 

Second, it must be 

remembered that the  p i l o t  remnant w i l l  induce fur ther  errors,  which w i l l  

be s imilar ly  magnified during closed-loop operation. This compounds the  

display problem. 

be described i n  later chapters, were ver i f ied i n  practice.  

These predictions, made w e l l  before the  experiments t o  

&tended cr0~80mr model.- The residual mid-frequency ef fec ts  of the 

low frequency phase lags  from the x, 4 effects  detract  from the phase 

m r g i n  which would be computed from the simple model alone (see f i g .  3 ) ,  

and reduces the idea l  A a t  which a l l  s t a b i l i t y  mrg ins  disappear. 

theore t ica l  l i m i t  i s  rederived i n  Appendix A using the extended crossover 

model, o r  "a-model , "  of the operator. 

This 

The result is: 

2 kcideal  . ; a << T~CI+ = l -  
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For a typ ica l  value of a ~ ,  

l i m i t  i s  reduced t o  X 

case. The exact proportionali ty between the l imit ing A and 1 /'re i n  the 

simple m o d e l  case i s  a l so  modified by the  a term, but t h i s  is  a second- 

order e f f ec t  f o r  reasonable values of the parameters. However, the  

refined l imiting case may not be of too much inrportance if  f i n i t e  

s t a b i l i t y  margins are required fo r  control, since the simple model 

results have been shown t o  be va l id  under these conditions. 

0.04 it can be seen t h a t  the zero margin 

0 .8 /~ ,  compared with X = 1 .O/Te f o r  the  simple 

At t h i s  point we w i l l  recapi tulate  the par t icu lar  theore t ica l  assump- 

t ions  and predictions which a re  t o  be validated by the subsequent experi- 

ments. 

compensatory tracking by a human operator a re  met (e.g., random-appearing 

input, well-trained operator, proper display and control gains, e tc . )  . 

It i s  assumed t h a t  the  basic assumptions applying t o  continuous 

The main special  assumption of t h i s  theory is: While tracking with 

a simple f i r s t -order  divergent controlled element having a slowly adjusted 

divergent root, the operator 's  behavior remains quasi-stationary and can 

be represented by the same describing function forms as proven va l id  f o r  

constant-A conditions. 

From these basic (and one special)  assumptions, the  analysis of 

operator behavior has l ed  t o  the following derived predictions, which 

a r e  t o  be tes ted experimentally: 

I .  Low run-to-run variance i n  a l l  measured parameters 

i s  expected because of the  constraining nature of 

the f i r s t -order  c r i t i c a l  tasks .  

2. As the i n s t a b i l i t y  X approaches i t s  c r i t i c a l  value, 

the  tracking er rors  w i l l  d r a s t i ca l ly  increase and 

the  s t a b i l i t y  margins w i l l  decrease. 
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i 3. The neuromuscular s y s t e m  will be forced t o  its 

"tightest" m o d e  of operation, t o  achieve minimum 

neuromuscular contribution t o  T~ at high frequencies, 

with an increase i n  a a t  low frequencies (from ref. 2). 

4. The magnitude of Yp should be nearly constant, i.e., 

a "pure gain" over the  s table  range of crossover 

Trequeilcies, i.e., O V S ~  r~@i 8 Sec&e ,+QE %- I 

t o  %2' 

5. The limiting l eve l  of X which can be tracked f o r  more 

than a f e w  seconds will be less  than the theore t ica l  

ideal c r i t i c a l  value, X 

ment f o r  small f i n i t e  s t a b i l i t y  margin$, the need t o  

l i m i t  the  tracking er rors  t o  remain on the display, and 

due t o  secondary e f fec ts  of the a phase contributions. 

l/'re, because of the  require- 

6 .  For a given operator, the exact value of ins tab i l i ty ,  A,, 

at which control is  l o s t  will depend primarily on T~ and 

secondarily on a, as w e l l  as the limiting phase and gain 

margins required by that individual ' s randm deviations 

around h i s  mean parameters. If these margins and a are 

re la t ive ly  invariant, then a calibratable relationship 

should exist between 're and 1,. 

The development of a device fo r  autamatically determining the  c r i t i c a l  

instability will be described next before going on t o  the  experimental 

program. 



sm1m I11 

It has been shown i n  the  first section that a measure of the subjec t ' s  

effect ive time delay, T ~ ,  can be obtained by noting the value of the  

unstable root a t  which the  subject can no longer maintain control i n  a 

tracking s i tuat ion.  It is  a primary objective of t h i s  program t o  evolve 

a method and t e s t  configuration fo r  increasing the  unstable root from an 

eas i ly  controlled value t o  the  c r i t i c a l  value while the  operator t racks 

continuously. An obvious approach is  an automatic adjustment which not 

only relieves the  experimenter of the  job, but a l so  prevents h i s  bias 

from contaminating the  data. 

ment of the  f i n a l  test configuration wi l l  be reviewed i n  t h i s  section. 

Some of the  key considerations i n  the  develop- 

The main c r i te r ion  i s  t h a t  the measured value of the c r i t i c a l  divergent 

root, A,, should be dependent only on the  human operator 's  e f fec t ive  t i m e  

delay, Te,  and not on the  detailed mechanization of the  c r i t i c a l  task. 

Specifically, the value measured should 

selected display parameters, the  adjusting device operation, or  t he  modus 

operandi. 

length, input character is t ics ,  and control  gains are expected; hopefully, 

these variations can be minimized or  standardized by proper se lec t ion  of 

the  task parameters. 

depend s igni f icant ly  on the  

Variations i n  Xc with secondary task var iables  such as run 

Other c r i t e r i a  included: 

Simplicity of mechanization, t o  facil i tate i ts  exact 
duplication i n  other laborator ies  and t o  maximize i t s  
r e l i a b i l i t y .  

Su i t ab i l i t y  fo r  untrained as w e l l  as t ra ined  operators 
without experimenter adjustment 

0 
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' B* R m W m  

During exploratory phases of t h i s  program, documented i n  references 17 

and 19, several  root ailjusting schemes were t r i e d  with varying success. 

Adjustment by the experimenter, as original ly  used i n  the 1961 c r i t i c a l  

tssk development, was eliminated as too cumbersame and unrepeatable. 

Self-adjustment of h by the subject himself was found t o  be unworkable 

because no worklortd margin exists f o r  the adjustment process as c r i t i -  

c a l i t y  is  approached. The most successful schemes a r e  those depending 

on the  predicted (and observed) sudden increase i n  tracking e r ro r  per- 

formance as h nears the c r i t i c a l  value f o r  a par t icu lar  operator. 

Three performme feedback schemes for  changing the root increase 

rate, i, w e r e :  

Scheme A: i = k(ec - [ e l )  ( 3 2 )  
2 

Scheme B: i = k(e, - 1.1) sgn (ec - 1.1) (33)  

Scheme C: . 

where "e" i s  the tracking e r ro r  (seen by the subject as a ve r t i ca l  dis- 

placement of a horizon-bar-like l i n e  on a CRT, le1 i s  its rec t i f i ed  

value, and ec i s  a preselected "criterion" e r ro r  level.  Scheme A mecha- 

nizes theconcept that , for  very smll errors the subject i s  cer ta inly not 

near his s t a b i l i t y  limit and h should thus be increasing, while f o r  

excessively large e r ro r s  the subject i s  jus t  losing control and there- 

fo re  X should be decreasing. 

the subjec t ' s  average minimum controllable value, A = he, and hence be 

proportional t o  1/+re. 

apparent as the experiments proceeded, and a re  discussed i n  the following 

The divergent root should s t ab i l i ze  at 

A number of d i f f i cu l t i e s  with th i s  scheme became 

para@;raph 



The pr incipal  d i f f i cu l ty  with Scheme A w a s  the  large range i n  the 

rate of increase, x. 
while near terminal values the rate w a s  too high. 

For the i n i t i a l  values of X the  rate was too low, 

The t o t a l  effect ,  then, 

i s  that the subject i s  required t o  spend the m j o r i t y  of h i s  tracking t i m e  

j u s t  in  get t ing the root out near the "c r i t i ca l "  region. 

obtained i n  t h i s  mnner  i s  undesirable from two standpoints: 

long i n i t i a l  t i m e  the subject can t ire,  and a fast f ina l  rate gives an  

optimistic (or high) value f o r  Xc.  

by using an adjustment rate so  high t h a t ,  even with hands-off control,  

a s ignif icant  A, i s  obtained before the display diverges t o  i t s  l i m i t s .  

The number 

during the 

This last  point can be demonstrated 

Scheme B was evaluated i n  hopes of correcting the rate deficiency, 

When the gain w a s  high but a new problem arose-that of interaction. 

enough t o  get  a good adjustment rate, considerable coupling exis ted 

between the control loop and the adjustment loop ( the divergent root  

"chased" the e r ro r  l eve l ) .  

Smoothing the e r ro r  (Scheme C )  was of no help since the  addi t ional  

lag created s t a b i l i t y  problems i n  the coupled subjectadjustment loop. 

The best  solution t o  these problems was found t o  be an adjust ing law 

which was not a feedback function of the  e r ror .  A two-rate l a w  was 

evolved, of the form: 

( i  = I 

kl ' k2 



* The subject t racks while the root moves rapidly towards ins tab i l i ty .  

