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Human Factors Research Reports—
AASHO Road Test
I. Field Study of Vigilance Under Highway

Driving Conditions

D.A. DOBBINS, J.G. TIEDEMANN, and D.M. SKORDAHL, Human Factors Research
Branch, The Adjutant General's Research and Development Command, U.S. Army,
Washington, D.C.

¢ VIGILANCE can be defined as the prolonged ability to detect certain environmental
signals. Many individuals who are required to observe wnfrequent or irregularly spaced
visual signals detect a progressively smaller proportion of signals with the passage of
time. As found in laboratory studies, the classical decrement 1n vigilance occurs
rapidly during the first thirty minutes of monitoring and then stabilizes at a low
detection plateau (14).

In the present study, research opportunity was afforded by the American Association
of State Highway Officials (AASHO) Road Test to study signal detection performance
under realistic field conditions rather than by the classical laboratory approach. For
the Road Test, Army drivers were required to drive trucks on experimental highways
under monotonous and fatiguing conditions, thus providing a "natural laboratory" for a
study of vigilance. The factors already present in the driving situation which were
expected to challenge driver vigilance and consequently allow observation of the extent
of performance decline under actual operating conditions included truck noise and
vibration, boredom induced by repeated circling of the driving loops, and the sheer
physical fatigue caused by driving large and heavily loaded trucks. To these factors
were added the energy expenditure demanded by the experimental vigilance task which
required each driver to discriminate among nearly 850 signals in order to respond to
approximately 210 critical signals over 7 hr of driving.

The specific objectives of the human factors portion of the AASHO 1nvestigation
were

1. To develop an apparatus test to measure vigilance during the actual driving
process.

2. To analyze the vigilance performance of a group of drivers during one full 7-hr
driving shift to determine the level of and trends in performance in detecting signals
as a function of time spent in monitoring.

3. To determine the extent of individual driver differences in signal detection per-
formance and to estimate the reliability of these differences.

METHOD
Vigilance Tester

A portable apparatus, the U.S. Army Transportation Corps Vigilance Tester, was
designed for use on the trucks (for a detailed description of the tester, see 5). The
apparatus consisted of a visual signal display unit mounted on the truck dashboard, a
foot-operated response pedal, and a combined programer and response recorder unit
mounted on the truck bed. The signal display unit was a circular area 5 in. m diameter
divided into six red and nine white 24° radial panels with a 150-milliamp light bulb
positioned behind each panel. The red panels were arbitrarily designated as the critical
areas; that 1s, requiring a response by the driver whenever a signal appeared in one of
the areas. The white panels were designated noncritical signal areas and required no
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response at the occurrence of a signal. A predetermined program for activating the
visual signals (light bulbs) was maintained through the use of a punched tape.

Signals occurred in the display area at a rate of 30 critical and 91 noncritical signals
per hour. Intersignal intervals of 5, 10, 15, 20, 30, 50, and 75 sec were used. Both
the position of the signals appearing on the display panel and the intersignal intervals
that followed were randomized. The duration of both critical and noncritical signals
was 1 sec and the driver had 5 sec following each signal in which to respond. Auto-
matic counters were used to record signal and response data.

Subjects

The subjects were 42 enlisted drivers from the AASHO Road Test Support Activity
of the U.S. Army Transportation Corps. The only standard used for the selection of
drivers was that they had to have been assigned to the particular driving loop for at
least one month before testing.

The records of 42 drivers were considered acceptable for the purposes of this report
even though many more were tested. The records of many drivers who participated in
the experiment were discarded for the purposes of the present study because of inter-
ruptions in the driving shifts resulting from malfunctioning of the vigilance tester,
truck breakdowns, and need for highway maintenance. The only records used in the
statistical analyses were those of drivers who had uninterrupted testing for six con-
secutive driving periods.

Experimental Procedure

Before beginning a driving shift, drivers were told that lights of 1-sec duration
would appear, one at a time, in different red and white panels of the display. Their
task was to monitor the display unit while driving the truck and to respond only to light
signals appearing in red panels by depressing the foot pedal. Each driver responded to
a few practice signals before beginning his driving shift to make sure he fully under-
stood his task.

The monitoring session was a 9-hr driving shift divided into seven periods of 90, 90,
90, 60, 45, 45, and 30 min, respectively—a total of 7% hr testing time. Five 15-min
rest periods and one 40-min meal break separated the driving periods. To prevent
confounding day and night effects within a single driving shift, the last 30-min driving
period of both the day and the night shift was discarded from the data analysis because
it contained the twilight time. The performance measures were taken cumulatively at
the end of each period, but no within-period measures could be taken because of record-
ing limitations of the apparatus. Testing for the record began in August 1960 and con-
tinued through November 1960.

Performance Measures

The vigilance performance of a driver was evaluated by means of two scores. The
first score was ""Percent Detections, ' simply the percentage of critical signals detected,
computed as

(Number of responses to critical signals) (100)
(Number of critical signals presented)

Percent Detections =

The second score was "Percent False Detections''—an index of errors of commission.
The total number of false detections made to noncritical and imaginary signals was
divided by the number of noncritical signals presented as

(Number of responses . (Number of responses

. to noncritical signals) = to imaginary signals)
Percent False Detections = — 100
" (Number of noncritical signals presented) (100)

Responses to imaginary signals were defined as those instances in which the subject
depressed the response pedal even though no signal was on the display unit at the time.
Although the 1nclusion of these errors in the numerator of the performance fraction was



3

questionable mathematically, these two types of false detections seemed to represent
the same kind of error and hence were pooled.

Statistical Control Procedures and Analysis

Inspection of the frequency distributions of Percent Detection and Percent False
Detection revealed marked skew as well as correlation between means and standard
deviations. Thus, to make the data amenable to parametric analysis, each driver's
vigilance scores were transformed to arcsins (X = arcsin VP) which satisfactorily
reduced these irregularities.

Also, t-tests were performed for possible differences between the mean detection
levels for two variables imposed by the nature of AASHO Road Test conditions: (a)
driving schedule and (b) the particular experimental loop on which driving was accom-
plished. Because no significant differences were found for either schedule or loop
effects, scores for drivers on different schedules and on different loops were merged.

F-ratios revealed a significant difference between mean detection levels of day
shifts vs mght shifts. The difference in percent detections between day and night drivers
is believed to have occurred because of a difference in the amount of contrast between
the signal display and the surround during day and night conditions, and 1s not considered
to reflect true day-night differences in alertness. (The surround of the display unit was
the driver's view through the windshield of the truck. The surround during the day
driving consisted of colors, movements, and glare not present to nearly the same degree
during night driving.) Nevertheless, as a result of this analysis, day and night shift
results were kept separate in all subsequent analysis to aid in interpretation.

Analyses of variance were performed on the transformed data to test for differences
in vigilance between day and night drivers, vigilance score differences among the means
of the six driving periods, and interactions (6, pp. 220-232). The analyses of variance
were supplemented by tests for significant trends in the driving period means, and for
differences between the slopes of the day-period means and the night-period means
(6, pp- 247-250).

Changes in ntersubject variability from the first to the sixth driving periods were
tested by means of t-tests (18, p. 244). The reliability of individual score differences
was estimated by internal consistency analysis.

RESULTS

When the six driving periods for all 42 drivers were combined, 1t was found that
approximately 83 percent of all critical signals were detected—unusually high consider-
ing the conditions under which the monitoring task was accomplished. The over-all
percent of false detection was also considered low, averaging only 4 percent for all
drivers. (As previously reported, the night drivers detected a significantly higher
percentage of critical signals than did day drivers; however, no significant difference
in percentage of false detections was found between the two groups.) Tables 1 and 2
give the mean percent detections and false detections in arcsin form by driving period
for day drivers, night drivers, and for the two groups combined.

Detection levels over the six driving periods for all 42 drivers showed a significant
increasing trend, which was linear, instead of the hypothesized decrement. In terms of
percent false detection, the total group of 42 drivers demonstrated a significant decreas-
ing trend, also linear, over the six-period driving shift. (Only the night drivers con-
tributed to these significant trends, whereas the day drivers showed no significant
increase or decrease for either vigilance measure. Once again, the visibility artifact
was suspected to have caused the increasingaverage level of correct detections. Toward
the early morning hours, the surround of the display unit became more homogeneous,
making detections of critical signals easier for drivers tested at mght.) Figures 1and2
show mean percent detection score trends and mean percent false detection score trends,
respectively, by driving periods. Table 3 is a summary of F-ratios from trend analyses
of period means. No trend of a higher order than linear was found to be significant.

Although average percent detection levels were consistently high, wide individual
differences in vigilance performance were apparent. These individual differences in



TABLE 1

PERCENTAGE OF CRITICAL SIGNALS DETECTED BY ROAD TEST DRIVERS
IN SIX DRIVING PERIODS (Arcsin Scores)

Day Driving (N = 19) Night Driving (N = 23) Total (N = 42)
Period
Mean Std. Dev. Range Mean Std Dev. Range Mean Std. Dev. Range
1 61.2 917 39.2-75.9 72 2 11.0 49.4-90.0 67.2 11.7 39.2-90.0
2 60.3 12.3 40.5-90.0 73 9 10.2 54.3-90.0 67.7 13.1 40.5-90.0
3 60.1 11.5 36.1-80.2 75.0 13.3 36.2-90.0 68.3 14.5 36.1-90.0
4 61.7 10.5 45.6-77.3 73.1 10.9 51.5-90 0 67.9 12.1 45.6-90.0
5 61.8 13.4 43 7-90.0 7.6 11.4 52 9-90.0 70.4 14.6 43.7-90.0
6 59.8 17.6 27.1-90.0 78.3 12.3 53.7-90.0 69.9 175 27.1-90.0
All 60.8 10.4 27.1-90.0 75.0 9.4 36.2-90.0 68.6 12.2  27.1-90.0
Mean Percent
Detections (Arcsin)
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Figure 1. Mean percent detection scores by driving period.

percentage of detections tended to 1ncrease as the driving time increased. Tables 1 and
2 give the standard deviations and ranges of transformed scores for each driving period.
Intersubject variability 1n percent detections increased significantly between driving
periods 1 and 6. Intersubject variability in percent false detections decreased signifi-
cantly during the same interval for the total group of 42 drivers. (A sigmificant increase
1n percent detection variability was obtained for day drivers only, and a significant de-
crease 1n percent false detection variability was obtained for night drivers only. A
statistical artifact is presumed to have prevented a significant increase 1n night drivers'
percent detection variability. As night drivers' average scores increased during the
early morning hours due to better visibility, individual score variation was limited by
the 100 percent upper score limit. Day drivers whose visibility remained fairly con-
stant did not show the steady increase 1n average percent detection scores, and their



TABLE 2

SCORES ON FALSE RESPONSE MEASURE FOR ROAD TEST DRIVERS
IN SIX DRIVING PERIODS (Arcsin Scores)

Day Driving (N = 19) Night Driving (N = 23) Total (N = 14)

Period
Mean Std.Dev. Range Mean Std.Dev. Range Mean Std.Dev. Range

8.4 5.8 0-20.4 10.4 9.3 0-42.4 9.5 7.9 0-42.4
10.8 9.3 0-36.17 9.6 11,6 0-40.6 10.1 10.7 0-40.6
7.3 5.6 0-19.2 8.9 8.0 0-31.2 8.2 7.1 0-31.2
9.8 14.5 0-66.3 7.0 6.2 0-15.9 8.2 10.8 0-66.3
g.1 11.7 0-43.9 6.0 6.5 0-18.3 7.4 9.3 0-43.9
4.9 5.0 0-14.5 6.5 5.9 0-17.0 5.8 5.6 0-17.0
All 8.4 5.7 0-66.3 8.1 6.0 0-42.4 8.2 5.9 0-66.3
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Figure 2. Mean false detection scores by driving period.

performance was consequently more free to vary toward the end of their driving shifts,
The sigmficant decrease 1n variability of false detections may be similarly accounted
for.) Table 4 shows the significance of changes in variance between driving periods 1
and 6 for both vigilance measures.

The reliability of individual differences for both vigilance measures was high.
Reliability coefficients, computed between scores on odd-numbered and even-numbered
driving periods, and augmented by the Spearman-Brown formula, were 0.93 and 0.88
for percent detections and percent false detections, respectively. Table 5 gives the
reliability coefficients for both vigilance measures using odd vs even periods and first
vs sixth driving periods. The latter analysis showed moderately high stability of per-



TABLE 3

SUMMARY OF F-RATIOS FROM TREND ANALYSES OF
PERIOD MEANS OF VIGILANCE MEASURES
(Arcsin Scores)

Trend (§)
Detection Periods
Linear Quadratic Residual
Signal Day only 00 ,00 04
Night only 8.42 03 08
Total 44 01 0.5
Day/night x period 4 8P 0s 0.4
False  Day only 20 320 11
Night only 6 1b o1 0.2
Total 772 05 0.3
Day/night x period 0.8 15 0
of 1/200 1/200 3/200

8Trend significent beyond 1 percent point.
bTrend significant beyond S percent points.

TABLE 4
SIGNIFICANCE TESTS OF DIFFERENCES IN VIGILANCE TEST
SCORE VARIANCE BETWEEN DRIVING PERIODS 1 AND 6
(Arcsin Scores)

cent detection scores (r =0. 67) and lower sta-
bility of false detection scores (r = 0. 25) even
between scores separated by 5% driving hours,
In summary the four major findings of
this investigation were (a) the high percent-
age detection and low percentage false detec-
tion levels; (b) the lack of decrement in
vigilance as a function of time spent moni-
toring; (c) the high reliability of individual
differences; and (d) increased variability
in percentage detection performance as a
function of time spent monitoring.

INTRODUCTION
Prolonged High Detection Levels

Not only did the expected decline in per-
formance as a function of time spent in
monitoring fail to occur but a significant
linear increase in percent detections was
found during the 7 hr of driving. Also,

Variace  Variance g g " contrary to expectations, a significant
Detection  Periods  Period 1 Period 6 "0 linear decrease in percent false detections
p— - s s 2o oo was fou.nd. over driving shifts. (A proce-
Night 12100 15128  +3020 NS dural difficulty of the present experiment
. Ov[e):-all 1:: : 3:: 2: +1e; : : !;1 was the mability to record responses at
B it 340 3481 518 065 intervals within driving periods. There
Over-all 62 41 31 38 - 3105 005

is a possibility that some performance
decrement occurred within driving periods
but did not appear in the response measures
because they were recorded at the end of
driving periods. However, it is certain
that within-period decrement did not occur to a great extent because the over-all high
detection levels left little freedom for within- period variance.)

At least two previous experiments have shown that noise and vibration such as were
present in the driving situation have a demonstrable effect of monitoring behavior (11,
13). The fact that 100 percent critical signal detection accuracy was not obtained in the
present study indicates these factors may have had some influence on the vigilance per-
formance of the drivers. The high detection levels indicate, however, the presence of
compensatory factors that tended to overcome these decrement- inducing conditions.
New information, in the form of recent research by other investigators, allows more
enhghtened speculation as to the nature of these compensatory factors.

Signal Characteristics. — Four major signal characteristics seem to be the most
probable contributors to the prolonged high detection levels. These are the high rate of
presentation of noncritical signals, the highly stimulating signal environment caused by
the divided-attention nature of the task, the relatively restricted range of intersignal
intervals, and the relatively long signal duration.

The "filter theory" of Broadbent (3) suggests that irrelevant signals during a monitor-
ing task would tend to make the task more difficult because the monitor would be more
likely to respond to false signals, and consequently miss more critical signals, with
the passage of time. Many noncritical signals were programed into the present experi-
ment. In apparent contradiction to Broadbent's theory, however, two recent studies
(7, 16) have shown that the introduction of irrelevant signals into the monitoring task
actually enhanced monitoring performance under certain conditions. The effect is
marked when the artificial signals are perceptually similar to the real signals. In the
present study, critical and noncritical signals were identical 1n all aspects except for
the fact that critical signals appeared in red panels and noncritical signals in white
panels. It seems probable that the high rate of perceptually similar noncritical signals
used in the present study actually enhanced alertness.

df day = 18, night = 22, over-all = 41
“Based on two-talled t-tests




TABLE 5

RELIABILITY COEFFICIENTS FOR VIGILANCE PERFORMANCE MEASURES
(Arcsin Scores)

Driving Period Measure Day Driving Night Driving Total
Oddvs even  Percent signal detection 0.942 0.882 0.932
Percent false detections 0.872 0.912 0.882
First vs sixth  Percent signal detection 0.52 0.64 0.67
Percent false detections 0.50 0.09 0.23

3 pugmented by Spearman-Brown formula.

Another possible explanatory factor was the high complexity of the stimulus surround
caused by the "'divided-attention' aspect of the study. Studies of ""complex" vigilance
(that 18, the monitoring of multiple signal sources) have reported no decline in vigilance
(10, 11); however, the over-all detection levels reported were much lower than those of
the present study. Moreover, the amount of environmental stimulation received from
sources other than experimental signals was high and may have enhanced alertness.
Hebb's "arousal' theory (8) proposes that high detection levels are a function of an opti-
mal level of cortical arousal. The maintenance of cortical arousal is a function of the
total stimulus input, according to Hebb, regardless of whether that stimulation is rele-
vant to the monitoring task at hand. The present results seem to support Hebb's views.

Two other factors of the present experiment that may have helped prevent the appear-
ance of a performance decrement were the relatively long 1-sec signal duration, and the
relatively restricted range of intersignal intervals.

Task Characteristics. —Task factors that may have contributed to the lack of per-
formance declines were the high degree of perceptual-motor activity level, progressive-
ly diminishing lengths of driving periods during a shift, and the presence of interpolated
rest pauses.

Drivers, 1n performing their normal driving duties simultaneously with the experi-
mental vigilance task, were engaged in a great deal more perceptual-motor actavity
than that required of laboratory subjects passively momtoring experimental displays.
Ray, Martin, and Alluisi (20) have pointed to the conflicting results between active and
passive vigilance tasks and have suggested that the degree of active participation re-
quired by the subject may make a critical difference in the appearance of performance
decrement.

Two other aspects of the road test engineering research design probably helped
maintain high detection levels. These were the diminishing length of driving periods as
shifts progressed, and the interpolated rest pauses between driving periods. These two
factors, planned by road test personnel for the lessening of driver fatigue, probably
helped 1n maintaining alertness.

Subject Characteristics. —In the present study it 15 suspected that driver motivation
may also have played a role in the maintenance of high detection levels. Most drivers
seemed interested in the task and many who were not tested requested it. It 1s also
suspected that the sources of motivation were extrinsic to the experimental task 1tself
and could be attributed to relief from driving boredom. Many drivers, because they
were also soldiers, had lingering suspicions that their performance might somehow be
entered into their official service records, in spite of instructions to the contrary.

This suspicion may have been an incentive to do well on the experimental task.

The role of motivation in vigilance has not been systematically studied. However,
Adams and Chiles (1) found that highly motivated subjects were able to perform complex
monitoring and cognitive tasks under fatiguing work schedules for as long as 15 days
without serious performance decrement. Adams and Chiles used a realistic space
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mock-up apparatus in their experiment. Their task appeared to have much more face
validity for their subjects than many others typically used 1n laboratory studies. This
realism may help explain the high performance levels found 1n their study.

Extent and Stability of Individual Performance Differences

The finding of wide 1nitial individual differences 1n vigilance levels and the relatively
high stability of these individual differences during a complete driving shift suggests
classifying the vigilance phenomenon among other relatively enduring aspects of the in-
dividual. High score reliability, if found for acceptable retest intervals, will qualify
the vigilance phenomenon as a profitable subject area for psychologists interested 1n
the prediction of individual differences. Only recently have some attempts been made
to conceptualize the vigilance phenomenon as an attribute of the individual observer.
These attempts are discussed in Part II of this paper,

The increased variability 1n percentage detections during a momtoring period is a
common finding in vigilance research. Buckner, Harabedian, and McGrath (4) present
evidence that detection variability increases not only 1n percentage measures but also
in measures of threshold sensitivity and response latency. The explanation suggested
by these data 1s that 1initial individual differences in vigilance levels became more exag-
gerated due to increasing motivational differences among Subjects as boredom and
monotony come more 1nto play toward the end of the monitoring period.

CONCLUSIONS

In spite of inhibitory factors present in this study which would lead to a prediction
of performance decrement (noise, truck vibration, long hours, boredom, and fatigue),
other compensatory factors also present may have combined to cause prolonged high
detection levels. The influence of inhibitory factors was apparent 1n increases in
variability of performance, rather than in levels of performance.

Possible compensatory factors discussed were (a) signal characteristics, including
high rate of noncritical signals, complexity of over-all stimulus conditions resulting
from the divided-attention task, low range of inter-signal intervals, and high signal
duration, (b) task characteristics, including high perceptual-motor actinity level, inter-
polated rest pauses, and diminishing length of driving periods; and (c) subject charac-
teristics, including motivation. The lack of within-period performance measures of
the present study precluded precise comparisons with laboratory experiments. The
present study, however, showed that detection performance began at a high level and
stayed at a high level 1n spite of noxious monitoring conditions. Along with other
research on active and complex monitoring tasks, the present study suggests the rapid,
severe decrement found 1n the passive monitoring of laboratory displays may be of
limited generahty. The results of the latter type of study do not seem to represent
human monitoring proficiency adequately when the monitoring task is meaningful and
when monitors are fairly active physically. The classical decrement curve may
represent a basic and significant perceptual phenomenon under conditions of reduced
organismic stimulation. However, 1t 1s felt that investigators who advise military and
industrial management on such factors as personnel monitoring schedules should attempt
more realistic simulation of representative signal environments and conditions of work.
Otherwise, there 1s a danger of seriously underestimating human monitoring capacity
on a great many operational tasks.



| II. Prediction of Vigilance

D.A. DOBBINS, D.M. SKORDAHL, and A.A. ANDERSON, Human Factors Research
Branch, The Adjutant General's Research and Development Command, U.S. Army,
Washington, D.C.

¢ PART 1 of the present report described a study of trends in vigilance performance
of a group of drivers during a seven hour driving shift. The present report deals with
the prediction of individual differences in vigilance.

The aspect of vigilance that has been of most concern to researchers is the demon-
strated reduction of signal detection proficiency by human monitors as a function of
monitoring time. Many experimental studies have investigated the various parameters
of vigilance tasks that influence detection performance for groups. In the course of
these researches, wide individual differences 1n detection proficiency present even at
the beginning of the monitoring period have been noted. In spite of the fact that individ-
ual differences in vigilance were recognized and attempts were made for their meas-
urement as early as the 18th century (19), relatively little direct study has been accom-
plished until recently.

Although there is a great deal of evidence that individual differences 1n vigilance
performance are reliably measured within a typical monitoring period (2, 4, 5, 9),
there is little evidence that retest reliability over long intervals 1s sufficiently adequate
to justify prediction attempts. There 1s even less evidence that standardized psychologi-
cal measures are useful predictors of vigilance (2, 12, 15, 17). These studies have
shown that correlation coefficients between psychological predictors and vigilance cri-
teria are usually nonsignificant; but 1f significant, then low and sometimes disappearing
on cross-validation; and that personal variables interact with task variables and thus
frustrate attempts at generalized prediction.

OBJECTIVES AND METHOD

The present study was an attempt to predict vigilance performance using a greater
variety of psychological predictor measures than 1s usually reported in vigilance
research. The specific objectives were the following:

1. To examine the rehability and interrelationships between two measures of vigi-
lance performance.

2. To determine the predictability of the vigilance criteria using a wide variety of
standardized psychological tests and other measures.

Primary interest was in determining which, if any, of several well-known psychological
domains hold most promise for the prediction of vigilance. The approach was empirical
and no provision was made for cross-validating results. For these reasons the study is
considered merely exploratory.

Samples

Subjects were 111 enlisted truck drivers furnished by the U.S. Army Transportation
Corps to drive loaded vehicles around experimental highway surfaces of the Road Test
project. The average age of the group was 22.7 years, the average years of formal
education was 10.5 years, and 42 percent were enlistees.

Only two standards were set for the inclusion of drivers 1n the experimental group:
(a) drivers must have been assigned to a particular driving loop for at least one month
prior to vigilance testing (this standard was set to minimize the danger of divided
attention between the driving task and the experimental vigilance task); and (b) during
vigilance testing, each driver must have been exposed to at least 150 visual signals (5).
This number of signals represents 1% hr of uninterrupted testing time, considered -
necessary to achieve minimum acceptable score stability. Not all drivers could be
tested for this length of time because of apparatus unrehability. Scores derived from
less than 150 signal presentations were excluded from analysis.
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The group of 111 drivers was separated into two samples, day drivers (n = 51) and
night drivers (n = 60), based on the previous finding that significant differences in over-
all detection levels, trends, and inter-subject variability were found between day-shift
and night-shift drivers. These samples were kept separate in the present study because

different factors seemed operant in day and night vigilance scores. These factors might

have differentially influenced prediction.

Data Collection

Predictor tests were administered to drivers before their driving at the Road Test.
(Four of the 111 drivers were administered predictor tests after they had begun driving;
however, their predictor testing preceded their criterion testing.) Tests were admin-
istered to drivers either at Ft. Eustis, Va., or at the AASHO Road Test site. Other
predictor variables were gathered from the official service records. All predictor
variables, including sources, are described by Dobbins, Tiedemann, and Skordahl (5).
Predictor testing was administered to each newly assigned group of drivers continuously
from August 1959 to August 1960.

Vigilance Testing was begun in August 1960 and continued through November 1960.
Drivers were assembled in crew shacks before testing and were read standard instruc-
tions to the effect that they were participants 1n a human factors research experiment;
drivers were urged to do their best on the vigilance task within the limits of driving
safety. After a brief familiarization period with the Transportation Corps Vigilance
Tester, drivers began their normal driving shift which consisted of circling one of five
experimental driving loops in heavily loaded commercial trucks. Drivers saw light
signals appear one at a time from the dashboard-mounted circular signal display umts.
Six of the panels covering the light sources were painted red and the remaining nine,
white. The driver's task was to depress a foot-pedal when a light appeared in a red
panel. Signals appearing in red panels were designated "critical" and appeared at the
rate of 30 per hr; signals appearing in white panels were designated "noncritical, " and
appeared at the rate of 91 per hr.

Variables

Criteria. —Two vigilance criterion scores were developed for each driver. The
first score was simply the percentage of critical signals detected:

Number of responses to critical signals

Percent Detections = Number of critical signals presented

(100)

The second vigilance score was an index of errors of commission. This score included
the number of responses to noncritical signals added to the number of responses to
imaginary signals divided by the total number of noncritical signals presented:

Number of responses . Number of responses
to noncritical signals = to imaginary signals

Percent False Detections = Number of noncritical signals presented

(100)

Most drivers were tested for two driving shifts in order to obtain an estimate of cri-
terion reliability. For both of the preceding measures, the total vigilance score used
in validity analyses was the sum of the two shift scores.

Two nonvigilance criteria were also developed. These were selected to reflect both
general performance as a driver and general morale level. The primary purpose of
including these variables was to examine therr ntercorrelations with the vigilance
criteria. Investigators felt that their inclusion might help bring psychological meaning-
fulness to the interpretation of vigilance. There was no intrinsic interest in the pre-
dictability of either of the following two criteria by the predictor variables:

Over-all Adaptability Rating. This was a general performance measure completed
by noncommissioned officer crew chiefs. The total score was a summation of points
alloted to the following seven rating factors: military bearing, driver proficiency,
driver dependability, extent of supervision required, promotability, interpersonal
relations, and effectiveness as a team member.
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TABLE 6
RELIABILITY COEFFICIENTS OF VIGILANCE CRITERIA

Between Two Partial Shifts Within One Full Shift
(avg. of 7.8 hr driving) (7 hr driving)

Criteria
Day, vs day. Night; vs nights Within day Within night
(n = 67) (n = 81) {n = 19) (n = 23)

Percent detections 0.44 0.612 0.41 0.58% 0.88 0.942 0.78 0.882
Percent false detections 0.26 0.42% 0.38 0.55% 0.77 0.87® 0.83 0.91%

8pugmented by Spearman-Brown formula.

Morale Inventory. This instrument is a standard U.S. Army morale measure com-
pleted by the drivers to assess attitudes toward several aspects of army life.

Predictors. — A total of 39 predictors and two reference variables were assembled.
The various tests and other measures were arbitrarily grouped into eight predictor
clusters. Tests were included within a cluster when they appeared to have been drawn
from the same general psychological domain. The clusters are briefly described in the
following section; descriptions of specific tests within each cluster have been furnished
by Dobbins, Tiedemann, and Skordahl (5).

1. Physical:—Included four predictors—height, weight, visual acuity, and field of
vision.

2. Psychomotor:—Included four predictors of eye-hand coordination and foot
reaction time.

3. Perceptual Speed:— Included five predictor tests of the speed and accuracy of
visual recognition and matching.

4. Cognitive:—Included six predictor tests of verbal, number, reasoning, spatial,
and mechanical abilities.

5. Driver Aptitude:—Included five predictor scores from standardized army driver
batteries, practical driver tests, and driving knowledge.

6. Personal History:—Included six measures—age, component— (enlistees vs
draftees), years of education, marital status, history of grade reductions, and pre-
assignment sick call rate.

