J 4

NASA Conference Publicatin 2341 /7‘" =3 >

Twentieth Annual Conference on
Manual Control

June 12-14, 1984 Ames Research®
Center, Moffett Field, California

Compiled by: Sandra G. Hart and Ear! J. Hartzell

Volume {1

(BASA"CP-ZBIH-VCJ.-Z) TWwN1IETH ANMUAL NES-1T 9

- e

CCMFEBENCE UN MAMUAL LC_A'I:(I, VCLUHEC§CL o5k ‘53521“568
{MASA) 423 p al 218/0F AGY e las
c3/51 20832

NASA

National Aeronautics and
Space Administration



NASA Conference Publication 2341

Twentieth Annual Conference on
Manual Control

June 12-14, 1984 Ames Research
Center, Moffett Field, California

Compiled by: Sandra G. Hart and Earl J. Hartzell
Ames Reszarch Center
Moffett Field, California

Volume 1|

NNASA

Naticn~t Aeron-utics and
Space Admnisiration

Ames Reswvarch Conter
Moffett Fieww Caltormia 94035



FORWARD

Volumes I and II contain the Proceedings of the Twentieth Annual Conference on
manual Control. The proceedings were published witn the support of the
National Aeronautics and Space Administration and the Army Aercmechanics
Laboratory, both located at Ames Research Center, The meating was held at
the Sheraton-Sumnyvale Hotel in Sunnyvale, California from June tuwelfth
through fourteenth, 1984, B8oth formal papers that represented completed work
and informal papers that represented work in progress were presented. The two
volumes include all of the papers accepted for presentation at the meeting;
seventy six complete manuscripts and nine abstracts. The papers are divided
into two volumes that represent the two general classes of topics that were
covered. Volume I covers more traditional "Annual Manual" topics such as time
series modeling, flying qualities, and supervisory ceontrol models. Volume II
contains papers that are more focused on psychological and physiological
issues, such as evoked potential and workload measurement, that were included
in the program of the concurrent "Anrwal Mental®

This was the twentieth in a series of conferences dating back to December
1964, These earlier meetings and their proceedings are listed belouw:

First Annual NASA-University Conference on Manual Control, the University
of Michigan, December 1964. (Proceedings not printed.)

Second Annual NASA-University Conference on Manual Control, University of
Southern California, February 28 to March 3, 1967. (NASA-SP-128)

Third Annual NASA-University Conference on Manual Control, University of
Southern California, March 1-3, 1968. (NASA-SP-144)

Fourth Annual NASA-University Conference on Manual Control, University of
M chigan, March 21-23, 1968. (NASA-SP-192)

Fifth Annual NASA-University Conference on Manual Control, massachusetts
Institute of Technology, March 27-28, 1769. (NASA-SP-215)

Sixth Annual Cenference on Manual Control, \uright-Patterson AFB, Ohio,
April 7-9, 1970. (AFIT/AFFDL Report, no numbcr)

Seventh Annual Conference on Manual Control, Univeristy of Southern
California, June 2-4, 1971. (NASA-SP-281)

Eighth Annual Conference on Manuel Control, University of Michigan, May
17-19, 1972, (AFFDL-TR-72-92).

Ninth Annual Conference on Manual Control, Massachusetts Institute of
Technology, May 23-25, 1973. (Proceedings published by MIT, no number)

Tenth Annual Conference on Manual Control, Wright-Patterson AFB, Ohio,
April 9-11, 1974, (AFIT/AFFDL Report, no number)

Eleventh Annual Conference on Manual Control, NASA-Ames Research Center,
May 21-23, 1975. (NASA TM X-62,464)



Twelfth Annual Conference on Manual Control, University of Illinois, May
25-27, 1976 (NASA T™M X-73,170)

Thirteenth Annual Conference on Manual Control, Massachusetts Institute
of Technology, June 15-17, 1977. (Proceedings published by MIT, no number)

Fourteenth Annual Conference on Manual Control, University of Southern
California, April 25-27, 1978 (NASA CP-2050)

Fifteenth Annual Conference on Manual Control, Wright State University,
Ohio, March 20-22, 1979. (AFFDL-TR-79,3134)

Sixteenth Annual Conference on Manual Control, Massachusetts Institute of
Technology, May 5-7, 1980. (Proceedings published by MIT, no number)

Seventeenth Annual Conference on Manual Control, University of California
~.t Los Angeles, June 16-18, 1981. (JPL Publications 81-95)

Eighteenth Annual Conference on Manual Control, Uright-Patterson AFB,
Chio, June 8-10, 1982, (AFWAL-TR-83-3021)

Nineteenth Annual Conference on Manual Control, Massachusetts Institute
of Technolgy, May 23-25, 1983, (MIT publication, no number)
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THE USE OF ERPS TO MONITOR NON-CONSCIOUS MENTATION
by Emanuel Donchin

Department of Psychology
University o, Il1linois

1. Introduction
1.1 The Washington Post Article

On June 3, 1984 the Washington Post carried an article by
correspondent Michael Schrage entitled "Technology Could Let Bosses Read
Minds." The article continued on the following page under the heacline
"Privacy Veil May Block Brain Watchers View." In the article Schrage
reports that "Researchers in both academia and industry say it is now
possible to envision a marketable product that could instantanevusly assess
whether employees are concentrating on their jobs by analyzing their brain
waves as they work." Westinghouse's Research and Development center in
Pittsburgn is described as "exploring the use of brain wave analysis -
particularly a brain wave known as the P300 - as a means of determining an
individual's level of attention and cognitive processing.” The manager of
the Human Sciences Laboratory in that Center predicts that “"within the next
10 years Westinghouse could market a complete system capable of monitoring
the mental processing effort of employees as they worked." The article goes
on to review the opinions of others who are involved in the study of P300
lending to exchanges with one labor leader and one legal scholar, from
Harvard, regarding the degree to which the use of P3C0 for reading the mind
constitutes an “invasion of privacy."

The claims discussed in Schrage's article, and the worries they
engender, have appeared frequently, in the past few years, in the public
press and in scientific communications. The claims, and the concerns, are
triggered by a solid body of evidence accumulated in several laboratories in
the two decades since Sutton and his colleagues discovered the P300 (Sutton,
Braren, Zubin, & John, 1965). The evidence suggests that the "endogenous"
components of the Event Related Brain Potentials (ERP), and in particular
the P300, can incced be used as a tool in the study of cognitive function
(Donchin, 1979). 1indeed, much of this research has been supported by
government agencies specifically in order to determine if it is possible to
monitor, oy means of the ER?, the operators of complex man-machine systems.
The evidence does indicate that the ERP can provide data on aspects of the
interaction between operator and task that may otherwise be opaque to
monitoring (Donchin, Coles & Gratton, 1984; Kramer, Wickens and Donchin,
1983; Wick 2ns, Kramer, Vanasse, & Donchin, 1983; Isreal, Chesney, Wickens, &
Donchin, 1980).
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Yet, it must be emphasized that these conclusions have yet to be
tested in the crucible of practical applications. In the main, no research
has yet been done to translate the laboratory findings into instruments that
can be used by design engineers and by system managers. This is due, 1n
part, to budgetary and to practical considerations. lowever the reluctance
to invest in the development of ERP based monitoring may also be due to
concerns regarding the appropriateness of using brain-waves to monitor
mental activity. It is important therefore to emphasize that the “mind
reading” implications of this work are often stated in a misleadina and an
inflated manner. We can indeed monitor mentation using the ERP. Further-
more, as I will endeavor to show in this paper, the ERPs provide a unique
opportunity to monitor non-conscious mentation. Yet, it is not possible,
and I believe it will never be possible, to use the ERP to “read minds" in
the popular, friday night horror movie, sense of the phrase. My purpose in
this lecture is to describe the class of inferences that can be based on ERP
data and to emphasize the limits of these inferences. This, however, will
not be an exhaustive review of the use of ERPs in Engineering Psychology.
Rather, the application, its scope, and its limitations will be illustrated
by means of one example. I will precede this example by a brief technical
introduction to the methodology used in the study of ERPs.

1.2 Signal Averaging

Event Related Brain Potentials {or ERPs)} are extracted from the EEG
that can be recorded between a pair of electrodes placed on a person's
scalp. The EEG is recorded as a continual fluctuation in voltage. It is
the result of the integration of the potential fields generated by a
multitude of neuronal ensembles that are active as the brain goes about its
business. Within this “ongoing" signal it is possible to distinguish
voltage fluctuations that are triggered in neural structures by the occur-
rence of specific events. This activity, evoked as it is by an external
event, is known as the Evoked, or Event Related, Potential?. It is but a
faint whisper in the polyneural roar of the EEG. However, this whisper
tends to follow the same time course whenever its eliciting event occurs.
Therefore, when the EEG immediately following an event is examined over an
ensemble of records the whispering ERP's are synchronized and their voice,
as it were, becomes audible over the conflicting and asynchronous babble of
the remaining EEG. Signal averaging is a technique for extracting such
faint signals that follow a fixed time course relative to a trigger point.
Deta;led descriptions of the procedure are readily available (see Halliday,
1982).

The ERP extracted in this fashion takes the form of a series of
fluctuations of the voltage between the recording electrodes. The epoch
over which an ERP can be observed is on the order of several hundraJ
milliseconds. The ERP is commonly considered to be a sequence of relatively
independent components (Donchin, Ritter & McCallum, 1978). The amplitude of
the components, their latency anc their scalp distribution are the
attributes of the ERP that are most commonly used in monitoring brain, and
by implication cognitive, activity. Some of the components of the ERP, in
particular those that appear within the first 100 msec following the
stimulus are manifestation of the transformation, and the communication, of
information in the sensory pathways. These “exogenous" components are
generally followed by one or more components whose appearance, and patterns



of change, vary with the information processing demands placed on the
subject. It is these, endogenous, activities that are used in monitoring
cognitive activity.

1.3 How Are The ERPs Used in the Study of Cognition?

The monitoring tool to which Schrage's article refers is a record of a
voltage change that can be obtained from the scalp of an awake human. These
recordings can be obtained rather reliably and our knowledge has advanced to
the point that we can predict with relative ease how attributes of these
waves will change as a consequence of a variety of experimental manipu-
lations. One readily obtained component is called P300, because it is
positive going and its latency is hardly ever less than 300 msec. The P300
is often obtained in the so-called “oddball" paradigm in which a series of
stimulr is presented to the subjects; the stimuli can be classified into two
categories. If the events in one of the categories occur only rarely, then
the rare events elicit an ERP that is characterized by a large, positive
going, voltage change that peaks about 300 msec after the eliciting event.
This late positivity is the P300 (see Pritchard, 1981; Donchin, 1981;
Hillyard & Kutas, 1983 for reviews of the literature).

The P300, and other ERP componen’s, provide an investigator with a set
of dependent variables that can be used in the study of cognition. The
manner in which these dependent variables relate to various independent
variables is well established. However, as yet very little is known about
the origin and functional significance of these signals. Evidence regarding
the intracranial sources of the potentials is just beginning to emerge. It
is likely that the ERPs represent the summation of potential fields
associated with individual neurons who, fortuitously, are so oriented that
their fields summate. But, as far as we can tell, the summated fields have
no functional role in and of themeselves.

The nature of the ERP and the constraints on the interpretation of its
phvsiological significance raises, inevitably, doubts regarding the validity
and the utility of inferences made on the basis of these signals. Even
though the Press has proven rather sanguine about the promise of ERP in
menitoring cognition, the enthusiasm for its use has not proven infectious.
Indeed, those who are most in need of techniques for monitoring the ope-
rators of complex systems have not been quick to adopt ERPs despite the very
strong laboratory evidence for their utility. In part, this reluctance
derives from a misunderstanding. It is commonly assumed that to be useful a
"physiological" index must be directly involved in the processing activity
being monitored. But this, I argue, is not necessarily a valid approacn.

In fact it is quite possible to conceive of a situation in which
“epiphenomenal" indices may prove quite useful.

1.4 The Espionage Metaphor

The process by which the ERPs are utilized, its powers and its
limitations, may be clarified by resorting to an analogy. I derive the
analogy from electronic snooping. It seems that the design of computers is
nurturing a new form of industrial espionage. These high-tech snoops record
radiation emitted in the neighborhood of computing devices. It so happens
that the structure of electronic data processing devices causes some of the



radiation emitted into the environment to be a manifestation of activity
internal to the computer. Moreover, it is apparently possitle to extract
from this radiation, by appropriate computer analysis, useful data about the
informational transactions that take place inside the computer. It is as if
the information communicated within the computer‘s functional e’_ments
modulates recordable electrical activity in a manner that allows the
perspicacious and enterprising spy to "read the mind" of the computer.

It is noteworthy that the activity recorded, and read, by such a spy
is not necessarily a meaningful component from the point of view of the
computer's information processing activities. The radiation may very well
be due to the manner in which the computer was implemented. The avail-
ability of these extraneous signals depends on such factors as the choice of
components and their packaging, the quality of the shielding. These are
factors that are essentially irrelevant tc the operation of the computer as
an information processing device. Yet, however epiphenomenal, these
activities that are “noise” to the computer are very much “signal” to the
spy. Provided the technology for extracting the sigrals erists. Of course,
such an indirect method wiil be used only if more direct methods to access
the information of interest are not readily available.

I tend to view the ERPs in much the same way. For reasons having to
do with the manner in which the brain is implemented, some of its activities
are manifested on the scalp by a voltage change. It is likely that such
activity is seen when many neurons are activated in synchrony and the
topography with which these neurons are packed is conducive to the
summation of their individual fields (Allison, in press). We assume that
under the appropriate circumstances and with the appropriate analysis it may
be possible to extract from these signals data that help in interpreting the
activity of the brain. This is so because, 2s with the electranic spies,
the actual informational transactions that take place within the brai
modulate the ERPs, epiphenomenal as they may be, in ways that allow strong
inferences about these informational transactions.

Note that, as with the extraneous radiation in the compucer, we need
not assume that the ERPs in themselves constitute a functional entity in the
information processing executed by the brain. All we need to assume is that
the intracranial entities that are manifested by the ERP play a role in
information processing and that the modula“ion of the ERP, as the entities
it manifests go about their business, is related in a systematic function to
the activity of interest. With these assumptions we can observe variations
in the ERP and draw inferences regarding the information processing activ-
ity. It is these inferences that allow the use of the ERP as a tool in the
study of cognitive function.

To illustrate the manner in which the ERPs can be utilized, I will
summarize a study by Gratton, Dupree, Coles and Donchin (in preparation) in
which variations in the latency of one component of the ERP, the P300, has
been used tc reveal aspects of processing that accompany the responses of a
subject who is performing an oddball task. The key assertion supported by
this study is _hat ERP data can be useful in the examination of processes
that are not readily available to introspection., By making the covert overt
the ERPs can help in the study of non-conscious processes.



2, The 0Oddball Paradigm - Using Names

The study discussed here is one in a series of studies employing the
Uddball par.digm in which the stimul!i were names of individuals commonly
uced in the American culture. In all cases the series were constructed so
that 20% (or, on occasion, 10%) of the names were names of males, (e.g.,
Jack, John, Eric...). All other names were names commonly associated with
fimales, (e.g., Mary, Vanessa...). On some occasions, the subject was
riquired to count the number of names that fell in one or another category,
.1 COUNT condition). On other occasions the subject indicated the
ceurrence of one of the categories by pressing one of two buttons, (a
xeaction Time, or RT, condition).

The initial study in this series was reported by Kutas, McCarthy and
“onchin (1977). Their subjects were presented with 3 different Oddball
series. A "Variable Names" series was constructed from names of males and
females as described in the previous paragraph. A “Fixed Names" series
i acluded just the names DAVID and NANCY. The third series was a sequence of
t ords, 20% of which were synonyms of “PR0OD." The subject's task was to
, ress one button in response to such synonyms and to press another button in
1r2sponse to all other words. The rare events in each series elicited a
large P300. This was true regardless of the specific task assigned to the
subject.

It turned out that the latency of the P300 varied across the 3
conditions. This was particularly noteworthy when the subjects were
instructed tu be accurate. The shortest latency was observed when the
subject discriminated between the two names, David and Nancy. A longer
latency is seen when the names vary from trial to trial. The longest
latency was associated with the need to decide whether each of a rather
disparate list of words is a synonym of PROD. These, and a considerable
amount of additional data, lead us to suggest that the latency of the P300
depends on the time required for the evaluation of the stimulus. Subsequent
work (McCarthv & Donchin, 1981), demonstrated that the latency of P300 is
largely ind- endent of the duration of processes that are involved in the
se'ection and execution of the response. The interesting conclusion from
these data has been that the latency of P300 is proportional to the time it
takes to categorize the stimuli. If this is the case, the P300 latency may
be used as a tool in mental chronometry to measure mental timing uncon-
taminated t: “"motor" processes (McCarthy & Donchin, 1983; Donchin, 1981).
For studies in which P300 latency is indeed utilized in this fashion see
Ford, Mohs, Pfeffertaum and Kopell (1980), Duncan-Johnson and Donchin,
(1981,, Goodi: . Squires, and Starr (1983), Pfefferbaum, Ford, Johnson,
Wenegrat, and kopell (1983), as well as Coles, Gratton, Bashore, Eriksen and
Donckin (i1 preparation).

2.1 The Correlation Between P300 Latency and RT

In a more detailed analysis of the data reported by Kutas et al.
1977), McCarthy and Donchin (1979) examined the relationship between the
tatenzy of P300 und the Reaction Time associated with each of the trials in
an odcball study using names, sorted according to gender. The analysis
capitalizet on a filtering technique that allowed the measurement of the
latercy ot P300 on individual trials (Woody, 1967). The principal finding



has been that the correlation between P300 latency and RT depends on the
strategy adopted by the subjects. When the subjects were instructed to be
accurate the correlation between P300 latency and RT was significantly
different than zero. On the other hand, when instructed to be fast, the
subjects' RTs and P300 latencies were quite uncorrelated. These data
supported the suggestion (Donchin, 1979, 1981) that the P300, and the motor
response, may each be the culmination of a series of processing activities
and that these streams of processing can, in principle, be quite independent
of each other,

The P300 Tatency is assumed to reflect the duration of stimulus
evaluation processes. From the evidence on hand it would appear that the
processes leading to the invocation of a P300 continue for as long as is
required for 2 full evaluation of the stimulus. The latency of P300 is,
therefore, at least as long as the duration of these evaluation processes.
The overt responses, on the other hand, may well be released “prematurely®
on the basis of limited information. The correlation between Reaction Time
and the latency of the P300 will therefore depend on the degree to which the
overt responses that define the RT are made contingent on the full
evaluation of the stimulus. The more inclined the subject is to respond
prematurely, the poorer the correlation between the latency of the P300 and
the RT.

2.2 The P300 On Error Trials

One striking aspect of the data acquired by McCarthy and Donchin
{1979) was observed when the trials on which subjects made errors. These
were trials on which the subject responded to a rare event as if it was
frequent. That is, even though a Male name appeared on the screen, the
subject pressed the button associated with Female names. There were but a
few such trials in the study reported by McCarthy and Donchin (1979).
However, in virtually all these trials the pattern was the same - the
Reaction Times were relatively short and the P300 latency was relatively
long. It was as if on these trials the subjects first acted and than
thought! As the number of error trials was small, we replicated the
experiment presenting the subjects with many more trials and pressing even
harder for fast responses. A partial report on these data can be seen in
McCarthy (in press). In 10 out of the 11 subjects the pattern obtained was
identical. Errors of commission, "fast Guesses," were associated with very
short RTs and relatively long P300 latencies. McCarthy and Donchin (1979)
suggested that whenever an error was detected on any given trial, the
invocation of the P300 was delayed. The delay was required, presumably, to
allow further processing of the trial's data. This interpretation
exemplifies the manner in which observations of the P300 lead to inferences
regarding an internal process even though these processes may not be readily
observable by conventional means.

2.3 Puzzles for Present Experiment

Even though the increase in the latency of the P300 was quite evident
in the data obtained by McCarthy and Donchin (1979) it was not sufficient to
support the conclusion that this delay is due to extended processing
consequent on an internal, not necessarily conscious, recognition of the



commission of the error. Several alternate explanations can be invoked.
Two of these difficulties are summarized here.

2.3.1 New Component?

One of the major difficulties presented by ERP data is associated with
the definition and the proper identification of components of the ERP. For
example, each of the positive going peaks observed by Kutas et al. (1977) in
the ERPs elicited by the three series has been labeled “P300" even though
the peaks differ in latency by as much of 100 msec. What leads us to
believe that these three peaks are inceed instances of a component whose
latency is shifted by the duration of the processing precedes its
invocation? How do we know that the peaks with the longer latencies are not
entirely new components that are elicited by the presentation of a word, or
by the search of a synonym. The issue is generally resolved on the basis of
the similarity of wave shapes, on the scalp distribution of the potentials
and on the manner in which they respond to experimental manipulations
(Donchin, et al., 1978). There remains the possibility that delayed peaks
that are recorded in association with error trials are different components
rather than a delayed P300.

2.3.2 Response Related Factors

Another interpretation of these data is based on the fact that on all
these error trials the subject responded rather fast to the stimulus. In
other words, these are clearly trials on which a variety of factors are
injected into the stream of processing. How do we know that it is the
recognition of the error, rather than the fact that a very fast response was
emitted on the trial that accounts for the delay? A different, but related
possibility is that it is not that P300 is delayed on error trials, but
rather that errors may be more likely on trials on which P300 latency is
long.

2.3.3 The Need For an Additional Study

The controversy surrounding the interpretation of the ERPs recorded on
error trials touches on some of the key issues in the interpretation of the
ERP. The manner in which such controversies arise, and the action that is
needed to resolve the issue, must be understood if these data are to be used
in the, so-called, "real” world. Any monitoring system that utilizes ERPs
in the manner described by the Washington Post article will, in one way or
another, acquire data much like those described above. Essentially the data
analysis, however sophisticated, boils down to a comparison of the ampli-
tudes of waveform features obtained at different sites on the same occasion
or features that were obtained from the same site on different occasions.
Whenever such a comparison is made it is critical to assure that one
compares features of the same object. If it is possible to mistake one
component for another, then shifts in latency or in amplitude that are
assumed to reflect shifts in the allocation of attention may in fact reflect
an altogether different process. Such a confusion will frustrate any
attempt to utilize the ERPs, regardless if the use is made in a laboratory
or an industrmal environment.



In the present case, the claim that is in need of evaluation is that
the P300 reveals, through modulations of its latency, the activation of an
internal, mental, process that is invoked as a consequence of the
recognition that an error has occurred. If we can be sure that the peak
with the longer latency is indeed a delayed P300 rather than a new
component, and if we can be sure that the delay is indeed due to the
accurrence of the error rather than to such factors as the speed of the
response associated with the movement, than the P300 is indeed revealing in
a unique fashion aspects of the information processing system. To resolve
some of the doubts that remained regarding the ERPs elicited on error trials
we replicated, and extended, the study reported by McCarthy and Donchin

(1979).
3. A Study of P300 Latency on Error Trials

Thus, we have again presented subjects with a series of names. In one
series the names appeared with unequal probability, names of Females
appearing frequently, P(female)=.80. In another experimental condition the
two categories appeared with equal probability. These two probability
conditions were crossed with two performance regimes. In one the subject
was instructed to respond as fast as possible. In the other regime the
subject was told to be as accurate as he could. From each of {he 7 subjects
we obtained 800 trials in each of the conditions.

3.1 Design

Procedure. The subject was positioned in front of a PLATO terminal
with the Tingers of each hand resting around a 2" diameter bar of a
dynomometer, The choice-reaction-time task required a sharp squeeze and
release of the bar from one hand in response to male names appearing on the
screen and a squeeze and release from the other hand in response to female
names. Names were presented one at a time in the center of the screen for
200 msec with a 2000 msec interstimulus interval. A list including 10 male
names and 10 female names was used to generate the series. The four to
seven character names were chosen for their familiarity and for the
certainty of their gender.

Subjects were shown the names in blocks of 100 trials. Blocks were
made up of either 80 females and 20 males or 50 of each. Also, subjects
were instructed to respond as quickly as possible or as quickly as pos< ble
without making errors. The two conditions, (1) the relative probability of
male and female names and (2) the instruction set (speed or accuracy), were
factorially combined, resulting in eight experimental cells. Eight hundred
trials were run in each cell, with half the trials run during one session
and the remaining half run during a second session. During each session,
four blocks of 100 trials were run for one experimental cell at a time. The
order of conditions was counterbalanced across subjects in a latin square
design, and the order of conditions run during the first session was
reversed for the second session. Also, the relationship between the class
of stimuli (male or female names) and the responding hand (left or right)
was counterbalanced across subjects.

In addition to response time, EEG was recorded by Ag-Ag C1 electrodes
at fz, Cz, Pz, Cl1, and C2 placed according to the 10-20 system and referred



to linked masioids. EOG was recorded for purposes of subtracting out ocular
artifact from EEG, with a Beckman electrode placed above and to the right of
the right eye. EMG was recorded by two Beckman electrodes placed one half
an inch apart, one third of the distance on the diagonal between the elbow
and the outer wrist when palm up. Analog to digital conversion occurred for
1200 msec which consisted of 100 msec of baseline before each stimulus name
and 2200 msec from the movement of presentation.

3.2 Results

A detailed presentation of the rather large amount of data, and tie
numerous analyses of these data will be given in Gratton, et al. (in
preparation). Here, I shall summarize some of the results focusing on the
data obtained when the Male names where rare an the subject was urged to be
fast, (the “speed" condition). I will not present here the statistical
analyses that support my various assertions. Again, these are presented
with some detail by Gratton, et al. (in preparation). The reader can rest
assured that all statements made here are backed by adequate analyses.

3.2.1 Reaction Time Data
3.2.1.1 Histograms for Individual Subjects

The pattern of Reaction Times was consistent. Subjects respond with
virtually no errors to Female names. They do so rather fast. That is, the
RTs associated with female names tend t2 be short and the number of errors,
that is presses on the Male button in response to a Fe.ale name, is mini-
scule, The pattern for Male names is quite different. Correct responses to
Male names are rare and, when given, they are given slowly. On the other
hand, it is clear that on most trials on which a Male name is the stimulus
the subject presses the “Female" button. Moreover, the RT on these trials
tends to be quite short. The RT in this case is in fact quite similar to
the RT associated with the correct Female name.

The data indicate that the subjects' responses differed according to
the button they pressed, or the hand they were using. The Male button was
pressed solely in response to the appearance of Male names. The speed with
which these responses were made was always slower than was the speed of
response on the Female button. It is plausible to assume that the subjects
were primed to respond with the hand that was called upon to respond most
frequently. This "response bias" caused the subject to respond on many a
trial to the Male name with the response on the Female button. It is
striking that the distribution of the RTs for these fast responses is rather
independent of the eliciting stimulus. Pressing, correctly, for a Female
name and committing a "fast guess," by pressing the same button in response
to a Male name are indistinguishable as responses, at least as far as the
shape of the distribution is concerned.

3.2.2 ERP Data

While the correct overt response is indistinguishable from the overt
erroneous response the processing associated with the two classes of
responses is likely to be quite different. There is considerabie evidence
that fast guesses, and other errors, are monitored and processed by the



subject and that the performance on subsequent trials is affected by such
processing. This error processing need not call on the subject's awareness.
The error may be processed, and its consequences integrated into the
response stream, whether or not the subject is conscious of the error.
Indeed, the existence of error-related processing has heretofore been
infe.rea from variations in the performance on trials that follow the error.
An examination of the ERPs acquired by Gratton, et al. reveals that some
intracranial processing entity is affected by the occurrence of an error.

Support for this claim is provided by examination of the ERPs elicited
by names of Males and of Females. The EEG activity was sorted so that the
ERPs associated with correctly identified and mis-identified Male names are
plotted separately, as are the responses to Female names. The data were
also sorted according to the speed of the response. The bottom panel plots
the data from the fastest responses, each successive panel represents slower
responses. The data are clear. The ERPs elicited by the missed Male names
and by the Female names are quite different in pattern. The Male names
elicit a substantial P300, the Female names barely do. Thus, the
homogeneity of the motor responses obscures a difference betweer. the
activity of whatever intracranial system is manifested by the P300. As the
response topography of the Male and Female responses appears to be quite
similar, it is difficult to attribute the delay in the latency of names to
the P300 to the speed with which the suhjects respond on the error trials.
The speed of the response on a Female trial is equal to the speed of the
response on the incorrect Male trial.

There is also a patent difference between the ERPs elicited by Male
trials that were correctly identified and those that were missed. The peak
positivity on the error trials is delayed by almost 100 msec. This finding
corroborates the reports by Kutas, et al. (1977). A detailed analysis of
the distribution of the component supports the identification of the delayed
component as the P300 (see Gratton, et al., in preparation). Thus, we
confirm the paradoxical relationship between the RT and the latency of P300.
The re]ativeqy short RT's associated with the incorrect trials are
accompanied by a P300 with a long latency. Conversely, when the RT is
relatively long, as it is on the correct trials, the P300 latency is short.
It is important to note that this pattern of results holds for all the
conditions used in this study. Error trials were associated with the longer
latency P300s when the probability of names in the two categories was equal.
Similarly, the result held when subjects tried for accuracy. Moreover, the
pattern was maintained even when the data were sorted according to the speed
of the response. That is, when trials are classified into bins according to
the RT on each trial, then within each bin the error trials are associated
with longer latency P300.

3.3 Interpretation

It seems, therefore, that it would be prudent to accept the empirical
assertion that the P300 tends to have a substantially longer latency on
trials on which the subject pressed the wrong button. How can we intercret
such an observation? What, if anything, does it tell us about the mental
activities that take place as the subject is performing the assigned task?
The empirical statement, by itself, can support the conclusion that there is
a difference of some sort between processing activities accompanying correct
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and incorrect triais. But, establishing the existence of such a difference
is not a particularly satisfying enterprise. In the first place it is not
all that surprising that such a difference is observed. Moreover, the
existence of such differences has been established quite persuasively by
means of the classical methods of Cognitive Psychology. What do we gain,
how do we augment the available knowledge, by adding the ERP to our
armamentarium?

3.3.1 The ERP and Non-Conscious Mentation

It would seem that one of the principal values of the ERPs is that
they allow observation of processes that do not have obvious representations
in awareness. That such processes exist goes almost without saying. We are
not aware, and most probably can not be aware, of most of the internal
information processing activities that yield as a consequence the contents
of awareness. Consider Speech. By and large we are aware of the content of
our discourse. We know what we say, we may know why we want to say what we
say and we know the purpose underlying our words. These all are the
contents of consciousness. Yet, we are at the same time entirely unaware of
the nature of the process used to select our vocabulary, or sort out these
words into proper grammatical sentences. Even when we consciously search
for a word, we are blissfully unaware of the manner in which our mental
gears grind as the word is searched for. When candidate words are dredged,
we know immediately - we are fully “aware" of - the degree to which that
word is, or is not, a suitable choice. But, if we know it is not the
correct word, how come we cannot find the proper word? These processes, and
much more that is of interest to the cognitive scientist, takes place well
outside consciousness.

It is in fact these non-conscious activities that are the principal
focus of interest to Psychologist. True, as persons we are principally
interested in that of which we are aware. But, as Psychologists we are
interested in the processess underlying the observed behavior. We would
1ike to understand how memory is organized and how information in memory is
searched and is retrieved. We wouid like to know how sensory information is
integrated into the percepts of objects and how the speech stream is scanned
into words whose meaning is extracted even as all their related associations
are activated. These are the psychological operations whose elucidation is
the goal of Cognitive Psychology. As these are largely non-conscious the
Science is based on inferences from observations on the pattern of overt
behavior. Alternately we depend on self-reports, a rich but occasionally
flawed record. It seems that, at least to a limited extent, ERP components
allow us to monitor directly the intensity and the latency of some of these
processes (Johnson & Donchin, 1978; Johnson & Donchin, 1982; Donchin,
McCarthy, Kutas, & Ritter, 1983).

3.3.2 The Research Design

But, even if one grants that the ERP is a manifestation of brain
activity which implements an interesting mental operation, and hence by
implication the ERP can be considered a manifestation of such mental
operations, how does one determine the nature of the specific operations
associated with a specific component. Clearly the degree to which the P300
or any other component could be used for monitoring operators depends on the
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degree to which the functional significance of the component is known. In
the specific case we are discussing here we need to have a theory regarding
of the functional signiticance of the P300 so that a framework is available
for assessing the implication of its increased latency.

How does one go about elucidating the functional significance of an
ERP component? In my view a three fold process is required (see Donchin,
1981; Donchin & Bashore, in press; Donchin, et al., 1984). The entire
process is guided by a view that sees an ERP component as the manifestation
of an intracranial processcr which implements some information processing
operator. This statement raises some complex philosophical issues (see
Donchin & Bashore, in press). However, in its simplest form the relation
between the ERP and mentation is viewed in much the same form as are the
radio emissions discussed in Section 1.4, The principal implication of this
view is that theories regarding the functional significance of the ERP are
best developed within some comprehensive model of information processing.
The hypothesis regarding the component's furnction will be stated by
identifying a processing element within the general model. Such an element
is defined in terms of the transformations it performs on its input. A
theory of the P300 than asserts that the component's appearance indicates
that this particular operation has been invoked. The component's latency is
a measure of the duration of processes whose occurrance must precede the
invocation of the processor. The amplitude of the component is taken as a
measure of the intensity with which the critical operation has been
performed. Many a<sumptions are implicit in this description of theory
building in Cognitive Psychophysiology. Some are more tenuous than others.
Thus, inferences about the latency of a component are fairly straight-
forward. On the other hand, the interpretation of e amplitude as a
measure of the utilization of the component (Donchin, Kubovy, Kutas,
Johnson, & Herning, 1973) is based largely on faith, on the plausibiiity of
the assumption and on the fact that this is as good a working hypothesis as
we can muster.

3.3.3 The Need for Theory Testing

A theory of the P300 must begin with an enumeration of what I have
called the antecedent conditions of the component (Donchin, 1981). 1In
effect, the bulk of the research on P300, including the study described in

detail in this lecture, has been concerned with the enumeration of these
antecedent conditions. This search yields an ensemble of statements that
describe the conditions under which the P300 is elicited There is also a
need to determine the functional relationship between variations in many
aspects of the eliciting situation and attributes of the P300. Much effort
has been invested in determining the factors that control the amplitude of
the P300, its latency and the variation in its scalp distribution. Such
data have accumulated in the last two decades to an extent that permits a
rati.er precise enumeration of the antecedents of the P300.

3.3.4 The Antecedents of the P300

The 1ist is familiar (Hillyard & Kutas, 1983; Pritchard, 1981). The
P300 is elicited by rare, task relevant, events. If task relevance is held
constant than the amplitude of P300 is inversely proportinnal to the
subjective probability of the eliciting event, 1If subjective probability is
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held constant t.an P300 amplitude is determined by the extent to which the
task with which the P300 is associated is at the focus of the subject's
attention. This indeed is the basis for the use of P300 as a measure of
Workload (Isreal, et al., 1980; Kramer, et al., 1983; Donchin, Kramer &
Wickens, 1982). It is also clear that while the rarity of the eliciting
event can play ¢ important role in the elicitation of the P300, rarity is
neither a suff.cient, nor a necessary, condition. Studies of P300 elicited
when subjects are assigned dual tasks indicate that P300 is a manifestation
of processes associated with perceptusl, categorization, activities. In
addition =vidence has been presented that the amplitude of P300 is inversely
proportionil to the degree to which an earlier representation of the
stimulus has decayed (Squires, Wickens, Squires & Donchin, 1976).

With these ensemble of antecedent, on hand ore can proceed tc the next
two stages of the theory building process. These data, if sufficiently
complete can lead to & model of the P300 couched in the terms we recuired
above. That is, a statement need be made that assigns a function to

P300. The statement represents an integration and an interpretation 11
that we know about the P300's antecedent zonditions. To be useful i. ot
sufficient for this model to be merely a plausible summary of the ava 2

data. Rather, it stould serve as the basis for the third, the theory
testing, phase. In that last phase predictions that are derived from the
hypothesis we entertain regarding the component's function need be tested.
Sgch pradictions take the form of statements about the consequences of the
P300.

As 1 argued elsewhere (Donchin, 1981), if the P300 is a manifestation
of a processing entity, a subroutine if you will, than it must have outputs
that feed into subsequent, or parallel, stages of the information processor.
If the amplitude of the component is proportional to the intensity of its
activation, than its activity will affect subsequent processing stages in a
manner that is related to the amplitude of P300. In other words, it must
have consequences. If we believe we know its function, we ought to be able
to predict these consequences. It is in the generation and the testing of
such hypotheses that theories regarding the P300 are tested.