When the f i l tered a b s a u t e  error  reaches a predetermined level,  t he  

r a t e  is decreased t o  a ereeping, but irreversible,  rate and eontinues 

u n t i l  the subject loses  control. This i s  shilar t o  the  a c t i m  of 89 

eqeaimenter manually adjusting A toward the c r i t i c a l  limit. 

The value of h at which control i s  l o s t  can be considered t o  

represent the short-term average of 1, over the last f e w  seconds of a 

run. 

f o r  both the trained and the untrained operator since it depends only on the 

point a t  which p e r f o m n c e  deteriorates.  

final experiments, and was termed the "autopaced test. " 

Notice that the operation represented by Scheme D is equally valid 

Scheme D was used f o r  the 

Before discussing the parameter selection f o r  the autopaced test, it 

It i s  shown i n  will be helpful t o  discuss some er ror  considerations. 

the theory section t h a t  i f  the conventional p i l o t  models are assumed with 

a fixed time delay, and i f  a lIlaximum s t a b i l i t y  measure (such as gain 

margin) i s  mintained, the system rms-error-to-input r a t i o  as a function 

of 1 w i l l  character is t ical ly  increase suddenly as shown i n  Sketch A. 

em corresponding t o  
e- = scope l i m i t ,  etc. 

Sketch A. Characteristic e r r o r  performance f o r  c r i t i c a l  task 



Consequently, the e r ror  c r i t e r ion  e,, scope s ize ,  input, o r  visual  angle 

limits can a l l  place upper bounds on erns. 

experimental program are t o  be independent of the mechanization of the 

experiment and equipment used, one must insure that these bounds are 

operator-centered (e .g. , eyeball  limits), and not machine-centered 

(e.g., scope s ize) .  

If the results of any 

C e  P- SELECTIm 

An attempt was mde  t o  desensit ize the result ing xc obtained from 

the  c r i t i c a l  task t o  the c ruc ia l  parameters of the configuration. 

Figures 7-10 show, respectively, the sens i t iv i ty  t o  e r ro r  angle seen 

by the eye, controlled element gain, amplitude of the input, and the 

input bandwidth. The knee is  quite apparent i n  each set of f igure 7 

(two different  adjustment " l a w s "  were used) and the  available e r ro r  

display angle should obviously be greater  than 10 deg. These runs 

had no input except operator remnant, so  it i s  quite important t h a t  

t h i s  minimum display angle be observed, because any input will M h e r  

increase the  error .  

During these runs t o  determine e r ro r  limits, which involved various 

cmbinations of eye-to-CET distance and CRT masking apertures, it was  

observed t h a t  the eye remains fixated on t h e  n u l l  point, and the 

emball doem not m o m  t o  t rack  the  e r ro r  display.  Though the  e r ro r  bar 

traveled beyond +3O deg of visual angle and, i n  some cases, the  eye 

was  only 5 cm from the CRT, t he  eye remained centered. 

Figure 8 shows tha t  1, i s  f a i r l y  insens i t ive  t o  control gain over 

a range of two orders of magnitude. (Remember t h a t  t he  operator 
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must compensate f o r  the control gain t o  keep the loop gain within narrow 

U t s . )  

mting,  and was borne out by these data. 

has a slnal lbut  l inear  effect  on A,, as does the bandwidth (f ig .  10) of 

the input. Zero input seems t o  give the "best," i.e., most consistent 

a d  'highest %=lees ~ 1 9  Xc, bzt thls set.111) i s  not feasible i f  describing 

function data are t o  be obtained. 

=de on the  basis of past huulan operator response studies ( ref .  2) so 

that a d i rec t  comparison could be made between past T~ data, data taken 

f o r  t h i s  project,  and autopaced Xc values. 

The nominal value had been chosen earlier from operator opinion 

The input amplitude, figure 9, 

The input select ion was then 

The parameters k l ,  k2, ec, and Tf of Scheme D w e r e  selected on the 

basis of kc data and operator opinion. 

t o  be readily apparent t o  $he subject. 

rates a re  fast enough t o  give the optimistic reading mentioned below 

and when the rates are too slow he immediately complains and the 

data become erratic. 

root adjustment rate too high. 

by having a rate so high that, even f o r  a "hands-off" condition, a 

The optimum combinations seem 

He is  qui te  aware of when the 

An optimistic Xc can be obtained by rais ing the 

The extreme case would be demonstrated 

Significant A i s  obtained before the divergence causes the task t o  cease. 

This condition was avoided by making subjective m e a s u r e s ,  as noted above. 

An addi t ional  feature found very desirable i s  a dot  operated by a 

Second gun in the C I I T ,  which moves t o  the right from the or igin propor- 

t i o n a l  t o  A, analogous t o  the root location i n  the s-plane. 

can thus observe an increase i n  X and monitor h i s  score (the dot holds 

a t  1,). Good operator incentive is  provided by t h i s  feature,  combined 

w i t h  ins t ruct ions t o  "equal or  be t te r  his previous score.'' 

The subject 
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1 Nechanization 

The f i n a l  configuration f o r  the c r i t i c a l  task t e s t  based on the 

development jus t  discussed i s  shown i n  block diagram form i n  f igure 1 1 ,  

while t h e  parameters are given i n  Table 11. 

the  basis of the appropriate angle a t  the  eye, which is ,  of course, 

d i rec t ly  re la ted  t o  the scope s i ze  (maximum displacement of the CRT 

used is _+4 cm). 

The gains were chosen on 

The value of e, should be about 10 t o  20 percent of 

t he  maximum scope deflection. 

1 o r  2 rad/sec of X, before the adjustment r a t e  k2 switches in .  

the  operator should track a t  the rate k2 for a t  least 10 sec before he 

loses  control  t o  insure a nonoptimistic reading, tracking f o r  much more 

than 100 sec would probably bring the onset of fa t igue and other  undesir- 

able  long term variations.  

This allows t he  operator t o  get  t o  within 

Although 

TABLE I1 

NOMINAL AUTOPACED CRITICAL TASK PARAMETERS 

K1 = 0.366 c m  scope deflection/volt  

Q 57.3/d, degrees display disphcement a t  eye 
per centimeter of scope def lect ion 

2.42 v/Newton 

0.38 cm 

0.2 rad/sec/sec 

0.25 

1 sec 
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To minimize the neuromuscular lags and t o  provide an isometric 

(no deflection) r e s t r a in t  on the operator's muscles, a r ig id  force s t i ck  

i s  preferred. The force s t i ck  used f o r  the tests reported herein i s  a 

Measurement Systems, Inc., Model 435 controlstick.  Its low mss and 

sensit ive response allowed re la t ive ly  high frequency responses t o  be 

measured . 
This t e s t  configuration has been mechanized on general purpose analog 

computers a t  both Systems Technology, Inc., and The Franlrlin Ins t i tu te .  

About 17 amplifiers, 11 potentiometers, 1 multiplier,  and 5 relays are 

required f o r  the complete c i r cu i t  (shown in  Appendix B).  

An autopaced cri t ical  task t e s t  begins with the operator i n  place and 

grasping the s t ick.  

low value t o  insure operator a t tent ion.  

e r ro r  builds up t o  the preselected value, the rate of increase of A 

decreases but X continues t o  creep outward u n t i l  control i s  lo s t .  

control i s  los t ,  the e r ror  goes o f f - s a l e  and the computer holds, giving 

a reading fo r  1,. 

The root i n s t ab i l i t y  i s  i n i t i a l l y  set a t  a f i n i t e  

When the r ec t i f i ed  and f i l t e r e d  

When 

Figure 12 shows typica l  t ixe  his tor ies  of autopaced runs with and 

without an input. 

of the input, the very random appearance of the e r ro r  and i ts  sudden 

increase past e, followed by 

of the t races  with and without an input, and the moderate time required 

for  the  complete run (less than 1 min) 

Points of note are the re la t ive ly  random appearance 

the decrease i n  i, the similar appearance 

The final system proved t o  be very re l iable  and sat isfactory f o r  a 

number of different  subjects of various s k i l l  levels  who t r i e d  it out. 
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SECTION Iv 

There are essent ia l ly  two objectives t o  the experiments reported 

herein. 

c a l  task indeed provides some measure of T e .  

description of the operator 's  behavior near incipient  i n s t a b i l i t y  are 

The primary objective i s  t o  es tabl ish that the autopaced c r i t i -  

Second, an explanation and 

desirable t o  fur ther  extend the work of reference 2. 

objectives, the experiments a re  aimed a t  

In  a t ta in ing  these 

0 Observing X e f f ec t s  on the humn operator 's  behavior, 

as measured by describing function and performance data 

0 Correlating autopaced data with describing function data 

The experimental program was carr ied out i n  three phases: 

1. An exploratory group of experiments w a s  performed as 

j u s t  described, using the STI simulator, t o  determine 

the  optimum controlled element configurations, the  best 

adjusting scheme f o r  X, and the  optimum parameters. I n  

addition, some very rough checks of intersubject  differences 

and task learning times were made (ref.  19). 

