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Time Sharing Between Compensatory Tracking
And Search-and-Recognition Tasks

B. W. STEPHENS and R. M. MICHAELS
Human Factors Research Branch, Traffic Systems Research Division, Office of
Research and Development, U. S. Bureau of Public Roads

This study deals with one aspect of driving behavior; i.e., the
sharing of timebetween two types of activities that the driveris
forced to accept as a part of the driving task. Steering and
recognition behavior has been abstracted and explored in the
laboratory by analyzing performance on a compensatory track-
ing task taken as an analogue of steering and on a filmed pres-
entation of a sign search-and-recognition task. The relative
effects of the interaction between tasks were explored. The
main findings of the study were that (a) where time sharing was
required, each type of performance was degraded; (b) increas-
ing the number of message units appearing in the recognition
task did not differentially affect simulated steering perform-
ance but did increase the time required for recognitionof a key
message; (c) increased speedof the simulated steering task dis-
played decreased recognition time of the discrete visual task;
and (d) where a specific message had equal likelihood of appear-
ing or not appearing, recognition time was greater whenthe key
word did not appear. Results are discussed in terms of opera-
tor sampling behavior.

*CONTROL of lateral placement on the roadway is an intrinsic part of the task of driv-
ing which requires the human operator to maintain vehicular position within rather
narrow bounds. In addition, the driver must search for, select, and process a variety
of discrete informational indicators relevant to his ongoing and future psycho-motor
and decision-making performances. These two tasks require two very different visual
tasks which compete for the viewer's time and must in some way be sampled such that
minimal variation in steering is achieved. How these two types of operator perform-
ance interact and the effects of their interaction on system performance are poorly un-
derstood. Yet, the efficiency and safety of the system depend on the proficiency of
human processing of these concurrent informational inputs.

The experiment described here provides data relevant to the operator's sharing of
time between a continuous control task, referred to as tracking, and the task of seeking
out and detecting a critical aspect of a rather heterogeneous environment, referred to
as search-and-recognition activity.

Previous investigators have considered each of these two aspects of operator per-
formance, but have not examined the interaction processes. A more formal definition
of both tracking and search-and-recognition behaviors, along with studies relevant to
this inquiry, provides some basis for predicting the baseline conditions employed in
this research.

One-Dimensional Tracking

Tracking has been assumed to be an analogue of the steering task and is therefore
defined in this context (1); that is, as a paced task where an "externally driven input
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signal defines an index of desired performance and the operator activates the control
system to maintain alignment of the output signal of the control system with the input
signal. The discrepancy between the two signals is the error and the operator responds
to null the error."

Compensatory tracking provides a signal of the error and requires only a reference
and control mechanism. Such a situation is analogous to minimizing deviations from a
prescribed path or roadway. Such a configuration may be displayed on the face of an
oscilloscope. Use of a low frequency sinusoidal input provides a geometrically smooth
input similar to roadway curvature, The information load appears to be a function of
the increment magnitude that must be achieved within a relatively stable response peri-
od. As the frequency increases, the information load increases. Consequently, any
time consumed in the evaluation of other portions of the environment would be expected
to lead to more imperfect proficiency of guidance.

Subjects appear to be able to match input frequencies up to 3 or 4 cycles per second
(cps) according to Ellson and Gray (10). McRuer and Krendel (14) give a value of about
1 cps. A specific control or display configuration may affect that motor response suf-
ficiently to account for these differences.

In a field situation, amplitude has been shown to affect the operator's error-free
performance of guidance. A study at the Ford Motor Company (13) indicated that on a
test track with sine wave configurations, drivers reduced their speed to effectively
track higher amplitude curves. This field study suggests that increments of angular
change remain constant over a time span probably associated with the subject's response
time.

Brown (7) has shown that many cases involving objects in motion may be considered
to be perceived as a constant proportion of the velocity of angular change, suggesting
that a single metric may suffice to predict tracking error for a particular control con-
figuration.

Recognition Time

Recognition has been defined by Munn (15) as the ability 'to differentiate between
the familiar and the unfamiliar or what has been experienced and what is new.' Rec-
ognition time may be defined as the delay between the onset of some information display
and its overt discrimination by an observer. In the context of this research, search-
and-recognition activities were measured. The distinction between simple recognition
and the dynamic task discussed here is that the task is not localized. It is in motion
and must be pursued at least briefly. It must indeed be searched for, pursued, recog-
nized and finally reported by some overt act.

In the static state, discriminations of this type have been measured by obtaining
measures of disjunctive reaction time. Considerable evidence supports the assumption
that recognition time increases with task complexity. Classical reaction time experi-
ments indicate that reaction time increases with the number of alternative responses
(9, 16). In an unpublished study, performed at the U. S. Bureau of Public Roads,
Desrosiers (8) found in a simulated situation that the mean recognition distance of a
subject approaching a sign at a constant velocity varied inversely with the number of
alternative messages on highway signs.

Task Sharing

Many studies have been conducted where information from separate discrete tasks
is to be optimally organized and translated to control devices by the human operator (6).
Most of these have involved the sharing of tasks between more than one sensory modality.
Briggs and Howell (5) have provided data on the interaction of two continuous track-
ing activities considering the effects of stimuli separation and speed. They have con-
sidered both peripheral and central aspects of the time-sharing process. Although more
than one information source was to be attended during this study, three major differ-
ences existed between their study and the one reported here. First, both tasks required
tracking perfomance which demanded forced pacing in an alternation pattern between
the inputs by the operator unless he left unattended one of the two components of the



time-sharing situation. Second, the spatial separation of displays was fixed for any
one experimental condition, reducing search time and also the applicability of such a
configuration to the situation in question; i.e., utilization of information sources which
are themselves in motion, relative to the observer. Third, neither task required the
discrete decoding of visual information implicit in recognition tasks. There are, how-
ever, certain requirements met by the study by Briggs and Howell which have perti-
nence to the situation of prime interest. These are discussed at a more appropriate
point in this report. All studies reviewed indicated a generalized degradation of per-
formance as task complexity increases.

The following statements concerning time-sharing performances formally present
the major hypotheses subjected to test in this study.

1. The effect of a superimposed search task will increase the tracking error (de-
grade tracking performance) in proportion to the frequency and amplitude of the tracking
signal (a sinusoidal function),

a. Tracking error will increase proportionally with the tracking frequency and
amplitude.

b. Tracking error will increase proportionally with the number of words on the
signs (complexity of the search-and-recognition task),

2. The speed and accuracy of the search-and-recognition task will be inversely
proportional to the frequency and amplitude of the tracking task and to the increase in
the complexity of search-and-recognition task.

a. Recognition time (measured as time from the sequence beginning) will be
proportional to the frequency and amplitude of the tracking signal (a sine wave).

b. The proportion of false alarms in recognition will increase as the frequency
and amplitude of the tracking signal are increased.

3. Tracking performance will be decremented equally when a specific message in
the sign display is present or not present for signs bearing equal numbers of alterna-
tives.

a. Tracking error will not be dependent on the presence of a specific message
on the sign.

These hypotheses suggest monotonic changes and do not predict absolute magnitudes
of error. They are intended to ascertain the relative effects of the concurrent opera-
tions that subjects were requested to perform.

Figure 1 presents the three-dimensonal matrix of conditions defining the range of
variables composing the experiment, The matrix does not differentiate between experi-
mental conditions providing the presence or absence of a specified message.

The separation of experimental and control conditions is also shown in Figure 1.
Quantative predictions of tracking error are suggested by the frequency-amplitude pro-
duct multiplied by a constant. No quantative predictions were made for search-and-
recognition times.

The first hypothesis predicts increasing erroneous tracking performance related to
an increasing frequency-amplitude product. The lower left-hand corner of the matrix
reveals the lowest such product, hence predicts the smallest tracking error. The
upper right-hand block displays the greatest tracking error. This trend is paralleled
for each of the search-and-recognition conditions with a correspconding increase in the
predicted tracking error as the number of words per sign increase,

The second hypothesis predicts a positive relationship between recognition time, as
a measure of search-and-recognition performance, and the frequency-amplitude pro-
duct of the tracking task. Moving from the upper right-hand corner diagonally across
to the lower left-hand corner of the matrix of conditions is a prediction of increasing
recognition time for signed key messages, which is related to frequency and amplitude
across conditions of increased number of words per sign.

The last major hypothesis tested in the study relates to the influence of expectancy
of appearance of a message of the search-and-recognition and its relation to tracking
between the presence or absence of a key message,
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METHOD
Apparatus

Figure 2 shows the general relations
of the task configuration to the response
devices., Each of these blocks in their
interacting role is discussed in this sec-
tion. In addition to the presentation and
response systems, timing, measurement
and recording systems for the experiment
are discussed, Figure 3 shows the relative
position of the displays and control devices.

Tracking Task

The subject was seated at a console
containing a circular cathode ray display
(CRT), 12.5 cm in diameter. The dis-
play was situated slightly below the line
of sight at a 12° tilt with the vertical axis
of the room. A low-intensity ambient
brightness of approximately 10~* mL sur-
rounded the scope face. The brightness
of the tracking signal was approximately
1 mL,

The signal was a point of light normally driven horizontally across the face of the
CRT and was to be corrected by manipulation of a simple manual rotary control (a hand-

crank), The control mechanism, 15 c¢m in

diameter, had a 90-kg flywheel attached

to prevent jerking of the control system. Two such cranks were located on the console
so that either one could be easily operated by the subject's preferred hand. The two
controls were mounted on the face of the console at a 45° angle with respect to the

floor. The crank was adjustable to a height

which required support for the elbow by a

rubber pad. Hence, rotary control was achieved almost entirely by wrist motion.

Search-and-Recognition Task

A series of motion pictures containing scenes of a new section of the Interstate High-

way near Washington was presented on a rear-projection ground glass screen.

The
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Figure 2. Block diagram

of time-sharing system.
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Figure 3. Subject seated at driving console performing tracking and search-and-
recognition tasks.

screen was located 8 ft from the seated subject with vertical alignment to the CRT. No ap-
parent texture masked the projected images and the angle of inclination required for a
visual shift from one display to another was slight.

Displayed on the face of the screen was a sign-reading task containing messages
composed of nonsense syllables having association values of 27 to 47 percent. Each
message unit had six letters and the lengths of the messages and the contours of the
letters composing the message units were matched.

The apparent sizes of the signs were the same as they would have been on the actual
highway configuration; i.e., the visual angle subtended by the sign on the operator's
eye was matched for the time from the sign that corresponded to the distance of an
actual vehicle traveling at constant velocity. Each approach scene was projected at a
rate of 24 frames per sec, and was 16 sec in duration including 1 sec of film displaying
passing and receding from the sign position.

Before photographing the highway section, portable sign standards were erected with
green backgrounds nearly reproducing the hue and saturation of the present standards
used for destination signs on the Interstate Highway System. During photographic ses-
sions, interchangeable messages were placed on the standard backgrounds and the signs
were oriented so that the brightness was approximately equal for all signs. The camera
was mounted near the head position of the driver, hence providing motion pictures
which were used to synthesize the appearance of driving on a roadway from the driver's
view,

During photography, four standards were placed 1,000 ft apart with one of 30 sign
configurations randomly assigned to each location so that background environment could
not be associated with a particular sign corfiguration during the experiment. Each sign
contained a combination of 2, 4 or 6 message units with or without the presence of a
key message, PIDFOH, and position of the key message was also randomly assigned to
one of the available positions.

The developed pictures were duplicated so that seven complete randomized edited
versions were available for the experiment. All films had the 30 scenes of the random-
ized standardized signs in different randomized orderings.
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Figure 4. Method for recording tracking Measurements of rectified integrated
error, represented in three ways. tracking error, time from the sequence

start where subjects indicated recognition

associated with the sign reading task, and

correctness of verbal responding to the
key word on the sign reading task were recorded digitally, These measures were
employed as the dependent variables for determining the tenability of the time-sharing
hypotheses. Analogue records of tracking performance and a discrete indication of
recognition time were also collected.

The system of measurement of cumulative tracking error is shown in Figure 4. This
error measurement system is essentially the one developed by Gain and Fitts (11) for
a series of tracking studies. In this system, one of the cranks was attached to a linear
potentiometer which controlledad.c. voltage. This in turn was added to a low-frequency
sine wave whose algebraic sum was displayed on the cathode-ray display and in parallel
course multiplied by a constant value empirically derived for minimal error of compu-
tation, rectified and integrated. An output pulse from the flip-flop actuated a double-
pole, double-throw relay between the rectifier output and the integrator at the termi-
nation of each 15-sec sampled sequence, This relay in turn energized a delay
sample circuit associated with a Hewlett-Packard Model 405-ARd. ¢. - digital voltmeter.
The voltmeter in turn "issued a print command" to a Hewlett-Packard Model 560-A
digital recorder. Total tracking error system measurement during any one day of run-
ning was less than 1 percent.

The sampled sequence initiation pulse from the flip-flop actuated another double-
pole, double-throw relay which issued a short pulse to the clamping circuit associated
with the integrator, thereby '"zeroing''the unit and permitting an accurate accumulated
error score to be developed.

The measure of time from the end of the sampled sequence was achieved by use of
the second set of contacts on this pulsed relay., A positive going pulse of 80 v started the
count of a Hewlett-Packard Model 522-B electronic timer. A stop pulse was initiated
by either the subject's application of pressure on a foot switch or by the one set of relay
contacts associated with the stop phase of the flip-flop.



7

Verbal indication of the position of the key word on the search-and-recognition dis-
play was measured for "correctness' of response by use of a coincidence circuit. For
each sequence the experimenter set into a series circuit the position associated with
the key word at the beginning of each trial. The verbal response was recorded by
pressing the second switch in the pair of cascaded switches. If the position reported
was the same as that pre-set by the experimenter, a voltage activated a binary indicator
and the digital recorder printed an indication of position correctness.

Procedure

During the experimental runs, subjects were requested to simultaneously track (keep
the dot on the CRT display centered on a vertical black line dividing the scope face) and
to indicate when the word PIDFOH could be recognized on the motion picture display.
Subjects pressed the foot switch as soon as they recognized PIDFOH, or if the key word
was not recognized as present, they were also to press the switch. Immediately upon
initiating the motor response to the search-and-recognition, subjects verbally gave the
position of the key word by reporting the numerical position, one through six, or "zero"
when PIDFOH did not appear on the sign.

Subjects were not instructed to pace the task in any particular manner, but merely
to give indications of their recognition of the key word as soon as possible without guess-
ing and to track as well as possible throughout each trial,

Prior to the experimental session, subjects had approximately 4 hr of training in
tracking and search-and-recognition. The film used for the recognition control cases
was also used for training. In all cases, with the exception of the last subject, training
took place the day preceding the experimental session. The experimental session was
divided into two 3-hr sessions. Each of the 14 trials was 8 min in duration with rest
periods of approximately that length between trials.

Six subjects randomly drawn from the Bureau of Public Roads Office of Research
Staff were employed. The four males and two females, from 21 to 45 years old, re-
ported no anomalies of vision or motor impairment and all had at least several years
of driving experience.

Experimental Design

A balanced five-factorial design, with randomized presentations of the stimulus con-
ditions associated with the search-and-recognition task, was randomly presented for
each tracking condition. Six subjects were employed for tracking under two amplitude
and three frequency conditions under filmed conditions having signs containing 2, 4, or
6 messages with or without the presence of a key message PIDFOH. Each of these con-
ditions was presented five times. The control conditions associated with tracking
were equal in length, but the sample size was accordingly increased to 30 trials.

A latin square treatment of frequency, amplitude and subjects provided a determina-
tion of time transitions that might be associated with the experimental presentations.

Control tests of tracking performance were paired with each of the time-shared
(experimental) runs. The first half of the trials provided a control case requiring
tracking without the filmed presentations followed by an experimental case where sub-
jects were required to perform both tracking and search-and-recognition activities.
The latter half of the trials for each subject was a reversal; i.e., each experimental
trial was followed by a control case,

Two control trials providing recognition information only were conducted during
the first and second halves of the experimental session. No tracking was required.

RESULTS

Four types of analysis were conducted to ascertain the influence of constituents of
the tracking task on performance on the search-and-recognition task and likewise
the influence of components of the search-and-recognition task on tracking performance.
These analyses included testing of the significance of the differences between means of
each of the treatments described earlier; i.e., an analysis of the integrated tracking
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error variances and similar analysis of the recognition times between each of the con-
ditions associated with the dynamic recognition task.

Basic to the inquiry was conduct of a lesl of (he generalized lime-sharing hypothesis
which states that there is a trade-off between the two tasks such that high erroneous
performance on one of the tasks is highly correlated with relatively accurate perform-
ance on the other. This hypothesis was simply tested by sampled rho-correlations of
the time-shared aspects of the experimental configuration.

A third type of analysis of time-sharing behavior of the interpolated tasks was an
examination of the erroneous recognitions of signs presented. Finally, control tests
were conducted to ascertain: (a) possible learning confounding throughout the experi-
mental sessions, and (b) a comparison of experimental and baseline conditions where
the tracking task or search-and-recognition task was presented singly.

The tracking data and recognition time data are separately presented and finally the
interactions of the two performance modes are considered together in an examination
of the "trade-off" hypothesis.