4. A Hynothesis Regarding the P300

The specific hypothesis that currently serves as a guide for the work
my colleagues and I are ccnducting at the Cognitive Psychophysioleay
Laboratory at the University of I11inois views the process manifested by the
P300 as an instrument in the service of the operation of Working Memory. By
this term we refer to the ensemble of representations that are, at any time,
in a state of higher availability. The membership in this ensemble is
continually changing as the needs of the moment change. For any given task,
some new representations may be needed, while others (remaining from
previous tasks) must be discarded. The process is dynamic and requires, one
should assume, a considerable amount of housekeeping. There must be an
ongoing process of context evaluation and context updating. I have argued
that the P300 is a manifestation of a processing entity that is utilized
while such context updating, or memory management, takes place.

Whether this model will ultimately prove to be a good approximation to
the truth remains to be seen. However, it does satisfy the criteria for a
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model in chat specific predictions can be deriv.d from that model regardin
the consequences of the P300. For example, Klein, Coles and Donchin (19843
have shown that people with perfect pitch process phonic probes without
emitting a P300. That this would be the case was predicted on the basis of
the context updating hypothesis. Karis, Fabiani and Donchin (1984) have
shown than the amplitude of the P300 elicited by a stimulus in a study of
the von Restorff effect predicts whether or not the stimulus will be
recalled.

4.1 The Delayed P300 on Frror Trials--An Interpratation

If the process manifested by the P300 performs a functior that is
necessary for the maintenance cf the model of the environment i Werking
Memory than it may be suggested that it is not invoked until tne - {la needed
for determining the needed changes is available. We propose that the delay
in the P300 on error trials is inserted as the error is recognized by the
system becau-e there is a need for further processing before the book can be
closed on the trial. Note, than in our view the P300 process is invoked in
order to sere the needs of action on future trials. Thus, the elicitation
of P300 on when the rare stimulus appears may be associated with the
resett.ng of the system to accommodate responses to the rare events. After
all, the subject is clearly biased to emit the frequent response =t the
slightest orovocation. One assumes that these responses are emitted as soon
as the appearance of a stimulus is detected. As processing of the stimulus
continues, after the response has been made, the name is properly encoded.
The conflict between the category of the name and the response forces on the
system additional processing. The additional time required for this
processing is the delay we observe in the P300.

We are fairly confident that the delay in P300 on error trials is
indeed associated with the recognition of the error. Though we emphasize
that we are not implying that this is a conscious, intentional, delay.
Other plausible alternatives have been considered and havc heen ruled out,
(Gratton, et al., in preparation). The proposal is plausible. However, the
plausibility does not provide adequate support for the theory. The critical
test, again, is the ability to derive from our interpretations of the delay
specific predictions. In this case, the proposal that the process mani-
fested by P300 serves "o responses made by the subject on future trials
su gests that there ought to be a relationship between the amplitude of the
P300 elicited on error trials and performance on succeeding trials. We
conducted two such tests to evaluate the validity of this view.

4,2 The Ampiitude of P300 on Error Trials And Its Consequences

If subjects err because they are biased to respond to the frequent

event than one consequence of the recognition of an error would be an
atcempt to shift the bias away from the activation of the frequently pressed

button. The shift would be in the direction of the response to the rare
event. Such a shift should be accompanied by an increased probability that
& response will be given on the "male” button to male name. If the P300 is
an index of the degree to which readjustments of the syster's model of the
environment than, the larger the P300 the large we would expect the shift to
be. We examined therefore the subject's responses on all trials in which a
Male name was presented. It turns out that the larger the P300 elicited on
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an error trial, the more likely is the subject to be correct in the response
the next time a male name is presented regardless of the number of female
names that have appeared in the interim. It would appear that subjects
indeed modulate their response bias when an error is discovered. More
important is the observation that the degree to which this shift in strategy
takes place is indexed by the P300. These data strongly support the
proposition that the amplitude of tne P300 reflects the intensity with which
a context-updating process has operated.

That there is indeed a shift in the bias is supported by the analysis
of the Reaction Times associated with the presentation of Female names that
occurred immediately after an erroneous response was made to a male name.
If the subject is indeed shifting response bias in the direction of Male
names, we expect the responses to female names to be slowed down in the
trials immediately following missed Male names. This increase in RT should
be proportional to the amplitude of the P300 elicited on the error trial.
This, is precisely what we found. The larger the P300 elicited on a given
trial the slower is the response to the immediately following female names.

It i interesting that the latency of the P300, delayed as it may be,
docs not predict the response on subsequent trials. But, than, this should
come as no surprise. The latency is index of the duration of the processes
preceding the invocation of the P300. Thus, it is not directly related to
the process which in fact updates the context. The latency should therefore
should therefore have no effect on the subject's model of the environment.
And indeed, we could detect no reiationship between P300 latency and
subsequent performance.

5. Conclusions
5.1 The Implications for Monitoring

The nature of the information on mentation that can be gleaned from
ERPs is illustratea by the data I have just described. The study is quite
ty-ical in the evidence it yielded and in the complexity of the procedures
required to interpret the evidence. How likely is it that devices for
measuring the P300 will appear, let alone proliferate, in the work place in
the coming decades? It seems clear that the ERPs do provide information
that is not otherwise available. However, it should be equally clear that
the language with which the ERPs speak is arcane. The significance of the
presence, or absence, of a P300 and the interpretation of modulations of its
amplitude and latency can be assessed only within the framework of a caref:l
analysis of the circumstances. The amplitude of P300 can increase, or
decrease, for a large number of different reasons. In a carefully
structured situation the interpretation, to the trained and skilled
investigator, is not too difficult. But, it is unlikely that it would be
possible to attach a machine that would yield a simple, universal,
situation-independent, number that can be used by a manager, a designer, or
even the operator to make intelligent on-line decisions.

0f course, it is not my intention to suggest here that the efforts to
develop the ERP as a tool for the Engineering Psychnlogist were wasted. I
do believe that the ERP is a unique and valuable tool. However, it must be
reclized that, as is true for any tool, it is best used within the



constraints of it nature and it better be applied within contexts that
justify its usage. The available literature defines the nature of the
information about an operator that can be extracted from the ERP. Whether
this information is of utility in any given situation depends on the degree
to which the information be utilized. If, for example, a man-machine system
is not adaptive then it is entirely wasteful to provide it with information
on the shifts in the operator's level of attention. The very same
information may be extremely valuable, and well worth the cost of data-
acquisition, if the system within which it is obtained is capable of
adjusting to the operator's level of attention. In other words, the
Psychophysiologist can point the availability of the information and define
the methods by which it can be acquired. It is for the engireer and system
designer to determine if this information can improve system performance at
a reasonable cost.

One, of course, cannot be sanguine about the matter. If Polygraphy
(1ie-detection) can be used as a case in point, we must admit that when a
technology that is capable of commercial exploitation becomes available the
potent mix of the unscrupulous and the gullible may generate a vast
industry. Polygraphy, 1ike ERP research, utilizes a reliabie phenomenon. It
capitalizes on the fact that emotional changes are manifested by a class of
recordable bodily changes. The interpretation of these changes in any given
situation requires skill and a very careful analysis of the psychological
structure of the situation. It may, in very carefully designed tests, in
the hands of well-trained, experienced, Psychophysiologists yield valuable
information about the veracity of a witness. To move from this to the
application of the polygraph in personnel offices to screen job applicants
is bizarre indeed. I dearly hope that we shall not see in the near future
the appearance of ERPgraphers, wielding Signal Averagers, assessing workers'
productivity to the joy of gullible corporate managers.

The need to guard against the avaricious and *he naive should not
obscure the vast possibilities opened by Cognitive Psychophysiology for a
better understanding of human performance, and for monitoring operators in
useful ways. The P300, and the other ERP components, clearly provide useful
data. Our knowledge of these signals is still in its earliest stages. I am
confident, however, that the range of useful information that can be
extracted from the ERP wiil be extended in the coming decades. There is
already sufficient data to justify the incorporation of ERP measures in the
design phase of complex systems. The closed-loop application that comes to
mind when we consid=r monitoring an operator may be a thing of the remote
future. However, the P300 can be of considerable use to designers who need
to evaluate several competing systems in terms of the effectiveness with
which operators can use the systems. The development effort, tc my mind,
should be devoted largely to the utilization of this valuable window on the
mind in the design, rather thar during the actual use, of Person-Machine
systems.
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Performance Enhancements Under Dual-Task Conditions
Arthur F. Kramer, Christopher D. Wickens and Emanuel Donchin
Cognitive Psychophysiology Laboratory
University of Illinois
Champaign, Illinois

SUMMARY

Research on dual-task performance has been concerned with delineating
the antecedent conditions which lead to dual-task decrements. Capacity
models of attention, which propose that a hypothetical resource structure
underlies performance, have been employed as predictive devices. These
models predict that tasks which require different processing resources can
be more successfully time shared than tasks which require common resources.
We suggest that dual-task decrements can be avoided even when the same
resources are required by both tasks, by designing the tasks so that the
processing demands can be integrated. The conditions under which such
dual-task integrality can be fostered were assessed in & study in which we
manipulated three factors likely to influence the integrality between tasks:
inter-task redundancy, the physical proximity of tasks and the task relevant
objects. The resource structure associated with these integrated dual-task
pairs is inferred from changes in the amplitude of the P300 component of the
Event-Related Brain Potential (ERP).

Twelve subjects participated in three experimental sessions in which
they performed both single and dual-tasks. The primary task was a pursuit
step tracking task. The secondary tasks required the discrimination between
different intensities or different spatial positions of a stimulus.

Task pairs which required the processing of different attributes of the
same object resulted in better performance than task pairs which required
the processing of different objects., Inter-task redundancy, the physical
proximity of task related stimuli and processing priorities also affected
the performance of dual-task pairs. The results are discussed in terms of a
model of dual-task integrality.

INTRODUCTION

The concurrent processing of information relevant to several tasks has
interested psychologists from the early writings of James to contemporary
investigations of dual-task performance in compiex, operational
environments. Substantial theoretical and empirical effort has been expended
in mapping the conditicens under which the demands imposed by tasks performed
concurrently interact so that performance on one, or both, tasks degrades.
Wickens (1980) proposed a Muitiple Resource Mcdel according to which
processing resources may be represented by three dimensions: stages of
processing, modalities of processing and codes of processing. The extent of
dual-task interference is predicted on the basis of the overlap of
processing resources. Tasks which require separate processing resources will
be more sucessfully time shared than tasks which require common processing
resources. This theoretical conceptualization of the processing structure of

21

CUOTININ Y P
et Ikrl 1‘ 'x“".“ I( AT N -



dual-task performance has received considerable empirical support. Tasks
which require processing resources from the same modalities, codes or stages
of processing esult in larger performance decrements than tasks which
require resources from different structures (Trumbo, Noble & Swink, 1967;
Isreal, 1980; Alwitt, 1981). Wher two concurrently performed tasks require
entirely different processing resources, increasing the dificulty of one
task fails to have an effect on the performance of the other task (North,
1977; Wickens & Kessel, 1579).

Although the contemperary resource models provide empirically
verifiable hypotheses concerning the decremental effects of dual-task
performance, they do not address the issue of the integration of the
processing of one task with the processing of another task. Under some dual-
task conditions, the processing of one of the tasks may prove benefical to
the processing o° tne other task (Wickens & Boles, 1983). For example,
subjects may be required to perform concurrently two separate tasks. One
task may require tracking a target with a cursor along a single axis on a
CRT. The other task may necessitate a discrimination between flashes of
different intensities. What if an event in one task now predicts a change in
the second task with some degree of certainty? Using the example illustrated
above, the spatial position of the tracking target may predict the
brightness of the secondary task stimulus. The specific tasks have not
changed as a function of the change in the inter-task redundancy. However,
the processing of the spatial changes in the tracking task may now benefit
the performance of the intensity discrimination task. This effect in which
the inter-task redundan-y results in performance enhancements has been
termed a "concurrence benefit" (Navon & Gopher, 1979). Thus, it is not the
tasks that become integrated but instead the processing of the tasks. The
present study will investigate the conditions under which performance on one
task results in enhancements in performance of a second, concurrently
performed task.

The resource model employed in the description of dual-task decrements
can also be applied to the examination of integrality between tasks. The
phenomenon of dual-task integrality occurs when two separate, but
concurrently performed tasks can be processed within the same resource
framework. In most dual-task cases, increasing the difficulty of one task is
assumed to consume resources which would normally be employed in the
processing of the other task. Thus, the allocation of resources between the
two tasks is assumed to be reciprocal. However, under conditions of
dual-task integrality the secondary task increases processing demands within
the domain of the primary task. Therefore, in the case of dual-task
integrality resource reciprocity is not obtained, but instead the resource
function in both tasks is identical.

Dual-task integrality has been described on two levels, On a
performance level, dual-task integrality results in a facilitation in the
performance of one or both tasks when executed concurrently, Facilitation is
relative to conditions in which the two tasks are performed separately or
when the stimulus relations but not the processing requirements change
between dual-task pairs, On a resource level, dual-task integrality occurs
when two tasks can be ?rocessed within the same resource framework. Thus,
there appear to be at least two different types of dual-task combinations
that do not result in performance tradeoffs. As argued by capacity theories,
tasks which require different processing resources can be sucessfully time
shared, In the present study we are suggesting that dual-task decrements can
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also be avoided if the two tasks permit integrated processing even if the
tasks require the same type of processing resources.

Several factors have been proposed to influence the degree of
integrality between tasks. One factor, the redundancy between components of
the tasks, has been described above. In the context of the present study it
Ts of interest to know whether the correlation between task components has
an effect on dual-task processing. Theories of attention have emphasized the
influence of the spatial location of stimulus attributes on the efficiency
of processing. Tregsman (T977), in her Feature Integration Model of
Attention, has argued that features which occur within the same central
fixation of attention are combined to form a single object. Once the object
has been formed it is perceived and stored in memory as such. Kahneman and
co-workers (Kahneman & Henik, 1981; Kahneman & Treisman, 1984; Kahneman &
Chajczk, 1983; Kahneman, Treisman & Burkell, 1983) have underscored the
importance of the object in attention by suggesting that attentional
competition arises between, not within object files. This arguement implies
that tasks which require the processing of different attributes of the same
object will be procesed within the same resource framework. Tasks which
necessitate the processing of separate objects will compete for processing
resources.

The P300 component of the ERP has been found useful in providing
information concerning the allocation of resources to concurrently performed
tasks. P300's elicited by discrete secondary task events decrease in
amplitude with increases in the difficulty of the primary task (Isreal et
al, 1980; Kramer, Wickens & Donchin, 1983). The secondary task methodology
assumes that changes in primary task difficulty will be reflected in
secondary task performance. Increasing the difficulty of a primary task is
presumed to consume resources which would have normally been used in the
processing of the secondary task. Thus, the secondary task P300's mirror the
proposed resource function. If P300 does in fact reflect the resource
structure of dual-tasks then it would be predicted that P300s elicited by
discrete primary task events would increase in amplitude with increases in
the difficulty of tne primary task. This hypothesis was confirmed in a study
in which P300s were elicited by discrete spatial changes in the position of
a tracking target (Wickens, Kramer, Vanasse & Donchin, 1983). Increasing the
difficulty of the tracking task by incrementing the order of the control
dynamics resulted in a systematic increase in P300 amplitude. P300s will be
employed in the present study to provide information concerning the resource
framework of the dual-task combinations.

METHOD

Subjects
welve right handed persons (6 male and 6 female) were recruited from

the student population at the University of I1linois and paid for their
participation in the study. None of the students had any prior experience
with the pursuit step track.ng task. All of the subjects had normal or
corrected to normal vision,
Step Tracking and Discrimination Tasks

The tracking display which consicted of the computer driven target and
the subject controlled cursor was presented on a Hewlett Packard CRT which
was positioned approximately 70 c¢cm from the subjects. The target and cursor
were 1,2 cm x 1.2 cm in size and subtended a visual angle of 1.0 degrees.
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The target changed its position along the x axis once every 3.6 to 4 sec and
the subjects' task was to nullify the position error between the target and
cursor. The cursor was controlled via the manipulation of a joystick with
the right hand. Pursuit step tracking was defined as the primary task. The
dynamics for the tracking stick were composed of a linear combination of
first and second order components. The system output, X(t), is represented
by the fullowing equation.
X(t) = [(1-a)Su(t) dt] + [(a)SS u(t) dt]

where: u = stick position; t = time and a = difficulty level. The task
was conducted at three different levels of the system order manipulation:
(1) in the relatively easy condition a was set to zero, a pure .irst order
(velocity) system, (2) in the moderate difficulty condition a was set to .5,
a 50/50 combination of first and second order dynamics, and, (3) in the
difficult tracking condition a was set to 1.0, a pure second order
(acceleration) system.

The subjects secondary task involved counting the total number of
occurrences of a relevant probe. Probes were presented in a Bernoulli
series. The probability of either of the stimuli occuring on any one trial
was .53. In different experimental blocks, subjects counted the bright
flashes of a horizontal bar, bright flashes 2f a cursor, translational
changes of the cursor upward or translationa changes of a horizontal bar
downward (see Figures 1 and 2). The two types of stimulus events
(brightness and translational changes) were equated for difficulty prior to
the experiment. Secondary task probes occurred either on the same x axis as
the tracking task or 2 cm (1.5 degrees of visual angle) below it. A probe
was presented every 3.6 to 4 sec. The presentation of the probe was
temporally constrained so that it occured 1.8 to 2 sec subsequent to a step
change in the t: _king target. Thus the temporal sequence of the
presentation of the probes (secondary task stimuli) and changes in the
spatial position of the tracking target was fixed, while the temporal
interval between these stimuli was variable.

In the dual-task blocks subjects performed both the tracking and the
count tasks. At the conclusion of each block of trials subjects reported
their total count. At this time subjects also rated the subjective
difficulty of the block on a bipolar scale from 1 (easy) to 7 (difficult).
Following each block the subjects were informed of their count accuracy and
root mean square tracking error.

Recording System

EEG was recorded from three midline sites (Fz, Cz and Pz) and referred
to linked mastoids. Two ground electrodes were positioned on the left side
of the forehead. Burden Ag-AgCl electrodes a‘fixed with collodion were used
for scalp and mastoid recording. Beckman Bipotential electrodes, affixed
with adhesive collars, were placed below and supra-orbitally to the right
eye to record electro-oculogram (EOG) and this type of electrode was also
used for ground recording., Electrode impedances did not exceed 5 kohms/cm,

The EEG and EOG were amplified with Van Gogh model 50000 amplifiers
(time constant 10 sec and upper half amplitude of 35 Hz, 3dB octave
roll-off). Both EEG and FOG were sampled for 1280 msec, beginning 100 msec
prior to stimulus onset. The data wos digitized every 10 msec, ERP's were
filtered off-1ine (-3dB at 6.29 Hz, 0dB at 14.29Hz) prior to statistical
analysis. Evaluation of each EOG record for eye movements and blinks was
conducted off-line., EOG contamination of EEG traces was compensated for
through the use of an eye movement correction procedure (Gratton, Coles &
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Donchin, 1982).

Design

A repeated measures, four way factorial design, was employed. Thz
factors were primary task difficulty (count only, first order, first/second
order and second order control dynamics), the relationship between primary

and secondary task stimulus objects (same or different objects), the spatial
position of the primary and secondary tasks (same or different) and the type
of secondary task (intensity or translational discriminations). The degree
of correlation between the primary and secondary tasks was also manipulated,
although this manipulation was not orthogonal to the other four factors.
Subjects performed the dual tasks with either 0 or .85 correlation at each
level of difficulty in the same object - same position and different object
- same position conditions with the intensity discrimination secondary task.
Procedure

tach of the twelve subjects participated in all of the experimental
conditions. One practice and two experimental sessions, run on successive
days, were required to complete the experiment. The practice session
included 24 blocks of tracking and six secondary task count blocks. Each of
the tracking blocks lasted four min, Subjects performed eight blocks of
tracking at eack of the three levels of system order. Secondary task blocks
lasted approximateiy six min,

The experimental sessions began with three single task tracking blocks,
each lasting approximately 3 min, Following the single task tracking
blocks, subjects performed 15 dual-task blocks. The 30 dual-task blocks
divided between sessions 2 and 3 consisted of 24 blecks from the (3 tracking
difficulty levels x 2 types of stimuli x 2 task positions x 2 secondary
tasks) factorial design and 6 blocks in which dual-tasks in the same cbject
- same position and different object - same position conditions were hiyhly
correlatea (.85). Each of the dual-task blocks lasted approximately 6 min.
Subsequent. to the dual-task blocks subjects again performed three single
task tracking blocks. ERPs, subjective ratings and RMS tracking error were
recorded during the experimental sessions. The order of the experimental
blocks was counterbalanced across subjects.

RESULTS

Performance Measures and Subjective Ratings

Figure Ja presents the RMS tracking error for each level of system
order during dual-task performance. The figure suggests that increasing
system order results in increases in subjects' tracking error. Planned
comparisons indicated that subjects performed significantly better with
first order than they did with first/second order tracking (F(1,11)=5.64,
p<.05). Performance was also better in the first/second order condition than
it was during second order tracking (F(1,11)=8.58, p<.05). The effect of
system order on RMS error did not differ significantly across dual-task,
single task or correlated tracking conuitions. Thus, the secondary task did
not intrude on primary task performance.

Although the secondary task did not affect the RMS error - system order
relationship in the single and dual-task tracking blocks, the type of
secondary task object did influence the subjects' tracking error. The effect
of secondary task object on RMS error is illustrated in Figure 3a. Subjects
tracking error was significantly Tower when the secondary task involved
counting flashes or translational changes of the cursor than when subjects
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were required to perform the secondary task by counting changes in the
horizontal bar (F(1,11)=7.1, p<.05). The differential effect of the type of
secondary task object on tracking performance may be due to the relationship
of the objects to the primary tack. The cursor is clearly a necessary
component of the tracking task while the horizontal bar is not necessary for
primary task performance. Thus, subjects may find it more difficult to track
and count probes if the probes are extraneous to the tracking task than if
the probes occur within the orimary task. If this interpretation is true we
would expect that integraticn of the two tasks, by correlating events in the
primary task with events in tne secondary task, would reduce the differences
in RMS error between the two objects. A comparison of the correlated and
uncorrelated dual--task pairs supports this interpretation. There was no
significant difference in RMS error between the horizontal bar and curso:
cenditions when the primary and secondary tasks were correlated,

Average ratings of diftficulty for each level of system order in the
dual-task conditions are piesented in Figure 3b. Subjects' perception of
difficulty increases from the single task count condition to the dual-task
conditions as well as with increases in system order within the dual-task
conditions (F(3,33)=44.39, p<.001). Subjects rate the difficulty of the
dual-tasks higher when performing the secondary task with the horizontal bar
than they do when counting the intensity or translational changes of the
cursor (F(1,11)=13.84, p<.01). Subjective ratings of difficulty did not
differ between objects in the correlated dual-task conditions. Thus,
subjects ratings of tracking difficulty are consistent with their overt
performance, as measured by RMS tracking error.

The accuracy with which subjects counted the secondary task probes was
not significantly affected by any of the experimental manipulations.
Subjects' counting accuracy exceeded 97 percent in all of the experimental
conditions, Thus, the changes in P300 amplitude as a function of system
order cannot be attributed to the subjects failure to accurately count the
probes during higher order tracking.

Event-Related Brain Potentials

The treatment of the ERP data is divided into two sections. The first
section examines the ERPs elicited by changes in the spatial position of the
tracking target. The second section is concerned with the effects of the
experimental manipulations on the ERPs elicited by the secondary task probes
in the correlated and uncorrelated dual-task conditions.

Primary Task Events Figure 4 presents the ERPs elicited by changes in
the spatial position of the tracking target in the dual-task conditions for
the parietal recording site. .t is evident that the ERPs differ in the
amplitude of the positive components as the difficulty of the primary task
is varied. This amplitude difference appears as early as 350 msec after the
st imulus and continues to the end of the recording epoch. The largest
positivity is elicited when tracking is the most difficult,

The ERPs acquired in the dual-task conditions were quantified by
averaging the single trials within experimental conditions and analyzing
these averages by a Principal Components Analysis (PCA) technique (Donchin &
Heffley, 1979). The magnitude of "P300" component increased from Fz to Pz
(F(2,22)=115.08, p<.001) and the component loadings were maxima® in the
epoch associated with P300 (450 - 700 msec). The amplitude of the P300 was
influenced by the system order of the tracking task. Increases in system
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order produced increases in the amplitude of the P30G0 component
(F(2,22)=12.84, p<.001). Thus, consistent with previous reseparch, the
amplitude of the P300s elicited by discrete changes in a primary task
increase with increases in the difficulty of that task.

Secondary Task Probe-: Uncorrelated Dual-Tasks Fio-=2 5 presents the
average parietal ERPs elicited by the secondary task ?robes during the
performance of the pursuit step tracking task. Several aspects of the
waveforms are noteworthy. In all of the experimental! conditions the single
task count block elicits a large positivity at approximately 400 msec
post-stimulus. This positive deflection has been identified as the P300
component. The three levels of system order elicit varying degrees of
positivity which appear to depend on the particular experimental condition,
For examp'2, for all experimental conditions in which the cursor is the
secondary task probe the waveforms are most positive for the second order
condition, of intermediate amplitude in the first/second order condition and
smallest in amplitude in the first order condition (F(2,22)=28.1, p<.001).
This sequence of levels of system order does not appear to be infiuenced by
the position of the secondary task probe relative to the tracking task or
the type of discrimination required of the subject. In the two conditions in
which the horizontal bar is located below the tracking task the sequence of
the ERPs elicited by different levels of system order is clear and
consistent, How:wer, the order is the inverse of that obtained in the cursor
conditions, The first order tracking condition elicits the largest amplitude
positivity, the first/second order condition elicits an intermediate level
of positivity and the second order condition produces the smallest ampl: :ude
(F(2,22)=24.2, p<.001). When the horizontal bar is superimposed on the
tracking task the ERPs elicited by di ferent levels of system order are not
significantly different.

The reciprocial relationship between the cursor and horizontal bar
conditions as a function of system order was predicted on the basis of the
resource structure inferred from the Object File Model of Attention
(Xahneman & Henik, 1981), It was hypothesized that if two tasks required
processing of different attributes of the same object then the resource
structure of the two tasks would be similar., The direct relationship between

P300 amplitude and system order for the primary task events and cursor
probes is consistent with this hypothesis., It was also argued that if two
tasks required the processing of different objects and these tasks
overlapped in their resource demands as defined by the Multiple Resource
Model, then the P300 amplitude - system order relationship would be
reciporical between primary and secondary tasks This hypothesis was
confirmed with the dual-task combination of the tracking task and horizontal
bar. Thus, the results obtained in the present study are consistent with
both hypotheses concerning the resource structure of dual-tasks. Tasks which
require the processing of different attributes on the same object lead to
the same P300 amplitude - system order relationship while two tasks which
require the processing of different objects result in a reciprocial P300
amplitude - system order relationship between tasks.

Secondary Task Probes: Correlated Dual-Tasks

Figure 6 presents the average parietal ERPs elicited by the correlated
and uncorrelated dual-task conditions. There are several interesting aspects
of the waveforms. A comparison of the ERPs elicited in the correlated and
uncorrelated cursor probe conditions suggests that system order has the same
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effect on the ERPs in both conditions. The ERPs elicited by the cursor
probes during second order tracking possess a larye positive amplitude. The
first/second order conaition waveforms are of intermediate amplitude and the
first order condition ERPs are smallest in amplitude (F(2,22)=10.9, p<.001).
An examination of the waveforms elicited by the horizontal bar probes
presents a different picture. The effect of system order is not significant
in the uncorrelated horizontal bar condition. However, the ERPs elicited in
the correlated horizontal bar condition increase in positivity with
increases in system order (F(2,22)=12.3, p<.001). Thus, it appears that the
effect of system order on the ERPs is the same across the two cursor
conditiens and the correlated horizontal bar condi%ion.

These results suggest that when two vasks are alreadly being processed
within the same resource framework, as was the case for the uncorrelated
dual-task cursor condition, correlation does not have a large effect on the
resources ailocated to the ta-ks. The P300 amplitude - system order
relationship was not significantly different in the correlated and
uncorrelated dual-task conditions. Thus, when the two tasks require the
processing of different attributes on the same object, the processing of the
tasks is in some sense integrated and inter-task correlation does not appear
to enhance this integrality further. However, when two concurrently
performed tasks require the processing of separate objects, as was the case
in the horizontal bar conditions, inter-task correlation does appear to
enhance the integrality between tasks. This increase in dual-task
integrality is inferred from the change in the P300 amp!itude - system order
relationship between the correlated and uncorrelated horizontal bar
conditions. The P3N0 amplitude - system order relationship in the correlated
condition is similar to that obtained for the primary task events suggesting
an overlap in the resource structure between tasks.

GENERAL DISCUSSION

In most dval-task combinations increasing the difficulty of one task is
assumed to consume resources which normally would be employed in the
processing of the other task. The resources shared by these two tasks are
presumed to be reciprocal in nature. However, under conditions of dual-task
integrality, the sacondary task increases processing demands within the
domain of the primary task. Therefore, in the case of dual-task integrality,
resource reciprocity is not obtained.

The present study represents an initial investigation of some of the
factors believed to influence the degree of integrality between tasks. Under
conditions of low dual-task integrality, P300s elicited by discrete
secondary task events decreased in amplitude with increases in the
difficulty of the primary task. The changes in P300 were used to infer
changes in the allocation of rasources between tasks; increasingly smaller
P300s indicating fewer resources available for the secondary task. Thus,
when two tasks require similar resources and the processing of the tasks is
not integrated, resource reciprocity occurs. In cases in which the
processing of two concurrently performed tasks is highly integrated, the
P300s elicited by the secondary task events increase in amplitude with
increases in the difficulty of the primary task. Thus, the P300s elicited by
the secondary task events produce the same amplitude pattern as the primary
task P309s.

Three factors were suggestedl to foster dual-task integrality. It was
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proposed that tasks which required the processing of different attributes of
the same object would result in dual-task integrality while tasks which
required the processing of separate objects would result in resource
reciprocity. Figure 7 shows that P300s elicited in the same object condition
{cursor) increased in amplitude with increases in primary task difficulty.
Conversely, P300s elicited by a different secondary task object (horizontal
bar - below) decreased in amplitude with increases in the difficulty of the
primary task. A second factor proposed to influence the degree of
integrality between tasks was inter-task correlation; higher correlation
resulting in greater dual-task integrality. P300s elicited by secondary task
events which were highly correlated with events in the prima 'y task
increased in amplitude with increases in primary task difficulty. Thus, the
results confirmed the predictions for both the object and correlation
factors. The physical proximity of tisks was also proposed to influence it
degree of integrality between tasks. Integrality was predicted to increase
with increases in the physical proximity of tasks. This result is confirmed
by the P300s elicited in the condition in which the horizontal bars are
superimposed on the tracking task. However, the physical proximity of tasks
does not have as strong an influence on the degree or integrality between
tasks as the other two factors.

Yigure 8 presents a model of the processing framework underlying the
phenomenon of dual-task integrality as inferred from measures of P300
amplitude. Each of the three stimuii possesses a number of attributes. The
subjects are instructed that some of the attributes are task relevant and
require processing while other attributes are not neccessary for successful
performance of the tasks. The relevant attributes are assigned a high
processing priority while other attributes receive a lower priority. Large
+230s are elicited bty the attributes which are assigned a high priority,
small F300s are elicited by the low priority attributes, The stimulus
attributes ara then aggregated on the basis of task assignments and
priorities. The attributes that are necessary for primary task performance
receive a higher processing priority than the attributes for the secondary
task., However, seccndary task attributes which occur on primary task objects
are assigned the sam2 processing priority as primary task attributes. Thus,
the processing of the secondary task attributes is done within the domain of
the primary task. This process represents the phenomenon of dual-task
integrality. Secondary task attributes which dc nut occur on primary task
objects are assigned a lower priority, These attributes receive the
resources remaining after primary task processing. This process is referred
to as resource reciprocity. Resource ireciprocity also depends on the overlap
between the rescurces required for primary task performance and those needed
for the performance of the secondary task. If the two tasks require
different types of processing resources, resource reciprocity will not occur
(Wickens, 1980). Inter-task correlation and spatial overlap of the task
relevant attributes increase the integrality between tasks by decreasing the
distance between the primary and secondary tasks on the integrality
continuum. Inter-task correlation is more influential in this respect than
physical proximity.

The resource framework inferred from the P300 provides a theoretical
account of the effect of several factors on the phenomenon of dual-task
integrality, The results also have implications of a more applied nature.
The P300 component has been employed as a measure of cognitive workload.
P300s elicited by secondary task stimuli decrease in amplitude with

29



increases in primary task difficulty. P300s elicited by discrete primary
task events increase in amplitude with increases in the difficulty of the
primary task. The resources allocated to tasks have been inferred from
changes in P300 amplitude. The results obtained in the present study suggest
that the reciprocal relationship between the primary and secondary task
depends on the structure of the dual-task. For example, the P300 amplitude -
task difficulty relationship changes from the cace in which the two tasks
require the processing of different attributes on the same object to the
situation in which the two tasks necessitate the procesing of different
objects. Furthermore, inter-task correlation and the physical proximity of
task relevant attributes also have a significant effect on the resource
structure of the dual-task pair. These findings suggest that a reliable
analysis of the processing demands of a task can only take place within a
theoretical framework. The model of dual-task integrality offers one such
framework.
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IN SEARCH OF A VISUAL-CORTICAL DESCRIBING FUNCTION
A SUMMARY OF WORK IN PROGRESS
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KAREN J. PEIO
SYSTEMS RESEARCH LABORATORIES, INC.
DAYTON, OHIO 45440

INTRODUCT ION

By using appropriate signal averaging techniques, it is nossible to
detect a response in the human EEG to evoking stimuli such as light or sound.
When a light stimulus is presented with the light intensity sinusoidally
modulated, the result is called a steady state evoked response (SSER). Work
done in this area (Regan, 1975; Spekreijse, 1966; Wilson and 0'Donnell, 1981;
Wilson, 1979) suggests that the SSER may be a useful indicator of internal
cortical functioning. Previous work concentrated on the use of a single sine
wave or at most three sine waves to drive the evoking stimulus. The thrust of
the present work is to explore the utility of using a sum of sinusoids
(seven or more) to obtain an evoked response and, furthermore, to see if the
response is sensitive to changes in cognitive processing. Within the field
of automatic control system technology, a mathematical input/output relation-
ship for a sinusoidally stimulated nonlinear system is defined as a describing
function (Kochenburger, 1950). Applying this technology, we have designed our
sum of sines inputs to yield describing functions for the visual-cortical
response, What follows is a description of the method used to obtain visual-
cortical describing functions. A number of measurement system redesigns were
necessary to achieve the desired frequency resolution. Results that guided
and came out of the redesigns are presented. Preliminary results of stimulus
parameter effects (average intensity and depth of modulation) are also shown.

METHOD
Apparatus

A device was constructed which could simultaneously evoke a visual ceriical
response using flickering lights and provide video driven cognitively demand-
ing tasks (Figure 1). This is accomplished by combining the two images through
an 18 cm x 26 cm half-silvered mirror placed at 45 degrees to both images.
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Figure 1. Experimental Setup

The evoking stimulus is provided by two horizontal fluorescent tubes 26 cm

long and mounted 4 cm behind a 25 x 27 cm translucent screen in order to
distribute light as evenly as possible across the visual field. The average
intensity of these lights can be varied from 0 to 160 ft-L. This average
intensity range is considered low enough to comfortably present a video

display task in the same visual field. A United Detactor high speed photo

cell is placed 13 cm in front of this display to record amplitude of the input
stimuli for comparisons with EEG response. In addition to the image provided
by the evoking stimulus, the second image (the video task display) is presented
on an Audiometrix 1ll-inch video monitor.

Stimulus

Sinusoidally modulated lights served as the evoking stimuli. Sums of 10,11
and 13 sine waves were used to modulate these lights around average intensities
of 40 and 80 ft-L. Each sine wave provided anywhere from 6.5% to 13% modulation
depending on the stimulus parameter chosen. The sine waves were chosen to
avoid presentations at frequencies which are harmonics of the other sine waves
in the sum. In addition, no one frequency presentation contains a sum or
difference of any other sine wave input. These restrictions on sine wave
selection are due to the nonlinear behavior of our flickering light generator.
Appropriate input selection insures that the nonlinear 1ight effects will not
occur where we place the input sine waves. This will also facilitate future
investigations of first order nonlinear properties of the evoked response
system at harmonics and intermodulation frequencies of the input frequencies
(Victor and Shapley, 1980). Our input sine waves range between 5.5 Hz and
49 Hz. Our sine waves are also selected so that they all are multiples of the
fundamental frequency (.25 Hz for the first results, .125 Hz for the first
redesign, and .0244 Hz for the final redesigned system).
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For our preliminary efforts the sum of sines (SOS) was generated by a
PDP 11/60 computer and stored on an Ampex SP300 analog tape. Signals from
the SP300 were used as input to drive a Scientific Prototype tachistoscope,
model G.B., modified so that lamp intensity could be modulated from an
external oscillator. For the most recent system design, the PDP 11/60
denerated SOS directly drove the tachistoscope.