7. Personality:—Included three self-report personality inventories calling for
responses to a wide variety of questions about the self, others, society, authority, and
other topics.

8. Attitudinal:—Included two measures of attitudes toward the specific subject of
driving. One was a standardized driver attitude instrument; the other was a rating
measure of essays written by drivers expressing their attitudes toward assignment at
the AASHO Road Test site.

9. Reference:—Two variables were included for potential usefulness in explaining
the interrelationships among preceding predictors and the vigilance criteria. These
were total amount of time spent by drivers at the road test site, and the total number of
miles driven.

Statistical Analyses

Because of skewed distributions, vigilance criteria were converted to normalized
standard scores. Within the day and night samples, scores derived from separate
testing sessions on different driving shifts were correlated to estimate between-shift
reliability. Correlation coefficients, both Pearson product-moment and point-biserial
as applicable, were computed between predictor and criterion variables. Validity
coefficients were corrected for criteria attenuation.
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TABLE 7
INTERCORRELATIONS, MEANS AND STANDARD DEVIATIONS OF CRITERIA

Sample Criterion Variables Mean SD Intercorrelations '

Night (1) Percent detections 50.02% 10.18 (1) |
(2) Percent false detections 52.60% 8.24 -0.25 (2)
(3) Over-all adaptability rating 23.92 3.76 -0.16 0.19 (3) ;
(4) Morale inventory 101.68 21.04 0.20 -0.16 0.28b ,
Day (1) Percent detections 49.08% 9,53 (1)
(2) Percent false detections 51.69%  7.36 -0.02 (2)°
(3) Over-all adaptability rating 24.70 2.71 0.03 -0.36 (3)
(4) Morale inventory 98.76 25.64 -0.04 0.11 0.28P

%Normalized: mean of 50 and standard deviation of 10.
cSignificant beyond the 0.05 level.
Significant beyond the 0.0l level.

RESULTS

Table 6 summarizes the relhiability analyses. In general, the augmented coefficients
were low; three were below the 0. 60 level set as the minimum acceptable reliability
coefficients by some investigators.

The between shift coefficients were considerably lower than the within-shift coeffi-
cients reported in Part I for a smaller group of drivers. Other than the general fact
that retest coefficients are usually smaller than internal consistency coefficients when
computed for the same measure, two other factors may have contributed to the low
reliability of between-shift coefficients. These factors were variable lengths of testing
time from one driver to another, and variable lengths of time elapsing between the first
and second testing sessions.

In general, there was lhittle communality among the various measures. Percent
Detections and Percent False Detections correlated only -0.25 in the might sample and
-0.02 in the day sample; neither coefficient reached the 5 percent level of significance.

The only criterion variable that shared a significant degree of variance with other
criteria was the Over-all Adaptability Rating, a measure of general driver performance.
This rating correlated 0.28 with the Morale Inventory in both the day and night samples,
and -0. 36 with Percent False Detections in the day sample. Table 7 summarizes inter-
correlations among the four criteria.

Only twelve validity coefficients were significant at or beyond the 5 percent level for
either of two criteria 1n two independent samples. This relative frequency of significant
coefficients was roughly at chance expectations. However, the large number of pre-
dictors with positive relationships with ""good" criterion performance (percentdetections)
and negative relationships with "poor'" criterion performance (percent false detections)
suggested a low amount of valid variance in many predictors. Validity coefficients were
consequently corrected for criterion attenuation. The correction was based on an
assumed 0. 85 reliability coefficient. This level of relhiability was considered the maxi-
mum attainable under realistic testing conditions. The average level of validity was
still low, however, even after the correction.

In terms of the relative number and pattern of sigmficant coefficients, the Personality,
Personal History, Driver Aptitude, and Perceptual Speed clusters, respectively, were
the most promising for future research. The Cognitive, Physical, Psychomotor, and
Attitudinal clusters were less promising. Table 8 summarizes the validity analyses.

The major results of this study were as follows:

1. Between-shift reliability estimates of vigilance criteria were low, ranging from
0.42 to 0.61.
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TABLE 8
VALIDITY COEFFICIENTS FOR VIGILANCE CRITERIA

2

Percent Detections Percent False Detections

Da; Night Day Night
Predictor Variable N =51 rr:%’ -(N—=BTY rﬁ:%»—
Un- Un- Un- Un-
corrected Corrected® corrected Corrected® corrected Corrected® corrected Corrected®
Physical
Height -07 -08 00 -01 ) 01 09 12
Weight 05 05 21 25b -02 -03 02 02
Visual acuity 05 05 -03 -04 -30P -43¢ 12 15
Field of vision -01 -01 19 23 -03 04 04 16
Psychomotor b
Foot reaction time -10 -12 02 03 10 15 -23 -28
Two-hand coord 15 18 -04 -05 -05 -07 -16 -19
Amming -05 -06 03 03 -08 -12 -15 -19
Tapping o1 01 -04 -05 00 o1 -09 -11
Perceptual speed
Attention detail 16 19 07 09 -3¢P -43¢ -11 -14
Army cler speed 11 13 06 08 02 02 -2gP -36¢
Percept speed 07 09 14 17 -06 -08 -02 -03
Reaction to signals 08 10 15 19 -08 -11 -09 -11
Identical pictures 18 21 08 09 -11 -15 -12 -15
Cognitive ' b
Verbal 04 05 18 22 -02 -02 -22 -ZBb
Arith reasoning 10 11 02 03 -14 -20 -22 -28
Pattern analysis 11 13 -11 -13 -13 -18 -07 -08
Mech. aptitude 17 20 -04 -04 12 17 -12 -15
Following directions 03 03 08 07 07 10 -11 -1
Spatial orient 07 09 -01 -01 -04 -06 -21 -26
Driver aptitude
Driver battery I 300 36° 19 23 -19 27 05 06,
Driver battery II 22 26 -13 -16 01 01 -23 -28
Road test score 10 11 -16 -19 -14 -21 -05 -06
Automotive info 08 09 02 02 -08 -12 04 05
Driving know-how 06 07 -06 -07 -16 -22 -09 -12
Personal history b b
Age 21 25 21 25 -03 -04 22 27
Componentd -a1b -36¢ -1 -13 -08 -1 -08 -10
Years of education 21b 32b 12 15 320 -46° -02 -03
Martial statusd -08 -09 11 13 03 05 17 21
Pre-AASHO gr redd 15 18 01 01 27 -39¢ 45° 56°
Pre- AASHO sick call rate 01 01 16 19 13 18 09 11
Personality
ASDB (transport) 16, 19, 14 17 -38¢ -55¢ -01 -01
Gen ad) key (ADAS-7) 33 38 08b 10 -14 -21 -08 -10
Mech key (ADAS-T7) 00 00 26 32¢ -20 -29b -01 -01
Attitudinal '
Compet. speed 10 12 12 15 -07 -10 13 16
Other users rdwy 16 19 08 09 -12 -19 18 23
Cops -07 -08 -10 -12 -17 -24 04 05
Vehicle -14 -16 13 16 -04 -06 05 07
Over-all -03 -04 13 15 -15 -Zlb 02 03
AASHO asgmt 12 14 12 15 . =21 -29 -02 -03
Reference
Time spent at AASHO 02 03 -14 -17 04 05 -04 -05
Total m1 driven AASHO -10 -12 15 13 00 00 -17 -21

8Coefficients corrected for criterion attemuation, correction made assumed a relisbility coefficlent of 0.85.

bsignificant at 0.05 level.
CSignificant at 0.0l level.

dpoint-biserial coefficients.
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2. Intercorrelations between the two vigilance measures were low and not statisti-
cally significant.

3. The morale and general driver performance criteria showed low relationships
with the vigilance criteria. Rated performance as a driver was related positively to
driver morale.

4. The relative frequency of significant vahdity coefficients between the 39 pre-
dictors and vigilance criteria in two independent samples was at chance levels. When
corrected for low criterion reliability, the average level of validity remained low.

5. Interms of promise in future validation studies, the Personality, Personal
History, Driver Aptitude, and Perceptual Speed predictors seemed relatively more
useful. The Cognitive, Physical, Psychomotor, and Attitudinal predictors seemed
less useful.

The low between- shift reliabilities obtained 1n the present study suggest the need for
a systematic study of retest reliability of vigilance scores over longer intervals of time
than has yet been accomplished. Such a study would not only add to the present know-
ledge of the stability of the vigilance phenomenon but would have major implications for
the appropriate amount of effort to be expended in the future development of vigilance
predictors.

The lack of relationship between the two measures of vigilance has some significance
for the selection of monitors providing the lack of relationship is generalized to other
types of vigilance tasks. These results suggest that the behaviors involved in failing
to detect critical signals and those involved in responding to false signals may have
quite different psychological bases. It further suggests, in future attempts to predict
vigilance performance, that the opportunities for occurrence of both errors of omission
and commission be represented in predictor variables. Furthermore, these two types
of errors should be properly weighted in the criterion measures by their relative conse-
quences for the specific vigilance task involved.

The relatively greater success of the Personality and Personal History predictors
suggests the presence of a motivational component in the vigilance criteria. This
interpretation must be a tentative one, however, inasmuch as these relationships may
be due to specific motivating conditions associated with driving at the Road Test and not
related to general principles of vigilance.

If one could accept the assumption that the vigilance scores derived from the experi-
mental task administered mn this study were good estimates of the characteristic amount
of vigilance shown by drivers in their normal driving duties, then the results indicate
that the present U.S. Army operational driver batteries predict driver vigilance as
well as any of the experimental tests tried.

In summary, the present study and others into the prediction of vigilance perform-
ance seems to be that in spite of large and fairly stable individual differences in detec-
tion proficiency, the highly specific nature of the criterion along with possible subject-
task interactions serve to restrict the predictive utility of standardized psychological
tests and measures. The present study indicates that the best practical test battery
that could be assembled from the large number of generalized predictors used would
be of marginal usefulness even though highly reliable criteria and very low selection
ratios were possible. Thus, although the present study has failed to add materially to
the establishment of valid correlates of vigilance performance, future study may show
that specifically developed predictors closely approximating the criterion task in terms
of relevant signal parameters (signal rates, intensities, intersignal intervals, and
sensory modes) may result in improved prediction. Refined self-report inventories
and biographical predictors may also prove useful.
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Effect of Expressway Design on Driver
Tension Responses
RICHARD M. MICHAELS, Bureau of Public Roads, Washington, D.C.

This study was an attempt to use the galvanic skin response techmque
to differentiate among the characteristics of four different expressway
designs under different volume conditions. Six test subjects drove an
8- to 10-mi section of each highway four to eight times and events
causing a speed or placement change were recorded. Only GSR aroused
by the observed events was analyzed. The data were broken down by
routes, volume, type of conflicts, and subjects. Using the analysis of
variance 1t was found that there were significant differences among the
designs on both design and traffic characteristics. Correcting for vol-
ume it was found that the Interstate design highway generated the lowest
GSR rate relative to traffic interferences with the parkway and divided
highway with only partial control of access generating the highest. On
interferences related to design features, however, the Interstate design
yielded the highest GSR rate. One reason for this reversal appears to
be the higher speeds on the Interstate System.

This relation between GSR rate and volume was statistically reliable,
showing a linear change up to volumes of 1,400 vehicles per lane per
hour. For volumes greater than that, the GSR rate rose exponentially
up to the maxaxmum volume of 1,800 vehicles per lane per hour.

The results indicate that the GSR rate is directly related to the fre-
quency of interferences and their relative predictability up to the point
where the information load becomes excessive. At this point tension
increases very rapidly. Also, the data indicate that modern highway
design eliminates a large part of the major traffic conflicts. However,
this reduction apparently leads to an increase in speed, which causes
increased tension arousal from interaction with the physical character-
1stics themselves. Thus, GSR rate on highway interferences 1s higher
on the highway of the most modern design.

¢ IN A PREVIOUS study (1) the galvanic skin response (GSR) was used to differentiate
between two urban arterial streets. This study indicated that driver responses could
be used as a means of discriminating between different types of city streets. The
present study was an attempt to apply this technique to different types of expressway
design to see if it were possible to discriminate among them and also to relate this to
other types of highways.

Here the interest lay in two classes of tension-inducing events that may arise on ex-
pressways. The first are traffic interferences very similar to those encountered on
urban streets. The second are those events associated with the interferences caused by
geometric design features of the highways. There is considerable evidence for the
superiority of expressway design over older or less highly controlled types of highway
design. However, 1t 1s still a rather moot point whether there are differences among
the various philosophies of design that are being proposed for controlled access high-
ways. It was the basic aim of this study to differentiate among different designs using
driver tension as a measure.

In the Washington metropolitan area, it was possible to find expressways of con-
siderably different designs. These, 1n part, are distinguishable on the basis of age as
well as their design features and speed. For this study, four different expressway

16
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TABLE 1
DRIVING INTERFERENCES

Event No. Name Description

1 Instream vehicles Conflicts caused by vehicles traveling in
same direction.

2 Merging or crossing vehicles Position or speed change caused by vehicles
converging on test car.

3 Exating vehicles Position or speed change caused by vehicles
diverging from traffic stream.

4 Gradient Change in speed or position due to grade.

5 Curvature Change in speed or position due to curvature.

6 Pavement changes Position or speed change caused by’
vanations 1n highway surface.

7 Shoulder objects Position of speed change caused by shoulder
objects such as cars or abutments.

8 Pedestrians Changes caused by conflicts with pedestrians
or amimals.

designs were selected. One was built specifically to Interstate standards and 1s an
Interstate route with a design speed of 70 mph. Another 1s a 15-year-old parkway with
a design speed of 50 mph designed to standards that are considerably less rigorous in
terms of both curvature and grade than are presently acceptable 1n flat or rolling ter-
rain for Interstate highways. The third 1s an intermediate highway 1n terms of both

age and design criteria. It 1s a 10-year-old urban freeway with relatively modern
curvature and grade characteristics and a design speed of 70 mph. Its weakness lies

in the substandard design of the acceleration and deceleration lanes. The fourth route
was an expressway with geometric design quite comparable to that of the Interstate
except that the magnitude of grade and curvature 1s somewhat higher than used for the
Interstate route. The main difference 1s that 1t has only partial control of access, at
least in the section under study. There are crossovers in the median as well as several
at-grade intersections. Furthermore, there 1s a frontage road over a good portion of the
route with commercial establishments being given access to the frontage road at a vari-
ety of pownts and the frontage road connections to the expressway are substandard. Thus,
these four routes represent considerably different freeway designs although none of them
may be considered extreme 1n any sense.

In general, then, the present study was an attempt to (a) differentiate among the four
different types of expressway. designs; (b) examine the tension responses generated on
these expressways as a.function of design characteristics, traffic interferences, and
more generally 1n terms of traffic volume; and (c) relate these results to other types of
highways.

PROCEDURE

Sections of the four test routes were chosen, all of which were approximately 8% mi
long. Generally, these were sections that were closest to the Washington area. Two of
the routes had a relatively low volume; that is, less than 500 vehicles per hr in two
lanes during daylight hours, and they had no appreciable peak hour. Consequently, only
off-peak hours, running from 10a.m. to 3 p.m. were studied. The other two routes,
however, did have very-definite peak periods and were, 1n fact, important routes for
work trips into Washington. For these two routes, runs were made not only during the
same off-peak hours as the other two but also.during both the morning and evening peak
hours. The times run on the latter two routes were adjusted to cover the maximum traf-
fic load period. Volume counts were made on these two routes during the off-peak and
peak hours before beginning the study so that the GSR data could be related to volume.
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Figure 1. Effect of volume on tension responses.

Six test subjects were used. All were male ranging in age from 17 to 22 years.
Two of the six had had previous experience in using the GSR and were fairly familiar
with the plan of the study and the operation of the instrument. The six were broken
into two teams of three drivers each.

The procedure followed in the present study was essentially the same as that used
in the study of urban arterials (1). A standard passenger car with automatic trans-

mission was used. Three people were in the test car during all the runs. Each member

of this three-man team served as driver, observer, and data recorder. The observer
sat in the front seat with the driver. Whenever there was a change in placement or
speed of the test vehicle, caused by interferences from traffic or from the characteris-
tics of the highway, the cause of the change was defined by the observer and was re-
corded on the GSR record by the data recorder. The interferences causing changes in
venicle speed or position were coded into eight categories, four of which were traffic
related and four of which were design related. The list of interferences are given in
Table 1, Nos. 4 through 7 being related to highway features and the rest to traffic.

For the runs, electrodes were fixed to the first and third fingers of the driver's
left hand. The sensitivity level of the GSR was adjusted to a point where a shock stimu-
lus presented by the observer would give a full-scale deflection of the recorder pen.
Once adjusted, the sensitivity was not changed while the particular driver was making
his runs. The test driver drove the test route in one direction and then took a short
break before returning in the opposite direction. Approximately 8',-mi sections were
used, and the travel times ranged from 8 to 12 min. All six subjects drove each of the
four routes 12 times for both off-peak and peak hours except for the two routes that had
no peaks.

RESULTS

All the data were recorded on chart paper on which was not only the GSR information
but also all the pertinent data about the route and the drivers. The only GSR data that
were analyzed were those associated with the interferences shown in Table 1. Thus,
this study concerned itself with only the galvanic skin response aroused by the specific,
observable interferences. The basic measure of tension was defined as the magnitude
of GSR per unit of time. This measure equalizes the routes for differences in either
length or more generally running time. Furthermore, the use of this rate measure
tends to make the distribution of the GSR more symetrical than when GSR magnitude is
employed.

Of fundamental interest was the relationship between tension responses and the traf-
fic volume. Over all four routes volumes ranged from approximately 300 to 3, 500
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Figure 2. Effect of volume on the rate of occurrence of interferences.

vehicles per hour in two lanes. Data for all routes were combined according to volume.
The curve of tension responses vs volume is shown in Figure 1. This curve includes
tension responses only to traffic-caused interferences and not those caused by design
characteristics. Thus, this relationship shows the effect of only traffic interferences
on tension. It may be seen that there is a direct relationship between tension and vol-
ume. The relationship seems to be quite linear up to about 2,400 vehicles per hour in
two lanes, and then the rise in tension appears to increase exponentially. These data
were also analyzed by the subjects individually and the same general form of the curve
was found for all.

A two-way analysis of variance was done on these data. In addition, an analysis of
the trend of tension with volume was carried out. The summary is given in Table 2.
The interaction term was found to be insignificant and was pooled with the residual. The
results indicate a significant difference both among drivers and among volumes at better
than the 0.01 level. In addition, the quadratic as well as the linear component of trend
is significant at 0.01 level. Thus, the form of the curve shown in Figure 1 appears
reliable.

One basic question in the use of the GSR concerns whether it is measuring something
more than simply the frequency of occurrence of the interferences. Thus, if the same
function defines the relation between interferences per unit time and volume as that
which holds for tension and volume then the same results will be available simply by
counting the number of changes in vehicle speed or placement. To examine this, the
number of traffic interferences per unit time as a function of volume was calculated.
The data are shown in Figure 2. An analysis of variance was carried out on the events
per minute data the same as that for the tension responses. The summary is given in
Table 3. Here, as in the previous analysis, differences among the two major variables
are significant. The linear trend among the volumes is also significant at the 0.01 level
but the quadratic component does not reach significance at this level. Thus, the straight
line relation shown in the figure is the best fit to the data. From these two analyses it
seems reasonable to conclude that the traffic interferences induce a greater behavioral
response than is indicated simply by their frequency of occurrences. Thus, the GSR
may be a behavioral measure of the operational efficiency of a highway, and also may
be a measure of practical capacity of a highway.

Discrimination Among the Highways

The average magnitude of response per minute was determined for each subject, for
each route, for the four traffic events during the off-peak hours. These data were sub-
jected to an analysis of variance, given in Table 4. It may be seen that there are no
significant differences between the directions (inbound vs outbound). There are signifi-
cant differences, however, among subjects and also among the four routes.

Ordering the tension data according to highway, the highway built to Interstate stand-
ards generates less tension for each of the six drivers than do the other three highways.
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TABLE 2 TABLE 3

SUMMARY OF ANALYSIS OF VARIANCE ON TENSION SUMMARY OF ANALYSIS OF VARIANCE ON FREQUENCY
CAUSED BY TRAFFIC VOLUME OF EVENTS CAUSED BY VOLUME

Source of Variance Sum of Squares D F Mean Square F Source of Varlance Sum of Squares D F Mean Square F
Between subjects 2,034 38 5 406 88 25 702 Between gubjects 15 99 5 320 4713
Between volume 2,865 04 5 573 01 36 202 Between volume 79 87 5 15 97 19 722
Error 1,535 76 97 15 83 - Error 78 16 97 081 -
Total 6,435 18 107 - - Total 174 02 107 - -
Linear trend 1,705 45 1 - 107 732 Linear trend 70 15 1 70 15 86 60
Quadratic trend 117 72 1 - 7 442 Quadratic trend 4 47 1 4 47 5 52
significant at the O Ol level significont at the 0 O1 level

However, this ranking includes differences 1n tension due to traffic volume. The urban
freeway always carried, even during off-peak hours, three to four times as much traf-
fic as did the other routes. To eliminate the effect of volume, a correction was apphed
using the data shown in Figure 1. All of the tension responses were corrected by multi-
plying them by a weight that was the ratio of tension at a volume of 500 vehicles per
hour to that at 1,250 vehicles per hour. With the data so corrected, an analysis of
variance was performed and, as before, a significant difference among the routes was
found. Now, the ranking of the four routes was still reliable but the lowest level of
tension was found on the urban freeway, followed by the Interstate route, parkway, and
the freeway with only partial control of access.

The data were also analyzed to determine the effects of highway design interferences
for the off-peak hours. Analysis of variance was done for the highway interferences
just as for the traffic interferences. The results, given in Table 5, show significant
effects among the drivers and routes.

Significant rank order among the highways was also found, which from the lowest to
highest tension induction was urban freeway, parkway, freeway with partial control of
access, and Interstate route.

Average Magnitude of Response for Each Event

Analysis was made of the average magnitude of GSR among the eight driving 1nter-
ferences. Rather than analyzing the average magnitude of GSR themselves, a rank test
was employed. Such a test is weak but it avoids the necessity for meeting the distribu-
tional assumptions that would be required for stronger normal tests. The ranks were
compared for each route with the test drivers considered as replicates. A summary of
the four routes is given in Table 6 with the significance of the rank order. The Inter-
state route has a ranking among the events that is significant at the 0.01 level, and the
parkway one that is significant at the 0.07 level. A further comparison was made on
the rankings of the events on the four routes, combined. This was found to be signifi-
cant at better than the 0.01 level.

The ordering among the eight different driving interferences indicates quite clearly
that the traffic interferences consistently generate the highest magnitude of GSR. The
highest average magnitude occurs for merging vehicles, and then secondarily, for both
wnstream conflicts and exiting vehicles. Among the highway characteristics, the most
tension inducing interference occurs with changes in the pavement characteristics
followed quite closely by tension aroused during negotiation of curves.

Frequency of Occurrence of Events

The importance of the rankings of the average magnitude of the GSR previously
described is meaningful 1n part according to the frequency with which these interfer-
ences actually occurred. Further analysis of the distribution of the occurrence of the
interferences was carried out. The distributions for the four highways are given in
Table 7. Here, the data for all subjects were combined. As the table shows, two
interferences account for approximately 70 percent of all the driving interferences on
all the routes: instream traffic interferences and negotiation of curves.




The differences given in the table indi-
cate that on the urban freeway, instream
interferences are considerably greater
than the changes in curvature. This is
to be expected from the relatively high
volume of traffic that occurs even during
the off-peak hours on this route. On the
parkway, however, this pattern 1s re-
versed. This indicates the greater fre-
quency and higher degree of curvature
that occurs 1n this type of highway design.
Further, this occurs even though the vol-
ume is greater on the parkway than on the
remaining routes. This also indicates
that the differences are due to design
characteristics.

The eight interferences were broken
into two groups: one involving traffic and
the other highway features. The fre-
quency of occurrence for the two groups
is given in Table 8. Inspection shows
that there is considerable similarity
among the four routes. The major differ-
ence occurs in the parkway which demon-
strates the sharp increase 1n the inter-
ferences due to highway curvature over
and opposed to the other three routes.

The data on the distribution of traffic
interferences given in Table 8 indicate
that instream conflicts are the dominant
type of interference that occur for drivers
on freeways. All the routes are consis-
tent during the off-peak hours running
between 90 and 95 percent of all interfer-
ences. Also, Table 8 gives the propor-
tion of all the observed events that are
due to traffic interferences. The high-
volume urban freeway has more than
one-half due to traffic interferences
while the Interstate highway has approxi-
mately one-quarter of its interferences
caused by traffic.
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TABLE 4

SUMMARY OF ANALYSIS OF VARIANCE OF TENSION RESPONSES
CAUSED BY TRAFFIC EVENTS

Source Sum of Square:s DF Mean Square F
Subjects 1,122 6 i -] 224 52 11 79%
Routes 468 0 3 156 0 8 19°
Direction 325 1 32 50 1M
Routes and subjects 300 6 15 20 04 105
Direction and routes 118 § 3 39 50 207
Direction and subjects 47 ] 12 94 -
Error 4,858 8 255 19 05 -
Total 8,965 7 287 - -
83ignificant ot the O OL level

TABLE; 5

SUMMARY OF ANALYSIS OF VARIAN?E OF HIGHWAY FEATURES (4-7)

Source

Sum of Square:s DF

Mean Square F

Subjects
Routes
Direction

2,416 4
1,502 5
95 4

26 6°
29 2°
52

5 483 3
3 530 8
1 95 4

Routes and subjects 1,564 6 15 104 3 57
Direction and routes 191 3 64 -
Direction and subject 2431 5 4 6 21
Error 4,633 2 287 18 2 —
Total 10,564 3 255 - -
831gnificant at the O Ol level
TABLE 6
RANK ORDER OF AVERAGE MAGNITUDE OF GSR GENERATED BY

THE INTERFERING EVENTS FOR EACH ROUTE'

Urban
Rank’  Interstate Freeway Park'\uy

Partial

Control Al

B I R R
B WD T =N
P I N R I )

8 8 1 8
Reliability P<0 01 P<0 15 P<0

A

3 2 (merging vehicles)
1 (instream vehicles)
3 (exiting vehicles)
6 (pavement)
7 (shoulder objects)
5 (curvature)
4 (grade)

7 8 (pedestrians)
07 P<0 11 P<0 01

- D DN

LFor definitian of eveats, sso Teble 1

Ordering 1s from highest average GSR to lowest

Tension Induction on Freeways as Compared to Urban Arterials

Data were also available for two of the si1x subjects for the same urban arterial as
studied previously (1). The data are, however, restricted to traffic interferences and
do not reflect highway features. Table 9 gives a comparison of the high-type express-
way, a parallel four-lane highway without control of access or grade separation, and

the urban arterial.

ratios are shown 1n the last column of the table.

Tension increased greatly from expressway to the arterial; the
These results indicate the superiority

of controlled-access design in reducing these types of interferences.

DISCUSSION

The results of the study indicate that the GSR discriminates among different types
of expressway design. Even though the actual differences among the designs of the four
expressways used in this study were relatively small and all four expressways were in
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TABLE 17

PERCENTAGE DISTRIBUTION OF INTERFERING EVENTS
FOR THE TEST ROUTES—OFF-PEAK DATA

Distribution (%)

Event Urban Partial
Interstate Freeway Parkway Control
In Qut In Out In Cut In Out
1 21,0 24.0 48.4 51.9 29.4 28.3 30.7 31.3
2 0.8 0.7 2.4 1.2 1.7 1.1 2.6 2.2
3 0.5 0.3 0.4 0.9 0.8 1.4 0.9 1.0
4 23.9 26.8 11,2 12.9 8.0 11.3 17.2 18.0
5 37.4 39.1 26.3 22.3 43.7 41.9 37.2 38.8
6 11.9 3.9 5.5 5.2 6.2 6.2 9.0 5.5
7 2.3 1.8 0.2 0.8 0.5 0.7 1.0 0.8
8 0.2 0.2 0.1 0.4 0.8 0.5 0.6 0.2
TABLE 8

PERCENTAGE DISTRIBUTION OF INTERFERING EVENTS FOR HIGHWAY AND
TRAFFIC SEPARATELY-OFF PEAK HOURS

Percent of Total

Highway Events (%) Traffic Events (%)

Route That Are Traffic

4 5 6 7 1 2 3 8 Events

In 31.7 49.5 15.8 3.0 93.0 3.8 2.3 0.9 23.0
Interstate ), 374 545 55 2.6 955 2.7 1.1 0.7 26.0
Urban In 25.9 60.9 12.7 0.5 904.3 4.7 0.9 0.1 54.4
Freeway Out 31.2 54.2 12.6 1.9 95.4 2.2 1.7 0.7 56. 9
In 13.8 74.9 10.5 0.8 89.8 5.2 2.4 2.6 35.9

Parkway o 18.8 69.7 10.3 1.1 90.5 3.6 4.5 1.4 34.2
Partial In 26.7 57.7 14.0 1.6 88.4 7.4 2.5 1.7 35.1
Control Out 28.5 61.5 8.7 1.2 900.2 6.3 2.9 0.7 35.5

good operating condition, there were significant differences among them in terms of
tension responses. The differences relative to the two classes of driving interferences
demonstrate the effects of the designs.