2. A group of preliminary describing function runs W a s  mde 

a t  The Franklin I n s t i t u t e  t o  ver i fy  the duplication of 

the STI tes t  configuration, and t o  provide a check on 

the s imi la r i ty  between the behavior of the tes t  subject 

and past  subjects i n  similar tasks.  

3. The main experiments, performed a t  The Franklin Ins t i t u t e ,  

included both autopaced 1, and describing function data, 

with emphasis on var ia t ions i n  x and input.  

I n  the remaining portions of t h i s  ra ther  lengthy section the most 

important resu l t s  of Phases 2 and 3 w i l l  be covered ( the  exploratory 



* Phase 1 work has been documented in references 17 and 19, and was discussed 

br ie f ly  i n  the previous section).  

mental design, the autopaced data will be presented, then the  describing 

function measurements, t h e i r  curve fits, and resul t ing parameter trends 

w i l l  be given. 

discussed i n  the f ina l  nain section. 

After reviewing the over-all  experi- 

The interpretat ion of these combined results will be 

A. 

The scope of t h i s  program was t o o  small to consider a massive, 

s t a t i s t i c a l l y  designed experimental program t o  cover a l l  variables of 

I M e d i a t e  in te res t ,  i.e., subjects, number of trials, input bandwidth and 

level,  degree of i n s t ab i l i t y ,  run length, e tc .  

known a t  the start t o  even guess a t  the levels and replications required 

In f sc t ,  not enough was 

f o r  a ra t iona ldxi t i s t ica l  design. 

key preliminary experiments which would validate the crucial  assumptions 

and provide suf f ic ien t  insight and data on which t o  base subsequent 

theore t ica l  analyses and detailed experiments. 

Consequently, emphasis was placed on 
I 

While the exploratory experiments of Phase 1 showed d i s t inc t  

individual differences i n  the achievable autopaced Ac scores, these and 

the previous experiments on subcr i t ica l  f i rs t -order  tracking tasks indi- 

cated t h a t  the basic forms of various operator's describing f'unct-lons 

were similar and reasonably w e l l  constrained by this task (see ref. 2). 

Consequently, it w a s  decided t o  use a single subject, provided that the  

describing function form was shown t o  be similar t o  that of other oper- 

a t o r s  under previously tes ted conditions. AS w i l l  be shown later, t h i s  
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agreement wa.6 established, and therefore the limited experimental t i m e  

could be used t o  increase the  r e l i a b i l i t y  of one subjec t ' s  data. 

I 

The most important variable was the unstable root,  X. For the 

describing function runs, four values of X (2, 3, 4, and 5 rad/sec) were 

chosen t o  span the  region between the previous data of reference 2 and 

the limit a t  which runs of reasonable length could be made. 

Based on the Phase 1 experiments and on the r e su l t s  f o r  subcr i t ica l  

tasks i n  reference 2, it was f e l t  t ha t  the input bandwidth would have a 

secondary e f fec t ;  most of the describing function and autopaced data 

w e r e  measured with one basic low-bandwidth (q = 1 .>) input spectrum, but 

a f e w  describing functions were measured a t  a higher bandwidth (% = 4.0). 

Of course, no describing function data could be measured w i t h  zero input, 

because cross-correlation of the signals with the input i s  required. 

Because the Phase 1 autopaced d a t a ,  as w e l l  as the theory, indicated tha t  

there would be some e f f ec t  of input leve l ,  the  main autopaced runs were 

made with and without the basic input. 

A rmtrix of experimental variables and the  number of repl icat ions 

m d e  a t  each condition i s  given i n  Table 111. 

TABU I11 

MATRfx OF EXPERIMENTAL CONDITIQNS 

INPUT BANDWIDTH, 

- 



The procedural design consisted of a series of several  simple 

experiments i n  which one variable was changed during each day's testing. 

Thus, X was the dominant variable on one day and q on another. One set 

of conditions was established as a "base run" case which was included i n  

each day's runs. By t h i s  means it was possible t o  obtain a large number 

of replications of one case io esLa'uEsZ ita i=tl.i,zsic n m i b f l i t y ;  w h i l e  

permitting a more economical number of runs across the variables of 

in te res t .  

During each day's tes t ing,  the  autopaced c r i t i c a l  task was run (with 

and without inputs) a t  the  start and end of the day. 

fa t igue and presentation order effects ,  the describiDg function runs (which 

were limited t o  l e s s  than a dozen per day by the complex proced-mes iwolved) 

employed a randomized order of presentation of the dominant variable i n  

the morning,and the reverse of th i s  i n  t h e  afternoon. 

log i s  included i n  Appendix C showing the chronology of the  data reported 

herein. 

To balance out 

A detailed run 

8.  AVPOPACED DATA 

The f i rs t  data t o  be presented a r e  the resu l t s  of the autopaced runs. 

The au tomt ica l ly  paced and scored setup described i n  an earlier section 

was used f o r  a l l  these trials. N e a r  the end of the Phase 1 experiments 

a t  STI, the  subject, an engineer and private p i lo t ,  was given a large 

number of trials t o  insure thorough learning of the task. 

found that the autopaced c r i t i c a l  task provides an excellent t ra ining 

It has been 

device because it demands constant attention, always progresses t o  the 

subject's s k i l l  limits, and engenders strong motivation t o  achieve a high 
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score. For simplicity, these trials were a l l  mde without a command input; 

Experience with the  exploratory t r ia ls  of Phase 1 had shown that from 

three t o  f ive  autopaced runs should be =de i n  one samping of hc. Aver- 

aged over f ive  subsamples, the m e a n  for successive samples, xc, i s  qui te  
- 

stable  over a large number of trials i n  any given t i m e  i n t e rva l  on the 

order of  an  hour or two. The five-trial means and standard deviations 

f o r  xc during the learning trials are shown i n  figure 1 3 .  

No s t a t i s t i c a l  analyses of these t ra in ing  data were attempted, but  

the  following points were apparent: 

1. The i n i t i a l  learning time, t o  ge t  out t o  a c r i t i c a l  

i n s t a b i l i t y  of 

a few trials. 
5 ,  was qui te  rapid- on the order of 

2. Subsequently, over a month's time and over 170 t r ia ls ,  the 

controllable divergence gradually rose t o  a l eve l  near 

1, 5 6.3 f 0.7 and leveled off .  

The t r i a l - t o - t r i a l  variance (as  evidenced by the  trend i n  

the  standard deviations) w a s  appreciable, being p a r t l y  
a t t r ibu ted  t o  the lack of warmup and loosely controlled 

t ra ining procedures. 

- 

3 .  

4. Although some large f luctuat ions i n  the f i v e - t r i a l  means 

were noticed, no attempt was mde t o  f o m l l y  correlate  

these par t icu lar  data  against  time of day or other 

subject-centered variables which might conceivably have 

an effect  on Ac because no pat tern i s  evident among the 

coded points of f igure  13. 

Other unpublished learning curves show similar trends, i .e . ,  t h a t  

i n i t i a l  learning i s  quite rapid and xc s t a b i l i z e s  a t  a reasonable l eve l  

after several dozen trials. 
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During the course of the main experiments a t  The Franklin Ins t i tu te ,  

which spanned several  days, f i v e - t r i a l  autopaced data  were taken a t  the 

start and end of each day. These data, are  shown plot ted chronologically 

i n  f igu re  14. 

appearing input, and a small but consistent difference i n  Tc is  apparent. 

mceyt for  tGz flrst set  sf FES (vit.h input): the leve ls  of Xc appear 

t o  be essent ia l ly  the same as the previous set =de a t  STI  (note the 

mark on figure 14 indicating the  terminal l eve l  of the learning trials 

from figure 13). These data, as w e l l  as the subjec t ' s  reports,  suggest 

that the autopaced test configurntion and data can be duplicated eas i ly  

even i n  widely different  f a c i l i t i e s .  

Buns were made with and without a standard random- 

- - 

Some simple s t a t i s t i c a l  analyses of the  =in data w e r e  =de t o  es tabl ish 

the d is t r ibu t ion  of variance, t o  determine the independence of run-to-run 

variat ions i n  xc, and t o  check any trends i n  the data. M r s t ,  a standard 

RUNS t e s t  was =de t o  verify t h a t  the variations about the mean within 

each f i v e - t r i a l  sample w e r e  randomly ordered (ref. 20, Wble 11, p. 298). 

The test  showed that the deviations were random. ( In  the  worst case, the 

test s t a t i s t i c  u = 2 5 w  within the 90 percent confidence interval.)  

Histograms of the individual trial differences from t h e i r  f i v e - t r i a l  mean 

are shown i n  figure 15. 

set t o  ver i fy  whether or  not these deviations could be considered n o m l l y  

d is t r ibu ted  (Gaussian). 

each case, x2 was w e l l  within the 95 percent confidence interval ,  and t h a t  

the  two sets of data are n o m l l y  distributed (with no input, X2 = 11.27; 

with input,  l2 = 13.8; w h i l e  the 5 percent re jec t  l eve ls  a re  x2 = 30.1 and 38.9, 

A X2 test of goodness of f i t  was mde on each 

The t e s t  showed t h a t  with 26 degrees of freedom i n  



respectively.) 

analysis i s  as follcvs: The recent large scaie, simple reaction time 

(€3) measurements reported i n  reference 21 show de f in i t e ly  t h a t  1/€3, 

rather than w1 i t s e l f ,  is  normally dis t r ibuted.  