In addition to the evoking stimuli, a supervisory control task was
presented as a coguitive load (Pattipati, Ephraph, and Kleinman, 1975).
A manually controlled subcritical tracking task was also used as a possible
cognit‘ve driver (Zacharias and Levison, 1979).

Analysis

The describing function is a complex measure of the input-output
relationship of a system. We chose to look at this measure in terms of
amplitude ratio and phase angle. For our preliminary work a Nicolet Fast
Fourier Transform (FFT) analyzer provided these measures. For our final
system design we used a PDP 11/60 to both generate the SOS and collect
response data, and a PDP 11/34 to perform FFT's. We also computed remnant
or background EEG power spectrums. We compute background EEG power by finding
the average value of the EEG power within a remnant window (20 frequency
bins, 0.488 Hz for the most recent system design) centered about each input
frequency of the SOS. Of course the average excludes the power at the center
frequency as this is considered the evoked response. For a detailed discussion
cf auidelines for analysis of frequency response data, see Levison (1983).

Procedure

Subjects were seated in a darkened IAC chamber in front of a 15 cm?
window and looked into the stimulus presentation device. For the lights only
condition, the subjects were instructed to "relax and fixate on a small dot on
the center of the display" while the lights were flickering. For the cognitive
loading conditions, the subjects were told to concentrate on the tasks.

Recording

Mcasurements of the evoked response were recorded using silver/silver
chloride electrodes at 0z according to the 10-20 international System, with
mastoid reference and ground. Resistance between electrodes was less than
5 K ohms. EEG signals from subjects were amplified by Grass P511 AC amplifiers
with an effective bandpass of 0.2 to 300 Hz. Sixty Hz filters were not used.
Analysis of stimulus and EEG data averaged over 32 4-second epochs (using a
50 percent redundant sliding window) was accomplished with a Nicolet 660 A
dual-channel FFT for preliminary results. For the first redesign 16 8-second
epochs were used. For the final redesign a POP 11/34 is used for data
analysis. Fourier transforms of 2048 point 40.96 sec time histories are
performed.
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RESULTS AND DISCUSSION

Preliminary Results

Figure 2 is an illustration of typical power spectrums. The top graph
is the spectrum fcr an evoking stimulus at 10 sine waves as measured
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Figure ¢ Stimulus and EEG Power Spectrums.

at the photo cell. The lower trace is the human EEG response for a 1i?hts
only condition. Clearly significant peak responses to the input stimuli
are indicated in addition io the background EEG.

The describing function for a typical subject, which consists of magnitude
ratio and phase, is plotted in Fig. 3. The plotted values are for conditions
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of lights only and decision-making. They represent the average (indicating
mean and standard deviation) of three 68-second runs. Clear differences exist
between conditions for frequencies below 22 Hz. A reduction in channel gain
is intuit‘vely expected in going frcm lights only to decision-making. Among
other di:/erences between the two phase curves, a decrease in phase steepness
for decision-making at 11.5 Hz can be observed. The describing function
changes across conditions suggest the notion that the visual-cortical channel
changes its dynamic respons~ for different cognitive loads. As a result of
these preliminary findings we decided to concentirate our exploration below

25 Hz. In this way we were able to increase our frequency resolution from
0.25 Hz to 0.125 hz. We also roduced the frequency span of our SOS stimulus
in hopes of more accuraiely capturing more subtle gain and phase changes.

Redesign 1

The results of this system redesign are shown for two cther subjects in
Figures 4 and 5. Evoked response describing functions are compared across
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three conditions; lights only (LO), subcritical manual tracking (CTT) and
decision making (DEC). Again similar gain and phase differences between
decision-making and lights only exist. Differences between 1ights only and
manual tracking are minimal. This seems reasonable as the tracking task
reduces to p-incipally a minimal cognitive load once it is learned.

It is not shown in these graphs, nowever, the variability of the gain
and phase measurements was too great to allow useful modeling of this data.
Thus the need for another system redesign was indicated.

Final Redesign

Referring back to figure 2, the input SOS peaks were smeared as they
spanned 5 to 7 frequency bins. This smearing was partially due to the
Nicolet FFT analyzer's resolution. Furthermore, system syncro.’zation
between SOS generation and data collection was lacking. It was aypothesized
that these two deficiencies significantly contributed to the extreme
variability of the experimental results. To overcome these problems, in the
redesign, the computer that generated the SOS (a PDP 11/60) was also used to
collect the responses and a PDP 11/34 was used to analyze the collected data.
This redesign resulted in a 10 fold increase in frequency resolution over the
original system configuration.

The effects of this redesign can be seen in expanded views of input
and ouiput power spectrums. The results are plotted for two sine waves;
one (18.26 Hz) in figure 6, the other (9.5 Hz) in figure 7. Referring first
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Figure 6. Specificity of Evoked Response (Mid-Frequency Range).
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to figure 6, the input (stimulus power) as depicted in the upper right hand
graph indicates the excellent stimulus purity achieved. The power appears
in one frequency bin of 0.0244 Hz width with adjacent power down 50 dB.
Likewise the specificity of the evoked response power is obvious when it is
compared to background EEG power levels. To insure that the evoked response
was not due to stimulus contamination of the EEG, similar measurements were
ocbtained with the subject blind folded. As expected, there was no response
to the stimulus.

Figure 7 shows the effects of the evoking stimulus at 9.5 Hz. This is
within the alpha region of the EEG spectrum (8 to 12 Hz). This subject
consistently exhibits greatest power within this region. Describing functions
and remnant spectrums are plotted for this subject (subject 5) in figures 9
and 10. Because this subject is a large "alpha producer" (greatest evoked
response and background EEG levels in the 8 to 12 Hz region) we were interested
in seeing what the specificity of the evoked response would be to the
stimulus in this region. Evoked response to the stimulus is still significant
however there is a significant increase in background EEG power as well. These
results indicate that the evoked response and background EEG measurements may
be more coupled together in this region (8-12 Hz) than in the mid-frequency
region (14-20 Hz).

As part of the final redesign we used the results as shown in figures
6 and 7 to determine the width of the remnant computation window. It was
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chosen to span 10 frequency bins beiow and 10 bins above each evoking
stimulus frequency. This is the range (0.488 Hz) over which an average EEG
power value is computed to yield remmant or background EEG power.

Stimilus Parameter Investigation

With this final system redesign completed we were ready to explore the
effects of different stimulus attributes on the evoked response. The two
major parameter values that can be manipulated are average intensity level
and depth of modulation. We chose 40 and 80 ft-L as average intensity levels,
and 13% and 6.5% as depth of modulation values for each of the 10 sine waves
n the S0S input. The results of these different parameter values are shown
for 4 subjects in figures 8 through 13.
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Figure 8. Stimulus Parameter Effects, Subject 14.
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Each background EEG measurement is the average power taken over
20 bins (10 above and 10 below) centered about each of the 10 frequency
values of the SOS stimulus, excluding the power at the centered value,
converted to dB. Each evoked potential measurement was computed as follows;
average gain was computed from average real and average imaginary FFT
components at the stimulus input frequency values, evoked poizntial was
then computed as gain times input and converted to dB. These
operations were performed to permit direct comparisons between evoked
response and background EEG and across stimulus conditions.
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Things to note are the alpha region peaks for subjects 14 and 5 (figures 8
and 9) and the marked absence of alpha region peaks for subject 10 and
subject 3 (figures 11 and 12). MNote also that different average intensities
do not cause consistent evoked response differences. This was expected
(Regan, 1975; Spekreijse, 1966). Depth of modulation appears to have an
effect on subject 10 and subject 3 (figures 11 and 12). This trend was
expected for all subjects however (Regan, 1975; spekreijse, 1966). The most
obvious differences between these 4 subjects are the presence or absence of
large evoked potential values in the alpha (8 to 12 Hz) region.

To better compare differences between subjects; for each subject we
averaged evoked response measures across stimulus conditions, and plotted
the averages for each of six subjects in figures 14 and 15. Some things to
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Figure 14. Across Subject Differences.
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note are that across subject differences are least in the mid-frequency

region. Three subjects exhibited large alpha region peaks, three did not. A1l
subjects exhibited some alpha region peaking. Phase lags across conditions

do not show trends consistent with alpha peaking.

Summary

Results to date continue to sucpori the notion that the SSER is mediated
by cognitive processes. The most recent results of the stimulus parameter
irvestigation suggest that the most nseful region to explore for cognitive
effects may be in the mid-frequency region. Future work will involve modeling
evoked response data, determining whether differences found thus far can be

explained in a parsimonious manner and whether these differences will be
found over more subtle variations in task difficulty cr increased cognitive

loads.
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Measurement Of Workload: Physics, Psychophys: cs,
ar.d Metaphysics.

Daniel Gopher
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Haifa, Israel

The measurement of operator workload is an issue of great
concern in the design and evaluation of modern engineering
systems. This concern has led to the development of a wide
arsenal of measurement techniques, all intended to quantify
the phenom na accompanying tha behavior of the human
processing system when its capacity to meet task demands has
been exceaded. Three general categories of measurement
approaches are, performance based measures, physiological
indices, and subjective scales. In theory, the three
approaches should constitute alternative strategies to expose
the hidden limitations of internal processors. In practice,
there is cnly a sparse knolledge on the relationship between
workload measures obtained under different approaches.
Moreover, there appears to be a debate among proponents of
these approaches on the validity, comprehensiveness and
exclusiveness of different measures.

The present paper reviews the results of two experiments in
which workload analysis was conducted based upon performance
measures, brain evoked potentials and magnitude estimations
of subjective load. The three types of measures were jointly
applied to the description of the beliavior of subjects in a
wide battery of experimental tasks. Data analysis shows both
instances of association and dissociation between types of
measures. A ( :neral conceptual framework and methodological
guidelines are proposed to account for these findings.
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SUPSECTIVE WORKLOAD ASSESSMENT AND
VOLUNTARY CONTROL OF EFFORT IN A TRACKING TASK

Michael A. Vidulich*
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Champaign, Illinois

Christopher D. Wickens
Institute of Aviation and Depsrtment of Psychology
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ABSTPACT
A manua! control tracking task.was manipulated along two
dimensior, . (1) control order, ar’ (2) forcing function
bandwidth. In the first phase of the experiment subjective
workload assessments were collected. It was found that

subjective assessments of workload were closely associated with
perfcrmance i.. the case of increasing control order, but not in
the case of increasing bandwidth. This was interpreted as
indicating that subjective workload assessments are most
appropriate for the study of increasing difficulty centered in
response selection processes as opposed to response execution
processes. In the second phase of the experiment the subjects
were asked to voluntarily limit the effort they applied in the
performance of the tracking task. The results indicate that
the subjects were quite facile in doing this. However,
comparison of this data to the findings of other studies that
manipulated effort via dual-task biasing indicate that effort
manipulation is much more potent in a single-task
configuration. This finding is discussed in terms of multiple
resovrce theories of attentiona' capacity. Also, the utility
of an ana'ysis of covariance (ANACOVA) procedure in studying
the relationships between subjective ratings and performance is
highlighted.

* Now at; NASA - Ames Res Ctr, MS 239-3, Moffet Field, CA 94035
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INTRODUCTION

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

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

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

The present study further investigates these is: :s. I. Lhis study
a standard compensatory tracking task was utilized. The difficulty of
the tracking was manipulated in two different fashions. One
manipulation involved increasing the control order of the system, while
the other increased the bandwidth of the disturbance forcing function.
These two different met...ds were selected to emphasize different aspects
of increasing difficulty. The order manipulation is expected to cause a
relatively substantial increase in the early perceptual/central
processin, stages of information processing, because dealing with the
increased control order involves use of a more sophisticated strategy
including more anticipation. In contrast, increasing bandwidth speeds
up everything, but does not require a qualitatively different strategy.
Therefore, relative to the order manipulation, the bandwidth
manipulation's increasing difficulty might be cousidered mostly due to
increased response processing demands (Wickens, Gill, Kramer, Ross &
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Donchin, 1981).

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

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

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

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

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

In summary, the intent of this study was to test the following
hyupotheses:

(1) Subjects have access to subjectively available data concerning the
processing of task related information. This data can be collected via
verbal reports.

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

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



METHOD

Subjects

Nine right-handed students of the University of Illinois (7 male, 2
female) participated in the study. All subjects had normal or corrected
vision and were paid $3.50 per hour for their participation.

Apparatus

Subjects were seated in a light and sound attenuated booth.
Stimuli were displayed on a 10 cm x 8 cm Hewlet-Packard Model 1330a
cathode ray tube (CRT) positioned approximately 90 cm in front of the
subject and slightly below eye level. Responses were collected via a
Measurement Systems Incorporated Model 435 spring-centered, joystick
affixed to the left armrest of the subject's chair. A Raytheon 704
sixteen bit digital computer with 24K memory was used to generate the
experimental displays and record subject performance.

Tracking Task

A single-axis compensatory tracking task required subjects to null
an error inCicated by a lateral displacement of a circular cursor from a
target line located in the center of the CRT display. The cursor was
controlled by right-left movements of the joystick. The task was driven
by a band-limited Gaussian disturbance input with an upper cutoff
frequency which could be set at 0.3, 0.4, 0.5, or 0.6 Hz, The system
control dynamics could be set as a pure first-order velocity control
(order = 1.0), a pure second-order acceleration control (order = 2.0) or
a linear combination of parts of first and second order control (order =
1.5).

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

Experimental Design

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

In the subjective workload assessment experiment a relative rating

procedure was used. The standard condition was arbitrarily given a
workload rating of 10. All other test conditions were compared to the
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standard condition by first giving the subject a 15 second exposure to
the standard rollwed by a full two minute trial of the test condition.
After completing the trial the subject would rate the test coadition
relative to the standard condition; twice as much workload would be a
rating of 20, half as much workload would be a rating of 5, and so on._
Within each block of the workload assessment experiment one full two-
minute trial of the standard conditon would be run. The subject would
be warned prior to this trial that this "standard-alone" condition was
being run merely to obtain a performance score and that there was no
reason to rate it. However, within each block there was also a "trick"
test which consisted of the 15 second exposure to the standard being
followed by a full two-minute test trial of the standard ¢ ndition.
Although this experiment is designed primarily as an investigation into
the subjects' ability to identify differences in workload, this trick-
standard was included as a test of the subjects' ability to identify a
"same" condition. Also, the trick-standard was included as a hedge
against possible motivational differences contaminating the comparison
of performance in the standard alone condition to performance in the
other test conditions. Each block, therefore, consisted of 6 test-
condition trials which were rated by the subject and 1 standard-alone
trial. Each subject performed two complete blocks of the subjective
assessment experiment,

In the voluntary control of effort experiment each trial consisted
of a3 set of three connected two-minute trials of one of the six tracking
conditions. Prior to the first trial of the set the subjects were
instructed to perform as well as they could (i.e., 100%Z effort). Just
before starting the second trial of the set subjects were told to hold
back a little and to try to work at approximately a 70% effort level.
Between the second and third trial of the set subjects rated how much
effort they expended on the previous trial and v-=re then instructed to
hold back even more and attempt to perform at approximately a 30% level
of effort. Following the third trial of the set, subjects once again
rated how much effort they expended on the previous trial. Each block
of the voluntary control of effort consisted of six sets of three
connected two-minute trials; one for each tracking condition. Each
subject performed two blocks.

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

Prccedure

The experiment consisted of five 1-hour sessions for each subject.

The first s:ssion consisted of instructions followed by 18 practice
trials. Following each trial performance feedback was delivered and, if
appropriate, suggestions for improving performance were given., The
second session was also a practice session which opened with fcur trials
using the subjective workload assessment procedure described above.

This was followed by four s:ts of three trials using che voluntary
control of ~ffort procedure. The actual experiment started in the third
scssion which consisted of ore block of the subjective assessment of
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workload experiment, followed by three sets of three trials of the
voluntary control experiment. The fourth session consisted of six sets
of three trials of the voluntary control experiment. (The first three
sets completed the first block and the second three sets started the
second block). The final session started with the second block of the
subjective workload as.essment experiment and finished with the
remaining three sets ¢f trials for the voluntary control experiment.

RESULTS

A single analysis strategy will well be employed in analyzing the
results of both experiments. First, the data for the two different
methods of increasing difficulty (i.e., order and bandwidth
manipulations) will be separated for individual analysis. I.. each case
the analysis will start with an investigation of the effects of tracking
performance, as reflected in Root Mean Square Error (RMSE). Then an
analysis of the effects of the task conditions on subjects' ratings will
be performed. (In Experiment 1 these will be ratings of workload, while
in Experiment 2 they will be effort ratings.) Following this, the
ratings data will be utilized as a covariant in a ANACOVA with the
performance data as the dependent measire. This should serve as a test
of the validity of using the ratings in explaining variability in
performance. If ratings tap a legit.iate source of information it would
be expected that the covariance analysis technique would eliminate, or
at least subs tially reduce, performance effects due to increasing
difficulty in .ne first experiment or Jue to decreasing effort in the
second experiment.

Subjective Ratings Experiment

Before moving into the basic analysis procedure a quick look at the
data for the two "standard" conditions are in order. First, there is
the question of whether the uniqueness of the standard-alone condition
caused any performance differences relative to the trick-standard.
Although there was a small standard-alone advantage indicated in the
RMSE means (0.158 vs. 0.166), a t-test comparing these two conditions
failed to reach significance (t(8) = 1.078, p > 0.05). Another t-test
was performed to see whether the mean workload ratings for the trick-
standard were different from 10. Subjects exhibited a slight tendency
to underestimate the difficulty of the trick-standard relative to the
arbitrary level of 10 (mean rating = 9.4). However, this difference
also failed to reach significance (t(8) = -0.662, p > 0.05). Since only
two of the nine subjects would admit during debriefing to having been
suspicious of the condition, this finding supports the conclusion that
subjects were reasonably adept at identifying equivalent levels of
worklcad. In the following analyses the trick-standard condition will
provide the data used as the standard condition baseline.

Moving on to the question of the effects of the difficulty
manipulations; Figure 1 displays the data for both the order
manipulation (in the left column) and the bandwidth manipulation (in the
right column). The two graphs in the top row display the RMSE

62



ORDER

moxN
™
2
:

L

BAHDWIDTH

o

OQZ==DX ZDMI

2501

M3 OM-NCLOD

L 4
.lSG ’:e ’.5 2.

COHTROL ORDER

.

L]

P

-3

~3 —— .
9.4 e S
BANDHRIDTH <H2Z)D

8.6

Figure 1. Illuetration of the data from the subjective
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performance for the different difficulty conditions collapsed over
block. (Note that the leftmost point in all of the graphs represents
the data for the same standard condition.) These data for each
difficulty manipulation were subjected to a Difficulty x Block ANOVA.
difficulty had a significant effect in both the order (F (2,16) = 38.16,
p < 0.0001) and the bandwidth manipulations (F (3,24) = 102.32, p <
0.0001). As expected, in both cases performance worsened in the
conditions designed to be more difficult., Block had a significant
effect only in the bandwidth manipulation condition (F (1,8) = 7.87, p <
0.0230). Subjects showed a slight improvement from the first to second
block.

In the second row of the figure the ratings data are displayed.
These data were also analyzed by a Difficulty x Block ANOVA. In both
these analysis difficulty was again found to have a significant effect
(F (2,16) = 47.26, p < 0.0001 in the order analysis; F (3,24) = 32.89, p
< 0.0001 in bandwidth analysis). Not surprisingly subjects rated the
more difficult conditions as incurring greater workload. Block was not
significant in either analysis.

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

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

Voluntary Control of Effort Experiment

Figure 2 displays the data from the analyses of the voluntary
control experiment, The data from the 10G% effort level were not
included in the analyses because there were no corresponding ratings.

The top two graphs display the raw performance effects, These data
were subjected to a set of Difficulty x Instructed Effort x Block
ANOVAs. Increasing difficulty increased RMSE in both the order (F
(2,16) = 33.98, p < 0.0001) and the bandwidth (F (3,24) = 22.3, p <
0.0002) analyses. Also, in both the order and bandwidth analyses
lowering the instructed effort level from 70Z to 30% significantly
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increased RMSE (F (1,8) = 34.30, p < 0.0004 and F (1,8) = 35.50, p <
0.0003, respectively). There were no significant effects due to block,
nor was there any significant interaction.

The middle row of graphs display the data from the corresponding
set of analyses performed on the subjects' ratings of effort. The
ANOVAs performed on this data detected a significant effect of
instructed effort in both the order (F (1,8) = 87.26, p < 0.0001) and
bandwidth (F (1,8) = 62,63, p < 0.0001) analyses. In both cases as
subjects were instructed to expend less effort they responded with lower
estimates of effort expended.

The bottom two graphs display the adjusted means from the output of
the ANACOVA analyses. In both analyses there is a pronounced reduction
in the slopes of the lines, resulting from the elimination of the
previous significant effect of the instructed effort variable. In both
analyses the difficulty variable remained a significant effect (F (2,15)
= 34.54, p < 0.0001 in the order analysis; F (3,23) = 30.25, p < 0.0001
in the bandwidth analysis).

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

Single-Task Effort vs, Dual-Task Bias

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

To review, briefly, Vidulich and Wickens (1981) manipulated bias in
a dual-task environment in which a first or second order tracking task
was performed concurrently with a Sternberg memory search task. The
bandwidth of the tracking task was always 0.3 Hz. The Sternberg task
was tested with four different input/output (i/e) configurations;
auditory/speech (A/S), auditory/manual (A/M) visual/speech (V/S),
visual/manual (V/M). Subjects were asked on different trials to favor
ore or the other task by a 707 to 307 priority split. Results indicated
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that the bias variable significantly influenced performance in both
tasks. Also, as predicted by multiple resource theory, biasing was most
potent when competition for resources was highest; that is, when the
tracking (which is a V/M task) was concurrently p2rformed with the V/M
Sternberg task.

Consequently, the data from the V/M Sternberg dual-task trials were
selected for comparison to the corresponding first and second order
tracking conditions of the present study. Since the data from the
Vidulich and Wickens (1981) study were in the form of decrement scores
(i.e., the difference between single-task and dual-task performance) it
was necessary to convert the present data to a comparable format.
Decrement scores for the present study were generated by subtracting the
1007 effort trials RMSE from the RMSE on the corresponding 70% effort
and 30% effort trials.

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

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

DISCUSSION

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

In the workload assessment part of the study a preliminary viewing
of the data might be more encouraging than is warranted. Both
difficulty manipulations successfully influenced performance in the
expected directions and analysis of the workload ratings seems at first
glance to closely reflect the same trends. However, when the ANACOVA
procedure is used the ratings can only successfully explain the
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performance in che ca.e of the control order manipulation. In the
bandwidth manipulatior ANACOVA, the effect remains sign ficant and the
adjusted means show virtually no change relative to the raw performance
means. This result, though damaging to the casual use of subjective
assessments of workload, is entirely in keeping with both Ericsson and
Simon's (1980) theoretical ipterpretation of verbal report validity and
with empirical demonstrations of .he locus of effects of the two
difficult manipulations.

Ericsson and Simon propose tha* verbal reports are most sensitive
to events in short-term memory. Within Wickens (1980) multiple resource
model this would imply that verbal reports are most effective in
assessing the state of perceptual/cognitive processing as opposed to
response execution processing. Previous research (i.e., Wickens, Gill,
Kramer, Ross & ‘ochin, 1981; Wickens & Derrick, 1981) has indicated that
the effect of increasing tracking control order is heavily biased
towards increasing perceptual/cognitive processing demands re.ative to
response execution demand. In contrast, the same research indicated
that increasing difficulty by increasing the fcrcing function bandwidth
of the tracking is somewhat biased toward . increasing the response
execution processing demands more than the perceptual/cognitive
processing demands.

Therefore, in the - of the order manipulation the subjects'
subjective assessments - _ased on the same locus of processing as is
most heavily influenced b, the difficulty manipulation. This results in
a close relationship between the ratings and the performance in the
control order manipulation data. Bu:c, in the bandwiath manipulation the
incr -asing difficulty has a major portion of its effect isolated in the
response execution ' rocessing which is relatively inaccessible by
subjective assessments. In this case, since the subjective assessments
are not based on the same prccessing that is responsible for the
difficulty effect there is not such a intimate relationship between
ratings and performance and the ANACOVA analysis cannot eliminate the
significant difficulty effect.

In summary, the results of the first study favor an extension of
Ericsson and Simon viewpoint to the area of subjective .orkload
assessment. Such assessments will iend to be most aczurate when the
phenomena of interest is isolated in the perceptual/cugnitive processing
as opposed to the response execution processing. This identifies a limit
of the applicability of subjective workload assessments, but it is a
limitation which can be lived with, Fortunately, most contemporary
appiications of workload assessment are concerned with the operator's
decision making processes and these processes should be accessible by
verbal reports.

The second part of the study investigated the voluntary control of
effort i single-task t 'acking at different levels of difficulty. In
this study the effeccs were virtually identical for the two difficul-y
manipuiations. In both cases, the tracking erro» increased as the
instructed level ¢ -~Ffort was reduced, the ratings of effort were
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consistent with the instructed effort level, and in the ANACOVA analysis
the ratings covariate eliminated the effect of the instructed level of
effort from the adjusted performance means.

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

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

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

Taken as whole, the results of the second study indicate that
subjects can voluntarily control their effort in a single-task
environment. But, the mechanism by which they do this remains an open
question and generalization from single-task effects to dual-tesk
environments appears -untenable, at this time.

Both studies in this irvestigaticr agree on at least one point;
_.amely that the AYACOVA procedure appears to be a uselul statistical
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technique for investigating the relationship between ratings and
performance. This is especially true in the first experiment where the
raw performence and ratings data showed virtually the same trends for
both difficulty manipulations, but the ANACOVA procedure showed that in
the bandwidth data the ratings were not closely enough associated with
the performance to expain it. The ANACOVA procedure appears to have
great potential as a tool in engineering psychology research.
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SUMMARY

The Modified Cooper-Harper (MCH) scale has been shown to be a sensitive
indicator of workload in several different types of aircrew tasks (Wierwille
and Casali, 1983). The study tc be described in this paper was undertaken to
determine 1if certain variations of the scale might provide even greater
sensitivity and to determine the reasons for the semnsitivity of the scale.
The MCH scale, which is a 10 point scale, and five newly devised scales were
examined in two different aircraft simulator experiments in which pilot
loading was treated as an independent variable. The five scales included a 15
point scale, computerized versions of the MCH and 15 point scales, a scale in
which the decision tree was removed, and one in which a 15 point left-to-right
format was used.

The results of the study indicate that while one of the new scales may be
more sensitive in a given experiment, task dependency is a problem. The MCH
scale on the other hand exhibits consistent sensitivity and remains the scale
recomrended for general wuse. The MCH scale results are consistent with
earlier experiments also. This paper preseats the results of the rating scale
experiments and also describes the questionnaire results which were directed
at obtaining a better wunderstanding of the reasons for the relative
seasitivity of the MCH scale and its variations.

INTRODUCT 1 ON

It has gradually become recognized that rating scales, properly designed
and tested, represent a sensitive and economical means for estimating mental
workload. They can be used in a sgystematic manner to obtain a single
numerical response, which estimates the magnitude of the multidimeasional
construct of mental workload.

One of the most popular and widely accepted scales 1is the so-called
Cooper-Harper scale (Cooper and Harper, 1969). This scale incorporates an
unusual decision tree and descriptors directed at handling qualities,
stability, and worklouad. The scale 1s well suited for estimation of workload
in manual control systems. For example, Wierwille and Connor (1983) showed
that the scale was quite sensicive to changes in turbulence level and
longitudinal stability in an instrument landing task. Variations of the
original scale have also appeared, but they too have been directed primarily

* Now with Hughes Aircraft Co., Ground Systems Group, Fullerton, CA
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toward manual control applications (North and Graffunder, 1979; O0'Counnor and
Buede, 1977; Siefert, Daniels, and Schmidt, 1972; and Wolfe, 1982). More
recently, Wierwille developed a modication of the scale, called the Modified
Cooper-Harper (MCH), which could be universally applied in mental workload
estimation, regardless of the type of loading imposed by the task (Wierwille
and Casali, 1983)*. In particular, the scale was designed to provide a global
measure of mental workload in tasks having loading along cormunications,
mediational, and perceptual dimensions. The scale was subsequently tested and
found to be experimentally sensitive and valid in three independent simulator
experiments.

Because the MCH scale had already been tested and found adequate,
questions could be asked regarding the reasons for its sensitivity and
regarding improvements that might be made. Thus, another study was undertaken
in -'hich the MCH scale .1s systematically varied in an effort to gain greater
insight. Specifically, the MCH scale and five variations emphasizing major
design aspects were used in this study. The six rating scales were then used
in two different experiments, one involving mediational (cognitive) loading
and one involving communications loading. The results are reported in this
paper.

METHOD

Thirty six pilots (30 private and 6 student) participated, each
participating in both experiments. Four pilots were females, and 32 were
males. The pilots were tested for hearing and vision using standard tests.
They were paid for their participation.

The aircraft simulator used for the two flight task experiments was a
modified Singer-Link GAT-1B moving base, simulator. The simulator had three
degrees of physical motion--yaw, pitch, and roll. For both experiments, the
simnulator was equipped wvith transluscent blinders to eliminate outside
distractions. The ambient illumination was held constant. A lapel microphone
and speaker system were installed in the simulator cockpit so that the
subjects could communicate with the "tower” (experimenter). To assure that
the subjects were continually providing input control to the simulator, mild,
random wind gusts were introduced into the simulator flight dynamics. For the
mediational experiment the simulator was additionally equipped with a Kodak
Ektagraphic slide projector (Model 260) mounted in front of the simulator
windscreen. To computerize two of the six rating scales, a TRS-80 Model III
micro-computer was used. The rating scales were programmed in BASIC, and the
subject ratings were performed on the TRS-80 computer in a reduced glare
setting.

Six rating scale designs were used in both the communications and the
nediational experiments. The first rating scale wes the Modified
Cooper-Harper (MCH) rating scale described earlier. The MCH scale has a
3-3-3-1, decision tree scale structure. The second rating rcale, COMPMCH, was
a computerized version of the MCH scale. The TL.S-80 was used to administar
the MCH scale to the subjects on a decision-by-decision basis. The subjects

* Figure 1 of Wierwille and Casali (1983) shows the MCH scale.
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were only permitted to deal with one primary decision at a time. Thus, the
subjects did not know where each primary decision would lead on the rating
scale. (A ctypical computer frame of the COMPMCH scale is illustrated in
Figure 1). The computer implemented scale was used to discover whether or not
the decision tree logic of the MCH scale was being utilized or if the subjects
were merely rating on the basis of the category descriptors and numerical
values. After each ccmputer rating, the subjects were asked by the computer
if they were satisfied with their rating. If they were not satisfied, the
program repeated the procedure for rating. When the subjects were satisfied
with their rating, the rating value was recorded. To investigate the
possibility of additional rating scale categories increasing the sensitivity
of the MCH scale, the third rating scale, MCH+ (Figure 2), expanded the MCH
scale to a 15 point decision-tree rating scale. One additional category was
added to the first three rating groups and two additional categories were
added to the last rating group, giving a 4-4-4-3 scale structure. The
COMPMCH+ scale, the fourth rating scale, was a computerized versicr of the
MCH+ scale and was implemented in the same manner as the COMPMCH scale.

In the fifth rating scale, the PBMCH (performance-based MCH) scale
(Figure 3), the primary decision hierarchy was changed by manipulating the
tree structure. The PBMCH decision tree flow was from 1left to right ana the
first decision was concerned with the errors of the subjects in performing the
instructed task. This scale was used in an attempt to improve the sensitivity
of the MCH scale by modifying the decision tree logic of the scale requiring
an assessment of the subjects' errors first in the rating process. Finally,
the sixt! -ating scale, the NDT (no decision tree) scale (Figure 4), removed
the visu. . decision tree structure from the MCH scale to find out how the
visual tree affected the sensitivity of the MCH scale. The NDT scale presents
the MCH rating information in a tabular format.

Ide .tical experimental designs were used in both tie commrnications and
mediat:- nal experiments. Data were analyzed as a rating scale by load (6x3)
design. Load presentation order was completely counterbalanced. Each subject
used only one rating scale, which was the samz scale for both experiments.
Six subjects used each scale, resulting in a total of 36 subjects. Thus,
rating scale was a fixed-effects between-subjects var able and load 1level was
a fixed-effects within-subject variable. Experience level was controlled by
dividing the 36 subjects into sextiles according to flight hours and then
selecting one subje.t from each sextile for each rating scale.

COMMUNICATIONS EXPERIMENT

The communications experiment task and protocol were identical to those
uscd by Casali and Wierwille (1983) in an experiment comparing many different
kinds of workload estimatir: techniques. The reader 1is referred to this
earlier experiment for a detailed description of the task. Briefly, the
aircrafc control and communications requirements were performed simultaneously
in the task. After reaching altitude, subjects maintained straight and level
flight in mild turbulence until instructed to make changes.

For the communications aspect, the subjects listened to an 8-minute tape
recorded message that was played over the cockpit speaker system. The taped
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communications scenario was a "tower™ controller with a male voice. The
subjects were required to attend to two components of the taped scenario. The
first component consisted of pilot commands. In the commands, the subjects
were asked to change and report aircraft parameters (e.g. change altitude,
heading, and radio frequency, and report airspeed, aircraft model, altitude,
and heading). In the second component of the taped scenario, the subjects
were prescnted with strings of randomly constructed aircraft call signs. Each
call sign consisted of two international phonetic letters and two single
digits (e.g. Alpha-Four-Bravo-Ome). Out of the randomly presented call signs
the subjects were instructed to respond "now"” to their specific call sign
"One-Four-India-Echo” and to any of 5 permutations of the rall sign which
always featured "one” in the first position of the call sign. Thus, the
subjects had six target call signs to listen for, each beginning with “one”,
as a cue to listem to what followed.

The communications load was varied in this experiment by manipulating the
presentation rate of the target call signs and the non-target permutations of
"One-Four-India-Echo.” The thrze load levels were: low, 1 target every 12
seconds with O non-target permutations; medium, 1 target every 5 seconds with
307 permutations; and high, 1 target every 2 seconds with 40Z permutations.

The experiment began with a practice flight which contained equal
portions of all three communications load levels. The data run flights then
followed ——one at each load level. After each of the experimental flights, the
simulator was placed in autopilot control and the subjects left the simulator
to make a rating on thelr respective rating scale. They then completed a
questionnaire. The questionnaire was administered to allow the subjects to
describe thie factors on which their ratings were based. After the final
experimentsl flight the subjects landed the simulator and were dismissed.
(They returned later the same day to participate in the mediational
experiment. After completion of both experiments, they were debriefed, paid,
and dismissed.)

In addition to the ratings, all verbal responses of the subjects were
recorded and later scored for errors of omission, errors of commission, and
reaction times.

COMMUNICATIONS EXPERIMENT RESULTS

The main statistical analysis results for the communication experiment
are presented in Table 1. The rating scale scores for each rating scale were
first subjected to a one-way analysis of variance. An a-level of 0.Cl was
specified to account for the fact that six different rating scale ANOVA's were
performed. Mean values, in terms of Z-scores for each rating scale, were also
computed and appear in | table. For those ANOVAs resulting in significance
at p < 0.01, Duncan's - .tiple comparisons were carried out.

The results of the tests indicate that the MCH, COMPMCH, and PBMCH scales
resulted in significant ANOVA's. All three scales increased monoronically
with load. Furthermore, the three scales exhibited similar sensitivity, with
the MCH showing slightly greater sensitivity than the other two.
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Two multivariate analyses were performed on the voice response measures,
at a = 0.05, to test the data for performance variations due to either the
rating scale groups or the pilot e .perience level groups. The three measures
used were errors of omission, errors of commission, and response times. The
Wilk's U-likelihood ratio statistic F-approximation is reported. The results
showed that there were no statistically significant performance variations
among the rating scale groups (F (15, 77) = 1.40, p = 0.1663) nor the pilot
experience level groups (F 715, 77) = 1.61, p = 0.0895).

To obtain general information regarding the effects of pilot experience
level and load prescntation order on the ratings of the subjects, converted
and collapsed raw score data were analyzed in two separate ANOVAs. The
results indicated that neither the pilots' experience levels (F (5, 30) =
2,43, p = 0.0579) nor the load presentation orders (F (1, 35) = 0.43, p =
0.5173) affected the ratings of the pilots. The experience level results were
analyzed further using regression, but the additional analyses did no. provide
significant findings.