For traffic interferences, the urban freeway and the Interstate route were signifi-
cantly less tension inducing than the other two highways. Actually, for the through
driver both of these roads are quite comparable, for the urban freeway had geometric

design characteristics that met Interstate standards over almost all of the study section.

Its deficiencies as a highway had to do with marginal characteristics such as shoulders
and ramps. Thus, when equated for volumes, the two routes are quite similar. The
results indicate that as far as the frequency and magnitude of traffic conflicts, highways
designed with complete control of access are clearly superior to those in which less
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TABLE 9
TENSION GENERATED ON THREE DIFFERENT TYPES OF HIGHWAYS

Ratio of Tension on 3 Routes

Tension (max/min) to Tension on Expressway

Type of Highway
Driver A Driver B Avg. Driver A Driver B Avg.

Controlled access 5.7 5.5 5.6 1.00 1.00 1.00
Uncontrolled primary 10.8 8.8 9.8 1.89 1.60 1.75
Urban arterial 13.9 23.5 18.7 2.44 4.27 3.34

rigorous designs are employed. There is little question that control of access elimi-
nates much of the marginal conflict for the through driver. In this respect, it is inter-
esting to contrast the Interstate route with one of similar design but with only partial
control of access. The latter is consistently the most tension-inducing route. The
major difference between this and the low-tension-inducing routes is an increase in the
frequency of occurrence of conflicts with merging and exiting vehicles; that is, marginal
interferences. This point 1s further shown in comparisons with the primary and urban
arterial. These routes generate around 30 percent of their conflicts from marginal
interferences whereas the high-type expressway generates less than 10 percent.

There is, moreover, a similar but more subtle interaction on the parkway. Here the
tolerance of high curvature and gradient interact with the traffic interferences to in-
crease the level of tension for drivers. As far as handling the confhcts in traffic, the
driver has increased difficulties when he must also cope with rather large changes in
the geometrics of the highway itself.

These relationships among the highways lend support to the hypothesis proposed
previously (_1_) that one of the basic determinants of driver tension is the degree of pre-
dictability that exists in the driving environment. It is apparent from the present study
that under high-volume conditions the driver is interacting with vehicles around him and
must condition his performance tohis expectations of what other vehicles are doing, and
will do. In general, he does not have enough information to develop stable or reliable
predictions about the activities of these other vehicles. In the case of a highway with
only partial control of access, his problem is confounded by the increase in marginal
activity, especially with both entering and exiting interferences involving large angular
closing rates. Thus, increasing volume, increasing marginal activity, and finally, in-
creasing variations in the highway itself all act to increase the complexity of driving.
These, in turn, make 1t more difficult for the driver to develop stable predictions about
his driving environment.

The results of the rankings of the routes for the highway features are rather anomo-
lous. The Interstate route which operates well relative to traffic interferences generates
the highest tension of all the routes on the highway interferences. The resolution of this
paradox may well be due to differences in travel speed among these highways. Examina-
tion of the travel time for the test subjects indicated that the travel speed on the Inter-
state route averaged between 60 to 65 mph, whereas on the urban freeway it was near 50
mph, and on the parkway it was near 40 mph. Thus, there is a systematic difference
among these roads in terms of the speed that drivers adopt.

The fact that speeds did increase would indicate that where traffic interferences are
frequent either because of low volume or by improved design, drivers compensate by
traveling faster. In other words, drivers tend to make their speeds contingent on the
perceived complexity of the driving situation. In effect, the design of the Interstate
route permits the driver to increase his speed and he does so to the point where the
characteristics of the highway (that is, curvature, grade, and pavement condition) begin
to affect his operation of the vehicle. This would suggest that drivers adopt some kind
of critical level of tension 1n driving.
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In these terms, tension induced in driving may well represent one mechanism by !
which the driver can stabilize the system. That 18, by driving at or near the speed at
which tension responses increase sharply, the driver is able to determine quahtatively
an upper limit to his control over the driving situation. This kind of criterion will be
applhicable to interferences due either to traffic or highway conditions, or both. When
traffic conditions are such that the driver 1s subject to considerable stress, he will
reduce his speed, thereby decreasing the frequency of tension inducing stimuli. When
traffic 15 not a factor then he utilizes the highway characteristics, driving sufficiently
fast to get information back from the road itself to give him a measure of performance.

The results of this study also bear on the problem of comfort and convenience. For
many years it has been known that drivers' choices among alternative routes could not
be accounted for on the basis of economy of operation or of time alone. It has been
necessary, therefore, to postulate the additional factor of comfort and convenience.

The basic problem with such a construct 1s to develop an operational definition that will
make 1t measurable. Difference in tension responses on different highways may repre-
sent one avenue for resolving this problem.

The sample of data in this study indicates that there 1s twice as much tension gener- !

ated on a highway that 1s an alternate route for an expressway than on the expressway
itself. Furthermore, for traffic interferences, nearly 30 percent arose from marginal
conflicts on the uncontrolled route whereas less than 10 percent arose on the express-
way. For instream conflicts, however, there was lhittle difference 1n tension generated;
however, there were fewer of them on the expressway. Thus, there appears to be two
major factors that account for the differences 1n tension between the expressway and the
parallel, uncontrolled route: (a) proportion of marginal interferences; and (b) frequency
of instream conflict. Such a breakdown suggests a logical distinction between comfort
and convenience. Thus, what is called the ""comfort" of a route may be defined as the
tension caused by unpredictable conflicts. Route comfort may be considered in terms of
the predictability of the interferences, and this appears to be measurable using the GSR.

Convenience may be defined as the degree of freedom that a driver has 1n setting the
level of performance of his own system. Elements 1n the route that restrict the driver
or force conformity to external controls would make that route inconvement. Thus, for
example, a wide variety of traffic control devices are generally predictable, but they
force the driver to make control changes that may conflict with both the operation of his
system and his driving objectives. Simlarly, interaction with other vehicles in the
traffic stream are frequently predictable (at least at moderate volumes) yet they restrict
the driver's freedom of action. The relation between tension and traffic volume, shown
1n Figure 1, breaks sharply around 2,800 vehicles per hour or an average of 1,400 vehi-
cles per lane per hour. This may represent the point at which the traffic situation
becomes highly unpredictable. In terms of this discussion this would be the point where
driving changes from being inconvenient to being uncomfortable.

Because the data show only small differences in average GSR among the instream
events, 1t 1s quite possible that the frequency of occurrence of the events alone may be
an adequate measure of convenience. Claffey (2) used such a measure in his studies of
comfort and convenience, but made no distinction between the two factors.

It 1s difficult to determine the weighting of the two factors to fit some route choice
equation. However, using the GSR as an over-all measure of both factors, the data in
Table 9 show that the noncontrolled primary route was 1. 75 times more tension inducing
than the expressway and the arterial about 3.34 times. The subjective responses to the
three routes reported by the subjects indicate that they subjectively evaluated the route
in a direct but nonlinear relation with tension; that 1s, their dislike of a route increased
more rapidly than tension increased. Considerable research is required to verify this
relation and one determining choice among alternative routes.

The comparison of expressway designs with other types of roadways 1s quite clear 1n
showing the superiority of modern highway design. These modern designs show that
almost all traffic interferences are eliminated except those within the traffic stream
itself. Thus, even under the highest volume conditions modern freeway design helps to
restrict the kind of conflicts with which the drivers must deal to those that are easiest
for him to resolve efficiently. However, this study also indicates that modifications in
highway design alone may not necessarily increase over-all system stability.
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Effect of Speed Change Information on
Spacing Between Vehicles

RICHARD M. MICHAELS and DAVID SOLOMON, Respectively, Research Psychologist
and Highway Research Engineer, Traffic Operations Division, Bureau of Public Roads,
Washington, D.C.

The purpose of this study was to determine whether advance information
on speed changes through a visual signal system markedly changes car-
following behavior. A simple signal system placed on a lead vehicle
categorized speed changes into four classes—two for acceleration and
two for deceleration. The driver of the "following™ vehicle was instructed
to follow as if he were in heavy traffic and wished to prevent anyone from
cutting 1n front of hm. He was instructed to watch the signal system for
advance information on the speed changes of the lead vehicle. A distance
measuring system was placed in the following vehicle with which it was
possible to measure headway continuously to within an accuracy of 5 per-
cent. The headway was converted to digital form and encoded on a digital
recorder. Speed of the following vehicle, together with the nominal speed
and acceleration of the lead vehicle, was also recorded.

Speed changes 1n the lead vehicle were either 3 or 6 mph per sec and
occurred in random order. The occurrence of a speed change was ran-
domized over time so that the following driver did not know when or what
change was to take place. The advance speed change information was pre-
sented at one of four time intervals before the onset of the speed change.
A control condition was used in which no information was transmitted.

Results indicated a significant reduction in mean headway when advance
speed change 1nformation was presented and that headway was a mimimum
when the advance information was presented approximately 1 to 3 sec be-
fore the onset of the speed change. At these optimum times the variability
in headway was also significantly reduced. In addition, headways were
found to be independent of speed; thus, time headways decreased almost
linearly with speed over the range from 36 to 54 mph.

¢ VARIATIONS 1n the spacing maintained between vehicles has been attributed primarily
to the drivers' reactions to changes 1n the speed of the preceding vehicle. On this basis,
tests were conducted, with two- and three-car queues, in which a communications sys-
tem was employed to transmit advance speed change information to the driver of a rear
test car. Test data were analyzed to determine the effectiveness of the communications
system—the test drivers' responses were studied to determine whether intervehicle
spacing had been modified as the result of transmission of the advance speed change 1n-
formation.

This study was undertaken because intervehicle spacing 1s considered one of the
more important factors affecting the stability of car-following patterns and thereby influ-
encing the volume of traffic that can be moved on a highway. Analysis of the two-car
test data indicated that use of a communications system, similar to the one employed 1n
the study reported here, could increase the traffic-carrying capacity of a highway.

From analysis of the three-car test data, 1t was noted that most of the potential effect
of the communications system had been eliminated by interposition of a third car. With
use of the communications system, a relation between advance warning time and the
distance headways was noted for two-car queues.
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Variability in headways was substantially reduced when the driver of a rear car had
advance information on the speed changes. The variability noted in driver responses
to information provided by the communications system indicates that the stability of
intervehicle spacing 1s greatly influenced by fluctuations in the individual driver's psy-
chological state. The behavior of drivers following 1n queues may be subdivided into
two parts: (a) operation 1n a queue, which concerns the response of drivers in a queue
to an 1mposed speed change by the vehicle ahead; and (b) steady-state operation; that is,
the time and space relations that exist when all vehicles are traveling at about the same
speed.

Recent research (1) indicates that variations in spacing between vehicles operating in
a queue are determined primarily by the drivers' reactions to changes in speed of the
vehicle ahead and, secondarily, by the distance between vehicles. When a change in
speed 18 imposed in the lead car, the driver of the second car, in order to maintain his
spacing, reacts to the change 1n speed and not to the change in distance. Thus, he
changes the speed at which his car is traveling to eliminate any difference in speed be-
tween the cars. The stability of the operation depends, therefore, on the length of time
elapsing from the lead vehicle's change in speed to its detection by the driver of the
following car, as well as to his ability to modify the speed of his car.

As pomted out by Brown (2), estimates of speed changes ultimately depend on the
driver's ability to detect changes in visual angle (the angle, at the eye of the observer,
subtended by the boundaries of an object), which governs the time a driver requires to
detect changes in the speed of the lead vehicle. Because of human limitations, small
changes in visual angle and hence 1n speed are not detectable. Consequently, in normal
car-following patterns a time lapse occurs between the 1nitiation of a speed change in
the leading car and its detection by the driver of the following car. To a large extent,
much of the instability of operation in queues as demonstrated by other car-following
studies could have resulted from the relative insensitivity of the drivers to small changes
in visual angle.

The foregoing factors should also influence the behavior of drivers during steady-
state following. Thus, the following distance that a driver will adopt during constant
speed following should be 1n the range that maximizes his discrimination of lead-vehicle
speed changes. In addition, his mean following distance should be contingent on the fact
that he has no prior knowledge of the occurrence of any acceleration of the lead vehicle.
Neither does he have any knowledge of the magnitude of that change of speed. (Display
of brake Lights or hand signals may warn of deceleration.) Therefore, the following
driver may be expected to adopt a steady-state spacing to compensate for his uncertainty
stemmang from these two factors: his inability to detect small changes in visual angle
and his 1nability to anticipate the change 1n speed.

This view of car following suggests two methods for improving the stability of follow-
ing during both accelerative changes and in the steady-state. One method 1s to improve
the ability of drivers to detect changes 1n visual angle. The second method is to provide
the drivers of following cars with advance information about the magnitude of the speed
change and its occurrence in time. The second method provided the basis for the study
discussed 1in this article.

From the foregoing analysis several hypotheses are possible about the behavior of
the driver of a car, when he 1s given information on the type and magnitude of each
change 1n speed to be made 1n the lead vehicle.

First, the driver of the following car, by responding to this advance information,
should be able to compensate for changes in speed 1n the lead vehicle by beginning his
maneuver before the onset of the change. The degree of compensation effected should
depend on the interval of time between the driver's receipt of the information and the
onset of the speed change 1n the lead vehicle.

Second, because the driver of the following car does not have to rely on his ability
to detect changes 1n speed, he will not have to maintain a spacing commensurate with
his maximum ability for such detection. Consequently, 1t 1s reasonable to assume that
the average headway during a constant speed operation would be less with a communi-
cations system than without it. (Headway 1s the time or space interval between two
vehicles traveling 1n the same lane. For precise reference, the terms "distance head-
way" and "time headway" are used.)
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Third, the variance in headway between cars in a constant speed operation should
be decreased when communication is employed.

In summary, the purpose of this study was to determine whether, in a simple pattern
of one car following another, intervehicle spacing could be modified when drivers were
provided advance information on speed changes. The effects of this kind of communica-
tion were to be determined in both the steady-state following and in response to speed
changes.

METHOD
Recording Instruments and Their Use

A stadimeter (a range-finding device) was used in this study to measure the distance
headway between a pair of vehicles. The stadimeter operates on the same principle as
the sextant in that two images are brought into coincidence by use of a rotating mirror.
Because use of the stadimeter requires specification of some dimensions of the target
whose range is sought, the dimension was marked by two brightly painted targets
mounted on the rear bumper of the lead vehicle (Fig. 1). The mounting of the stadi-
meter in the second car is shown in Figure 2.

The stadimeter operator viewed the lead car through the ring sight on the right of
the instrument. While looking at one target, he slowly rotated the mirror on the left
of the sight by turning the crank on the left side of the instrument, until the image of
the second target coincided with that of the first. The hand crank also was geared to
drive a precision potentiometer so that the angular displacement of the mirror was
translated into a voltage change. The distance in feet between the vehicles is inversely
related to the angular rotation of the mirror. By use of a calibration procedure the
voltage change was converted to the distance in feet.

The task of the stadimeter operator was to keep the two targets in coincidence dur-
ing the run. For distances of more than 50 ft, tracking error generally was less than
5 percent, which was adequate for purposes of this study. A digital recording system,
described by Hopkins (3), was employed to store the data. Headway readings were con-
verted to digital form by use of a digital voltmeter, were read out, and were stored by
use of a digital printer. The speed of the rear vehicle also was determined, digitized,
and stored in the printer. An equipment operator in the rear car manually coded the
following listed data into the printer: each speed change made by the lead vehicle, its
speed at the beginning and ending of each maneuver, and the time each maneuver was
started and ended.

o

Figure 1. Two-vehicle platoon; lead vehicle with overhead communications system and
vertical targets mounted on rear bumper; rear vehicle which had fifth wheel and generator
atop car driven by test driver.
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Figure 2. Stadimeter mounted in rear car used to measure headway between vehicles.

By means of radio equipment installed in the two vehicles, the lead car observer
could notify the equipment operator in the following car what change of speed was to
occur and when the change began and ended. This was done only when no visual com-
munication signal was given. As the equipment operator used head phones, the driver
of the following car could not hear these messages.

Four rates of acceleration were used for each series of maneuvers: +1, +3, -1, and
-3 mph per sec. The interval between each maneuver in a series was either 15, 30, or
45 sec in duration. An automatic recycling timing system had been installed in the lead
vehicle to specify the individual maneuver to be undertaken, the advance warning time
(if any) to be signaled to the following car, the duration time of the maneuver, and the
interval between the beginning of each maneuver in the series and the beginning of the
next. By means of cue lights on the dashboard, the driver of the lead car was notified
when to begin and end each maneuver. In general, the driver's control in making speed
changes was accurate to within 5 percent.

The information display for the driver of the following car consisted of four traffic
signal heads with white lenses, 8 in. in diameter, mounted above the lead vehicle, as
shown in Figure 1. Each signal head represented one of the four possible speed change
maneuvers. The size of the signal heads and the height at which they were mounted
above the lead vehicle were dictated by possible conditions of grade, curvature, and
length of queue that might be employed for any particular study to be made with this
display.

Site of Study

A T-mi portion of Interstate 70, located between Gaithersburg and Rockville, Md.,
and considered typical of a rural freeway, was selected as the study site. This freeway
is a four-lane divided highway on which there is full control of access. Each of the four
lanes, constructed of bituminous concrete, is 12 ft wide. Although the shoulders gener-
ally are 10 ft wide (8 ft of gravel and 2 ft of grass), a small part of the study site has
gravel shoulders 12 ft wide. The dividing median is a grass strip 50 ft wide.

The speed limit at the test site is 60 mph and only a few vehicles were observed ex-
ceeding this limit. Typical of a rural freeway, the design speed for this section of the
highway is 70 mph; maximum gradient is 3 percent, except for a length of 1,000 ft
where the grade is 3.5 percent; and the maximum horizontal curvature is 15,

The daily traffic volume on the section of the highway used for this study was about
10,000 vehicles. While the study was underway, daytime traffic averaged about 600
vehicles per hour or about 300 vehicles per hour on each one-way roadway—a relatively
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low volume of traffic for a freeway near a large metropolitan area. This low traffic
volume and the high-type design characteristics of the highway were the principal
reasons for selection of this study site. These factors made 1t possible to drive at a
reasonably wide range of speeds for the required length of time with little interference
to or from other traffic.

Procedure

Either two or three vehicles were used 1n the test runs for this study in which head-
ways were measured for the rear cars, which were driven by test drivers. In addition
to the test driver, the rear car carried the stadimeter operator (observer) and the
equipment operator.

Drivers. —Seven drivers were used for the study. Four were summer employees of
the Bureau of Public Roads; their ages ranged from 18 to 24 years; all had had at least
two years of driving experience. The other test drivers were the experimenters con-
ducting the study. All seven drivers participated in the test runs made with the two
cars but only the four test drivers participated in the three-car test runs. To isolate
any effects of possible bias, the primary analyses of the data collected from two-car
tests were made only for runs by the four test drivers. Because analyses of the data
indicated responses of all seven drivers to be quite comparable, information collected
from all two-car tests was used for some of the subsidiary analyses.

Before the beginning of each test run, each test driver was given the following
instructions: "Assume you are driving in rush hour traffic. Assume that vehicles are
in the left lane beside you as well as behind you. Drive as you would in this type of
traffic by keeping pace with the vehicle ahead so as to mmimize the possibility of other
vehicles weaving in front of you."

Two-Car Studies. —In the test procedure with two cars, the speedometer of the rear
vehicle was covered and all the tail lights of the lead vehicle were disconnected for all
test runs. The lead car carried out precise maneuvers and the headway was measured
between the two vehicles.

Before the beginning of each test run, the study's signal system was explained to the
test driver. He was told that when the signal lamp on the extreme left of the lead car
was lighted a fast acceleration would be made, and that the next three signals would
indicate fast deceleration, slow acceleration, and slow deceleration, respectively.

The signal lamp was lighted before the onset of the speed change for a period of time
determined by the preselected warning condition and remained hghted until completion
of the maneuver.

A run included 16 speed changes—four repetitions each of maneuvers from 36 to 45
mph, from 45 to 36 mph, from 45 to 54 mph, and from 54 to 45 mph. Just before the
start of each run, the test driver was also informed as to which of the five test condi-
tions would be used: without communications or with communications at one of the four
warning times (0, 1, 3, or 5 sec). For the "without communications" condition, the
signal lamps were not used and the test driver received no information concerning the
maneuver to be executed. When the run was made with communications, the signal
system was used to indicate the magnitude of the speed changes to be made during each
maneuver (+1, +3, -1, or -3 mph per sec), as well as to show the preselected warning
time conditions.

All runs were started when both vehicles were traveling at a speed of 45 mph. The
programing device was then activated in the lead vehicle and one of the four prepro-
gramed speed changes was presented on the appropriate signal lamp. At the end of the
first maneuver of each run, the lead vehicle was trayeling at a speed of either 36 or 54
mph. Therefore, the second maneuver of a run required acceleration from 36 mph or
deceleration from 54 mph. Thus, the test driver's uncertamty as to the speed change
that would be presented was only half that he experienced when the next maneuver was
to be made from a speed of 45 mph.

At the end of each run, another warning time condition was randomly selected; the
test driver was informed of the new condition; and another run was executed by the two
cars. This procedure was repeated until the test driver had completed five runs in
succession, one for each warning condition. Each of the seven test drivers made five
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successive runs and the entire procedure was repeated four times for each of the five
test conditions.

Three-Car Studies. —In the three-car studies, the signals for indicating speed
changes and warning time were mounted above the first vehicle, which initiated all
maneuvers, but the targets for headway measurement were mounted on the rear of the
second car. The test driver operated the third car. Speedometers of both the second
and third cars were taped over. The procedure for measuring the intervehicle spacing
between the second and third cars was the same as that used for test runs with two cars.
Runs were made with only three test conditions rather than five: without communica-
tions and with communications during which the warning time was either 1 or 5 sec.
Only the four test drivers were used for tests with the three cars and test runs for each
of the three conditions were repeated by each driver three times. The drivers of the
second and third cars were given instructions similar to those given for the two-car
runs.

ANALYSES
Choice of Headway at Constant Speed

Four independent variables were studied in the analysis of headway: (a) speed, ()
driver, (c) run, and (d) type of communications. Data were obtained for all 240 combi-
nations of the four variables in the case of the two-car following situation. For the
three-car data analysis, the 0- and 3-sec warning time conditions were omitted. Infor-
mation was obtained from all possible combinations of the independent variables for the
time intervals between maneuvers; that is, when the two vehicles were traveling at some
constant speed. Samples of information, consisting of the record of speed and headway
of both vehicles, were taken at 1-sec intervals by the digital recording system. To
eliminate any time coherence among the sample points, additional samples were taken
from recorded data at 5-sec intervals. In general, 10 to 15 samples were taken from
each of the two speeds of 36 and 54 mph, which were maintained during four periods of
time 1n each test run, and 20 to 40 samples were taken during the eight periods of time
the speed was constant at 45 mph. To obtain a completely balanced block design for the
analysis of variance, a final sampling of ten random observations was made for each of
the three speeds of each run.
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Figure 4. Effect of communications with several warning times on mean distance headway
maintained at various speeds for a two-car platoon.

Analysis of Variance Data for Two-Car Runs

An analysis of variance was performed on the two-car data. Four main variables
of three speeds, four drivers, four runs, and five communications conditions were
used. For each of the 240 combinations of these variables, 10 headway measurements
were employed, thus making 2,400 headway observations The analysis demonstrated
that not only were the main variables significantly different at the 0. 01 level, but also
that all six first order, four second order, and the third order interaction terms were
significant at the 0.01 level. As a check on the sampling procedure, an additional
analysis of variance was performed on all the variable for one run (speed, driver, type
of communications), and identical results of the analysis were obtamed: all terms were
significant at the 0.01 level.

Interaction of Speed and Warning Time. — For more detailed analysis of the effects
of the communications system, data were separated on the basis of speed. At the high-
est speed of the runs, 54 mph, consideration of the data reveals a very significant re-
duction in mean distance headways when the communications system was used. This
information is shown in Figure 3. With communications, the mean distance headways
varied from a minimum of 127 ft to a maximum of 148 ft; without communications, the
mean headway was 179 ft. True headway distances (from the rear end of the lead car to
the rear end of the rear car) used for this analysis of the two-car test data were obtained
by adding a constant of 10 ft to the recorded headway, which the stadimeter had meas-
ured from the dashboard of the following vehicle to the rear bumper of the leading vehi-
cle. At the lowest speed used 1n the study, 36 mph, headways were no shorter with the
communications system than without it. At the intermediate speed of 45 mph, the head-
ways began to decrease with use of the communications system.

Warning Time. —Warning times had a considerable effect on the headways maintained
as shown in Figure 3. With a 3-sec advance warning time at 54 mph, the drivers main-
tained mmimum headways. At 45 mph, minimum headways appeared to have been main-
tamed within the range of a 1- to 3-sec advance warning time. But at a speed of 36 mph,
no differences 1n headway occurred when the warning time was less than 3 sec. However,
with the longest advance warning time of 5 sec, headways maintained at all three speeds
were much longer than those maintained with the 3-sec warning time. At 54 mph, headways
maintained with a 5-sec warning time were about the same asthose maintained with a 1-
sec warning time and were 15 percent longer than those maintained with a 3-sec warning.

In Figure 4, the relationship of headway to speed is illustrated with warning time as
the parameter. Without communications, distance headways increased sharply as speed
mcreased. For each of the four test run conditions with communications, distance head-
ways increased less as the speed increased. Most noteworthy 1s the fact that the short-
est headways were maintained with the 3-sec warning time and, more importantly were
practically independent of speed. Therefore, 3 sec may be considered the optimum
warning time.
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TABLE 1

MEAN DISTANCE AND TIME HEADWAYS MAINTAINED BY EACH OF FOUR DRIVERS AT THREE
SPEEDS WITH AND WITHOUT COMMUNICATIONS IN A TWO-CAR PLATOON'

Speed Communications Warning Driver
(mph) Condition Time A B C D Average
(sec) Ft Sec Ft Sec Ft Sec Ft Sec Ft Sec
36 Without - 92 117 113 2.1 116 2.2 106 20 107 2.0
With 0 111 21 120 2.3 111 21 97 1.8 110 2.1
1 116 2.2 108 20 130 2.5 94 1.8 112 2.1
3 114 2.2 116 2.2 127 2.4 94 1.8 113 2.1
5 132 2.5 132 25 134 25 102 19 125 2.4
45 Without - 114 117 165 25 149 23 112 1.7 135 2.0
With 0 131 20 173 26 124 1.9 110 17 134 2.0
1 122 1.8 127 1.9 131 2.0 119 1.8 125 1.9
3 114 1.7 136 2.1 142 22 108 16 125 19
5 129 20 152 23 148 22 107 1.6 134 2.0
54 Without -_ 155 2.0 224 2.8 182 2.3 157 2.0 179 23
With 0 142 1.8 189 2.4 131 11 129 1.6 148 1.9
1 128 16 176 2.2 144 1.8 136 1.7 145 1.8
3 117 15 137 1.7 143 1.8 112 14 127 1.6
5 120 1.5 189 2.4 156 2.0 118 1.5 146 18

lpadways in two-car platoons were measured from rear-end of lead car to rear-end of rear car.

A further comparison of the relation of speed to headways maintained was made by
converting the distance headways (Fig. 3) to time headways for each speed range.
These respective time headways were plotted against speeds for each test condition.
Figure 5 shows that when maneuvers were performed without communications the time
headways increased at the highest speed: but for each of the four warning-time condi-
tions with communications, time headways decreased with increased speeds. The low-
est value of time headway was obtained from the data on the 3-sec warning time at the
speed of 54 mph. The relation of time headway shown (Fig. 5) for the condition without
communications and that shown for the 3-sec warning time 1s noteworthy. At a speed
of 36 mph, the difference in time headways shown for the two communications conditions
is not statistically significant, but at speeds of 45 and 54 mph the time headways obtained
with a 3-sec warning time were significantly shorter than those from the condition with-
out communications. At a speed of 54 mph this reduction was 30 percent.

Summary of Tabulated Data

A summary of all data collected during this study for the two-car runs is given in
Table 1. Each entry represents the average of 40 observations of data collected for all
four runs averaged together.

The time headways (given 1n Table 1) were calculated from the distance headways,
as noted previously. For the calculation, 1t was assumed that the lead and rear vehi-
cles were traveling at an identical speed of either 36, 45, or 54 mph. Because the
drivers of the lead cars were extremely careful to maintain precise speed relationships,
this assumption was close to the actual situation.

A large variability in response of the four drivers both to speed and the type of com-
munications employed 1s evident irom consideration of the data. Because of these sig-
nificant differences in driver reactions, the averaged data shown in the summary column
of Table 1 should be interpreted with extreme caution; these data, of course, represent
a combination obtained from different populations.

Figure 4 shows the mean distance headways when the warning time was 3 sec were
practically the same at all three speeds—between 113 and 127 ft; this range of only 14
ft 1s also shown in Table 1. The range in mean distance headways over the three speeds
for the other four communications conditions varied from 21 to 72 ft; generally the same
range was noted.in the headways maintained by each driver. Test data also revealed
that among the four drivers the relationship of mean time headways noted for conditions
of no communications and the 3-sec warning time 1s consistent (Table 1). Although the
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Figure 5. Effect of communications with several warning times on mean time headway main-
tained at various speeds for a two-car platoon.