Tracking Performance

A summary of the factors and their interactions interjected into the experimental
situation is given in Table 1. This table does not reflect analysis of presentation of the
tracking task alone, but rather those pre-
sentations where subjects were required

to perform both tracking and search-and- -
recognition tasks concurrently. Inferences 14 {~ AMPLITUDE -KEY WORD
therefore drawn from these data reflect O——0 2 CM. -PRESENT /
not only the effects of the attribute in — O— —0O 2 CM.- ABSENT
question but also the influence of attri- o ®——@ 4 CM.-PRESENT
butes of the search-and-recognition task. > 2~ m— —m 4CM.-ABSENT
Table 1 shows that frequency, amplitude, >
E —
< /
TABLE 1 = o 7
ANALYSIS OF VARIANCE SUMMARY TABLE E)
FOR CUMULATIVE TRACKING ERROR o /
Su Mean Su = B / N
) m ean Sum . IS
Factor of Squares BE of Squares ¥ BaHo % B /
Frequency 5, 582,52 2 2,791.26  493.15% e
Amplitude 4,593,27 1 4,593.27 811,532 w
Complexity 22.58 2 11.29 1.99 }— o
Presence 59.52 1 59.52 10,528 )
Subject 2,481.67 5 496.33  87.69% =
FxA 2,244.01 2 1,122.00 198,232 < 6
FxC 33.85 4 B.46 1.49 (&)
FxP 14,01 2 7.00 1.24 <
FxS 490,69 10 49,07 8.672 o 5 =
AxC 1.06 2 0.53 0.09 =
AxP 12,97 1 12.97 2,29 a
AxS 635.52 5 127.10 22,462 O 4
CxP 26.58 2 13.29 2.35 =
Cx8 35.39 10 3.54 0.62 <
PxS 19.82 5 3.96 0.70 e - |
FxAxC 22.10 4 5.52 0.98 =
FxAxP 13.69 2 6.84 1,21 —
FxAxS 509.41 10 50.94 9.00% =
FXCxP 60.59 4 15.15 2.68% =2
FxCxS 124.93 20 6.25 1.10
FxPxS 50.21 10 5.02 0.87
AxCxP 12.76 2 6.38 1.13 = -
AxCxS 49.89 10 4.90 0.88
AxPxS 25.47 5 5.09 0.89 | | |
CxPxS 87.22 10 8.72 1.54 0]
FXAXCxP 54.24 4 13.56 2.40 -3.5 -2.5 -1.5
FxAxCxS 108.15 20 5.41 0.96
FXAXPxS 60. 65 10 6.06 1.07 LOGp FREQUENCY, CPS
FxCxPx8 146,28 20 7.33 1.30
AxCxPxS 17.23 10 1,72 0.30
FxAxCxPx8 157.80 20 7.89 1.39 Figure 5. Relative tracking error data
Residual 4,894, 44 864 5,66 s ; P 11tud
Total 92.676.20 1,079 - s showing effects o requency, amp. ude

— and presence of search-and-recognition key
AGignificant with probability less than 0.01, word.



presence of the key word, and subjects
have demonstrated differential effects 14|~ AMPLITUDE -MODE =
greater than can be expected by chance O——0 2 CM. -CONTROL
one time in a hundred. Further, only the EAESEET e M O oKl 7]
interactions involving frequency or ampli- Ll =i SO - /

, ) ) ®— —8 4CM. -BOTH
tude and subjects and their respective and TASKS /
combined interactions display significance.

Figure 5 shows tracking error as a
function of the significant variables of fre-
quency, amplitude and presence of the key
word. The data for all subjects are com-
bined.

The differential effects of tracking er-
ror compared to the control condition
(tracking without the time-shared task)
are clearly demonstrated in Figure 6.
This figure demonstrates the relative
magnitude of differences and illustrates
the presence of degradation due to the
compounding of the two imposed tasks.
There is a clear decrement in proficiency
when the two tasks are facing subjects; in
both the low and high amplitude cases.
The error score in the dual task increases —
overall about 80 percent, whereas the | |
differences between the key word's pres- -3.5 2.5 -5
ence and absence are separated by only a LOG, FREQUENCY, GPS
small, but reliable amount (about 15 per-
cent). Figu‘rjc 6. Relz‘a‘tive Lr?cking error data

Using the method of matched groups s;howmg effects of s.slgn ree.dilng task.by

. frequeney and amplitude of tracking
for all subjects, both presence and ab- e i)
sence conditions of the key word and all .
sign complexities, a comparison by means
of student's 't" test of the lowest frequency-amplitude condition with and without the
interpolated task yields t = 3.92 which is significant at the 0.01 level. Therefore,
tracking performance for the lowest average velocity condition without the secondary
is superior to the comparable time-shared condition.

INTEGRATED TRACKING ERROR, ARBITRARY UNITS
S~

Search-and-Recognition Time

As observed for measures of tracking performance, subject differences for recogni-
tion time are also significant, Table 2 summarizes recognition time cases where the
key message on sign was present.

Of the two components of the tracking task, frequency appears to have differentially
affected performance on the dynamic recognition task. Figure 7 shows the time from
the sequence beginning when subjects indicated recognition of the key message for each
of the frequencies employed in the experiment. The reader is cautioned that this curve
is illustrative because subject differences influence such a plot. It is shown that em-
ployment of tracking as a secondary task greatly increases the time required for rec-
ognition of the signs' key message.

The lack of subject interactions of complexity indicates that the subjects responded
in essentially the same manner to different numbers of message units on the signs.
The differences between two, four and six words reflect a monotonic increase in rec-
ognition time as the number of message units increase, The time increase between
the two- and six-message signs is only about 4.4 percent or slightly less than ' sec.
The range of values for the time-sharing case extends from approximately ' sec to
about 2 sec beyond the recognition time for the control case where the film was shown
without the displayed tracking task.
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TABLE 2

ANALYSIS OF VARIANCE SUMMARY TABLE
FOR RECOGNITION TIME

S Mean
Factor of Squares DF Sum of F Ratio
gl Squares
Frequency 9,53 2 4.76 4,812
Amplitude 3.82 1 3.82 3.86
Complexity 20.61 2 10.30 10,402
Subject 1,062,65 5 212.53 214.682
FxA 5.84 2 2.92 2.95
FxC 2.29 4 0.57 0.58
FxS 28.22 10 2,82 2,852
AxC 0.11 2 0.06 0.06
AxS 5.45 5 1.09 1.10
Cx8 17,14 10 1,71 1.73
FxAxC 4,80 4 1.20 1,21
FxAxS 28,12 10 2.81 2,842
FxCxS 27.48 20 1,37 1,38
AxCxS 11,13 10 1, 11 1.12
FxAxCxS 28.89 20 1.44 1.45
Between
treatments 1,256.08 107 - -
Error 428,47 432 0.99 -
Total 1,684.55 539 — =
a8ignificant with probability less than 0.01,
FREQUENCY, CPS
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TABLE 3

PERCENTAGE OF ERRONEOUS
RESPONSES BY SUBJECT

False Total

Subject  Error Aoz Erroneous
Response

1 0.8 1.7 1.2

2 5.8 2.5 4.2

3 2.5 0.8 1.9

4 1 0.8 1.2

5 0.8 0.0 0.4

] 0.8 0.8 0.8

Avg, 2.1 b | 16

The control and experimental means
are both shown in Figure 8, The control
conditions show a dip at 4 message units
per sign which does not parallel the general
trend of the experimental data. The time
differences are significant between 2- and
4-message units at the 0.05 level, but fail
to reach significance between 4 and 6 units,

Search-and-recognition performance

was tested to ascertain whether there was any change in performance over the first and
second halves of the experimental sessions. Using a t-test for matched groups, the
mean recognition times for each subject were compared for the 5th and 10th trials. No
statistical differences at the 0.05 level were obtained.

The errors in judgment were obtained from the responses of the subjects to the posi-

tion of the key word on the signs.

The error scores are given both by percentage of



11

misses and false alarms in Table 3. The table gives the error rates incurred by each
of the subjects with respect to reports of erroneous position indications and reports of
position when in fact the key message was not present (false alarms). These rates are
sufficiently low that no test to discriminate between guessing and non-guessing was re-
quired. The total error was well below the 5 percent criterion imposed, therefore no
additional analysis of the erroneous responses was conducted.

Time-Sharing Hypothesis

It was hypothesized that there should be a systematic inverse relationship between
tracking error and recognition time if time sharing is determined on an individual trial
basis. That is, if subjects optimize their performance on one of the two imposed tasks
they would be expected to yield performances which were highly negatively correlated
with each other. Randomly selected samples of performance were taken for time-
sharing conditions for individual subjects. Twenty such samples were subjected to
rank-order rho-correlations. Only one of the correlations reaches significance at the
0.05 level of significance. Therefore, rejection of the hypothesis that there is a signi-
ficance correlation between the two time-shared performances must be made as the
number of significant correlations does not exceed those expected by chance alone.

DISCUSSION
Time Sharing

The analysis of data revealed no systematic tendency on the part of operators to
optimize one task to the exclusion of the other, when both tasks were simultaneously
presented. Subjects were instructed to perform both tasks as well as possible and not
to guess on the recognition task. Otherwise the experimental situation was relatively
unstructured.

The analysis of time-shared process may, therefore, be derived from an analysis
of the pattern of response and eye movements or from the magnitude and dispersion of
errors of tracking and search-and-recognition performance. The latter alternative is
within the domain of this study.

No effects of the number of messages, presented on the signs, on tracking perform-
ance are evidenced from the data. This would suggest that the overall time required
by the dynamic recognition task was not affected differentially with regard to the number
of message units. Yet the number of message units did contribute to increasing rec-
ognition time. Such a paradox either suggests that: (a) the differences in recognition,
although significantly different are so small that they merely do not affect tracking per-
formance (the variance associated with other factors is relatively large), or (b) the
subject must quicken his alteration response to or from the tracking task to decrease
time occupied in non-tracking activity.

Although differences in the differential error between time shared and control cases
involving tracking alone are not great for each of the frequency-amplitude combinations,
the trend is toward lesser differentials rather than greater ones as the tracking fre-
quency is raised. If a constant differential between each control and experimental com-
parison is assumed, then it can be seen that the same increment of error is attributable
to each of the frequencies.

With no difference between the integration of sine waves of differing frequencies
(unless the integration time is very short) exists, the lack of visual feedback for 1 or 2
sec becomes increasingly important as the frequency is increased. Gottsdanker (12)
has indicated that although essentially the same mechanisms operate in extrapolation
of a course under visual and visually deprived conditions that operators manifest more
variable and less accurate performance when they are visually deprived. The subject
does maintain some proprioceptive feedback and is able to extrapolate the course, but
this ability is decremented as frequency is increased.

Implications of Briggs and Howell's work (5) are that where there is spatial separa-
tion of tasks to be performed that a discrete sampling process must occur. Where
disjunctive tasks compete for the observers' efforts, the sampling rate is paced in ac-
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cord to the objective velocity of the tasks as well as some subjective criterion. A dec-
rement in performance supposes a lack of visual error feedback, or expressed differ-
ently, a reduction of the sampling rate of the error signal on the part of the operator.
If there 1s a rate of increase less than that expected by a condition of reduced feedback
information, then the operator must increase his sampling rate with an associated ef-
fect on some other aspect of behavior. This assumption may be made only if the opera-
tor is presumed to be operating below the limits of his channel capacity.

It is therefore expected that if an equal time duration is expended on the search-and-
recognition independent of the tracking task, that: (a) the analysis of variance of rec-
ognition times will show no significant differences for tracking frequency, amplitude,
or interactions of those components (i.e., recognition times would not be increased or
decreased due to the addition of the secondary task; but, as was seen earlier, the aver-
age recognition durations decrease as the frequency of tracking task increases); and (b)
if an increment in tracking error in the time-sharing condition exists, then such an
increment should increase as a function of increased frequency.

If the converse of both of these conclusions is shown, then it may be presumed that
a time reduction on recognition is utilized in minimizing tracking error. The data
clearly substantiate such a notion. The number of messages displayed to subjects shows
no effects on tracking performance, but indeed frequency and the complex interaction
of frequency-amplitude-subject are shown to have effects on recognition time at a level
substantially beyond that expected by chance. A reasonable inference to be drawn is
that as frequency (a component of angular change of the target) is increased, the rate
of sampling of that course is increased with a consequent alteration in search-and-
recognition behavior. The analogue to the field situation suggests that if the steering
task may be considered in the same context as tracking, then search-and-recognition
behavior will suffer with respect to sign reading complexity and actually improve as
tracking velocity is increased.

The effects of the key word not appearing on the sign on tracking performance sug-
gest that expectancy played some part in diverting the "attention" of subjects from the
simulated steering activity. The significant increase in tracking error leads to the
conclusion that greater periods of time were employed in attempting to find the key word
in its absence. The implications to signing practice are discussed briefly in a later
section,

Cues in Non-Time-Shared Recognition Trials

Noted in the comparison of control and experimental data was a decrease in recogni-
tion time associated with increased numbers of messages in the search-and-recognition
where no time sharing is required. It would be predicted on the basis of Desrosiers'

(8) laboratory results that an increase in recognition time would be required. Although
Desrosiers found no significant differences in field tests, this lack of significance was
attributed to the high variance of performance in the field situation. It is most likely
that due to the use of the control film for training that disproportionate learning was
associated with the four-message signs. There was no way of directly testing this
hypothesis. However, close observation of these films revealed that activity was great-
est in the periphery for the scenes where four-message signs appeared. Where subjects
were required only to view the film (which in this case had been repeatedly shown dur-
ing training), it is likely that such peripheral cues would be detected and utilized.

Spatial Separation of Information

Although care was taken to present a reasonable projection of the roadway (i.e., the
rates of change of objects in the simulated view of the road were comparable to those
in the field), fidelity of the films employed required much larger angles of message
sizes subtended, for recognition. This, in effect, also meant that the lateral movement
of objects across the viewed field was much farther from the line of regard in the labo-
ratory situation than would be encountered in the driving world. Concurrently, the
angular velocity of the signs was much higher at the time of recognition, This constraint
meant that the message, when detected, was displayed from the line of regard about 10
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deg; whereas in the field, previous tests under comparable speed conditions showed
recognition of signs of the type employed in this study to be recognizable at about 400

ft, making the displacement of the sign at the time of recognition about 2 deg, within the
foveal region of the eye. The shift of fixation in the field situation is quite small, there-
by reducing the transition time between the two information sources, visual steering
feedback and the messages on the signs.

Automatization

Control devices employed for repetitive inputs permit some reliable kinesthetic cues
for the operator. The roadway has a wide range of cues which may be translated through
the steering control, but such inputs appear to have low redundancy. In the experiment
described there was high redundancy in the compensatory tracking signal; hence the
error, incurred during periods when the subject directed his fixation toward the signs,
was probably minimized. Bahrick and Shelly (3) found in tasks dependent on both visual
and kinesthetic cues, that during prolonged trials a gradual change from extroceptive
cues to proprioceptive control occurred. So indeed there may have been a reduction in
the error scores under these high redundancy conditions. A balanced design reduced
the influence of this factor in analysis of error scores, however.

Frequency-Amplitude Components of Tracking

It should be recognized that frequency and amplitude are, in the context of this pre-
sentation, aspects of the same phenomena, i.e., rate of angular change of the source
of the tracking target stimulus. A report by Bowen and Chernikoff (4) indicates a pre-
dictive notion concerning the cumulative tracking error of subjects, by suggesting that
an error estimate may be determined by the frequency-amplitude product, i.e., E =
kfa. Tests of this relationship yielded good fits of the data. Although this relationship
does not take into account the gain of the specific control utilized by subjects, there is
significant indication of the "trade-off'" between these two aspects of the tracking task
to indicate reason why each should have pronounced differential effects and why there
should exist an interaction between them,

Bowen and Chernikoff showed that equal frequency-amplitude products should yield
equal tracking error. This point is not germane to the central topic of this report, but
making comparisons of conditions having equal average velocities is essential to de-
termining the applicability of the principle in the body of this research. So as not to
confound the argument by possible interactions not revealed by previous analysis,
matched groups for all subjects, presence, and complexity conditions were compared
for the equal frequency-amplitude products included in the matrix of conditions pre-
sented.

Where f; = 27%"° ¢ps,

fz = 2‘?‘2 cps,
fs = 277"" cps,
a1 = 2cm,
az = 4cm,

and E is the error associated with conditions dictated by the subscripts, the following

hypotheses were tested by use of the t-test. The corresponding probabilities of the

differences exceeding t are Hi : Eflaz = Efz a1, 0.3<p<0.4 but Hs: Eflal = Ef1a2 p<0.01
2

and Hs : Ef2a2 = Efsal, 0.5<p<0.6 but Hg : Efzaz = Efzaz, 0.05<p<0.10. From the

preceding, the frequency-amplitude equality concept can be considered to be valid. The
differences between the equal fa products do not significantly differ, whereas cumulative
error is compared for matched groups for like frequencies but different amplitudes.
They do differ significantly or are near the critical level of accepted difference.

In addition to Bowen and Chernikoff's treatment of the frequency-amplitude product
as a predictor of tracking error, Brown (7) has subsumed these components as those
that may be translated into angular velocity, a primary stimulus to the human operator.
Such a concept permits the translation of vehicle velocity and road curvature into just
these terms. The stimuli employed ranged in maximum angular velocities from
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0.74/sec to 5.37/sec. Under AASHO design standards for speeds 30-60 mph, on
curves fitted to those speeds, angular velocities range from approximately 2.6%/sec for
a 60-mph vehicle entering a curve whose radius is 1,330 ft with five percent super-
elevation, to approximalely 8.7/sec for a vehicle traveling at 30 mph on a 375-ft radius
curve, Under these conditions the driver does not, in theory, need to make more than
an initial correction, whereas subjects in this study were '"negotiating a very crooked
road indeed."

Although the differences between tracking error for equal frequency-amplitude prod-
ucts were not greater than could be expected by chance, there is a relative difference
exhibited by the two amplitude conditions worthy of note. Inspection of the configuration
confronting subjects shows at least two types of differences between the conditions: (a)
pertaining to the angular velocity of control conditions, the average velocities for one
condition tested differ almost 30 percent, but the maximum velocities did not differ;and
(b) the maximum velocities differ by almost 10 percent, but the average differs only a
few percent.

Implications for Signing

An earlier study conducted at the Institute of Transportation and Traffic Engineering
at UCLA (2) revealed that as many as 15 percent of drivers made "poor selection of
routes due to confusion of messages on the signs' or because "'they had not seen the
signs in time to make proper maneuvers.' The driver is faced with a dilemma in
negotiating high-speed roadways such as found in the interstate system. A wrong deci-
sion in selecting an appropriate ramp may take the driver many frustrating miles away
from his desired destination. So it is especially critical to the driver who is unfamiliar
with a specific course to "make the right decision." He may attempt to optimize the
situation in such a manner that he has greater periods of time in which to reach a deci-
sion which is translated into reduced velocity, or he may direct his "attention' away
from external visual sources such as signs; it is quite conceivable that his control per-
formance, particularly lateral control, will be appreciably degraded.

This evidence from this study for the interaction effects of steering and search-and-
recognition activities taken together with the report of ITTE suggests that the points
where the driver must make decisions concerning alternative courses needs a sub-
stantial research effort. Congestion along the highway such as found at ramps does not
explain the high accident records found in these areas. A report by Mullins and Keese
(17) shows that more than 20 percent of accidents in freeway sections studied occurred
at ramps where decision processes must be made on the basis of sighting entry into ac-
celeration and deceleration lanes where impinging traffic and signing must be searched
out, located or recognized and acted on. If recognition is to oceur in comparable peri-
ods of time for decision points, then sampling of relative position on the roadway must
be decreased and this is indicated not to be the case; or the angular velocity of the tar-
get (roadway) must be decreased. This may he accomplished by a decrease in speed,
a factor that appears to be critically associated with accident rates (18). Where speed
variability is high on high-speed roadways, there is also some evidence of a reduction
in volume.

The issues that must be considered then are alternative methods of presenting in-
formation to the operator so that he is not overburdened, and ways of maintaining low
variability of speed for such decision points along the highway .

A final point germane to signing practices and admittedly a general one is that where
expectancy of a message unit is relatively great, an indication of the proper course
should be shown on a sign, i.e., otherwise longer periods of time are presumably
drawn to the sign-reading task at the cost of maintaining stable steering control.