The responses to the questionnaire presented to the subjiects indicated a
shift in tone from positive to negative as the load levels progressed from iow
to medium to high. A Chi-square analysis on a 2 x 3 contingency table,
response type by load levels, resulted in x2 = 68.326, p <0.0001, confirming
the change of tone due to 1load in the responses of the subjects.
Typical response classifications were "time-sharing”, "aircraft control”, and
“recognition of target call signs”.

Finally, it 1is worth mentioning that the MCH scale results in this
experiment were virtually identical to the MCH scale results obtained in the
earlier (Casali and Wierwille, 1983) study. This indicates a high degree of
repeatability for the MCH scale.

MEDIATIONAL EXPERIMENT

This expevimental task and protocol were also identical to an earlier
experiment in which mediational activity was emphasized (Wierwille, Rahimi,
and Casali, 1984) and in which many different workload techniques were
evaluated. The reader is referred to thic earlier experiment for a detailed
descrircion of the task. Briefly, the overall task consisted of two
comporents: straight and 1level flight in mild turbulence (within specified
toleraances), and solution of navigation problems. Subjects performed the
tasks simultaneously with instructions indiceoting equal priority.

The navigation task of solving wind triangle problems was used to
interject mediational 1loading into the basic flight task. Wind vector
triangles depicted on slides 1involved solving for the effects of wind
direction and velocity on the path and speed of an ailrcraft. The =lides
contained both a problem triangle and a reference triangle. The reference
triangle provided numerical values associated with the triangle legs and the
angles corresponding to the problem triangle.

The difficulty of the navigation problems was manipulated by varying the
question type, the numbers used in the mental calculation of the problems, and
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the orientation of the reference triangles. Depending upon the question type,
the problems required triangle comparison, triangle comparison followed by an
addition or subtraction, or triangle comparison followed by an addition or
subtraction and a subsequent division. For all 1load 1levels, the slide
presentation rate was held constant at a rate of one slide per 25 seconds.
Subjects expressed their answers verbally. These responses were recorded for
later use in computing response time and number of correct responses. It is
important to note that the subjects did nct implement the solutions to the
navigation problems. They maintained constant altitude, heading, and airspeed
throughout each flight.

The general flight procedures for the mediational experiment were the
same as for the communications experiwent. In particular, one practice and
three data flights were performed, and subjects left the simulator while .n
autopilot to make their ratings and questionnaire responses.

MEDIATIONAL EXPERIMENT RESULTS

The main results of the mediational experiment are presented in Table 2.
The table includes individual ANOVA's at a corrected a level of 0.01l,
standardized mean (Z-score) values for each rating scale, and Duncan's
multiple comparisons tests for those scales having significant ANOVA's.

The results indicave that only the PBMCH scale was not significant at p <
0.01l. All of the scales exhibited monotonic increases with load. In terms of
the Duncan's tests, sensitivity among those scales demonstrating significance
could be ranked as follows: Most sensitive, MCH+; next most sensitive,
COMPMCH and NDT; next most sensitive, MCH and COMPMCH+. However, all five
scales are actually quite sensitive, considering the small sample size and
strict criterion used.

To provide substantiation of the results obtained with the rating scaie
data, a MANOVA was performed using both mean response time and percentage o.
errors on the navigation problems for each experimental flight as dependent
measures. When using the F-approximation of Wilks U-statistic to compare the
groups of subjects assigned to each rating scale condition, there was no
significant main effect of rating scale, F (10,58) = 1.49, p = 0.1684. This
result indicates that no differences in primary task performance were
associated with subject assignment. The lack of a rating scale main effect
suggests that conclusions regarding the sensitivity of the 3cales are based on
true scale differences rather than group differences in primary task
performance.

A second MANUVA was conducted to determine whether there was a main
effect of experience level on mean response time and percent error in the
mediational task. The F-approximation to Wilk's U-statistic revealed no
significant differences in task performance associated with experience level,
F (10, 58) = 0.49, p = 0.8894.

Using the standarcized ratings for the three 1load presentations--first,
second, or third, a one-way analysis of variance revealed no significant
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differences attributed to load level preseutation order, F (2,70) = 0.37, p =
0.6942, A one-way ANOVA on the sum of the standardized ratings across the
load levels for each subject indicated no significant effects of experience
level on the summed ratings, F (15,30) = 1.33, p = 0.2815.

The questionnaire responses to the low, medium, and high load levels were
sorted into comments which were "positive” or favorable im tone and "negative”
or unfavorable in tone. A Chi-square test revealed significant differences in
the frequencies of the favorable and unfavorable responses across the load
levels, 2 = 55.94, p = 0.0001. Favorable comments occurred most often at the
low load”level, while unfavorable ones occurred most often at the high load
level. Based on categories which were derived by sorting, it seems that the
major factors which influenced the subjects' ratings were the amount of time
available, the difficulty of the task, and their assessment of how well the
task requirements were met.

In terms of comparison of the MCH scale results of this experiment with
those c¢f the earlier mediational experiment (Wierwille, Rahimi, aund Casali,
1984), it was found that again the two were virtually identical.

CONCLUSIONS DRAWN FROM THE RESULTS OF THE TWO EXPERIMENTS

Several conclusions can be readily drawn by comparing the information
contained in Tables 1 and 2. First, in terms of global sensitivity, only the
MCH and the COMPMCH exhibited significance in both experiments at the p < 0.0l
level. This finding indicates that none of the other scales possess as high a
general sensitivity as the MCH scale and its computerized version. All of the
other scales exhibited sensitivity in only one experiment. While the MCH+
scale and NDT scale exhibited slightly higher sensitivities than the MCH in
the mediational experiment, these two scales could not be counted on to
provide better results than the MCH in other types of experiments.

The table also shows that the MCH scale and COMPMCH scale are about equal
in sensitivity. Apparently, computerizing the scale, such that a subject 1is
forced to use the tree structure, has no effect on the sensitivity of the
scale. In the communications experiment the MCH scale 1is slightly more
sensitive, and in the wmediationai experiment the COMPMCH is slightly more
sensitive. On balance, however, they ..ave the same sensitivity.

It should be noted that each given subject used only one rating scale.
Thus, the ratings for the MCHt+ scale, for example, were performed by the same
group of subjects in both experiments. Therefore, one cannot attribute the
differences in scale sensitivity ac.cuss experiments to 1individual differences
in subject groups. All other peripheral statistical tests support the
conclusion that all of the scales except the MCH and COMPMCH are task
dependent.

Other conclusions can also be drawn. Does increasing the number of
categories from 10 to 15 as in ‘he MCH+ scale (Figure 2) improve sensitivity?
The answer appears to be “not ronsistently”. While the MCH+ i1s somewhat more
sensitive in the mediational experiment, it is substantially less sensitive in
the communications experiment. For the c-mputerized version of the 15
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category scale (the COMPMCIH), sensitivity is about the same as the MCH in the
mediational experiment and much lower than the MCH in the communications
experiment. The conclusion is that 15 categories is not generally as good as
10 categories.

Does revision of the scale to produce a left-to-right decision tree with
15 categories (the PBMCH, Figure 3) improve sensitivity? The answer to this
question is "no". The PBMCH is not as sensitive as the MCH in either of the
two experiments.

Finally, does a tabular format, with the decision tree removed (the NDT,
Figure 4) improve sensitivity? The answer in this case is again “not
ccasistently”. While the NDT is slightly more sensitive than the MCH in the
mediational experiment, 1t is much less sensitive than the MCH in the
communications experiment.

In regard to the questionnaire responses, it was found that pilots do
.ate on the basis of concepts similar to those which researchers tend to think
should be included in workload. While wording did vary, the subjects tended
to rate on the basis of time pressure, difficulty, assessed performance, and
problems of time sharing. Their comments changed in tone and frequency as
expected with load level.

In general then, conflicting results between the two experiments indicate
that sensitivity of most rating scales varies in ubtle ways. However, the
MCH scale and 1its computerized version are consistently sensitive and
reliable. Furthermore, pilots' ratings appear to be based on factors similar
to those which researchers currently consider important.
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TABLE 1.

Communications Experiment Results

ANOVA Standardized Mean Scores®
Rating F (2, 10)
Scale P L M H
MCH 0.0035 -1.011 0.395 0.616
MCH+ 0.1347 -0.594 -0.019 0.613
COMPMCH+ 0.0433 -0.484 0.132 0.352
PBMCH 0.0012 -0.983 0.046 0.937
NDT 0.0237 -0.522 ~0.095 0.617

*Means with a common underline do not difier at

TABLE 2. Mediatinnal

Experiment Results

ANOVA Standardized Mean Scores®
Rating F (2, 10)
Scale P L M H
MCH 0.0039 -0.758 -0.188 0.946
COMPMCH 0.0030 ~-0.667 -0.200 0.867
MCH+ 0.0001 -1.023 -0.440 1.068
COMPMCH+ 0.0064 -0.808 -0.195 0.613
PBMCH 0.3800 -0.2-" -0.082 0.361
NDT 0.0001 -0.845 -0.307 1.152
*Means with a common underline Jdo not differ at

P < 0.01 using Duncan's multiple comparisons.
These comparisons were performed only on
rating scale scores demonstrating significance
at p < 0.01 in the indlvidual ANOVAs.

p € 0.0l using Duncan's multiple comparisouns.
These comparisons were performed only on rating
scale scores demonstrating significance at p <
0.01 in the individual ANOVAs.



Figure 1. Sample frame of the COMPMCH rating scale.
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ASSESSING THE SUBJECTIVE WORKLOAD OF
DIRECTIONAL ORIENTATION TASKS

Ronald C. Miller Sandra G. Hart
Informatics General Ccrporation (PSOW) NASA-Ames Research Center
Palo Alto, CA Moffett Field, CA
ABSTRACT

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

INTRODUCTION

This 1is ome of a series of experiments designed to investigate the
relationships among the demands that are imposed on pilots, the levels of
workload they experience, and their performence of flight-related tasks.
Flight tasks that impose objectively and independently determined levels of
workload on pilots must be identified to assist in the creation of simulation
scenarios. Such predictive validity is central to the successful conduct of
simulation research so as to avoid the circularity involved in ad hoc scenario
creation coupled with post-hoc evaluation. All too often, the success of a
load manipulation is determined by referencing the same measures of workload
or performance that the simulation was designed to investigate in the first
place.

In two previous studies (Childress, Hart & Bortolussi, 1982; Hart &
Bortolussi, 1984), pilots were asked to give their opinions about the
potential impact of a number of routine, as well as unusual, flight-related
tasks on their subsequent performance, workload, stress, and effort. In order
to evaluate the accuracy of the opinion measures, a series of simulations was
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conducted (Kantowitz, Hart & Bortolussi, 1983; Kantowitz, Hart, Bortolussi,
Shively & Kantowitz, 1984) to determine the actual impact of a suvset of the
discrete events (e.g., communications, flight-plan changes) and routine,
continuous control activities (e.g. speed, heading, and altitude control) on
pilots' subjective experiences, performance, and ahility to accomplish an
additional concurrent task.

In the current experiment, the influ.nce of specific navigation-related tasks
orr pilot workload and performance was investigated to expand the breadth of
flight-:elatsd tasks for which 1levels of load could be objectively and
independently predicted. This study imposed three types of mental arithmetic
calculations that are encountered inflight: calculating reciprocal headings,
determining new headings and calculating the number of degrees turned to a new
heading. By imposing relatively realistic tasks in the laboratory, the numier
of computational steps and the type of processing (verbal or spatial)
performed by the subjectse could be varied to experimentally impose different
levels and types o1 workload. In addition, a large number of responses could
be obtained in a relatively short period of time. Upon completion of each
task, subjective workload ratings were elicited and used to determine the
relative subjective workload differences between tasks and types of processing
withie te 'ks.

In earlier laboratory research (Loftus, 1978), performance on various spatisl
direction change tasks was investigated to determine the effect of direction
of change (clockwise or counter-clockwise) on couwputational speed and
accuracy. It was found that the direction of turn made no significant
difference in the difficulty of the tasks. Thus, the "EASY" and "HARD"
manipulations wused in the current study were determined by whether or not the
turn passed through 360 degrees, rather than by the direction of turn. An
equal number of Left and Right turns were presented within each block of
trials.

The navigation problems were presented spatially and verbally to investigate
the effect of display format on computational speed and accuracy and the
associated variation in experienced workload. With the introduction of
computers into the cockpits of aircraft, analog dials and compasses are being
replaced by alphanumeric and stylized graphic displays. Thus, the mental
workload associated with computing (or monitoring changes in) desired or
current heading or ground path may be considerably different if the
information is presented ovn a traditional compass rose or as discrete
alphanumeric values. With traditional instruments, no computations may be
involved at all. Pilots may simply observe the current heading, find the new
heading on the 1indicator and maneuver the aircraft in the appropriate
direction until the desired heading has been achieved without ever calculating
the amount of change or the exact value of the new heading. This may not be
the case with computer displays of navigation information. New headings or
course changes may be entered by keyboard into an onboard computer asc discrete
numerical values, rather than as rough spatial locations. Furthermore,
monitoring the rate of change or estimating the amount of change yet to occur
from a digital display may require different mental processes than judging
angular deviations from a dial.

For this reason, current headings were displayed in two different ways in the

current study: graphically on a stylized compass rose (COMPASS), and
alphanumerically (ALPHA). The new heading (or amount of required change) was
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always presented in a text format, simulating a verbal command from an Air
Traffic Controller to adopt a new course (e.g. "TURN RIGHT 90 DEGREES" or "FLY
HEADING 090, etc.)

METBOD
Sub jects

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

Apparatus

The tasks were presented on a 22.9 cm computer monitor driven by an APPLE II+
computer. Responses were entered via a numeric keyboard. Subjects were seated
55 cm in front of the display, which was located in a small, dimly lighted
response booth . Response times were recorded to the nearest 10 msecs. 1f
the subject failed to enter a response within 20 sec from the onset of the
trial, the display disappeared and a "t me out" was recorded.

Task Pescription

Reciprocal

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

RECIPROCAL NEW HEADING DEGRESES TURNED

- 290 020
o v 1ass r-@w n»@x x-.@m
a e B0

RECIPRCCAL? TURN RIGHT, TURN RIGHT,
02S Dt GREES  HEADING 180

NEW HEARJING™ DEGREES TURNED?

QT CURRENT CURRENT CURRENT
HEADING QO% HEADING = 275 HEADING: 135S

RECIPROCAL? TURN RIGHT, TURN RIGHT;
ECIPROCAL 025 DEGREES  HEADING 190

NEW HEADING? DEGREES TURMED

Figure 1: Digplay formats.
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New Heading

A current heading was presented (e.g. 275 DEGREES) followed by a direction
(LEFT or RIGHT) and the number of degrees to turn {(e.g. 25 DEGREES). The
subject entered the new heading (in this case, 300 degrees). (Fig. 1) Once
again, two levels of difficulty were presented. The EASY condition consisted
of a heading change that did not pass through 360 degrees, while the HARD
condition consisted of a heading change that did pass through 360 degrees.

Degrees Turned

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

Bipolar Rating Scales

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

Immediately before the experimental trials were given, the pilots were asked
to evaluate the subjective importance of each of the nine dimensions to their
own definition of overall workload (Hart, Battiste & Lester, 1984). The
impcrtance attached to each factor was entered as a weight (from a possible
low value of 0 to a maxisum value of 8) into an equation in which the bipolar
ratings for each subject were multiplied by the weights obtained from each
subject for that factor. The weighted bipolar ratings for each experimental
condition, were then averaged to obtain a second estimate of the overall
workload of each task, taking into account the relative contribution of
different, possibly relevant factors, and the different subjective importance
placed on the factors by each pilot. This procedure has been found to
maintain the relative differences in experienced workload associated with
different experimental conditions, but with a reduction 1ir. between-jubject
variability as great as 50%.

Procedures
Three directional orientation tasks, RECIPROCAL, NEW HEADING and DEGREES

TURNED were presented to each subject in blocks of 20 tx-als. Only one type
of task was presented within each block. Each task was presented witt each of
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two levels of difficulty, in both a spatial (COMPASS) and verbal (ALPHA)
format. There was however, no mixing of display types or difficulty levels
within a given block. (Fig. 2) All initial headings, amounts of change and new
headings were given with a least-significant digit of 0 or 5 to reduce
interpretation errors in the COMFASS conditioms.

REPLICATIONS/ENPERIMENTAL  NUMBER OF SUBJECTS = 8
CONDITION =2@

DISPLAY FORMAT

ALPHANUMERIC COMPASS

RECIPROCAL
HEADING————
TQSK NEW HER
DEGREES
TURNED
EASY HARD | EASY | HARD

DIFFICULTY

Figure 2: Experimental design.

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

RESULTS AND DISCUSSION

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

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

Rating Scales
As has been found in a number of previcus experiments (Rantowitz, Hart &
Bortolussi, 1983; Kantowitz, Hart, B--tolussi, Shively & Kantowitz, 1984;

Hart, Battiste & Lester, 1984), there we e large ditferences between subjects
in the relative importance each placed on the nine dimensions. (Fig. 3) Time
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SUBJECT & SUBJECT 6 SUBJECT 7 SUBJECT 8

[ TASK DIFFICULTY 333 PHYSICAL EFFORT
TIME PRESSURE FRUSTRATION
EX8) OWN PERFORMANCE FE] STRESS

E£22) MENTAL EFFORT [0 FATIGUE

B ACTIVITY TYPE

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

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

Table 1. Average bipolar ratings. (n = 3)

Rated workload-related dimension

Task Time Perfor- Ment. Phys. Frustr- Fati- Act. Ov'all

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

In general, the workload imposed by the experimental tasks was considered to
be moderate. The RECIPROCAL task (mean rating = 37) was rated as
significantly less loading (F(2,14) = 16.28, p<0.01) than the NEW HEADING
(mean rating = 50) or DEGREES TURNED (mean rating = 44) tasks. There was a
sigrificant difference (F(1,7) = 6.38, p<0.05) in rated workload as a
function of display condition (COMPASS Rating = 46, ALPHA Rating = 44), and
Difficulty Level (F(1,7) = 11.34, p<0.05), (EASY rating = 41, HARD rating =
45). In addition interesting differences ware found on a task-by-task basis.

Comparisons Within Tasks

Reciprocal

In general, the RECIPROCAL

task was performed accurately CoRRECT -
(average percent correct = RECIPROCAL PERCENT RECIPROCAL ouTe

90) and quickly (average E ?:[F+_T(-F-' | | St

response time = 6.73 sec). ge ¢
There were few time outs and s 79 N3
workload was considered to be | :: |
low. (Fig. 4) There were no @ E 2
significant diffcrences in the :: .
percent correct or mean k10
response times for the ol } $ ol 4 + ~+-
RECIPROCAL task between either .
the BASY/HARD conditions or RECIPROCAL REACTION YINES RECIPROCAL WORKLOAD RATINGS
the COMPASS/ALPHA  display 2y W1
formats,nor were there any 10 90
significant DIFFICULTY by H l | I 7
DISPLAY FORMAT interactions. N 7 I b
There were no signiticant I s l R 40 l
differences between workload f §] 30 | l
ratings between the EASY/HARD 2 2T | |
or COMPASS/ALPHA conditions, ; o S P | | P R NN | P |
EC HC EA MR EC HC EA  HA

nor were there significant
differences in the number of
time outs.
Figure 4: Summary of performance data and
workload ratings for the RECIPROCAL task.

New Heading

For the NEW HEADING task, tucre was a significant, (F(1,7) = 22.89, p<0.01)
decrease in the percenc of correct responses between the EASY/HARD conditions
and a significant increase in response times (F(1,7) = 53,98, p<0.001). (Fig.
5) There were no significant differences in percent correct or response times
between the EASY/HARD or COMPASS/ALPHA conditioms, nor was there a significant
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DIFFICULTY by DISPLAY FORMAT
interaction. There was a
significant difference in the
number of time outs between
the EASY/HARD conditions
(F(1,7) = 13.49, p<0.01).
There were 4.5 time outs (out
of 20 possible trials) with
the HARD condition, and only
1.5 with the EASY condition.
There was no significant
difference in time outs
between COMPASS/ALPHA. A
significant increase in the
weighted overall workload
ratings (from 46 to 54) was
found between the EASY and
HARD conditions (F(1,7)
13.93, p<0.01) but no
differences were found as a
function of DISPLAY FORMAT.
There was a significant
interaction between EASY/HARD
and DISPLAY FORMAT for
workload ratings (F(1,7) =
8.13, p<0.05), reflecting a
greater EASY/HARD difference
for the ALPHA display
condition than for the COMPASS
display condition.

Degrees Turned

There were moderatly
significant differences in
percent correct for the

DEGREES TURNED task due to the
level of difficulty (F(1,7) =
11.9, p<0.05) and DISPLAY
FCRMAT (F(1,7) = 11.7,
p<0.05). (Fig. 6) There were
no significant DIFFICULTY by
DISPLAY FORMAT interactions.
For response time, there were
highly significant differences
due to the EASY/HARD manipu-
lation (F(1,7) = 31.3, p<0.01)
and the r"PASS/ALPHA forrats

(F(1,7)=100.7, p<0.001). There
was a significant DIFFICULTY
by DISPLAY FORMAT interaction
(F(1,7) = 18.65, p<9.01). An
examination of the mean
response latencies for the
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EASY/HARD conditions shows an increase from 9.73 to 11.86 sec between the EASY
and HARD conditions. The mean response times were 3.66 sec greater for the
COMPASS display format than for the ALPHA displey format, suggesting overall
differences between both levels of difficulty and display types. The
significant interaction suggests otherwise, however. The means feor EASY
COMPASS and HARD COMPASS are 12.61 and 12.62 sec respectively; t"2 effect of
varying the difficulty level is non-existent. For EASY ALPHA and HARD ALPHA
however, the result is different. The EASY ALPHA calculations were performed
very quickly (6.18 sec), while HARD ALFHA calculations took 11.01 sec. Thus,
the effect of varying the level of difficulty had a major impact on response
time in the ALPHA condition but not the COMPASS conditionm.

There were no significant differences in the number of time outs between
EASY/HARD and COMPASS/ALPHA and no significant differences in the overall
workload ratings between EASY and HARD, There was a significant increase 1in
thk< weighted overall workload ratings (F(1,7) = 37.22, p<0.001), between tne
ALPHA presentation format (mean rating = 39) and the COMPASS presentation
forma: (mean rating = 48).

Influence of Display Format

An examination of the COMPASS/ALPHA conditions collapsed across tasks and
difficulty levels produced some interesting results. There were no sigificant
differences between EASY/HARD for either percent correct or response time for
the COMPASS condition despite the fact that EASY/HARD differences showed up in
two of the three tasks. In the ALPHA condition, there were significant
EASY/HARD differences for percent correct (F(1,7) = 18.77, p<0.0l) and
response time (F(1,7) = 37.59, p<0.001), which would lead to the conclusion
that the greater portion of the EASY/HARD variance can be attributed to the
ALPHA condition. The between-tasks differences were significant for the
COMPASS condition for both percent correct (F(1,7) = 20.9, p<0.01) and
response time (F(1,7) = 68.6, p<0.001). There was a significant between-tasks
difference, as well, for percent correct (F(1,7) = 11.63, p<.05) and response
time (F(1,7) = 21.09 p<0.01). Since there were no EASY/HARD or COMPASS/ALPHA
differences for the RECIPROCAL task, and performance on this task was
considerab’y different than on the other two tasks, a three-way analysis of
variance for repeated measures was performed on the performance measures with
the RECIPROCAL data omitted. For the COMPASS condition, EASY/HARD diiferences
were found for percent correct (F(1,7) = 7.3, p<0.05) that were not evident
with RECIPROCAL included, although differences in response time did not
acheive significance. No gsignificant difference was found hetween the two
heading tasks. For the ALPHA conditions, a significant decrease in percent
correct was still found (F(1,7) = 25.86, p<0.01) as was a significant
increase 1in response latency (F(1,7) = 80.96, p<0.001) becween the EASY and
HARD conditions. In addition, a significant difference was found between the
two heading tasks for percent correct (F(1,7) = 7.6, p<0.05) and response
latency (F(1,7) = 20.15, p<0.01).

Comparison Between Tasks

The vrerults suggest that the calculation of reciprocals is a task in a class
by itseif. Neither the differences in initial headings or display format made
any difference in the percent correct, response times or workload ratings.
(Fig. 7) Overall, the percent correct was greater, the response times faster
and workload ratings lower than for either of the other two tasks.
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This is ¢frobably due to the use of a. Percent correct.
rules-of-thumb to calculate reciprocals.
The most commor:ly used rule-of-thumb {
requires the pilot to add 200 and |
subtract 20 if the initial heading 1is 98“£ RECIPROCAL
between 0 and 180 or to subtract 200 and 88 DEGREES TURNED
add 2¢ if the initial heading is between 701 NEW HEPDING

180 s&nd 360. Although this rule may GO
result in answers that pass through 360 sl
degrees the additional calculation -
required to provide a response between 0

s

T

494

and 360 is relatively trivial. This 301
implies that the ca’culation of 29+
reciprocal headings would not be a 0t
particularly useful task to generate a | |
variations in workload, although it does ) o )
provide a reliable, albeit low, amount

of workload.

v

b: Response latency (sec)
For the NEW HEADING task, in general,
the response times for the EASY
conditions were 1lower, the number of
time outs 1less, the percent correct S 3 3351{:::: NEW HERDING
higher u.nd workload ratings lower than DEGREES TURNED
for the HARD conditions. The DEGREES [
TURNED task produced a highly
significant difference between the EASY
and HARD conditions for response times. -1 #""”'* RECIPROCAL
The EASY and HARD conditions were
relatively equal as far as the numbe~ . 4+
time outs incutred. Percent correct was
higher for the EASY condition than HARD.
It was clear that there was nc speed @ | .
accuracy trade off 1in any of the -
experimental conditions.
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¢. Workload rating
For the COMPASS tasks in _eneval, the

response times and number of .ime outs 159T
were appro..mately equal between EASY S50+
and HARD and the percent correct was cod
somewhat higher for the EASY condition. 204

Across tasks, in the COMPASS condition -
(with the RECIPROCAL task removed), e

v

there were no significant differences sat 7 NEW HEADING
between NEW HEADING and DEGREES TURNED. 404 DEGRE

For the ALPEA condition, however, ther: 204 ES TURNED
was a significant difference between NEW 20} oW RECIPROCAL

HEADING and DEGREES TURNED (for NEW
HEADING <there were fewer correct
responses, higher response times and a }

greater number of time outs than for CONFASS  ALPHA

DEGREES TURNED). In additiom, the impact

of the EASY/HARD manipulation was great- Figure 7: Interactions among tasks
er with the ALPHA display than with the and display types. (n = 8)

COMPASS display.
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CONCLUSIONS

The results of this study suggest that the NEW HEADING task 1is more
sensitive than the the DEGREES TURNED task to changes in difficulty levels in
the areas of correct responses and overall workload ratings. The DEGREES
TURNED task seems to be more capable of generating response time differences.

In general, the COMPASS format did not generate differences due to task type
or difficulty. The use of the compass by instrument-rated pilots as an aid in
solving heading-related problems, seems to preclude the use of heading-change
tasks tc produce performance and workload difrferences when a compass is
available. The sensitivity of the ALPHA format however, suggests that heading-
releted computations can be used, in some instances, to induce performance and
workload differences. Replication of these results under more realistic
inflight and simulation conditions is required to establish the validity and
reliability of these results for imposing predictable levels of 1load and
performance.
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CLASSIFICATION SYSTEMS FOR INDIVIDUAL
DIFFERE!NCES I MULTIPLE-TASK PERFCRMANCE AND
SUBJECTIVE ESTIMATES OF WORKLOAD

Diane L. Damos
Department cf Psychology
Arizona State University, Tempe, AZ, 85287

Human factors practitioners often are concerned
with mental workload in multiple-task situations.
Investigations of these situations have demonstrated
repeatedly that individuals differ in their subjective
estirvates of workload. These differences may be
attributed in vart to individual Jdifferences in Zdefinitions of
workload (Hart, Childress, and llauser, 1982). However,
after allowing for differences in the definition of workload,
there are still unexnlained individual differences 1in
workload ratings. The general purrose of the two studies
reported in this paper was to examine the relation ktetween
individual differences in multinle-task nerformance,
subjective estimates of workload, informatior nrocessing
abilities, and the Type A personality trait.

EXPERINMFIUT 1

To date, two systems have been developed to
classify individuals on the basis of their multipnle-task
performance. One of these was developed by E. S.
Kennedy ané dichotomizes individuals on the basis of their
nerformance on an auditory wonitoring task. One group,
the broad bandpass group, shows little or no decrement
with time on the comslex version of the monitoring task
but the typical vigilance decrement on the simpler version
of the task. The second group, the narrow bandpass group,
shows no vigilance decrement on the simple version of the
monitoring task but performs noorlvy on the complex
version,

The second system was developed by Damos (Damos
and wickens, 1980; Damcs, Smist, and Bittner, 1983) and
classifies individuals on the basis of the response strategy
they use to perform a mremory-classification task
combination, Four strategies. have been identified:
simultaneous, alternating, massed, and mixed. Subjects
using a simultaneous response strategy respond to stimuli
from both tasks within some small interval (typically less
than 30 ms). Those using the alternating strategy make
one response at a time to each task, alternating between
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the two. If more than two consecutive responses are

emitted consistently to one task before responding to the
other, the strategy is classified as massed. A few su jects
may use all three strategies within a given trial or may

use different strategies on different trials. These subjects
are referred to as mixed,

The primary purpose of this study was to examine
the relation between Kennedy's and Damos' classification
systems and to determine if there were any consistent
between-group differences in subjective estimations of
workload or information processing abilities. Three basic
tests of infourmation T "ocessing ability were selected for
use: digit span, hidden figures, and time estimation.

Method

Tasks. Because detailed descriptions of the tasks are
given elsewhere (Damos, 1984), each task will be described
only briefly. For the memory task the subject responded
to the stimulus preceding the one currently displayed. The
stimuli consisted of the numbers one through four and the
subject pressed one of four keys with her right hand. For
the classification task two numbers were displayed
concurrently. The numbers could differ in size (big or
little) and name (e.g. five versus six). The subject
determined the number of dimensions on which the _timuli
were alike (zero, one, or two) and pressed one of three
keys with her left hand.

For the auditcry monitoring task the subject listened
to a series of high, medium, and low tones for 656 .n. In
the simple version the subject monitored only the . uw
tone. After the fourth occurrence of the low tone, she
pressed a button and began counting again. In the
complex version she monitoxed all three tones
simultaneously but independently.

A semi-automatic digit span test was used in this
study. The subject saw a sequence of numbers. At the
end of the sequence the subject repeated the numbers in
order to the experimenter. The hidden figures test
(Ekstrom, French, Harmon, and Derman, 1976) measured
field independence. The time estimation test required the
subject to estimate the passage of 10 s. When the subject
thought 10 s had passed, she pushed a key and began
estimating 10 s again immediately. Each subject estimated
ten 106-s inrtervals.

Ten bi-polar adjective workload scales were used.
These scales were: overall workload, task difficulty, time
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pressure, actuval performance, comfort level, mental/sensory
effort, achievement performance, skill required, fatigue,
and stress level. The scales were presented sincly on
sheets of paper with the scale itself represented by a
verti~al lirne 113 mm long. Subjects made a rating by
drawving a 1line horizontally across the vertical line.
Ratir ;s were computed as the distance from the bottomr of

the <artical line to the mark.

Subjects. Thirty right-handed female subjects
co-iieted the experiment. They were pald for their
part:cipation.

FProcecdure. This experiment required approximately
1.25 h per dav or each of four consecutive days. The
suk] ct performed the information processing tests on Day
1l zn became familiar with the workload scales. On Day
2 th subject performed one version cf the tone ronitoring
task. Half of the subjects performed the simple vecrsion on
Jay 2; bhalf, the coxrplex version. Day 3 was devoted to
p2rfecrming the memory and classification tasks used to
assests response strategy. Finally, on Day 4 the subject
performed the other version of the tone monitoring task.
On &l. four days the subject rated each task on the ten
werklcad scales irrmediately after she had completed it.

Results

Only the most important results will bhe discussed
(fr a nore detailed description of the data, see Damvos,
1934). One of the major vurposes of this study was to
examine the Jelation between Kennedy's and Davos’
classiiication systems. However, no evidence of the broad
bandpass/narrow bandpass distinction was found in the data
and no analyses wer: conducted using this classification
syster-. Subjects' response natterns on the
memcry-clascsification combination were analyzed using a
technique described in Damos et al (1983). Ten subjects
subsecuintly were ciassified as simultaneous responders,
eight 234 alteriacors, seven as massed, and five as mixed.

Digit pan and tine estimation were significantly
correlater (g=.35, D<K.C5). Conseguently, a multivariate
analysi- of variance was conducted cn the data. There
were o significant between-group Cdifferences (p>.05).
Howe er, there were some interesting trends in the data
wi*n 1 s mean estimation scores ranging from 10.4 s for
r . siaultaneocus group to 7.7 s for the massed group.

Digit span ranjed from 7.5 fer the mi+od group to 6.5 for
the massed q:oup.
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All ten workload scales showed a significant effect
of task (p<.95). Two scales, overall workload and task
difficulty, also showed significant between-group differences
(E (3,26,)=3.06, p=.05 and F (3,26)=3.29, p=.04, respectively)
with the mixed group giving the highest ratings.

Discussion

The major findings of interest in this experiment are
the between-group differences in digit span and time
estimation although these differences are not statistically
significant. These results indicate that between-response
strategy group differences may be related to differences in
short-term memory, an idea which is explored in more
detail in Experiment 1II. The results alsc show some
between-group differences in the subjective experience of
workload. These differences also are examined further in
the second experiment,

EXPERIMENT I1I

The primary purpose of this experiment was to
explore the relation between response strateqy groups,
measures of information processing ability, and subjective
estimates of worlkload. Additionally, a measure of the
Type A personality trait was included to determine if there
was any relation between Type A behavior, which is
marked by self-imposed time pressure, and the subjective
experience of workload,

Method

Tasks. To identify the subject's response strategy,
the memory and classification tasks described in
Experiment 1 were used in this investigation. The digit
span task and the time estimation task from Experiment I
also were used without modification in this study.

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

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

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

Procedure. This study required approximately 1,5 h
on each of three successive days. On Day 1 the subject
performed the digit span task and completed the modified
Jenkins Activity Survey. She also performed the memory
search task. On Day 2 the subject performed the choice
reaction time task followed by the matrix task and the
mental arithmetic task, which were performed alone and
together. Day 3 was devoted to the memory and
classification tasks and to time estimation. The subject
first performed two trials of the time estimation task
alone. Subsequently, she performed the time estimation
task concurrently with the memory search task for two
trials and with the choice reaction time task for two
trials. After completing each of the tasks mentioned
above, the subject rated her subjective experience of
workload using the scales described previously.

Results

Only the statistically significant results will be
discussed. Subject's response strategies were identified
using the procedure described in Damos et al (1583)., Three
subjects used the alternating strategy; - ten, the
simultaneous strategy; and 15, the massed strateqy. The
remaining two subjects used tte mixed strategy in this
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investigation. These two subjects' data were combined
with those of the massed strategy subjects for the
statistical analyses.

Statistically significant between-response group
differences were found on the interceot of the memory
search task (E (2,27)=5.78, p=.¢1). The intercept for the
simultaneous group was 308 ms; for the alternating group,
490 ms; and for the massed group, 439 ms. Although the
groups did not differ significantly on their single-task time
estimation scores (p>.(5), they did differ significantly on
both dual-task combinations. The estimates for the three
groups were 1.4 s for the simultaneous group, 7.8 s for
the alternating group, and 13.2 s for the massed qgroup
when the time estimation task was done concurrently with
the choice reaction time task (F (2,27)=3.42, p=.C5). When
time estimation was done concurrently with the memory
search task, the estimates were 10.2 s for the simultaneous
group, 10.7 s for the alternating group, and 14.1 s for the
massed group (F (2,27)=5.48, p=.01).

All of the subjective workload scales except the
frustration scale showed a significant effect of task
£2<.05). However, none showed a significant effect of group
(p>.05).

The seven subjects having the highest scores on the
modified Jenkins Activity Survey (the top 23% of the
sample) were categorized as Type A's and the nine subjects
with the lowest scores (the bottom 30% of the sample), as
Type B's. A two-way (group by task) ANOVA conducted on
the subjective workload scales revealed a significant group
by task interaction on the frustration scale (E (7,98)=2.81,
p=.%1). This interaction reflects differences in perceived
frustration under dual-task conditions; Type A's rated their
frustration much higher under dual-task conditions than
Type B's., Hcowever, under single-task conditions there was
no apparent difference between the Type A's and the Type
B's,

Several other statistically significant differences
between Type A's and Type B's were founi. A two-way
ANOVA (group by trial) performed on the time estimation
scores of the choice reaction time-time estimation
combination found a significant group by trial interaction
(E(1,14)=8.27, p=.01). Type B subjects lengthened their
estimation of 10 s from 10,9 s on the first trial to 13.1 s
or. the second. 1In contrast Type A subjects decreased their
estimation from 12,5 s to 12.0 s over the two trials. On
the choice reaction time task both groups of subjects
improved about 2060 ms over the two trials. However, the
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average reaction time for the Type A's was 806 ms; that
for the Type B's, 954 ms.