TABLE 2

STANDARD DEVIATIONS OF DISTANCE HEADWAYS AND THEIR RATIOS WITHOUT AND WITH COMMUNICATIONS
(3-SEC HEADWAY) FOR EACH OF SEVEN DRIVERS AT THREE SPEEDS IN A TWO-CAR PLATOON

36 Mph 45 Mph 54 Mph

Driver
Without Comm  With Comm Ratto  Without Comm, With Comm Ratio Without Comm. With Comm Ratio
(ft) (fv) (tt) (0} (3} (ft)
A 18 16 1.00 24 a1 0.88 24 15 0 e3?
B 21 14 0.672 25 17 o e8? 2 13 0 48
c 8 18 0213 67 16 0 243 67 24 0 36
D 68 28 0 41 56 30 0 54 60 18 0.21%
E 15 10 0.67% 18 24 1388 20 17 0.85
F 1 9 0.82 18 16 089 40 1 0. 282
G 14 8 0.57 26 12 0. 46 20 13 0 45°
Median - — 0 67 - - o e8® - - 0 45°

851gnificantly different from 1.00 at the .05 level or less.

absolute values of the time headways for the four drivers differ significantly, the change
1 time headway as a function of speed is similar in that the time headways for the 3-sec
warning time decreased sharply as the speed increased.

Communications

Data collected from runs made by the three experimenter drivers were added to the
data for runs by the four test drivers for a further analysis of the variation in headways.
Standard deviations of distance headways were calculated for each of the three speeds
under two test conditions, without communications and with the optimum warning time
of 3 sec. These calculations are given in Table 2. When data from the no-communica-
tions condition and the 3-sec warning time communication condition were compared, a
reduction in standard deviation was noted for 19 of the 21 comparisons, and only 1 1n-
crease in standard deviation occurred. In most cases, the reduction was substantial
and in 15 of the comparisons the differences were statistically significant. The median
ratio of the standard deviation over all three speeds for all seven test drivers was 0. 57,
a reduction of 43 percent. In other words, communications reduced the variation in
headway quite substantially. ’
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Figure 6. Typical example "of rear car anticipating maneuver of lead car when 3-sec
warning available in a two-car platoon.

Analysis of Speed Changes During a Maneuver

Another analysis of data obtained from test runs with two-cars was made of the
speed changes carried out by the test drivers during the maneuvers. Although the limi-
tations of the data-processing system prevented a precise analysis of the time course of
the changes in speeds, it was possible to determine some of the effects of the communi-
cations system by the control responses of the test drivers. An example of typical
responses is shown by the curves in Figure 6. When the speed change for the lead car
was a slow acceleration from 45 to 54 mph at the rate of +1 mph per sec, the test driv-
ers tended to respond so that the position of the rear vehicles changed from leading to
lagging as the warning time decreased from 3 sec to 0 sec to a condition of no-communi-
cations.

This analysis also revealed some indication that the test or rear car drivers were
using the warning intervals to begin the speed changes; such a response is shown clearly
by the curve in Figure 6 for the 3-sec warning time. The drivers of the rear cars had
closed on the lead vehicles during the initial part of a maneuver, when the optimum
warning time of 3 sec was employed, then at some pomt toward the end of the maneuver
had eased up on the accelerator thereby increasing the distance headways. The deceler-
ation at the end of the maneuvers tended to show a great variability among the drivers
and from one trial run to another.

Analysis of Data for Three Cars

For the portion of the study made with three cars, data on the effect of speed change
mformation on intervehicle spacing were collected from only three test runs made by
each of the four drivers.

For three cars, headways were measured from the rear of the second car to the
rear of the third car; communications were transmitted from the lead car. The third
or rear car was driven by a test driver.

An analysis of variance also was carried out on the data collected from test runs of
the three cars. With one exception, all terms were significant at the 0. 01 level: the
third-order interaction term was significant at the 0. 05 level.
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TABLE 3

MEAN DISTANCE AND TIME HEADWAYS MAINTAINED BY EACH OF FOUR DRIVERS
AT THREE SPEEDS WITH AND WITHOUT COMMUNICATIONS IN A
THREE-CAR PLATOON!

Speed Communications Warning Driver i
(mph) Condation Time A B C D Average "
(sec) Ft Sec Ft Sec Ft Sec Ft Sec Ft Sec
36 Without — 78 1.5 73 1.4 73 1.4 91 1.7 79 1.5
With 1 90 1.7 71 1.3 97 1.8 88 1.7 87 1.6
5 97 1.8 85 1.6 7 1.5 99 1.9 90 1.7
45 Without — 92 1.4 100 1.5 84 1.3 107 1.6 96 1.5
With 1 99 1.5 84 1.3 92 1.4 107 1.6 96 1.5
5 110 1.7 103 1.6 89 1.3 103 1.6 101 1.5
54 Without — 107 1.4 113 1.4 96 1.2 136 1.7 113 1.4
With 1 109 1.4 97 1.2 91 1.1 116 1.5 103 1.3
5 104 1.3 130 1.6 93 1.2 128 1.6 114 1.4

lHeadways in three-car platoons were measured from rear-end of second car to rear-end of third car.

Analysis of three-car data showed that the mean headways were considerably less
than those calculated for two cars, as can be seen by comparison of information given
in Table 3 with that given in Table 1. In general, time headways were about Y4 sec
shorter for all communications conditions in three-car test runs. Moreover, the influ-
ence of the communications system was far less effective in causing the drivers to
reduce following distance than 1t had been during the two-car runs.

With three cars and all three communications conditions, a small increase was noted
in the mean distance headways as the speeds increased from 36 to 54 mph. However,
decreases in mean time headways occurred both with and without communications; this
decrease 1n time headways as speeds increased was larger when the test runs were
made with communications. Table 3 contains headway data collected for three-car test
runs.

When the 1nterposition of a vehicle between the lead car and the rear car 1s con-
sidered, the 1-sec warning time for the three-car test runs appears to have had an 1n-
fluence on the headways maintained by the test drivers that 1s probably equivalent to the
influence of the 3-sec warning time condition during two-car test runs. The summary
column of Table 3 shows that with the 1-sec warning time a range of only 16 ft in dis-
tance headways occurred for 3-car runs between the speeds of 36 and 54 mph. When
the 5-sec warning time condition was employed the range in headways increased to
24 ft, and when the condition was without communications 1t increased to 34 ft. The
16-ft minimum range with the 1-sec warning time is consistent with the lowest range
in distance headways of 14 ft recorded at all three speeds for two-car tests with a 3-sec
warning time condition.

Discussion of Data Analyses

Analyses of the data collected during this study indicate that substitution of an alter-
nate information path for judgment of speed changes is possible, and that drivers are
able to utilize a very simple coding scheme (communications system), at least in a two-
car following situation. In other words, the driver of a car generally adapts his follow-
ing distance according to the advance information he has about the changes in speed to
be made by the lead car and his ability to make corresponding compensatory control
changes in the speed of his own vehicle.

The major contribution of the signal system was 1ts provision of information that
permitted the test driver to begin his compensatory speed change before the onset of
the speed change in the lead vehicle. Thus, a driver used the actual change in speed
of the lead vehicle as a feedback on his speed control responses. This 1s shown by the
curves 1n Figure 6.
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Assistance from the communications system received by the test driver was least
during an acceleration maneuver. Although limitations in the recording system pre-
cluded a complete analyses of the total effect of the communications system, some
indication was noted of a lower rate of acceleration or deceleration with the display of
speed change information than without it. However, considerable variation 1n accelera-
tion or deceleration occurred during individual maneuvers, and this apparently resulted
from the necessity for a driver to make visual angle discriminations and, more im-
portantly, the predictions of future speed of the vehicle preceding his own, The experi-
mental system employed in this study, of course, added nothing that a driver could use
for such purposes.

The warning time (that 1s, the interval between display of the visual signal and the
imitiation of the speed change of the lead vehicle) was also observed to be an important
factor 1n the following pattern adopted by the test driver in the rear car during constant
speed operations. Analysis of the data showed that, dependent on the speed at which
the test cars were traveling, minimum headways and minimum variance were obtawned
when the interval of warning time was between 1 and 3 sec. The warning time obviously
was not employed solely as a reaction time but rather was used as a total response time
of the system encompassing perceptionand translation into control and vehicle responses.

With the most favorable warning conditions, consideration of the analyses shows that
spacing maintained between vehicles became 1ndependent of speed and 1ndicated that
another following system had been established by the driver. Although this system was
speed dependent, the drivers employed a different information processing mode and
adapted the headways to the remaining constraints on following—mostly random varia-
tions in speed between two vehicles.

Verification of Predictions Based on Hypothesis

On the basis of the hypothesis for this study, 1t was predicted that average distance
headways between maneuvers would be less with communications than without. Analyses
of the data from two-car tests indicated that this was true at the two higher speeds of 45
and 54 mph but not true for the low speed of 36 mph.

The prediction that the variabihty in headway would be reduced when the driver of
the rear vehicle had prior information about speed changes to be imtiated by the driver
of the lead vehicle was confirmed by the analyses of test data.

Traffic Capacity of Freeway Lane. —Consideration of the data collected during test
runs with two cars seems to ndicate that a communications system could increase the
traffic capacity of a freeway lane. As noted previously (Fig. 5), without communica-
tions the minimum time headways occurred at speeds below 45 mph and averaged 2.0
sec. If the time headways for a single lane of traffic averaged 2.0 sec for 1 hr, the
total traffic volume would equal 1,800, which approaches the volume of 2,000 vehicles
per hour that has been widely accepted as the possible capacity for a freeway lane.

Few highways 1n the United States are known to carry a greater volume and other stud-
ies have shown that the minimum headways and maximum capacity usually are obtained
when vehicles are traveling at speeds of less than 45 mph.

When communications were added, the speed-headway relationships changed markedly
and the mean time headways decreased as the speeds increased. With the 3-sec opti-
mum warning time, as shown 1n Figure 5, time headways of 1.6 sec were maintained at
54 mph, the highest speed used in this study. Were time headways to average 1.6 sec
for 1 hr at 54 mph, the traffic capacity for a single freeway lane would exceed a volume
of 2,200 vehicles per hour. Thus theoretically, utilization of a communications system,
providing information similar to that of this study, would permit a one-third increase
in the traffic capacity of a freeway lane. This increase was derived from the study data
obtained when the test condition was without communications and the time headway at
54 mph was 2.3 sec, which would permit a volume of only 1, 600 vehicles per hour.
Therefore, what seems to be a fairly simple communications system would appear, by
extrapolation, capable of generating a si1zeable increase in the capacity of a freeway at
the higher speeds. However, analysis of the three-car data does not allow such a con-
clusion. The addition of an interposed vehicle eliminated most of the benefits to be ob-
tained from a communications system, as implied by the analysis of data from two-car
tests.
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The final column of Table 3 shows that without communications the average time
headways between the second and third cars were considerably shorter at all three
speeds than between the first and second cars with communication of a 3-sec warning
time. Furthermore, with communication of a 1-sec warning and at speeds of 54 mph,
the time headways in three-car runs were only 0.1 sec less than those maintained
during the runs without communications. This elimination of most of the benefits, ob-
tained by use of the communications system, with the interposition of a vehicle in a
three-car queue may be attributed to several factors.

First, in a line of traffic a natural tendency exists to maintain stability of speed and
spacing. Thus any speed change imposed by the lead vehicle may be expected to be
compensated for by the drivers of successive vehicles as they perceive and thereby pro-
gressively reduce the effect of the speed change.

Second, if the driver of the third vehicle observed the speed change behavior of the
first vehicle directly, he might very well receive as much advance warning as he would
from the communications system. That such does take place has been suggested in a
report by Forbes (4).

Third, automobiles in a line represent a very loosely coupled system, subject to
considerable random fluctuations. A communications system such as the one used for
this study should have a decreasing effect on the responses of the driver as the dis-
tance increases between the communications system and his vehicle. Any interposed
vehicle prevents the following driver from directly coupling himself to the source. The
driver, of necessity, must compensate primarily for the behavior of the vehicle immedi-
ately preceding his and secondarily for the behavior of those further ahead in the line.
In essence, 1n the multiple car-following situation, the speed change display represents
little more than a cue informing a driver that some change of speed will be made in the
preceding line of traffic.

Variability of Drivers' Responses. — Another fact evident from analyses of these data
is that a high degree of variability occurs both within and among drivers' responses.
Considerable differences were noted in their responses concerning time relations and
optimum following, minimum variance conditions, and at different speeds. Although
the differences in mean headways with a 3-sec warning were quite small at all three
test speeds, the analysis of variance showed a significant difference among speeds.

As no systematic differences 1n variance occurred among the three speeds, 1t seems
reasonable to conclude that the significance arises from inter- and intra-driver response
changes from run to run. It would appear, then, that the driving system is greatly influ-
enced by the moment-to-moment fluctuations in a driver's psychological state, as well
as by his more stable behavioral characteristics. Sensitivity to such subtle qualities

18 not a characteristic of efficient man-machine systems.

SUMMARY AND CONCLUSIONS

From this study with two- and three-car queues, it was determined that the effect of
the use of the communications system on the spacing between two vehicles varied with
the speed at which they were moving; its use had little effect when the speed was 36 mph.
but resulted in a large reduction in distance headway when the speed was 54 mph. How-
ever, when another vehicle was interposed, making a three-car queue, the communica-
tions system's effect on distance headway was nearly eliminated at all speeds. During
constant speed operations, at any of the three speeds used, the variance in headways
between the two cars was significantly reduced by the communication of speed change
information to the test drivers. The transmission of this information approximately
3 sec before initiation of the speed change by the lead car permitted maintenance of the
most uniform headways.

On the basis of data collected during the study, it is concluded that communication
of advance speed change information from one driver to another 1s an extremely com-
plex problem. Further, no sumple or direct means exists for transmitting advance
speed change information that will result in a universal or predictable modification of
headway variance 1n the pattern of one car following another.
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Driver Response to Amber Phase of
Traffic Signals
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Warren, Mich. I
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Observations of motorist response to the amber phase of traffic signals

obtained at five intersections, representing three speed zones, are pre- ,
sented. The data give an estimate of the probability of stopping for vehi- !
cles as a function of their distance from the intersection at the onset of :
the amber phase of the traffic signal. The results lend no support to a

popular hypothesis; that 1s, that drivers tend to "take advantage' of a long

amber phase by treating 1t as an extension of the green. The results of

the study are compared with other investigations pertaining to amber phase
lengths and implications of this work for the design of amber phases are
discussed.

¢ IN A PAPER, Gazis, Herman and Maradudin (1) discuss 1n considerable detail a I
problem associated with the amber signal light 1n traffic flow. This problem arises i
when a driver, confronted with an improperly timed amber light phase, finds himself ||
1n the position of being too close to the intersection to stop safely and too far from the '
tersection to proceed and pass through 1t completely before the red phase commences. '
By means of a theoretical discussion and observational data, Gazis et al. present criteria’
for the design of the amber light phase which would eliminate such ""dilemma zones';

that 1s, they derive the following formula for 7.,,,, the minimum amber phase duration:

\'2 W+ L
Tm1n=52+ﬂ% YV, (1)
in which
62 = reaction and decision-making time of the driver;
Vo = approach speed of the vehicle,
W and L = intersection width and vehicle length, respectively, and
a¥; = constant rate of deceleration for the case where the
vehicle attempts to stop 1n front of the intersection
(in practice this constant deceleration represents the
maximum average deceleration to which it 1s desirable i
or practical to subject drivers).

To use Eq. 1, assumptions must be made concerning this deceleration as well as the
reaction-decision time of drivers. Despite the uncertainties regarding these param- .
eters, Tmin undoubtedly provides a reasonable approximation of an adequate amber :
phase duration. When it is used as a criterion, comparison of observed and calculated :
amber phase duration indicates that many light cycles are improperly designed even for
fairly high decelerations (~16 ft per sq sec), and for reasonable reaction times (~1.0 sec).
There 1s a problem 1nvolving amber signal duration, which could probably be resolved
by extending the duration of the amber phase so that it was at least 7p,;,. One major
difficulty in adopting this procedure is the contention of many traffic engineers that
drivers tend to regard long amber phases as extensions of the green. The inference .
from this contention is that drivers farther from the intersection may be tempted to con-'
tinue where otherwise they would have stopped. Because of this, a greater error may

Lo




be introduced 1n their judgments, in-
creasing the probability of their being
caught in the intersection during the red
phase of the light cycle. Of course, even
if this contention 1s valid 1t still does not
constitute an adequate reason for pre-
senting drivers with an insoluble problem
during amber cycles, particularly if the
vehicle code is not compatible with physi-
cal reality. In hight of this contention the
authors investigated the behavior of vehi-
cle operators at normal intersections,
making observations on those drivers
caught near the intersection at the mo-
ment the amber phase commences to
determine in particular whether the be-
havior of motorists in this situation
actually does change with significantly
different amber phase durations.

Another study related to this problem
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TABLE 1

PROBABILITY OF CARS STOPPING AS
A FUNCTION OF THEIR SPEED AND
DISTANCE FROM SIGNAL AT ONSET

OF AMBER'

Speed Distance from Signal (ft)
(mph) 0. 50° 0.80° 0. 95°
30 100 120 135
40 160 190 210
50 225 275 300

:Data from Webster (2).
Probability of stopping.

was made by Webster (2). In that experiment drivers approached a mock-up Light s1g-
nal at specific speeds. As the vehicle approached the light which was set on the green
phase, the vehicle itself, at fixed distances from the stop line, triggered the Light to

the amber phase.

From this admittedly artificial situation Webster was able to, con-

struct a table giving the probability of stopping at different speeds for particular vehi-
cle distances from the intersection when the amber phase commenced (Table 1).

If the contention that long amber phases are regarded as extensions of the green 1s
correct, then instead of one probability of stopping curve (Ps) for a given speed of ap-
proach, there should in reality be a famly of curves, one for each significantly differ-

ent amber phase duration.

In light of the preceding discussion 1t would seem important to determine whether
driver behavior changes as a function of altered amber phase lengths. One way this
problem might be investigated 1s to determine the probability of stopping as a function
of the distance from a particular intersection for two different amber phase settings.
However, because 1t would require some time, perhaps a very long time, for individu-
als to become aware of a change of the amber phase and alter their response (if they
ever do), an alternate procedure was used This technique 1nvolved comparison of
pairs of intersections as similar as possible 1n their physical characteristics but differ-
ing appreciably 1in amber phase durations. This latter approach has one disadvantage
in that 1if the two resultant curves differed, it could not be legitimately maintained that

it was due to the amber phase.

PROCEDURE

Two items of information were necessary to obtain the desired Pg curves: (a) the
distance of the vehicles from the intersection at the beginning of the amber phase, and
(b) whether each vehicle stopped or proceeded through the intersection. It s assumed
that the speed distribution for a given speed zone does not differ appreciably from one
intersection to another. The position of the vehicles was recorded photographically by
setting a 35-mm camera to cover an area some distance back from the intersection and
manually tripping the shutter as the Light turned to amber. Simultaneously, a written
record was made of the vehicles that were 1n this region, whether they stopped or not,
and their 1dentification as to make or other obvious characteristics. Cars that turned
or were moving conspicuously slower than the bulk of the traffic were not considered.
¥ the behavior of a driver was 1n any obvious way influenced by other drivers his veh:-
cle was also elimimnated. Thus, for example, if a car stopped, all others behind 1t
were not recorded, even if there was an opportunmty to change lanes. Only free-running,

relatively open traffic was considered.
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TABLE 2

FREQUENCY OF OCCURRENCE OF DIFFERENT SPEEDS Recordlngs were made generally n the

DURING 5-SEC TIME BLOCKS OF A GREEN PHASE afternoon, sometimes in the morning,
speea N0 Frequency covering all periods of the day except rush
@) Care 0-5Sec 6-10Sec 11-158ec 16-20 Sec 21-25 Sec hours where the density of traffic was usual-
588 o 2 7 2 ly such that queues were created that would
oy . » . not clear during the green phase.
319 115 41 At each of the several intersections

N0 n studied about 300 usable measurements

were obtained. These were distributed
among eight to fourteen 20-ft intervals back
from the intersection. For the purpose of
consistency the reference point along the
road being studied, from which the meas-
urements of vehicle position originated,
was always taken from a point on a line with
the paved edge of the intersected road. On
the basis of the fractional number of vehicles that stopped in each of these intervals it
was possible to plot the desired Pg curves, using the midpoint of each interval as the
reference distance. The data in this form are displaced toward the intersection by an
amount equal to the distance covered by the vehicles during the time required for the
camera operator to react to the amber onset. Accordingly, a correction was made by
shifting the curves back from the intersection by a distance equal to the product of the
mean speed in feet per second and a reasonable reaction time. The value used for this
reaction time was 0.15 sec as given by Woodworth and Schlosberg (3) for this type of
stimulus.

Three speed zones were 1nvestigated: 25, 40, and 55 mph. To ascertain whether
the traffic was moving at comparable speeds at the intersections to be paired, speed
checks were made at each by means of a Sumplex time productograph, recording the
time required for a vehicle to move through a trap of a known length. Only freely
moving vehicles which did not stop or turn were considered. Because it seemed reason-
able that traffic would be moving at different speeds past the trap at different phases of
the green cycle the speed data at the first intersection were classified according to time
during the green cycle in 5-sec intervals. These data are given in Table 2. The small
differences in the different classes were far short of significance as tested by the ex-
tension of the Median test described by Siegel (_4_). Because of this, only the mean
speeds were considered in subsequent cases.
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RESULTS

The first comparison was made between two intersections on thoroughfares whose
speed limits were posted at 40 mph. In each case the mean speed was fairly close to
the posted speed limit, being 38.0 mph in one case and 36.4 mph in the other. The dif-
ferences between these two mean speeds is really quite small. For example, using
Eq. 1, they would have a 7,,;, differing by approximately 0.1 sec.

At the time the measurements were taken
both amber phases had been unchanged for
more than a year. Both roads were four

TABLE 3 lanes wide with grassy medians over 100 ft
COMPARISON OF CHARACTERISTICS OF TWO wide. Table 3 gives the significant param-
INTERSECTIONS POSTED AT 40 MPH eters; amber phase duration, intersection
a% 6 Moundat Stephenson Width, speed limit, and observed mean
Comparison (/sec’) (sec) 11Mile atLincolr  gpeeds together with the theoretical Tpin
Amber phase (sec) 415 2 90 as calculated by Eq. 1 for the approach
B om0 o . speed of 40 mph assuming maximum desira-
7 min(8€C) 12 01 507 541 ble decelerations of 12 and 16 ft per sq sec
6 0.9 igg g+ and reaction times of 0.75 and 1.0 sec.
10 425 4 50 A car length was taken as 17 ft. Table 3

! Based on speed of 40 mg . shows that neither amber 1s adequate for
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Figure 1. Comparison of probability of stopping for two intersections posted at LO mph.
Circles are points for Stephenson and solid dots for Mound intersection. Smooth curves
are visual fit to data.

TABLE 4
PROBABILITY OF STOPPING DATA FOR TWO 40-MPH INTERSECTIONS

Mound Stephenson
Distance No. No. Not Distance No. No. Not p

(ft) Stopping Stopping Ps (ft) Stopping Stopping s

92 1 15 0.06 94 0 17 0.00
112 5 16 0.24 114 0 20 0.00
132 2 26 0.07 134 7 15 0.32
152 5 16 0.24 154 8 13 0.38
172 8 11 0.42 174 11 7 0.61
192 13 7 0.65 194 18 7 0.72
212 19 0.79 214 23 5 0.82
232 13 3 0.81 234 20 4 0.83
252 16 1 0.94 254 27 3 0.90
272 23 1 0.96 274 29 0 1.00
292 20 2 0.91 294 21 0 1.00
312 23 0 1.00 314 12 1 0.92
332 11 0 1,00 334 18 0 1.00

reasonable decelerations or reaction times but the longer of the two 1s close to being
satisfactory. Table 4 gives data for these two intersections, showing the number and
percent of cars that stopped in each 20-ft interval. From these data the probabulity
of stopping points was computed. These curves for both intersections are shown in
Figure 1. The smooth curves represent a visual fit to the data.
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TABLE 5

COMPARISON OF CHARACTERISTICS OF TWO
INTERSECTIONS POSTED AT 25 MPH

a®, 62 Gratiot at Gratiot at
Comparison (ft/sec®) (sec) Robertson Church
Amber phase (sec) 4.75 3.00
Cross-street width (ft) 30 30
Mean speed (mph) 32.9 31.0
o (5€¢)° 12 0.75  3.65 3.65
1.0 3.90 3.90
16 0.75 3.20 3.20
1.0 3.45 3.45
1Based on speed of 30 mph.
TABLE 6

PROBABILITY OF STOPPING DATA FOR TWO
25-MPH INTERSECTIONS

Robertson Church
Distance No. No. Not No. No. Not

(ft) Stopping Stopping S  Stopping Stopping Pg

(& 0 36 0.00 0 15 0.00

97 2 36 0.05 2 34 0.06
117 9 18 0.33 19 16 0.54
137 10 16 0.38 22 7 0.76
157 25 15 0.63 27 6 0.82
177 23 5 0.82 34 2 0.94
197 51 2 0.96 34 1 0.97
217 85 1 0.99 18 0 1.00
237 - - — 26 0 1.00
257 - — — 17 0 1.00

It is apparent that no point along the Pg scale do the curves differ by much more
than a car length, and at the higher percentiles there 1s an overlap.

A second comparison was made between two intersections on thoroughfares whose
speed limits were posted at 25 mph. At the time the study was made, these signals
had remarmned unchanged for more than four years. In this case both intersections were
on the same four-lane street, approximately Yo m1 apart. Table 5 gives the significant
parameters of the two intersections. In this case, the actual mean speeds at both
intersections are 1n excess of the posted limit. Because of this the data should be con-
sidered as a better approximation of what would be expected for an approach speed of
30 mph rather than 25 mph.

Table 5 shows that not only 1s there a sigmificant difference between the two amber
phases but the longer one 1s longer than would be recommended on a basis of an appli-
cation of Eq. 1. Table 6 gives the data for these intersections and Figure 2 shows the
Pg curves.
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Figure 2. Comparison of probability of stopping for two intersections having mean speeds
of approximately 30 mph.

TABLE 7

The results of the first tw -
! 0 compara CHARACTERISTICS OF AN INTER-

tive phases of this study indicate that SECTION POSTED AT 55 MPH
driver behavior does not change signifi-

cantly when faced with longer amber Characteristic 2%, & vame
phases. For this reason the investiga- (ft/sec) (sec)

tion of the higher speed zone was done at Amber phase

only one ntersection, with no effort being cron) 420
made to pair it with another. Table 7 width (ft) 38
gives the significant parameters of the Mean speed

intersection and Table 8 gives the stopping Tm.(;n&)c)‘ 2 o 5o
data; the Pg curve is shown in Figure 3. 10 6 34
Figure 4 shows representative Pg curves 16 0.75 485
drawn for the 30- and 40-mph speed zones 10 s 20
as well as the curve for the 50-mph inter- " Based on speed of 50 mph.

section.

ANALYSIS AND CONCLUSIONS

From Figures 1 and 2, comparing two TABLE 8

sets of intersections, 1t would appear that PROBABILITY OF STOPPING DATA
there 1s no significant behavioral change FOR A 50-MPH INTERSECTION
in drivers associated with different amber Distance No No Not
cycle lengths. K the contentionthat drivers (t) Stopping  Stopping Ps
regard amber phases as extensions of the

221 6 58 0 09
green were true, the Pg curve would be 241 13 26 0.33
displaced a distance approximately equal 261 13 21 0.38
to the difference in cycle length multiplied o " x oo
by the mean velocity of the traffic on the 321 31 10 076
thoroughfare considered. For example, 341 25 5 0.83
in the first comparison, a vehicle traveling gg} g: g g';i

at the posted speed limit of 40 mph would




46

14
ol . /

06 /
PROBABILITY
oF
STOPPING .
0-4 / .
02 //
1 Bl
750 300 350 00

450

°‘¢ 70
DISTANCE FROM THE INTERSECTION (ft.)
Probability of stopping for intersection where mean speed is approximately

S0 mph.

/v

360

420

Figure 3.
1.0
08
nonoa'mun
STOPPING

0.4

0.2

0 0
Figure L.

60

120
DISTANCE FROM THE INTERSECTION (f1.)

Representative curves for probabiliby of stopping for three speed zones.
Dotted curves based on Webster data (Table 1).

travel approximately 80 ft in the 1.25-sec time difference.between the two amber phase

durations. The two curves of Figure 1 are displaced but a fraction of this distance.
Similarly, in the second comparison, a vehicle traveling at the observed mean speed of

30 mph would travel a distance of 77 ft in the 1.75-sec time difference between these
two amber phase durations. Again, the curves of Figure 2 are displaced but a fraction

of this distance.
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In comparing the representative curves of the three different speed zones of Figure
4, they are displaced from each other significantly for the different speed zones. The
distance is approximately 40 ft at the 50th percentile point between the curves for the
30- and 40-mph speeds and approximately 105 ft between the curves for the 40- and
50-mph speeds, again at the 50th percentile point. In this figure Webster's data have
also been plotted for comparison. For a given speed and distance his probability of
stopping is considerably greater than for the same values in this investigation. For
example, for an approach speed of 50 mph, Webster's stopping distance at the 50th
percentile point is given as 225 ft. This would require an average deceleration of 17.7
ft per sq sec for drivers having a reaction time of 1.0 sec and would require an average
deceleration of 15.8 ft per sq sec for drivers having a reaction time of 0.75 sec. These
rather high decelerations can probably be attributed to the motivation and orientation of
Webster's subjects.