SUMMARY AND CONCLUSIONS

Previous research on the independent aspects of tracking and search-and-recognition
activities have not considered the interactions between these two tasks. Although
studies of time-sharing between different sensory modalities and two-dimensional track-
ing have indicated generalized degradation of performances beyond certain input loads,
consideration of tasks having different basic functional properties has been lacking.
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The reported study did investigate the interaction processes between two such tasks
and compares the alterations in performances where tracking and search-and-recogni-
tion performances are measured in a non-time-sharing role.

Analysis of individual performances revealed that the process remains essentially
independent for each particular encounter with a time-shared situation, but tests of the
specific hypotheses revealed a change in operator-pacing as the complexity of the
activity increases. However, in all comparisons of the independent tasks and their
time-shared counterparts, the presence of the second task yields a decrement in per-
formance. The first hypothesis stated that tracking error would increase in proportion
to the increase in each of the components of angular velocity (frequency and amplitude
of a sinusoidal function). This hypothesis was borne out in part. Although the level of
the tracking error was raised above the control tracking conditions in the presence of
the search-and-recognition task, no differential increase occurred as a function of the
angular velocity components. This was implied to suggest that the rate of sampling of
the tracking signal was increased with its speed.

The effect of increasing the number of message units on the simulated sign-reading
task had no effect on tracking performance, indicating an optimizing of time pacing
where the greatest number of message units appeared in the search-and-recognition
task.

The second hypothesis relating the effect of tracking frequency and amplitude on
search-and-recognition speed and accuracy was not borne out. Recognition time actual-
ly decreased for the higher frequency tracking signals, but the effects of amplitude were
less drastic. This further substantiated the theory that the rate of sampling is increased
at higher angular velocities of the tracking signal. The false alarm rate was low for
all conditions and did not differ between tracking conditions.

The final hypothesis tested in this research was that no differences would exist in
tracking performance where the search-and-recognition task was with and without the
inclusion of a previously learned message. This hypothesis was not borne out, as
tracking was degraded where the key message was not included in the task. It is pre-
sumed that greater periods of fixation were required where the expected message did
not appear, hence distracting from the visual response required for minimizing track-
ing error.
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Effects of Fatigue on Basic
Processes Involved in Human
Operator Performance

I. Simple Vigilance and Target Detection

NORMAN W. HEIMSTRA, TRUMAN M. MAST, and LARRY L. LARRABEE
Department of Psychology, University of South Dakota

eTHE PURPOSE of the present investigation was to determine the effects of exposure

to several fatigue-inducing situations on performance on two perceptual tasks—vigilance
and target detection. Both of these tasks are of importance in most settings where a
human operator is involved. Vigilance, or monitoring behavior, is required when an
operator must detect aperiodic stimulus changes in his environment, whereas target
detection involves the location and recognition of specific aspects of a stimulus situation
confronting the operator.

A considerable amount of research has been conducted in these areas during the past
few years with particular emphasis on vigilance behavior. In these investigations a
number of task and environmental variables have been studied. For example, studies
have been concerned with the effects of such variables as rate of signal presentation,
intersignal interval, signal magnitude, background noise, etc., on vigilance perform-
ance. In addition to task and environmental variables, the so-called subject variables
have also received some attention by researchers. This class of variables would in-
clude motivational, personality, perceptual, or experimental factors.

Fatigue could be considered as a variable that would most appropriately be classified
as a subject variable. Although considerable research has been conducted dealing with
effects of fatigue on operator performance, results are frequently contradictory. In
general, most findings suggest that fatigue has little or no effect on most performance
measures (4). However, inasmuch as vigilance is a rather basic process that is sensi-
tive to a number of variables, it may also be sensitive to fatigue. This is also true of
target detection. Consequently, the investigation reported here was conducted to deter-
mine if these measures were sensitive to fatigue.

METHODS
Subjects

Eighty male subjects were used; 40 in the vigilance phase of the investigation and 40
in the target detection phase. Subjects in each of the phases were assigned to one of
four groups—three fatigue groups and a control group. This resulted in a total of 10
subjects in each of the four groups in the vigilance and target detection phase. The sub-
jects were all college students and were paid to participate in the investigation.

Apparatus and Procedures

Subjects that had previously been exposed to one of three fatigue conditions, as well
as non-fatigued control subjects, were tested in either a vigilance task or a target de-
tection task. The three fatigue conditions are described, as follows:

1. Mental Fatigue Condition. Subjects in this condition were required to work
multiplication problems mentally for 4 hr before being tested in the vigilance or target
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detection task. The subjects were presented with a booklet containing the problems and
were instructed to perform the multiplication '"in their head' and to place their answer
beside the problem in the booklet. The problems consisted of fonr- or five-digit num-
bers that were to be multiplied by a one-digit number. The subjects were under the
impression that the booklets would be corrected and were urged to do their best, In
general, the technique was somewhat similar to that used in other investigations con-
cerned with mental fatigue (1, 3).

2. Driving Condition A, Subjects were required to operate a driving device for a
4-hr period. The task consisted of maintaining a model automobile on a moving belt by
means of a standard automobile steering wheel. When the car was not properly main-
tained on the belt an electrical contact was broken and a timer activated. This permitted
a measure of "time off the road" for each subject. Although this measure was not used
in the present investigation, the subjects were under the impression that this was a
critical measure and were urged to do their best.

3. Driving Condition B. Subjects also operated the device for a 4-hr period. In
addition, they were required to monitor a pair of red lights that periodically increased
in intensity. These lights were located approximately 7 ft in front of the operator at
the end of the belt in the driving device.

In many respects the driving device was similar to that used by Suhr (§) in his studies
concerned with the effects of a periodic refreshment pause on simulated-automobile
driving performance.

The 4-hr period that the subjects were exposed to the driving conditions was selected
on the basis of subjective reports by subjects that had operated the device in preliminary
research. Although longer periods of time could have been used, it was felt that the
sensitivity of vigilance and target detection performance to fatigue could best be eval-
uated when fatigue was minimal.

Vigilance Apparatus.—The subject, immediately after completion of a fatigue condi-
tion, was seated in a sound-treated room facing a circular 18-in. ground glass screen.
The screen was located approximately 36 in. in front of the subject. Whenever a sub-
ject detected a faint flash of light that appeared on the screen, he was to flick a toggle
switch, The light, or signal, was a faint, near-threshold, circular spot, 6 mm indiam-
eter, with ill-defined edges.

Data were recorded for each subject over five 20-min trials. During each of these
20-min trials a subject was presented with 20 signals. A subject's score for a trial was
the number of signals missed. Intersignal intervals ranged from a minimum of 4 sec
to a maximum of 250 sec.

When seated in the vigilance test room, a subject was initially presented with 10 sig-
nals in a 1-min period. This was to insure that the subject knew where the signal was
located and was familiar with the response required. Following the last signal presented
in the vigilance session, the 10 signals were again repeated.

Because the primary purpose of the investigation was to determine fatigue effects,
the total number of signals missed was a more meaningful measure than pattern of
errors or vigilance decrement. Thus a reward system was used which would tend to
maintain a relatively high level of motivation and consequently reduce errors in the
vigilance task. A subject was paid $0.05 for each signal detected but was fined $0.10
for each missed signal and false response. A reward system of this nature has been
shown to maintain vigilance performance at a higher level (5). Also, the short mean
intersignal interval used would tend to reduce errors. -

Target Detection Apparatus.—The targel detection task involved the detection of an
odd, or different, leiter from a background of similar letters. The odd letter was con-
sidered as the critical target to be detected, whereas the other letters which were
identical with each other, served as background figures, Three background conditions
were used with 8, 16, and 32 letters. In each case the background letters were similar
in shape to the critical target. Letter combinations were B-R, E-F, C-O, and X-Y.

Each configuration was presented to the subject by means of a slide that was pro-
jected on a screen. A total of 192 slides were used and consisted of 96 slides which
actually contained a critical target and 96 "dummy" slides that contained only back-
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ground figures. An equal number of 8, 16, and 32 figure configurations were presented
in randomized order. The entire series of 192 slides was repeated so that a subject
was exposed to a total of 384 configurations during a test session. Each of the config-
urations was exposed for a 2-sec interval and there was a 2-sec interval between pre-
sentations.

The subject's task was to determine if the configuration contained a letter that was
different from the background letter or if it contained no different letter or critical
target. The subject recorded his decision in a booklet.

RESULTS AND DISCUSSION

Subjects with previous exposure to the fatigue conditions tended to miss more signals
in the vigilance task than the control subjects. Differences in the number of signals
missed by subjects in the various conditions were tested for significance by means of
the Mann-Whitney U-test. It was found that subjects exposed to the mental fatigue con-
dition prior to testing in the vigilance task missed significantly more signals than sub-
jects in the control group (p <0.025) and in driving condition A (p <0.05). This analy-
sis was made on the total errors of each group for the entire vigilance session. Figure
1 shows the mean number of errors (missed signals) for subjects in each of the condi-
tions.

It is apparent from Figure 1 that subjects in the control group (Con) performed bet-
ter on the vigilance task than subjects in the other groups. There was very little dif-
ference in the performance of subjects in driving condition A (DC-A) and driving condi-
tion B (DC-B). In the mental fatigue group (MF) the fatigue effects were most apparent,

Although the primary concern in the study was with total errors and not with pattern
of errors, data were analyzed to determine if a vigilance decrement had occurred in
any of the groups. It was found that no decrement had occurred in the performance of
control subjects or subjects exposed to the two driving conditions. However, a typical
vigilance decrement did take place in the performance of subjects exposed to the mental
fatigue condition before testing. This was unexpected because of the reward system
used and because of the short mean intersignal interval used,

The mean number of errors made by subjects in the various groups in target detec-
tion are shown in Figure 2,

Statistical comparison of the number of errors made by subjects in the different
groups showed that the subjects in the control group had significantly fewer errorsthan
subjects in the mental fatigue group (p 0.01) and driving condition B (p 0.05).

It was possible for a subject to make two types of errors in the target detection task.
A subject could reportthat notarget was present when actually one was present (Type
A error) or he could report that a target was present when there was no target (Type
B error). In Figure 2, the two types of errors have been combined. However, analy-
sis of the frequency of the two types of errors revealed an interesting pattern. It was
found that the control group made significantly fewer of the Type A errors than did the
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subjects in the mental fatigue group. However, differences between the other groups
were not significant. In the case of Type B errors, however, subjects in the control
group made significantly fewer than subjects in each of the other conditions.

Investigations dealing with fatiguc ordinarily follow one of two types ol procedures.
In one case, subjects perform on a task and will continue, typically, for some period
of time. During the session, performance measures are obtained on the primary task
and possibly on subsidiary tasks. Ordinarily in fatigue studies of this type, subjects
are assumed to be rested before beginning the session. A second type of fatigue study
involves testing subjects, who have been fatigued before testing, on some form of per-
formance measure. Examples of this type study are those that have been concerned
with the effects of sleep deprivation on some performance measure, The study reported
here also falls into this latter category. Obviously, both types of investigations can
help in determining the effects of fatigue on driving. As pointed out by Crawford (2),
the problem of fatigue in driving is twofold. It includes both the fatigue resulting from
driving and the effects of fatigue, from whatever source, on driving. In most investi-
gations concerned with fatigue and driving, however, studies of the first type, in which
measures of performance were obtained as the subject drove an automobile or auto-
mobile simulator, have failed to reveal significant performance decrements.

In the present investigation, exposure to several conditions that were assumed to be
fatigue inducing, resulted in modification of performance on both vigilance and target
detection tasks. However, as is the case in most fatigue studies, it is difficult to state
whether performance modification was due to changes in motivation of the fatigued sub-
jects or due to more direct physiological changes.

CONCLUSIONS

Within the limitations of the conditions of this investigation, the following conclusions
may be drawn:

1. Because vigilance and target detection performance are integral parts of operator
performance, this performance will be most seriously affected by prolonged mental
operations, which results in mental fatigue, and somewhat less affected by skill fatigue.

2. Vigilance performance and target detection performance both appear to be rela-
tively sensitive to fatigue.
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Computer Simulation of
The Automobile Driver
A Model of the Car Follower
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Driving simulation has generally involved anartificial representa-
tion of the environment and an interiace for the presentation of the
simulated environment to human subjects. For at least the better
structured part-tastks, the development of a single system capa-
ble of simulating both the driver and the environment could
eliminate this severe interface problem. This study is directed
toward the development of a digital computer program of the infor-
mation processing type which simulates the behavior of the individ-
ual driver in interstate highway car following.

Objective measurements and verbal reports were collected in a
series of car-following runs on the New York State Thruway. A
preliminary information processing model was prepared in flow-
chart form. Quantitative detail was added to the model using data
extracted from existing literature and from a psychophysical ex-
periment conducted onthe Thruway. Programing and testing of the
model is planned,

eDRIVING an automobile encompasses extremely complex patterns of behavior, involv-
ing sensory and perceptual processes, decision making, and psychomotor skills. Cur-
rent knowledge of the effects of the variables influencing this behavior, and of their in-
teractions, is limited. For many aspects of the driving task, the relevant variables
have not even been identified,

These considerations suggest at least two approaches to the study of the driving task.
An analytical approach is required to help identify the variables involved in automobile
driving. Experimental studies are required to determine the effects of specific com-
binations of these variables,

In general terms, the ultimate objective of the analytical approach taken in the pres-
ent research is a formal description of the driving task, in a form which allows a de-
termination of the exact implications of this description, and of variations in this de-
scription. Thus, this research is directed toward the formulation of a model of the
driving task., The model should assist in the selection of a manageable subset of vari-
ables for experimental study, as well as improve general understanding of the driving
task. This paper describes a methodology used in modeling driver behavior as applied
to the car-following part-task.

The driving task is of sufficient complexity to warrant use of the most powerful ana-
Iytical techniques available. The approach taken in the current study is computer sim-
ulation. The reasons for selecting computer simulation, and more specifically the
complex information processing (CIP) approach, are briefly discussed in the following
paragraphs.

A computer program is both a flexible framework for the construction of a model
and a convenient device for objectively determining the implications of the model.

The program can readily combine conventional mathematical models, where these are
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postulated as approximations to observed behavior, with complex logical processes
where these seem more appropriate. Theorized elementary processes may be repre-
sented as sub-programs and combhined in a variety of larger programs to simulate vari-
ous interactions of the sub-processes.

Perhaps the most important qualities of the computer model result from the formal
structure required by the computer program. The program must be complete and
logically consistent or it cannot be processed on the computer, Computers are designed
with no tolerance for ambiguous instructions or faulty logic. Further, the entire pro-
gram is available for direct inspection and is thus a complete and detailed record of
every assumption in the model which it defines.

The specific techniques selected for the modeling of the driver's task, which will be
referred to hereafter as the CIP approach, are those associated with Newell, Shaw and
Simon (1). Some of the many applications of this approach are reviewed by Reitman (2).

Two distinguishing characteristics of the CIP approach are the use of verbal reporis
elicited from subjects performing the task to be modeled, and the programing of com-
plex logical processes as contrasted to conventional mathematical functions, The col-
lection of verbal reports is an old idea in experimental psychology. A tendency to rely
on the content of such reports as reflections of internal states of the organism led to
the abandonment of the technique by the behaviorist school, which has since begun to
accept the reports themselves as data ("'verbal behavior").

The CIP approach makes use of the content of verbal reports. It does not, however,
use this content directly in answer to experimental questions. Instead, the reports
supplement, and often unify, experimental data and analytical study in the formulation
of a computer model. The model can then be tested for validity by comparing its pre-
dictions to experimental data. The value of the verbal reports is thus measured by
their usefulness in the formulation of a valid model.

The use of logical processes in the computer model lends flexibility to the form of
the model, as compared to approaches which are directed toward particular forms of
mathematical functions. The form of the CIP model tends to stay closer to the hypoth-
esized behavioral processes, which remain recognizable in the computer program.
Revision of the model can more readily involve re-evaluation of hypotheses about the
underlying processes, rather than parameter adjustment exclusively.

The CIP approach has generally been concerned with the detailed behavior of individ-
ual persons rather than overall measures of group performance. This emphasis, and
an effort to treat all behavior as deterministic rather than include random elements in
the model, has led to the inclusion of larger numbers of parameters than conventional
models of equivalent behavior. This not only enables study of the sources of variability
in the behavior modeled, but permits an evaluation of the effects of variables which do
not even occur in conventional models.

CONTROLLED OBSERVATION OF CAR FOLLOWING

The part-task selected for study was car following, more specifically defined as
maintaining a "'safe and comfortable’ distance behind a specified vehicle on a four-lane,
divided, limited-access highway. A series of controlled observations were made of
drivers performing this task on the highway. Both verbal reports and objective per-
formance measures were collected.

Method

Apparatus.—A 1955 Buick sedan was used as the following vehicle. A bicycle-wheel
generator-tachometer attached to the rear bumper provided a voltage signal to a meter
inside the vehicle, The meter displayed the following-car velocity in miles per hour.
A potentiometer connected under the hood to the accelerator linkage received its ener-
gizing voltage from the automobile battery. The output of this potentiometer was dis-
played on a voltmeter inside the vehicle, providing an ordinal measure of accelerator
pedal displacement.

A motion picture camera in the following vehicle photographed the lead vehicle. A
"target, "' consisting of two vertical poles and a crossbar, was mounted at the back of
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the lead vehicle. The vertical extent of the target on the motion picture film was used
to determine the inter-vehicle separation., The same camera photographed the velocity
and accelerator position meters, through a mirror mounted on the dash.

A tape recorder was used in the portion of the study involving verbal reports. A
timing device in the following vehicle flashed a light in the field of view of the camera
every 20 sec, and simultaneously sounded a buzzer, which was recorded on tape with
the verbal reports. This permitted synchronization of the picture and sound records.

Procedure.— The observations were conducted on the New York State Thruway.
Before entering the Thruway, the subject (S) drove the test (following) vehicle on local
roads for approximately 6 mi. He then parked at the Depew entrance to the Thruway,
where he was instructed to begin following the lead car, maintaining a ''safe and com-
fortable' distance. If, while driving on the Thruway, the following distance was so great
as to result in other vehicles cutting in between the lead and following cars, S was asked
to select a distance which would tend to prevent these occurrences.

After a 10-mi practice period, test car velocity and accelerator pedal position, and
inter-vehicle separation were recorded for 8 mi. S was then instructed to report any
change he detected in lead car velocity, inter-vehicle distance or relative velocity, to
explain any change in his accelerator control, his use of the brake, or the velocity of
his car, and to give any other relevant information about his observations and thoughts.
Verbal reports were elicited for the next22 mi, For the following 8 mi, the verbal
reports were recorded on tape and the objective data on film. The task analysis was
based primarily on these last 8 mi,

Three laboratory technicians served as Ss. One maintained distances which led to
frequent cutting in of other vehicles between the lead and test cars, and his data were
not analyzed. Verbal reports were collected from two psychologists under conditions
similar to the test runs and those of the more verbal one were used to supplement the
data obtained with the two technicians.