Only the two-~way ANOVA performed on the memory
search data of the memory search-time estimation
combination showed a significant between-group difference
(F (1,14)=4.57, p=.05). Again, both groups improved with
practice, but the average performance of Type A's was
better than Type B's (756 ms versus 1004 ms).

Discussion

The trends in between-strategy group differences in
digit span and time estimation found in Experiment I were
not replicated 1in this study. However, there were
statistically significant differences in dual-task time
estimation scores on both of the time estimation
combinations with the massed subjects having consistently
the worst performance. Thus, it appears that
between-group differences in time estimation occur only
under dual-task conditions. The underlying cause of these
differences is not apparent and awaits further research.

Probably the most interesting results osbtained in
these two investigations concerns the differences between
Tyoe A and Type B subjects., Type A individuals have been
characterized as hard-driving competitive people with a
sense of time urgency. Their competitiveness appears to
be reflected in their superior dual-task performance on
both time estimation combinations but is also evident in
their higher frustration with these tasks. Again, the
underlying source of these differences is not apparent and
should be explored more thoroughly.
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ABSTRACT

This experinment required subjects to discover the atructure of a
logical network whose links were invisible. Network structure
had to be inferred froa the behaviour of the components after ¢
fasilure. It was hypothesised that since such failure diagnoai:
taskes ofteu draw on spatial processss, a good deal of apatial
complexity in the network should z{fect network discovery.
Results shoved that tlie ability to discover the linkages in the
netvork was directly related to the spatial complexity of the
psthuay described by the linkages. This effect was generslly
independent of the amount of evidence avajlable to subjects
about the exiatence of the link. These results reise the
queation of vhether inferences about apatially coaplex pathways
vere simply not ansde, or whether they ware made but not retained
because of & high load on memory resources.

INTRODUCTION

There is currently auch intereat in the ides of a ‘mental aodel’ - a
hypothotical construct which describes the fora of private knowledge about a
task or A systea. It ia generally agreed that the mentsl aodel is usually an
spproximation to the reslity of a tesk or systea (Gentner and Stevens, 1983).
A good desl of research hes been devoted to finding out when the fact that
the mental model is an approximation will ba evident, and when not. Such
work suggesta that asental wodels draw upon visual, verbal and kircesthetic
codes and that aultiple mental modeals can co-exist (Eberts, 1982; Wickans znd
Kassel, 1981; Rasmussen, 1979),

Henteal models can also ba sesn as pPrivete ‘theories’ as to what mediastes
betwvean the input and output of ayatems whoas structure ia not necessarily
axplicit. This charactarisation is important for an understanding of how the
conteaporsry husan procesa contrcl operator controls and troubleahoots a
complex, slowaoving aystea. Froam time to time there have been calls for the
developsent of reliable, repeatable, gensralisable and quentifiable
laboratory taaks to study such perforasnce at a theoretical level (John,
1957: Costea, Alluiai and Morgan, 1971; Rousa, 1978). The result haa bean a
fanily of teaks which borrov heavily froam sechanics and electronic
enginearing (Pylyshyn, 1963; Alluiai and Coates, 1967: John, 1937;: Pikaar
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and Twente, 1981). The majority of theas studies have focused on the
subject’s ability to diacover the principles behind a task and the rules
governing its input-output relationships. These principles and rules have to
be inferred by the subject froa the response of the aystea tc a series of
inputs. The subject’s aoment-by-moment understending of th¢ p..nciples and
rulaa can be said to be his current ’‘mental model’ of the tawx.

The reassrch to be reported here is in thia tradition. Hovever in its
pethodology it borrows from feult diagnosis studies which h-- . pude the
principles behind the task more explicit and which have focurad i aids to
the achievement of performance goals. In this family of tasks ars the recent
thcrough experinents by Rouse (1981) using the Task and Fault procedures, and
sinilar experiments by Brooke, Cook and D.ncen (1983) and Goldbeck,
Bernstein, Willix end Marx (1957). In Rouse’s Task procedure, subjects are
confronted with a linked network of logical componenta. A failure somevhere
in the netw~rk leads to at least some of the components in the right-hand
coluan taking on valueas of O rather than 1. Subjects have to discover which
coapo snat has feiled, ceusing these O velues. They do thia by asking the
computer for the status of various links until they can correctly hypothesise
which cosponent caused the failuza.

The present resesrch will focues on how subjects might lesrn the structure
of a network of this kind. An experisental problea similar to Rouse’s Tasks
One and Two will be used, but with two iaportant differences. Firat, only
one network vwill be used in the experiment. Its underlying linkages will
never change at any point in the procadure. Second, the linkages in this
petwork will slways be invisible, so that the subject has no information at
all about natvork structure at the beginning of the experiment. Thus, the
only clues to network structure will be the effect that individual failures
have on the totsl network. Evidence about structure will have to b¢
collectad over many trials and many failures, to be integrated and held in
zepory by the subject. The result of this process may be thought of as the
aubject’s ‘mental sodel’ of the network.

If the subjact re’' '~s entirely upon logic to discover the structure of
this invisible netwnrk, then there are threes general types of logical
operation available which will achieve thia (thess will be outlined below).
Hovever it is well-known in both the psychological and human factors
litereture that subjects often fail to exploit logic to ita full extent
‘Kahneman, Slovic and Tversky, 1982; Hynett, Doherty and Twernay, 1977; Wason,
1960; Bainbridge, 1981: Rasaussen, 1981; Rouse, 1978; Hunt and Rouse, 19480).
This usually happens vhen the perceived complexity of the problem overvhelms
the aubject’s ability ¢n use logic, or vhen the rapreaentational form of tne
problem triggers a preferance for ah aiternative haeuristic. In a human
factors environaent it is important to be able to predict when thias will

happan.

There are tvo lines of evidence which coambine to suggee. that in the
proposad network discovery task, the representational fora of the task may
interisre with subjects’ logicel inferences, particulerly as subjects will be
under s bigh memory load. The firat line of evidence is that failure
detection and diagnosis tasks have been found to be highly dependent on

106



apatial factors. For exeaple, Landoweerd (1979) reports that the ability to
drav e visuel schesatic of a distillstion procezs correletes with failure
diagnosies perforagnce but not with control perforsence. Horecver,
Veingertner (1982) has attecked this issue with dual task methodology. W®ith
nulti-elesent fajilure deteciion as the prisary task, a spatial secondary task
provided nore interference than @ verbal zecondary tesk. Therefore it seaems
that spatisl facters are at vork in feult diagnosis tasks. The zaecond line
of evidence concerns the variables which centribdbute to the perceived
coaplexnity of spatial patterna. Research shows that judgements of pattern
coaplexity are related to such factore as the veriability of acqular changes
and the number of turns in the contour of & shape (Attneave, 1957; Lamay, in
Rouse and Rouse, 1979), the degree to which the spparent consistency of a
pattern is violated (Hake and Erikeen. 1936) and the nusber of alternatives a
psttern has (Garner, 1970). Given these results, it should be pcesible to
position network cosponents in such a way tnat some links fora perceptually
»ore complex pathways than others. If the network diacovery tssk tapa into
spatial processes and if some linkages trace cut spatislly simpie paths and
others spatis'ly coamplex paths, then subjects’ uass of logic aay walil be
influenced b, the spatial complexity of the ilnkagsa they are trying to
discover.

Acccrdingly, in the pregent e:periment the subjects will alweya perfora
the network diacovery tasx with the sam# underiying netvork. This is seen :in
Figure 1., However this network will be displayed to subjecta in two spatial
configurations, Pattern A and Pattern B (the linkagea shown in Figures z and
3 are of course not displayed to subjecte). It can be s¢en in the uaderliying
network that there sre tvo pathways from component 2 (#2) to 28 - one through
#6 and the other through #4, In pattern A the #2-#6-#8 pathway ia straight
while the #2-#4-#8 pathway is more circuitouas. Pattern B hass been designed
8o that the opposite is true. HNoreover, in pattern A the #3-86-#8 pathway is
straight while the #1-#4-#8 pathway reverses direction. Again, in pattern B
the opposite ia true. 1In all these casea, it is hypotheaised that the sore
circuitous route will be the harder one for subjects to discover. Discovery
will oe assessed by subjects’ ability to inciude the link in a drawing of the
network.

An examination of the underlying nstwork in Figure 1 shows that if any of
coaponents #1, #2, #3, #4, #6, #8, #9 or #10 fails, component #10 will carry
¢ aignal of 0. Ia two conditions, esch of these components had an equal
probability (p=.125) of failure (conditions A-Equal and B-Equal). In the
other two conditions, the probability of failure for esch component was
chosen ao aa tc bias subjects towaras discovering the links thst the patterna
aight make difficult. For pattern A it wasa hypothasised that the #2-#6 and
#6-#8 linke aight be hard to find. So, in the biased condition #2, #3 and #6
were made to fail more frequently than #1 and #4, emphasicing the harder
pathway (p=.18735 vs p=.0625, condition A-Biased:. A aimilar sanipulation waa
nade for pattern B, Here, the #2-#4 and #4-#8 links aight be hard to £ind,
80 #2, #1 and #4 were made to fail mcre fraquently than #3 and #6 (B-Bissed).
If the subjects are using logicai proceases, then sheer weight of evidence
aay overcome the difficulty with the harder linka.
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SINULATION AND IDEAL SEARCH STRUCTURE

There are three general types of logicel operation available which will
recover the structure of this network. First, if two components, X and Y,
are seen with a ststus of 0 and the subject learns that X is the failure,
then Y must be later in ths asquence froa X and must have a direct or
irdirect link froa it. It cen elso be concluded that Y does not leed to X.
Second, it is poasible to use inductive logic to eliminete connections to
.OR. componenta. Third, redundant links cen be ‘houseclesned’. 1If X leads
to .AND. cosponent Y and Y leads to .AND. coamponent 2, then an X to 2 link is
redundant and cen be discarded.

To teat whether these three rules vere suf{iciant to discover the
structure of the network, a simulation was run, named PLAULTER. PLAULTER
‘played’ the fault diagnosis task the ssme way as @& huazn subject, choosing
views and making hypotheses. At the end of sach trial vhen the failure vas
known, PLAULTER collected information about the structure of the network
using the three operations described above, and added a code for this
information to an internal reaschability matrix. PLAULTER wes put to work on
a wide variety of networks which differed in structure and in size froa 4 to
25 components. As lony as there was no feedback in the network, PLAULTER was
alvays able to discover its structure. PLAULTER was also used in the data
analysis, monitoring sudbjects’ performance in order to meke infarences about
the maxisum amount of logical information they had about the structusrz ol the
network at various points over their session.

The best long-tera expected number of views that a subject can achieve
for the network used in this task is 3.125 vievs, the aaximua for any feilure
being 4 vieus and the minimum 2 viewa. This is achieved if the subject
consistently follovs a ‘half-apliit’ strategy, eliminating as close as
posaible to half the remaining potential failure aocurcea on each view. There
sre many search atrategies which, if followved consiatently, will lesd to thias
reault, but many other less sstisfactory strategies which lead to a greater
expected number of views.

METHCL
Deaign

The factors to be manizuleted in this experiment were, firat, the
pstterning of network {gomorpha (’Pattern’ A and B) and, second, the
probability wiin which individusl components fsiled (’Probability of Failure’
Equal or Biassed). A bstween subjects design was used, with 8 subjectsa in
each condition.

Failures occurred in exactly the same sequences for the A-Equal and
B-Equel conditions, so that potential evidence about the network wvas
available at the same time, regevdless of condition. In the conditions
A-Biased and B-Bissed, at given pointa & low probability failure in this
sequence was replaced by a high probakility failure, yielding slightly
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different sequencea. Still, as in the Equal conditiona, all subjects within &
Biased condition experienced the same sequence of failures.

Procedure and Inatructions

Subjects see 8 collection of nusbered logicsl coaponsats on the video
screen. They are told that the coaponenta cre linked in a fixed pattern to
sake & network, but that these links will never be viaible. Instead, they
will have to fora some kind of a mental representation of how the coaponants
sre linked. Some of the coaponents are logical .AND. gates and some are
logical .0OR. gates and this distinction is indicated by the shape of the
component.. The on(1)/0f£(0) atatus of coaponents 1 to 9 is not viaible to
the subject at thia stage. However the status of coaponent 10 can alvays be
seen as it aignals whether the final outcome of the network is 1 or O.

Subjecta are told that vhen the network ia oshaving noraselly, all
coapunents carry & signal of 1 and that coaponent 10 has a value of 1,
However, if there is a failure somevhere in the network, one of the
coaponents will drop froa a velue of 1 to s value of O. The network is
structured so that if there is a failure, it will eventually filter through
to coaponent 10, which will be seen to take on a value of 0., Once this
happens, the subject has to discover the coaponent responsible for the
failure. To do this, it is necessery to see which coaponents are sending
signals of 1 and which are sending aignala of O on this trial, as all
coaponents sending signals of O are potentieally responsibie for the network
failure.

The subject asks to see the status of a coaponent by typing the letter
‘V’ (View) followed by the number of the component in question. The border
of the coaponent will then change colour. 1If the component is sending a
signal of 1 the border becomes thick and bright end if it is sending a signal
of 0 the border becomes thick and dark. The subject can viev the status of
as many componentas a8 he or she wishes. At any stage the subject aay wiash to
nake a3 hwpothesis that a certein coaponent ia responaible for the network
failure. To do this the subject types ‘H’ (Hypothesis) followed by the
cosponent nusber. If the hypothesis is wrong the word °‘WRONG’ appesrs and
the subject can to do more vieawing and hypothesising. 1I1I: the hypothesis is
correct the word CORRECT’ appears and no more viewing and hypothesising cen
be done. At thia point the subject can examrine the diaplay on the screen for
as long as required, before going on to the next triel. When the command to
continue is giver, all the cosponsats are reatored to their neutral colours,
the failure is ’‘repeired’ and coaponent 10 _an be ssen to carry a signal of 1
again. Howaver then a failure occura somevhere 2lse in the network and
subjects repeat the fsult diagnoais procedure.

Subjecte vwere told that components could have either O or 2 inputs and O,
1 or 2 outputs, so thet scae components would have inputs but no ocutputs
(‘dead-ends’), some outputs but no inputs (‘originatorsa’), some both inputs
and ocutputs (’norsal’) and some neither (’dedoea’). The .AND. and .OR. logic
was explained to them with a diagraa and the diagras was available to thea
throughout the experisent. They were givan three goasls to work taowerds: (1)
learn how the network is structured, (2} find the failed component in as few
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vieus as poasible and (3) the first hypothesis aade aust be the correct
hypotheais.

The experisental session was two hours long. Instructions tock about 15
ainutes and then the subject was allowed to proceed with the fault diagnosis
task. Subjects vere not alloved to take notes or make drevings while they
did the task. However, at 35-ainute intervals (one-third and two-thirda
through the session and at the end) the subject vas interrupted and given e
picture of the network as it appeared on the screen. They were asked to draw
in where they currently thought the links were, based on the evidence they
had seen rather than on guesses about where they aight be. When the subject
vas satisfied with the draving, genereslly after sbcut 3 minutes, they
deacribed it to the experimenter. Then the drawving was taken sway and the
subject wvaa alloved to procwed wild the fault diagnoais task.

Subjects

Subincts were 32 undergraduate students froa University 2f Taronto and
vere puad 610 each for participating. They vere randoanly assigned to the
four coiditions until there were 8 subjects per condition. Students who had
taken intensive courses in computer acience or electrical engineering rere
not used in the experiment. HNo subject had experienced the netvork discovery
task before.

RESULTS
FAULT DIAGNOSIS

I1f a subject coapleted fewer than 50 trials, or was atill hypothesising
at randoa by the end of the experiment, his or her perforaance was not
comparable with that of other subjects and could not be included. The datas
for six ocut of 38 subjects were discarded using thia rule. For the 32
subjects whose data were included, the overall average number of trials
conpleted was 106.25 (SD=33.1). A two-vay ANOVA with factors Pattern (A/B)
end Probebility of Failure (Equal/Biased) gave no evidence to suggest that
the nuaber of trials coapleted was differenti under different experimental
conditions.

Suamary statistics

All subjects in all conditions showed considerable progress towards the
goala set in the instructions. “verall performence for each subject on the
first S0x of trials (’firat half’) was compsred with periorsance on the
second 350x (’second half’) for views and hypotheses. Two three-way ANOVAs
were used, the factors being Pattern, Probability of Failure and Helf. In
both cases, the main effect of Half was significant. All subjects took fewer
views in the aecond half bafore finding the failure (F(1,28)s 194.9, p<.001:
views in 1st half=5.17, 2nd half£=3.54). On nearly all occasions, in the
second half their first hypothesis was the correct hypothesis (F(1,28)s
15.11, p<.001: hypotheses in lat half=1.36, 2nd half=1.12). For both views



and hypothesea, no other asin effects or interactions vere significent.

Tranaition matricas were made from the rav data of the subject’s moves.
Given that a subject had just vieved or hypothesised a certain component,
with & given result, probabilities of the next action could be cealculated.
Froa the transition probabilities, it was possible to diacern the developaent
of aearch strategiea. For 30 of the 32 subjecta, & single clear,
idiocsyncratic strategy had eserged by the end of _he experiaent. One result
of this was that the entropy in the aubjects’ transition matrices for the
first 22 trials was auch higher than for the last 32 trials, by which tinme
ssarch was highly structured. The entropy for the first 32 trials was .71
and for the last 32 it vas .48, compared with a saxiaus possible of
approxinately .8 and a aimimum of approximately .4. A three-wsy ANOVA found
that this difference was highly significent (F(1,28):534.6, p<.001), and no
nain effects or interactions with the experimental conditions emerged. The
general impression froa the results is that subjects start by viewing
components exhaustively and not in any particular order. The final search
strategy eserges rather suddenly and generelly the subject will not alter it
for the rest of the experiaent.

Hypothesised Effects of Pattern and Probability of Feailure

For 32 subjecta. 25 different search patterns wvere generated, saking it
impossible to find a consistert preference for one sesrch strategy over
another between conditions. However, conditior did appear to have some
effect on the initisl component viewed. Components #9 and #8 can be
classified together as the components which link directly to #10, coaponents
#6 and #4 as having both inputs and outputs within the network proper and
coaponents #1, #2 and #3 as being ‘originators’ or sources. The results show
that #9 and #8 wvere more frequently the starting cosponents in the two Equsl
conditions (Equal®’ 12 out of 16, Biased: 6/16) while #4 and #6 vers more
frequently the starting coaponents in the Bissed conditions (Equal: 4/16,
Biased: 8/16), but this trend failed to reach aignificance. However, more
subjects achieved the optimal sesrch (average of 3.125 moves) in the two
Biased conditions (8/16) than in the two Equsl conditiona (2/16) €X'(1)=4.69,
p<.03),

NETWORK DRAWINGS

Subjects’ first, second and third network drawings were scored for the
presence or absence of real and non-existent linka. If a subject omitted a
resal link or included & non-existent link on one or more dravinge, he or she
vas said to have ’‘difficulty’ placing or eliminating that 1link. For all
subjects the third drawing was considerably more accurate than the first
draving. While the final drawing was oftan very close to the actual network,
only 2/8 subjects in each of the four cornditions produced a perfect final
drawing.
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Before looking at the influence of conditions on the ability to drev the
netvork, it ia iaportant to know whether the overall difficulty with the
dravinga was the sase for esch condition. It seems that this was the case.
T: vee differant measures of the frequency of difficulty vere examined in 2x2
contingency tables with the Pearson chi-squared test of independence. If a
subject showed difficulty with e link, this was sdded to the fregquency count
and the total vaas the cell entry. The results are shown in Teble 1. Firat,
the total number of link oaissions wes not significently different over
conditions. Second, the total nuaber of tises ocaisaiona vere still found by
the final drawing vas not aignificant. Finally, the total number of
‘comnissions’ of falss links wes not significantly different over conditions.
Thus any aystematic differences over coanditions in the sbility to drav linka
cannot be attributed to the general difficulty of the condition, but instead
are specific interactions of link difficulty with condition.

The spatial Pattern ranipulation appears to have exerted quite an
influsnce on which links subjects found difficult. This was usually true
sven wvhen evidence for the links was made amore avsilsbie in the Biassed
conditions, thus favouring the null hypothesis over the experimental
hypothesis.

As hypotheaised, the Pattern A subjects had conaiderable difficulty with
the #2-#4 links while the Pattern B subjects tendad to have more difficulty
with the #2-#6 links (see Table 2). In a chi-squared test of independence
there vas a Qignificant dependency between Pattern and the difficulty of the
two links (X(1)=4. 71, p<.03). In the last drawing made, many subjecta had
still not found the link supposed to be harder despite the inclusion of the
Biased conditiona and this difficulty still ahowed borderline significance (X
(1)=3.02, p¢.1). If we remove the Biagad conditions and look at difficulty
in the last drawing for the Equal] conditions only, the oversil difficulty
shows borderline aignificance (X 1)=2,86, p<. 1) and this finding becomes more
strongly significant for links never found (X 1)=3.99, p<.05). In general,
the Bias manipulation appears to have had very little influence in reducing
the difficulty subjecta had in finding the apatially more complex link.

It was also hypothesised that asudjects working on Pattern A would find
the #6-#8 link harder to find than the #4-#8 and that the reverse should be
true for subjects vorking cn Pettern B. As Teble 3 showa, this hypothesia
was not upheld when Equal and Biased cnnditions were coambined and ashowed only
a trend in the hypothessised direction when the Biased conditions were
eliminated. However a related effect emerged in the resulta. This effect
concerned the fact that in Pattern A the #3-#6-#8 pathway reversed direction
and the #1-#4-#8 was streight, while the opposite was trua for Pattern B.
There was 3 significant tendency for subjects using Pattern A to hypothesise
the non-existent link #3-#8 more frequently than #1-#8, and for subjects
uasing Pattern B to hypotheaise #1-#8 more frequently than #3-#8 (see Table
4). Collapsing over the Biased and Equal conditione this was significant (X

(1)26.32, p<.C23) and it was slsc significant for the Equal condition alone (Y’

(1)26,.48, p<.023). 1In each case, the preferred but non-existent link was an
abbreviation of the more complex pathway thet really existed. The effact
was not aignificant in the Biased conditjions.
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TABLE 1.

Difficultiea at

any atage

ALL A ALL B

EQUAL 33 42
BIASED 45 41

TABLE 2.
Difficulty at
any stage
ALL A ALL B
#2-#4 4 12

#2-#6 13 9

E N
X(1r=4.710
TABLE 3.
Difficulty at
any stage
ALL A ALL B
#4-#8 7 9

#6-#8 10 8

TABLE 4.
ALL A ALL B
#1-#8 1 8
#3-48 8 3
1
K(1)26.52¢

NUMBER OF LINKS FOUND DIFFICULT, SUMMED OVER SUBJECTS

Links never Felae links
found drawn
ALL A ALL B ALL A ALL B
13 14 16 13
1q 12 21 13
n.s. n.a.

SUBJECTS SHOWING DIFFICULTY WITH #2-#4 AND #2-#6

Link never Difficulty at Link never
found any stage found
ALL A ALL B A-EQU B-EQU A-EQU B-EQU
2 7 2 8 0 4
6 3 8 4 49 2
Kiv=s.02  Yenr=2.86  Xi1):3.99¢

SUBJECTS SHOWING DIFFICULTY #4-#8 AND #6-#8

Link never
found

ALL A ALL B

1 0

S 2

SUBJECTS DRAWING FALSE LINKS BETWEEN #1-#8 AND #3-#8

A-EQU B-EQU A-BIAS B-BIAS
] 4 1 4
6 3 2 2
a.

3((1)-6.48- n.s.

114



The only atrong effect of Bias on subjects’ ability to draw network links
wes seen for the links for which there was infrequent evidence. Link #1-#4
was leas frequent and more difficult in the A-Biased condttion and #3-#6 waa
less frequent and more difficult in the B-Biased condition (Y(1)=4.99,
p¢.0%).

The link which eluded subjects the moat, regardless of condition, vas
#8-#9. Twenty-two out of 32 aubjects experienced difficulty with it and
14/32 had atill]l not found it by the end of the experiment. This may to be
bacauae #9 waa the only .OR. coamponent with inputa, or because #9 ia in a
rather difficult spatial and logical configuretion.

Relationship of Network Drawing with Fault Diagnosis Performance

It ia important to establish the relationship between the evidence
subjects sav and the inferences about structure that they were able to make.
On the one hand, the spatial characteristics of the taak may have drawn
subjects tc provide theaselves with biased inforamation. On the other hand,
the spatial characteristics may have led them to ignore the information that
was present.

It is possible that Pattern A subjects saw the evidence for link #2-#6 on
a nuch later trial than #2-#4, and that the reverse was true for Pattern B
subjects. If so, the omission of the harder link in at least some of the
drawings would be due to lack of evidence. However the data auggest
othervise. Aa Table 5 shows, nearly all asubjects saw the two piecea of
evidence on the same trial. Thus it seeas that not enough subjects saw one
link before the other to make the difficulty with the drawings entirely
attributable to lack of evidence.

It may also be the case that subjects provided themselves with the
evidence for the spatially easier link more frequently than evidence for the
herder link and this made thea overlook the harder link. However, if
anything the opposite is true, as Table 6 illustrates. Thus the evidence for
inferring the apatislly harder link was definitely avajilable.

A similar approach can be taken for the non-existent #1-#8 and #3-#8
links. In all conditions except B-Biased, evidence for the fact that #1-#8
was not a link but rather the ends of the #1-#4-#8 pathway alwvays came before
the evidence that #3-#8 was the ends of the #3-#6-#8 pathway. Difficulty
with the link is quite !{ndependent of this factor. Difficulty is also
independent of the nuaber of times suljecta sav the coaplete pathway after
the evidences against the link had becose available.

Landeveerd’s (1979) results suggested that ability at fault diagnosis and
at drawing an image of the ayatem verse correlated, as both tasks drew on
spatial processea. Thet finding was partislly echoed here. The total number
of mistakes that subjecte made on the drawings was examined for correlations
with fault diegnosis mesaures. Firat, significant correlations wera found
between miatakea and entropy in the transition metrices for the first 32
trisls (r(30)=,67, p<.001) and the last 32 ‘jels (r(30)=.61, p<.001).

115



TABLE S. SUBJECTS SEEING EVIDENCE FOR #2-#4/w2-#6 IN SAME TRIAL

A B
EQUAL 7 8
BIASED 6 6

TABLE 6. SUBJECTS SEEING EVIDENCE FOR EASIER/HARDER LINK FIRST
A-EQUAL A-BIAS B-EQUAL B-BIAS
EASIER FIRST 2 3 4 1

HARDER FIRST 6 S 4 7

TABLE 7. NUMBER OF SUBJECTS ACHIEVING OPTINAL SEARCH STRATEGY

ALL A ALL B
3.125 (OPT) 2 8
3.25-4.125 14 8 )Gn«.ss-
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Second, no correlation was found between the total number of miastakes on the
drawing and each subject’s expected average nuaber of viewa (r(30)=,22),
Point biserial correlations were calculated between whether the subject found
the harder link from #2 and fault diagnoais performance measureg. There were
minor but significant correlations with the actual (not expected) aversye
nuaber of views for the last 32 trisls (r(30)=-.39, p<.05) and with
tranaition matrix entropy for the last 32 trials (r=-.4, p<.0S5).

The data made it clear that knowladge about the harder link was not &
necessary condition for achieving the most efficient search strategy. O0f the
10/32 subjects whose search atrategy had an expected average number of moves
of 3.125, 2 subjecta had still not found the most difficult link by the end
of the experiment., Nor did knowledge about the harder link guarantee an
efficient search atrategy. Of the 19/32 subjects who eventually found the
harder link, only 6 had a aearch atrategy whose expected average was 3.125,

DISCUSSION

The results of this experisent suggeat that a subject’s ability to make
logicai inferences about network links is affected by the spatial complexity
of the link in gqueation. Plauvaible linkagea or simple apatial
configurations wera apparently easier vo find or more likely to be invented.
In the Equal ccnditions, the #2-#4 link wes easier to identify than #2-#6 in
Pattern A ard the #2-#6 link was easier to identiiy than #2-#4 in Pattern B.
This vas so even though PLAULTER showed that the evidence for both linka was
uaually availsble to aubjects within the same trial. The exiatence of both
links should have been deduced using the first type of logical deduction
described (see above). Indeed, with the present results it is impossible to
state categorically that an appropriate deduction for the harder link was not
made at the sasme tise as the easjier link. It may have been noted, but .aot
retained or reinforced sufficiently well to appear on the network drawing.

The fact that the easy links form a simple straight line with the #4-#8
link for Pattern A, and with the #6-#8 link fo- Pattern B, apparently
overvhelmz the posasibility of other pathways. MNorecver, the tendency for
Pattern A subjects to draw a #3-#8 link and for Pattern B subjects to draw a
#1-#8 link asema to reflect a asimilar preference for a spatially aiample
pathway. The preference for simple pathwaya is probably related to the
workload of the task. The demands on working memory and intermediate memory
stores are quite high, particularly at the start of the experiment. Under
such conditionas the developing mental model of the network clearly auffered.

The Probability of Failure condition has very little effect on apparent
knovwiedge of the outputs from #2, especially for Pattern A where the effect
of the configuretion was most marked. However, an incressed probability of
feilure of #3 and #6 in Pattern A and of 71 and #4 in Pattern B leada to more
omnissione of the less frequent linka and fewer fslse hypothesea about the
leads into #8. This deaonatrates that in some caaes at least, frequency of
viewing evidence lesda to better knowledge. It alao poses the queation cf
why the greater frequency of evidence should not tl.en work for the harder



outputs of #2.

It is always posaible that the spetisl bias may have been exaggerated by
the fact that dual pasthwaya exiat between #2 and #8. Subjects may not have
realised that seperate signals from a coaponent could meet up again. However
there are arguaants againat this interpretetion. Firat, subjacts’ inability
to find the spatially harder link generally meant that, in their drawings,
there was an input miasing to #6 in Pattern A and %o #¢ in Pattern B.
Subjects knew this was impossible, aa all componenta had to have O or 2
inpute., NMany subjects expresaed confusion about the source of the second
input to this component, but the diff culty with the drawings persevered,
despite this swareness. Second, the tendency for Pattern A subjects to draw
#3-#8 and for Pattern B subjects to draw #1-#8 often generated a situa*jion
vhere asparste asignala from #3 (Pattern A) or #1 (Pattern B) met up again at
#8, via #6 and #4 resvectively. Although this link was redundent in teras of
the actual network, it shows that subjecta often did allow this sort of
structure in their drawings. However it is necessary to run a strong test of
the spatial bias hypotheasis where, for instance, the difficulty of the
pathways of interest is controlled for by other dual pathways within the
network.

The network drawing results may also be due to bissza preasent at the time
of drawing, rather thza bisses in what the subiect knew about the structure
of the network at that point. Convergent evidence is needed for the
existence of a gap in the subject’s knowledge. To a small degree, this is
provided by the fact thet the final failure search atrategy for 11/16 Pattern
A aubjects did not include the tranaition "If #5 is O, then view #2",
Similarly, the final failure seerch atrategy for 10/16 Pattern B subjects dicd
not include the ruie "If #4 is O, then view #2". These figures are not
compelling, but then they do reflect the final rather than an intermediete
strategy. By this point almost half the subjects had found the link and may
have nodified their strategies. The biaa in subjecte’ knowledge is also
clear at the end of the experiment when they are shown the correct network
structure to compare with their own drawinga. If they had not found a
particular link, subjects generally were surprised to asee it on the diagranm,
claiming that they had never suspected its existence or had seen evidence
against its exiatence, rather than that they had forgotten to draw it in.
Future experiments should provide other convergent measures of knowledge in
addition to the drawinga.

In the light of Landeweerd’s (1979) and Weingartner’s (1982) work, it is
intereating that correlstions eamerge between failure diagnosis performance
and the ability to drav diagrans. It is particularly interesting that the
correlationa emerge not wit' the efficiency of the final failure search
atretegy but with the entropy in the trsnaition matrix. Thia meana that the
more consistently the subject stuck to s search strutegy, the leas likely he
cr she vas to oait linka or hypotheaise falase links on the drawinga. The
actual efficiency of the aearch astrategy was not crucial.

Future evperimants are under development waich should clarify whether the
difficulty with linka is due to reluctance in making logical infarencea about
sone pstterna over others, or to mental load aaaociated with retaining auch



inferences. Subjectsa will be required to make on-line hypothezes about the
preaence or absence of linka in more complex networks and verbal protocola
will ba taken. Aasuaing theae aanipulations do not radically eliar the
nature of the task, subjects’ developing sental modela of the network will be
articulated more closely with their failure detection performance and with
objective calculstions of the evidence currently available.
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The paper describes the results of a sequence of erperiments
conducted on a two hand chord typewriter, to compare the
efficiency of different coding principles emnployed to
associate letters with their chord productions. This keyboard
represents an effort to idertify effective alternatives to
the existing typewriter. It consists of two seperate S-key
panels (one for each hand), and lett=rs are entered by typing
chords composed of one to five fingers. Each panel is capable
of producing the full Alphabet, and hence can be considered
to constitute an independert typewriter. Two key questions
raised by thie design are: a) What is the best coding
principle to represent the same letter on the two panels? b)
Is there a relationship between the perceptual complexity of
the cvword patterns that represent different letters and the
actual time to tyne them ?

One group of experiments contrasted the typing performance
of three groups of subjects. Two groups were trained with
horizontal, flat panels. The first acquired a code based upon
hand symmetry. The second was given a spatial congruence
coding principle based upon key arrangement. A third group
was trained in a condition in which the panels were tilted
uprignht to a vertical postion in which hand symmetry and
spatial arrangements are unified in the coordination of the
two hands, and all representation conflicts are resolved. The
results show & clear superiority of the spatial over hand
symmetry coding principle, and an additional advantage for
the integration of the two in a vertical posture. Further
experim.nts indicate that the main cause for these
differerices is the mode in which 1letter chords are
represented irn long term memory. If subj=cts are taght *o
conceive or imagine a superior representaion principle, their
performance improves dramatically even if the actual
performance conditions are conductive to high interference.

A second group of experiments was designed to separate
between perceptual and motor factors in the acivetion of
single letter chords. The results underline tne importance of
perceptual factors in the activation of motor plans. The
complexi! s of the patterns employed to represent letters
was shown to account for 50 percent of variance in the typing
speeds of single letters. Interesting individual differences
were found in the reliance o€ individuals on visually based

codes, and these differences affected systematicaly their
typing performance.

The theoretical implications of these results are discussed
in relation to a vision based theory of action plans.
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Applied issues are raised wi a reference to the design of
data entry devices, and the t iinirg of psychomotor skills.
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ON LOOKING INTO THE BLACK BOX:

PROSPECTS AND LIMITS IN THE SEARCH FOR MENTAL MODELS*

William B. Rouse and Nancy M. Morris

Search Technology, Inc.
25B Technology Park/Atlanta
Norcross, Georgia 30092

SUMMARY

It is a commor. assumptiorn that humans have mental models of
the systems with which they interact. In fact, it is difficult
to explein many aspects of human behavior without resorting to a
coastruct such as wmental models. However, acceptance of the
logical necessity of mental models can result in the raising of a
whole new set of issues, many of which can be quite troublesonme.
For example, what form do mental models take? How does the form
affect the usage of the models? How can and should & designer or

trainer attempt to affect humans' mental models?

Despite many swveeping claims in the 1literature, available
answers to the above questions are rather iradequate. There are

prospects for improving this situation. However, +there also

#*This summary is based on the following report:
Rovse, W.B. and Morris, N.M. On 1looking into the black

box: prospects and limits in the search for mental models.

Norcross, GA: Search Technology, Inc., Juiy 1984, 55 pp.
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appear to be limits; the black box will never be completely

trensparent. This paper considers these prospects and limits.

Te place +tne arguments advanced in this paper in
perspective, alternative points of view with regard to mental
models are first reviewed. Use of the construct in areas such as
neural information processing, manual control, decision making,
problem solving, and cognitive science are discussed. Also

reviewed are several taxonomies of mental models.

Attention then shifts to the available empirical evidence
for answering the questions posed earlier. A variety of studies
are reviewed where the type and form of humans' knowledge have
been manipulated. Also considered are numerous transfer of
training studies whose results provide indirect evidence of t*-

nature of mental models.