In Figure 4 the stopping curve for the 50-mph zone is displaced from the stopping
curves of the second comparison by approximately 105 ft at the 50th percentile level.
From this displacement the apparent average deceleration to which drivers are willing
to subject themselves is 12. 9 ft per sq sec (assuming a 0. 75-sec reaction time) at this
level. Thus, the results seem to indicate that drivers allow themselves an added stop-
ping distance for higher speeds to that they can stop comfortably with a deceleration 1n
the range of 12 to 14 ft per sq sec.

The data in Tables 4 and 6 make possible an interesting comparison. By multiplying
the length of the amber phase by the mean speed and subtracting the width of the inter-
section and the length of a typical vehicle, it 15 possible to calculate the average maxi-
mum possible distance a car, traveling at the mean speed, can be from the intersection
at the beginming of the amber phase and still clear the intersection without accelerating.
For example, using the data in Table 3, cars approximately 200 ft or more back from
the ntersection having the longer amber (Mound) could not have cleared in time. In
the case of the shorter amber (Stephenson), cars approximately 100 ft or further from
the intersection could not have cleared. Of the cars beyond this cut-off distance, 9 per-
cent did not stop at the intersection having the long amber and 28 percent failed to stop
at the shorter amber. In the case of the shorter amber light the dilemma zone is of
considerable length. Indeed, assuming a reasonable desirable deceleration of 12 ft per
sq sec and a fair reaction time of 1.0 sec, then the dilemma zone is about 100 ft. In
comparison, the longer amber has a dilemma zone of 10 ft. It seems significant that
of the 28 percent who did not stop at the shorter amber and who could not have cleared
the intersection, 82 percent were in this 100-ft dilemma zone. One might conjecture
that, if the shorter amber at Stephenson was extended to 4.2 sec, there would be ap-
proximately an 82 percent decrease in the number of vehicles that would not clear the
intersection before the red phase. Furthermore, the fractional number of motorists
who did not stop and who could not have cleared the intersection would then be essential-
ly the same for .hese two intersections.

I driver behavior does not change as a function of amber phase durations, it should
be possible to establish realistic amber phase settings on the basis of actual driver be-
havior. Thus one might decide that an amber phase should be of such a length that no
more than perhaps 5 percent of the vehicle operators who do not stop when faced with
the amber light do not clear the intersection before the red phase. Thus one could refer
to a Pg curve for the appropriate speed, determine how far back from the intersection
the 95th percentile point 1s, and use the following modification of Eq. 1:

Tmin = A+W+L @)
Vo

in which
A = distance from the intersection at which the desired
percentile occurs; and
W, L, and V4 = same as in Eq. 1.
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For example, if the 95th percentile cutoff 1s used, the prescribed Tmin fOr the lower
speed intersection (calculated at the actual mean speed of 32 mph) would be 5. 25 secs,
Tmin for the midspeed intersections (calculated at the actual mean speed of 38 mph)
would be 5. 39 secs and the Tp,j, for the high speed intersection (calculated at the actual
speed of 48 mph) would be 5.57 secs. The small differences between these recommen-
dations is noteworthy. It is probably feasible to use an essentially constant amber
phase length for a large range of speed limits, making small changes only for unusually
large cross-street widths.

This investigation of the behavior of motorists faced with the onset of an amber sig-
nal light has been a continuation of the theoretical analysis and observations reported
by Gazis et al (1). This study was made to seek possible behavioral trends in this
decision making problem that all too frequently occurs in every day traffic. The data
are limited, mainly due to the extended effort required to obtain the kind of information
necessary to make the comparisons presented. However, from these data the following
conclusions can be drawn:

1. Driver behavior does not seem to change as a function of different amber phase
durations.

2. The amber phases observed are too short as measured either by a criterion of
driver behavior or a dilemma zone.

3. A constant amber phase of about 5.5 secs would be practical for a wide range of
speed zones, with possible variations made to allow for extra wide cross-streets.

That drivers seem to react about the same to ambers of different duration 1s perhaps
a result of confusion resulting from the fact that the average motorist simply does not
know how long the typical amber phase is, a situation further confounded by the fact that
there is no standard method of setting the length of the amber duration. Thus, the
motorist, under these conditions may not try to react differently though the possibility
exists that he would were ambers lengthened and standardized. Unless there exists a
locale unknown to the authors where amber phases are characteristically longer than
what appears to be "normal, " this possibility cannot be checked out.
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Discussion

H.J. KLAR, Chief, Bureau of Engineering and Planning, New Jersey Division of Motor
Vehicles, Bureau of Traffic Safety, Trenton— Although it is recognized that the motor-
ist approaching a traffic signal at the beginning of the amber phase has a difficult de-
cision to make, the writer fails to see the merit of using the same length of amber

(5% sec) regardless of vehicle approach speed.
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R 2
Using the standard stopping distance formula (S = ‘%f) on a level surface with f = 0.5

and allowing 2 sec for perception, intellection, emotion, and volition, one can readily
calculate and obtain the following over-all stopping distances:

MPH Ft
30 140
40 226
50 317
60 416

Calculating the distances traveled at the several speed, respectively, for 3, 4, 5, 6,
and 5% sec, the following are obtained:

Distance (ft) for

Speed

(mph) 3Sec 4Sec 58ec 68Sec 5% Sec
30 135 - _ - 248
40 - 240 - _ 330
50 —_ —_ 375 - 413
60 - - - 528 484

If the commonly used "'rule of thumb' for amber periods of 3 sec for 30-mph approach
speeds, 4 for 40, 5 for_ 50, and 6 for 60 is applied and the over-all stopping distances for
these speeds are compared with the corresponding distances traveled for the respective
number of seconds, it 1s apparent that the '"rule of thumb" values approximate or are on
the conservative side of providing sufficient distance for a motorist to stop within the
allotted distances if his attention 1s not diverted from the signal indications and assuming

' reasonably good friction between the tires and the pavement.

On the other hand, if 5%-sec amber periods were used for the 30-, 40-, and 50-mph
approach speed locations, the distances traveled during this time interval would be con-
siderably higher than needed. For 60-mph approach speed areas, the 5%-sec amber
would be very good.

In the case of large intersections where the distance from the stop line to the collision
point exceeds 60 or 70 ft, a short ""All Red" period has been used to provide additional
clearance time instead of increasing the length of the amber interval.

If the amber period 1s increased beyond what is normally needed for a given location,
many drivers will ride the amber while some will conscientiously stop with the result
that the rear-end collision potential increases.

At several selected locations throughout the State, a pre-warning device has been
used to indicate to the motorist that the traffic signal will be red when he arrives at the
signalized intersection.

This device normally displays an illuminated message ''Signal Ahead' during the bulk
of the green phase. "X'" seconds before the red phase to that roadway, the sign message
flashes alternately the words "Red'" and "'Signals Ahead." The alternating message con-
tinues to flash until the expiration of that red phase when it returns to the steady mes-
sage "'Signal Ahead."

In this way, fairly good information is given to motorists at all points in the signal

- sequence of operation at distances 500 to 1500 ft before the signal. Incidentally, the _
sign can be seen at much greater distances by motorists who are familiar with the
operation.

It might be possible to help the motorist judge his distance from the white stop line
by painting a yellow line transversely across the pavement at appropriate points com-
mensurate with the approach speeds. The point at which the yellow line might be
painted could be considered the "brake point." A motorist approaching a traffic signal
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would prepare to stop if he had not reached the "brake point" when the signal went am-
ber. Conversely, if the motorist were between the '"brake point" and the intersection,
he would continue on through the intersection and would not be considered to be in
violation of the signal, assuming, of course, that he was traveling near the normal
approach speed.

The following table of distances is suggested for determining the ""brake point':

Speed Distance Before Intersection
(mph) (£t)

30 140

40 240

50 360

60 470

Longer distances than necessary are used in this table for the higher speeds to pro-
vide a greater safety factor at these speeds. It is probably more likely for a wmotorist
traveling at the higher speeds not to notice a traffic signal so soon because of the gener-
ally much greater spacing of signalized intersections. Another factor is that the vehi-
cle brakes are more apt to cause a vehicle to swerve because the brakes have not been
applied for some time, thereby requiring longer stopping distances. A third factor
would be the greater difficulty of a motorist judging his distance from the intersection
relative to his ability to stop or to continue on through.

To help the average motorist to understand the purpose of the yellow line, it might
be well to erect a sign or signs at the end or ends of the yellow line bearing the mes-
sage '"Brake Point. "

PAUL L. OLSON and RICHARD ROTHERY, Closure— The authors wish to reiterate
that the main purpose of the study was to provide data on actual performance of drivers,
with the hope 1n mind that amber phase durations could be adjusted to suit human per-
formance. On the other hand, the writer quotes a frequently employed "rule of thumb"
for determining stopping distances. The authors have two comments to make regarding
this rule: (a) a rule of thumb, based on what seems reasonable to expect from humans,
can hardly be used as an argument against actual measurements of what they do; (b) this
rule of thumb assumes an average deceleration of approximately 16 ft per sq sec. On
the basis of the study this assumption appears to be unreasonable. More specifically,
another study (1) has shown that drivers in a variety of traffic situations brake with a
deceleration of 16 ft per sq sec or more less than 1 percent of the time.

The common assertion that when the amber period 1s increased beyond what is nor-
mally provided, many drivers will ride the amber while some will conscientiously stop
with the possible result that rear-end collision potential increases was subject to speci-
fic scrutiny 1n the study. It will be recalled that no significant differences in the loca-
tion of the end points of the probability of stopping curves were found when comparing
intersections having the same speeds but different amber phase durations. This 1s the
only evidence the authors know of that bears directly on this question and 1t stands in
direct refutation of the popular notion.

There seems to be some confusion resulting from the example used in trying to indi-
cate how the probability of stopping curves could be employed to set amber phases. The
figure of 5.5 sec results from selecting a cutoff at the 95th percentile. The selection
of percentile cutoffs is completely arbitrary. The important point is that information
such as that obtained from probability of stopping data makes it possible to estimate
what percent of the drivers who elect to proceed through the intersection will not clear
the intersection before the signal turns red.

The amber brake line suggested by the writer would undoubtedly provide added infor-
mation. It might possibly improve the situation. However, for reasons indicated
earlier, it certainly should not be based on a deceleration as high as that suggested.



51

In addition, there exists the possibility that the use of such a stop line would create
unmque problems under conditions where the road surface 18 slippery or to drivers mov-
ing slower than the speed limit. This could be subject to investigation and probably
should be before such a system were widely employed.

The all-red clearing period that is being used in some parts of the country is poten-
tially valuable and might be one solution to the amber light problem. However, if it is
to provide a ligitimate clearing phase a reinterpretation of ordinances would be re-
quired in many areas so that persons in the intersection during the all-red period would
not be 1n violation.
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Influence of Mental Set and Distance Judgment
Aids on Following Distance

STUART WRIGHT and ROBERT B. SLEIGHT, Respectively, Program Director and
President, Applied Psychology Corporation, Arlington, Virginia

Little information 1s presently available on the relation between various
driver characteristics and following distance. Using a photographic
technique for measuring distance between vehicles, two experiments were
desigred to measure (a) the effects on following distance of driver set, or
general attitude toward the particular driving situation, and (b) the abilaty
of drivers to maintain specified following distances, both with unaided
vision and with two simple judgment aids. When drivers were asked to
drive on a newly constructed highway not yet open to traffic under each of
three sets—emergency, habitual, and maximum safety— at speeds of both
30 and 50 mph, the results indicated that drivers believed they habitually
drove with maximum safety, as far as actual following distances were con-
cerned. The distances obtained under the "habitual" set were found to be
somewhat greater than those found 1n regular traffic on similar highways
by previous investigators.

Both aids to distance judgment substantially reduced errors made with
the unaided eye, at both 6- and 8-car lengths and a speed of 40 mph.

¢ FAULTY following distance has been held to be a major, or a contributing, factor 1n
over one-third of American motor vehicle accidents (6). The same poor judgment that
in some cases produces collisions may be responsible 1n other circumstances for dis-
turbances 1n the even flow of vehicular traffic. Thus, vehicle separation, or the bumper
to-bumper separation of two vehicles traveling in the same lane in the same direction, is
a matter of prime 1nterest to those concerned with optimum utilization of highway space.

Freeborn and Orchard (_4_1_) conducted a study 1n which drivers were asked to maintain
mimimum safe following distances. Forbes et al. (3) used both open highway and tunnel
conditions to measure the effects on individual following distance of such factors as
acceleration, deceleration, curves, grades, and visibility. Subjects were told to drive
"closely but safely as if anxious to get home 1n heavy traffic" (3, p. 346). Apart from
these two studies, following distance behavior on the open highway as an element of
individual driver psychology has not previously been studied, in terms either of external
factors or of driver characteristics. Mass data are available on environmental factors
that affect following distance, such as traffic volume and speed, grades, lateral inter-
ferences, curves, and kind of highway, 1n such source books as "The Highway Capacity
Manual" (2). A useful review of other approaches to the study of following distance on
the open highway 1s found in Chandler, Herman, and Montroll (1).

The study reported herein was undertaken to investigate two aspects of following dis-
tance vehavior: (a) changes in following distance associated with various mental sets
and (b) use of visual aids in maintaining accurate following distances. The mental sets
studied were habitual, emergency, and maximum safety driving. These terms are ex-
plained more fully later.

The distance judgment aids utilized either timing or the visual fusion phenomenon.

METHOD

To eliminate error resulting from interference by other vehicles the lead car and
following cars were the only vehicles present. Speed was controlled by the driver of
the lead car, and following distance was controlled by the subject in the following car,
according to pretrial instructions. 52
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TARGET BOARD CAMERA

[«——FOLLOWING DISTANCE:

Figure 1. Data collecting situation, illustrating following distance and motion picture

camera position.

Distance was measured by an adaptation of the Forbes method (3) using a motion
picture camera mounted 1n the rear window of the lead car and aimed at a target board
mounted on the front bumper of the following car, as shown in Figure 1. A frame-by-
frame analysis of the following distance was made after the trials; therefore, no feed-
back information was given the subjects during the data collection.

Previous experimentation had shown that when film projection conditions were stand-
ardized, measurements having an average error of less than 2 percent could be obtained
for following distances up to 200 ft by using photographs of the target board, then meas-
uring the length of this strip on the projected film image.

The highway used was a 3-mi section of the Baltimore (Maryland) Tunnel Thruway—
Northeastern Expressway, which had not been opened to the public. This was a two-
lane highway, marked with lane lines. There were no lateral mterferences, very lttle
curvature, and adequate sighting distances at all times.

Subjects

The subjects were 20 male and 6 female adults, representing approximately the
proportions of each sex in the three age groups (21-26, 35-40, 50-55) of the driving
population.

All subjects were screened 1n terms of age, education, driving experience, occupa-
tion, and experience with the type of car and transmission to be used 1n the experiment.
Those selected were tested for 12 visual
abilities, for brake-response time, and
for attitudes toward driving (5).

No subject admitted having had an acci-
dent 1n which there was loss of life, or
damage exceeding $500. Mean driving
experience was 14.3 years, and the aver-

TABLE 1
SUBJECT CHARACTERISTICS

age of total miles driven was 165, 000. Characteristic Mean S.D.
These data are given 1n Table 1.

Socioeconomically, the subjects were Age (yr) 34.62 10.29
quite diversified. Among the occupations  REducation (yr) 12.27 2.85
represented were housewife, policeman, Driving experience
college student, taxi-driver and account- (10, 000 mi) 16.51 19.74
ant. Mean number of years of education Vision:
was 12.3, with a spread from 8 to 18 Acuity:!
years, the majority did not go to college. Both 18.83 5.65

Right 23.04 9.51
Apparatus Left 23.87 12.36

The measurement apparatus consisted Phoria:*
of a 16-mm motion picture camera Vertical -0.06  1.60
mounted over the back seat of the lead Lateral 0.97  2.23
car and focused on a 5-ft target board Stereopsis 6.87 2.46

fastened to the front bumper of the follow-
ing car. The camera was run at a con-
stant rate of 8 frames per sec.

The automobiles were late-model auto-
matic transmission sedans of American
manufacture.

Brake response time (sec) 0.425 0.036

1Snellen equivalents may be obtained by
,Writing 20 above score.

Zero indicates complete muscular balance.
“High scores indicate good stereoscopic
ability (range O to 9).
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Figure 2. Visual ajd stimulus board for distance judgments.

Two special pieces of equipment were developed for this study, both mounted by
brackets to the bumper of a car. The first, used in the photographic measurements,
was a 5-ft white rectangle mounted on a matte black finish board.

The second, a special stimulus board used in estimating following distance, con-
sisted of two sets of stimuli utilizing the visual fusion phenomenon, as shown in Figure
2. One set was comprised of four pairs of reflectorized yellow bars, 1 by 5 in.,
mounted in vertical parallel pairs. The spaces between the bars were Yea in., %o 1n.,
%2 in. , and Yse in.

The other set of stimuli consisted of four Landolt "C" rings having gaps equal to the
separations of the parallel bars. The gaps were oriented randomly.

Both sets of stimuli were mounted on the same matte black finish board, which in
turn was mounted on the rear bumper of the lead automobale.

Procedure

Phase I. Mental Set. — An attempt was made to influence the subjects’' mental set
through verbal instructions. Three sets of instructions (habitual, emergency, and
maximum safety) were given at various stages of the experiment. The following stand-
ardized wording of the instructions were used:

Habitual: In your first test run, you will simply be asked to follow this lead
car at whatever speed he sets. Just travel along behind him as you would
ordinarily do if you wanted to drive at about the same speed. This is all there
is to it. This run will be made four times in succession, at two different speeds.

Maximum Safety: We are now going to make a run just as we have already done, with
one exception. You are to suppose that you wish to drive as safely as possible
while at the same speed as your friends in the lead car. You have your family
in the car and you are going to a picnic. One older person is very nervous about
riding in traffic, and there are a couple of very active and noisy children. You
are in no hurry whatever, and wish to be entirely sure of your safety. Do not
pass the lead car, and be sure to travel at about the same speed.

Emergency: You will now make a run just as you have already been doing, with one
exception. Imagine this time that you are in a situation where you must get |
where you are going just as fast as you possibly can, but you are prohibited from
passing the car in front of you. For instance, suppose that you are in an evacua-
tion from the city, and you are in a mass of traffic. The main idea is to get as
many cars past the city line as possible, in as short a time as possible. You
have been requested to drive as close to the car in front of you as you possibly
can, without endangering your car or yourself, and without causing a traffic tie-
up by a collision.

(After the second run, further instruction was given:) You will be repeating
these runs, and others, several times. Vary your driving 1n any way you wish
from time to time. You do not have to drive the same way each time, as long as
you travel at about the same speed as the lead car.

Each subject drove the experimental route twice to familiarize himself with the road
and the test car.

All subjects were given the habitual driving instruction first. The order of the maxi-
mum safety and emergency instructions was varied randomly from subject to subject.

Each subject drove twice under each instruction, at each of two speeds, making a
total of 12 runs per subject, or four runs per instruction.
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The subject drove alone 1n his car. TABLE 2
The lead car driver was accompanied by FOLLOWING DISTANCE IN RELATION TO SPEED
an experimenter until he had been thor- AND MENTAL SET (INSTRUCTIONS)
oughly trained. He then drove alone, Following Distance (car lengths)
operating the camera by a remote control
cable. Speed Emergency Habitual Safety

. . (mph) Set Set Set

Phase II. Estimation of Following
Dastance. —Various techniques of esti- Mean SD. Mean S.D. Mean SD.
mating distance were evaluated for their

. . . . . 30 . . . . . .

utility in aiding the subject to maintain a 50 §_2 ;3 lf_g 3 3 12_; 13.;

pre-set following distance.

The subject was 1ntroduced to the con-
cept of car length as an interval of 16 ft.
He was then positioned in the test car at distances from 1- to 10-car lengths behind
another car. Positionings were i whole car lengths and were made both while approch-
1ng and while withdrawing (backing away) from the lead car. The subject was told the
number of car lengths at each position.

He was next asked to approach the stationary lead car and stop at a distance of 6-car
lengths. He was told his actual distance. This procedure was repeated, stopping at
8-car lengths. Training was continued until the subject was able to estimate both dis-
tances, twice 1n succession, with an error of less than %-car length. He then drove
two runs maintaining each of the two following distances, making a total of four runs.

No special visual or other experimental cues were used during this part of Phase II.

The subject was then trained in the use of fusion stimuli as an aid to distance judg-
ment. The special stimulus board (described earlier) was attached to the rear bumper
of the lead car. From the driver's seat in his car, the subject was shown that each
member of the pairs of bars could be differentiated at close range, but as the distance
increased, the pairs tended to fuse into a single stripe, in inverse proportion to the
width of the space separating the pair. The same phenomenon was demonstrated with
the open "C" or Landolt rings.

The subject familiarized himself with both the bars and rings at a distance of 6- and
8-car lengths. He was trained in approaching and stopping at a specified distance behind
a stationary lead car until he could fulfill the accuracy requirements previously specified.

The subject was then taught the use of a time judgment method of distance estimation.
He was trained to count 10 sec, by saying aloud '"one thousand one, two thousand two,
three thousand three...'" until he achieved an error of less than 1 sec. The subject
then made two training runs, accompanied by an experimenter. During these runs the
subject attempted to maintain specified separations of 1% and 2 sec between his and the
lead car. These were the time equivalents of 6- and 8-car lengths. Fixed objects,
such as expansion joints in the pavement, road signs, or guardrail posts, were used as
reference points.

When training in the use of fusion and time judgment techniques was completed, the
subject made eight runs, two for each combination of technique and following distance.
Instructions for the judgment aid and following distance were given at the beginning of
each run. A speed of 40 mph was used throughout Phase II.

Method of Measurement

Frame-by-frame analysis of the films was used to measure the following distances.
Thus, the exact separation of the vehicles was measured at intervals of s sec.

Technical difficulties prevented the use of the target board as a reference in some
of the films. However, other fixed reference points on the vehicle proved to be equally
useful and the over-all maximum error of measurement was less than 3 percent.

Unfortunately, a certain number of run films were unusable, for a number of techni-
cal and operator error reasons. Thus, 25 of 26 subjects produced usable data for
Phase I and 18 of 26 subjects for Phase II.
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RESULTS
Phase I. Mental Set

Mean following distances and times for all subjects under each instruction and speed
are given in Table 2, and the analysis of variance results in Table 3.

The analysis showed that the effects of both instructions and speeds on following
distance were significantly greater than the differences between subjects and between
measurements. This was true because the error term used for making the F-test con-
tained both subject and measurement effects. The interaction between speed and in-
struction was also sigmificant. No term involving trials was significant.

When the means of Table 2 were examined for the explanation of these findings, the
Duncan range test showed that significant differences occurred between the means for
emergency instructions and those for either habitual or safety. There was no signifi-
cant difference between habitual and safety instructions at 30 mph.

Inasmuch as neither trials nor subjects nor individual measurements significantly
affected the results, 1t is believed that all problems of measurement and procedure
were satisfactorily solved.

Phase II. Estimation of Following Distance

Errors of estimation may be positive (underestimation, that is, greater than re-
quested following distance) or negative (overestimation). In a continuous pursuit task
such as following, both types of error may occur during the same trial period. In fact,
errors 1n one direction may be the result of overcompensation for errors in the other.
Analysis of these errors may be in terms of the direction of error or the absolute
amount of error.

Analysis of the direction of error 1s called vector error and is obtained by alge-
braically summing all individual errors. Thus, the negative errors compensate for,
or cancel out, positive errors, and vice versa. The absolute error, called scalar
error, is obtained by adding the absolute values of all the individual errors. The
direction, or vector, score gives the direction and magmtude of the subject's average
error; the absolute or scalar score gives the over-all magnitude of the error.

Hence, a subject who underestimates by 1-car length 50 percent of the time, and
overestimates 1-car length the other 50 percent, would have a direction (vector) error
score of 0 and an absolute (scalar) error score of 2.

TABLE 3

LENGTH OF FOLLOWING DISTANCE IN RELATION TO MENTAL SET,
SPEED, AND TRIALS-—-ANALYSIS OF VARIANCE

(N = 25)

Source df MS F
Mental set 2 860. 66 20.132
Speed 1 2,089. 61 48.872
Trials 1 11. 64 0.27
Mental set X speed 2 154. 42 3.61P
Mental set X trials 2 21.48 0.50
Speed X trials 1 2. 25 0.05
Mental set X speed X trials 2 6.11 0.14
Within cells (error) 288 42,76
Total 299

8significant beyond the 0.0l level.
Significant at the 0.05 level.
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TABLE 4

MEAN VECTOR ERRORS OF ESTIMATION OF FOLLOWING DISTANCE
BY JUDGMENT AID AND DISTANCE!

Judgment Aid (car lengths)

Distance
(car Habitual Fusion Timing
lengths) Mean S.D. Mean S.D. Mean  S.D.
6 1.7 2.6 0.3 1.5 -0.2 1.7
8 1.5 2.9 -0.2 3.3 0.2 1.9

!positive means indicate errors of underestimation (distance greater than required);
negative means indicate errors of overestimation (distance less than required).

TABLE 5

VECTOR ERRORS OF ESTIMATION OF FOLLOWING DISTANCE IN RELATION
TO ESTIMATION AIDS, SPECIFIED DISTANCES, AND TRIALS— ANALYSIS
OF VARIANCE

(N =18)

Source df MS F
Aids 2 55.95 12.162
Distances 1 0. 46 0.10
Trials 1 0.70 0.15
Aids X distances 2 2.50 0.54
Aids x trials 2 0.00 0.00
Distances x trials 1 2.83 0.62
Aids x distances x trials 2 1.07 0.23
Within cells (error) 204 4. 60
Total 215

a’Slgnlf:.cant beyond the 0.001 level.

The mean vector scores for all subjects under each condition of distance and judg-
ment aid are given in Table 4, and the analysis of variance in Table 5. Table 6 gives
the scalar scores, with the analysis of variance in Table 7.

From Table 4 it is apparent that without judgment aids subjects tended to underesti-
mate following distance. That 1s, they thought the distance was shorter than 1t actually
was, and therefore used a longer distance than was required. ,

Analysis of variance confirmed the significance of the effects of both types of judg-
ment aid: the level was better than 0.001. Examination of the mean differences by
t-ratios indicated that there was no sigmificant difference between the effects of visual
fusion and timing judgment aids.

Actual car lengths of error were about the same at one distance as at the other, but
percent of error (length of error divided by length of required distance) showed a con-
sistent decline for the longer distance, under all three judgment conditions.

The absence of significant effects by trials, or by any of the interactions, when com-
pared to subjects and measurements, indicates that reliability has been achieved in
spite of difficulties of measurement, design, and subject selection.
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TABLE 6

MEAN SCALAR ERRORS OF ESTIMATION OF FOLLOWING DISTANCE
BY JUDGMENT AID AND DISTANCE

Judgment Aid (car lengths)

Distance
(car Habitual Fusion Timing
lengths)
Mean S.D. Mean S.D. Mean S.D.
6 2.1 13.0 1.2 4.6 1.4 5.3
8 2.2 14.3 1.6 6.8 1.5 6.6
TABLE 7

SCALAR ERRORS OF ESTIMATION OF FOLLOWING DISTANCE IN RELATION
TO ESTIMATION AIDS, SPECIFIED DISTANCES, AND TRIALS-
ANALYSIS OF VARIANCE

(N = 18)

Source df MS F
Aids 2 13.75° 5.75%
Distances 1 1.34 0.56
Trials 1 5.80 2.43
Aids x distances' 2 0.12 0.05
Axds x trials 2 0.74 0.30
Distances x trials 1 2.11 0. 88
Axds x distances x trials 2 0.07 0.03
Within cells {(error) 204 2.39
Total 215

81gnificant beyond the 0.05 level.

The virtual elimination of vector errors when aids are used indicates that the habit-
ual tendency to follow at a distance greater than requested can be overcome by using
such aids. Reduction in the scalar errors indicates that judgment aids also assist the
subject in reducing the total amount of error.

ANALYSIS

The absence of significant differences between habitual and safety sets suggests that
either these drivers did not interpret the instructions correctly or they believed that
they habitually drove as safely as possible. This was checked at the end of testing, by
asking the subject whether he feit the distances he maintained under safety instructions
were sufficient to preclude collision. Answers were always affirmative. When asked
whether he could have driven closer under emergency instruction, the subject often in-
dicated that he could have used a shorter distance but thought his instructions required
at least some margin for safety.

These responses seem to indicate the subjects really did not perceive significant dif-
ferences at 30 mph between the distances they ordinarily preferred and those affording
maximum safety. This perception is even more striking when one realizes that some
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subjects drove at distances less than 3-car lengths at 30 mph, yet insisted that these
distances were completely safe. Other subjects dropped back as far as 50- or 60-car
lengths, and one drove over 100-car lengths behind, under "safety' instructions.