The reason for  choosing Xc ra ther  than l / X c  5 're f o r  

The reason given i s  

t h a t  the RT deviations should depend primarily on the  veloci ty  of 

propagation of s ignals  along neurons, which might be expected t o  be 

normally dis t r ibuted about a mean velocity.  

be measured by (distance/R!T), thus 1/RT should have a normal dis t r ibut ion.  

If an analogy between RT and 're i s  drawn, then Xc, which is  roughly 

proportional t o  l/ 're, might a l so  be normally d is t r ibu ted  about i t s  

The average veloci ty  would 

mean value. The results herein support t h a t  hypothesis. 

One fu r the r  conclusion can be drawn from the  histogram data: the 

standard deviation of a typical  t r ia l  value of Xc from i t s  sample mean i s  

a reasonably smll percentage of the mean. Taking the over-al l  t es t  means 

f o r  each input case as a reference, the  spec i f ic  values are: 

Standard Std.  Dev. ( Mean ) Mean Deviation 

No input .................... 6.58 +o .31 4.74% 
With input (B6 ' -  1.5-1/8). . 6.00 +O .39 6.50% 

These percentages are lower than those experienced i n  most simple 

response t i m e  measurements, where the standard deviations are typ ica l ly  

10 -1 3 percent of the  mean under the bes t  of conditions ( ref .  22, p. 38). 

COnSeqUently, fewer trials are needed t o  es tab l i sh  a mean t o  specified 

precision with the autopaced c r i t i c a l  task,  and it should be an e f f i c i e n t  

substi tute fo r  reaction t i m e  measurements i n  s i tua t ions  where tracking i s  

important. 
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t o  input is  s t a t i s t i c a l l y  very significant.  

In  fact, it turns out that almost a l l  f i v e - t r i a l  sample means are 

probably different ,  a l b e i t  s l igh t ly ,  from the  over-all  mean (as determined by 

Sh!dent's t test) 

high (but carefully checked) last two sets  of runs i n  figure 14, the 

implications of this last finding are that  the day-to-day, and even 

morning-to-afternoon, differences i n  T e  might be readily detectable by 

this technique. 

Excegt fo r  the  obvious lar i n i t i a l  set and anomalously 

This interest ing possibi l i ty  should be studied further.  

The interpretat ion of the measured Ac i n  terms of Te ,  and i ts  correlation 

with other  data, w i l l  be done i n  a later section. 

I n  closing this subsection, the  following conclusions are dmwn: 

1. The autopaced c r i t i c a l  t ask  developed herein, as w e l l  as 

the resul t ing Xc scores f o r  a given well-practiced subject, 

can be closely duplicated a t  various f a c i l i t i e s .  

2. Five- t r ia l  sample means f o r  X, are  very stable,  and the 

variance i s  remrkably low. 

the autopaced cri t ical  tasks would be a very e f f i c i en t  

psychomotor test. 

This precision implies that 

From inspection of figure 14 it is apparent that, except f o r  a couple 

of samples, the  l eve l  of A, remined remrkably constant across a l l  the 

test days. Consequently, the over-all means f o r  each input case can be 

tested f o r  the significance of t h e i r  different  means. Since the  distribu- 

t ions  have been established as normal, the normal s t a t i s t i c  (t = difference 

i n  mews f standard error)  w a s  use&. T X S  t e s t  gwc 8 YELLLI~ cf t- = 5s25j 

which i s  far beyond the value of t (t = 2.57) f o r  a 99 percent confidence 

interval .  It i s  concluded t h a t  t he  small systematic reduction i n  x, due 
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3 .  Learning i s  rapid, with several  dozen trials being suf f ic ien t  

t o  reach the asymptotic senye level. Ar, essentially constant 

l eve l  of X, was observed throughout the experimental program. 

The tes t  can be run without a command input, using the sub- 

j e c t ' s  remnant "noise" t o  exci te  the system. 

t e s t  seems subjectively the same as with an input, the  X, 
scores without an input are about 10 percent higher than 

with a standard B6' - 1.5 - 1 / 8  input spectrum. 

4. 
Although the 

Technique.-To validate the theore t ica l  m o d e l  and assumptions, 

measurement6 of the operator 's  describing function were mde. 

tracked a random input w i t h  a f i r s t -o rde r  divergent controlled element 

a t  various fixed leve ls  of i n s t a b i l i t y  up t o  the  l imit ing l eve l  which he 

could track continuously f o r  2 t o  4 min. 

measured by the  cross-spectral  analysis  technique, using the watthour 

meter (WHM) analyzer a t  The Franklin Ins t i t u t e .  

of the  cross-spectral  analysis  method and the  WHM analyzer i s  beyond the  

scope of t h i s  report ,  and the reader i s  referred t o  references 2 and 23 

f o r  de t a i l s  on the method and equipment. By d i rec t ly  measuring the t i m e -  

averaged cross-spectra between the  displayed e r ro r  and the c o m n d  input,  

Qie(u) , and between the  p i l o t  ' s control output and the  command input, 

Q i c ( w ) ,  the p i l o t ' s  describing function is  computed from 

The subject 

The describing functions were 

A complete descr ipt ion 

A run length of 4 min. i s  used fo r  most measurements t o  provide an 

adequate number of the low frequency cycles over which t o  perform the 

averaging required by the cross-spectral  technique. 
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mUt.-Some input i s  required f o r  describing function measurements, 

and a sum of mny sinusoids i s  required for the  WHM analyzer. 

nonharmonic frequencies and random phases, random appeamnce of the input 

and resul t ing displayed e r ro r  are assured, thus guaranteeing pure compensa- 

to ry  behavior by the human operator. Inputs are required a t  each frequency 

By using 

a t  which tie U ~ ~ S X - U A ~  q - - - - - - - J L 2 - -  . L ~ ~ ~ ~ ~ ~ ~  *----+4..- i b + a  a rp  d e c i r e d j  -______ yet too k r g e  an input 

bandwidth w i l l  cause the operator t o  "regress" and t o  smooth over any large 

high frequency inputs. 

t o  employ a set of dominant low frequency waves t o  provide the effect ive 

input bandwidth,plus a number of very smll high frequency waves which 

the operator can barely detect but which he cannot avoid responding to.  

The solution, originally used in reference 16, i s  

The specif ic  input consisted of the  sun of teo sinusoids. The 

spec t ra l  shape i s  sham i n  Sketch B, and approximtes a dominant rectangu- 

lar bandwidth whose highest frequency i s  q. 

been ident i f ied  by the code B6'- q - a, where B6' re fers  t o  the  shape 

(ref. 16), q. is  the bandwidth, and u i s  the r m s  value i n  display units. 

The rectangular-plus-shelf type of input spectra typif ied by the B6' input 

have been used previously i n  humn response programs, and have been found. 

t o  be good approximations t o  a random input. 

reference 2 show that the input amplitude dis t r ibut ions a re  essent ia l ly  

Gaussian, and that the  resul t ing closed-loop er ror  dis t r ibut ions,  which 

are what the p i l o t  actual ly  sees, are also Gaussian. 

This par t icular  shape has 

For example, the data i n  

-14db 

Sketch B. Input spectrum (B6l shape, q = 1.5 Pad/sec) 
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Ekperimental Setup and Procedure 0- The describing function measure- 

ments were perfomed with t h e  sme eqer-herital apparatus as t'ne autopaced 

c r i t i c a l  tasks  (see section IV-B and Appendix B) . 
a t  an easy subcr i t ica l  l eve l  of i n s t ab i l i t y ,  which w a s  then moved out t o  

a preset l eve l  of X = 2, 3 ,  4, or  5 f o r  each run by the  autopacer. 

The operator w a s  s t a r t ed  

A t  

t h i s  point t he  WHM measurements s t a r t ed  and continued fo r  4 min. (except 

fo r  X = 3 ,  where only 2 min. runs could be completed). About a dozen o r  

so  runs were obtained during a morning and afternoon session each day. 

Mean-squared tracking er ror  and mean-squared control force were a l so  

measured during the run. As mentioned previously, the order of presenta- 

t i o n  of each l eve l  of X w a s  randomized and counterbalanced during each 

day's running. A run log of t he  tes t  conditions i s  contained i n  Appendix B. 

Tie-in with previous data.- Because the  experimental design w a s  con- 

fined, f o r  economic reasons, t o  a sampling i n  depth of one typ ica l  operator, 

it was important t o  ver i fy  that t h i s  operator was t yp ica l  of others. 

Figure 16 compares typ ica l  describing function data (plot ted as YoL, the  

open-loop describing function during the  closed-loop tracking task)  of 

four p i l o t s  and one engineer during the  s imilar  subcr i t ica l  t asks  of 

reference 2 (open symbols) with those of t he  present operator ( s o l i d  

diamonds). 

as follows: 

force-pickoff penci l  s t i c k  operated fore  and aft; whereas, a l i gh t ,  s t i f f l y  

Sprung handle operated about the  lateral  ( r o l l )  axis w a s  used i n  the  previous 

cases. 