The alternative perspectives discussed above and the
spectrum of empirical evidence are combined to suggest a
framework within which research on mental models can ope viewed.
By considering interactions of dimensions of this framework, the
most salient unanswered questions can be identified. Further,
conjectures can be offered concerning possible inherent

limitations in the search for mental models.
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Issues in Developing a Normative Descriptive Model
for Dyadic Decision Making

By

Daniel Serfaty
and

David L. Kleinman

CYBERLAB
University of Comnecticut
Dept. of Electrical Engineerin,
and Computer Science
Storrs, CT 06268

ABSTRACT

Most research in modelling human information processing and Decision making
has been devoted to the case of the single human operator. In this present
effort, concepts from the fields of Organizational Behavior, Engineering
Psychology, Team Theory and Mathematical Modelling are merged in an attempt to
consider first the case of two cooperating decisionmakers (the Dyad) in a multi-
task environment. Rooted in the well-known Dynamic Decision Model (DDM), our
normative descriptive approach brings basic cognitive and psychophysical charac-
teristics inherent to human behavior into a Team Theoretic analytic framework.
An experimental paradigm, involving teams in dynamic decision making tasks, is
designed to produce the data with which to build the theoretical model.
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Abstract(informal paper, Annual Mental)
GETTING MENTAL MODELS AND COMPUTER MODELS TO COOPERATE

Thomas B. Sheridan, James Roseborough, Leon Charrney and Max Mendel

A qualitative theory of supervisory control is outlined wherein the mental
models of one or more human operators are related to the knowledge
representations within automatic controllers (observers, estimators) and
operator decision aids (expert systems, advice-givers). Methods of
quantifying knowledge and the calibration cf one knowledge representation
to another (human, computer, or "objective truth”) are discussed. Ongoing
experiments in the use of decision aids for exploring one's own objective
function or exploring system constraints and control strategies are

described.

PRECEDING PAGE BLANK NOT FILA™D
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A COMPARATIVE STUDY OF ALTERNATIVE
CONTROLS AND DISPLAYS
FOR BY THE SEVERELY PHYSICALLY HANDICAPPED*

Douglas Williams and Carol Simpson
Psycho-Linguistic Research, 2055 Sterling Av. Menlo Park, CA 94025
and Margaret Barker
Children's Hospital at stanford, 520 Willow Road, Palo Alto, CA 94304

ABSTRACT

fftective communication for the physically disabled individual relies on
ontirol ana cisplay system design. The systems currently available to
individuals restric+*c” to using single switch interfaces by their
inveluntary (athetoid) wovements have limited use and are inadequate for
communication. Frustration followed by rejection of these aids is

widespread.

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

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

BACKGROUND

This projec* addressed a question that was raised during the development
of a versatile, portable, speecrh prosthesis (VPSP) for the severely
disabled (LeBlanc, Simpson, Williams, and Lingel, 1980), which is a

* A joint effort between the Rehabilication Engineering Center,
Cnildren's Hospital at Stanford and PLRA, supported by an Office of
Special Educatio.., U.S. Dept. of Education grant. Maurice LeBlanc,
Director of Research, Childrens Hospital at Stanford, directed the
project. The software was developed by Sol Katzman. Research assistants
Becky Gordon, Tom Dominguez and Leslie Roberts helped run the subjects.
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microprocessor based, wheelchair portable, speech prosthesis that can be
controlled to speak and/or store any speech message desired by the user,
Different control and display systems were provided fur users with
vary‘.g degrees of motor control: 1) l-switch, row/column scvanning; 2)
joystick + selection switch or 5-slot controller and a user~-driven
cursor; 3) keyboard, direct selection. These cont.cl and displey sysiems
were chosen because they are typical of a wide range of commercially
available communication and environmental control devices.

While communication speeds of 30 10ords per minute were obtained using the
VPCP keyboard, experienced users could do nc better than 4 WPM using the
row-column scanning system, and users with cerebral palsy were
considerably slower. Wethered (1976) found that iudividuals with
cerebral palsy were slower using single switches than individuals with
muscular dystrophy or multiple sclerosis, supporting what was found with
the VPSP.

Commercially available communication 2nd environmental control aids all
use variations of three basic approaches to control and display systems
which enable th2» user to indicate ris or her intendel elements ¢«: svmbols
of communication. Tlese are scanning, encoding and direct selection. The
approach that an individual uses is dependent upon that incividual's
physical and cognitive abilities. For an individual physicallv limited
to the use of one or two switches or methods of indication, the approach
used must involve scanning, aisthough it may be combined with encoding in
some cases., '‘Vanderheiden and Harris-Vanderheiden, 1976).

Vanderheiden (in vanderheiden and Grilley, 1976) indicated that scanning
is extremely powerful because it can oe used by individuale with minimal
control (e.g. able to _.onsistently make only cne or twc movements or
signals). He also indicated that the power of the scanning technique is
offset by slow speed of communication. The speed is slow because much
time ig spent passing over unwanted symbols before arriving at the
desired symbol.

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

APPROACH
Our nurpose was to study the ability of persons with athetoid cerebral

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

An interface consisting of two switches utilized this behavior. One
sv._tch, the "scanning switch", moved the cursor when it was actuated
(spced of cursor mover=nt was adjustable for each user). This switun was
used vo position . :ursor on the desired item - one of the rows or an
item within a row. Tne second switch was the "selection switch™, which
"selects” the item next to the cursor. If the selected item is a row to
be scanned, then the act of selecting it causes the cursor to move across
the row when the user next activates the scanning switch. If the
selected item is ar item in one of t''e rows, then the act of selecting i.
transfers the selected item to a holding space (where the user would
construct sentences for viewing, printing or speaking in a complete
prosthesis system.) When neither switch is pressed, the system does
nothing, allowing the user to rest, think, or whatever.

Our principal goal was to determine whether the alternative user-driven
cursor, 2-switch system is any more effective for the target population
than is the currently used row/column scanning system. A one-dimensional
vertical columr linear scan system, and a one-dimensional, linesar
(horizontal row) scan system. were also studied so as to isolate the
effect, if any, of the two-dimensinnal fcature of row/column scanning
systems apart fror their scanning feature.

METHOD

Candidate Subjects

From CHS patient lists and from siudents at local schools, we obtained
volunteers for this study and {rom this group chose six for intensive
study who had: 1. severe atlietosis; 2. cognitive akility to recognize
the letters used and to f{ollow the diractions given; and 3. passed the
screening test (descriked below).

Screening Test

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

The screening test consisted of from 3 to 6 trials, with tne number of
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trials determined by the candidate's performance as the test progressed.
The task for each trial was to use the "select" switch to select a target
item, a letter of the alphabet, presented by the computer. Only the
first response on each trial was recorded for test purposes. Each wrong
response was racorded in terms of its distance in the scan in front of or
after the target: -1 means the item in the scan just before the target;
0 means the target was accurately selected; +3 means the item 3 items
after the tvarget was selected. The probability of someone whose
switch-actuation behavior is completely random sel2cting cne particular
ietter from an array of 12 letters is 0.0833. Thus, the chance of three
such selections being made in three trials by such an individual is
0.00057. This was our criterion for accurate performance; if an
individval selected the target letter three times, he was judged not
impaired enough to qualify for this study. If he made three +1 or -1
errors (p = 0.0046), then the candidate was judged to have the r juisite
athetoid behavior and comprehension of the task to participate in the
study. If, after three trials, neither 3 target selections nor 3 +1 or
-1 errors had occurred, the testing was continued to a maximum of six
trials.

If ac the end of & trials, 3 or more of the responses were of the -1, 0,
or +1 type, with the condition that 2 of the 3 be of the -1 or +1 type (p
= (6.0033), the candidate was included as a subject in the stuay. If any
other pattern of responses resulted, the candidate was not selected,
since a variety of cother problems, such as inability to find the target
visually, could be present. {Such problems are also important but are
simply beyond the scope of this study.)

Subjects

Of the 39 candidate subjects who participated in the screening process,
18 were too accurate, 15 displayed neither high accuracy nor the high
rate of +1 and -1 type »f errors. The rzmaining 6 candidates were
selected by the algorithm as having the behavior of interest to this
study. Table 1 shows the characteristics of the six subjects in terms of
age, diagncsis, and current communication device, if any.

Equipment

A TRS-80 Model III Microcomputer was purchased for this project, and
programmed to handle all stimulus presentation, response timing and
accuracy measures, and some of the data reduction. Suitable single and
double switches were constructed by the Children's Hospital at Stanford
Rehabilitation Engineering Center to prcvide each child with a switch he
or she could activate as reliably and accurately as possible, by whatever
method was most effective. Actuation means included head motion, head
stick, hands, feet, or gross limb movement. The cumputer was programmed
to present an easily-taught and understood lette. selection task orn the
CRT screen. Twelve letters of tne alphabet were chosen for their visual
dissimilarity, as determined frum grapheme confusion matc¢ix data in the
published literature (Kinney, Marsetta, and Showman, 1966). These
letters were displayed on the screen in a row/column matrix, a single
row, or a single column, as appropriate for the experimental condition.
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Subj. #,

Sex Age
1,F 14
2,F 18
3,M 14
4,F 20
5,M 18
6,M 18

Diagnosis
Athetoid CP

Athetoid CP

Athetoid CP

Athetoid CP

Athetoid CP
Severe
Scoliosis

Athetoid CP

Current Communication Method

Elec.

ETRAN and eyes left and
right for yes and no
answers to questions

Speech unintelligible
except to fricands;
no written method

Some speech, nods for
yes/no, some typing
with many errors

Nods head for yes/no;
eyegaze at wordbook

Yes/no by looking at
chair arms; "yes" and
"no" written on w/c
arms

Speech unintelligible
except to friends;
Blissboard, with diffi-
culty due to inaccurate
pointing

TABLE 1.

CHARACTERISTICS OF SUBJECTS

none

none

joy~
stick
on elec.
w/e

none

none

joy-
stick
on elec.
w/c

Selection

Zygo lever left
side of head

Right hand
pressing Zygo
tread switch
on table

Zygo tread
switch on
laptray
(L. hand)

Zygo tread
switch on L.
side of
headrest

Zygo tread
switch on
L. side of
headrest

L. hand on
Zygo tread switch
on laptray

Scanning
Control

Zygo lever ri at
side of head

Left hand pressing
Zygo tread switch
on table

Zygo tread switch
Jn laptray
(R. hand)

Zygo tread
switch on R.
side of
headrest

Zygo tread switch
on R. side of
headrest

R. hand on
Zygo tread switch
on laptray



a. Row coluin scanning system, row indicated by cursors.

b. User driven cursor, 2-switch system. Letter "a"
indicated by cursors,

Figure 1. photographs of displays on the TRS-80 Mode 111
Moniter for each of the four types of systems.
The "target" letter is displaved in the box.
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d. Column scanning. Letter "h" indicated by cursors.

Figure 1, continued.
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(See Figure 1) The computer was programmed to dvivz the cursor in a
row-column scan under computer control, a row- column scan under subject
control, and two types of linear scan (vertical and horizontal) under
computer control. The programs to accomplish much of this made use of
algorithms implemented in software developed for the VPSP.
Implementation of these algorithms to> provide a test and evaluation
package on a widely-available computer s a significant benefit of this
project, and this software has been made available for diagnosis of
children and evaluation of switches.

Experimental Design

Each of the six subjects used each of the four systems, one at a time.
The order of systems used was balanced across subjects to control for
transfer effects. A given subject used a system approximately every
other day, except weekends, for approximately 2 hours per day. The first
day consisted of familiarization with the system to reduce the effects of
learning. Each subsequent day with that system included some
refamiliarization time. Each day contained 3 runs of 12 trials each.
Between runs, subjects rested and relaxed, as they wished. The task for
each trial was to select a "target" letter (which was shown on a special
area of the CRT) from the row-column (scanning or subject-driven) or
linear array displayed on the CRT. Each of the twelve letters was
presented an equal number of times within each run, in random order. A
subject used the same system for 3 days for a total of 9 runs with that
system. The procedure was then repeated with the next system until that
subject had used all four systems. All runs with a given system were in
succession to provide for subject familiarization with a given system and
s0 that learning could be detected.

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

RESULTS AND DATA ANALYSIS

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



different rate.

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

Scan Time Data Analysis

Table 2 shows the overall means and standard deviations of scan time for
each of the four systems.

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

SCAN TIME
SYSTEM MEAN SDh
ROW/COL DIRECTED 19.4 6.9
ROW/COL AUTO 15.1 6.5
ROW AUTO 15.0 5.0
COLUMN AUTO 15.8 8.1

Table 3 shows the results of a 2-Way AOV of the effects on scan time for
systems by runs for all six subjects. (AOV done with computer programs
from Wollach, 1983)

TABLE 3. ANALYSIS OF VARIANCE FOR SCAN TIMES

SOURCE ss DF MS F P
Subjects 5947.7 5 1189.5 26.82 <0.0001
System 693.2 3 231.1 1.72 0.2
Subj. x Sys 2005.0 15 133.7

Runs 783.2 8 97.9 2.06 0.063
Runs x Ss 1902.9 40 47.6

Sys x Runs 1356.6 24 56.5 1.76 0.024
Sys x R x Ss 3852.6 120 32.1

Total 16541.3 215

There was no significant effect for system (p=0.2), but runs approached
significance (p=0.063). The interaction between systems and runs was
significant (p=0.024) however, as was subjects (p<.0001).
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Error Data and Analysis

Table 4 shows the total number of misses made by all subjects for each
of the four systems.

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

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

TOTAL
MISSES 249 451 289 281

The error analysis, Table 5, is a simple l-way AOV with system as the
variable under test, and a significant (p=0.0005) effect due to system
is shown.

TABLE 5. ANALYSIS OF VARIANCE TABLE FOR ERROR DATA

SOURCE SS DF MS F P
System 49.3 3 16.4 6.18 <0.001
Subiects 319.9 5 64.0 24.10 <0.001
Sys x Ss 107.5 15 7.2 2.70 <0.005
Within 504.9 190 2.6

Total 981.6 213

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

Table 6 shows the total number of successful target selections and
failures in target selection for each system. For a given target, the
selection was scored as a success as long as the subject managed to
select the target correctly within six tries. If he or she missed six
times on the same target, then that trial was scored as a failure and a
new target was presented.
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TABLE 6. NUMBER OF FAILURES AND OF SUCCESSFUL TARGET SELECTIONS FOR EACH
OF FOUR SYSTEMS. N=6 SUBJECTS, EACH PERFORMING 108 TARGET TRIALS PER
SYSTEM.

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

FAILURES 2 13 2 7

SUCCESSES 646 635 646 629*

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

CONCLUSIONS

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

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

An important 1mplication of this last finding is that the two hours
practice was sufficient time for these subjects to have reached at least
a learring platead, if not an asymptote, in the use of these systems.
While these were iairly simple control/display systems the subjects did
have to acdapt to new switches, a new situation, people they had not met
before, a novel task, and a computer which they had not worked with
before. It is useful to know that two hours practice is sufficient to
almost completely train this population. This finding alone could save
many hours of unnecessary "training” which people like these are often
subjected to when they are introduced to a new communication system.

*pProcedural probiems due to fatigue of one subject reduced the total
number of trials for the Column Auto Scan system to 636 instead of the
648 trials used for the other three systems.
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Examination of the mean scan times shows that the row-coluan
auto-scanning scheme is, for these subjects, the worst choice, though not
significantly so, of all the systems tested. In terms of errors, it is
significantly worse than any other tested system.

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

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

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

A brief manual control test and decision strategy have been developed,
laboratory tested, and field validated which provide a means for detecting
human operator impaivment from alcohol or other drugs. The test requires th-
operator to stabilize progressively unstable controlled element dynamics.
Control theory and experimental data verify that the human operator's control
ability on this task is constrained by basic cybermetic characteristics, and
that task performance 1is reliably affected by impairment effects on these
characteristics.

Assessment of human operator control ability is determin~d by a statisti-
cally based decision strategy. The operator is allowed several chances to
exceed a preset pass criterion. Procedures are described for setting the pass
criterion based on individual &pility and a desired unimpaired failure rate.
These procedures were field tested with apparatus installed in automobiles
that was designed to discourage urunk drivers from operating their vehicles.
This test program, sponsored by the U.S. Department of Transportation, demon-
strated that the control task and detection strategy could be applied in a
practical setting to screen human operaters for impairment in their basic
cybernetic skills.

INTRODUCTION

This paper reviews the development and validation of a behavioral testing
device which can detect human operator impairment. These skills are important
in performing tasks which require continuously manipulating displayed vari-
ables with a control device, such as driving or machinery operation. The
manual control skills required to perform these types of tasks have been
extensively studied (Ref. 1), and the test described herein has been developed
to detect impairment in these skills. '

The test involves two components, a control task and a detection strategy.
The control task, called the Critical Tracking Task (CTT), was developed in
the early sixties to test pilot and astronaut visual motor performance
(Refs. 2 and 3). Over the years it has proven to be an effective indicator of
the effects of environmental stresses [e.g., noise (Ref. 4); space statior
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confinement (Ref. 5); ship motion, (Ref. 6); Aapacecraft re-eutry (Ref. 7);
human operator impairment (e.g., alcohol (Ref. 8): and marihuana (Ref. 9)].

The use of the CTT as an alcohol impairment detection device was first
tested in automobiles by the General Motors Corp. (Ref. 10). Subsequent
research sponsored by the U. S. Dept. of Transportation (Refs. 11-14) was con-
ducted to optimize the test sirategy. In subsequent research the statistical
decision theory for optimizing the detection strategy was developed and vali-
dated in laboratory tests (Ref. 15). Following this, vehicle mounted devices
were assigned to convicted drunk drivers to obtain field validation data
(Ref. 16).

In the remainder of this paper we will briefly describe the control theory
basis for the CTT, the statistical theory behind the impairment detection
strategy, and laboratory and field test results which validate tester perform-
ance in a practical, operational enviromment.

Critical Tracking Task (CTT)

The task description and theory of operation for the CIT have been previ-
ously documented (Refs. 2 and 3). A summary is illustrated in Fig. 1. The
task dynamics consist of an unstable controlled element, and an autopacer unit
which controls the location of the unstable pole. No input 1is necessary
because the operator's remnant (noise) 1is sufficient to disturb the system.
The unstable root, A, is 1initially set at a small value. As the subject
begins to perform the task, the plant instability is increased (the root moves
further into the right half plane). When a filtered version (with a one
second time constant) of the displayed plant output deviations (m) exceed
about 152 of the display range, the rate of increase of A 18 reduced by a
factor of four times in order to slowly approach the point of closed loop
instability and avoid overshoot. When m exceeds the display limits, control
loss 1s assumed and the pole location at this point, termed the critical
instability limit or A., is used as the task performance metric. The total
test time for experienced subjects is on the order of 30 seconds.
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As 1indicated in Fig. I, the subject's task performance depends on a
visual/motor dvnamic time delay (te), a gain (Ky), and int rnal noise or
remnant (random control actions). The subject's time delay d. :-ates the shap.
of the root locus (the pure time delay causes the complex branches to bend to
the right) while determines the operating point on the locus. Increasing
the task instability ()) transla*tes the entire locus to the right or unstable
difrection. The pure galn closure dictates two primary close loop roots (a
pure time delay actually gives an infinite mumber of roots, but the lowest
frequency palir dictate the stability characteristics). The operator's optimum
strategy 18 to set Ky to locate both closed loop poles on the imaginary axis
ac indicated. The task {s continually perturbed by the operator's internal
noise source. As the point of clused lonp 1instahility 1is approached, the
underdamped closed loop system response tends to increasingly amplify display
deflections, a first causing a reduction in the autopacing rate, then finally
terminating a trial when the display bounds are exceeded. These theoretical
aspects have been carefully validated by experiments in the USA (Refs. 2 and
3); and Netherlands (Ref., 17).

Impairnents can affeci the human operator's control capability in three
ways: 1) increased visual/motor time delay (1¢); 2) interference with accur-
ate adjustments; 3) 1increased noise. Any combination of these three
impairment effects would tend to reduce the achievable task score, A..
Several past studies have been conducted on the effects of alcohol on A..
Summary vesults are plotted in Tig. 2. As noted here, results have been
extremely reliable across several past studies.

Impairment Detection Strategy (IDS)

Details of the development and optimization of the IDS have beea described
previously (Refs. 15 and 18). The objective of the IDS is to maximize the
chance of detecting operator impairment with a winimum number of CIT trials.
This research developed a statistically based decision strategy to maximize
test discviminability (i.e., low fall rate for normal operators and high
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failure rate for impaired operators). The IDS development and optimization
started with an analysis of the statistical properties of CTT performance
(Ac.). Analysis of past data showed trial-to-trial and between subject per—
formance variability to be quite consistent across several studies (Refs. 15
and 18) and a reliable effect of alcohol impairment was noted as illustrated
in Fig. 2. It was also found that subjects could be rapidly trained on the
CIT but residual long term skill improvement would have to be accounted for.

Based on the statistical analysis of past data several IDS requirements
were established: 1) significant perforuance differences between operators
require individualized pass criteria; 2) stable performance score variance and
relatively independent trial-to—trial performance variability allow the use of
simple multiple sampling strategies; and 3) long term residual skill improve-
ment would require ptocedures for sampling and periodically upgrading perform-
ance criteria.

The important statistical characteristics of CTIT performance relative to
IDS development can be illustrated with cumulative distributioan functions as
shown in Fig. 3. The distributions are normalized and averaged across a large
number of subjects and plotted on probability paper (3 Gaussian distribution
plots as a straight line). The data are normally distributed over a wide
range, and the alcohol effect is clearly indicated. The basic requirement of
the IDS is that sampled subject performance must exceed a preset pass level.
Several sampling strategies were analyzed and tested with past data bases
(Refs. 15 and 18) and, for various reasons, a one pess out of several
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permitted attewpts was selected. With this strategy, and assuming independent
trials, the probability of fatling the test is the singl. trial probability of
failure raised to the power of the number cf permitted attempts:

Peag) (N trials) = [Pg,qy(single trial)|N

This apprnach permits us to simply define the pass level given a subject's
performance distribution and a desired probability of test failure when sober.
For example, for a 2.52 failure probability given four attenpts, the single
trial probability must be approximately 402 (i.e., (0. 4)4 2 0.025). Given
this sober pass level as indicated in Fig. 3, one can also derive the expected
drunk fafilure rates (f.e., at BAC = 0.10, (0 76)4 % 0.35 and st BAC = 0.15,
(0.96)% = 0,85). A statistical model based on the above procedure was
developed, and IS model predictions of failure rates were compared with fail-
ure rates obtained with the IDS applied to past experimental data (Ref. 15).
The discriminability results are {llustrated in Fig. 4.

The good agreement above hetween model and data suggest that the detection
strategy is well understood, and that amn adejuate procedure for estsblishing
task performance pass levels has been sgtatlished. The above strategy and
procedures embody two other desirable features: first, the pass levels are
near a subjects average or median performance level, which 18 stable and can
be detewmmined r.  tably; second, a subject's cumulative distribution function
can be used L0 euzlily determine pass level, and also to upgrade the pass level
to account for residual skill improvement.,
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LABORATORY VALIDATION EXPERIMENT

To validate the effectiveness of the CIT and IDS just described, an
experiment was conducted that compared CTIT score with both BAC (Blood Alcohol
Concentration; weight/volume) and driving performance in a driving simulator
(Ref. 15). Subjects were convicted drunk drivers obtained through the cooper-
ation of the Los Angeles Municipal Courts. Twenty—four so called volunteers
were permitted to participate in the experiment as a condition of probation,
and, in exchange, received a reduction in their court sanctioned fine.

After being accepted, the subjects were required to participate in three
2-hour training sessions and threec rull-day experimental sessions. Each sub-
ject participated in one placebo and two drinking sessions. The subject popu-
lation was divided into three groups matched for age, sex, and driving experi-
ence, and the order of occurrence of placebo session was different for each
group.

Validation experiment results are summarized in Fig. 5. Notice, first,
that the discriminability data agree with the statistical model developed from
past experimental studies. More importantly, analysis of simulator data shows
a high correlation berween simulator accidents and test failure. As shown in
Fig. 5, pre-drive CIT failures detected 81% of subsequent simulator accidents.
These correlations between predicted and actual test performance show that it
is now possible to both predict and verify vehicle operator impairment using a
cybernetic task such as the Critical Tracking Test in combination with a suit-
able Impairment Detection Strategy.

Additional findings were also obtained on subject training procedvres.
CTT performance obviously has a strong motivational component. The validation
experiment subjects were assigned by the traffic court and were not truly
motivated volunteers. Several subjects exhibited a lackadaisical attitude
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during training, and were not encouraged by the positive reinforcement pay-
ments that were offered for good performance., In a subsequent tralning exper—
iment (Ref. 19} it was found that giving a time penalty (30 second wait) for
test fallures was a much more effective way to deal with non-volunteer sub~
jects who were motivated mainly to minimize thelr time Iinvolvenment.

FIELD VALYDATION EXPERIEMENT

The purposz of the field validation experiment was to demonstrate that a
vehicle mounted CTT/IDS could be assigned to convicted drunk drivers on a
practical basis. This included selection and assignment by traffic courts and
exclusive routine use by the reciplents for a six month period. The vehicile
mounted test equipment, shown in Fig. 6, combined the CIT/IDS into a system
called the Drunk Driving Warning System (DDMS); and was installed in ten 1978
Chevrolet Nova autos. The subject had to pass the DOWS test in order to deac—
tivate certain alarms: the car could be driven without passing the test, but
in this case the emergency flashers would operate, and 1f the car was driven
over 10 miles per hour, the horn would honk once per second. If the driver
fatled the test (four fail trials in successicn), the computer required a ten
minute walt before retesting was vermittied.

Various countermeasures were incorporated Into the DDUWS to prevent cheai~
ing., These Included sealing components and cables o prevent or reveal physi-
cal tampering, and requiring retesting if the driver left the driver's seail or
opaned his door after starting the test. An event recorder was also incorpo-
rated into DDWS o monitor the driver's use of DDWS and record Instances of
teet fallure and/or driving with alarms activated. Extensive usage data by
time of day were obtained,

alSubsect Gispioy ang Steering wheel Control B) Trunck Mounted Flectionics ond Cossotis
Doty Recorder

Figure 6., Vehicle Mounted Field Test Apparatus




Two municipal court judges were willing tc administer the DDWS as a sanc-
tion to convicted drunk drivers. The California law was temporarily modified
to permit experimental evaivation of the DDWS sanction. Approval and/or
cooperation was obtained fror various state agencles (e.g., the Department of
Motor Vehicles) in order to carry out the field test program. Nineteen
drivers were subsequently assigned DDWS vehicles to be used exclusively over a
six month period. Their licenses were restricted so that they could not
legally drive any other vehicle. After initial training the alarm system was
activated and the subjects were required to check—-in at two week intervals.
During the check-in sessions, the car and DDWS system were inspected, and the
data tape was removed and computer analyzed. The subjects were debriefed and
questioned about test failure episodes. (There was no penalty for admitting
such instances during the test period.)

EESULTS

The overall results were derived from three basic dara sources:
1) recorded data which was retrieved aud reviewed at the biweekly check-in
sessions; 2) in-depth assessments developed during data reviews and debrief-
ir_s at the biweekly check-ins; 3) structured interview data obtained from
subjects, colleagues, and relatives of subjects, court and state agency per—
sonnel associated with the program, and others associated with the general
drunk driving problem. Results from these three sources were as follows.

Recorded Data

Recorded data were analyzed to look for DDWS influence on driving pat-
terns, subject performance, and the ability of DDWS to detect impaired
drivers. Requiring the driver to take the CIT test with or without the DDWS
alarms activated seemed to have little effect on day or night driving patterns
(Ref. 16). An analysis of test passes and failures was performed for check-in
sessions at the beginning and end of Phase II (alarms on) and the end of
Phase I and beginning of Phase III (alarms off). The purpose of this analysis
was to determine whether having the alarms activated affected vehicle usage.

Data for test attempts as a function of time of day are illustrated in
Fig. 7. Chi-squared analysis showed the test attempt differences between
alarms on and off to be marginally significant (p = 0.038). On a relative
basis the alarms on vs. off test attempts are small except for the early morn—
ing hours (12:00-4:00 am). Time of day differences were obviocusly highly sig-
nificant. Time of day interactions with test attempts and performance (pass/
fail) were found to be significant while most weekday vs. weekend interactions
were found to be small or not significant (Ref. 18). Thus, further analysis
was restricted to time of day effects.

Failure rates for various time periods are 1illustrated in Fig. 8. Day
time failure rates were about what was expected (i.e., ¥ 2.5 percent) based on
the procedure used to set individualized CTT pass scores. Nighttime faflure
rates were three to seven times greater than this level, however, which is
congistent with high 1incidence of drinking and driving during nighttime
“recreational/social” periods vs. daytime trips for commuting to and from work
and running errands.
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In-Depth Analysis

Since no objective data was available on subject blood alcohol concentra-
tion (BAC), the ability of DDWS to circumvent drinking/driving trips rests on
circumstantial objective evidence such as shown in Fig. 8. Debriefing inform-
ation was obtained on all test failures, however, and this data was combined
with objective data as suvmmarized in Table 1 to further classify test failure.
Total test failures have been partitioned according to whether the driver was
felt to be sober, impaired, or whether some equipment problem might have
caused the fallure (equipment malfunction episodes were experienced with
several subjects).

Differential test scores (test score—pass level) were computed from the
cassette logged data, and when this score was greater than -0.4 (i.e., the
test score was greater than 0.4 units below the pass level) tne subject was
assumed to be sober when the test was taken. This assumption was based on
analysis of a statistical model for CIT scores and amounts to a 95 percent
level of confidence that BAC was less than 0.05 percent wt/vol (Ref. 18). 1In
the case of subject 19, it was felt that his pass level in the beginning was

TABLE 1. IN-DEPTH ANALYSIS OF TEST FAILURES

Test Failures
Subject Trips
Nuwber Total ( A)‘Sorezo 4) Problem Impaired With
P * Alarms
ol 36 9 3 24 0
05 20 6 8 6 0
06 5 3 0 2 0
07 4 2 1 1 0
08 6 4 1 1 0
09 4 3 1 0 0
10 14 9 2 3 0
11 8 4 1 3 0
12 17 9 1 7 0
13 38 26 6 6 0
14 29 12 12 5 0
15 6 5 0 1 0
16 4 3 2 0 0
17 26 S * 10 11 1
19 112 24 8 81 5
20 13 12 0 1 1
22 9 4 2 3 0
*
Alp > -0.2
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set too high, so his total failures for AA » -0.2 were used. Problem failures
were interpreted from the in-depth analysis, and the impaired failures were

given by

F(Impaired) = F(Total) - F(Sober) - F(Problem)

As noted in Table 1, even if we account for sober and problem failures,
there still remain a significant portion of impaired failures, with two sub-
jects accounting for the majority of these. The DDWS alarms should deter the
subject from driving, but as recorded by the data logger and indicated
in Table 1 three subjects drove with the alarms activated.

Subjects 17 and 20 had isolated incidences where the car had to be moved a
short distance. Subject 19 actually admitted to occasionally driving his car
without passing the test after drinking. This constituted a fairly serious
violation of one of the conditions of probation, and the court was so noti-
fied. Subject 19 was cooperative, however, and it was recommended that he be
permitted to remain in the program.

Debriefing Information Analysis

The municipal courts and California Department of Motor Vehicles carried
out their part in project support without serious problems. The courts do
need an individual to take charge of subject screening, however, as was avall-
able through the West Los Angeles Municipal Court. Also, license restriction
needs to be indicated on the front of the license to alert enforcement person—
nel and others (e.g., car rental agencies) of the DDWS user's restricted driv-
ing privilege. California is currently investigating this f.ature and may
provide it in the near future.

Public acceptability for the DDWS concept has been quite good, once the
objectives, approach, and background have been fairly presenter. News media
accounts of DDWS were falr and many times positive, although occasionally with
some minor misinformation. Positive opinions have also been elicited by other
individuals associated with the drunk driving problems, including relatives
and colleagues of the DWI offenders employed here as subjects.

Finally, subject acceptance was quite good. No one found the DDWS to be a
hardship, and most found it to be a deiirable and effective sanction. Most
subjects would choose DDWS compared to fines, license restriction or suspen-
sion, or jail.

CONCLUDING REMARKS

The data presented here and elsewhere (Ref. 18) indicate that a DDWS
equipped vehicle can maintain good impaired driver discriminability in a field
setting. As to whether subjects drive after test fallure, in-depth analysis
showed only three subjects drove with the alarms on (a violation of probation
which is recurded by the DDWS data logger). One subject was determined to
have driven while impaired, and even in this case there is some indication
that the drive was made at low speed. Thus, test failure would appear to sig-
nificantly deter DWI trips.
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The CIT/IDS could be used as a cybernetic screening device in other sce-
narios such as: daily screening of commercial or government vehicle operators,
industrial process or power plant operators, etc. “Card/key” systems could be
uced to permit a common device to be used by a number of individuals wherein
the individual scores are updated in the card via a magnetic strip. Finally,
the impairment detection system (IDS) could be used with other cybernetic
tasks that might riove to be sensitive to other aspects of human operator
impairment.
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ABSTRACT

The relationship between the movement time (MT) for accurate and rapid
discrete moverments of distance A to a target of width W was quantified b,
Fitts and is given by the equation:

MT = a + b log, (2A/W)

This relationship, known as Fitts' Law, has received considerable support
for many types of movements, It also raises the interesting question: if MT
is affected by distance moved and accuracy, then how do the patterns of muscle
activation alter?

Recent studies on elbow joint movements indicate that for movements of
different amplitudes, either the intensity of the EMG or the time course
increase. with increasing distance.

We studied how accuracy of movement affects the patterns of muscle
activation. The study was performed on the ankle joint because of the
asymmetrical nature of extensors and flexors. Seven subjects made accurate
and rapid ankle movements of 12, 18 and 24 degrees to targets of 2, 4 and 8
degrees. The data suggest that the agonist muscle was activated for a longer
time and with greater intensity for larger movements. The duration of the EMG
burst increases for increases in target siz. but the amplitude was not
affected. It appears that the pattern of activation is modified in bot
intensity and duration according to task demands.

Data is presented to show the effect of adopting different movement
strategies on the pattern of muscle activation and the consequent velocity

profile. The interrelationship of various kinematic and EMG variables is
considered.
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INTRODUCTION

The neurophysiological mechanisms underlying voluntary, purposeful, rapid
Jimb movements from one pousition to another has been a fertile topic of
research for centuries. DNescartes (1637) proposed an elahorate control model
of agonist and antagonist activity.

One typical pattern of muscle activation associated with self terminating
movements has been described as triprhasic., This refers to the fact that in
electromyographic activity (EMG) there is an aqonist burst, an antagonist
burst and a second agenist burst, In a general sense this pattern seems most
compatible with an impulse-timing theory of movement control (Schmidt,
Zelaznik, Hawkins, Frank and Quinn, 1979; Wallace, 1981; Wallace and Wright,
1982) in which movement is coatrolled in terms of successive bursts of
activity that propei the limb and then arrest the movement. From this theory,
predictions nave been generated relating different parts of the EMG pattern to
different types of movement,

In its simplest form the impulse-timing model suggests that the agonist
burst propeis the limb and the antagonist burst decelerates the limb. This
theory is similar to the bang-bang control of an intertial load using minimum
time criterion (Smith, 1962). Neither tneory requires a third burst,

If movements are requlated in this way, then the following questions
arise. When a 1imb is moved successively further distances, what are the
controlled parameters of the EMG? What are the effects of asking a person to
voluntarily change the speed of his mcvements? Many of these factors involve
trade-offs and the literature is not clear on these issues.

If we consider the mechanism for moving different distances F-:ind and
Budingen (1978) suggest that target directed movements require approximately
the same time no matter how large the distance covered. This finding is very
important since it implies a mechanism which adjusts velocity to hold time
constant, a finding in contradiction with Fitts' Law (1954, 1964) that
predicts that movement time should systematically increase as movement
distance is increased or target size is dec: .ased. C(Close inspection of the
procedures used by Freund and Budingen, however, suggests that their data is
compatible because they allowed required target accuracy to decrease as
movement distance and velocity increased, the well-known speed-accuracy trade-
off., Ghez (1979) has also provided evidence in favor of keeping duration
relatively constant and postulates a mechanism tor modulati~g peak
acceleration. Neither article reports a systematic evaluation of the EMGs,
Lestienne (1979) does and also points out that movement distance dnes not
affect agonist duration. This finding also receives support from Brown and
Cooke (1981) who maintain that "Although the graph in Fig. 3B suggests a trend
for this burst to increase in duration as movement amplitude increased,
regression analysis indicates that any such change was aon-significant.,” (p.
101).