Results

The verbal reports were summarized and categorized to provide an indication of the
elements in the environment to which the subjects stated they were responding. De-
scriptions of their control actions and intents were also noted. Table 1 summarizes
all verbal reports obtained from one or more of the 3 Ss whose reports were analyzed.

Tables showing the correspondence of the verbal protocols to the objective data, for
5-sec intervals, were prepared for 2 Ss. Table 2 presents a 30-sec example of these
data for the S who gave the more detailed report.

A wide range of observations was encompassed by the verbal data. There was con-
siderable duplication from subject to subject, indicating that the small sample used
probably covered much of the range of verbal behavior obtainable in this situation. A

TABLE 1
SUMMARY OF VERBAL REPORTS

Element Observation

Lead car velocity Increasing, increased, decreasing, decreased, constant, estimate
(quantitative), description (qualitative)

Gap Increasing, increased, decreasing, decreased, constant, estimate
(quantitative), description (qualitative)}

Test car actions Accelerating, increasing gas, decelerating, reducing gas, leveling

off speed, coasting, speed estimate (quantitative), matching speed
to lead car's, closing gap

Test driver actions Checking rear view mirror, checking side view mirror, adjusting
rear view mirror, surveying landscape

Traffic Passing cars, relative speed description for passing cars, vehicle
which may cut in, behavior of passing drivers, vehicle following
test car, projected action of following vehicle, no following vehicles

Road scene Good view of road, poor view of road, curve, grade, overpass, bird
crossing road, roadside maintenance, service area, exit

Signs Caution (deer crossings), speed limit, distances to cities, service

area, exit
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TABLE 2 difference in the fluency of the
SAMPLE DATA TABULATION SUbjeCtS was also noticed. One
S gave several quantitative es-
Tesl Car N < »
5-Sec Verbal Report Distange ——aeee timates of the gap, naming dis-
Interval (i) V(eloc}ilgy Acctel- tances which were consistently
e ——— about one-half of the actual
1 I'm driving about 150 ft behind distances.
r lead . 298 55.5 0 .
- . The verbal reports contained
2 We're on fairly level ground at numerous references to the lead
the moment; 218 56.5 0
= ) car and to the gap. These refer-
3 If}fet ahead ﬁfbusa hOW_evez: ences implied that the driver
at we wi € droppin wn . . .
o STIEHE gEads T - - . was responding differentially to
these two elements, correcting
4 The next mile or two seems to £ hich had
be somewhat downgrade. The or changes whnic ad occurred
lead car is pulling ahead just in the size of the gap and adjust-
a little bit and I'm acceler- : X 5
ating to 315 61 9 ing his velocity to compensate
5 —— 5 i for changes which were occurring
close 1n the gap. m s .
going e T 321 61 1 in the velocity of the lead car.
This distinction between responses
6 about 60 or 62 mph now; the gap h
is closed in and I'm leveling to the lead car and responses to
off., 315 60.5 0 the gap is maintained inthe model.

In general, the verbal reports,
supplemented by objective per-
formance indices, are sufficiently
detailed and consistent to serve as the basis for a description of the driver's behavior
in the car-following part-task. A computer model of this description was prepared in
flow-chart form.

THE MODEL

The procedure in constructing a model is to work from the general, broad categories
of behavior to the more specific behavior patterns. For example, in the present task,
three general categories of behavior were identified: (a) selecting the direction of ob-
servation, (b) noticing an element in the environment, and (c¢) responding to the environ-
ment. Once these categories are identified, it is possible to describe the behavior in
greater and greater detail until a level in the model is reached where elements such as
the change inlead-car velocity or the content and locationof a road sign are being described.

A detailed description of the model, together with the 22 flow charts which have been
prepared, is presented elsewhere (3).

The main program, or executive routine (Fig. 1), sequentially executes three major
subroutines. These subroutines determine the driver's direction of observation, specify
the element in the environment which he notices, and produce a response to the noticed
element. This three-subroutine cycle continues until a subroutine indicates that the run
has ended.

The subroutine which determines the driver's viewing direction makes this determi-
nation on the basis of priorities assigned to elements in the various directions and ac-
ceptable time lapses between looking in various directions. The noticing of elements
in the environment is dependent on priorities assigned to these elements by other sub-
routines.

A general response routine (Fig. 2) brings in an element response routine appropri-
ate to the element in the environment which is noticed. The gap response routine is
shown in Figure 3. These routines use the specific characteristics of the element, its
momentary description, as the basis for selecting a response. Before a response in-
volving velocity change is executed, a subroutine checks the acceptability of the inter-
vehicle separation, according to criteria based on overall gap preferences and the
momentary situation (Fig. 4). When a velocity change is called for, subroutines (Figs.
5 and 6) select the pattern of change according to the current velocities of the two cars,
the current gap, the desired gap, and the time allotted for correction of the gap. The
routines illustrated constitute a hierarchy of subroutines concerned with the driver's
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responses to elements in the environment. Other systems of subroutines are concerned
with the selection of the viewing direction, noticing elements in the environment, and
assignment of priorities to elements in the environment,

In addition to these routines, which attempt to simulate driver behavior and may be
referred to as "psychological' routines (4), there are the "bookkeeping' or ''non-
psychological" routines which are concerned with updating the environment. These
routines keep track of the external inputs to the driver and of the changes in these inputs
which result from the simulated behavior of the driver.

The accuracy of the model in predicting the behavior of individual drivers under
specific circumstances is dependent on the inclusion of a sufficient number of the rele-
vant parameters and the determination of the correct values of these parameters. Most
of the parameters are single numbers, concerned either with time intervals or with the
priorities for noticing elements in the environment. Several are more complex and re-
quire special subroutines to compute their values. These are the decision functions
and threshold functions.

Parameters

Perception and Response Times.—These are small time increments which would be
difficult to measure but for which reasonable estimates could be made. An initial ver-
sion of the model might use an average discriminatory reaction time, such as 0.3 sec,
for the value of each of these time intervals. These values could be refined through
further experimentation. The effects of varying these time increments over reasonable
ranges might be explored in the exercising of the model.

The perception and response times which appear as parameters in the model are as
follows: (a) noticing an element in the environment, (b) perception of no change in lead
car velocity, (c) perception of change in lead car and selection of response, (d) observa-
tion of gap, (e) decision that gap is acceptable, and (f) initiation of gap correction.

Criterion Times.—A second type of time parameter, which might be expected to
have a greater effect on the car-following part-task, is the criterion time. Criterion
times are times allowable between various events and times allotted for or required
for various processes, other than simple perceptions and responses. These times will
also require experimental determination. The following effects of variations in these
times on the output of the model should be of interest: (a) maximum time between look-
ing ahead, (b) maximum between looking in the same direction, for directions other than
ahead, (¢) maximum between observations of gap, (d) minimum for reading a sign, (e)
time allotted for correcting gap by acceleration, and (f) time allotted for correcting
gap by deceleration.

Priority Increments.—In the model, the noticing of elements in the environment,
and therefore the responses which are made, depends on the priorities assigned to these
elements. These priorities are not directly observable and could at best be indirectly
inferred from verbal reports as to which elements are eliciting responses. It appears
necessary, for the present, to restrict priority increments to one or two levels. These
levels would be somewhat arbitrarily assigned as the values of the following parameters:
(a) lead car, if velocity has changed; (b) lead car, if gap change is attributed to it; (c)
gap, if changed; (d) gap, if following car has initiated acceleration; and (e) gap, if fol-
lowing car has initiated deceleration. The element which is to have a priority incre-
ment is named first.

Other Numerical Parameters.—It is assumed that if the priority of an element in
the present direction of observation exceeds a specified value, the driver will tend to
continue looking in this direction. An arbitrary specification of this value would be
required, such as minimum priority which prevents change in viewing direction.

A final parameter, which can be specified from available data, is maximum distance
for reading a sign. This value would, of course, be dependent on the parameters of
the sign (e.g., letter size, contrast) and driver characteristics.

Decision Functions.—Two major decisions required in the model are the selection
of the desired gap and the selection of a pattern of velocity change, by the following
driver. Suggestions as to the form of these functions may be found in the literature
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and in the data collected during the controlled observations. Most of the studies in the
literature involve conditions clearly different from the part-task defined in the present
study, and their results must be applied with caution. The controlled observation data,
although taken under relevant conditions, were not collected for the purpose of accurate-
ly estimating parameters, and give only a rough estimation of their values.

Threshold Funetions. —The major threshold functions in the model are the threshold
for the detection of a change in the size of the gap and the threshold for the detection of
a change in the velocity of the lead car. These thresholds are not readily disginguishable
in the '"real world'" as the two changes tend to be correlated.

Laboratory studies of the velocity difference threshold have generally involved small
objects, short distances and stationary observers (5). It appears necessary, therefore,
to conduct research on such thresholds in the actual highway situation, In an experi-
ment conducted on the New York State Thruway specifically to provide threshold data
for use in the model (3), subjects were instructed to respond to velocity changes by a
lead car initially traveling at 55 mph. Responses occurred in 4 to 6 sec to velocity in-
creases of 6 to 9 mph and in 5 to 7 sec to velocity decreases of 3 to 6 mph. The design
of this study is an example of the use of the model to specify areas requiring further
research,

CONCLUSIONS

The situations in which verbal reports have been used in the development of computer
models of behavior generally do not involve the occurrence of events requiring responses
at intervals which are independent of S's behavior. In a preliminary study, Braunstein,

White, and Sugarman (6) found that useful explanations of individual responses could be
elicited from the driver while he performs a specified part-task. The controlled ob-
servation portion of the present study confirms the feasibility of collecting continuous
verbal reports in a situation in which the need for response is determined by external
events. The most fluent S talked during all but two 5-sec intervals during an 8-min
run. There were approximately 50 distinguishable response classifications in the verbal
repots of 3 Ss.

The major processes inferred from a study of the verbal reports, supplemented by
the objective data, were described in flow-chart form. Sub-processes were also flow-
charted, until a level of detail was reached for which flow charts no longer appeared
useful. The preparation of a model of the car-following part-task not only proved
feasible, but was also found to be a useful method of consolidating existing knowledge
of the driver's task and of pointing to the direction in which this knowledge most re-
quires extension.

In general, the applicability of the complex information processing approach to the
development of a computer model of the task of the automobile driver was confirmed. j
The next logical step is the coding of the model and its exercise on a digital computer.

Further experimental studies are required to provide better quantitative estimates of

the parameters of the model. A validation study, comparing the predictions of the ‘
model to new samples of observed behavior, will be necessary before practical applica-
tions of the model are recommended, Finally, the extension of these techniques to
other parts of the driving task should be explored.
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Development of the KAKEN"
Driving Simulator

MINORU KOBAYASHI and TSUNEAKI MATSUNAGA
Traffic Safety Laboratory, Scientific Police Research Institute, Tokyo, Japan

*THE NECESSITY of synthetic research in the area of traffic is rapidly growing, as
indicated by the major topics at the Williamsburg Conference (1) and National Conference
on Driving Simulation (2). As is well known, the automobile driving situation consists

of three major factors: driver (man), car (machine) and environment; these interact in

a complicated way in both time and space. In view of this, a system research approach
is necessary to find out the relationships between stimulus and response, or between
input and output. Therefore simulation techniques must be included as one of the prom-
ising methodologies in human factors research (3).

Undoubtedly, the car driving situation is a kind of man-machine system which is quite
different from systems such as the task of flying by instruments or a simple vigilance
task where environmental factors, including noise, play a minor role among the com-
ponents. On the contrary, driving behavior is quite "unprogramed, " and environmental
factors in this case will always include large amounts of uncertainty and unexpectedness.
Thus, in the driving situation, the use of the term "man-machine processing system"
is proper (4).

The greater the complexity or number of uncontrollable factors in the system com-
ponents, the greater will be the usefulness and importance of simulation techniques and
modeling.

DESIGN PROJECT

The importance of simulation techniques has been fully discussed by Hulbert and
Wojcik and Fox (5, 6).

In 1959, when the Traffic Safety Laboratory was established at the Scientific Police
Research Institute, the original plan to construct a driving simulator as a research tool
was proposed. In promoting the design project there was concern with performance,
cost, and maintainability (7), and an acceptable balancing point was found with the fol-
lowing items (Figs. 1, 2, and 3):

1. A real car with a simulated environment technique is used for achieving the max-
imum degree of feeling for driving.

2. For the visual display system a motion picture technique was adopted; the pro-
jection area will cover approximately 50" horizontally.

3. For ease and economy of operation 16-mm films are used.

4. A feedback mechanism between car speed and film speed is to be constructed.

5. Handling torque and a self-returning function are provided.

6. A feedback mechanism between the angular displacement of the steering wheel
and the light direction of the projector is actuated by a power servo-motor.

VEHICLE DYNAMICS

The KAKEN* Driving Simulator consists of three major parts: vehicle dynamics,
visual display system, and recording system. A passenger type car (Toyopet Corona,
1500 cc) was selected for the simulator car for ease of remodeling and because of the
limited space of the simulator room. The main remodeling changes were as follows:
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1. To simulate the self-returning function of the steering wheel, the steering sys-
tem is spring loaded.

2. To give drivers the actual feeling of "driving, " and to avoid some transitional
phenomena of the simulator car, special bumpers are attached at the front and rear
ends, which absorb the reaction forces on starting and stopping.

3. A forced cooling system is used for the radiator and a continuous water flow is
circulated in it.

4. To avoid risk of CO in the simulator room, a refueling pipe (50 mm in diameter)
is connected to the exhaust pipe, and gas is guided to the outside of the building. Drain-
cocks are also attached.

5. Intensities of the headlights, rear lights, and flashers should be reduced to an
optimal brightness. Also, a low frequency oscillator will be used for the horn.

A twin free-roller system is used to transmit the torque from the rear wheel revolu-
tions with maximum efficiency. In an attempt to achieve the highest fidelity for the
system, the radii and widths were carefully calculated according to the characteristics
of the simulator car (inside radius—0.24 m, width—0.80 m). Tensile strength is
enough for driving at 100 km/h (62 mph).

VISUAL DISPLAY SYSTEM

The aim of introducing the motion picture technique here was to get high simulating
fidelity and to reduce maintenance cost.

Actually, an analog simulator with a cathode ray tube like General Motors (8), or
the miniature projection technique by the Institute of Transportation and Traffic Engi-
neering (9) have interesting prospects, but they are still not practical, Also, a silhou-
ette projection such as the SIM-L-CAR (10) seems inappropriate as a research tool,
even though the visual feedback mechanism is superior to a film display.

For preliminary photographing of actual road conditions a motor-driver 16-mm
movie camera (Bell and Howell 707) was provisionally set on the hood of the car, but
test runs are being made to determine the best camera position. The projector is a
Bell and Howell 7379, which produces few flicker phenomena at low-speed projection
(Fig. 4).

Much effort was spent on the synchronization of car speed and film-feeding speed
(number of frames per second) at the time of projection. As is well known, the feed-
back loop between human output and the environment plays an important role in 2 man-

Figure L.
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Figure 5. Block diagram of the synchronization of car speed and film feeding speed.

machine system. Especially, reproduction of the feeling of speed and acceleration is
an indispensable factor in achieving high fidelity in driving simulation. Unfortunately,
the film display is a programed system, but as far as possible an unprogramed situa-
tion is being maintained through this synchronization.

A following procedure is programed: When the simulator car starts, a voltage change
is transmitted to the voltage regulator and actuates a servo-motor, balancing the output
voltage. Then the servo-motor of the projector is actuated. When the car stops, the
output of the voltage regulator tends to zero and a clutch starts to work. In this cir-
cumstance the projector works at a speed of only 8 frames/sec with power from a syn-
chronized motor and gives the driver a feeling of very slow-speed driving. An almost
linear relationship between car speed and film-feeding speed is achieved; e.g., 0 km/h =
8 frames/sec, 40 km/h = 32 frames/sec, and 60 km/h = 48 frames/sec (maximum
speed) (Fig. 5).

To reduce cost and to satisfy the broad demands of the visual problem, a photograph-
ic speed of 24 frames/sec and a constant driving speed of 40 km/h was used. The sup-
eriority of this combination of projector and car speeds is discussed later.

To gain a wide visual field, an anamorphic lens (Prominar 16-A) is attached to a
wide lens (1 in. focal length) and a projected area of 1.15 m (height) X 3.08 m (width) is
obtained. At present, the feasibility of a superwide lens (0.5 in. focal length) is being
tested. These lenses are usually used both in photographing and projecting and a curved
vinyl screen is used. In the projection both sides of the screen are slightly out of focus
but this situation follows the lack of focus of peripheral vision in normal driving.

RECORDING SYSTEM

The recording system is divided into three major parts: vehicle dynamics, physio-
logical responses, and motion analysis. At present an integrated recording system
between these parts has not' been completed and they are recorded separately.

In respect to car dynamics, the car speed, braking force, accelerator pressure,
steering wheel movement, and signal from the film are continuously recorded. As to
physiological phenomena, galvanic skin response, electromyogram, and respiration
rates are recorded. Driver's behavior (eye movements, hand movements, body sway)
are under surveillance by means of closed-circuit TV and scored.

RESEARCH PROGRAMS

As mentioned earlier, systems research is a promising approach in road traffic
analysis. The current research is concerned with the study of simulation fidelity
through measuring human adaptability, speed, and distance judgements. A feasible
study on skill decrements in the long range driving situation is programed,

FUTURE DEVELOPMENT PROJECTS
Linkage Between Wheel Movement and Visual Display System

Without the completion of the linkage between wheel movement and visual display
system, a real "feeling' of car movements could not be obtained. In this regard, a
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tentative linkage system is being designed which connects the angular displacements of
steering wheel and the direction of the projector's beam through the electrical output
amplified by servo-amplifiers. At the same time, variable handling torques are ob-
tained for every handle position. The time lag of tracking performance for the turn-
servo will be % to Y4 sec, and the range for the turntable movements will be + 30°
(Fig. 6).

Integration of Recording System

To analyze the interaction between the complex psychological and physiological phe-
nomena and the traffic conditions, an integrated measuring and recording system is
absolutely necessary. A remodeled 8-channel recorder, "POLYGRAPH" (Sanei Meas-
uring Co.), will be furnished next year.
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G-Forces Simulation

Because human beings are fairly sensitive to acceleration and deceleration forces,

a carefully designed simulation system is desired, Discrepancy between the times of
the visual stimulus and g-force will cause drivers to feel sick. As indicated in Figure
7, the present configuration of the driving simulator completely cancels the g-forces in
the forward and lateral directions. These phenomena are due to the characteristics of
the coil springs, and as a result, drivers are unable to feel g-forces. In this situation,
inasmuch as this compensatory function in the forward direction was provided for, fur-
ther simulation elements like UCLA's tilting chair probably will be added for the next
project.