The data on estimating following distance i1ndicate that it is possible to reduce error
substantially by providing simple judgment aids. Even greater improvement may be
possible with more refined aids.

Actual amount of error remained approximately the same at 6- and 8-car lengths;
that is, percent of error was less at 8-car lengths for each aid used than it was at 6.

The general tendency to underestimate, or err in the direction of greater separation,
implies a general resistance to driving at distances as short as 6- or 8-car lengths when
speed 1s 40 mph. Available data on length of following distance support this conclusion.

CONCLUSIONS
Analysis of the data resulted 1n these conclusions for the subjects used:

1. Following distance 1s a stable measure of driving performance.

2. Both speed and emergency instructions affected following distance, with the
higher speed resulting in longer distances and the emergency mental set resulting in
shorter distances.

3. Percent of error was significantly less at the longer of the two requested follow-
ing distances.

4. Use of the visual and timing aids resulted in significantly lessening the tendency
to follow at a greater than requested distance.

5. On the average, drivers drove at about the same following distance under both
habitual and maximum safety instructions, at 30 mph.
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Some Solutions of Visibility and Legibility
Problems in Changeable Speed
Command Signs

HERBERT J. BAUER, Semor Research Psychologist, Engineering Mechanics
Department, General Motors Research Laboratories, Warren, Mich.

This report details the unusual, as well as the usual, design criteria speci-
fied for a discrete-bulb, matrix, speed command sign. Laboratory tests
and various results are discussed. The interaction effects found among
criteria meeting design specifications are pointed out. The speed command
sign 1n use with the '"Traffic Pacer" system in Warren, Mich., 1s the end
product of the research. Specifications, sketches, and photographs, as
well as research data, are included.

¢ SPEED COMMAND SIGNS, whether painted or electric, are certainly no new phenom-
ena on highway systems, nor are the problems of visibility and legibility new problems.
However, more advanced highway designs have presented situations wherein the
painted, reflectorized, bi-message sign 1s no longer adequate. The traffic-handling
problem of limited access highways and tunnels has suggested that changeable speed
commands must be provided for the drivers in the system in order to obtain maximum
volume handling on these systems. The personnel at General Motors Research Labora-
tories found themselves in the "sign business'' particularly because of the experimental
traffic pacing system which the laboratory has installed on Mound Road in Warren, Mich.,
(Fig. 1). The nature of this system is such that the drivers on Mound Road have to be
presented with frequently changing speed commands. Initially it was not clear just how
many different messages would have to be presented to drivers. It was anticipated that
speeds such as 40, 35, 25, 20, and 15 mph would have to be made available. The
changes must occur instantaneously. It was further ascertained that during certain
periods of time the speed command signs must blank out completely; that is, no message
was to be presented. During the early stages of the development of this system the then
commercially available signs, such as those typically found in sports arenas, were in-
vestigated for possible use. It was soon established that they would not meet the criteria
that had been set for the speed command signals on the General Motors Traffic Pacer
system. Consequently, a new design had to be devised.

The criteria that were established fall roughly wto three categories: (a) psychophysi-
cal, (b) mechanical, and (c) cost.

The psychophysical criteria fall into three subcategories. First, there is the general
psychophysical criteria. These were (a) the sign must be instantaneously changeable to
read from blank message through 99, and (b) the sign must present its message with such
legibility that there would be a minimum of reading errors.

The second group of psychophysical subcriteria were those relating to the conditions
under which the sign would be viewed. It was intended that the sign should be legible
from a distance of 500 ft (intentional restriction). The exposure time (that is, viewing
time) was to be approximately 1 sec (for test purposes only). The sign was to be legible
whether illuminated with high-level lighting directly in front or high-level lighting direct-
ly behind. It was further stipulated that the sign must be useful for both day and night
use without the necessity of electrical or mechanical changes being introduced from one
condition to another.

Weather conditions were also to be considered. Legibility in rain and snow were to
be assayed. It was specifically stipulated that as much as Y in. of solid frost or ice
must be tolerable on the face of the sign.
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Figure 1. View of GMR Traffic Pacer system, Mound Road, Warren, Mich.

Inasmuch as the sign was to be devised of discrete electric light bulbs, 1t was also
indicated that the design of the configuration of numerals must be such that some bulb
failure was permissible.

The third set of psychophysical subcriteria related particularly to the numeral
characteristics. They were to be legible almost without error. Furthermore, the
numbers themselves had to have a chromatic quality somewhere between yellow and
amber. They had also to be linear; that is, not to be composed of discrete points of
light, as 1s the case of the typical matrix-type electric bulb sign, but instead, the num-
bers were to appear as though they were composed of single broad strokes of light.
Finally, the sign had to be such that it could be completely blanked out. During certain
periods the speed command sign must show no numerals of any kind. Incident hight fall-
ing on the sign must be controlled in such a manner that the reflections from the bulbs
would not present the driver with an erroneous display.

From the mechanical standpoint the sign was to be somewhere in the order of 4 by
2 1t in over-all size with a thickness to about 12 i1n. The weight was to be held under
100 Ib. The mechanical features of the sign were to be such that a minimum amount of
dirt could collect on 1its face. Adequate ventilation was to be provided. Ease of main-
tenance and replacement was to be assured for the conditions under which replacement
might have to take place could be very adverse. As previously stated, no day-night
bulb voltage changes were to be tolerated. The cost criteria were just what one would
expect: keep the cost at a minimum, use standard available parts wherever possible.

GMR SIGN

In many respects the Research Laboratories sign is not at all unique. Like many
others it is a discrete-bulb, 5 by 7 matrix sign. Used in pairs it is capable of flashing
numerals through 99. It is relay operated through a central control system. However,
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Figure 2. Typical configurations tested for numeral 2.

o

there are three aspects of this sign that are perhaps unique. The first of these relates
to the configuration of numerals employed, the second relates to the linearity of the
figures, and the third to its capability of blanking.

Numeral Configuration

Before experimentation a number of commercially available signs were tested. It
was found that they would not meet the criteria established for the Traffic Pacer system.
Those tested failed on two primary grounds: legibility at the specified distance and
lighting condition, and/or too many reading errors when viewed at the criterion distance
and exposure time. It was decided that a new set of numerals had to be developed. A
large number of configurations were constructed in printed form (Fig. 2). These were
tested for legibility and confusion in paper and pencil form. From the results of these
early tests a prototype sign consisting simply of a bulb matrix was constructed and the
final set of configurations for the numerals 0 through 9 were selected.

The prototype configurations were tested under three different conditions:

1. Bright sunlight, clear sky, with sun incident on the sign face with minimum
shadow in the bulb cells.

2. Bright sunlight, clear sky, with sun behind the sign (the sign oriented for maxi-
mum brightness behind it).

3. On a dark, moonless night.

The test numerals were presented in the same manner in each test condition. (The
tests were conducted for the author by R. L. Bierley of GMR.) One digit was presented
at a time to each of the experimental subjects. The sequence of presentations was
taken from a table of random numbers. In the final test each of the 20 subjects viewed
each numeral five times. Exposure time was 1 sec.

During the course of the testing some configuration modification needs became ap-
parent. Once these were made the previous test data were discarded and the entire
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Figure 3. Numeral configuration.

testing program was renewed. No subject served for testing of the revised figures if
he had served for any earlier version.

In a total of 1, 000 presentations (final test) there were no errors of identification or
confusion of the various numerals when presented for 1 sec at a distance of 500 ft under
any of the experimental conditions: front lighting, back lighting, or darkness. Further-
more, random bulb failures were introduced and further testing continued. It was found
that as many as 5 randomly selected bulbs could be failed in any one numeral before the
numerals became illegible or were misread. The numeral configurations shown in Fig-
ure 3 are those finally selected. Although not all numbers seem to conform with aesthet-
ic principles or presumed logic, it is known that under careful experimentation condi-
tions they have tested adequately.

Figure Linearity

One of the criteria was that the numerals should not be viewed as the typical discrete
points of light, but rather that they should present to the viewer the impression that the
numerals are composed of solid bold strokes of light. This condition has been achieved.
The GMR sign (Fig. 4) does not have the characteristic cylindrical or conical reflector
or surround, but rather the bulbs in the GMR sign are located in a honeycomb-like struc-
ture of rectangular cells. The linearity achieved is fundamentally a function of this rec-
tangular as opposed to circular cell structure. The linearity is further enhanced by the
use of colored frosted bulbs. The linearity can further be enhanced by the use of lightly
frosted glass or plexiglass in front of the cells. However, such an addition is in conflict
with some of the other requirements (especially daylight usage) of the sign.

Sign Blanking
The speed control sign for the Traffic Pacer system has one requirement generally
not found in typical commercial bulb electric signs—blanking. During certain phases
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Figure L. General design of matrix and cells.

of the signaling sequence it 1s required that no numbers appear on the sign. The diffi-
culty encountered arises out of the fact that incident daylight, and especially direct sun-
light, will reflect from the bulbs to a greater or lesser degree depending on the type of
bulb and the type of cover (plexiglass, etc.) in front of the cells. Under some conditions
the sign appears to be displaying the number 88 (due to bulb configuration) when the |
current 1s off but sunlight is incident.

The first attempt to solve the blanking problem was to use shields (sun shades) at the
top and side of the sign. This solution was not particularly successful. The size of the
shield required for a complete coverage at all sun angles was too great.

The second attempt was a combination of cell color and bulb type. The use of black
cell interiors contributed significantly to the reduction of erroneous readout, especially
when combined with clear, rather than frosted, bulbs. Clear bulbs did not give the
linearity (straight-line letter stroke) desired. However, the numbers were now optically
composed of a series of discrete dots of light. The phenomenon was most pronounced
under daylight conditions.

The next attempt was to use front covers of various colors of plexiglass. Although
dark amber plexiglass covers greatly enhanced blanking, 1t also presented other severe
dafficulties: reflection and heat generation. Except under carefully controlled conditions
the reflection of incident daylight on the sign was so great that 1t tended to obliterate the
numbers being presented. In an effort to reduce the glare different degrees of sand
blasting of the outer surface of plexiglass were tried. This did eliminate glare, but a
new problem presented itself. The incident light now reflected and refracted so that
the appearance of the sign face was that of a white or grayish surface with more or less
chroma depending on the degree of sandblasting and/or the basic hue of the plexiglass.

In 1itself this is not objectionable. However, this condition reduced the contrast ratio
between the illuminated cells and the sign face to the point where daylight legibility was
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not acceptable. Increases in bulb intensi-
ty to increase the contrast ratio were un-
successful. Too much wattage was re-
quired resulting in increased heat genera-
tion. Further, some "crispness' of the
configuration was also lost by this tech-
nique.

The use of plexiglass and glass panels
of various molded surface textures was
not successful because of the consequent
reduction of image definition. The num-
bers appeared blurred, particularly at
night. It might also be pointed out that
the use of plexiglass or glass front covers
is not recommended by peoplé producing
signs of this type commercially. It is
their contention (though it was not tested
here) that these surfaces accumulate too
much road dust and as a consequence re-
duce the intensity of the light output to a
point where it becomes a serious problem.

The use of ""dummy bulbs'' to present a
homogeneous appearance during blanking Figure 5. Blanked speed sign.
periods of the display was considered, but
rejected on economic grounds. However,
it was found that a dual approach could stimulate homogeneity. First of all, the blank
center sections of the sign were also filled with a cell-like structure similar to the rest
of the sign. Secondly, the back areas of these cells were painted a color similar to
that of the unilluminated surface color of the bulbs used in the sign. This solution
though the best thus far was not totally adequate.

Completely satisfactory blanking was finally obtained by the use of a screen of Kool-
Shade, type RB, placed directly in front of the cellular structure with the louvers slant-
ing downward. This material may be described as a series of horizontal louvers 0. 05
in. wide and 0.005 in. thick permanently set at an angle of 17° by warp wires spaced on
0.05-in. centers. The spacing of the louvers in type RB is about 17 louvers per in.
The denser screen (type LSA) with 23 louvers per in. was also tested but found to be
insignificantly different for test purposes. Therefore, because the price differences
were considerable the type RB screen was finally selected as fronting for the speed con-
trol sign. This last combination was found to be completely satisfactory for blanking
purposes even with low angle incident sun. It is true that at very short distances (15 ft)
it is possible to discern the bulbs as distinct from the blank area in the sign. However,
at such distances even though the sun be directly incident on the sign it is possible to
recognize clearly the fact that the sign is not displaying any given numeral (cf., Fig. 5).

Day- Night Legibility

Next are the problems encountered in providing both day and night legibility without
voltage changes to the bulbs. It was found that the ideal daylight sign parameters could
not be used without some modification for nighttime usage. The brightness necessary
for daytime visibility was too great to use at night. A tremendous halo effect (spill
light) was encountered. The result was that a sign visible at 1, 000 ft in bright daylight
was not legible at more than 300 to 400 ft at night.

The most obvious solution to this problem is simple time-controlled voltage reduction.
This was tried and found adequate. However, two factors encouraged research for some
other solution: cost and reliability. The latter was of particular consequence inasmuch
as total reliability is the product of the reliability of the components. The use of reduced
output bulbs proved unsatisfactory because of loss of brightness contrast for daylight legi-
bility. Various colors within the cells of the bulbs were used in an attempt to compensate
for reduction in light output.
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TABLE 1
TRAFFIC PACER SPEED SIGN BULB AND CELL COMBINATION TESTS
SUMMARIZED'
Bulb Type
Nighttime .
Cell White Yellow Clear
Color Vo%tv,e;.ge Clear Frosted Frosted Yellow
Night Day Night Day Night Day Night Day
Black 110 2 2A 1 iB 3 1C 2 1A
90
80
White 110 3 2B 1 4A 4 4A 2 2B
90 2 4
80 3 1
Yellow 110 2 2B 3 3B 2 4C NT
90 NT
80 NT

1411 bulbs 25 watts rated at 110 to 120 v; daylight ratings based on 110 v. Test dis-
tance = 450 ft. All tests performed with KoolShade 17-in. screen in front of cells.

Legibility Rating Scale Bright Sun Blanking Rating Scale
Excellent = 4 Excellent = A
Godod = g Good =B
Fair = Fair =C
Poor =1 Poor =D
Unusable =0 Unusable =E

The final solution correlated well with the need for chromaticity which was cited as
one of the criteria. General Electric Corporation yellow-enameled bulb 25AY served
well, The output of this bulb is only 190 lumens compared with the 260 lumens output
of the frosted white GE bulb of the same wattage. (It will be recalled that frosted bulbs
enhance linearity as opposed to clear bulbs.) The brightness contrast which is lost be-
cause of the reduction in lumens output is adequately compensated for in daylight usage
by the additional chroma (color contrast) which in itself enhances legibility. Table 1
summarizes ratings for various combinations of cell colors, bulb voltages, and bulb
types which were tested. Not all cells in the table are filled. It did not seem worth
while trying; for example, the reduced voltages when 100 VAC was already shown inade-
quate.

ANALYSIS

The solutions to some of the criteria problems tended to be the converse of the re-
quirement of other criteria. Thus, a white-cell sign with white frosted bulbs and a
cool shade screen was ideal for daylight legibility. It was still readable for subjects
with normal vision at 1,000 ft the bright sun directed at the face of the sign. Yet the
very characteristics that made this sign configuration ideal for daytime use made it un-
suitable for nighttime because of the tremendous amount of halo (spill light) produced
at night. On the other hand, some of the solutions adopted for one specific criter:a
actually presented quite automatically the solution for some other criteria problems.
For example, the need for chromatic (yellow) numerals was solved by the use of an
enameled yellow bulb. This, it developed, was precisely the bulb to use for the reduc-
tion of the halo at night. Further, the frosted bulb enhanced the linearity desired for
the configuration.

At first it seemed that the final design must be a compromise. It is felt that such
is not the case. No aspect has been permitted to be degraded for the sake of bringing
another up to required standards. The specifications recommended ultimately for the
sign meet the criteria established earlier in this paper.
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The mechanical criteria cited have
also been met in the design. Briefly, the
over-all size of the sign is 38 in. long,

23 in. high, and 10 in. deep. The numer-
als themselves are 18% in. high by 13 in.
wide. The over-all weight of the sign is
79 Ib. The use of the cool shade screen
as opposed to a plexiglass or glass front
has provided for minimum dirt collection
probability and has provided maximum
ventilation.

The requirement of %e in. frost on the
sign has been also tested for and it has
been found that the numerals are still per-
fectly legible even with this amount of ice
on their face.

The ease of maintenance and replace-
ment have been provided for by incorpora-
ting into the mechanical design typical
maintenance characteristics specified by
the principles of engineering psychology.
The sign is modular in character. It is
color-, shape-, and size-coded for ease
of installation of replacement parts. (For
example, the entire honeycomb structure can be removed by a one-quarter turn of two
fastening devices. All bulbs may then be readily changed.) The entire numeral units,
of which there are two in each sign, can be removed by loosening four quarter-turn
fastening devices. They are coded so that the probability of replacing a left-hand (tens
digit) with a right-hand (units digit) assembly is not possible.

The use of the yellow lamp has precluded the necessity for incorporating a voltage
change system.

The cost criteria have been met to satisfaction. However, the bids received from
commercial organizations for the construction of this sign varied considerably. The
lowest priced bid received was approximately Ys of the highest bid received.

Figure 6. Illuminated speed command sign.

Summary of Sign Specifications

1. The sign (Fig. 6) consists of a 5 by 7 bulb matrix composed of rectangular cells
2% by 2% in. square inside dimensions by 4% in. in depth. The cell matrix interiors
are painted reflective white with the exception of those cells which do not have bulb
sockets, these have a yellow background (sides and edges white) of the same shade of
yellow as the bulbs in unilluminated mode. The bulb sockets (ceramic) are on 2%-in.
centers (cf., Fig. 4).

2. The numeral configurations shown in Figure 3 have been found most suitable.

3. The recommended bulb is GE 25AY, the yellow enameled 25-watt bulb rated at
130 volts.

4. Bulb-operating operating voltage is 110 volts for greater bulb life. Bulb life vs
percent rate of operating voltage is calculated as

L, ( Vy )13. 5
L, Vi

in which
L, = increased expected life;
L, = life at rated voltage;
v, = reduced voltage; and
v, = rated voltage.

2
The rated life of the specified bulb is 1,000 hr. At 110-volt operating voltage the life
is increased to 9,340 hr well within the 3,000-hr replacement schedule practice by the
highway department maintaining the signs.
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5. The face of the sign is equipped with KoolShade screen, type RB. This screen
is mounted so that 1t 1s immediately adjacent to the front edge of the matrix cell. Care
must be taken that the angle of the louvers are slanted downward. The screen as well
as the rest of the sign 1s painted flat black.

Specifications just listed provide a sign that meets the following requirements:

1. Legible at 500 ft with 1-sec exposure time when viewed under the following con-
ditions:
(a) Bright sunlight, clear sky with sun incident on sign face with minimum
shadow on the bulb cells.
(b) Bright sunlight, clear sky with sun behind the sign. The sign-oriented
maximum brightness behind 1if.
(c) Dark rainy, moonless night.
(d) When sign face 1s covered with %7 1. of 1ce.
(e) When as many as {ive bulbs have failed.
2. Numerals have defimite chromatic (yellow) hue 1n both daylight and mght conditions.
3. Nighttime legibility 1s as adequate as daytime legibility without the necessity of
components designed to reduce bulb voltages with lower ambient lighting.
4, Blanking of sign face when power 1s removed from the bulbs so that under these
conditions no spurious numeral 1s visible under either day or night viewing.

CONCLUSION

It 1s not to be assumed that the particular sign described by the previous specifica-
tions 1s the absolute optimum for this particular device or the service for which 1t 1s
intended. However, the requirements set forth for the speed command signs in the
General Motors Research Laboratories Traffic Pacer System on Mound Road 1n Warren,
Mich., have been met satisfactorily by the sign described.
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e DRIVER EDUCATION, introduced into the high school 16 years ago, 1s now well

established 1n the curriculum. It 1s offered at 12,600 of 17,227 public high schools, of

which 10, 869 give courses including behind-the-wheel nstruction (1).

There have been steady 1mprovements in course standards, in materials and tech-
niques, and in teacher preparation and certification. However, most specialists as
well as others interested in driver education recognize the need for further improvement
and continual appraisal of-programs, especially because of the demonstrated utility of
driver education in reducing traffic accidents (2).

A significant part of mnstruction in driver education takes place ""behind the wheel."
Many factors suggest that this phase 1s highly important to future driving performance
(3 4) It 1s also unique: 1t makes a virtual ""classroom on wheels," Part I* of this
study is the first empirical attempt to analyze effective behind-the-wheel instruction.

STUDY PLAN

Techniques for identifying teacher effectiveness were reviewed 1n an effort to dis-
cover their applicability to behind-the-wheel instruction. The Critical Incident Tech-
nique was chosen because of its success in dealing with similar problems (5, 6, 7, 8),
and because 1t was suited to 1dentifying specific teacher behaviors that coul_d later be
used in the development of an evaluative instrument. In this technique, qualified
observers describe specific incidents 1n which an individual performs effectively or
ineffectively 1n terms of the stated aims of the activity. These incidents are then
analyzed by abstracting the critically important behaviors in each description; the be-
haviors are inductively grouped to form categories. The category headings provide
an outline of the critical aspects of the activity and ways 1n which individuals perform
effectively and ineffectively in terms of these aspects. In this study, the technique
provides a list of effective and ineffective teacher-behaviors in behind-the-wheel
instruction.

This study also takes account of the situations in which the teacher-behaviors take
place. In a critical incident, important conditions or events that precede or are con-
current with a critical behavior are called situational variables. These are abstracted
from critical incidents in the same way critical behaviors are abstracted. The relation-
ship between the variables and critical behaviors is then examined.

Thas 1dentification of critical aspects of teaching, therefore, describes effective and
neffective teacher-behaviors as well as the conditions under which they took place.

COLLECTION OF DATA

Four groups were selected for the study because their close association with behind-
the-wheel instruction put them 1n a position to judge its effectiveness:

*Pa.rt I of this two-part study describes effective and ineffective actions of teachers
in behind-the-wheel instruction. Based on these actions, Part II will develop an in-
strument to measure effective teaching. Part II is scheduled for completion in April
19r 2. In 1ts initiel phases the study was financed by the AAA Foundation for Traffic
Safety. It is now supported by the National Institutes of Health of tne United States
Public Health Service (RG-7365).
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Group I.  High school teachers of driver education.

Group II.  College instructors of driver education.

Group III. Supervisors or others responsible for
evaluating driver education teachers.

Group IV. High school students taking driver education.

In selecting persons from each group to contribute incidents, an attempt was made
to choose a sample representative of driver education in high schools and colleges of
the United States as a whole. The number of high school teachers chosen in each State
was proportionate to the number of active driver education teachers in the State as com-
pared with those active in the nation. Because of their relatively small numbers, all
college teachers of driver education (on lists that could be obtained) were solicited.

The total membership of the Supervisors Section of the National Safety Council was in-
vited to contribute. Finally the high school students were selected from each of the six
major geographical areas in the country (northeast, north-central, northwest, southeast,
south-central, southwest).

All critical incidents were described in writing. Each person was asked to describe
at least two ncidents, one effective and one ineffective. A full page was made available
for recording each incident. Different reporting forms were developed for each group.
The following statements introduced the form used with high school teachers (appro-
priate changes were made for the other groups):

1. Think of the experiences you have had in the behind-the-wheel phase of your ;
teaching in driver education during the past term. Describe an incident in which your !
behavior was especially effective in helping the student achieve the objectives of the
driver education program. (Be sure to include just what you said or did and how it
affected the student. Please do not give a general description—try to limit your re-
sponse to a specific incident.)

2. During the past term there may have been some incidents in the behind-the-wheel
phase of the program in which you said or did something which seemed to be detrimental
to your student's progress. Describe your behavior in one of these incidents and the |
effect it had on the student. (Or describe an incident you have observed in which another
teacher said or did something which was detrimental to a student's progress.)

Incidents from teachers and supervisors were collected by mail. Students had to be
carefully oriented to the purposes of the study before they were able to contribute usable
incidents, so a group-interview technique was developed and used. The respondents |
were assured that the incidents they described would be used only for research purposes,
not for personal evaluations.

In keeping with the requirements of the Critical Incident Techmque, criteria for
accepting incidents were established. Most important among these were the following:

(a) the incident must describe an actual happening observed by the reporter; (b) i1t must

TABLE 1
DISTRIBUTION OF RESPONSES

Usable Effective Behavior Ineffective Behavior Total Behavior
Group Malilings R -—

P

per per ——— per
Incidents Behaviors Incident Incidents Behaviors Incident Incidents Behaviors Incident

High

school

teachers 2,599 516 557 742 1.33 374 388 104 931 1,130 121
College

instruc-

tors 282 62 70 105 150 59 61 103 120 166 120
school

students  (69)" 75 574 638 11 488 488 100 1,062 1,126 1 06
Total 2,881 1,353 1,201 1,485 124 921 987 102 2,122 2,422 114

l(n'oup interviews.
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TABLE 2

SCALE OF AGREEMENT—DISAGREEMENT IN ABSTRACTING
CRITICAL BEHAVIORS

Agreement:

A, Judge 1dentifies the same behavior identified by the investi-
gator. (He may identify the same words or the same ideas.
When both the judge and the investigator underhne the be-
havior, agreement depends on whether they underline es-
sentially the same words. When one or both summarize
a behavior, agreement must necessarily depend on the
similarity of ideas.)

Az Judge identifies as two or more behaviors, material that
investigator identifies as one.

As Judge identifies as one behavior, material that the investiga-
tor has divided into two or more.

(A2 and As are considered areas of agreement because in each case essentially the
same material was identified. The fact that a judge separates a single behavior into
two parts, or vice versa, does not seem to constitute a significant disagreement.)

Agreement-Disagreement:

A-D Judge identifies essentially the same behavior but adds an
1dea not identified by the investigator, or judge 1dentifies
essentially the same behavior but omits an idea identified
by the investigator.

(A-D is an area of partial agreement and partial disagreement relating to the identifi-
cation of a single behavior.)

Disagreement:

D Judge omits the behavior 1dentified by the investigator or
identifies another behavior 1n 1its place, or judge identifies
a behavior not 1dentified by the investigator.

(In accordance with these criteria of disagreement, when a judge and an investigator
each identifies one behavior in a given incident and these behaviors are completely
different, this constitutes one instance of disagreement.)

Because the category of agreement-disagreement constituted an area of partial
agreement, the following formulas were used to determine total agreement and total
disagreement:

Total agreement = AL + Az + As +'A5D

Total disagreement = D+ A;D

take place in behind-the-wheel nstruction; (c¢) it must include a clear description of
teacher behavior.

In tabulating responses (Table 1), of the 2,599 high school instructors who were
mailed critical incident forms, 516 (19.1 percent) contributed usable incidents. Ninety
more returned incidents that proved unusable, and 133 explained why they could not
comply. A total of 62 college instructors (out of 282 who were sent forms) contributed
usable incidents (21.7 percent) and 775 high school students contributed incidents de-
scribing the behavior of at least 68 teachers in 68 different schools. (The exact number
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of teachers 1s not known because some classes from which student incidents were col-
lected had more than one teacher instructing behind the wheel.) No more than 20 inci-
dents describing the behavior of one teacher (10 effective and 10 ineffective) were
accepted.

Only 29 of 626 supervisors returned usable responses. Among the most frequent
reasons for supervisors' being unable to comply was "I have not recently had an oppor-
tunity to observe behind-the-wheel instruction." Because of the inadequate return,
responses from the supervisors' group were not used.

ANALYSIS OF DATA

The first step in analysis was abstracting critical behaviors. Each behavior was
identified by underlining the part of the incident that described the action of the teacher
judged to be especially effective or ineffective. Some incidents contained more than
one critical behavior. Each behavior was coded and recorded. A total of 2,422 critical
behaviors was abstracted from the 2.122 incidents used 1n the study (1.14 critical be-
haviors per incident) (see Table 1).

A group of 50 incidents (25 effective and 25 neffective) was selected at random.,

A member of the study team underlined or summarized the critical teacher-behaviors
in each incident. Two judges, competent to use the Critical Incident Techmque, were
asked to underline or summarize critical behaviors from the same 50 incidents. A
scale of agreement-disagreement was developed (see Table 2) and the abstractions of
the judges compared with those of the study team. Judge 1 and the study team agreed
on 77.8 percent of the critical behaviors abstracted; Judge 2 and the study team agreed
on 73.7 percent,

Critical behaviors were inductively grouped into categories. Category headings were
devised to describe all behaviors 1n the category. As the number of behaviors 1n each
category increased, subcategories were developed to account for the different types.
Finally, categories and subcategories were grouped under four major areas of behavior.

Originally, critical behaviors contributed by teachers and students were classified
separately. On examination, however, the separate classifications proved to be similar,
and they were combined although the number of critical behaviors contributed by each
group was tabulated separately (see Table 3).