In direct contrast to the above findings, Wadman, Denier van der Gon,
Geuze and Mol (1979) suggest that EMG amplitude stays constant and durat:on
increases as distance moved increases. Also, Angel (1974) found that the
duration of the initial EMG volley 1s prolonged. In “a (1983) has extended
the speed control system hypothesis to multidirecti...al and multiarticular
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movements and has shown tha. both skill level and direction of ucvement have
an effect on the duration of the net flexor torque. In these cxperiments,
however, neither movement velocity nor movement time were controlled,

How might these findings be reconciled? One possibility is that velocity
is a reqgulated factor and is controlled by a mechanism which adjusts the rate
of rise of tension in the muscle. As long as movements are generated at less
than maximal velocity, moving faster is accomplished by increasing the rate of
tension rise (increasing EMG amplitude) and holding duratior constant,
However, this system is rate limited as is »bvious from Hill's equation (1938)
for the force-velocity relatioaship. The same mechanism could be used to move
a limb further. However, when a large distance needs to be covered as rapidly
as possible, duration may have to increase if maximum rate of rise of tension
cannot occur in the time takan for the short movement. Duration would also
have to increase if t! > maximum rate of rise of tension in a given duration is
insufficient for the required movement.

As a starting point, let us assume that Fitts' Law does hold for tne
types of movement being considered. Fitts' Law relataes movement time (MT) to
ditance moved and target size in the following nianner: MI = a + b log2
(2A/W), where a and b are empirically determined constants, A = distance moved
and W = the target width., With th,_ in mind, Tet us the consider the
implications of the pulse-step model for the first agonist burst. According
to Ghez (1979), rapid limb dis =ments of the cat are controlled by a
pulsatile output which is modi . in amplitude and of approximately constant
duration, This suggests that an quation for agonist duration (AD) would be
reduced tc a const~nt which would be some measure of the tim~ for muscle
activation (see Freund, 1983, pp. 420-421)., If distance moved requires a
change in the time of the first burst, then a closer approximation is AD = a +
¢ A, where ¢ is the scalint factor. If both distance and target size are
important, a formula for agonist duration ~ould resembie AD = a + ¢ (A/W). It
should be obvious that this is indeed a simplification since agonist intensity
is also altering as a function of distance and ideally this should be
incorporatea, However, this wili require a better understanding of the
relationship between EMG and force in non-isometric movements (Agarwal and
Gottlieb, 198z).

Studies which quantitatively relate the first antagonist “urst to varicus
movemer.t requirements are few. As Hallet a.«' Marsden (1979) Lav: pointed out,
antagonist EMG is notoriously unreliable and wmercus authors have failed to
present it, One of the distinguishing factor:s of tne triphasic pattern is
that the antaqonist busst occurs during the silent period between the tvo
agonist bursts; i.e., the bursts occur successively and not concurrently.
However, evidence is accumulating that movements are not necessarily
controlled by alternating bursts. As early as 1776, Winslow (see Tilney and
Pike, 1925) suggested coactivation was important in movement control. Corcos
(1982) found approximately 20 percent of all trials were triphasic and that
coactivation occurred at least as frequently when individuals made rapid
meve~ents to a arget.

Smith (1981) has suggested that alternating patterns (which may or may
not be triphasic) occur wher

1) resistance prevents displacement,
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2) in rhythmic movements, e.q., locomccion or mastication, or
3) movements are of low velocity or low muscular tension.

Coactivation occurs when:

1) tension needs to be precisely controlled or
2) movements are made at high velocity.

The relationship of the antagonist burst to velocity has been studied by
Lestienne (1979). He suggested its purpose is to act as a brake when the
agonist force exceeds the passive viscoelastic tension developed by the
extensor and flexor muscles. Fer high speed movements, there was a
substantial overlapping in agonists and antagonists during the acceleration
componen*

Mustard and Lee (1983) also analyzed the braking function. They showed
that as movement amplitud~ increased, the excitation levels of the muscles
increased but duration remained constant. They also considered the effect of
movement velocity. A well defined antagonist burst did not occur until the
velocity exceeded 250 degrees per second. With further increases in velocity,
the antagonist burst increased in size and occurred earlier in the course of
the movement. In apparent contrast, Brown and Cooke (1921) maintain that
antagonist duration increases as distance covered increases but EMG activity
remains constant, Waters and Strick (1981) showed that it was abolished when
it showed no functional purpose.

Another candidate for regulation has been proposed by Hogan (1984). His
suggestion is that the antagonist modulates mechanical impedance to maintain
posture. In a simpie demonstration, he showed that there are significant
levels of simultaneous activation involved in maintaining upright arm posture
and that the level of coactivation increases as gravitational torque
increases. It would, therefore, seem pdlausible that coactivation would
increase as torque, caused by factors other than gravity, increases. Hogan's
study is one of the few in the area that considers that during contraction,
muscles (both agonists and antagonists) are not merely force ganerators but
variable compliances as well. This compliant prcoerty is pro®-“ly of major
impartance in understanding how movements terminate Lut this issue has bheen
overlooked.

No studies have been found which relate movement accuracy t2 the
underlying control messages portrayed by surface EMG. That 1s, recent
neurop -siological studies which use EMG have ignored mich of the relevant
psychological literature such as that of F.tts. who did not measure EME,

Tnerefore, the purpose of this paper is to consider how patterns of
muscle activation are altered by: 1) moving different distances, 2) moving to
targets of different sizes. Human subjects were asked to make rapid tlexion
and extension movements about the ankle and elbow joints. The elbow joint has
been studied by numerous investigators. Tke ar.:le joint is included in this
study because of very significant differences in biomechanical properties of
the flexor and extensor muscles and thei: respective role in posture.
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METHODS

All experiments were performed using seven normal human subjects. A
subject sat comforta'.ly in a chair with his/her foot placed on a footplate so
that the medial malleolus was aligned with the axis of rotation. When a
comfortable position was established, the foot was tightly secured by velcro
straps.

A video monitor was positioned about a meter in front of the subject so
that different combinations of movement conditions could be displayed. The
video monitor display was generated by an Apple II microcomputer. The Apple
generated a display of the starting position for a movement, the amplitude of
the movement and the width of .ne target. A signal corresponding to limb
position was also displayed. A general purpose computer (SPC-16, General
Automation) was used to contrc’ the experiment and record data on four input
channels: the joint angle, the torque, and the rectified and filtered EMGs
for the flexor and extensar muscles. The foot plate is attached to a torque
motor with position, velocity and torque feedback to simulate different load
dynamics. A very similar apparatus is used for elbow movements.

For the ankle joint, the EMGs were recorded from tte tibialis anterior
(flexor) and the soleus muscles (extensor). For the elbow joint, the EMGs
were recorded from the biceps (fiexor) and the triceps muscies (extensor).
The details of EMG processing are given in Agarwal and Gottl<:b (1977).

RESULTS

The data reported here represents preliminary observations on seven
subjects, The subjects were asked to dorsifiex the ankle joint 12, 18, and 24
degrees to targets of 2, 4, and 8 degrees width. They were asked to make
accurate movements as fast as possible. They also made 18 degree plantar-
flexion movements to targets of 2, 4, and 8 degrees width,

Figure 1 shows an individual making 12, 18 and 24 deqree movements tc a ?
degree target as well as a movement with no target constraint, It can be seen
that the movements are generated by discrete bursts of activity which are
scaled to the novemaent requiremenis. Scaling occurs in both the agonist and
antagonist muscles.

Fiqure 2 shows the same individuai making an 18 degree plantar flexion
movement to a 2 degree target. If EMG1 is considered, it can be seen that
considerably more activation occurs when soleus is acting as the agonist than
when it is acting as the antagonist (compare to EMGl in BKA108 from Figure
1). The same finding is true for EMG2, tibialis anterior.

Figure 3 shows another supject pef:rming the same set of movements., If
we conpare the condition in which there was no target constraint to the
conditions in which there were, it can <2asily be seen that there are
substantial differences in the kinematics. The EMG patterns also reveal
concomitant changes. The movements to the target< are very slow and precise
and are regulated by a crntinuous signal which cannot be partitioned into
discrete bursts.

Figure 4 portrays an 18 degree plantar flexion movement to a 2 deqree
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Figure 1 shows average data (approximately 10 trials) for a subject
making 12. '8 and 24 degree movements to a two degree target (BKA106, BKA108,
BAK111). BKA113 depicts a 24 degree movement to no target. EMG2 refers to
tibialis anterior which is tne agonist, EMGl refers to soleus which is the
antagonist, Angle data is in degrees, velocity in degrees per second and
acceleration in degrees per second per second,
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Figure 2 shows average data from the same subject as in Figure 1, The
individual is making an 18 degree plantarflexion movement to a 2 degree
target. EMG1 refers to soleus which is now acting as the antagonist, It
should be noted that it's scale is 3.5 times larger than that in Figure 1.
EMG2 refers to tibialis anterior wiose scale is one tenth of that in Figure 1.
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Figure 3 contains the same variables as in Figure 1. The only difference
is that the data is from a different subject.
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target. Again, it is interesting to compare dorsi and plantar flexion
movements. If we compare GCA0Q5 (Figure 3) with GCAO13, it can be seen that
EMG]1 (soleus) has similar activation as both antagonist (GCA0O05) and agonist
(GACO13), However, EMG2 (tibialis anterior) has at least ten times more
activation when it is acting as the agonist (GCA003).

Even rien rapid movements are made, the patterns of some individuals
should be considered as discrete bursts only with considerable reservation,
For example, Figure 5 demonstrates multiple, successive burst; of agonist and
antagonist activation which are coactivated. The data are an individual trial
of a subject making a 75 degree elbow extension movement to a 3 degree
target. This example highlights that extreme caution must be taken in trying
to characterize two continuous patterns of EMG activity by a small set of
parameters describing durations and intensities., The fact that so much
reciprocal and coactivated activity is occurring implies to us that intrinsic
muscle compliances make major contributions to joint torques; without
understanding these torques the EMG patterns cannot be explained. This is
especially true when rapid movements are made and effective load compensation
is required (Grillner, 1972).

Although the EMG pattern is more complicated than two or three fixed
bursts of activation, we attempted to make measurements from the first agonist
and first antagonist burst. This was done to establish how the first part of
the signal is scaled with respect to distance and target size. Specifically,
is the duration of the first burst agonist burst independent of distance
moved?

Effect of disténce and target size on ankle agonist duration

The duration of the first agonist burst was determined by visual
inspection and computer assisted measurements of the individual trials. These
trials were then averaged and the results are presented in Table 1, The data
are the ccmbined average of ten trials for all seven subjects, A repeated
measures analysis of variance was performed on the data. There was a
significant effect of distance moved F (2,24) = 11.03, p < .05 and also for
target size, F (2,24) = 3.69, p < .05, There was no interaction. This
suggests that EMG duration increased when longer movements were made and also
when movements were made to larger targets. It is a finding which causes a
problem for a strict interpretation of the pulse-step model since these are
opposing effects.

Effect of distance and target size on ankie agonist intensity

Intensity was determined by integrating the area under the EMG curve
corresponding to duration, The rectified and filtered activity are presented
in arbitrary units in Tat - 2. The same statistical test was adopted,
Distance moved was significa~t, F (?2,12) = 17,7, p < .05, but target size was
not. This suggests that longer movements are made by increasing the intensity
of muscle contraction. The conclusion for target size will be treated with
caution since inspection of the data suggests consistent increases in
intensity across target width for 211 three distances moved. One possible
reason for the statistical nom-siynificance of the intensity data is the
inconsistency acfoss -conditions of one of our seven subjects., Table 3 shows
normalized intensity (intensity divided by duration) and supports the idea
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Figure 5 depicts an individual trial of a 75 degree elbow extension
movement to a 3 degree target. EMGl refers to the triceps and EMG2 to the
biceps muscle. Angle is in deqrees, velocity in degrees per secord and
accelaration in degrees per second per second.
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TABLE 1

DURATION OF FIRST AGONIST EMG BURST (ms)

Distance (deg)

12 18 24
Target 2 67 84.7 94
Size (deg) 4 72.6 87.0 93,4
8 82 83.6 97.1
Ave 73.9 85.1 94.8
TABLE 2

INTENSITY OF FIRST AGONIST EMG BURST

Distance (deg)

12 18 24

Target 2 23.4 36.8 51.6
Size (deg) 4 26.8 42.1 53,7
8 31.5 47.4 §4.5

Ave 27.3 42.1 56.6
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that increased intensity is not caused only by an increase in the duration of
the contraction but by scaling of intensity and duration. The exact form of
the function remains to be elucidated. We need to manipulate a wider range of

distances and target sizes.,

Effects of distance and target size on ankle antagonist duration

The findings of the antagonist muscle are very similar to those of the
agonist muscles except that there was no effect of target width on EMG
duration, The data are presented in Table 4,

Effects of distance and target size on ankle antagonist intensity

The results are very predictable from the data already presented.
Intensity increased as a function of distance moved, but not target size. See
Table 5 for the intensity data and Table 6 for the normalized data.

DISCUSSION

This study suggests that it is unlikely that all movements are initiated
by a pulse of constant duration, Instead, it seems that movements are
initiated by an agonist burst which is scaled both in the amount of activation
and the duration of activation according to either distance, target size,
velocity, or a combination of factors. The number of bursts varies
considerably and further research is required to establish: 1) which factors
affect the pattern of the signal and 2) how different patterns produce
movement trajectories,

The antagonist burst can occur at any time following the agonist burst
and is also scaled. Further studies are required to establish the course of
the scaling relationship between the agonist and antagonist muscles and
ascertain whether they are controlled independently or as a unit.
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Objectives and Background:

In spite of numerous publications [1] it is still rather
unclear, whether color is of any help in scnar displays.
The work presented here deals with a particular type of
sonar data,i.e., LOFAR-grams (low frequency analysing and
recording) where acoustic sensor data are continuously
written as a tine-frequenc& plot. The question to be
answered quantitatively is, whether color coding does
improve target detection when compared with a grey scale

codae.

In order to enable an experimental evaluation, synthetic
test pictures have been developed that show vertical target
lines in front of noisy background on a high precision
TV-screcn. Experimental variables were the signal-to—-noise
ratio, background noise level, background intensity, and

7 variations in color or grey scale. The generation of
reasonable scales turned out to be a major problem, since
the steps must be equally spaced in terms of chrominance

and luminance. This goal was finally achieved using the
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photo-_-olorimetric space concept as proposed by Galves
and Brun [2,3). Figure 1 below shows representative dimen-

s;ons of this space for color TV-monitors.

4=—L
As 0027

Fig. 1: Photo-colorimetric space

A computer algorithm has been developed that automatically
generates scales within this space, e.g., from blue

(20 cd/m?) over red (40 cd/m’) to white (140 cd/m?), and in
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addition indicates the number of jnd's available on this
path. A prerequisite to run this algorithm is a nomogram
(see Fig. 2) that must be established for the particular

TV-monitor in use.
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l
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Fig. 2: Typical relation luminance/gun-voltage for a

color TV-monitor
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Results:

A signal detection experiment has been perfcrmed using the
test pictures described above with 7 grey scale and color
codes. Results are presented as receiver-operating charac-
teristics (ROC-curves), where the background noise level
turns out to be the main factor. (The specimen presented

in Figure 3 is taken from a pilot study).

1.0 +—+—— 4 ' } —t—t
Hit I
ﬂ.s"'. -3
i +
'-61' 7.
'.ﬁ’r ) i T
h O 8rauteil 4
O Farbhkeil No1
0.2+ 4+ Farbkeil No2 +
X Farbkeil No3d
3 0 Farokeii Not +
) 4 4 } 4 t t 4 : 4
) B.2 .4 8.6 8.8 1.8

False alarm

Fig. 3: ROC-curves for various codes and a narticvlar

background noise level.
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The data show significant differences in ROC-performance
for the selected codes. In addition it turned out, that the
background noise level affects the performance dramatically
for some color codes, while others remain stable or do

even improve. This paper presents generally valid rules,
how to generate useful color scales for this particular
application. To our knowledge, comparable quantitative data

on color coding have not been published elsewhere so far.
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MANUAL-CONTROL ANALYSIS APPLIED TO THE MONEY-SUPPLY CONTROL TASK
R. C. Wingrove
NASA Ames Research Center, Moffett Field, CA 94035

ABSTRACT

Ihe recent procedure implemented by the Federal Reserve Board to control
the money supply is formulated in the form of a tracking model as used in the
study of manual-control tasks. Using this model, an analysis is made to
determine the effect of monetary control on the fluctuations in economic
output. The results indicate that monetary control can reduce the amplitude
of fluctuations at frequencies near the region of historic business cycles.
However, with significant time lags in the control loop, mometary control
tends to increase the amplitude of the fluctuations at the higher frequencies.
The study outlines how the investigator or student can use the tools developed
in the field of manual-control amalysis to study the nature of ecomomic fluc-
tuations and to examine different strategies for stabilization.

LIST OF SYMBOLS

G control gain

GNP Gross National Product

i /1

K constant

M money supply based on M1 (currency and all checking accounts), dollars
m rate of growth in money supply, 100 ¢ (log M)/dt, Z/yr
T random monetary disturbance

T random nonmonetary disturbance

T time delay, yr

t time, yr

t return time, yr

X real GNP, cons~ant dollars

b 3 rate of growth in real GNP, 100 d(log X)/dt, /yr

4 damping ratio (nondimensional)
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w oscillatory frequency, rad/yr
natural frequency, rad/yr

A variation sbout long-term trend
( ) long-term trend

( )t target
I. INTRODUCTION

Adam Smith in [1] observes a natural tendency of free-market societies
to balance supply and demand through exchange using the price mechanism.
This self~regulating system is dynamic with fluctuations caused by a diversity
of effects from individuvals, business, government, and nature. Within this
system, the wealth of a nation i3 in the output of goods and services rather
than in the supply of money used for exchange. Although the money supply may
be neutral with respect to real output in the long run, there can be short-
term effects of money on real output. David Hume in [2] observes changes in
real output as the economy self-regulates to new overall price levels that
are caused by changes in the money supply. Following the theoretical frame-
work of Milton Friedman [3], a model for these economic dynamics was developed
by Dean Taylor in [4]. This model was used by the author in [5] to study how
output fluctuations, termed "business cycles,”" have been influenced by the
historical movements in the money supply. This paper uses the model further
to study how the nature of output fluctuations can be influenced by the recent
change in the procedure used by the Federal Reserve Board to control the
money supply.

As described in [6]-[9], a new operating procedure to control the money
supply was implemented by the Federal Reserve Board in October 1979. The
overall policy is to target just enough gro.:h in the money supply to finance
a sustainable growth in economic output, and not so much as to feed inflation
{(10]. The operating procedure is implemented from the trading desk at the
Federal Reserve Bank in New York to m~nually control the actual path in the
measured money supply toward the target path in money supply. This control
task, which seeks to reduce deviations between the measured and the target
values, represents one form of a so-called "tracking task" in the field of
manual control [11], {[12]. To provide a means to study the dynemic properties
of the new monetary-control procedure, this paper will utilize methods that
have been used extensively in manual-control analysis.

The paper is organized in three sections. The first section introduces
the model that will be used to represent the dynamic relationship between the
growth of money supply and the growth of real Gross National Product (GNP).
The next section considers the recently implemented procedure used to control
the money supply, and formulates this control task in the form of a tracking
model. The last section then combines the models from the previous secticns,
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and studies the effects of monetary control on the nature of the fluctuations
in the growth of real GNP.

II. ECONOMIC DYNAMICS

Following the theoretical framework of Friedman [3], a model for the
economic dynamics was developed by Taylor [4) as a linear second-order differ-
ential equation. As shown in Fig. 1, the input variable is the growth of
money supply m and the output variable is defined as Ax = x - x5, where
x is the growth of real GNP and x, 1is the long-term growth trend. The
parameters used to characterize the self-regulating dynamics are the natural
frequency w, and damping ratio Z, and a gain K. Representative values
for these psrameters, based on the period 1950-1981, are w, = 1.5 rad/yr,

r =0.8, and K = 2 yr. These numerical values were determined through
parameter identification in [5].

The capability of this relatively simple model to describe the monetary
contributions to the growth of real GNP for the period 1950-1981 is 1llus-
trated in Fig. 1. The upper chart in Fig. 1 presents the measured growth of
money supply (m) over this 32-yr period. The lower chart presents the mea-
sured growth of real GNP (x) along w’*h the calculated output from the model
(x). In the lower chart, the long-term trend (%,) is indicated by the
representative value of 3%Z/yr.

As shown in the lower chart of Fig. 1, the growth of real GNP tends to
fluctuate around the long-term trend. The contributions to the fluctuations
include the monetary effects as computed from the model along with nonmonetary
effects. Nonmonetary effects during this time period include the 1964/65 tax
cut, the 1968/69 tax surcharge, and the 1973/74 oil shock. Nonmonetary
effects of this type and their interactions with the economic dynamics are
discussed further in [5]).

Background literature [13]-[21] points out that, historically, the growth
in money supply has moved in conjunction with business activity. The study
in [5] analyzes how these procyclical movements in the money supply reduce the
damping of the overall (closed-loop) system dynamics. Such lightly aamped
dynamics when subjected to random disturbances tend to produce business cy_les.

Figure 2 presents a histogram of past business cycles (1857-1980) in com-
parison with the representative value for the natural frequency,
wp = 1.5 rad/yr. We observe that most busiaess cycles are gathered about the
natural frequency in a region from about 0.5 to 3 rad/yr. This region of
cyclical movements will be termed the business-cycle frequency range in later
discussions.



III. MONETARY CONTROL

In October 1979, a new operating procedure was implemented to contrel
the money supply. As described in [6]-[9], the concept uses return paths to
reduce any error between the target trend in money supply and the measured
trend in money supply. The return paths, sketched in the upper part of
Fig. 3, depend upon a chosen value for what is termed the "return time,"
ty [9]). In the context of manual-systems analysis, the inverse of the return
time (1/ty) 1s equivalent to the value for the "gain" used to reduce the
error. A mathematical model for this monetary control task 1s presented in
the lower part of Fig. 3. This formulation is based on the standard cross-
over model that has been used extensively in the field of manual-control
analysis [11}. 1In this formulation, the monetary-control gain (i/t,) is
represented by G. The time required to ascertain the error in t..e money
supply and to implement the policy1 is represented by a time delay T. Dis-
turbances in the growth of money supply are represented by the residual ry.

Representative values for the parameters G and T have been estimated
from some of the past data that are shown in Fig. 4. The upper graph presents
the target growth in money supply given in terms of year-to-year target ranges
for Ml. The lower graph presents the measured growth of money supply based
on the month-to-month changes (annualized) in Ml. Representative tracking
data are illustrated after implementation of the new operating procedure.
These data start in the spring of 1980 (following a fairly strong, downward
monetary disturbance apparently caused by credit restrictions at that time)
and continue through mid-1982 (at which time the control of Ml was relaxed
because of financlial innovations and regulatory changes upcoming in later
months). Using these representative time-series data, the parameters G and T
were estimated by a two-parametev search method as in [12]. Values for the
gain G were estimated to be approximately 3/yr to 4/yr, which appear to
be consistent with the values as described in [9]. The values for the time
delay T were estimated to be about 0.1 yr to 0.2 yr. These values appear
reasonable based on a description of the operating procedure as discussed in

[61-19].

The general trend of the targets during the period from 1979 through
mid-1982 was to reduce the growth in money supply by about 1/2%7 for each year.
A trend line in the measured growth of the money supply during this period is
shown in the lower graph in Fig. 4. We observe that the trend matches quite
well the trend in the targets from 1979 through mid-1982. We also note large-
amplitude, shorter-period fluctuations about the trend in the measured growth
of money supply. These frequency-response characieristics of the monetary-
control task will be examined further in the next section.

1Implementation is primarily through the buying or selling of U.S.
securities on the open market [6]-({9]. The time delay T includes the time
required for open-market operations to affect the growth of money supply.
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IV. ANALYSIS

Using the monetary-~control model, this section first examines the effects
of monetary control on the nature of “he fluctuations in the growth of money
supply. The monetary-control model Is next combined with the economic model
from rection II to study the effects of monetary control on the nature of the
fluctuacvions in the growth of real GNP. An example of policy feedback is
then considered, leading to a final note on the extensions of this analysis
approach.

A. Monetary-control dynamics

The time-response characteristics of the monetary-control model are
illustrated by the graph in Fig. 5. This gro 1 shows the time history in the
growth of money supply m responding to an impulse in the disturbance ry.
The gain G 1is fixed at 3/yr, representing a veturn time of t, = 0.333 yr
(4 mo). The curves in this graph have been computed for different values of
the time delay T. For the computed curve with T = 0, the response is an
exponential decay with a time constant equivalent to the return time ¢ty .

The other curves show that the effect of the time delay T 1s to increase

the tendency to overshoot and produce an osiillatery response. Overshoot
occurs (for G = 3/yr) when the time delay T 1s greater than about 0.13 yr
(1.5 mo}. We next examine the response for the more general range of possible
disturbances 1.

The frequency response characteristics of this tracking model are illus-~
trated by the graph in Fig. 6. This graph shows the mu.tiplier |m/rm|
representing the fluctuations in the gro'th of money supply (m) caused by
random monetarv disturbances (rp). The -~urves in this graph have been com-
puted for differant-value: time delays T, with the gain G fixed at 3/yr.
The curves show that the amplitude of the fluctuations in m, owing to rp,
are reduced primarily at those fr=juencies below the numerical value of G
(the gain G 1is equivalent to the bandwidth, or crossover frequency). The
effect of the time delay T 1s to increase the amplitude of the fluctuwations
in m at the higher freque- ies (for reference: the money-supply tracking
data in Fig. 4 appear to sh w an Increased amplitude of the fluctuations in
m at the © ~her frequency ranrge of approximately 6 to 10 rad/yr; i.e., cycle
periods on the order of a year or less).

B. Monetary contrcl and econowic dynamics

Using this tracking model, we can examine the effects of monmetary control
on the general nature of economic activity. The mechanism is shown in the
flow diagram at the top of Fig. 7. This flow diagram shows the monetary-
control model combined with the model rom section II representing economic
dynamics. The lower part of Fig. 7 presents a frequency~response graph that
i1llustrates the effect of the monetary control on economic fluctuations. This
graph shows the multiplier IAx/rml representing the amplitude of the fluc-
tuarions in the growth of real GNP (2x) caused by monetary disturbances (rp).
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The curves in Fig. 7 have been computed for different values of the time
delay T. The results indicate that with monetary control (G = 3/yr) the
amplitule of the economic fluctuations are reduced primarily in the region of
frequencies near the historic business cycles (near the natural frequency of
the basic economic system) With the larger value of time delay T, on the
order of 0.2 yr, moneta-y control tends to increase the amplitude of the
fluctuations at the higher frequcncies.

If the time celay T could be kept to a2 small value, these results
suggest that monetary control has the potential to reduce the amplitude of
the fluctuatious caused by monetary disturbances. Even with monetary control,
however, there still remains those economic fluctuations caused by nonmone-
tary disturbances (nommonetary effects were previously discussed with Fig. 1
and are calculated as ry = x - x). One way considered to reduce the ampli-
tude of the fluctuations caused by nonmonetary disturbz. .ces is through the use
of poiicy feedback.

C. Monetary control and policy feedback

A formulation of the closed-loop system with a policy feedback path is
presented at the top of Fig. 8. The general concept here is that the target
growth in money supply (m¢) is to move countercyclical witn the state of the
economy (8x). The monetary-~control modei is from section III, and the
economic model is from section II. External disturbances in~-lude both mome-
tary effects (rp) and nonmonetary effects (ry). The policy feedback is
represented by a gain G' and a time delay 1T'.

The effects of policy feedback on the nature of economic fluctuatiouns are
illustrated by the frequency-response graphs in Fig. 8. The upper graph shows
the multiplier [Ax/rm! representing the amplitude cf the fluctuations in the
growrh of real GNP Ax caused by monetary disiurbances ryp. The lower graph
shows the multiplier |[Ax/ry| representing the amplitude of the fluctuations
in the growth of real GNP Ax caused by nommonetary disturbances ry.

The frequenc,-response curves in Fig. 8 have tzen computed using differ-
ent values for the policy-feedback time delay T' (with monetary control fixed
with G =3/yr and T = 0.1 yr). Essentially, the results indicate that this
feedback policy can reduce the amplitude of the fluctuations caused by both
monetary and nonmonetary disturbances at the lower frequencies. However, this
feedback policy tends to increase the amplitude of the fluctuations at the
«igher frequencies. The effect of the time delay T' is to increase the
amplitude of the fluctuations in the upper portion of the business-cycle fre-
quency range. The results in Fig. 8 were calculated using a representative
policy-feedback gain G' = 0.4 (nondimensional). For higher values of gai-

G' (not shown) the effects of the time delay T' are more pronounced in
amplifying the economic fluctuations in the upper portion of the business-
cycle frequency range.

The results from this study are probably intuitive to those who have

studicd control systems or to those who have studied economic dynamics.
Basically, it is difficult to achieve good stabilization if there are
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significant time delays in any of the control loops. Because the economy is
influenced by a large number of factirs, the observations are "noisy" and
some amount of time is required to ascertain economic trends and proper
responses. The results in this paper show that the major effect of the time
delays in the control loops is to increase the amplitude of economic fluctua-
tions at the higher frequencies.

This line of investigation can be continued by considering other values
for the gains and time lags. Also, one can add dynamic elements (e.g.,
filtering/prediction) and additional feedback variables such as the growth in
prices, interest rates, the unemployment rate as in [5], or the growth in
nominal GNP as in [21]. These types of extensions appear to be promising as a
means to build upon and compare different concepts atout stabilization
policies, and to study relationships among a broader class of dynamic
variables.

V. SUMMARY REMARKS

Some results based on the application of manual-control analysis methods
to the study of economic dynamics and stabilization have b2en presented.
Economic policies and dynamics were formulated to include internal elements
that respond to external random disturbances. The disturbances include both
monetary and nonmonetary effects.

The procedure used to control the money supply was modeled by two param-
eters: a control gain and a time lag. Using this model, the study indicates
that monetary control can reduce the amplitude of the fluctuations in output
caused by monetary disturbances at the lower frequencies near the region of
historic business cycles. With significant values of time isg, monetary
control tends to increase the amplitude of the fluctuations at higher
frequencies.

This study also considered a feedback policy wherein the target growth
in money supply is to move countercyclical with the growth in real GNP. This
countercyclical policy has the potential to reduce the amplitude of the fluc-
tuations caused by both monetary and nommonetary disturbances at lower fre-
quencies. Countercyclical policy tends to increase the amplitude of the
f' -rvations at frequencies in the upper portion of the business-cycle fre-
quency Tange.

This report outlines a fairly simple approach to mathematically represent
the dynamics of the overall economy under closed-loop control. These dynamics
are constructed by combining a linear second-order model (section II) with the
monetary-control model (section II1) and policy feedbacks (section IV). Using
this framework, an investigator or student with basic skills in linear analy-
gis can formulate and study how different stabilization strategies tend to
change the dynamics of the economic system and modify the amplitude of the
fluctuations that are caused by random disturbances. Future applications of
this framework might be in the development of simple dynamic m. lels to be used
in prediction and forecasting.
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WHAT PILOTS LIKE (AND DON'T LIKE)
ABOUT THE NEW COCKPIT TECHNOLOGY

Renwick E. Currv**
Aermspace Human Factors Research Division
NASA Ames Research Center
Moffett Field, CA 94035

SUMMARY

New cockpit technology is continually required for the ~irlines to remain competitive, and the
manufacturers respond to similar competition. A histo:?cal view of the introduction of new
technology suggests that the changes have not always gone as planned, and that there have
been .eactions to the new technology that were not anticipated. This jint Airline/NASA
study was establish . during the introduction of a new technology aircraft, the B-767, and
had sever:1 purposes: to identif v any adverse reactions to the new technology should any
develop (none were found); to provide a "clearing house” of information for the airlines and
pilots on the experiences during the introductory period; to provide feedback on airline train-
ing programs for the new aircraft; and to pro\ide field data to NASA and other researchers to
help them davelop principles of human interaction with automated systems.

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

This paper reports on the pilots’ perceptions of the new cockpit technology. Although the
data reported in this paper were taken from the introductory experience of the B-767, it is
felt that similar, if not identical, results would be obtained with any other new cockpit tech-
nology a...1aft, ie, the A310. The following conclusions have been drawn from the informa-
tion collected thus far: A large majority of the pilots enjoy flying the B-767 more than the
older airplanes. The pilots accept the new cockpit technology, and they choose to use it
because they find it useful. The pilots are aware of the possible loss of flying skill with the
presence of automation, and they hand fly (usually with flight director) to prevent this loss.
There is no evidence of loss of skills from the data collected in this study. The primary points
of confusion or suprise were autothrottle/autopilot interactions; the autopilot turning the
"wrong way" or not capturing the course; and achieving desired results with the Flight
Management System/Control Display Unit (FMS/CDU). The pilots felt training for the
FMS/CDU could be improved, and they especially wanted more "hands on” experience.

=*Now with Search Technology, Inc., Palo Alto, CA
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INTRODUCTION
Background

New aircraft technology is continually required for the airlines and manufacturers to remain
competitive. Most of the time the new technology takes the form of small, “add-on” systems
to existing aircraft (such as Automated Communications and Reporting System, ACARS, or
Ground Proximity Warning Systems, GPWS). Infrequently, there is a dramatic change in
cockpit technology, as with the introduction of the B-767 and Airbus A310.

The Operators’ View

Based on previous experience with new technology, it was expected that there would be con-
comitant changes required in the role of the crew, piloting techniques, procedures, and train-
ing. it was generally perceived that previous conversions to new technology did not always
ge smoothly; that many airhines experienced higher than expected training costs; and that some
pilots experienced difficulty in the transition to the newer wide-body jets (the L-1011 &nd
DC-10}. There have been several explanations offered for this: certainly, the flight guidance
systems on these aircraft are more complex than their predecessors, but it has also been noted
that the captains transitioning to these aircraft had not been to school in periods of 10 te 15
vears, and this may have contributed to some of the difficulties.

The Human Factors View

In many respects the technology of human factors has not kept pace with the technology of
the cockpit. There is a significant body of knowledge on how to design displays and controls
— material on which manual systems are based —- but there is precious little material to help
the human factors practitioner with the design of interfaces to complex devices. It has been
felt by many observers that the performance of such svstems will be determined less by trad-
itional manual pilotir.g skills, bat more by the pilot’s decision making behavior (what mode
should I use?); his knowledge of the systems (is this thing working correctly?); his monitoring
behavior (key strokes entered now may influence the system S hours later); and crew coordi-
nation (set up and monitoring of the systems and other members of the crew).

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

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

Study Objectives

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

Those interested in more details and other aspects of the study should consult the Technical
Report (Curry, 1984).
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DESCRIPTION OF THE STUDY

The study was conducted with the considerable help and cooperation of literally hundreds of
individuals within the three participating airlines. The major sources ¢f information used in
the study are outlined in this section.

Ground School

The NASA observer attended the full (2 week) ground school of one airline, and 1 week
periods in ground school of the other two airlines; these periods coincided with instruction of
flight guidance, instrumentation, and the Flight Management System. The observer did not
take the oral exam or any simulator training, but he did observe three four-hour simulator
training sessions.

Pilot Volunteers

Pilot volunteers from the thiee participating aiclines were solicited from those who attended
767 transition training. A procedure was established with the carriers whereby the anonym-
ity of each pilot would be preserved by having him adopt an identity code number. This was
necessary to establish identificarion for a possible second round of questionnaires. Invitations to
participate in the study (a five page question and answer booklet) were prepared for each air-
line. Initially the invitations to participate were distributed when the pilots enroiled in the
g ind school for transition training. Later this was changed so that the pilots received
material after their simuiator training, either before or just after their initial operating experi-
ence.

Questionnaire

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

Frequeacy of Use Table

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

Open-Ended Questions

These questions were designed to cutain information about the features and systems that the
pilots like and find useful; characteristics that they don't like; the aspects of the cockpit they
would change if they could; and their opinion about the training they received.

Attitude Survey

This portic~ consists of 36 statements (Table 1) abor't the pilots’ opinions on automation and

flying in general, and the airplane in particular; the pilots responded on a five point " agree--
disagree” Likert Scale.
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Interviews and Meetings

Informal interviews were held with approximately 20 pilots and eight check pilots. Each
interview lasted from one-half to one-and-one-half hours.

Progress report meetings were held at each of the three participaung airlines. Attendees of
these meetings consisted of representatives from fight operations management, training, line
pilots, and check airmen. These progress reports seemed to have a catalytic effect, since they
usually evolved into a spirited discussions among all attendees.

Cockpa: Observation

The NASA observer flew as cockpit observer on one training flight (two pilots received train-
ing on this flight), two segments where a captain was receiving line training, and approxi-
mately 40 segments wiib line pilots operating the aircraft in normal line operation.