Although the presence of behavior dependent on illusion should be avoided in simula-
tion techniques (7), a fairly large amount of body sway in the lateral direction by the
"driver" on curved roads was found, even though the car was actually fixed. Clarifying
the relationships between the amount of the driver's body sway, specification of road
curvature, and car speed will be another interesting problem in human factor research.
To some extent, the human induction mechanism toward the visual display will help the
present research aim and will aid our judgment when we consider adding g-force simu-
lation.

Rear Picture Projection

In car-passing or car-following behavior, a visual display system for the rear view
would play an important role, but at the moment technical problems of film making and
the continuity of experimentation do not permit pursuance of the problem. Presumably
a careful study will be required to accomplish that objective.

AN EXPERIMENTAL STUDY ON SPEED JUDGEMENT

To find out the optimum film speed and car speed at the time of photographing, an
experimental study was carried out. As a criterion car speed judgment by experienced
drivers was studied.

First, a noiseless test road (a straight 800-m road with two lanes) was photographed
at the Road Research Laboratory, Chiba Prefecture, with a 16-mm camera (anamorphic
lens attached). Nine diffecent experimental conditions (car speed—20 km/h, 40 km/h,
60 km/h x film-feeding speed—8 frames/sec, 16 frames/sec, 24 frames/sec) were
tested. After arranging in a random order, the films were projected in the simulator
room,

The experimenter drove the simulator car at a constant speed and asked the subject
who sat next to the driver to judge the speed of the simulator car or film projected in
front of him., The speedometer was viewed only by the experimenter (driver) in order
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to maintain a constant speed. The film speed and the speed of the simulator car were
correlated as in the foregoing list.

Two experimental series (20 km/h and 40 km/h driving) were performed and the
subjects who looked at the scene had to judge the speed in 10 km/h units (10 km/h, 50
km/h, etc.). Four subjects with long driving experience were used.

The film which was taken at 24 frames/sec showed the highest fidelity of reproduc-
tion for both the 20-km/h and 40-km/h speeds (Fig. 8a). In other words, the original
car speed in the film taken at 24 frames/sec was estimated at the same speed in the
simulated condition. The film taken at 16 frames/sec was fairly good, also. In a speed
reduction condition (film taken at 40 km/h and projected at 20 km/h), a constant speed
judgment was found in the film of 24 frames/sec. But both the 8-frames/sec film and
the 16-frames/sec film diverged from the original speed (in Fig. 8b). In the case of
increasing speed, the subjective judgements with the film at 24 frames/sec tended to
be underestimated (Fig. 8b).

It was therefore concluded that the film photographed at a speed of 24 frames/sec
had freedom and fidelity superior to the two other speeds. The car speed at the time
of photographing was provisionally chosen to be 40 km/h for the present purpose.
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Some Criteria for Priorities of
Research in Driving Simulation

Difficulties in Their Measurement
And Application

BERNARD H. FOX and MARY W. FOX
Respectively, U. S. Public Health Service and George Washington University

¢PLANNING FOR simulation research priority should be undertaken with some care
because of the importance and potential value of products of such research, as well as
its cost. Study of unimportant side issues or of poorly productive problems, wastes
effort, time, money, and potentially, suffering and lives which might have been saved
with a better-ordered research program.

Many attempts have been made in industrial and government laboratories to set up
priority criteria. Where feasible, quantification has been applied. Mostly it has been
possible to do this where payoff leading to realization of the objectives can be quantified,
“e.g., where payoff is money. In the military, the value of a weapons system is more
difficult to measure. On the other hand, estimates of probability of success of the
research can be made; this can be done more securely, the closer to engineering the
task gets. In one sense, this case is similar to that of accident prevention, where a
countermeasure is also contemplated. In the latter case, however, the countermeasure
is not so clearly envisaged, nor can the fact of its identification, or of its achievement
as a technique, be a measure of the success of the research, The probable success to
be expected if it is applied must also be estimated.

There are various ways in which research originates. In other fields the origin of
the research idea is similar to that encountered in basic research. In Weschler and
Brown (20, p. 20, ff.), reference is made to the consumer; in the Navy to need formula-
tion by the Chief of Naval Operations; to conferences; to technical levels within the
organization; to occasionally high-level decision where a lack of knowledge or dearth of
products may be known to exist; to previous work; and to results of an evaluation team.
"The evaluation team itself, in fact, may be a research project' (20). Whether or not
to do certain researches in the military is most often determined beforehand at com-
mand levels by a comparison of the effects of countermeasures, if they were to be de-
veloped. In accident prevention, however, the decision to do research is often based
merely on the fact that something is unknown, without determining whether the knowledge
derived from the research would have any value in reducing accidents.

But in whatever way a research is chosen, in the present field there is no sense in
carrying it out without knowing its consequences. By its very name, accident-prevention
research has an objective. If one does not measure against that objective, there is no
point in doing the research. And, infact, everyone who does research has said by im-
plication, even if he does not formalize the evaluation, that he thinks there is enough
value in the potential outcome to be worth the cost.

It is important, therefore, to have a measure of conformity to objectives in making
decisions about research priority. This implies some estimate of the product of re-
search, the ways the product can or will be used, and an estimate of the degree to which
the outcomes of research will satisfy the objectives. In the present case, intuitive
implication of payoff by a researcher before the fact is not dependable. There must be
objective specification of estimated payoff before the fact.
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Weschler and Brown (20, p. 29) cite the criteria mentioned most frequently in a con-
ference on evaluating research and development: financial—cost, profit, capital risk,
utilization; feasibility and the need for the product; motivation of researchers; and
schemes for evaluation of proposals. The California Research Corporation (20, p. 40)
names these criteria: research aspects: probability of success (relating to research
results only), research cost, time and other; economics: cost, payoff, investment,
time, other; manufacturing aspects: operation; probability of successful commercial
development (the last three are equivalent to implementation of a countermeasure in
accident prevention); and last, overall appraisal. In all cases there were three levels
for each measure. This is fairly realistic, in view of the uncertainties involved.

Most of the attempts at quantification have been made by commercial organizations,
which have a much easier criterion to work with than government or other nonprofit
organizations (10, pp. 6-8). One example (6, referring to Olin Industries, p. 22) is

Estimated Return
Estimated Cost

Project Value-to-Cost Ratio = X Prob. of Success

Several companies use analogous formulas.
Another example is Feeley's own statement of numerical rating of various criteria,
resulting in an overall appraisal value (6). After applying an Index of Return formula

IR = Total Estimated Return/Total Cost

the IR is weighted by a factor involving a relationship (only shown graphically) of net
profit to total future cost, which is then multiplied by an original rating assigned by a
review board. Different projects are passed through this procedure and acquire rela-
tive numerical ratings, leading to priority selection., If payout period is very important,
this may determine the weight assigned to IR instead of the factor relating profit to
future cost,’

In traffic safety, very few estimates of rank of priority have been made. For ex-
ample, one of these described a numerical basis for rank (15). The data came from
944 returns on a questionnaire sent to safety educators, asking for opinions about cer-
tain research needs presented to them for rating. The basis of rank for a given project
was weighted-sum-of-usefulness ratings. The projects were divided into survey and
experimental study results. The highest ranking experimental (sic) study was ""The
characteristics of drivers with continuous records of safe driving.'" Unfortunately, the
basis of the judgment of usefulness could not be determined from the results.

In general the problem faced in a simulation research program is the same as any
research priority problem, but with the assumption that certain valuable tools are avail-
able in a given research facility, Where it may be possible to create new instruments,
or to use other means of research (not all organizations can do on-the-road research),
the problem becomes mixed. In that case, part of the question has to do with the rela-
tive priority of carrying out researches on the existing instrument, improving it, build-
ing another, or using means other than simulation, However, the problem of such
decision-making can be subsumed under the general one of ordering research, inasmuch
as the values associated with building new research instruments or applying specified
techniques of research are included as criteria for research priority.

Some of the steps listed in the following were implied in the commercial formulas,
but because the steps are often not specifically laid out there, one can only infer what
the research director intended to assume or make estimates of, and what he intended
to measure carefully.

The priority-determining steps to be applied to a list of researchesare setforthina
statement of general approach with the express intent that the steps be not considered
either as the only ones possible or as having only this sequence. Nor are they, asgiven,
intended to be taken as final expressions of their best form, even if the particular steps
mentioned are used in anv given case. After the statement of general approach, partic-
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ular formulations are given, followed by an illustrative example and a discussion of
some of the considerations involved in the process of deciding.

IMPORTANT CONSIDERATIONS AND ASSUMPTIONS

Research List Sources

Lists of traffic safety researches are available from many sources. Some do not
consider particular researches at all, but mention only general areas, or broad ques-
tions. Almost none names particular projects. Most describe mixed types of activity,
some broad problems, and some particular projects.

A few sources of suggested research can be given, with some examples. Every
issue of "Traffic Safety Research Review' (19) lists ongoing studies of many kinds and
reflects the tenor of current activity, A list resulted from a 1956 conference on safety
education (13). Two general areas were relevant: ''general safety education™ (59
research questions) and "traffic safety and driver education' (50 research questions).
An example, randomly chosen from the latter, is '"What predriver-education instruction
should be given at the elementary school level and in junior high school?'" Another list
can be found in proceedings of a research correlation conference (18). From many
suggestions, a special high-priority list was made up by the conference, consisting of
8 items. The eighth one happens fo be of greater than ordinary interest for the present
discussion: '"As a research tool, development of an accurate simulator for driving."
Other general lists can be found coming from various sources (9, 11, 14, 15).

Objectives

Objectives and some criteria may be the same. In this case it is assumed that the
major objectives are the same as the major payoff criterion: the prevention of death
and injury and the mitigation of injury and sequelae, They need not be the same. How-
ever, inasmuch as injury is usually associated with accidents, the researcher would
therefore be interested in the prevention and mitigation of accidents as a means tothese
ends. Some organizations are principally interested in increase of basic knowledge.
Some are concerned with efficient and inexpensive traffic flow, as well as accident pre-
vention. Some are interested in research, whether in safety or in other fields, for
training and teaching purpouses. Some are mostly concerned with earning money through
research,

As an example of a restriction based on the kind of objective, in this discussion only
human factors in traffic safety are considered. Where there is mixed research subject
matter, or doubtful content, a detailed analysis is necessary in the phase requiring as-
signment of values to research criteria. Meanwhile, researches obviously not concern-
ed with human factors are not considered here (e.g., road material composition which
reduces skidding).

Required Characteristics

A research activity must have certain qualities to be evaluated by anyone, whether
they are directly stated or implied.

The possible outcomes of the research must be specifiable in advance as to type of
information to be derived. As a necessary condition for this requirement, the degree
to which an answer is not impossible (this is, in a sense, a kind of confidence statement
about the reality of an observed change or difference) must be determined.

An additional condition demanded in the present approach is that all researches be
carried to their logical conclusion. That is, it will be assumed that any research tobe
carried out will carry with it the expectation of a result aimed at payoff as previously
outlined. The information to be gained (as a means of approaching payoff measure) is
the result of the whole series of researches in a program or area. Thus, areas of
research cannot be judged here until broken down into specific programs (or occasion-
ally projects) with a stated sequence of researches and with known types of information
emerging from the research series. When that is done, an estimate can be made of
possible countermeasures and their probable success., By this means, diverse areas
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of research can be compared. But more, without the actual countermeasure, or at
least a good guess at it, no payoff measure can possibly be estimated and hence no value
attached to the research. It really makes no sense to say "We work in the area of alco-
hol and drugs because of their known importance in relation to accidents." The state-
ment would better be expressed if something like this were added: '"In this area, the
following programs and projects: 1) ..., 2) ..., will give the following information:

1) ..., 2) ...,". With this information an estimate of effective payoff can be made.
Without it, there is no idea whether the researches, whatever they are, would be any
more than interesting intellectual exercises.

Moreover, certain other conditions must be fulfilled. The measure of desirability
or worth of any research rests on the assumption that enough information is available
about the research to carry out the evaluative process. This means that for any crite-
rion named, a measure of that criterion should be available, however gross, however
vague, with whatever uncertainty. Some important criteria are personnel, money, and
time needed. To specify these, the researcher must have some idea of the design of
the project. In addition, an estimate must be made as to whether a research can be
done at all. Only after considering the method can this be determined. For example,
in trying to tell how many traffic fatalities are actually suicides, it would be quickly
established that the problem is very severe, and that a good solution—at least, one
which produces confidence—is not easily evident.

This imposes a difficult task, inasmuch as at least a general approach to a problem
solution must be available in order to make estimates of the criterion values.

Some researches to give examples of these considerations are, as follows:

1. Determine the validity of a particular driver-trainer for training purposes. In
this case, relationship to injury and death is not clear, because in order to decide to
consider the question as a research project one must first (or perhaps later) show that
differences in validity lead to different payoffs. This has not been shown for any in-
strument. Infact, the only evidence available shows, in general, no difference between
driver educated with and without trainers. This information has no bearing on the
problem at hand. Thus, doing the required research alone leads to complete uncer-
tainty as to the effect of the findings on payoff. The research cannot be put through the
computational mill for priority because no value is given for the major criterion, payoff,
This forces one of two actions: either abandon the research or put into the program a
project or some means to establish the effect of validity on payoff. The outcome of this
project would be guessed in advance (as with all unresearched projects), in order to as-
sign a measure for purposes of priority valuation. Such guesses might, for example,
come from a panel of sophisticated judges. (Would not determining accuracy of such
judges be a valuable study ?)

2. Examine characteristics of risk-taking behavior in the alcoholized driver. This
question might be proper if given a little specificity., If there were an answer, it might
reveal facts about increased or decreased tendency to make assumptions about the driv-
ing environment and the driver's car at different levels of alcohol among a large enough
group to allow a feeling that the data had stability. Risk-taking would have to be speci-
fied by some measure, either for a task strongly resembling driving in its risk and
hazard characteristic or one where the task is actually live driving.

No decision can be made on action resulting from the research outcome without
making sure that increased or decreased risk-taking is associated with accidents,
Therefore, a second research must form part of the program. It must be separated,
of course, from the tendency to accidents due to other effects of alchol, and would
probably be better examined by itself. Thus the problem is now: "Examine the effect
of various levels of alcohol on a broad sample of drivers in respect to certain defined
risk-taking measures. We assume associated research—not necessarily this project,
but considered as a needed concomitant—on the effect of risk-taking on injury and
death." If the research results lead directly to action and need no further information
before recommendations are made (whatever they may be), one important requirement
for listing as a research project is satisfied. The estimate of effect of risk-taking on
injury and death can be made by many means, e.g., operations research, direct ex-
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periments leading to inferences, direct estimates from statistics, The estimate of
judges about payoff, if used, is also required in advance of the study for priority esti-
mation,

Thus, in using a payoff criterion of saving lives and reducing injuries, one is forced
to set down the intermediate steps which must lead to the payoff. Otherwise one only
deludes oneself if he is all for research and says vaguely, '"We need to know the causes
of accidents before we can suggest ways of improving the situation.' Only in very par-
ticular, special cases can one assume an outcome whose payoff value is likely to be
high no matter what the outcome of the research.

One might cite a negative finding as being valuable but even this must be useful only
in terms of the remaining action alternatives always implied.

The matter of basic research is considered in the Discussion.

GENERAL STEPS IN PRIORITY SELECTION

The decision-making steps can be arranged in various sequences, but may follow
somewhat along these lines:

1. Define the research tools, including simulator(s) and field facilities on which the
research may be carried out. Implied is the restriction that researches will not involve
equipment beyond what already exists except when the cost of new equipment can be in-
cluded as part of a project. In defining the simulator(s) to be used as research tools,
their input possibilities and the kinds of measures that can he made are described.
These can then be reviewed when the limiting criteria are examined for elimination of
researches to be done by a given technique.

2. List the limiting criteria—properties which make a project impossible regardless
of other considerations: cost, time, negative payoff, equipment, personnel, mission,
policy, etc. Define these in specific terms; e.g., eliminate all projects over X dollars
or those falling outside the organization's mission. It is often convenient to carry out
some elimination of projects while they are being listed for consideration, inasmuch as
the limiting criteria are so evident and so binding, in many cases. This process is
shown in the example.

3. Set forth criteria which can be used in evaluating priority of areas, programs,
and projects not eliminated. Some of them may deal with the same characteristics as
some limiting criteria, but in these remaining projects the value of the characteristic
has not exceeded the limiting value. A good list will take much soul-searching, as well
as much detachment. The detachment is needed in order not to miss certain criteria
not immediately recognized as items determining research, such as public opinion or
personal leaning. Soul-searching may come into the picture in assessing and setting
down for all the world to see certain unpleasant criteria such as the director's or re-
searcher's biases

4. Examine means of applying measures to the individual criteria. The word used
here is "examine' rather than "determine' because it may not be practically possible,
for some cases, that one can assign measure, or afterwards even make sense of it. By
""measure' is meant a numerical assignment reflecting the degree to which the project
has the particular characteristic in question. It is possible to find such measures with
concrete meanings rather than to do so on abstract bases, as mentioned below.

The criteria here will be of three types: cost criteria (in money, personnel time,
machine time, removal of teaching time, ete.); payoff (in a measure suitable to the
objectives); and modifying criteria (which alter the value of either payoff or cost). Most
considerations which are not obviously cost or payoff fall into the modifying category:
e.g., risk of duplication of research by other organizations. In general, a payoff crite-
rion Pj will be calculated by estimating maximum possible payoff P’; with respect to a
given variable and diminishing by attenuation with factors pj relating to likelihood of
finding and implementing countermeasures, their probable success, and the length of
time before implementation. The cost criteria, Cij, are expressed in common units;
likewise the payoff criteria. The modifying criteria may be either additive constants,
ki (payoff), and k*; (cost), expressed in the same unit as payoff or cost (depending on
which is modified), with zero as the normal value; or as weights, w; (payoff), and w¥;
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(cost), with one as the normal value to be applied to the gross cost or payoff scores as
multipliers. These considerations will be expanded in later sections.

5. Determine means of combining criteria into payoff and cost measures: the payoff
criteria P; (in common units) and the cost criteria, Cj (in common units), are respec-
tively summed to raw payoff and cost scores, Pg and C. Now the modifying criteria
w; are applied to obtain adjusted cost and payoff scores, Ca and PA. Finally, to arrive
at one overall priority rating for the project, there are two ways in which the cost score
can contribute to this overall measure:

a. In the first method (method a), a weighting value, F, in terms of probable pay-
off per unit of cost within the program, can be applied to the adjusted cost score so
that the weighted cost score will be in payoff units and can be directly substracted
from the payoff. To the extent that this weighting factor, F, really estimates payoff
per cost unit expanded, the weighted cost score, FCp, is a proper measure of how
much potential payoff is lost by the consumption of this amount of cost. Problems
and techniques of obtaining such a weight are discussed later. The differencebetween
adjusted payoff, Pa, and cost converted into payoff units, FCA, will be the priority
value, Ry, and projects can be ranked accordingly.

b. In the second method (method b), the cost potential for a stated period is speci-
fied corresponding to each of the cost measures stated in 4. All sets of projects,
for which the sum of the cost measures does not exceed the cost potential of the orga-
nization (or any individual cost measure) are determined. In other words, all com-
binations of projects possible in terms of cost in the specified period are determined.
If more than one simulator is available, and/or both simulation and other research
are to be considered, then the various combinations must include all different ways
of doing each project.