The task  differences were mostly l imited t o  the  apparatus, 

(a) The control s t i c k  i n  the current experiments w a s  a r i g i d  

(b) The e r ro r  w a s  displayed by v e r t i c a l  displacement i n  the  
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present case, versus horizontal displacement i n  the  previous experiments. 

(c) 

t he  inputs were essent ia l ly  ident ical .  

The input had a lower rms l eve l  i n  the present experiments; otherwise 

The difference between the present and t he  previous data ( f ig .  16) is  

small and i s  consistent with the  t i gh te r  neuromuscular loop permitted by 

the  isometric force stick.  

phase s h i f t  a t  l o w  frequencies and 8 higher frequency f o r  the  neuromuscular 

second-order tern. 

i s  typ ica l  of t he  population of p i l o t s  fo r  which this c r i t i c a l  task is  

intended. 

WE is e?~Se~?cer?. hy sllghtly larger  gain and 

It i s  concludedthat the present experimental subject 

Some idea of the subject-to-subject va r i ab i l i t y  i s  also apparent frcnn 

f igure 36. 

t o  i n t r i n s i c  measurement accuracy l imitations imposed by run length. 

lower v a r i a b i l i t y  near the  crossover region i s  apparent, and is  pa r t ly  

explained by the  "selective var iab i l i ty"  hypothesis of reference 2, 

(which s t a t e s  t ha t  the  operator 's  behavior is  the l e a s t  variable i n  the 

crossover region) especially i f  the  system closed-loop s t a b i l i t y  i s  

marginal, as it i s  here. 

The wi&e phase sca t t e r  st the lowest frequency i s  due primarily 

The 

DeSCribh& fuUction data. - I n  order t o  ver i fy  the theoret ical ly  

predicted trends i n  the parameters describing the  operator 's  behavior, a s  

the i n s t a b i l i t y  was increased toward c r i t i c a l i t y ,  the r a w  describfng func- 

t i on  data were averaged asd curve-fitted. To show the  run-to-run vari- 

a b i l i t y  expected among runs taken a t  various times, the f o u r  i nd iv idwl  

YP data p lo t s  comprising one data set are shown in figure l7a. 

condition (A = 4 and q = 4 rad/sec) provided a very consistent set of 

runs, and the sm11 sca t t e r  shown is  usually within the accuracy of 

This 
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t h e  WHM cross-spectral analyzer." Again, t he  reduced va r i ab i l i t y  i n  

t h e  Crn.SC?rer region is natabie. 

The averaged data f'rm f igure 17a are shown i n  f igure 'In along with the  

resul t ing standard deviations. 

using the three previously described human operator models. The parameters 

f o r  these three cwves have already been given i n  eqs. ( 1  2) , (1 6) , and (1  8) . 
The data points show features  requiring the precision model of the Operator 

( so l id  l i n e )  t o  account for  the en t i r e  frequency range, since there i s  some 

l o w  frequency l ag  and amplitude rise and a high frequency second-order peak. 

However, the extended crossover model (dashed l i n e ) ,  hereinaf ter  called the 

"a-model" f o r  brevity, f i ts  the  data i n  the c ruc ia l  s t ab le  region around 

crossover frequency. 

fewer parameters t o  adjust  and ye t  covers enough of the frequency domin 

t o  validate the  theory. 

were f i t t e d  f o r  phase (using special  tempktes  f o r  combined T and a 

e f f ec t s ) ,  giving a and T e  contributions; then the amplitude was f i t t e d  

near c!+, giving the  p i l o t  gain, K . N e x t ,  the  corresponding open-loop 

YpYc curves were drawn through the open-loop describing function data, per- 

mitting analysis of the  various s t a b i l i t y  margins. 

w h a t  arbi t rary,  fa i r ings  were a l s o  put through the actualYpYc data points 

t o  check the  consistency of the ac tua l  and f i t t e d  trends. 

The data of f igure 17a are a l so  curve-fitted, 

It I s  used f o r  the reminder  of the data because it has 

Fi r s t ,  the mean p i l o t  describing functions Yp( jcu)  

P 

"Best  f i t ,  '' but some- 

* It has been noticed i n  previous and present work that the input 
= 4.0 cases usually have lower scatter than the q I 1.5 cases, but it 

i s  not c lear  whether t h i s  i s  due t o  the input bandwidth, the la rger  num- 
ber of waves i n  the ui = 4.0 case, o r  t o  apparatus e r rors  resul t ing from 
the different WHM analyzer power leve ls  used i n  each case. 



The reminder of the averaged describing function data taken at other 

values of x a re  presented i n  figures 18 through 21, first plot ted as yP 

and then as YpYc i n  order t o  f a c i l i t a t e  assessment of both the m o d e l  f i t s  

and loop closure c r i t e r i a .  

other model w i l l  f i t  some of the erratic phase points, yet  the  values of 

the ac tua l  and f i t t ed  s t a b i l i t y  pammeters are fairly- ceii~i8tsrit. 

discussion of these describing fhct ions will be delayed u n t i l  the collec- 

t i on  of f i t ted data parameters has been reviewed. 

It i s  obvious t h a t  neither the a-model nor any 

Ee+si led 

hta paranae ter8.-Table IV contains a summary of a l l  the f i t t ed  

parameters, while figures 22-25 show the comparison between the ac tua l  

and f i t t ed  data. The reader should mentally weight the A = 2 and 4 data 

points more heavily, since the X = 3 data a re  an average of only - b o  ruris 

and the X = 5 data are made up of three short runs (2 min. and less). 

short  run lengths lnainly increase the low frequency var iabi l i ty .  

Note, i n  figure 23, t h a t  %, seems t o  demonstrate contrary trends between 

ac tua l  and model data. 

The 

This i s  not considered significant because the 

measured points are very sensit ive t o  the fa i r ing  of the mid-frequency 

phase curve. 

trends are consistent. One conclusion is, then, t h a t  the a-model 

provides a suff ic ient ly  accurate f i t  t o  human operator describing 

fbnctions measured w h i l e  Derforming subcri t ical  and c r i t i c a l  tasks. 

Although sca t t e r  ex is t s  i n  the other data, most of the 

The parameter adjustments exhibited by the>operator  can now be 

extracted from these cross-plots. In v i e w  of the renoarks -de above 

(regarding weighting of data i n  favor of the X = 2 and 4 runs), we can 

conclude that a, t o  a f i r s t -order  approximtion, i s  constant. The 
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FITTED PILOT MODEL PARAMETERS, LOOP CLQSURE CRITERIA, 
AND TRACKING PERFORMANCE MEASURED DURING SUBCRITICAL TASKS 

I Ins tab i l i ty ,  A (rad/sec) 

a-model parameters 

P i l o t  gain, Kp ( l inear)  ....... 
Effective t i m e  delay, ?e (sec) 

Low frequency parameter, a 
(I /see) ....................... 

Stab i l i t y  c r i t e r i a  

Crossover frequency, cu, 
(rad/sec) ..................... 
Lower s tab le  frequency, wl 
(rad/sec) ..................... 
Upper s tab le  frequency, 0u2 
(rad/sec) ..................... 
Lower s tab le  gain, Kul 
( l inear)  ...................... 
Upper s table  gain, Ku2 
( l inear)  ...................... 
Gain margin, KM (dB) .......... 
Phase margin, % (deg) ........ 

Perf o m n c e  

FMS : error/input, e-/ims 
(cm/cm) ....................... 
RMS : control/input, c-/i,, 
(cm/cm) ....................... 
FMS coherence, p a . . . . . . . . . . . . .  

Normalized parameters 

Relative ins tab i l i ty ,  .... 
Relative a; a?, .............. 

> 

2.0 

1-5 - 
2.60 
0.121 

0.35 

5-0 

0.99 

1 .o 

1 .ll 

5.4 
6.5 
50 

0.80 

2-53 
0.74 

0.24: 
0.04: - 

3.0 

1-5 - 
2.65 
0.111 

0.41 

7.5 

1.40 

10.9 

1 .I1 

3.8 
3.0 
16 

0-93 

2.38 
0.47 

0.33 
0.041 

4.0 

1.5 

1.73 
0.110 

0.35 

I .65 

0.5 

I .07 

2.9 
4.0 
4 

1.79 

3.08 
0.67 

o .44 
0.03 - 

4.0 

1 .go 
0.116 

0.36 

6.7 

1.8 

1.2 

I .15 

2.7 
4 .O 

14 

2.08 

3.73 
0.74 

0.46. 
0.04 

1.5 - 
1.67 
0.100 

0.31 

7.1 

1.44 

11.3 

1.05 

2.3 
3.0 
12 

2.34 

3.32 
0.78 

0.50 
0.03 



variat ion of 7, with X appears t o  be almost l inear .  

f i ts  t o  the data make no implications on the l imit ing or  minimum value 

of T~ achievable by the  subject, but only provide a basis f o r  extra- 

polating beyond the conditions fo r  long continuous runs, as required 

f o r  the  describing function measurements. Other considerations, t o  be 

dismissed la ter ,  sze ia~.rsL~ed 511 determining the  minimum T, - attainable 

by the  subject. 