Internal Documentation

The airlines made available any pilot reports of irregularities or incidents that occurred.

RESULTS

Questionnaires
Respondents

A total of 104 questionnaires had been received between February 22, 1982 and July 31, 1983
(the cuwoff date for the analysis). Two of the questionnaires could not be identified with a
specific airline, so they have not been included in the analysis. The distribution of responses
by airline, position (captain/first officer), total flying time, and time in the 767 is shown in
Table 2. Perhaps the most interesting fact is that a majority of the respondents were captains,
whereas our past experience has been that first officers are usually more interested in studies
of this type.

Open-ended Questwons

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

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

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

The pooled responses appear in Table 4 for ea~h ¢f ‘he 36 questions.

Airline DiJerences A contingency table znalysis was first performed to determne whether
ar net there any gross differences existed between airlines. The respcnses “vere gooled intoa 3
X * metrix consisting of the three airlines and the three responses "agree/neither/disagree”.
There results were not significantly different from that expected by chance, thus returns
we.e combined across airlines for later analyses.

Lup.tins vo First Officers Each of the 36 questions was esamined to determine if Captains
cnd First Ui s responded differently. This was done by constructing a 2 (captain/FO) X 2
(agree/disagree) contingency table for each of the 36 statements. There were 11 statements in
which the captains and First officers agreed (p>.80, Table 5), and there was significant
disagreement (p<05) on two statements: the captains agreed (and the FOs disagreed) that the
autoland capability enhances safety, and that "automation frees me of much of the routine,
mechanical parts of flying so I can concentrate more on managing the flight”.

Total Flying Time and 767 Flying Time An analysis was performed on the answers to the
36 opinion questions in order to determine the relationship between total flying time, 767
flying time, and captain/first officer differences and these opinion responses. This was done by
performing 2 discsiminant analysis to see if the three variables could discriminate between the
Two categories (agree/disagree) on each question. While there was some effect for a few state-
mens (e.g., 767 time predicted agreement with the statement "1 can find the exact Jocation of
important controls and switches without any hesitation”), in general, the percentage of correct
classifications of responses on the basis of these three variables was always less than 70%, i.c.,
there seems to be almost no detectable relationship between the agree/disagree responses and
the three variables.

Factor Analysis The responses to the 36 questions were subjected to a factor analysis (there
were 96 complete responses for this purpose). An examination of the percent variance
explained versus the number of factors showed no significant "knee” in the curve, but 8 fac-
tors explained slightly more than 60% of the variance. See Curry (1984) for more information
on the factor analysis.
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DISCUSSION

Pilot Acceptance of the New Technology
The Airplare in General

The pilots feel positively about the airplane. More than 86% ag. :d they “enjoy flying the 767
more than the older aircraft” (#11). In response to a statement (#34) about the enjoyment of
hand flying, one pilct remarked "It’s a sweetheart—tough to turn it over to automation!". This
enthusiasm was also evident during the pilot interviews and the cockpit observations where
the pilots also mentioned the a ~crai't performance (high climb rate and cruise altitudes) and
the low fuel consumptiop.

The New Covkpit Technology

The pilots also seem accepting of the new cockpit technology, they choose to use it, and they
find it helpful. Over 87% say they "like to use the new features of the 767 as much as possi-
ble"(#18), 79% "use the automatic devices a lot because 1 find them useful”(#10), although
31% also agreed to some degree that they "use automatic devices mainly because the company
wants me to"{#35).

The items mentioned by the pilots are shown in Table 3. Particularly noteworthy is that the
general capabilities of the AFDS, FMS/CDU and EICAS are mentioned, suggesting their gen-
eral agreement with the functions and implementations. Specifically mentioned items, such at
the map display and autothrottle, are also heavily used as indicated in the frequency of use
table (in spite of their complaints about the implementation details of the autothrottle, Curry,
1984).

Workload

The pilot acceptance of the new cockpit technology, with respect to workload reduction,
seems divided into two groups: thuse who say it reduces vrorkload, aad those who feel operat-
ing the devices creates a form of workload. This is reflected in the evenly divided responses
to several questions: 47% agree and 36% disagree, that " Automation reduces overall workload”
(#32); 53% agree and 37% disagree that "automation does not reduce overall workload, since
there is more to heep watch over” #15; yet 79% agree that "1 use the automatic devices a lot
because I find them useful”(#10), regardless of any workload penalty. A workload issue for
which there was a significant difference between captains and first officers seems based on
their different roles: captains agreed more, on the average, and first officers disagreed more, on
the average, that " Automation frees me of much of the routine, mechanical parts of flying so |
can concentrate more on "managing’ the flight” (#24).

Skill Maintenance

Maintenance of flying skills was a concern of the pilots. This appeared in the questionraires
and in the pilot interviews. For example 87% agree that they "hand fly part of every trip to
keep my skills up” (#14), and 80% agree that "pilots who overuse automation will see their
flying skills suffer” (#18). Interestingly, this concern for other pilots did not always carry
over to themselves because only 63% agreed that "I am concerned about a possible loss of my
flying skills with too much automation” (#31).
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The frequency of use table (Curry, 1984) shows that the pilots, in general, hand fly during
transition and enroute climb (especially at the lower altitudes, as observed on line flights) and
in the terminal area and final approach phases.

Equipment Reliability

Pilot opinion about the reliability of the equipment was measured by some of the attitude
questions and roughly one quarter of the pilots expressed some concern. 20% of the pilots
disagree with the statement” The new equipment is more reliable than the old" (#29) (45%
agreed with the statement, and 35% neither agreed nor disagreed). Similarly, 27% agreed that
they were " worried about sudden failures of the new devices like the FMS computer and the
CRT displays” (#9), although the majority, 64%, disagreed with the statement; and 26% agreed
that they "have serious concerns about the reliability of this new equipment”, and again the
majority disagreed (62%).

Features Disliked

There were few features or concepts that the pilots did not like, although there were features
whose implementation, they felt, needed improvement.

FMC Response Delay A large number of pilots felt that the response time for the Flight
Management Computer was excessive. When a specific instance was mentioned, it usually
involved complying with ATC requests while maneuvering in the terminal area. Although
some of the pilots have learned that they can "type ahead" of the FMC, that is, push the
appropriate buttons before the display requests the information, no one said they did this in
the terminal area when rapid, accurate responses were required, perhaps because it has the
potential for committing errors.

Mechanical/Electrical Checklists One of the participating carriers used a mechanical check-
list, and the two others used cardboard checklists. Pilots of those two carviers felt some aid
would be useful, especially as one pilot commented, it is difficult for a two man crew to get
through a checklist without some form of interruption. Many of the pi'cis felt that having
the checklist displayed on the EICAS would be beneficial. Perhaps so, but previous experi-
ments (Rouse and Rouse, 1980) bave fovnd that simply transferring material to the CRT coes
not necessarily improve performance.

Lacation of Circuit Breakers and Spare Bulbs Several pilots commented on the inability to
reach circuit breakers and spare bulbs while remaining ir their seat. This appears to be a
result of having to pull circuit breakers frequently during the early months of line operation
to remove nuisance EICAS messages. The need to do this has been decreasing as system param-
eters are adjusted.

Although the indicators have more than one bulb, onc pilot reported having both bulbs in the
landing gear indicator burned out. The cockpit design philosophy clashes with the reality of
line operation at this poini: should the pilot continue the landing without leaving his seat, or
should he get up to replace the bulbs? Only more experience can answer this question.

Control Wheel Steering This autopilot mode was rarely used ty the pilots, and some said its
use was discouraged during training. See Curry (1984) for further discussion of this topic.
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Points of Confusion and Surprise
Autothrottle-V/S-SPD Interactions

About 25% or the pilots reported experiencing some confusion, or seeirg nihers become con-
fused about th: interaction of the autothrottles and autopilot. The sourc2 of this confusion
seems to be twofold:

First, the thrust/:levator combination is a complicated interaction in any aircraft, and it
recalls the seemingly endless debate about controlling speed/altitude with throttle/elevator.
(bviously, both strategies are possible in climb and descent. (There is agreement in some
regimes, such as constant altitude: elevator controls altitude, thrust controls speed.) When
these functions are automated, then, confusion and surprise are likely to follow if the pilots
are not aware of the modes actually in use.

The second proposed reason for the confusion of the autopilot/autothrottle interactions, is that
this design has more features than previous systems. The autothrottle is almost always
"armed”; in this state, it can become engaged, e.g., by engaging the SPD mode, even though it
had been turned off with the throttie-mounted switches. Most pilots are used to autothrottles
that can only be engaged by an autothrottle switch. The response to the questionnaires and
the experience in line observation suggests that there is some uncertainty about the conditions
that will allow the autothrotties to become engaged. In addition, the throttles seem to come
out of idle during descent at times that the pilots feel are inappropriate.

Almost 10% of the pilots repcvted some discomfort with the speed syncronization at the time
the Flight Level Change (FLCH) moe is engaged; FLCH is designed to climb at the existing
1AS and climb thrust. The reason for the confusion seems to be that the SPD window shows
a value at the time FLCH is engaged, but this value has no bearis.g on FLCH operation since
the displayed speed automatically changes to the existing speed when FLCH is engaged. These
pilots felt that FLCH should hold the speed displayed in the window, instead of the existing
speed. Perhaps the confusion arises because the other numerical parameters on the mode con-
trol panel (altitude, heading, even speed itself) operate as selected, not held, values.

It is difhicult, from the available data, to allocate the the autothrottle/autopilot confision
among the several possible sources: system design, sysiem implementation, training, and lack
of experience with the aircraft.

AFDS Turns "Wrong Way" or doesn't Capiure

Nearly 20% of the pilots reported that at one time or another, the autopilot either turned the
wrong way (usually on LOC intercept or passing over a waypoint), or did not capture the
desired route or course. It is impossible from the reports received to attribute these occurences
to a lack of system knowledge, incorrect programming of the system, or equipment malrunc-
tion. Even if the pilots could be contacted for mcre information, it would be difficult for them
to recall all the pertinent details, and in addition, they may not know what caused the ano-
maly. (Some pilots, in their response to the question "have you ever been surprised by the
automatics” answered 1n the afirmative, but said they never had the time to determine why).

The causes of reported "failure” of the FMS to capture a course are difficult to determine. It is
true that several preconditions must be satisfied before capture will occur, and it was noted
that not everyons was aware of these preconditions during the early phases of operation.
Still, equipment malfunctions or idiosyncrocies cannot be ruled out as contributors to the
reported instances.
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Using The Wrong Control

Pilots report using the wrong control knob, especially the heading knob for the speed select
knob, and vice versa. This seems to occur during the first few hcurs on the airplane, and
disappears with exposure; no occurances were observed on the line trips.

Unselected Mode Changes

This phenomenon was reported by 12% of the pilots, with all but two reporting a change to
vertical speed, and the others reporting a change to heading hold; both are the default modes
of the autopilot. One incident was precipitated by such a change.

Training
Sub ject Material Grouping

Conversations with personnel involved in the transition training suggested that pilots felt the
material fell naturally into three topics: aircraft systems, the Autopilot and Mode Control
Panel, and the Flight Management System. In some sense, the same was true for the instruc-
tors and program developers. Both the pilots and instructors seemed more at home with the
aircraft systems, and these were learned without any appreciable difficulty even though they
sometimes contained more automation than previous systems, e.g., electrical source selection.
Some pilots and instructors had previous experience with mode control panels. Instructors
felt strongly that this previous experience made the transitiop easier for pilots.

The Flight Management System was entirely new to most instructors and pilots. Although
some had prior experience with inertial navigation systems, the extensive capabilities of the
FMS and its integrated nature were completely new to most individuals. The following com-
ments received from two pilots reflect this view.

"[The FMS/CDU] system is complex and so completely different.”

"1 believe that the FMC was the most difficult to understand during ground school
and the first few periods in the simulator. My classmates felt the same way."

FMS/CDU Training

When asked on the questionnaire what material they wanted more or less of in training, the
strongest responses were requests for: more FMS and CDU training (in general); more "hands
on” experience and training with the FMS/CDU; more line-oriented CDU exercises; and less
non-operaticnal CDU material. These comments were confirmed by several line training
pilots, who, in the early phases, felt that the pilots arrived for line training with less than
desirable knowledge and skills about the FMS/CDU.

The difficulties of conducting the FMS/CDU training seemed to have come from several
sources. First, there were many new concepts for the pilots to learn, e.g., navigating from
autotuned radios, not from a single radio. Second, alt..ough it is beyond the scope of this study
to identif y the conceptually difficult aspects of the system, the organization of the informa-
tion, and the naming conventions seemed to cause problems for people. Third, and perhaps
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most important, there was no training device that (frem the pilots’ view) was an adejuate
simulation of the real FMS/CDU; see the comments below on Computer Aided Instruction.

Relevant Material

It can be seen from the responses that many of the pilots wished they ha< had more " realis-
tic” or line-oriented material in their FMS/CDU exercises and less matzrial on features that
were not operational. This latter request seems to have arisen frowa the scheduled versus
actual introduction of equipment capabilities (Curry, 1984).

In addition to the material they received that they did not need, the pilots also felt tha* they
did not receive material they could have used. In the case of the FMS/CDU, pilots revealed in
interviews that they did not know how to deal with tasks such as crossing restrictions until
after their line training. Although one can argue that these functions would have been
covered by the VNAYV system, pilots were not given an interim method and sometimes did not
receive the material in line training. Another iem mentioned in the interviews, and the
questionnaires, was a last minute change in approach assigned by ATC; removing old informa-
tion seemed to be as much of a problem as selecting the new approacn from the menu.

Computer Concepts

Two of the questionnaire respondents asked for some instruction on computer concepts.

"Ground school should not teach just function of the CDU/computers, but a philo-
sophy of computer applications and programming as applicable to our aircraft. This
was done whe~ the [new jet turbine technology] B-707 was introduced in 1958.
Now that everyone is jet oriented, this is not necessary. So today, the computer is
new and should be taught until everyone has the "idea™.

"For those of us with no computer literacy (buzz word) a 10 minute dissertation
on computer functioning wouid help. Actually, just the thought that the damn
thing only does what it is told would save some errors.”

One pilot suggested an even broader scope.

“From what I've seen so far, we could use a bit more emphasis on the "background’
of some of the automatics to better able a crew to understand what’s happening or
not happening when things don’t go as programmed...”

This type of training would certainly be consistent with the idea of creating a "schema” c-
framework about computers or automation, into which detailed information would more
easily be . <imilated.
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CONCL.USIONS

The data reported in this paper were taken from the introductory experience of the B-767, tut
it is felt that similar, if not identical, results would be obtained with any other new cockpit
technology aircraft, ie., the A310. The following conclusions have been drawn from the
information collected thus far:

o A large maprity of the pilots enjoy flying the B-767 more than the older airplanes.

o The pilots accept the new cockpit technology, and they choose to use it because they
find it useful.

o The pilots are aware of the possible loss of flying skill with the presence of automa-
tion, and they hand fly (usually with flight director) to prevent this loss. There is
r.o evidence of loss of skills from the data collected in this study.

o The primary points of confusion or suprise were autothrottle/autopilot interactions;
the autopilot turning the "wrong way" or not capturing the course; and achieving
desired results with the FMS/CDL.

o The pilots felt training for the FMS/CDU (Flight Management System/Control
Display Unit) could be improved, and they especially wanted more "hands on"

experience. More training on the mode control panel, and more hand flying were
also mentioned.
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1.
2.
3.

Table 1. Statements Rated by Pilots

1 can fly the airplane as smoothly and safely by hand as with automation.
Younger pilots catch on to automation faster than older ones.
Flying today is more challenging than ever.

4. The FMS/CDU 1s easy to useé in normal une flying.
5.1 th uk thev’ve gone too far with automation.
6. Autcland capability definitely enhances safety.

7.

I spend more time setting up and managing the automatics (such as the FMS/CDU) than I
would hand flying or using the old style autopilots.

8. 1 like to use the new features of the 767 as much as possible.

9.

10.
11.
12.
13.
14.
1S.
16.
17.

18.
19.
20.
21.
22

23.
24.

25

I am worried about sudden failures of the new devices like the FMS Computer and the
CRT displays.

1 use automatic devices a lot because I find them useful.

1 enjoy flying the 767 more than the older aircraft.

I always know what mode the Autopilot/Flight Director is in.

I can fly as efficiently as the FMS without its help.

I hand fly part of every trip to keep my skills up.

Automation does not reduce workload, since there is more to keep watch over.

I can find the exact location of important controls and switches without any hesitation.
Automation is the thing that is going to turn my company around and make it profitable
again.

Pilots who overuse automation will see their skills suffer.

The ADI and EHS! displays are al ways legible and easy to read.

] am favorable toward automation in the cockpit - the more the better.

Flying the 767 is definitely easier than flying other aircraft.

Setting piloting priorities with this new cockpit technology is no more difficult than in our
other airplanes.

We should have full autothrottles on all the company'’s aircraft.

Automation frees me of much of the routine, mechanical parts cf flying so I can concen-
trate more on “managing” the flight.

. I have serious concerns about the reliavility of this new equipment.

26. Sometimes what the automatics do or 3on’t do takes me by surprise.

27
28
29
30
31
32
33
34
35
36

. It is easier to cross-check the other pilot in the 767 than in our other airplanes.

. Too much automation can be dangerous.

. The new equipment is more reliable than the old.

. It is important to me to fly the most modern plane in the company’s fleet.

. I am concerned about a possible loss of my flying skills with o much automation.
. Automation reduces overall workload.

. 1 always feel ] am ahead of the airplane.

. Hand flying is the part of the trip 1 enjoy most.

. I use automatic devices mainly because the company wants me to.

. The FMS/CDU requires little or no in-flight button-pushing below FL180.
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Table 2 Pilot Statistics

Captain F/0 Total Time(hours) 767 Time(hours)
Minimum Median Maximum Minimum Median Maximum
Airline A 15 7 8000 14000 | 23150 17 60 300
Airline B 16 12 8500 12000 | 24000 20 113 300
Airline C 30 22 _4200 15500 | 25000 5 104 250
£..1 Pilots 61 41 4200 13500 { 25000 5 100 300
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Table 3. Specific items mentioned on questionaires
Frequency

Total
102

FEATURES LIKED

AFDS
20 Autothrottle Concept/Speed Control
14 AFDS Capabilities

10 Takeoff Mode and/or EEC

8 Reduzed Workload

6 Altitude Capture/Select

EFIS

42 Display and clarity of information
22 Map display

7 Green Altitude Arc

5 Wind Vector

4 ADI Mode Annunciation
2 Ground speed display
FMS/CDU

48 System capabilities
2 Route display

EICAS

35 Quality & Quantity of information
6 Engine limits & numbers

3 Monitoring capabilities

FEATURES MISSING OR NOT LIKED

20 FMC response delay
7 Want electrical/mechanical checklists
7 Circuit breakers and spare bulbs not within reach
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Table 3. Specific items mentioned on questionaires (cont.)

POINTS OF CONFUSION OR " SURPRISE®

25 Aurtothrottle-V/S-SPD Interaction
20 AFDS turns "wrong way" or does not engage
19 Using wrong control (especially HDG/SPD)
12 Unselected mode change (10 to V/S, 2 to HDG HLD)
il Removing route discontinuities and extra information
11 Track/heading on map display

9 Speed sync at FLCH engagement

7 Early altitude capture at high climb rate

7 AFDS-MCP mode (general)

6 FMS/CDU useage (general)

6 Simultaneous Speed brakes & landing flaps

) Changing approaches on FMS/CDU clese-in

3 No aural trim indication

3 Holding with FMS/CDU

3 Map drift

2 Use of J routes in FMS/CDU

2 High bank angles at LOC capture

2 Defining waypoints from station

1 Unselected level-off at FL180

TRAINING

4 Satisfactory as is

More:

25 FMS “DU

22 "Hands on” CDU experience

Hand flying

AFDS-MCP training

Practical, line-oriented CDU exercises
Aircraft systems

Single engine simulator experience

Computer aided instruction

3 man simulator
non-operational FMS material
Phase-of -flight presentation

Nwﬂag WOy
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Table 4. Pilot Opinion Summary (% responses in each category)

| QUESTION STRONGLY LIGHTLY |NEITHER AGREE| SLIGHTLY STRONGLY
NUMBER AGREE AGREE NOR DISAGREE | _DISAGREE DISAGREE

1 28 31 12 25 S
2 12 37 28 18 6
3 37 29 14 17 3
4 38 35 5 19 3
5 3 17 18 27 35
6 26 36 17 15 6
7 30 35 7 15 14
8 54 36 6 4 0
9 11 16 10 28 36
10 39 40 16 6 0
1 62 24 7 7 0
12 29 32 8 28 3
13 3 17 18 40 23
14 63 24 4 7 2
15 22 31 10 23 14
16 29 29 10 31 2
17 6 15 39 18 21
18 18 32 6 12 3
19 51 28 S 13 3
20 15 44 17 17 6
Y 13 33 24 25 6
22 19 32 10 32 8
23 16 21 1 15 8
7 19 42 16 19 S
25 4 22 13 30 32
26 10 52 5 22 8
27 11 26 30 27 7
28 11 34 29 17 10
29 13 32 35 21 0
30 16 28 33 16 8
31 24 39 8 16 13
32 18 29 17 31 b
33 21 40 10 28 1
3a 22 38 25 10 6
35 6 25 27 30 13
36 3 13 6 24 55
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Table 5 Contingency Table Comparison ~ Captains vs First Officers
and their Response to the 36 Statements

.85

99

.87
.88

.85

91
.90
1.00
.87

.85

Probability

047

043

Statements on which there was agreement (p > 0.80)

Probabilitx Statement number

Statement

10

12

13

19

21

22

23

32

34

! can fiy the airplane as smoothly and safely by hand
as with automation.

The FMS/CDU is easy to use in normal line flying.

1 use automatic devices a lot because |1 ind them use-
ful.

1 always Kkncw what mode the Autopilot/Flight
Director 1s in.

I can fly as efficiently as the FMS without its help.

The ADI and EHSI displays are always legible and
easy to read.

Flying the 767 is definitely easier than flying other
aircraft.

Setting piloting priorities with this new cockpit tech-
nology is no more dificult than in our other airplanes.

We should have f{ull autothrottles on all the
company's aircraft.

Automat:iun reduces overall workload.

tland flying 1s the part of the trip I enjoy most.

Statem<ats on which there was disagreement (p <.05)

Statement number Statement Reasons
6 Autoland capability Captains agree more, FOs

definitely enhances safety. disagree more

24 Automation frees me of Captains agree more, FOs
much of the routine, disagree more
mechanical parts of flying
so | can concentrate more
on "managing” the flight.
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Crew Communication as a Factor
in Aviation Accidents

by Joseph Goguen!, Charlotte Linde? and Miles Murphy?®
1. INTRODUCTION

The basic motivation for the research reported here is to reduce the incidence of those
air transport accidents caused wholly or in part by piovlems in crew communication and
coordination. A major objective is to determine those communication patterns which
actually are most effective in specific situations; this requires developing methods for
assessing the effectiveness of crew communication patterns. It is hoped that these results
will lead to the development of new methods for training crews to communicate more
effectively, and will provide guidelines for the design of aviation procedures and
equipment.

The two main contributions of this study are a set of validated hypotheses about air
crew communication patterns, and the development of a novel methodology for
formulating and testing such hypotheses. Transcripts from eight commercial aviation
accidents were used as data. Section 3 below gives a precise treatment of each
hypothesis, while Section 2 presents the procedures used, including definitions for the
variables occurring in the hypotheses. The following list informally presents the result of
testing each hypothesis, together with its relevance for aviation safety:

1. Speech acts to superiors are more mitigated, i.e., the speech of subordinates is more
tentative and indirect than the speech of superiors. This indicates a relationship
between the social hierarchy and the form of cockpit discourse, and provides a
foundation for later hypotheses concerning the effects of excessive mitigation.

2. Speech acts are less mitigated in crew recognized emergencies, i.e., when crew
members (including the captain) know that they are in a emergency situation, their
speech is less tentative and indirect. This indicates that crew members are able to
vary their use of mitigation depending on their perception of the situation, and
suggests both that experienced crews fiel that mitigation is inappropriate in an
emergency and that the level of mitigation may be trainable.

3. Speech acts are less mitigated during crew recogniz~d problems. This hypothesis is
similar to the previous one, stating that when crew members know that they are in
a problem situation, their speech is less tentative and indirect.

4. Captains and subordinates differ in frequency of planning and explaining. This

lStmcmral Semantics, P.O.B 707, Palo Alto CA 94302, and SRI International, Menlo Park CA 94025.
2Structural Semantics, P.0.B. 707, Palo Alto 94302.

SNASA, Ames Research Center, Moffett Field CA 94035.
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hypothesis probes, in an indirect way, possible inhibitory effects of the social
hierarchy on contributions by subordinates. Test results suggest that captains may
plan and explain more than subordinates.

5. Planning and explanation are less common in crew recognized emergencies. This
hypothesis represents the intuition that when crew members know they face an
emergency, they will do less planning and explaining of possible courses of action.
Clearly an emergency calls for immediate action, but it is still possible that more
planning and explanatior would be useful in some emergency situations.

6. Planning and explanation are more common during crew recognized problems.
This hypothesis states that when cr~w members are aware that they are in a
problem situation, they do more planning and explaining. This result indicates
that crew members do indeed plan and explain in appropriate situations, those
where the original flight plan is no longer adequate.

7. Topic failed speech acts are more mitigated. This hypothesis tests the idea that
excessive mitigation can have undesirable consequences, specifically that a new
topic is less likely to be picked up by other crew members if the speech act in
which it is introduced is excessively mitigated. The result suggests that the
frequent situation of a subordinate failing to get a correct point accepted might be
improved by training in linguistic directness.

8. Unratified draft orders are more mitigated. This hypothesis tests the idea that
when a crew member proposes a suggestion to the captain, the more indirect and
tentative the suggestion, the less likely the captain is to ratify it. Like the
preceding hypothesis, this suggests the possible value of training in linguistic
directness.

These results show that crew communication patterns are frequently present in accident
situations, and suggest that they may have a significant effect on aviation safety.

This methodology is novel in its use of linguistic investigation of .ow crews actually talk,
using aviation accident transcripts as data, yielding an empirically grounded formal
description of communication patterns in the cockpit. An ongoing study uses the same
methodology and hypotheses with audio and video recordings of sixteen full mission
simulations as data [Murphy et al. 84].

2. METHOD

This section discusses data acquisition, the theoretical concepts which define the
variables used in the hypotheses, and the variables themselves.

2.1 Sampling Procedures

There are three main stages to the sampling process: (1) the production of accident
transcripts, (2) the selection of transcripts, and (3) coding the selected transcripts. The
sample space that results from these procedures consists of a large number of speech
acts, rather than, for example, a small number of transcripts or of crew members. This



choice seems well suited to studying relationships between linguistic behavior and
features of the cockpit situation. On the other hand, accident transcript data is less
suitable for studying individual differences in the behavior of crews or crew members.
This is the case because these transcripts do not provide a sample of crews tested in a
single standard situation, but rather show single crews in a variety of unique situations.
We will not describe the production of accident transcripts here, except to note that this
is an *unobtrusive® procedure, in the sense that the collection of this data has nothing to
do with the researchers who later analyze it.

2.1.1 Transcript Selection Criteria

The transcript selection criteria were developed using categories and analyses in [Murphy
80):

1. The transcript contains a critical segment. A critical segment is a portion of
transcript containing observable degradation or failure of crew coordination which
is actually or potentially critical to the completion of the flight.

2. The entire situation of interest must not be significantly longer than 30 minutes
(since the maximum length of the tape is 30 minutes).

3. There must be sufficient background information to permit understanding all
relevant aspects of the situation (e.g., in the NTSB report).

4. The language of the transcript should be suitable for analysis. In particular, there
should be enough talk to permit analysis, and all the conversation should be in
English, since we are not focussing on cross-linguistic problems.

5. There should be sufficient interest and agreement in the aviation community to
support further investigation.

6. All other things being equal, more recent transcripts are preferred. (Note that this
criterion also plays a major role in determining whether or not criterion 5 is
satisfied; older flights are of lesser interest since the procedures and equipment are
more likely tc have been superseded.)

7. If possible, the set of transcripts should include all flight segments —- taxi, takeoff,
climb, cruise, approach and land.

Eleven potentially suitable transcripts were preselected at NASA using criteria 1 and 5,
and 6 and 7 whenever possible:

1. United Airlines/Portland/78;

2. Eastern Airlines/Miami/72;

3. Northwest Orient Airlines/Thiells, New York/74;

4. Allegheny Airlines/Rochester/78;

5. World Airlines/Cold Bay, Alaska/73;

6. Texas International Airlines/Mena, Arkansas/73;

7. Pan American Airlines/Bali/74;

8. Air Florida/Washington, D.C. /82;

9. Southern Airways/New Hope, Georgia/77;

10. PSA/San Diego/78; and
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11. Pan American Airlines/Teneriffe/77.

These eleven were examined in detail. The first eight transcripts of this set were found
suitable for inclusion in the sample. The last three are unsuitable for the following

reasons:

1. Southern/New Hope. Several of the major contributing events occur before the
beginning of the tape, and indeed, before departure, i.e. the company’s failure to provide
up-to-date severe weather information, and the crew’s ®"lack of significant attempt to
seek information on current flight conditions® (NTSB report, p. 33).

2. PSA/San Diego. The NTSB report on this accident mentions the possibility that
there were two small planes in the vicintiy of the PSA plane, rather than just one as
both the crew and ground control appear to have believed. This makes it impossible to
determine accurately to which plane the PSA crew and ground control were referring at
any given time.

3. Pan Am-KLM/Teneriffe. Unlike the other accidents considered, the cause of this
accident appears to lie in failure of communication with the tower, rather than in crew
coordination. Futhermore, some of the communication problems appear to arise from
the fact that three different languages are involved -- English, Spanish, and Dutch.

2.1.2 Data Coding

Each of tiz 1725 speech acts in the sample space was coded according to twelve
categories: speaker; addressee(s); speech act type; discourse type; new or old topic; topic
success or failure; draft order; ratification; mitigation level; crew recognized emergency;
crew recognized problem; and operational relevance. Most of these variables depend
upon linguistic theories that are described in the following subsection. For details of the
coding procedures, see [Structural Semantics 83].

2.1.3 Use of Hypothesis Formulation and Test Transcripts

Two of the eight transcripts, chosen for the interest of their language and situation, were
used to develop hypotheses which illuminate the basic structure of crew communications.
We call these two transcripts, United/Portland/78 and Texas/Mena/73, the hypothesis
formulatioa group. The remaining six transcripts were used to test the hypothesis; we
call these transcripts the test group.

The six transcripts from the test group contain altogether 480 operationally relevant
speech acts, and the two hypothesis formulation transcripts contain 399. Each
hypothesis selects as a dataset for testing a subset of the 399 speech acts of the
hypothesis formulation grcup and a subset of the 480 speech acts of the test group.
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Each hypothesis is first tested on speech acts from the six transcripts of the test group.
It is then tested on the speech acts from the two hypothesis formulation transeripts.
Speech acts from these two groups are pooled when possible to yield a larger sample for
a stronger test of the hypotheses. However, pooling is justified only if it is possible to
avoid the methodological bias that results from testing hypotheses on the data from
which they were formulated. If the hypothesis is accepted on the basis of data from the
six test transcripts and/or is rejected for data from the two hypothesis formulation
transcripts, then the two datasets can be combined. The purpose of this division is to
reduce the probability that the obtained results are in actuality due to the effects of
some uncontrolled variable.

2.2 Linguistic Theorles

In order to provide an adequate description of ¢>ckpit communication, we have adapted
or created a number of linguistic theories. These include speech act theory, and formal
theories for the discourse types of planning, explanation, and command and control.
These theories support the linguistic variables used in our hypotheses. The variables
include: mitigation/aggravation level, crew recognized emergency, crew recognized
problem, operational relevance, topic success or failure, and draft order and ratification.
We now turn to a brief dicussion of these underlying linguistic theories.

2.2.1 Speech Act Theory

Speech act theory focusses on the operational aspect of language — how a particular
sentence achieves some effect in the world. We call this the social force of the speech
act. The fundamental insight of speech act theory is that some sentences, such as (1),
describe or report a state of the world, while other sentences, such as (2), create a state
of the world.

(1) There’s a thunderstorm ahead.
(2) I declare this bridge open.

These examples express their social force directly. However, there are also speech acts
which express their most probable social force indirectly, by using a linguistic form which

is not to be interpreted literally. For example4

(3) CAM-1 What I need is the wind, really
(1765:13)

is literally an expressive, in which the captain expresses his psychological state

4E)mmples from the United/Portland/78 transcript are indicated by giving the time of the utterance
below it in parentheses. This transcript is used in our examples because of its relevance to our research
topic and its familiarity to the aviation community.
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of "needing® information about the wind. However, given the context in which it was
spoken, its social force might be given as the dirsctive

(4) Give me the wind.

The basic question about indirect speech acts is how can it happen that one speech ac*.
gets interpreted as another. To answer this, speech uct theory [Searle 79] uses felicity
conditions, which are conditions that must be satisfied in order for a speech act of a
given kind to be uttered *felicitously® (also termed *non-defectively®). These conditions
include preparatory conditions, propositional content conditions, sincerity conditions. an
essential condition, and possibly some others. Preparatory conditions cover what
must be satisfied before the utterance is made; for example, for an order, that the
speaker must have appropriate authority over the addressee, and that the addresee is
able tc perform the act; or for a promise, that it is not obvious that what is promised
would otherwise occur. Propositional content conditions express constraints on the
propositional content; for example, for a promise, that it express a future act by the
speaker. Sincerity conditions concern the speaker’s internal states, including his
intentions. For example, in a request that the addressee perform an act A, the speaker
should really want the addressee to do A. The essential condition defines the desired
effect of the speech act :pon the addressee.

| Preparatory: Addressee is able to perform act A

I
| Propositional Content: Speaker predicates a future act A of the

to get the addressee to do act A

| addressee

: Sincerity: Speaker wants the addressee to do act A

: Essential: Utterance counts as an attempt by the speaker
|

- - - - - - -

Figure 1: Felicity Conditions for Directives

The most obvious way to accomplish a speech act indirectly is to make reference to one
of its felicity conditions. For example, a sincerity condition for a request that the
addressee make a report is that the speaker should really want to know the contents of
this report. This gives us an explanation of how (3) can indirectly convey (4). Figure
1 gives a list of felicity conditions for directives, a class which includes orders and
requests; Figure 2 gives a list of "generalizations* for the indirect accomplishment of
directives. (Both figures are adapted from [Searle 79].)
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1. Preparatory Condition. Speaker can make an indirect directive to
do act A either by asking whether a preparatory condition concerning
the addressee’s ability to do A holds, or by stating that it does
hold.

2. Propositional Content. Speaker can make an indirect directive by
asking whether the propositional content condition kolds or by stating
that it does hold.

3. Sincerity Condition. Speaker can make an indirect directive by
stating that the sincerity condition holds, but not by asking whether
it holds.

4. [Essential Condition. Speaker can make an indirect directive to
do an act A sither by stating that there are good or overriding
reasons for doing A,or by asking whether such reasons exist, except
where the reasor is that the addressee wishee to do A, in which case
the speaker can only ask whether the addressee wishes to do A, but
caax not assert “hat he does.

Figure 2: Strategies for Indirect virectives

There is a very large literature on indirect speech acts in the fields of linguistics,
philosophy of language, artificial intelligence, and psychology, e.g. [Searle 79, Gordon &
Lakoff 71, Gazdar 79, Labov & Fanshel 77]. Our discussion summarizes the approach
of [Searle 79], which underlies most other approaches. Speech act theory also provides a
taxonomy of possible types of speech act. We have modified this taxonomy to provide
an inclusive listing of the speech acts found in cockpit communication. These are:
requests, including orders, requests, suggestions and questions; reports; declarations;
and acknowledgements. The set of all speech acts in the 8 transcripts selected in
Section 2.1 constitute the basic sample on which our hypotheses were tested.

2.2.2 The Discourse Unit

Although speech act theory is of great value to the study of crew communication, our
account would be quite incomplete if it remained at the level of the simple sentence. It
is necessary to study larger units as well. The larger unit of language that we have
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found appropriate for this study is called the discourse unit. A discourse unit is a
segment of spoken language, longer than a single sentence, having initial and final
boundaries that are socially recognizable, and having a formally definable internal
structure. (This definition generalizes the criteria given by [Labov 72] for the narrative
of personal experience.) Discourse types that have been studied include the narrative,
the spatial desciption [Linde 74, Linde & Labov 75|, the joke {Sachs 74|, small group
planning [Linde & Goguen 78], and explanation [Goguen, Weiner & Linde 83). There are
a number of points to be made about the definition of discourse unit:

1. Level of Unit. In the linguistic hierarchy, the discourse unit is immediately above
the s