For each project in each set an adjusted payoff score is determined, justasin method
a. The sum of the adjusted payoff scores for projects within a set results in a priority
value, Ry, for the set as a whole,

Of course, combining of criteria can be done in a number of ways. The foregoing
seemed reasonable on first analysis.

These schemes are described symbolically in Table 1.

6. Decide on techniques of applying the priority rating, R, to set up and maintain a
program. Alternative 5b results in a program immediately by choosing for each simu-
lator the set of projects which would be done in the order of priority value. However,

TABLE 1
Item Payoff Measure Cost Measure
Maximum possible payoff Py, P's, P’s,...P'y
Attenuating factors P1, P2, P3,...Pk
Individual criteria (in compara-
ble units, after applying at-
tenuating factors) Py, Pz, Ps,...Pmy C1, Cz Cs,...Cq
m n
Raw combined measures Pg=ZIP; Cqg=Z¢C;
1 1.
Modifiers:
Multiplicative weights (positive,
with normal value 1) Wi, Wz,...Wp why, witz, L whg
Additive constants (positive or
negative with normal value 0),
and the same units as used for
raw measure (e.g., deaths
saved or dollars cost) ki, ka, .. k¢ ¥y, ki K
Adjusted measure Pp = (Wiwa. .. W, PG) Ca = (whiwtz  whgCq)
+ki+ ...tk LRy

Weighting factor:
Priority Rating (method a), determined for each project and each research mode
(field research, simulator No. 1, No. 2, etc.): Ry = Py - FCp
Priority Rating (method b), determined for each set of projects Ry, = Py, over
projects in the set.
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this may not always be possible. For example, the two projects with highest priority
may be too expensive (in any of the cost measures) to do together at one time. A max-
imum priority combination within the cost limit can be found by method b. In some
organizations the second project could be done part-time until the firsi is completed.
However, if the organization is such that projects must be done in units of time and not
on a continuing basis, the first and the second projects could not be done together and
if it were decided to do the first and third, there is no certainty that that would be as
good as the second and third or some other combination. The solution is provided by
using method 5a in these types of organizations.

7. Define the operations which will provide numerical values of criterion measures.
In general, the use of judges seems one reasonable approach at the moment, but the
type and source of judges must be decided very carefully, because measures derived
from their opinions are critical. Other approaches may involve operations analyses,
which are minor or major research efforts themselves. The director alone may be the
judge, or a panel from the organization or of outside experts in the field may be used.
Different judges may be used for different measures. For example, it may be desirable
to use outside judges to set raw payoff scores and judges from the organization to de-
termine the cost and modifying criteria (e.g., policy factors). The type of average
used to combine measures from several judges must be specified as well as details of
the instructions to be given judges.

APPLICATION OF MEASURE AND PROCEDURE

1. List and specify the design of a set of possible researches as general areas,
programs, and individual projects. Of course this implies, as mentioned above, apre-
vious statement of objectives of research, which will set boundaries to the research
list. Other boundaries will be imposed by consideration of nonobjectives and other
limiting criteria. For example, an organization may be forbidden research which is
another organization's prerogative. Let us assume that these objectives have been set
forth and have formed a general basis for describing the list of researches. In effect,
certain of the limiting criteria can be applied at this stage, saving the necessity of de-
signing studies which will be eliminated later. But even then, often the mere research
statement implies a method and an outcome, and permits a decision as to the applica-
bility of the criterion measures. At any point in the process of design, the limiting
criteria may be found to eliminate a project.

2. Eliminate all projects not meeting the limiting criteria.

3. For each project, obtain numerical estimates of criterion values on each simu-
lator and other research mode.

4. Combine into priority ratings.

5. Determine program by methods decided on in part 6 of ""General Steps."

6. Re-examine the whole picture periodically, based on developments, especially
part way through projects.

EXAMPLE OF AN APPLICATION TO A PARTICULAR ORGANIZATION

Some details of applying these steps to needs in a hypothetical organization are dis-
cussed, together with actual estimates for two research projects.

1. Formulation of Measures and Procedure (definition of research tools—specifically,
modes and organization, with application of a few limiting criteria in the process).

In the given case there do not exist the personnel or capabilities of running a field
facility. In addition, only one simulator will be operable by the time the project starts.
It will be capable of long-term runs; it will have acceptable visual resolution at dis-
tances greater than 25 ft; it cannot deal with intersections, interchanges, or turnoffs;
it can interact with moving cars, both coming toward it and overtaking; short-term runs
are likely to have low validity; etc. Only contract and in-house work are possible. In-
house research is not feasible now. Within the contract type of project, only research
to be done on the simulator is considered. Because this is contract work, available
funds limit total personnel outlay, but do not limit the numbers at any given time.
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2. Some Limiting Criteria Forcing Rejection of a Project.

(a) Cost exceeds "X'" dollars.

(b) The research deals with road design characteristics.

(c) The research does not include work for a particular personnel specialty. (Other-
wise stated, a particular person must be fired.)

(d) Total research time exceeds "X'" months.

(e) The research deals with another agency's bailiwick.

(f) Simulator hours exceed "X'" hours.

(g) Director's time exceeds "X" hours per week.

(h) Expectation of zero or negative payoff.

(i) Design involves curves in road, or intersections, eliminating use of existing
simulator,

(j) Project does not give a result in terms of a factor such that death or injury could
be reduced by eliminating, reducing, or changing the effect of the factor.

(k) Design requires short-run drives.

3. Some Possible Criteria.
(a) Payoff criteria.
(1) Reduction of deaths in the next 15 years as a result of the research.
(2) Reduction of injuries in the next 15 years as a result of the research.
(8) Not used here: earning potential for profit-making organizations.
(4) Not used here: training potential for graduate students.
(b) Cost criteria.

(1) Cost in dollars for the project.

(2) Not used here: cost in injuries or lives of doing research.
(c) Some possible criteria modifying payoff.

(1) Relative importance of preventing deaths and injuries in various population
groups.

(2) Value of project for future research support.

(3) Biases of organization; e.g., policy considerations at various levels, con-
sistency with previously announced research, attractiveness to researcher,
and inertia of ongoing studies.

(4) Unpleasantness to experimental subjects.

(5) Training value.

(6) Public opinion.

4. Measures of Criteria,

(a) Payoff criteria. (P’. Estimate the annual number of deaths in the United States
caused by—not just associated with—the factor(s) studied; e.g., alcohol under given
conditions, ignorance of driving techniques.)

Then estimate the annual number of injuries in the United States due to the factor(s)
studied and translate these into death units by multiplying by a proportion reflecting
the importance of reduction of injuries relative to reduction of deaths. Some possible
ways of specifying this proportion are as follows:

(1) Use the ratio of number of injuries to deaths over the whole national accident
picture. This figure would be changed every so often if the ratio changed ap-
preciably in the population. The average figure is known from general sta-
tistics in the field (e.g., National Health Survey and National Vital Statistics
data). If severity is included, each degree of severity could be applied to the
ratio of the incidence of severity of injury to that of deaths. Care must be
taken lest the objectivity with which a numerical value can be assigned to this
ratio covers the fact that as a reflection of the relative importance of reduc-
ing deaths vs injuries, this value is very arbitrary.

(2) Ignore minor injuries, and say that if deaths and severe injuries are highly
correlated, deaths predict severe injuries and will measure payoff adequately.
This assigns zero value to the proportion: importance of injuries compared
to that of deaths. However, injuries would be reduced to the extent that they
correlate with fatalities.
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(3) Judges may assign an arbitrary equivalence ratio to death and injury. For
purposes of simplicity, (2) is used in this paper; i.e., only deaths are used
as a payoff criterion. Thus injuries are not estimated.

(4) Use accidents as a common measure instead of deaths or injuries, because it re-
flects bothdeath and injury. Withthis measure, the differences indeath and injury
ratio, say between rural and urban experiences, are ignored. A ratio similar
to that in (1) would result, but with property damage as a contaminant, while
on the other hand, many unreported injuries would be included, as opposed to
(2) and (3). Accidents are used here because of the complexity of evaluation
required. Elsewhere they may be a good criterion measure.

The figure P’, deaths per year attributable to the factor, is the maximum possible
reduction of deaths due to the factor. To obtain an estimate of expected reduction in
deaths due to the research in the next 15 years, estimate some attenuating factors.
Some take the form of probabilities in the following group of a few examples:

pi: probability that the project as designed will be sensitive enough to demonstrate
the effect in question (assuming it exists).

pz: assuming the effect is demonstrated, the relative contribution of this project to
the total information (including that coming from this project) bearing on this factor,
expressed as a value between zero and one, one indicating no other information on this
factor. This factor should include consideration of the possibility that the project will
be duplicated after it is begun.,

ps: probability of finding a countermeasure for the factor studied.

p«: probability of implementing countermeasures, assuming one or more to exist.

ps: expected effectiveness of countermeasures, assuming they are implemented.

These multiply to a raw payoff value for one payoff criterion. The other payoff
criteria, if not combined, must be treated similarly to get raw payoff values for each.

The product of each P’ and these attenuators must in turn be multiplied by a factor
reflecting the 15 years minus delay in payoff to reach the final measure—that is, ex-
pected reduction of deaths in the next 15 years as a result of the research. The time,
15 years, is arbitrary as a base and could easily be 10 years or 20 years, Estimate
y, the total time in years from the beginning of the research to the implementation of
countermeasures. Thus, 15-y is the effective number of payoff years. Similar time
factors apply to other P’ criterion values. Thus the payoff measure for each payoff
criterion, assuming more than one, is

Pg = [p1P2pPsPaPs P'1(15-y1)] + [prp2pspaps P'2(15-y2)] + ...

in which the P’ elements are maximum possible payoff associated with particular
countermeasures and the y's are the estimated implementation times for these counter-
measures.

(b) Cost criteria. (C = estimate of cost of the project in dollars.)

(c) Some criteria modifying payoff.

Each of these will be estimated as a multiplicative weight; i.e., a positive number
with one the normal value, where values less than one are adverse and those greater
than one favorable:

wi: relative importance of the population group involved (e.g., children might be
weighted greater than one). ‘

wa: value of project for future research support, (A study with value one neither
enhances nor depresses potential for future support.)

ws: relative importance of biases of the organization in relation to this project, in-
cluding policy considerations of various levels, consistency with previously announced
plans, attractiveness to the researcher, danger or unpleasantness to the subject, pro-
gram training value.

wq: relative importance of the expected public opinion about the project.

These weights have been limited to four factors here, but could obviously be expanded.
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In assigning values to these weights the object is not to estimate the effect of public
opinion, for instance, on the conduct of the project, but instead to judge the importance
of the expected adverse or favorable opinion to management. Thus, if the project is
expected to result in very poor public opinion, a weight of one may still be assumed if
it is felt by management that public opinion is of no importance in this case. These
weights can be interpreted in two ways: First, the effect of a weight of two (or one-half)
will be to give twice (or half) the weight to deaths reduced by this study. Thus adjusted
payoff is given by PA = wiwawswsPG. Second, a factor of two means that the factor is
judged so favorably that this project is preferred to projects saving up to twice as many
lives, other factors being equal. This last is a profoundly important aspect of the
meaning of modifying criteria and is taken up in the Discussion.

5. Combining Criteria into Priority Rating.

For method a, applied here, an estimate of F, the probable payoff per dollar ex-
pended is needed. One approach would be to estimate payoff (based on the measure
defined above) per dollar resulting from many researches already done, where costs
are known. Then the geometric mean of these payoff-per-dollar ratios could be used
as F. This value would be adjusted with passage of time as research expenditure per
death and injury changed, or the value of money changed. The comparison is between
several researches at any given time, hence momentary equivalence is required, and
change of average cost of saving a life is permitted in later comparisons. Currently
figures like a few dollars of research money per accident incurred in the population
have been seen, but no figures for research money spent per life saved or injury pre-
vented have been seen, either as a result of that research or of general research. In
one agency, an estimate of $100, 000 used to build a certain type of highway is quoted
as the expenditure necessary to save one life.

A second possibility avoids a difficulty inherent in the foregoing approach. Because
research with high priority implies high payoff per dollar, the use of the average pro-
ject to estimate payoff per dollar is likely to yield too low a value for this ratio. It
might be better to use estimated payoff per dollar from a series of the most likely of
the various researches being considered. This measures more directly the payoff
value that would probably be gained from the dollars invested in this project if it were
not considered among such a group. There must be an arbitrary decision as to how
many of the highest priority projects to include in computing F. Also, before the proj-
ects can be ordered in priority, a '"guessed" F value would have to be used—possibly
resulting from the first approach. The modifying criteria should not enter into the de-
termination of F. F should be the ratio of Pg to C, averaged geometrically over proj-
ects. Once the program is in progress, the value for F would be computed from the
actual projects which have been recently carried out in the program. For illustrative
purposes the geometric mean of the payoff per dollar from the two examples to be con-
sidered is used.

The measure is computed from

R = PA-FC

6. Applying the Priority Rating to Set Up and Maintain a Program.

It is assumed that projects will be initiated in order of priority until the support
potential is exhausted. New projects will be added as support will allow. Some proj-
ects can be done part-time to allow full use of money available.

7. Procedure for Obtaining Numerical Values for Criterion Measures.

Judges are used for all measures except cost, which comes directly from the design
of the project. A group of "expert judges' will be chosen. They (or their staff) must
know the traffic field. They must have skill in research design. They must be able
and willing to get help in particular phases of the judging where they feel need of help.
They must be aware of research procedures and costs in this field. They must spend
the effort to do a conscientious job in spite of possibly not believing in the feasibility
of this approach or the possibility of getting good answers to the questions posed. These
expert judges will be asked to assign values to the P’ criteria, the Pj factors, and y for
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each project. They will not be given knowledge of the method to be used in combining
these into priority measures. They will not estimate w's except in special cases.

Instructions will be brief; the general purpose (priority ratings) will be explained
with no further details. The values to be estimated will be delined as clearly as pos-
sible and illustrated. Consultation and use of as much helpful information as possible
will be suggested. Extreme emphasis will be placed on judging values for every crite-
rion to the best ability of the judge, in spite of the difficulties involved.

From the judged values for each judge, a Pg score—raw payoff score—will be com-
puted and the average of these, over judges, will be used as the Pg value for the pro-
ject. The payoff-modifying weights will all be set within the organization by the deci-
sion of a panel. For wi and ws, the panel will consist of the program's policy makers;
for w2 and ws, the researcher will also participate.

EXAMPLE WITH NUMERICAL VALUES AND APPLIED CONSIDERATIONS

1. Choice of Researches to Be Considered.

There are difficult problems associated with selection of research questions which
are to be ordered in priority. It is therefore necessary to specify, in any technique
devised for ordering, whether the researches are given and only have to be operated
on; whether they must be conceived as problems out of the total field, and then operated
on; whether they can be selected out of a known group and then operated on; or any com-
bination of these. In the present case some approaches to the latter two conditions are
indicated, and after a half-way selective process based on rational considerations, two
research problems are stated very grossly and put to the technique.

An attempt is made to distill a narrow choice of projects for ordering from a large
number of possible unspecified researches. The variables to be considered should be
refined from gross areas to very particular variables. From the limiting criteria,
short-term driving problems would not be highly valid. The simulator cannot handle
intersection problems.

The most frequent conditions associated with injury and death on rural highways (this
is where most long-term trips take place) include running off the road, alcohol, rear-
end collisions, head-on collisions, and the pedestrian. In the case of alcoholic driving,
the length of trip is likely to be short, excluding this kind of study. Running off the
road, making up about 28 percent of the fatal and 14 percent of the injury accidents on
rural highways (1), is a possible candidate, Under fatigue, a leading possible element
in this kind of accident, probable long-term driving is found andfatigue is therefore a
possible subject for study on this simulator. It will therefore be evaluated as a re-
search variable. Other possible causes of running off the road are glare of headlights,
"highway hypnosis' (a variety of fatigue) and sleepiness (also a variety of fatigue). All
of these could be studied here, and are considered.

The case of rear-end collisions may be important. They make up about 16 percent
of the rural accidents, and about 5.8 percent of the fatalities (1). This is a possible
kind of study on the available simulator. It may involve any of the aspects of fatigue—
sleepiness, tiredness, failure of vigilance, reduced perceptual skill, lowered perform-
ance skill, etc. In respect to the car, it may involve different configurations of rear
lights, opposing glare, and the like. Pedestrians cannot be inserted into the simulator.
In view of the limitations of money and time, and the acceptability as research areas
of the several accident causes noted, these would be examined first.

One might consider stopping for rational reasons because such researches, suf-
ficient in quantity, may have close to maximum probable priority and others will be
unlikely to come close to the priority mentioned. On the other hand, what causes
fatigue—reduced perceptual skill, sleepiness, etc.? It is for the very reason that they
were selected to begin with—out of experience or intuition—that they would be consider-
ed high priority.

All of the variables mentioned have countermeasures; hence, that research on effects
mentioned fulfills the requirements for consideration.