Note t h a t  t he  m o d e l  

The careful ly  considered, but smewhat arbi t rary,  extrapolation of 

the data t o  the l imit ing value of A, i n  the autopaced experiments is 

also shown on each of t he  cross-plots for  use i n  later discussions. 

The r e l a t ive  tracking error,  as measured by the  r a t i o  of t he  rms 

tracking er ror  t o  the rms command input (both referred t o  the  display 

CRT) , increases with A as shown i n  figure 26a. 

e f for t ,  as measured by the r a t i o  of rms p i l o t  output ( i n  force uni t s  

referred t o  the display) t o  rms command input also increases with A. 

Noting t h a t  the majority of t he  p i l o t  output is  represented by a nearly 

constant gain amplitude r a t i o  i n  the describing function plots,  it might 

be expected t h a t  cms/erms T h i s  

comparison is  made i n  figure 26b, where it can be seen that the  trend of 

each with X is  similar and t h a t  t he  magnitude of measured [control/error] 

( r m s ) ,  approximates the loop gain. 

Similarly, the control 

Kp, even i f  remnant were present. 

This correspondence of fe rs  an extremely easy way of checking that 

Kp i s  i n  the  prescribed region. 

i s  used t o  constrain the  operator's behavior, but where describing function 

or  parameter tracking measurements are not available, e i ther  cm/rms or 

I cl / I  e I could be used t o  give a close estimate of Kp. 

I n  experiments where the c r i t i c a l  task 

-- 



Figure 27 shows the var ia t ion of the re la t ive  coherence coefficient,  

w h i c h  is 8 =?ear--e of the portion of p i l o t  output l inear ly  correlated n '-a 

with t h e  input reLative t o  the t o t a l  p i l o t  output. A s  shown i n  

reference 2, 

- 
where c2 = the  mean square t o t a l  p i l o t  output 

- 
n2 = the  mean square remnant ( i .e . ,  that portion not 

accounted f o r  by the describing function act ing 
on the input) 

Remember that, by def ini t ion,  the  describing function accounts f o r  

any simple nonlinearity i n  the operator 's  behavior. 

t o  account f o r  the effects  of random variat ions i n  the  operator 's  

adjusted parameters, and especial ly  the var ia t ions i n  delay time [ - r r ( t )  

of eq. (1 )] . 
operator 's  control signal i n  an r m s  sense. 

The remnanb i s  l e f t  

Thus, pa i s  an indicator  of the re la t ive  remnant i n  the 

It is apparent from figure 27, where pa var ies  from 0.5 t o  0.8, t h a t  

t he  remnant const i tutes  a r e l a t ive ly  large f rac t ion  of t he  operator 's  

output in  these experiments, which i s  probably due t o  the  r e l a t ive ly  

small input ( o i  0.32 m here, as compared t o  1 .3  cm i n  reference 2 

where pa = 0.8- 0.9) Weighting the  X = 2 and X = 4 data  gives a s l i gh t  

decrease i n  Pa as the  i n s t a b i l i t y  i s  increased. The l e v e l  of Pa i n  figure 

27 a t  X = 2 is s l igh t ly  lower than the  value measured i n  reference 2 fo r  

the  comparable case with Yc = 2 / ( s  - 2)  (0.74 versus 0.8 ) + 

This concludes the presentation and analysis  of t he  describing function 

These results w i l l  now be compared with the  autopaced kc data and data. 

the theoret ical  analyses i n  order t o  in te rpre t  the  results, test the  

or ig ina l  assumptions, and re f ine  the  basic  theory. 
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I n  t h i s  section the  experimental. data wil l  first be interpreted from 

the  standpoint of t he  key theoret ical  assumptions and derived predictions 

presented at the  end of the  "Theory" section. 

t o  the theory required by experimental resul ts  w i l l  be discussed. 

Finally,  some refinements 

The six theore t ica l  predictions i n  Section 11-I? wil l  be assessed 

i n  successive order. The first rehtes  t o  the  low m - t o - r u n  variance 

t o  be expected on the  basis of the  narrow range of Y permitted by 

s t a b i l i t y  considerations. As shown by the variances marked on the 

describing function data of figures 17-21 , i n  the important crossover 

frequency region between 1 and 10 rad/sec the  run-to-run variance i s  

r e l a t ive ly  smal l  (on the order of a f e w  symbol widths) f o r  a given 1. 

Figure 16 showed t h a t  the variations from operator t o  operator are 

comparably smal l  (especially when it i s  noted that the controlled element 

gains were changed f o r  each operator i n  the previous experiments, requiring 

compensating operator gaZn adjustments). 

run or interoperator variances with level of ins tab i l i ty ,  the different  

number of runs at  each h makes numerical comparison difficult .  

on the  basis of a subjective evaluation of figures 18-21, it is fe l t  

that there  is  no r e a l l y  significant increase i n  variance with A. 

t he  first set of theore t ica l  predictions seems t o  be supported by the 

data. 

P 

As regards the  trend i n  the inter- 

Purely 

Thus, 
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The second prediction w a s  t h a t  the  tracking errors  should increase 

and s t a b i l i t y  margins would decrease as the i n s t a b i l i t y  approached i ts  

c r i t i c a l  value. 

and the  observed s t a b i l i t y  c r i t e r i a  of f igures 24 and 25 shows there  i s  

a clear validation of the prediction of decreasing s t a b i l i t y  margins. 

From figure 26a it is  a l so  apparent t h a t  the re la t ive  tracking er ror  

increases as A approaches i t s  c r i t i c a l  value, as predicted i n  f igure 6. 

The second s e t  of theore t ica l  predictions has thus been c lear ly  va l i -  

dated. 

A comparison between the theore t ica l  curves of f igure 5 

The t h i r d  theore t ica l  prediction w a s  t h a t  a t i g h t  neuromuscular 

loop would resu l t  from the s t r e s s  of controll ing an unstable element. 

A t igh ter  kinesthetic (force feedback) loop would lead t o  increased 

9, lower [N, higher 1 /TN, and higher a (due t o  a la rger  difference 

between 1 /TK and 1 /Ti). 

0.3 and 0.4, a re la t ive ly  high value compared with t h a t  of a 

given i n  reference 2 f o r  Yc = 2 / ( s  - 2) .  The apparent decrease of a 

with A shown i n  figure 22a may only be sca t te r ,  as noted previously, 

because the  data variance increases a t  frequencies below %., , where 

the  a phase contribution i s  f i t t e d .  According t o  the  precis ion-f i t  

data shown i n  f igure 17, f o r  X = 4,. the values of %, CN, TN, and Te 

a re  a l l  consistent with a t i g h t e r  neuromuscular loop than the  X = 2 

values i n  reference 2. 

very stiff force s t ick  employed f o r  the present experiments as 

The present data indicate t h a t  a l ies  between 

0.2 

(Part  of t h i s  difference may be due t o  the  
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compared w5th the  spring-loaded s t i c k  used i n  reference 2). 

i n to  consideration the operator 's  subjective impression of increasing 

Taking 

his muscular tenseness during the  autopaced runs, the th i rd  prediction 

i s  considered firmly supported by these experiments. 

Prediction No. 4 was that f o r  Yc = &/(s--X) the operator 's  adaptation 

would be pure gain (nonequalized) i n  the broad crossover region and &uld 

be constrained t o  a narrow mnge of gains. 

Yp plot ted i n  figures 17a -21a clear ly  demonstrate the predicted constant- 

amplitude behavior i n  the broad crossover region. 

The describing functions fo r  

As was shown previously, 

the differences a t  very high and l a w  frequencies are w e l l  accounted f o r  

by the neuromuscular terms i n  the precision model. 

the p i l o t  (K, i n  the precision model, o r  Kp i n  the a - m o d e l  and s i q l e  

model) i s  w e l l  within the  s t a b i l i t y  limits predicted theore t ica l ly  i n  

f igure 5, as shown i n  f igure 25. 

The gain adopted by 

Even the l imit ing values of s table  

gain, which axe measured f r o m  the  describing functions, agree surprisingly 

w e l l  with the predictions of t he  simple model (using the  observed T ~ S  i n  

conjunction with figure 5 or equation 26 t o  es tabl ish Ku2). 

are eas i ly  explainable too. 

because of a s l igh t  adverse ef fec t  of the low frequency phase on the  lower 

gain l i m i t  (e.g., t race  out t he  phase for  the simple model and a-model 

curves i n  f igure 1 n) . The upper gain l i m i t  is reduced because of the  

amplitude departure f'rm that of the  simpler models as the  neurormrscular 

The differences 

The lower gain limit occurs a t  a higher gain 

second-order peak is  approached.* 

*A s l i g h t  additional overestimate i n  the  theoretical. Ku2 was  found 
t o  result f r o m  using the  f i rs t -order  Pad6 expression t o  approximate Te 
i n  t h e  analysis  of equation (26), on which figure 5 is based. 
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O f  the possible p i l o t  closure c r i t e r i a  suggested by theory ( i .e . ,  KGM, 

KPM, I(emin, KlO0, e tc . ) ,  comparison of figures 5 and 25 indicated t h a t  

the mximum gain margin c r i t e r i a  are used, since Kp roughly follows QM. 