Table 3 lists the 93 critical teacher-behaviors identified by this study. Each be-
havior is actually a summary statement describing similar behaviors within a subcate-
gory. The behaviors are grouped into 20 categories and the categories are orgamzed
under four major areas of behavior. The list describes effective and ineffective behind-
the-wheel instruction in terms of the critical behaviors identified in the study.

ANALYSIS OF FINDINGS IN TABLE 3

The number of abstracted critical behaviors contained 1n areas of behavior, categor-
ies and subcategories are given in Table 3. More effective behaviors (1,485) were
described than ineffective (937). This may represent a reluctance on the part of
students and teachers to report ineffective behaviors. In areas of behavior, 49.80 per-
cent occur in Area I (Control), 30.55 percent in Area III (Analysis), 13.01 percent in
Area IV (Special Techmque), and 5.12 percent in Area IT (Example).

The number of abstracted critical behaviors in each subcategory evidences wide
variation. Certain subcategories stand out as frequently mentioned types of critical
behavior:

1. Effective analysis of student's bad driving actions (freq. 381) and ineffective
analysis of student's bad driving actions (freq. 177) are the two largest. This 1s due
partly to their broadness (each has 6 component behaviors), but it also indicates the
importance of the teacher's reaction to student mistakes. Perhaps the student is most
educable the moment he makes a mistake.

2. Another frequently mentioned behavior is the teacher's use of the dual-control
brake. Effective use to avoid an accident (freq. 111) occurred less frequently than
ineffective use 1n nondangerous situations (freq. 121). This suggests that although the
dual-control brake may protect those in the car, its overuse often results in poor in-
struction.
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TABLE 3

EFFECTIVE AND INEFFECTIVE BEHAVIORS OF DRIVER EDUCATION TEACHERS
IN BEHIND-THE-WHEEL INSTRUCTION')?

Area of Behavior: 1. TEACHER CONTROLS STUDENT DRIVING (T 579 - S 628)

Category: 1. Teacher takes control of vehicle from student driver
(T 122 - S 249)
Effective Behaviors Ineffective Behaviors
a - Apples dual-control brake and/or a - Applies dual-control brake and/or"
turns steering wheel to avoid acci- turns steering wheel before any real
dent (T 59 - S 52) danger arises and before student has

chance to make necessary correc-
tions himself (T 6 - S 115)

b - Apples dual-control brake when b - Jams on dual-control brake (when
necessary to stop vehicle (in its student makes mistake) in a way that
immediate position) to point out unreasonably magnifies student's
student's mistake (T 14 - S 2) mistake (T7-8S9)

c - Takes partial control of vehicle ¢ - Continually assists student by taking
when student needs assistance 1n partial control of vehicle without
performing maneuver or skill allowing student to perform maneuver
(T21-S0) or skill by himself (T 15 - S 48)

d - Applies dual-control brake to keep
student from committing serious
violation (T 0 - S 23)

Category: 2. Teacher allows student to maintain control of vehicle
(does not take control of vehicle) (T 32 - S 10)

a - Allows student to make driving er- a - Allows student to make dangerous
ror to help him learn through mis- mistake (and/or get into accident)
take (T 22-8S7) . (T6-5S0)

b - Does not take control of vehicle
when time and circumstances permat
student to correct his own mistake
(T4-83)

Category: 3. Teacher directs student control of vehicle before student
starts to drive (T 34 - S 36)

a - Tells student exactly where to drive a - Gives vague directions 1n telling stu-
vehicle (what route to take) (T 3 - dent where to drive (T 2 - S 1)
S 3)

l¥Por clarity of organization, the list is divided into "Areas of Behavior" and "Cate-
gories." Critical behaviors are listed under categories and are actually summary
statements describing groups of simlilar behaviors. Generally, ineffective behaviors
are placed opposite their effective counterparts.

3T = number of teacher-described critical behaviors in area of behavior, category, or
subcategory. = number of student-described critical behaviors in area of behavior,
category, or subcategory.
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Effective Behaviors

|
Ineffective Behaviors I

b - Gives clear and precise description b - Gives vague and/or incomplete de- !
of what actions student should take scription of what actions student is
in performance of driving skill or to take in performance of a skill or
maneuver (T 10 - S 5) maneuver (T 5 - S 8)
c - Fails to point out what actions need
be taken in performance of maneuver |
or skill (T 8 - S 10) ]
d - Incorrectly points out what actions to :l
take 1n performance of skill or ma- !
neuver (T 6 - S 9) g
Category: 4, Teacher directs student control of vehicle while student
is driving (T 292 - S 310)
a - Gives clear and precise description a - Gives vague or confusing description
of what actions to take in performance of what actions student should take ;
of maneuver or skill (talks student in performing maneuver or skill :
through maneuver) (T 60 - S 54) (T17-S810) !
b - Reminds student what actions need be | b - Constantly emphasizes some actions |
taken 1n performance of maneuver that need be taken and neglects ?
or skill (T 11 - S 89) others (T 8 - S 2) :
¢ - Effectively directs student perform- ¢ - Ineffectively directs student per-
ance of maneuvers or skills (which formance of maneuvers or skills
student already capable of perform- (which student is already capable of
ing) by doing one or more of fol- performing) by doing one or more of
lowimng (T 30 - S 32) the following (T 42 - S 43)
¢, - Clearly indicates which ¢y - Gives vague and/or confusing
maneuver or skill student directions as to which maneu-
is to perform ver or skill student is to perform
¢z - Chooses correct moment to tell cz - Tells student to perform ma-
student when to perform ma- neuver or skill either too early
neuver or skill or too late
cs - Has student perform in driving ¢cs - Tells student to perform ma-
situation that helps (or allows) neuver or skill not correct 1n
student master specific skills terms of driving situation
and maneuvers
d - Tells student what actions to take d - Fails to tell student what actions to
to cope successfully with impending take to cope with impending driving
driving situation (T 33 - S 22) situation (T 4 - S 2)
e - Purposely does not direct student e - Continuously gives directions when
driving when student capabilities not necessary (T 16 - S 23)
and driving conditions permit stu-
dent to direct hus own driving
(T10-82)
f - Has student perform in driving
situation in which he is not capable
of performing (T 16 - S 3)
g - Tells student to perform maneuver
or skill he is not capable of per-
forming (T 17 - S 10)
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Ineffective Behaviors

h - Yells directions at student (T 22 -
S 3)

1 - Continuously repeats same (unsuc-
cessful or unnecessary) directions
(T10-82)

j - Directs student to perform incorrect
or unsafe driving maneuvers (T 6 -

S 13)

Category 5. Teacher determines when student shall drive (T 74 - S 20)

a - Has student stop car (temporarily)
when necessary to have student pay
full attention to teacher's explana-
tion (T 11 - S 15)

b - Has student stop car (temporarily)
when necessary to provide student
with needed rest (T 7 - S 0)

c - Allows student to resume driving
after harrowing or discouraging
experience to help student regain
confidence i his driving (T 25 - S 2)

d - Discontinues student's driving les-
son for remainder of period when
student's driving endangers safety
of those 1n driver education car
(T11 -82)

¢ - Allows student to continue driving
when he 1s not emotionally or physi-
cally capable of driving (T 5 - S 1)

d - Punishes student for his mistake by
discontinuing student's driving lesson
for remainder of period (T 15 - S 0)

Related Sub-Area of Behavior: I,, TEACHER HELPS STUDENT TO UNDERSTAND
REASONS FOR TEACHER'S CONTROL OF
STUDENT DRIVING (T 25 - S 3)

Category 6.

a - Explains why he assumed control of
vehicle (T 2 -S1)

b - Explains why he gave student certain
directions at particular time (T 10 -
S 2)

¢ - Explains reasons for discontinuing
student's driving lesson (T 3 - S 0)

d - Explains his function as 1t relates
to control of student driving (T 8 -
S 0)

a - Fails to explain reasons for using
dual-control brake (T 1 - S 0)

d - Fails to explain his function as per-
son responsible for controlling
student driving (T 1 - S 0)
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Area of Behavior: II. TEACHER SETS EXAMPLE FOR STUDENTS TO FOLLOW

(T 78 - S 46)

1. Teacher sets example as driver (T 46 - S 37)

Effective Behaviors

Ineffective Behaviors

a - Expertly demonstrates driving skills
(T 29 - S32)

b - Demonstrates lawful and courteous
driving behavior (T 3 - S 0)

a - Fails to demonstrate driving
maneuver or skill (T 1 - S 1)

b - Violates law (or rules of safe driv-
ing) in hisdemonstration (T 13 - S 4)

2. Teacher sets an example for students (during behind-the-wheel instruction) when

he 1s not driving (T 24 - S 8)

a - Behaves 1n safe, courteous, and
calm manner when not driving
(T12-80)

a - Behaves 1n unsafe, nervous, or im-
patient manner when not driving
(T12-88)

Related Sub-Area: II.. TEACHER ANALYZES OWN DRIVING BEHAVIOR (T 8- S1)

a - Explains reasons for his own driving
actions (T 6 - S 1)

b - Refuses to admit his mistakes
(T2-80)

Area of Behavior: III.

TEACHER IMPLEMENTS STUDENT'S KNOWLEDGE OF

DRIVING TASK THROUGH VERBAL ANALYSIS,
EXPLANATION, AND DISCUSSION (T 406 - S 334)

Category 1. Teacher analyzes student's driving actions (T 311 - S 303)

a - Effectively analyzes student's good
driving actions by doing one or more
of following (T 17 - S 3)

a) - Identifies student actions that
represent good driving

a» - Explains why student actions
represent good driving

as - Commends student for his good
driving

b - Effectively analyzes student's bad
driving actions by doing one or more
of followmng (T 170 - S 211)

by - Identifies student actions that
represent bad driving

bz - Identifies cause of student's
bad driving

a - Fails to analyze student's good driv-
ing actions by doing one or more of
followmng (T 3 - S 1)

a, - Fails to 1dentify student
actions that represent good
driving

as - Fails to commend student for
his good driving

b - Ineffectively analyzes student's bad
driving actions by doing one or more
of following (T 102 - S 75)

by - Continually identifies all stu-
dent actions that represent bad
driving

bz - Sarcastically points out student
actions that represent bad
driving.
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Ineffective Behaviors

bs - Explains why student actions
represent bad driving

bs - Explains importance of student's
bad driving actions

bs - Explains what student should do
to correct or improve his driv-
Ing

bs - Harshly reprimands or criti-
sizes student for his bad driving

bs - Threatens to fail student or to
pumsh him 1n some other way
for his bad driving

bs - Laughs at or makes joke of
student's bad driving

bs - Overemphasizes dangers that

may result from student's bad
driving

Fails to analyze student's bad driving
by doing one or more of following
(T 19 - S13)

c1 - Fails to 1dentify student actions
that represent bad driving

cz - Fails to discover cause of stu-
dent's bad driving

cs - Simply berates student without

identifying or correcting his
bad driving.

Category 2.

Teacher allows student to analyze his own driving actions (T 31 - S 16)

a-

Provides student driver with oppor-
tunmity to identify, and make sug-
gestions for correcting his own
mistakes (T 21 - S 10)

Does not 1dentify student's mistake
when (a) obvious that the student

1s aware of the mistake and (b) the
student makes so many mistakes it
would be confusing and discouraging
to 1dentify all of them (T 10 - S 6)

Category 3. Teacher analyzes actions of other drivers (T 11 - S 5)

a-

Analyzes bad driving actions of other
drivers by doing one or more of the
following (T 11 - S 5):

a; - Identifies actions of other drivers
that represent bad driving

az - Explains why actions represent
bad driving

a3z - Points out significance of actions
for student driver

Category 4.

(T39-S5)

Teacher assesses student's capabilities and accomplishments as driver

a -

Assures student he 1s capable of per-
forming maneuver or of becoming
good driver (T 17 - S 3)

a -

Tells student he will have difficult
time learning to drive (T 5- S 1)
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Effective Behaviors

Ineffective Behaviors

b -

Tells student he will never learn to
drive or not be good driver (T 14 -
S1)

Compliments student too much for
his performance and/or does not give
realistic appraisal of student's per-
formance (T 3 - S0)

Category 5.

Teacher orients student to driving task (T 12 - S 5)

a-

Points out important elements 1n
driving task and what student must
do to cope with them (T 14 - S 5)

Area of Behavior: IV. TEACHER USES SPECIAL INSTRUCTIONAL TECHNIQUES

(T 209 - S 106)

Category 1. Teacher uses special mnstructional techniques to implement his control
of student driving (T 61 - S 29)
a - Has student repeat his directions to a - Uses variety of special techniques

make sure student understands and
follows them (T 7 - S 24)

Has student point in direction he 1s
going to turn when student has shown
prior inability to distinguish between
right and left (T 4 - S 0)

Uses variety of special techniques
to enable (slow) student to follow
directions more easily (T 12 - S 0)

Uses special methods to bring vio-
lations to attention of students who
disobey law (T 9 - S 0)

Helps nervous student to relax
through patient explanation, direc-
tion, conversation, or simply by
not saying anything (T 24 - S 5)

for controlling student's driving that
prove disadvantage to student
(T5-80)

Category 2. Teacher uses special mstructional techniques to i1mplement his analysis
of student's driving actions, other drivers' actions, and elements 1n

driving situation (T 35 - S 9)

a-

b-

Uses skill tests to make student
aware of his true driving ab:ihties
(T12-50)

Uses charts and demonstrations to
clarify his explanation (T 8 - S 6)
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Ineffective Behaviors

c - Has student get out of car and view
driving situation from different or
better perspective (T 8 - S 3)

Has driving group discuss and analyze
student's driving actions or actions
of other drivers (T 7 - S 0}

Category 3.
skills (T 55 - S 0)

Teacher uses special instructional techniques to help student master

Has student repeat same maneuver
or skill one or more times until stu-
dent corrects his mistake or masters
skill (T 21 - S 0)

Has student perform certain (driving)
drills to help him master skill or
maneuver (T 24 - S 0)

Brakes down driving skill into its
components to enable student to
master 1t (T 2 - S 0)

Helps student learn to anticipate
driving hazards by asking him ques-
tions about driving situation he 1s
about to meet (T 6 - S 0)

b - Uses drills that inadequately pre-
pare student for real driving
situation (T 3 - S 0)

Category 4. Teacher uses special mstructional techniques 1n exercising control over
composition and behavior of driving group (T 23 - S 3)

a - Changes student from one driving
group to another (when first group
presents 1mpediment to student's
progress) (T 4 - S 0)

Conducts driving lesson with one
student in car when presence of other
students interferes with student
driver's progress (T 2 - S 0)

Establishes and explains reasons
for class procedures (T 8 - S 0)

a - Places student in driving group that
impedes student's driving progress
(T6-50)

b - Fails to control behavior of driving
group (T 3 - S 3)

Category 5.
wheel program (T 20 - S 8)

Teacher includes special maneuvers, skills, and tasks 1n behind-the-

a - Includes special maneuvers in in-
struction (such as emergency stop
and simulated hazardous conditions)
to prepare student better for variety

of driving situations he will meet

(T8-5S0)

a - Unduly restricts variety of maneu-
vers and skills student performs
during course (T 1 - S 8)
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Effective Behaviors Ineffective Behaviors

b - Has student act responsibly and
courteously in performing tasks re-
lated to driving (T 11 - S 0)

Category 6. Miscellaneous (T 15 - S 57)

a - Punishes student by actually hitting
him (T2 - S 3)

b - Distracts student while he 1s driving
by talking about things unrelated to
immediate driving task (T 9 - S 39)

¢ - Ineffectively orgamzes driving in-
struction (1.e., driving time, pre-
sentation of new materials, etc.)
(T4-87

d - Insists that student use method of
performing skill not suited to student
(TO-58)

e - Miscellaneous (T 7 - S 8) e - Miscellaneous (T 17 - S 4)

3. Precise descriptions of what actions to take in a maneuver or skill (freq. 114)
are valuable to effective instruction. They increase the efficiency of instruction by
reducing the number of errors, which result from inadequate student understanding of
what is expected. In this respect, effective descriptions serve much the same purpose
as effective demonstrations.

4. Often effective mstruction involves a simple comment that reminds students
what actions need to be taken in performing a maneuver (freq. 100). These simple
comments (like ""check mirror') may need to be repeated frequently to a student—
especially when he tends to forget.

Effective subcategories with high frequencies are usually paralleled by, or repre-
sent the counterpart of high frequency ineffective subcategories. Thus certain "types"
of behaviors (like stepping on the brake) are particularly crucial because they often
represent ineffective instruction as well as effective instruction—good and bad teaching
involve the same types of behaviors, but they do so at different times, under different
circumstances, and in different ways.

Although both students and teachers are considered qualified reporters, the differ-
ences and similarities 1n their descriptions of critical incidents are interesting.
Comparisons are based on frequency distributions of abstracted critical behaviors
within areas of behavior, categories and subcategories.

Because of the way 1ncidents were selected for the study, student-described and
teacher-described behaviors cannot be directly compared on the basis of effective-
ineffective distribution. All teacher-described incidents were used. Student-described
incidents were randomly selected from each class reporting—up to 10 effective and 10
ineffective incidents per class. Thus, student-described incidents would reflect a more
equal effective-ineffective distribution. However, the distribution of teacher-described
and student-described behaviors within areas of behavior, categories, and subcatego-
ries can be compared by relating the percentage of all teacher-described effective or
ineffective behaviors contained 1n a given category to the percentage of all student-
described effective or ineffective behaviors contained in the same category.

Distributions of student-described and teacher-described behaviors within areas of
behavior are generally similar, as shown in Table 4. For both groups Area I contains
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TABLE 4

FREQUENCY DISTRIBUTION OF TEACHER-DESCRIBED AND STUDENT-DESCRIBED
CRITICAL BEHAVIORS WITHIN AREAS OF BEHAVIOR

Effective Behavior Ineffective Behavior Total Behaviors
Area of Teacher- Student- Teacher- Student- Teacher- Student-
Behavior Described Described Described Described Described Described
Per- Per- Per- Per- Per- Per-
Freq. cent Freq cent Freq cent Freq cent Freq cent Freq. cent
I
(Control) 354 41 179 316 49,53 225 50. 11 312 63.94 579 44 68 628 55 77
i
(Example) 50 5 90 33 5. 17 28 6 24 13 2 66 8 6 02 46 4.08
m
(Analysis) 260 30.70 243 38 09 146 32,52 91 18 65 406 31.33 334 29. 67
v
(Special
Technique) 176 20 78 38 5. 96 33 735 68 13.93 209 16 13 106 9 41
Unclassi-
fiable 7 0 83 8 125 17 3.79 4 0. 82 24 1. 85 12 1.07
Total 847 100 638 100 449 100 488 100 1,296 100 1,126 100

most behaviors, Area IIl 1s next, and Area IV and Area II follow 1n that order. Also,
this similarity 1n relative frequencies within areas of behavior is true for effective as
well as ineffective behaviors. Apart from this general agreement, however, there are
some differences.

Of all effective teacher-described behaviors, 20,78 percent relate to special instruc-
tional techniques (Area IV), whereas only 5.96 percent of effective student-described
behaviors are in this area. This may reveal the inability of students to recognmze
special educational techniques., On the other hand, it may also indicate that the rela-
tive effectiveness of special techniques is overemphasized by teachers, perhaps at the
expense of the more fundamental actions (such as control and analysis) which seem to
be critically important more often than teachers realize.

Students, more than teachers, describe ineffective behaviors relating to control
(see Table 4). Apparently students are keenly aware of the need to assume responsi-
bility for their own driving and tend to resent interference by teachers. Many teachers
should recognize this need and permit students more control over the car when circum-
stances permit—certainly the objective of driver education must be to allow students
gradually to drive on their own. In fairness to teachers, however, it should be admitted
that students may overestimate their ability to deal with difficult driving situations.
Thus the need for teacher control may be justified more often than students realize.

The distribution of student-described and teacher-described behaviors into subcate-
gories shows a great deal of similarity. Student-described behaviors, however, tend
to be more concentrated in certain subcategories, whereas teacher-described behaviors
are more evenly distributed (see Table 3). In fact, 29 subcategories have no student-
described behaviors, whereas only 2 subcategories contain no teacher-described be-
haviors. (It should be mentioned, however, that subcategories containing no student-
described behaviors usually contain a small number of teacher-described behaviors. )
Again, this is probably the result of some limitations 1n students. It may be difficult for
them to recognize and describe in writing the subtleties of teacher-actions.

ANALYSIS OF SITUATIONAL VARIABLES

Situational variables are conditions or events described 1n a critical incident that
precede or are concurrent with a critical behavior. They represent the teaching situa-
tion in which a critical behavior takes place. They do not include (a) teacher-behaviors
or (b) events or conditions occurring after the critical behavior.
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In all areas of education, effective teaching involves flexibility. The good teacher
uses methods and techniques appropriate for the teaching situation. Differences in
student-capabilities, subject matter, classroom settings, etc., require variation in
approaches.

This kind of flexibility is required of the driver education teacher as well, particu-
larly in behind-the-wheel instruction. The same technique or behavior is not always
suitable everywhere. It can be good or bad, depending on the situation. For example,
the teacher who uses his dual control brake when the student has lost control is per-
forming effectively. But if he uses it when the student has control, he may be perform-
ing ineffectively.

The purpose of this analysis of situational variables is to describe critical behaviors
more meaningfully by specifying the situations in which they occur.

Abstracting and Classifying Situational Variables

While critical behaviors were being abstracted from incidents, situational variables
relating to each behavior were also abstracted and recorded on the same index card.

A total of 130 different types of variables was identified and inductively grouped to
form 21 categories. These represented the 21 key situational variables most important
to effective teaching. They were grouped into five relatively independent categories so
that for a given critical behavior a maximum of one situational variable was abstracted
from each of the five categories (see Table 5).

TABLE 5
IMPORTANT SITUATIONAL VARIABLES DESCRIBED IN CRITICAL INCIDENTS

Fre- Per-
Category quency cent
Category 1. MANEUVERS, SKILLS, AND OTHER DRIVING
ACTIONS BEING PERFORMED AND/OR
TAUGHT
1. Basic skills: starting engine, shifting gears, using clutch,
accelerating, decelerating, braking, steering 417 20.0
2. Basic maneuvers (involving a series of skills): driving
forward, staying on roadway in proper lane, stopping,
backing, turning right and left, turning around, park-
g, changing lanes, passing 688 33.1

3. Safety precautions used in performance of skills and ma-
neuvers: signaling, checking mirrors, checking for
cars and other possible hazards, checking car before
driving 150 7.2

4, Driving in accordance with traffic, road, and weather con-
ditions: observing traffic signs and signals, respond-
g to movement of other vehicles, maintaining proper
speed for road and traffic conditions, responding to

hazards, etc. 789 37.9
5. Courteous driving: actions that show consideration for other
drivers and pedestrians 36 1.7
Total 2,080 100

Category II. STUDENT DRIVERS' PERFORMANCE OF SKILLS,
MANEUVERS, AND OTHER DRIVING ACTIONS'

1. Student performs (skill, maneuver, etc.) correctly 88 5.3
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Fre- Per-
Category quency cent
2. Student performs (skill, maneuver, etc.) incorrectly, or
fails to perform it when necessary 811 49.3
3. Student never performed (skill, maneuver, etc.) before 171 10.4
4. Student previously performed (skill, maneuver, etc.)
correctly 6 0.4
5. Student repeatedly performs (skill, maneuver, etc.) incor-
rectly or repeatedly fails to perform it when necessary 569 34.6
Total 1,645 100
Category Ill. DRIVING ENVIRONMENT
1. Practice driving area: not on public streets, enclosed
areas, or no traffic area 217 6.3
2. Difficult or hazardous traffic conditions: heavy traffic,
pedestrians in roadway, movement of other cars
presenting obstacles to movement of driver educa-
tion car, dangerous actions of other drivers, etc. 322 75. 4
3. Dafficult or hazardous road and weather conditions:
ice, snow, rain, narrow and unpaved roads, etc. _18 18.3
Total 427 100
Category IV. CHARACTERISTICS OF STUDENT DRIVER
1. Unfavorable temperament for driving or learning to drive:
nervous, frightened, excited, emotionally upset, etc. 231 43.8
2. Unfavorable attitude for driving or learning to drive: reck-
less, overconfident, no confidence, over cautious,
know-1t-all, reluctant to learn, etc. 99 18.9
3. Not competent for driving or learning to drive: uncoordinated,
slow learner, poor vision, etc. 56 10.6
4, Inattentive 32 6.1
5. Inexperienced driver under present conditions 67 12.7
6. Experienced or competent driver _42 8.0
Total 527 100
Category V. POSSIBLE ACCIDENT INVOLVEMENT
1. Driver education car not in danger of being involved
1n accident 35 10.2
2. Driver education car about to be involved 1n accident 308 89.8
Total 343 100
Total 5,022

'Listed under category I.
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Table 5 gives the number of times situational variables were mentioned in connection
with all critical behaviors. A total of 5,022 situational variables was abstracted in con-
nection with 2,422 critical behaviors. Variables in categories I and II (maneuver being
performed, and student-drivers' performance) are mentioned most frequently. Among
individual variables, students' incorrect performance (II-2) and driving in accordance
with traffic conditions (I-4) have the highest frequencies. Furthermore, variables II-2
and II-5 (both relating to student errors) have a combined frequency of 1, 380, which
means that one or the other is mentioned in connection with more than one-half of all
abstracted critical behaviors. Apparently behind-the-wheel nstruction, effective and
ineffective, is largely a matter of teacher reactions to student errors of commission
or omission.

Relationship Between Situational Variables and Critical Behaviors

The number of times each situational variable was mentioned in connection with a
category of critical behavior was tabulated*. An examination of these variables,
present when each type of critical behavior took place, provided an excellent indication
of the part played by the teaching situation in determining effective or ineffective behav-
ior.

Statistical Analysis.— The x? test was used to discover whether observed distribu-
tions of situational variables within categories of critical behavior were significantly
different from expected distributions.

The frequency of mention for each specific variable accounted for a proportion of the
total frequency of variables within a category of variables (see Table 5). These pro-
portions were used to determine expected frequencies for each variable. For example,
the specific variable, '"student performs maneuver or skill incorrectly" is mentioned
811 times, and accounts for 49.3 percent of all variables relating to the student-driver's
performance (Category II). Thus, when the performance is mentioned, "student per-
forms maneuver or skill incorrectly” might be expected to account for 49.3 percent of
the variables.

Expected frequencies for certain situational variables were especially low and did
not permit adequate statistical analysis. To overcome this problem, similar variables
with low frequencies were combined to form variables called "other' ¥,

Results. —Application of the x? test to differences between observed and expected
frequencies resulted in the identification of 28 groups of situational variables with fre-
quencies significantly different from those expected at the 0.05 level or below*.

A summary follows of the significant relationships between critical behaviors and
situational variables:

1. Taking control of the car from the student driver is more likely to be effective
when the student (a) is performing complex maneuvers in traffic, (b) makes an error,
and (c) comes close to an accident. The same action can be ineffective when the student
is performing basic skills under normal driving conditions. Thus a difficult driving |
situation requires increased teacher control—especially when the student cannot handle
it. On the other hand, too much teacher control may occur 1n the initial stages, when
students are learning basic skills under relatively safe conditions.

Allowing the student to maintain control even when he makes a serious error, is
frequently effective, provided an accident situation is not created.

2. Teacher demonstrations are effective, particularly when they relate to basic
driving skills and when the student has performed incorrectly time after time. Only a
small proportion of effective demonstrations relate to the more difficult task of driving
in accordance with traffic and road conditions. Perhaps driving safely in traffic is
something that is best learned through personal experience.

3. Analysis and explanation of student-driving is more often effective when it relates
to (a) complex driving tasks performed in traffic, (b) incorrect student-performance,
and (c) dangerous situations. Faulty analysis usually takes place when basic skills and
maneuvers are being taught. Choosing proper occasions to explain student mistakes
seems to be largely a matter of common sense. Complex or dangerous situations

#Table available from author on request.
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represent teachable moments during which students are receptive to explanations. On
the other hand, students seem to resent unnecessary explanations relating to elementary
mistakes when a simple reminder would suffice.

4. Special techniques are appropriate for instruction in basic skills and maneuvers
when students repeatedly make mistakes. Such techniques are particularly valuable
when ordinary methods fail.

VALUE OF FINDINGS

The critical behaviors identified in this study should prove valuable to the improve-
ment of driver education 1n a number of ways:

1. They provide criteria for the development of a measuring instrument to be used
in evaluating the effectiveness of driver education teachers. (Part II of this study will
develop such an instrument. )

2. College teachers of driver education can use the findings to develop curriculum
content 1n teacher preparation courses.

3. Driver education teachers will find the list of behaviors useful as guides for
their own instruction.

4. The findings have many significant implications for other areas of education con-
cerned with the teaching of performance skills.

SUMMARY

Representative samples of high school teachers, college instructors, and high school
students of driver education contributed 2, 122 critical incidents which described effec-
tive and 1neffective behaviors of driver education teachers in behind-the-wheel instruc-
tion. A total of 2,422 critical teacher behaviors was abstracted from the incidents.