In this simulator, C3 can be eliminated (Table 2). A broad countermeasure result-
ing from simulator study is less easy to conceive for a permanent characteristic of the
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TABLE 2
CONDITIONS AND THEIR COUNTERMEASURES ASSOCIATED WITH ACCIDENT BY TYPE

Item Variable and/or Countermeasure
A. Type of accident Running-ofi-road Rear-end collision Head-on collision
B. Examples of conditions 1., Inattention 1. Inattention 1, Inattention
possibly associated 2, Sleepiness 2, Sleepiness 2, Sleepiness
with accidents not 3, Tiredness 3, Tiredness 3, Tiredness
eliminated by limiting 4. Glare of headlights 4, Glare of headlights 4, Glare of headlights
critevia, so-called 5, "Highway hypnosis' 5. "Highway hypnosis" 5, "Highways hypnosis"
immediate accident 6, Drugs 6. Drugs 6. Drugs
causes (2, 4, 7) 7. Skill decrement 7. Skill decrement 7. Skill decrement
8. Perceptual decrement 8. Perceptual decrement 8, Perceplual decrement
9, Unexpected curve in road 9, Unexpected curve in road 9, Unexpected curve in road
10. Speed too high for 10. Speed too high fov 10, Speed too high for

conditions conditions conditions
11, Skid 11, Poor perception on 11, Skid
12, Others are not con- closing

sidered here

C. Some gther possible 1, Age 1, Age 1, Age
associated conditions, 2, Sex 2, Sex 2, Sex
so-called intermediate 3, Weather 3. Weather 3, Weather
and distant accident 4, Experience 4, Experience 4. Experience
causes (2, 4, 7). 5. Exposure 5. Exposure 5, Exposure
s 6. Personality 6, Personality 6. Personality
7. Driver training 7. Driver training 7. Driver training
8. Personal characteristics 8. Personal characteristics 8. Personal characteristics
D, Countermeasures 1, Rest pauses 1. Rest pauses 1, Rest pauses
2, Pep pills 2, Pep pills 2, Pep pills
3, Attention-arousing or 3, Attention-arousing or 3. Attention-arousing or
differently organized differently organized differently organized
rear lighting rear lighting rear lighting
4, Dilferential enforcement 4, Differential enforcement 4, Diiferential enforcement
5. Alertness indicators 5, Alertness indicators 5, Alertness indicators
6. Inside-the-car-radio 6. Inside-the-car-radio 0, Inside-the-car-radio

reminders reminders reminders

7. Sleep sidings 1, Sleep sidings . Sleep sidings
#. Monotony breakers B, Monotony breakers B. Monotony breakers
1]

- Unknown 9. Unknown 0. Unknown

driver, but seems to be more approachable for a behavior of the driver. Such a posi-
tion is obviously subject to discussion, but for this case, C1 and C2 are dropped.
Hypothetically C4 would be used, but these accidents are not, on the face of it, re-
stricted to the young or old. They may contribute more than their share, but to de-
termine why would involve too much of a research project for the present facilities.
C5 is irrelevant to a simulator test. C6 could be tested, but it is extremely unlikely
that this can be discriminated in such a small research project. Until one can get a
sample of driver training groups who have not been selected by their volunteer status,
this variable would better be avoided. C8 is possible, and could be considered. A
more elaborate analysis could be made of C8.

Meanwhile, fatigue can be produced, possibly covering B 1-10, except 6 and 9, for
running-off-road. The same holds for rear-end collision. I, in addition, one can get
at B11, the range of this type of variable seems to be covered, even though many other
intermediate, associated, or other dimensional variables are ignored. The choices
(somewhat arbitrarily, it is true) are therefore personal characteristics, counter-
measure evaluation, drugs, any of the separate elements involved in the fatigue process
(such as B1, 2, 3, 5, 7, 8, and 10), B4 for all accident types, and B11 for rear-end
collisions.

The countermeasure considered for falling asleep may not be the best one, but until
one can find a better one, an existing one is best (D). Pep pills are already used, but
so much abused that this cannot be used as a possible public countermeasure. Enforce-
ment is irrelevant here in a simulation research. Alertness indicators thus far do not
work well (but should not necessarily be discarded for another research). Radio re-
minders inside the car may work. Others are developing this work, however. Sleep
sidings exist, but are not used enough. Monotony breakers self-imposed are not used
much, but if someone invents a good external one it will be very useful. One cannot
test it here because it has not yet been developed. There remain rest pauses, changed
rear-lighting, and examination of as many of the items under B as can be studied in-
cidentally during the test runs. The alternative is to study the items under B separate-
ly, the idea being that this information may permit better choice of countermeasure
later, or even intensive research or development of a countermeasure not now particu-
larly successful.

There are thus some countermeasures now to be examined. However, because it is
known that many run-off-road accidents take place at curves and intersections, it may



48

be better to emphasize rear-end collisions, which are less dependent on road configu-
rations that this simulator cannot produce.

After going through much travail of the foregoing type, it may be possible to elimi-
nale many more research possibilities and get down to a few. Some of the aforemen-
tioned reasons were given for examplary purpose, and not necessarily because of a
tightly logical elimination process—see, for example, the consideration mentioned in
the preceding paragraph. Assuming all the researches have finally been eliminated,
the following two remain:

1. Misperception (not sleep) leading to rear-end collisions on turnpikes, with rear-
end lighting countermeasures.

2. Drowsiness and sleepiness on turnpikes, with countermeasure a drowsiness-
detecting and alerting device.

Project 1.

1. The research would consist of presenting several rear-end configurations in
vehicle V2, which is being approached at various speeds by vehicle V;, in conjunction
with different speeds of V2, Vi, and their combinations. Countermeasures (e.g., rear-
end lighting changes) would be pinned down, validations and cross-validations carried
out, and programs initiated.

2. Limiting Criteria,
Most of these have already been mentioned in the foregoing discussion on choice.

3. Criterion Measures.

For Study I, several sources could have been consulted for probable number of
lives lost due to the factor: the Pennsylvania Turnpike study (3), the Northwestern
study (2), the estimates of some recent studies (e.g., 1, 12), and the like. A value of
3,000 lives/year was used as an arbitrary (probably not correct) number for P’. There
is only one payoff criterion, P’. Thus p: will be the same as Pg. The attenuating fac-
tors mentioned here are p: through ps. For p; it is not difficult to detect with confi-
dence the effect of a moderate to strong countermeasure. The value of p: is therefore
given as 0.90, This research, although important, will probably lean heavily on other
parallel work. Hence p2=0.25, Countermeasures are known. But even if not known,
it is suspected that a highly effective one is feasible. It has been conceived, and no
known objections prevent its application. Hence ps; = 1.00. If the countermeasure is
found effective, there is a good likelihood that it can be adopted, but not certainly, hence
ps = 0.80. If implemented, the countermeasure might not be wholly effective because
other elements enter the picture of rear-end collision based on misperception. The
problem cannot be solved completely by this means, hence ps = 0.50. It is not expected
that the countermeasure can begin to be implemented for 7 or 8 years. It should take
5 years or so to saturation. Hence, effectiveness within the 15 years is given as begin-
ning at the midpoint of beginning and end of saturation, 10 years, with an effective du-
ration, 10 years, with an effective duration of 5 years. Raw payoff can be computed
NOw:

PG = pi1pz2pspaps(P)(15-y) = (0.90)(0.25)(1)(0.80)(0.50)(3,000)(5) = 1,350

4, Modifying Criteria.

It is felt that for different laboratories or organizations, a large variety of modi-
fying criteria exist, and only a few can be mentioned here, let alone dealt with. For
any single group of researchers, however, the number is probably not particularly
prohibitive. Criterion wi, importance of study, is not biasing in one direction or an-
other in this case. Hence, wi = 1.00. Criterion ws, organization bias, is negative,
because in this case there is some question about future problems with vehicle regula-
tions, making countermeasures more sticky to deal with; therefore, ws = 0.60. Crite-
rion wa, public opinion, is not likely to favor or reject this more than other researches,
hence w4 = 1,00.
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Now, adjusted payoff for Project 1 is therefore:

Pp = wiwawswaPg = (1)(1)(0.6)(1)(1,350) = 810

Project 2.

1. The proposal would consist of first testing a theory about a means of detecting
oncoming drowsiness in advance of its happening, and then, if it is correct, developing
and applying a countermeasure. One theory for an approach to this already exists, with
supporting data, and estimates can be made of its probable correctness and of the likli-
hood of developing and applying countermeasures. Tests of long-term driving would be
conducted, sleepiness induced, the technique tested, validating and cross-validating
studies run, and programs initiated. The method of detecting drowsiness in advance is
to use a multiple-electrode device (16). From this, a cheaper detector would be sought,
or one which indicated corollary information with the same end product. It would be
made available and put up for sale. Among those who drive much, it might find a ready
market. Among those who do not, it could be rented.

2. Limiting Criteria.
These have been dealt with in selecting the project.

3. Criterion Measures.
As in Project 1, an arbitrary value was selected for P’ (again, only one payoff
criterion). In the actual case a best estimate of P’ would be made.

4. Modifying Criteria.

As in Project 1, the attenuators p: to ps are evaluated, First, p: = 0.75, because
there is not complete confidence that the variable in question, discrimination of drowsi-
ness, will be reliably detected if present. The present research is almostthe only work
of this nature being done, hence pz = 0.80. It is not likely that a countermeasure will
be found; therefore, ps = 0.30. If it is found, it is not likely to find widespread use:
pa=0.05, If it is used, it must work well for it to be commercially useful, so ps=0.98.
The timing arguments lead to y of 7 years and 15-y = 8. P’ is estimated at 4, 000
lives/year.

Now raw payoff for Project 1,
PG = pipzpspaps P’ = (0.75)(0.80)(0.30)(0.05)(0.98)(4,000)(8) = 180

The modifiers wj, which, as opposed to the p's, can exceed a value of one, are con-
sidered. Again, no bias attaches to drowsy drivers: w; = 1.00. Also, no positive or
negative aspects of the work will affect future research support: ws = 1.00. The orga-
nization favors research on degrading processes in the driver, and supports attempts
at overcoming them, hence ws = 1.2, Assume that the public will be slightly more
favorably inclined to this than other research, and ws = 1,05, because the organization
attaches importance to public opinion.

Now adjusted payoff,

Pp = WiwewswePG = (1)(1)(1.2)(1.05)(180) = 227

5. Measures of Criteria.

The research costs for Project 1 are estimated at $300, 000 (probably under-
stated), and those for Project 2 at $400, 000 (similarly understated, perhaps more so).
No estimate is made of countermeasure cost because both will involve commercial
ventures, and the figures for probability of funding and implementing countermeasures
ps and ps have, in essence, taken into account the costs of production. Where such
costs fall to the researcher, or to a public agency in which there is direct cost, not in-
vestment, they may be estimated. This portion of the problem requires much consid-
eration (see Discussion).
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6. Combining Criteria.

Ordinarily, F, the payoff/cost ratio, would come from a number of high-priority
researches, But because there are only two here, they were used. F is obviously com-
mon to all researches being ranked. Ilere F is derived [rom Pg, nol Pa, because the
payoff is independent of wi; e.g., organization bias (although possibly not of judges'
fallibility), which only affects the researcher's payoff value, not the true payoff, Pg.
Thus

F = [(Pc,l)(p(}z)/(soo,000)(400,000)]1/2 = 0.0014

Remembering that the priority of any research is expressed as

R = P,-FC

separate values are derived for each research in question:

390
-335

Ri
R

810 - (0.0014)(300, 000)
227 - (0.0014)(400, 000)

Hence, Project 1 is preferred to Project 2.

DISCUSSION

The present paper is felt to have particular use—whatever other values it may have
or lack—in emphasizing the existence and importance (unrealized in many cases) of
certain criteria in making decisions about what research to do. However poorly one
may regard the validity or even the feasibility of the present approach, if one goes
through the motions of estimating values for the various criteria, certain assumptions
made about relative value come startlingly into view.

1. In estimating P’, extent of the problem, one must examine just how much of a
dent would be made if the problem were solved and a countermeasure implemented.
For certain problems P’ is quite unbelievably small. Only by specifically asking and
answering, or making a best guess if the data are not available (as is usually the case),
does one get to a feeling for one P’ compared to another,

2, In determining p;, values must be included for various elements of research
which ordinarily are considered under evaluation of quality of research. Among other
things these include researcher quality, motivation (20, p. 37ff.), excellence of re-
search design, proper research team makeup, adequate statistical planning, and re-
search know-how. At a secondary level these may themselves be evaluated by a process
involving p's and w's. They have not been dealt with in this way for reasons of space,
but the procedures can easily be seen in this context.

If one were asked specifically, it would often not be obvious that research quality of
much of the literature is poor. It takes one kind of sophistication to know that one is
knowledgeable. It takes another, equally important, to know that one does not know.
One major value of carrying out these procedures may be that it might lead a researcher
to question his own research competence (or that of his team) and to try to get an ex-
ternal evaluation of it, This particular field—accident prevention—has many examples
of utterly useless projects because of this factor (echoed in 5, 9). The sad part is that
because of the lack of insight, some people will, even if exposed to the necessity, be
reluctant to put their competence to the test; and, if not so exposed, will not know that
their research products are worthy of very little confidence.

3. For pz one may ask, as well as its major intent, about duplication of effort, and
the likelihood that information developed by others will form the central basis of the
outcomes of research. A fundamental element is how much the information being de-
veloped is needed for solution of the problem. I it cannot be solved at all without the
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research, pz = 1. If an approximate solution cannot be obtained, p: has a lesser value,
A difficulty arises when several researches are necessary, but none is sufficient. Does
this necessary piece of work still retain its value of 1?

4. The values for ps, ps, and ps involve making an estimate of the existence, effec-
tiveness, and probable implementation of a countermeasure. A process of evaluation
must go into a value for countermeasures as well as for research. Note that in a fully
developed scheme for research, the cost of countermeasures should be included, not
only as to payoff, but also as to time and money cost. This consideration is not impos-
sible to develop, but is quite complicated.

5. An important factor here, hardly to be overemphasized, is that when one is forced
to estimate the value of the w's, one is doing so in terms of the payoff, lives. In this
case, the question resolves itself ultimately to: by what factor is one multiplying the
expected number of lives saved (after the p's are applied) in order to take into account
the w's? If Pg, is 500, and Pg, is 550, and researcher preference leads to values of
w3, = 1.4 and ws, = 1.0, then the researcher equates his positive bias to 150 lives. He
is saying, "If I had two researches with the given values, I would do one where ws, =
1.4, since the effective criterion value is 700 in the one case and 550 in the other."
Because the preference factor is applied to lives, in the long run, if these estimates of
PG, were to be correct, the meaning of researcher preference or of the other w's would
seem on the face of it to be impossible to gage—lives vs whims or administration policy.
In the actual practice of research choice, however, this consideration is almost never
seen as an equation of lives with policy or with preference, etc., by the researcher
Calica et al. (4) specifically note this point. It is more often clearly seen as such by
the countermeasure practitioner, such as the road builder, the traffic engineer, and
the police administrator (4), who are forced into the recognition of their decision pro-
cesses by realistic need.” The same judgment should govern the decisions of research,
given the stated objectives.

6. And so with the other criterion elements of ws. Among them must be included
inertia of the organizational structure. It is messy and personally distasteful and
troublesome to replace people; e.g., two engineers testing seat belts might be replaced
by two socioligists, who could possibly find out the why's of poor seat belt use and
might come up with a countermeasure, or vice-versa, where a psychologist is
trying to develop a driving licenses selector with a paper and pencil test. In another
criterion case, administration may be against involvement in a particular research
area. This refers to research areas where no absolute stricture exists, because where
one does exist, it is regarded as a limiting criterion. The bias of administration is
often treated as a limiting criterion if the researcher does not even consider bucking
such a position. One kind of administration bias results from the probability that re-
search support will be radically reduced if a glamorous effort is given the normally
lesser priority in terms of lives that may be saved. Here one must look to administra-
tion for decisions on the weight to be attached, inasmuch as a balancing of ultimate
outcomes is involved. Often the priority of the glamorous work rises not because of
bias, but because realistically, ultimate payoff is then greater for that effort than any
other.

Many other criteria can be thought of. When conceived, they should enter as basic
payoff or cost criteria, or as modifiers with appropriate weight.

Another way of emphasizing the full meaning and impact of modifiers such as thew's
is to ask, what weights would the w's have been given if the number of deaths due to
traffic accidents were 400, 000 per year instead of about 40, 000 and if all the expected
hoopla were to accompany such a high figure?

A good aspect of this process is that when a researcher writes down the modifiers,
certain undesirable administrative policies will be eliminated because they would be
brought formally to the attention of administration, which may not have recognized them
as having the weight they did. In essence, the researcher and administration would be
forced to face their own objectives and the values assigned to them.

Of course, dishonesty in assigning values is always possible. But then, no system
will work in that case.
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Some General Problems

It is known that accidents are caused by combinations of multiple factors, When
priority of one variable only is evaluated, how is this problem handled?

Validity of the technique for estimating research priority needs to be checked ineach
of the value-assigning phases, also the reliability.

If a countermeasure is already being implemented, an expression is needed to take
account of the fact. It does not exist in the present scheme. It might be a function
which can operate on the other implementation functions or weights.

If there is a range of time from beginning to end of implementation, there is a prob-
lem of estimating the correct single implementation time, or at least, of dealing with
the problem in some way. This is important because in most cases the course of im-
plementation probably does not increase linearly from none to full over the time in-
volved, whereas such linearity is a simplifying assumption in the present formula.

How shall the arbitrary time period for implementation (here, 15 years) be chosen?
Is there a rationally derivable value?

What if several countermeasures exist? What if, as is almost always the case,
there are several research designs with different costs and different payoffs? How can
one get around the necessity of bulky time investment to check out all these possibilities
by deriving priorities for each separately?

In cases of in-house research where the people available cannot be increased, and
permanent personnel are already paid for, cost figures for them are fixed for all
studies. How shall their contribution be counted? This question is important because,
conceivably, an optimal set of studies could leave a person idle. What then?

Where does basic research come in? Obviously, some basic research will have
value for beyond some applied research. Here basic research is defined as that type
of investigation in which the objective is a general increase in the knowledge of the
given field. Implied is the absence of a specific goal such as lives saved. The present
technique is applicable to basic research only if one can quantify the ways in which one
measures the achievement of the stated objectives. On the other hand, it is possible to
assign worth to any research in terms of other objectives, whether or not it was origi-
nally intended to satisfy those objectives., Keeping to the objective of basic research,
no investigation is better than any other, so long as it brings new information. Ii the
statement of objectives is refined to include generalizability of information, or perhaps
scope of the dimensions of life that might be affected, or the like, then it becomes
easier to quantify the criteria reflecting achievement of the objectives of basic research.
By and large, it appears as if the present method would have to be altered considerably,
and many simplifying assumptions applied, before it could deal effectively with the ques-
tion of basic research priorities.

Originally the concept of evaluating priorities took the form of a linear equation.
The independent variables were to be factors affecting decisions about priority; the de-
pendent variable was to be a priority score; each variable was to have a weight reflect-
ing its importance in the scheme of priority allocation (e.g., public opinion might have
a smaller intrinsic value in an "absolute' sense than that of project cost); and in a given
case of research, each independent variable was to be assigned a coefficient reflecting
how strongly it applied in the given case. Here, each variable had to be equated to a
common measuring unit, presumably also lives or injuries lost or saved. In such an
equation, it is obvious that payoff variables are positive and cost variables negative.
The independent variables—personnel, time, research effectiveness, inertia of organi-
zational structure, public opinion, policy, etc.—are additive primary variables in this
scheme, rather than multiplicative modifiers, as in the scheme developed above.

In considering the factor relating to how much a given research contributes to the
total solution, it might be better to assign a value less than one to a project if it only
picks up a portion of the total necessary research, even though it may be an essential
portion. An alternative way of handling the question may be to split the factor into an
importance factor and a proportion-of-effort-required factor. How these would work
together has not been examined in detail. At least the problem is recognized.
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The present work was not intended in any way to be more than a speculative approach
to a problem needing some thinking. There are obyviously other approaches (see, for
example, the implications of questions and procedures in 4); the technique depends part-
ly on unavailable information; circuitous routes must be taken to arrive at many num-
bers; refinements are obviously needed for many of the measures; validation will take
a long time; the technique is, for some researches, cumbersome; the problem of pre-
dicting and evaluating countermeasures effectively is very troublesome; etc.