The very c l ea r  proof of the predicted constraining e f fec t  of the c r i t i c a l  

task on operator adaptation i s  one of the most important resu l t s  of these 

experiments. 

The f i f t h  prediction was t ha t  the m i m u m  i n s t a b i l i t y  which can be 

tracked f o r  a given length of time would be less than the theoret ical  l imi t  

of X 4 0 . 8 / ~ ~  because of f i n i t e  gain and phase margin requirements. 

i s  obviously t rue  f o r  the describing function runs, where the mximum 

ins t ab i l i t y  which could be continuously tracked f o r  2 min. on 50 percent 

of the attempts was only X = 5 f o r  a f i t t e d  1 / ~ e  

This 

10. 

Consider next the extrapolations of the Te data i n  f igure 22,and of 

the phase and gain m r g i n  data of f igure 24, t o  the c r i t i c a l  short  term 

ins tab i l i ty ,  

f i n i t e  margins must s t i l l  exist during the f ina l  f e w  seconds of the auto- 

paced runs. The value of 

mrgins ,  according t o  figures 5 and 25. 

extrapolation of these s t a b i l i t y  margins t o  t h e i r  zero point would give 

an intercept  around X = 10 t o  12, which would be consistent with l / ~ e  = 10 

t o  11 . 
borne out, but  the surprisingly high m r g i n s  s t i l l  apparent f o r  the  

autopaced data  require M h e r  explanation. 

f i n d  subsection. 

6, as measured by the autopacer. It i s  apparent that 

= 6 i s  consistent with the mn-zero s t a b i l i t y  

A somewhat tenuous fur ther  

The theoret ical  implicatiom of f i n i t e  s t a b i l i t y  margins are thus 

This w i l l  be given i n  the  



The final theore t ica l  prediction was  that the autopaced l imiting Xc 

w o u l d  depend primarily on 1/-re and only secondarily on the effects of a 

and s t a b i l i t y  margins, i.e., there should be a calibratable dependence 

of Xc on T ~ .  The va l id i ty  of t h i s  prediction depends on the smallness 

and re la t ive  invariance of ‘re, and t he  s t a b i l i t y  margins required as h 

is  increased t o  Xc. 

w i t h  zero s t a b i l i t y  margins, and if  a were constant f o r  alJ. h near Xc, 

then Xc would approach the  idea l  l i m i t  which could, i n  turn, be precomputed 

from the typ ica l  values of a from equation (31). 

ments show tha t  appreciable s t a b i l i t y  margins exist even at Xc, so the 

universal i ty  of any functional dependence of kc and T~ then depends on 

the universal i ty  and consistency of the l imiting s t a b i l i t y  margins and 

the  l e v e l  of a. 

conclusions a t  t h i s  point. 

f igure  22a may o r  may not be significant f o r  reasons noted previously. 

If it is assumed constant f o r  a given experimental setup, then only the 

var ia t ions i n  s t a b i l i t y  margins from run t o  m, from operator t o  

operator, and for  various rates of change of X need t o  be examined. 

The present data indicate a fa i r ly  stable phase margin requirement 

f o r  4 min. runs at  a given X, but the observed var ia t ion i n  c+& with A 

i n  figure 24 N e s  extrapolation t o  a given Xc less certain.  

of t he  var ia t ions i n  s t a b i l i t y  margin with run length encoun-bers an 

uncertainty-principle l imitation; the  shorter the run length, t h e  less 

accurate the cross-spectral measurement, and thus the i n t r i n s i c  var ia t ion 

of s t a b i l i t y  margin a t  short run lengths cannot be resolved. 

If the operator could track f o r  several  seconds 

However, these experi- 

The present data are too limited t o  d r a w  any firm 

The slight variation of a versus X i n  

Analysis 
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Average describing function data f i t s  f o r  several  operators a t  

nearly c r i t i c a l  X would be required t o  determine the universal i ty  of the 

mrgins  required a t  Xc. 

but i s  an urgent matter f o r  future  investigation. In  short ,  the f ina l  

prediction was not investigated i n  suf f ic ien t  depth t o  permit i t s  firm 

validation, and the  few applicable data are vague. 

This was beyond the scope of the present program, 

I n  summary, a l l  of the assumptions and predictions of the c r i t i c a l  

task theory have been proven. valid,  except for one f ina l  point.  

the  reasons behind the apparently large discrepancy between IC and l/Te 

w i l l  be discussed next. 

Some of 

B. THE DIJTEEBNCE X, AND 1 / T ~  

A mjor experimental r e su l t  i s  the difference between the  autopaced 

control l i m i t  of Tc and the f i t t e d  describing function value of 1 / T e .  

A s  previously discussed i n  the  "Themy" section, some of t h i s  difference 

i s  t o  be expected on the basis of low frequency phase e f fec ts .  

now check t h i s  refined prediction. 

function data of f igure 22 t o  the autopaced l i m i t  of Ac = 6.0 gives 

u A 0.35 l /sec,  

c a l  r a t i o  between the zero margin X and 1 / ~ ,  i s  then given by equation (31) 

as : 

Let  us 

Extrapolating the measured describing 

= 0.094 sec; thus UTel = 0.037. The theoret i -  
Te I Xc XC I XC 

X T e  = 1 - v-7 = 0.81 

The observed r a t i o  of the autopaced l i m i t  Xc t o  

is  X T e  = 6.0(0.094) = 0.57. 

would indicate Te = ( A T ) &  = 0.81 /6.0 = 0.1 35 sec, while describing 

function f i t s  indicate  

1 / T e  (extrapolated to 7,) 

In  other words, given a and Xc,  the  theory 

= 0.094 sec. 
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I The apparent discrepancy can be explained by carefully examining the 

def ini t ion of average phase nargin and i ts  variation about a mean value. 

One source of variation in phase angle during a long r u n  i s  the variation 

i n  operator time delay, Tr(t). Consider an operator who i s  tracking with 

a varying every several  seconds as shown i n  the sketch below. 

Sketch C. Hypothetical variation i n  T 

A describing function measure mde over a long time compared t o  the 

period of the variation would yield a ?  = 76, or the average of the  vari- 

at ion.  But imgine  short  time describing function m e a s u r e s  ( if  it were 

possible t o  make such a measure accurately). If the subject w e r e  i n  a 

subcr i t ica l  task, a set of successive phase measurements of the describ- 

ing functions might appear as s h m  i n  the following sketch. 

WC 

Phase 

-180' 

Phase 

-180' 

I I 

Sketch D. Short time phase p lo ts  
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Clearly, the  subject would lose control whenever h i s  7 became as large 

as 74 because it takes only a f rac t ion  of a second f o r  the e r ro r  t o  

diverge off-scale.  The 74 i s  then the  value t h a t  t he  c r i t i c a l  task 

measures, while the  Te i s  the quantity that the describing function 

determines. 

The ac tua l  source of the var ia t ion i s  not too important as long as it i s  

realized that it i s  an operator-centered l imitat ion.  The ten ta t ive  con- 

clusion i s  that the  c r i t i c a l  task measures an upper bound, or l imit ing 

value, of .reand not the average value. 

implies t ha t  a def in i te  upper bound on T~ ex is t s .  

of the s t a t i s t i c a l  implications of va r i ab i l i t y  on xc i s  not within the 

scope of t h i s  report. To evolve a thorough treatment requires cer ta in  

informatfon about remnant which i s  not yet  avai lable ,  but i s  another 

area f o r  fur ther  investigation. 

The fact that IC is  so repeatable 

Consideration 

The apparent discrepancy between the measured 7e and value indicated 

by 7, can now be interpreted as a AT due t o  the operator’s i n t r i n s i c  

var iab i l i ty .  
Tr = ‘eDF + AT 

XC 

where = the T computed via equation (31) from autopaced 
“IC kc and a for ‘pM = 0 

= the T obtained from extrapolating the describing 
function Te t o  XC ( f ig .  22) 

AT = a short  term increment a r i s i n g  from the operator’s  
basic va r i ab i l i t y  

For continuous describing function runs t o  be possible,  t h i s  AT 

This average requires that a f i n i t e  average phase m r g i n  be minta ined .  
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phase nargin i s  given by: 

. c & = + T =  

The measured data f o r  these parameters are: 

cu, = 5.3 rad/sec (from f ig .  23) 

= 0.1 35 sec computed from eq. (31 ) 
T% [yc = 6.0 a,nd u = 0.35 

= 0.094 sec (from f i g .  22) 
%F 

Then, from equation (39) 

The extrapolated average phsse m r g i n  a t  Kc i n  figure 24 i s  (PM A 12 deg, 

in, perhaps fortuitously,  good agreement with the computation. 

conclusion i s  reached tha t  the difference between the observed Te and 

're predicted from xc i s  simply a matter of defining short run versus 

long run values of T ~ .  

The 
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This combined theore t ica l  and experimental investigation of a 

“ c r i t i c a l  tracking task” yields  the  following main conclusions: 

1 .  

2. 

3 .  

4. 

5 .  