However, if the paper has led anyone to think about the value system under which he
has worked, and to consider the value system under which he may in the future operate,
then it will have accomplished one of its own objectives.
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Performance Criteria—Direct or Indirect

CARL A. SILVER
Franklin Institute Laboratories, Philadelphia, Pa.

*HUMAN FACTORS studies often involve the use of simulation. Simulation permits
the economical and easy manipulation of what seem to be the primary variables in a
given experimental situation. The general success of simulation studies has led to a
growing investment of thought, time and capital in the further development of simula-
tion techniques. However, this investment is producing less than maximal returns due
to the increasingly apparent lack of a satisfactory measure of human fatigue. There
has certainly been no dearth of attempts to develop such a measure and the very number
of these attempts attests to their general lack of success. The implications of a satis-
factory measure of fatigue are many. Aside from facilitating evaluation of control sys-
tems, information displays, road conditions, etc., a satisfactory measure will act as

a common denominator by means of which the separate effects of time on task, task
difficulty, loss of sleep, environmental distractions, motivation, etc., on performance
potential can be determined. In this paper, from a theoretical consideration of the
nature of fatigue, a measure is developed which, hopefully, will fulfill the requirements
for a satisfactory measure of fatigue.

PRIMARY CONSIDERATIONS

Driving a car is fatiguing. At least, after driving for many hours, especially in
heavy traffic, people will say that they feel tired. One might expect to find these sub-
jective feelings of fatigue reflected in driving performance. That is, one might expect
a steady decrement in driving performance corresponding to increasing subjective feel-
ings of fatigue. However, this is not the case. For example, Shaw (35) found that the
driver who was fatigued by long periods of continuous driving but was concentrating
hard at his task, cannot be distinguished from being fully rested on the basis of what he
is doing with his controls or in terms of the actual path traveled by the vehicle, its
speed changes, accelerations, etc. (Fig. 1). One explanation of this constancy of per-
formance, first advanced by Krendel and Bloom (27), is that a man adapts to the fatigue
or to other stressing conditions by altering his mode of responding; for example, by in-
creasing the amount of effort he puts forth to maintain a constant level of performance.
The observation by Shaw that driving performance remains constant during extended
periods is not surprising. On the contrary, the observation that performance is unaf-
fected over wide ranges of fatiguing or stressing conditions is very general (l, 18, 28,
38, 39, 40).

" I one disregards performance decrements produced by very effortful muscular work
such as heavy labor or sprinting, and those decrements produced through extreme en-
vironmental conditions such as mechanical vibration of high intensity or extremes of
temperature and humidity, the typical form of the performance curve as a function of
fatigue is shown in Figure 2, In this figure a generalized form of the curve is shown
by the heavy line. Vigilance and tracking tasks show similar curves. It can be seen
that, presuming knowledge of results, performance remains essentially constant or
decreases only slightly for an extended period of time; subsequently, the performance
shows an abrupt decline. It is often expensive or impractical to test a subject for the
time interval required in order to show this sharp decrement in performance. It would
be desirable to have some measure which would show a steady change related in some
simple manner to the amount of work performed, the magnitude of stressing situation,
or other relevant variables. Perhaps the sharp decrement in performance which occurs
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after an extended period of stress or fatigue is not the result of some discrete event
occurring at that time but rather is the result of some continuous process which has
accumulated to a superthreshold level. Figure 3 shows a theoretical conception

of what may be occurring. As before, the heavy line indicates the level of perform-
ance, whereas the dotted line shows presumed accumulation of the effects of fatigue,
stress, etc. When the accumulated level reaches the indicated threshold, the sudden
decrement in performance is observed. A desirable measure of fatigue should show a
continuous change and thus allow prediction of when the breakdown will occur as well as
comparison of rates of decrement. As previously stated, performance on the criterion
task does not show the kind of decrement that is expected.

INDIRECT MEASURES OF FATIGUE

Everyone feels, however, that although objective measures of performance may in-
dicate no significant decrement, the task becomes ever more taxing or arduous withthe
passage of time. This subjective feeling has led to the search for indirect objective
measures of an individual's performance potential; for measures not of the criterion
performance but of other behavioral or physiological processes which might be corre-
lated in some way with this performance.
One approach is to measure part-processes,
i.e., physiological activity, biochemical
indicators, and portions of behavioral se-
quences., Table 1 gives some of these

TABLE 1
INDIRECT MEASURES OF PERFORMANCE

I, Physiological Indicators  II. Psychological-Functional Measures

A. Physical A Sensory
1, Respiratory rate 1, Visual
2. Pulse rate (a) CFF

3. Blood pressure
4. Body temperature

(b) Color perception
(c) Rate of eye blink

B. Chemical (d) Visual acuity TABLE 2
1. Contents of bload (e) Accommodation time
(a) Glucose (f) Persistence of after SOME PERFORMANCE MEASURES USED IN RECENT STUDIES
(b) Lactic acid 1images — -
(c) Creatine 2. Auditory [nvest, and Ref, Measures Used

(d) Glutathione

(e} Chalinesterase

{f) Asorbic acid
2. Contents of urine

(a) 17-ketosteroids

(a) Absolute threshalds at
different frequencies

. Tactile

(2) Absolute pain threshold
(b) Absolute vibration

Adams ct al, (1)

Frederick (18)

Brealhing rate
Hearl rate

Visual acuity
Dack adaptation

Skin temiperalure

Skin resistance
Kraepelin test
Bourdon-Wiersma test

}3 g::zf.f:?;,:gns 4 ouaclgk:;i,s'mld Ocular muscular balance Grunhorn test
(d) pH (a) Absolute thresholds Eo!m' perceplion Bulse rate ;
3. Contents of saliva 5. Gustatory bsolute auditory threshold Rate of breathing

4. Metabolic rate
C. Electrical

(a) Absolute thresholds

- Motor

Sense of equilibrium
Choice reaction time

Bload pressure
17-kelosteroids in the urine

1. EEG I, Rate of movement Hussman (23) Arm steadiness Critical flicker [requency
2. EKG 2. Accuracy of movement "Blind" arm steadiness tapping rate

3. EMG k. Sleadiness of movement - e - . .

1 GSR 4. Muscular strength Takakuwa (37) Critical flicker Nequency Donnagio reaction

- Muscalnr ondirmnes

6. Reflex sensitivity
- oand many many more ., .

Tapping rate
Aesthesiometry
Kunee reflex

Ogawa's colloid reaction
Takano's agglutination test
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indirect measures. Most studies of performance decrement or fatigue have sought to
establish some correlation between one or more of these measures and performance
on the primary criterion task. A review of some typical studies provides an idea of the
effectiveness of this approach.

Adams, et al. (1) performed a study in which the results of seven tests of pilot per-
formance and four physiological measurements showed no significant correlation.
Frederick (18) made an extensive study of the effects of fatigue resulting from three
consecutive days without sleep on the results of the tests given in Table 2, He states,
"to our astonishment, the majority of these tests never showed a significant deviation
from normal values even during this test of three days." Hussman (23) found that out
of four measures only steadiness changes significantly as a function of fatigue. The in-
tercorrelations between the measures were low, however, and the highest correlation,
that between steadiness and blind steadiness, which one might expect to approach 1.0,
was only 0.55. Takakuwa (37) performed a study on the effect of fatigue resulting from
a day's work on each of four functional tests and three biochemical reaction tests. Each
of the measures was taken prior and subsequent to the working period. During four
years, 333 samples were obtained and the correlations between these tests determined.
Statistically significant correlations were obtained between aesthesiometry and critical
flicker frequency (-0.524), Takano's agglutination reaction, and critical flicker fre-
quency (-0.287), and aesthesiometry and the knee reflex (0.284). Here, as in Hussman's
study, even the highest correlations were relatively low. The correlations between
these tests and the criterion performance were not stated, but were evidently low, in-
asmuch as the authors were trying to validate still another measure.

The results of the preceding four studies are typical in that often no significant effect
of fatigue or environmental stress on the various measures was noted, and where there
were significant changes in some measures, their intercorrelations and/or their corre-
lations with the criterion performance were low. In light of these results, the random
selection and evaluation of measures which will hopefully be sensitive to changes in the
subject's level of fatigue are inefficient and unproductive. Perhaps fuller theoretical
consideration of the nature of the processes underlying performance decrement will pro-
vide the necessary rationale by means of which successful measures of performance
decrement may be developed.

SUBSIDIARY TASKS

To provide a groundwork for such a theory, another approach to prediction of per-
formance decrement is examined. Thus far concern has been with measures arising
from functions of only a part of the organism. Except for measures of the criterion
task itself, there has been concern with discrete physiological or behavioral processes.
Another interesting approach to the prediction of performance decrement is to measure
how well a man performs a second task simultaneously with the criterion activity. This
is often known as the "subsidiary workload'" method. This technique resulted from
earlier work on the division of attention and has been used by Bornemann (6, 7), to
study the interactions between a subsidiary task of mental addition and a wide range of
primary tasks. It has since been used to study automatization of performance resulting
from practice; Bahrick et al, (4), Bahrick and Shelley (3), Broadbent (8), to measure
the relative difficulty of listening tasks, Broadbent (9), To measure the order of dif-
ficulty of motor tasks, Poulton (31), and to compare man-machine tracking systems,
Garvey and Taylor (22). Poulton, following Broadbent, stated the basis of this technique
as '"'the assumption that there is a limit to the rate at which an operator can deal with
information—in other words he has a limited 'channel capacity.' When the demands of
the primary and subsidiary task together exceed this limit, errors must occur."

The subsidiary workload method is of value in measuring task difficulty, at least in
the sense of the magnitude of information transduction required. This method has also
been applied to the measurement of the effects of fatigue, but with less than ideal suc-
cess. Although it is undoubtedly felt that a task is more "difficult' when a man is fa-
tigued, this is probably not true in terms of the amount of information that is processed.
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SOME UNEXPECTED DATA

Figure 4 shows that subsidiary task performance nicely reflects the difficulty of the
primary task for both '"advanced" (N=8) and "average" (N=7) drivers. Performance on
the subsidiary task is poorest while driving in a shopping area, better while driving in
a residential area, and best while performing the subsidiary task alone. Having seen
that task difficulty affects subsidiary task performance, the question arises as to whether
the addition of a subsidiary task affects primary task performance. Brown (11) has
provided an answer. Figure 5 shows that there is no significant effect of a similar sub-
sidiary task on driving performance as measured by average speed and number of con-
trol movements either before or after an 8-hr driving patrol. Thus, subsidiary tasks
are sensitive to the difficulty of the primary task, but the primary task performance is
relatively insensitive to the addition of a subsidiary task. Can the subsidiary task also
be used to measure fatigue? Brown (11) asked this question and received the answer
shown in Figure 6. There is a definite effect of fatigue on subsidiary task performance
but in the opposite direction to what one would expect. This figure shows that the num-
ber of correct responses increased as a result of 8 hours driving on patrol. Brown
gave three possible, circumstantial explanations for this finding. Perhaps there is
another, more basic, explanation for this initially disturbing result.

AN EXPLANATION

Here is an apparently typical picture. The primary task performance has remained
constant over a relatively extended period and the subsidiary task not only does not
show a decrement, but actually shows an increment. Probably there is a relatively
simple explanation of what has occurred that gives an important clue as to how a really
useful measure of performance decrement can be achieved. First, the reasonable
notion should be accepted that the drivers did indeed become fatigued as a result of 8
hr driving in a patrol car. Second, the increase in performance of the subsidiary task
should be accepted as genuine. It is noted that, as has been repeatedly demonstrated,
the onset of fatigue is characterized by an increase in muscular tension (Freeman, 19).
An increase in tenseness (Jacobson, 26) is a facilitator for many responses ranging
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from simple reaction time to mental arithmetic. The classic example of this effect is
the facilitation of mental arithmetic and other responses resulting from squeezing a
hand dynamometer while performing these tasks. Therefore, assuming that the drivers
did become fatigued as a result of their 8-hr patrol and therefore were somewhat more
tense at the end of the 8-hr period than they were at the beginning, it might be predicted
that their performance on this auditory task would be increased.

If this explanation is correct, then the use of subsidiary workload as a measure of
fatigue is not theoretically justified. A distinction must be made between the effects of
increasing task difficulty and the changes which result from fatigue. In the case of task
difficulty the concept of channel capacity is not unreasonable. Bahrick et al. (4) found,
for example, that errors in subsidiary task decreased as subject acquired skill on a
primary task. It is reasonable to suppose that at least part of the skill involved in
learning the primary task was that of not attending to irrelevant cues. Thus, as the
subject became more skilled, he processed less irrelevant information, using less
"channel capacity,' and thus making more available for the subsidiary task, the result
being a decrease in the number of errors in the subsidiary task as the subject learned
the primary task. The concept of channel capacity is essentially a "central' concept.
That is, it refers to a process which affects all tasks in about the same way. This is
not true with regard to tension as has been conceived. Tension is a peripheral phe-
nomenon,

The fatigue of responses is relatively specific to the particular response elements
involved. The interaction of tasks or responses as one fatigues, is a function of dis-
tance from the response element which is being fatigued to the point of measurement.
Therefore, the degree to which a subsidiary response will be affected by the fatiguing
of a primary response is a function of the spatial relations between the respective re-
sponse elements involved. The evidence for such facilitative interaction is clear
(Freeman, 20), (Jacobson, 25)., Apparently the locus of the responses, which are
called "mental activity, " is rather diffuse. At least it seems that practically any in-
crease in body tension can have a facilitative effect on "mental'" tasks. If "mental' or
perceptual responses are relatively diffuse it is easy to appreciate how the fatigue of
driving, resulting in increased tension distributed widely over the body, could interact
to facilitate mental and perceptual tasks, thus accounting for Brown's data, However,
the effect of increasing tension is not always facilitory. Stauffacher (36) and Courts (12)
have shown that there is first an increase and then a decrease in performance as tension
increases. The reason for the interference is apparently somewhat as follows: When
only a moderate amount of tension is induced there is facilitation of other simultaneously
occurring responses. These responses, however, can only be facilitated up to some
physiological limit. Beyond this limit there is no further facilitation; but responses,
often competing responses, of lower habit strength are likewise facilitated. The result
is that the differential in response strength between the "correct" response and com-
peting response is decreased. Thus there is an increased response variability coupled
with a decrease in the probability of a correct response. When tension is increased,
ultimately a point is reached where more inappropriate facilitation occurs than appro-
priate, and from that point on increasing tension appears to be inhibitory rather than
facilitory in terms of the correctness of the responses being made. Thus, early in
learning, increased tension may be facilitory because the correct responses are not
near their physiological limit, whereas late in learning, increasing tension tends to be
inhibitory because the competing "incorrect' responses are facilitated to a greater
extent than the ""correct' responses. In this way, it is found that "mental blocking" is
associated with fatigue (Ash, 2), (Bills, 5). When competing responses are facilitated
to the point where they are approximately equal in strength to the correct response
tendencies, there is an internal "dilemma.'" Response time may be then greatly in-
creased.

In a sense, then, fatigue is the opposite of learning. During learning, extraneous
facilitative responses are eliminated. Because interaction is a function of proximity,
the sequence of elimination is important. Renshaw and Schwarzbek (32) tock movies of
a subject practicing a tracking task. They found that the trunk muscles relaxed first,
then the shoulders, upper arm, and lower arm, in that order. More distant muscle
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groups are also involved in the changes. Freeman (19) found a progressive reduction
in leg muscle-tension as the subject learned either a manual tracking task or mental
arithmetic. During learning the direction of change is from distribution to focalization
of muscular activity. During fatigue, however, the reverse of this process occurs even
though performance measures remain constant. Muscular tension is generalized under
most of the conditions that are associated with effortful performance. This was first
pointed out by Duffy (15) and has been studied by Ryan, Cottrell, and Bitterman (34).
Factors thus far shown to increase the spread of muscular tenseness are lack of prac-
tice; prolonged work periods (Ash, 2), (Robinson and Bills, 33); distraction (Morgan,
30), (Davis, 13); increased d1ff1cu1t§ of task (Davis, 14), (Ea—son and White, 16); and
increased incentives (Freeman, 21). This formulation of the effects of muscular ten-
sion is adapted from Meyer (29) and from earlier unpublished work by the same author.
The responsibility for errors in interpretation or application of this formulation, how-
ever, must lie with the present author.

A POSSIBLE MEASURE

On the basis of the foregoing discussion, an indirect measure for predicting response
decrement is examined. This measure is the distribution of muscular activity during a
behavioral "instant" (a time interval short enough so that sequential responses will not
occur); all muscular activity measured during that instant may be taken as being simul-
taneous. One method of measurement is as follows: a suitably large number (e.g., 20)
of electrodes are placed upon a subject and are distributed widely over the body surface.
The resting level of muscular activity at each electrode is noted. Then, as the subject
performs the fatiguing task (e.g., driving a car or a simulator) the number of electrodes
exhibiting activity above the initial level are determined during a behavioral instant.
Successive measurements during the course of fatiguing activity should exhibit an in-
crease in the number of electrodes showing increased activity, thus indicating an in-
crease in the distribution of tension over the body. As recruitment proceeds and the
distribution of response rises, there will come a point at which the recruiting of addi-
tional response elements occurs at so great a distance from the fatiguing response site
that the contribution of the newly recruited units is not sufficient to maintain the re-
quired performance level, At this point, as shown in Figure 1, a sharp decrement in
performance will be observed.

Theoretical justification alone, however, indicates nothing about the feasibility of
the measure., A measure should be (a) within the technological state of the art; (b) im-
mediately available (not requiring processing, developing, etc.); (c) not damaging to the
subject; and (d) relatively economical. Within the past decade, technological progress
in bioelectronics has been such that development of equipment for the amplification,
integration and recording of muscle potentials entails merely the selection of parameters
to optimize the equipment for use in any specific application. An excellent survey of
bioelectronics is provided by Ford (17).

Inasmuch as the integrations will be performed within a '"behavioral instant" (approx-
imately Yo of a sec), the values of all 20 points will be available for recording 10 times
per sec, thus satisfying the criterion of "immediate' availability. Although surface
electrodes will be used, which will restrict the subjects range of movement, they will
cause no damage, and little discomfort to the subject. Finally, the development of high-
performance transistors and circuitry permit the design of relatively economical cir-
cuits using a minimum number of components to achieve maximum effectiveness of
operation. It is hoped that this new approach will provide a reliable, indirect measure
of the rate of recruitment by means of which the point of sharp performance decrement
can be predicted.
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