The behavior of a human operator, while i n  a compensatory 

tracking task with a controlled element having a first- 

order unstable divergence, i s  accurately predicted by the  

servo theory of operator response (as given i n  r e f .  2) 

even near the point of incipient  loss  of control.  

As the  degree of i n s t a b i l i t y  (measured by the  inverse 

time constant, X)  i s  increased, the  closed-loop s t a b i l i t y  

margins decrease and the  tracking e r ro r s  increase, i n  

good agreement with the  theory developed herein. 

As the  i n s t a b i l i t y  i s  slowly but continuously increased 

during one run, a point of incipient  loss of control i s  

reached, xc, which, fo r  t he  operator tested, had a con- 

s i s t e n t  l eve l  and low va r i ab i l i t y .  A very. sa t i s fac tory  

mechanization f o r  automatically measuring Xc i s  presented. 

This c r i t i c a l  A, is  theore t ica l ly  shown t o  depend primarily 

on the operator’s e f fec t ive  time delay, T ~ ,  while tracking. 

Both t h e  analysis and experiments reveal  t h a t  there  are 

appreciable secondary influences on Xc due t o  the  operator’s 

i n t r i n s i c  s t a b i l i t y  margin requirements and neuromuscular 

system a r t i f a c t s  such as k ines the t ic  phase lags  (a e f fec t s )  

and arm/control-stick resonances (”, SN). The experiments 

were not of suf f ic ien t  scope t o  show whether or not these 

secondary e f fec ts  would preclude a universal  dependence of 

1, on T~ among a l l  operators. 

The good agreement between t h e  theo re t i ca l  and measured 

operator describing functions proves t h a t  one can force 
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an operator t o  adopt any form of  equalization and gain 

within his known capabi l i t ies  by selection of a suitable 

c r i t i c a l  task configuration. 

var ie ty  of improved psychomotor t e s t s  t o  be developed 

i n  which the  experimenter has excellent control over t he  

operator's tracking behavior. 

This should permit a 

;4cre specific cnnrlllsions re la t ing  t o  the various phases of t he  

program are contained at  the  end of each major subsection. 
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Controlled 
Block Diagram 

- K , 6 ~ e j ~  Control - 'Kc 
- YC =(=) 

Error - -- P- v / 

Negative Feedback I 
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/-- 

Root Locus 

Ampi 

Phase Region 

Figure 2. Simplified systems analysis of h m n .  opemtor control 
of a f i r s t -order  divergent controlled element 
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. 

APPENDIX A 

DERIVATION OF THE CRITICAL TASK LIMIT 

The ef fec t  of the  low frequency kinesthetic lags,  as represented by a, 

on the theoret ical  re la t ion  between the zero m r g i n  l i m i t  f o r  xc and Te 

w i l l  be derived. For brevity,  most of the subscripts w i l l  be dropped. 

The t o t a l  open-loop describing function using the extended crossover 

model (a-model) of t he  human operator i s  given by 

-j (.n + u/cu) f(e 
3 s  + 1  YpY, = 

The limiting conditions f o r  vanishing maximum phase margin are sought. 

The open-loop phase i s  

from which the  phase margin i s  

( A - 3 )  
U 

7% - - 
UC 

w -  -1 c p ~  = tan 

I n  the  idea l  l i m i t ,  the c r i t i c a l  condition occurs when &&I ‘ p ~  = 0 

and dcp/dcu = 0. The expression f o r  dq/dw i s  

- z  (A-4)  
T U - T J ( 1  +UT) + a 

- ? + z  - 
9 =  
dw 1 + 

which is zero a t  the frequency f o r  mximum phase margin, cu = 9~. Thus, 

T G ~ ( I  +UT> + a = T G M [ ( ~ q M )  * + 1 ]  (A-5) 



Thus, the frequency f o r  maximum phase margin i s  

(A-6) 

(A-7) 

(A-9) 

Solving f o r  T i n  the phase m r g i n  expression [eq. (A-3)] f o r  

recognizing t h i s  as the  l imiting crossover frequency, %, 

= 0, and 

(A-1 0 )  

Finally, noting that i n  the l i m i t   up^ = 9, the  combination of Eqs .  (A-9) 

and (A-10) in to  a quadratic i n  T, plus some algebraic simplification, 

yields  

(A-1 1 ) 

or (A-1 2) 

Normalized with respect t o  T, the  last expression becomes 

XCT = 1 - (A-1 3)  
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1 

For the reader 's  reference, a run log of the per t inent  runs from 

which the data of t h i s  report  were extracted i s  given i n  Table B - I .  

runs were mde  a t  the Engineering Psychology Laboratory a t  The Franklin 

Ins t i tu te  under subcontract t o  Systems Technology, Inc. 

A l l  

The c r i t i c a l  values of X which are plot ted i n  f igures  13 and 14 are 

repeated here i n  tabular  form (Table B-11) .  The rms variance of t h e  

where n i s  the number of trials i n  the sample. 

A schematic of the  computer mechanization i s  shown i n  figure B-1 . 

100 



Run no. 

(a)* 

021 865 - 1 

- 2  

- 4  

- 5  
-6  
- 7  
- 8  

-9  
-11 

-12 

- 1 3  

-14  

-15 
- 1 6  

021 965 - 3 
-4  
-5 
- 6  
-12 

-1: 

- 1 e  

- 20 

- 21 

B-I 

CRITICAL TASK RUN LOG 

Input 

(4" 
2 

1 

1 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0 

1 
0 

1 

B6'-4-I/8" 

B6' - 4- 1 /8" 
1 

0 
1 

2min.  run 

Aborted after 45 6ec 

IxLta interruped after 2:05 by 
timer; 4 min. t o t a l  

*%un number is  monthilsy--yeaI-run of day; i.e., 021865-1 i s  
first run on Feb. 18, 1965. 

= ~ / ( s - x ) ;  X ( t )  denotes autopaced run. 
C Input code: 0 = no input; 1 = B6l-1.9- 1/8"; 2 = B6- 1.6-1/8". 

%scribing function run length is 4 min. except where noted. 
e Subject i s  J. D. McDonnell i n  a l l  runs. 
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R u n  no. 

022365 - 3 
- 4  
-7  
- 8  

- 

-13 
-14 

-16 

022465 - 3 
- 4  
- 5  
-6  
-7 
-9  
-1 1 

-12 

-13 
022565 - 9 

-10 

-11 

x 

TABLE B - I  .- Corxluded 

CRITICAL TASK RUN LOG 

Input 

0 

1 

1 

1 

1 

1 

1 

0 

1 

1 

2 

B6'-4-1/8" 
B6' -4-  1/8" 

1 

1 

0 

0 

1 

1 

Remrks 

Interrupted a t  3:07 

Interrupted a t  2:42 and 3:47 
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TABLE B-I1 

TABUIATION OF AVERAGED AUTOPACED WTA 

Training runs (no input; 5 run samples) 

I T r i a l  no. 
- 

% 

0.37 
5'42 5.48 I 0.43 

1, a t e  

1/13/65, 2:OO PM 

5.76 
5.60 

0.38 
0.48 

______ 

1/13/65, 5:15 PM 
5.82 
5-50 

0.37 
0.36 

5-92 
5.90 

0.42 
0.52 

I s  
~ 

1 /14/65, 11 :25 AM 
6.46 
6.60 

6-32 
0.41 

53 I 60 1/14/63, 5:30 PM 
6.25 
6-34 

0.21 
0.54 

5.86 
5-94 

0.41 
0.49 

5.84 
6.26 

0.48 
0.30 

83 I 90 
5 -40 
6.1 0 

0.65 
0.49 

95 I 100 
6.26 
6-30 

0.49 
0.64 

6.02 
5.66 

- 

0.21 
09 38 

6.02 
5-94 

0.60 
0.39 2/4 /65, 4:40 PM 

2/8/65, 4:45 PM 

2/ 9/65, 10:W AM 
I+ 140 

6.40 
6.62 

0.46 
0.62 

135 I 140 
5-98 
5-90 

0.10 
1.01 



TABLE B-11.- Concluded 

TABULATION OF AVERAGED AUTOPACED DATA 

- 
T r i a l  no. k t e  XC 

6.W 
6.30 

6.04 
6.20 

2/9/65, 5:15 PM 145 
150 

155 2/10/65, 2:30 PM 
I 60 

0.21 
0.55 

0*55 
1.21 

R u n  no. 

021 865 - 5 
-17 

021 965 - 3 
-5 
- 20 

022365 - 3 
022465 - 3 

-13 
022565 - 9 

~ ~~ 

Run  no. 

021 865 - 4 
-16 

021 965 - 4 
- 21 

022365 - 4 
-16 

022465 - 4 
-12 

022565 - I O 

No input 

Number of trials 

J 

- 
XC 

6.36 

6.27 
6.28 

6.62 
6.40 
6.36 
6.51 
7.50 
6.91 

B6’ - I .5 - 118” input 

Number of t r ia ls  

5 -05 
5-90 
6.02 
6.08 
6.04 
6.22 

5-95 
6.66 
6.06 

0.28 

0.30 
0.22 

0.22 

0.27 
0.26 
0.22 

0.52 
0.28 

0.36 
0.45 
0.41 
0.46 
0.26 
0.42 
0.33 
0.15 
0.1 7 
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