Abstracted behaviors were inductively grouped to form 20 categories and 92 subcate-
gories. Similar categories were grouped under four major Areas of Behavior: Areal
— Teacher Controls Student Driving; Area II—Teacher Sets an Example for Students to
Follow; Area III— Teacher Implements Student's Knowledge of the Driving Task through
Verbal Analysis, Explanation, and Discussion; Area IV—Teacher Uses Special Instruc-
tional Techniques. Summary statements, describing behaviors in each subcategory,
represent the critically effective and ineffective teacher-behaviors identified in this
study.

Frequency distributions of abstracted critical behaviors within areas of behavior,
categories, and subcategories, were tabulated. In terms of the system of classification
developed from the material, Area I (Control) contained the most critical behaviors
(1,207) and stands out as an educational techmque uniquely important to effective instruc-
tion. In addition, the frequency distributions of teacher-described and student-described
behaviors were compared. Generally, students and teachers agreed in their descrip-
tions, but the latter covered a wider range of behaviors.

Situational variables (or important elements in the teaching situation) present when
specific critical behaviors took place were also abstracted and categorized. Significant
relationships between critical behaviors and situational variables were identified. The
results suggest that critical behaviors vary in their effectiveness according to the situa-
tion in which they occur.

In Part II of this study, important critical behaviors and situational variables will be
used to construct an instrument to measure teacher effectiveness. It will probably con-
sist of a behavioral checklist and will need to be administered by a trained observer.
Hopefully it will aid in the supervision and improvement of behind-the-wheel nstruction.
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Recognition Time for Symbols in
Peripheral Vision

NEIL R. BARTLETT, ALBERT E. BARTZ and JOHN V. WAIT, Department of
Psychology and Applied Research Laboratory, University of Arizona

o OF ALL the sensory capabilities exhibited by the driver, the sense of vision is almost
wholly responsible for the processing of information in the driving situation. However,
little is actually known about the time that this "processing” requires. It was for the
purpose of obtaining information on the visual reaction and eye movements, that this
research was designed.

The purpose of the project was twofold: (a) to develop a transportable recording
system that can be used in moving vehicles to record driver eye movements; and (b) to
investigate human response times to signals in peripheral vision.

The importance of developing equipment for obtaining objective data on eye move-
ments and peripheral recognition time can hardly be overemphasized. Such equipment
could be used to determine placement of road signs for optimum legibility, to determine
speed limits 1n a high "'visual density' zone, and possibly even to develop a method for
differentiating the characteristics of good drivers from poor ones. Data from studies
on visual recognition time for peripheral signals would certainly be important in deter-
mining relationships between speed and driver safety.

The first part of the project consisted of the design and development of an amplifying
and recording system which may be used in moving vehicles to record driver eye move-
ments with 2 mimimum of interference to driver activity. The system may be used in
any conventional s1x-passenger automobile without modification of the vehicle. The
system was designed so that it could be operated by self-contained batteries, inasmuch
as the line voltage of standard automobile electrical systems varies considerably.
Another important feature for such a system 1s compactness and portability. Figure 1
shows the complete system. On the left are the self-contained batteries and the inverter
for the recorder. Inthe center are the preamplifier and amplifier, and on the right is
the recorder.

Figure 2 shows the system 1n actual operation. The driver is not restricted, and the
equipment is compact enough to allow one person in the rear seat to monitor the equip-
ment,

The system appears suitable for making eye-movement recordings as larger, less
easily transported bioelectric recording equipment. No observable loss in performance
accrues from operating the recorder from the storage-battery power pack. The ampli-
fying equipment exhibits stable performance and is reasonably immune to the effects of
temperature changes and battery aging.

The most critical factor associated with making good eye-movement recordings is
electrode preparation. Electro-depositing equipment was constructed for making
chlorided silver electrodes. Some success was achieved in reducing drift by this meth-
od. However, more refined equipment should be constructed and a better technique
evolved. Further work involving the use of the recording system in actual field experi-
ments should be’preceded by a period wherein the investigators evolve and practice
electrode preparation procedure to achieve predictable, low drift. Otherwise, the sys-
tem is suitable as a research tool for making eye-movement recordings both in the lab-
oratory and in moving vehicles.

The second part of this project involved the investigation and determination of re-
sponse times to signals in peripheral vision. The original purpose for this phase of the
project was to check out the recording equipment described earlier, but as the research
progressed it was felt that some of the characteristics of eye movements and the process
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of seeing should be systematically investi-
gated. The recording equipment proved to
be an invaluable tool in this investigation.

Many studies concerning the various
characteristics of eye movements have
been carried out since the end of the Nine-
teenth Century. One of these characteris-
tics, the "speed of seeing,' has been par-
ticularly important in applications in indus-
Figure 1. Display of portable equipment tIY» the armed services, driver safety,
for the recording of eye-movement laten- and other related areas. It was believed
cies. Left, battery pack and inverter; that much previous research was not par-
center, preamplifier and amplifier; right, ticularly applicable to field situations, be-

pen recorder. cause the type of visual reaction required
of the subject did not resemble the actual
field situation in terms of complexity and
extent of eye movement.

Various components of the visual re-
sponse were systematically investigated
by Dodge and Diefendorf (1). Using photo-
graphic recording techniques, they found
that the average latency was about 200
millisec. Latency is defined as the time
interval between the appearance of a pe-
ripheral signal and when the eyes begin to
move. They also found that the eye move-
ment itself took from 29 millisec for a 5°
movement to 100 millisec for a 40° move-
ment. Essentially the same results were
obtained by Miles (2) and Hackman (3).

These time intervals do not reflect the
time involved in the process of '"seeing' an
object in the periphery. After the eye has
fixated on the peripheral stimulus, the ob-
server still must process the new informa-
tion and make some response.

More recently other investigators have been concerned with the total response time
when there is more than a simple movement involved. Hyman (4) found that the total
response time increased when the task required the subject to identify the specific loca-
tion of the stimulus. Words were assigned to various lights and the response time was
measured by a voice key set off when the subject pronounced the correct word for the
stimulus location. This increase in response time occurred even though the subject
was not specifically instructed to move his eyes because Hyman's stimulus lights were
so close together.

This type of response time is more closely related to the problem of seeing, inas-
much as the total visual reaction must include an identification of what is seen. As
was expected, Hyman found this identification type of response time to be longer—the
lengthening being a function of the statistical probability that a stimulus would appear
in the specific location identified. Hyman's vocal response times varied from 300 to
750 millisec. However, this complex response still does not represent accurately the
process of '"seeing' an object in the periphery. To see an object in the periphery the
individual must not only identify the location and swing his eyes it, but also interpret
the stimulus.

This part of the project was designed for two purposes. Experiment I involved the
investigation and determination of response times associated with the interpretation of
peripheral stimuli. As a framework for the analysis the following hypotheses were
investigated: (a) response times will be longer than the simple movement responses
reported by Dodge, Miles, and Hackman; (b) response times will increase as a function

Figure 2. Portable recording equipment
installed in an automobile.
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of angular displacement from the line of
direct vision; and (c) response times will
increase as a function of the number of
stimuli to which the subject must pay
attention.

Experiment II was designed to isolate
and measure the various components of
the total response time. By using the
electrical method for recording eye move-
ments, it was possible to isolate the laten-
cy, the travel time of the eye, and the re-
sponse time for interpreting the stimulus.

The subjects for both experiments
were volunteer undergraduates, and were
free from pertinent visual defects as
measured by an orthorater. All were
highly trained prior to the experimental
sessions.

The apparatus for Experiment I consisted of the peripheral stimuli, tracking task,
electronic voice key, timer, and appropriate experimenter's controls. The peripheral
stimuli were eleven Nixie Numerical Indicator tubes, placed 6 ft on the horizontal
plane from the subject at 40°, 20° 10°, 5° and 2.5° right and left. There was also one
tube at center (0°). The subject, with head held rigid by means of a headrest, per-
formed continuous monitoring on the tracking task at the center of the array of lights.
At random intervals one of the peripheral signals came on and the subject moved his
eyes to the stimulus and verbalized the numeral presented into a microphone that
stopped the timer.

The experimental trials were run for twelve days and were initiated on the day follow-
ing the training sessions. To test the hypothesis that reaction time increases as a func-
tion of the number of possible stimuli, it was necessary to divide Experiment I in two
parts—Sequence A and Sequence B. The stimuli in Sequence A consisted of four indica-
tor lights at the 20° and 10 right and left positions. Each session consisted of 144 trials
and was presented on days 1, 2, 11, and 12.

The stimuli in Sequence B consisted of the indicator lights in all eleven positions.
Each session included 144 trials and was presented on days 3 through 10. The data for
both sequences were analyzed by means of a four-factor analysis of variance.

In Experiment II the same apparatus
was used for presenting the stimuli. To
record the eye movements necessary for
measuring the components of the total re-
sponse, electrodes were placed behind the
external canthi of the subject's eyes. The
output from the electrodes was fed to the

preamplifier and this terminated at an
oscilloscope. The upper trace of this dual-

Figure 3. Laboratory 1layout of apparatus
used in standardizing test procedures.

channel oscilloscope was a record of the
subject's eye movements. For the lower
trace the input was from the first stage of
amplification of the electronic voice key.
The sweep was triggered when an indicator
light came on. A Dumont oscilloscope
camera was used to photograph the trac-
ings. In Experiment II each subject made
a total of 32 recorded responses each day
for four days. Figure 3 shows the layout
of the apparatus with the subject in posi- Figure L. Schematic diagram of one stimu-

tion. Figure 4 shows a close-up of one of lus used in tracking task in laboratory
the stimuli and the tracking task. Figure studies.
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significant difference between mean re-
sponse times to the right and left sides.

L It was also found that response time
increased as the number of possible signals
increased. Figure 7 shows response time

sessions.
= —— ELEVEN POSSIBLE POSITIONS
e ~-- FOUR POSSIBLE POSITIONS 5 shows the electrodes being fixed on the
5 8o 4 TWO POSSIBLE POSITIONS subject prior to an experimental session.
3 Results of Experiment I showed that
3 response time increased as the angle from
: B /": the centerlin'e of direct vision increased.
] 5t Figure 6 shows the relationship of response
g time to peripheral angle. There was no
&
-
4

Shs = L - s>+  as a function of number of possible stimuli.
LEFT RIGHT Response time was slowest when the sub-
POSITION ject had to respond to one of eleven sig-

nals, as against one of four, or one of
Figure 7. Mean response time as a func- two (training trials).
tion of number of possible stimuli. The results of Experiment II showed that
the time required for each of the three com-
ponents of the response increased as the
angle away from direct line of vision in-
creased. Figure 8 shows the portion of the total response made up of each component.
It was expected that the latency (the time before the eyes began moving) and the actual
eye movement increase as a function of angle. However, the vocalization component
(the time required for the subject to make his vocal response after his eyes had
reached the signal) also increased with angle. Even though the subject's eyes were at
the stimulus, it took longer for him to ''recognize' the numeral presented and verbalize
the response when the stimulus was at a greater angle in the periphery. Figure 9 shows
this vocalization time as a function of angle. The bars represent the mean plus and
minus one standard error. It was believed that this was due to changes in either accom-
modation or the hunting of the eye for an exact fixation.
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total response time.

It was concluded that the results of the present research indicated that response
times are unusually long in a complex visual situation. Further research is contem-
plated that would yield a mathematical relationship between response time and number
of possible stimuli, and results that would explain the vocalization pheonmenon and its
relation to angle away from direct line of vision.
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Development of a Vehicle Simulator for
Evaluating Driver Performance

RICHARD G. DOMEY and DONALD PATERSON, Harvard School of Public Health,
Division of Environmental Hygiene and Safety, Boston, Mass.

¢ THE MOST desirable approach for assessing the performance of special subgroups

of the driving population is to measure behavior while operating within a controlled
road-vehicle system. However, the expense, time consumption, complexity, and in-
herent risks involved suggest more conservative procedures before the highway system
is utilized. A practical approach to the study of the problem is to obtain fundamental
data 1n the laboratory with such instruments as universal mock-up devices or simulators.
This paper is a summary description of the mechanical, electro-mechanical, tracking
and data-computation features of such a simulator developed at the Harvard School of
Pubhic Health.

The fundamental design criteria for the simulator are (a) dimensional duplication of
vehicle cab interiors, and (b) adequate adjustability range to insure operator comfort,
The driver testing procedure must provide experimental task requirements that empha-
size biomechanical activity. A study of commercial vehicle cab interiors produced by
five major manufacturers indicated insignificant dimensional changes between 1956 and
1960 models. Data previously accumulated by Harvard School of Public Health were
therefore considered a valid basis for simulator design (1, 2).

A survey of the human engineering man-machine control system lhiterature led to the
adoption of a central, continuous tracking task requiring steering wheel manipulation.
A series of pilot studies were conducted at Massachusetts Institute of Technology with
Sheridan's (3) apparatus in order to gain familiarization with tracking techniques and
methodology. In addition, the studies developed the necessary data for the specification
of the equipment components of the proposed simulator.

MECHANICAL FEATURES

The four components (seat, dash panel, pedals, and steering mechanmism) of the
mock-up were designed and fabricated independently. Each separate component re-
quired three physical properties: (a) functional duplication of the truck cab counterpart,
(b) remote and/or direct adjustability of the displacements and forces required for acti-
vation of control devices, and (c) translational and appropriate angular adjustability.
The housing framework was designed contingent on the requirements of each component.
Thus, the support structure is spatially compatible with the proper constraint of movable
components.

A reference dimension that properly orients each component was established. All
ranges of adjustability are measured with respect to the reference values. The refer-
ents are equivalent to the optimal dimensions recommended in the data accumulated by
Harvard School of Public Health in Table 1. The mock-up interior can, therefore, be
arranged to meet the dimensional requirements of a large range of body configurations
and can functionally simulate the interior of commercial vehicles.

The degrees of dimensional adjustability of each component, relative to the steering
wheel, are given in Table 1.

Seat Mechanism

The seat is a 6-way power unit which was donated for the project by Chrysler Cor-
poration (Figs. 1 through 7). The operator has control of seat position within ranges
of 5 in. longitudinally, 2 in. vertically, and 15° rotation about a transverse axis.
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Figure 1. Steering wheel adjustability relative to lowest forward position.

This electrically-powered unit 1s mounted on a platform that can be moved longitudinally
and vertically through ranges of 9 in. and 6 1n., respectively. The platform 1s elevated
by a hand-operated pump hydraulically coupled to a power cylinder. The rate of descent
of the platform 1s controlled by throttling the high pressure fluid through a control valve.
Longitudinal movement 1s provided manually through a rack and pinion transmission.
The seat platform rests on ball bearing tracks and is driven fore or aft by cranking the
pinion anchored to the simulator frame. This arrangement provides for coarse adjust-
ments remotely controlled by the experimenter. Figure 3 shows the seat platform
elevated exposing the fine adjustment mechanism of the seat assembly.

Instrument Panel

The variation existing in the instrument panels of commercial vehicles is extensive.
Configuration, size, angle, dial clusters, and switching devices vary among manufac-
turers. The functional differences among manufacturers to be accounted for in the
simulator are the relative positions of instrument panel components, accessibility of
controls, and the biomechanical mode of manipulation.

Trucks of similar classification that are produced by different manufacturers utilize
unlike instrument panel elements for regulating the same control functions. A stock-
pile of dials, switches, and gauges were accumulated. Interchangeable instrument
panels are fabricated to duplicate as many commercial vehicle panels as necessary.
Figure 2 shows one instrument panel layout as 1t appears in the completed simulator.

The frame supporting the instrument panel has two degrees of freedom: (a) rotation
about a transverse axis through 40° from vertical, and (b)12 1n. longitudinal translation.
These motions are toward or away from the operator.

Floor-Mounted Hand Controls

The lack of standardization of hand brake and shift lever design and location among
vehicle manufacturers 1s compensated for in the simulator.

Shift Mechanism.— The shift mechanism provides for interchangeability of shift
levers and variation in operating position. A conventional H-pattern defines the geo-
metric path traversed by the lever knob during a shift sequence. The task required of
the subject is to mampulate the lever in a prescribed order to the terminal points of
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Figure 2. Frontal view of simulator inte- Figure 3. Lateral view of seat mechanism.
rior,

the shifting pattern. A wide range of force factors are provided to tax the motor capac-
ity of the operator.

The difficulty in manipulating this device is considered a function of the dimensional
limits of lever displacement and the mechanical impedance of the lever but is not neces-
sarily a function of the number of shift poistions. Therefore, the four-position H-pat-
tern was adopted for simplicity. Further, the task required may be any number of
movements through any of the possibilities offered by the H-pattern. A control for low
and high range may be inserted when required on either lever or push-button form.

Hand Brake.—A generalized mounting bracket designed to accommodate the brake
types may be positioned for operation at several alternative locations. Hand brakes
have been classified according to four basic types of release mechanisms: (a) rabbit
ear grip, (b) pistol grip, (c) button release, and (d) toggle. Specimens of each type

TABLE 1
SPATIAL DIMENSIONS OF CAB SIMULATOR

3 2 s a 1956 Commercial Recommendations Range Civilian Driver
Yaciable Range in Simulator™  yopicle Variations 1) Body-Sizing Data
Instrument panel angle (°) 90,- 150 90 - 130 None None
Seat depth (in.) 18b Min. 15.5 - 21.75 18 - 20 =
Seat back height (in.) 22" Min. 17.5 - 21.0 18 - 20 20.8 - 26.4 Trunk Ht.
Fore and aft seat adjustment (in.) 14 0.00 - 6.00 6.00 21.3 - 27.6 Knee Ht.
19.3 - 26.0 Butt-Knee Lgth.
Vertical seat adjustment (in.) 10 0.00 - 3.36 4.00 26.4 - 32.9 Norm. Sitting
Eye Ht. Abdom.
Seat back to lower edge of s/w
horiz. distance (in.) i 14 - 28 9.26 - 16.25 12 - 13 6.68 - 13.76 Depth
Vertical distance floor to lower edge
of s/w (in.) 20 - 38 20.5 - 27.00 24.5 Min. 19.3 - ZG.OdKnee Ht.
Height of seat above floor (in.) 12 - 30 13.5 - 17.75 15 Max. —
Steering wheel angle (°) 15 - 75 20.5 - 55.0 42.5 - 48.2 45,5
Lower edge of s/w to brake pedal (in.) 18 - 35 19.25 - 30.5 26 Min. 19.3 - 26.3 Knee Ht.
Lower edge of s/w to clutch pedal (in.) 18 - 35 17.0 - 27.6 26 Min. 19.3 - 26.0 Knee Ht.

®Dimensions of simulator relative to steering wheel fixed in lowest-forward position (see Fig. 1—s/w range).
cSeat depth and seat back height may be altered with cushions.

Buttock-calf distances not taken on commercial driver series by McFarland et al. (1). Comparisons with group of males measured by
Hooten in "A Survey of Seating" show this dimension will approximate 17.5 in. for The 5th percentile driver.

ot taken on commercial driver series by McFarland et al. (1). Comparisons with other groups indicate it to be slightly over 17.50
Gin. (including shoes), suggesting a seat height of 16.50 in,

Kephart and Dunlasp (2).
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Figure 4. Iateral view of foot pedal Figure 5. Frontal view of foot pedal
arrangement. arrangement.

have been accumulated. The force required for engaging and releasing levers can be
altered by interchanging extension springs of varied force deflection ratios.

Foot-Operated Controls

The foot-operated controls in the simulator are (a) brake, (b) clutch, and (c) acceler-
ator. The clutch and brake elements are similar to one another in construction. Each
unit consists of a pedal, shaft, and gimbaled bearing, supported by a carriage. The car-
riage is mounted in a frame allowing lateral displacement. The frame extends across
the cab and forms an integral part of the toe pan at floor level. Various angular and
longitudinal positions of the frame are made possible by locking clamps. This type ar-
rangement permits three degrees of freedom for the brake and clutch pedals independent

Figure 6. Lateral view of steering wheel Figure 7. Frontal view of steering wheel
mechanism. mechanism.
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Figure 8. Schematic diagram of tracking apparatus.

of the frame movements. The entire assembly may move 1n two degrees of freedom.

A perforated aluminum plate fastened to the face of the frame serves two purposes:
(a) it provides a backstop for pedal depression and (b) it acts as a toe pan which defines
the forward himit of the below instrument panel cab space. Figures 4 and 5 show the
assembly with the pedals and toe pan plate removed, to allow better viewing of the
assembly.

The clutch, brake, and accelerator pedals are loaded with interchangeable springs
that can prov1de a w1de range of force factors. During depression of the brake and
clutch the operator experiences two distinct phases. The initial movement of the pedal
is opposed by light spring force which is followed by relatively heavy resistance for the
remainder of the stroke. This is accomplished by arranging dual springs such that
both are compressed only after a predetermined increment of pedal motion. This fea-
ture increases the realism of pedal action.

Steering Mechanism

The steering wheel has three degrees of freedom. The shaft may telescope 6 1n.,
the entire assemb] y moves fore and aft over a 12-in. range, and the wheel angle may
be altered from 90° to 150° from vertical.

The steering wheel is an 18-in. diameter standard International Harvester model.
To make the wheel angle variable a universal joint was inserted into the shaft 8 i,
from the steering wheel. This allows the steermg wheel to be locked in any of seven
angular positions ranging between 90° and 150°. The mechanical arrangement for
locking the steering wheel in these positions is shown in Figure 6.

A truss-like frame supports the steering assembly at an angle of 45°, This inclina-
tion of the steering assembly approximates the optimum value recommended by Kephart
and Dunlap. The frame and steering assembly are supported within the simulator by
ball bearing rollers running on tracks placed on the simulator super-structure. This
allows the entire steering assembly to be moved fore and aft through a range of 12 in.
Figures 6 and 7 show lateral and plane views of the steering apparatus.
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The steering shaft is supported by two self-aligning pillow blocks mounted 14 in.
apart. The pillow blocks are attached to a framework, which is supported on axial
thrust bearings running in lateral tracks. By means of a rack and pinion arrangement
the steering unit can be moved 6 in. in a direction parallel to the steering shaft, This
action effectively telescopes or extends the steering wheel.

The degrees of adjustment (the 6-1n. telescopic action of the steering shaft relative
to the frame, the 12-in. fore and aft translation, and the 60° flexure of the shaft) are
sufficient to duplicate the steering wheel orientation of existing commercial vehicles.

Force factors are simulated by a torque motor coupled to the steering shaft, This
allows simulation of forces encountered in actual driving situations. The system that
regulates the steering dynamics consists of several electromechanical transducers
housed 1n the steering wheel assembly. These devices appear 1n the lower part of
Figure 7.

Mechanical driver aids, designed for persons with various degrees of physical handi-
cap, have been donated by several manufacturers of this type of equipment. The equip-
ment represents various designs of unknown efficiency and reliability. Each may be
installed in the simulator and tested against performance without such equipment, or
against the other alternative designs.

ELECTROMECHANICAL FEATURES

Evaluation of operator performance requires the measurement of (a) displacement,
velocity, and torque applied to the steering wheel; (b) forces applied to the brake and
clutch pedals; and (c) response time to complete manipulative tasks, Measurements
are made with various electromechanical transducers. Position of the wheel 1s meas-
ured by a direct coupled potentiometer. Velocity and direction of rotation 1s propor-
tional to the output of a DC tachometer generator. Applied torque is determined by a
strain gage bridge mounted between the steering wheel and shaft.

Electrical signals from the transducers are fed into a computer, analyzer, and/or
recorder.

The potentiometer and tachometer generator are driven by the steering shaft through
a gear chain. A set of change gears provide steering shaft-to-transducer displacement
ratios of 1:2, 1:1, and 2:1, mechanically altering the sensitivity of these elements.

The instantaneous forces applied to brake and clutch pedals are measured by strain
gage-equipped load cells mounted directly beneath the pedal surface. The load cells
measure applied force as a function of the output of a semiconductor strain gage bonded
to a steel diaphragm. The gage acts as one leg of a conventional bridge circuit that is
unbalanced when a force-induced strain exists in the diaphragm.

Response time will be recorded for all foot- and hand-operated devices.

Manipulation of these devices will activate microswitches connected to a 20-channel
event recorder. The stimulus signals are also recorded.

A two-variable "pursuit" display is used, one variable representing the input (or
desired output) and the other representing the actual output of the system. These varia-
bles are displayed on a dual-beam oscilloscope in the form of a dot (target) and a line
(integrated operator output). Visual representation of the sum of four nonharmonically
related sinusoids insures a random appearing motion of the target dot. The operator
responds by manipulating the steering wheel which moves the vertical line at a rate
proportional to the steering wheel displacement.

The tracking system devised for the laboratory is shown in Figure 8. Detailed in-
formation concerning the tracking system will be available in future publications.

Simulated inertia, stiffness, and damping (input impedance) of the steering system
are controlled by the torque motor. Power is obtained from a servo-amplifier and
amplidyne. The output from the potentiometer and tachometer are the inputs to the
servo-amplifier. Simulated impedance can be varied by altering coefficients of the
servo-amplifier.

To simulate greater steering wheel impedance than the torque motor can produce,

a mechanical system of springs and weights has been added. Despite a slight loss of
flexibility the resultant combined mechanical and electrical system provides greater
range and accuracy of system response.
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Figure 9. Schematic diagram of computation system for derivation of operator describing
function,

A variety of disturbances can be superimposed on the torque motor input to simulate
steering wheel shimmy or sudden wheel displacement., The operator can be made to
experience kinesthetic stimuli characteristic of adverse road conditions, blowouts,
and/or misaligned or unbalanced wheels.

DATA COMPUTATION

The description of human continuous control performance in servomechanism termi-
nology has proven to be a powerful methodological technique. Consequently, time-vary-
ing mathematical-describing functions are continuously computed from the tracking data.
In addition, conventional "error' scores will be computed. The combination of these
performance measures will empirically define the operator's tracking behavior.

The electronic computation system developed for the derivation of operator describ-
ing functions is a modification and elaboration of Sheridan's apparatus which utilizes
the orthogonal input multiplication method. A detailed description of the theory and
techniques associated with this method is available in publications by Sheridan (3) and
Briggs (4). Figure 9 shows the electronic system used in the simulator.

In principle, the output signals of the steering shaft potentiometer are multiplied by
sine and cosine functions corresponding to the frequency components of the tracking
display target. These products are then fed through a low-pass filter. The output of
the low-pass filter is comprised of the orthogonal components of a vector which in turn
specifies the operator gain and phase characteristics for each frequency. These per-
formance parameters are continuously recorded and may be conveniently represented
by a Nyquist or Bode diagram.

Standard statistical techniques are used to compare driver performance among indi-
vidual subjects and between control and experimental groups under equivalent task com-
plexity. Digital computers are used for the mathematical analyses.
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ACCESSORY EQUIPMENT

Additional equipment useful in vehicle operator research projects 1s included in
this section of the report:

Torque-Measuring Steering Apparatus

A second steering wheel and shaft assembly will be mounted on the right side of the
operator's cockpit. This assembly will be rigidly anchored at the far end of the shaft
on which 1s affixed a transducer. Thus, torque applied to the wheel can be directly
measured by sending the transducer output to a torque meter which can be read directly.
This apparatus was constructed because it was felt that an initial estimate of at least
maximum, transient, human upper extremity output was necessary as a strength-of-
response referent. The torque-measuring steering wheel is to be placed in the cab
merely as an experimental convenience.

Enclosure and Shielding

Certain studies will require control over a wiue range of environmental factors such
as temperature, noise, illumination, interference from stray electrical fields and
static, and general movement of personnel in and around the experimental situation,

To control these kinds of variables at least partially, the entire mechanical apparatus
is encased in detachable plywood panels, in turn shielded with overlapping aluminum
screens. These precautions alone extend the range of potential use of the experimental
facility.

Research Vehicle

General Motors Corporation has loaned for an indefinite period a Chevrolet station
wagon. This has been instrumented to enable measuring responses to the steering
wheel, and to brake, clutch, and accelerator pedals. There is a special detachable
steering wheel that can be clamped into position that allows measuring torque. All
data are recorded with a Mnemotron tape recorder. The tape data are then filtered
through channel selectors, amplified, and recorded on continuous graph paper as visi-
ble. This equipment permits bridging the gap between laboratory and "real world"
studies, at least to a degree.

Auxiliary Equipment

Certain commercial components were donated to the project by Chrysler Corporation,
International Harvester Company, and Mack Trucks, Inc. In addition, manufacturers
of handicapped driver aids who have donated their equipment for research are as follows:

Brake Center, Inc., Long Island City, N.Y.

Car Hand Controls, Garland, Tex.

Drive Master Corporation, Montclair, N.J.

Gresham Driving Aids, Detroit, Mich.

Holland Porter, North Long Beach, Calif.

Kroepke Manufacturing Company, New York, N.Y.

Leverage Hand-Brake Company, Fargo, N.D.
(donated two models, operating on two different principles)

Oldsmobile, Lansing, Mich.

Simdrico Corporation, Louisville, Ky.

Wells- Engberg Company, Rockford, Ill.

SUMMARY

The simulator may be considered a general human operator control laboratory. With
minor modifications the apparatus can be made to accommodate a wide variety of techni-
cal human factors research problems. Studies need not be limited to vehicular control
research, but may be designed to encompass a large area of the psychomotor and bio-
mechanical behavior of the human operator.
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HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-

CIL is a private, nonprofit organization of scientists, dedicated to the

furtherance of science and to its use for the general welfare. The
ACADEMY itself was established in 1863 under a congressional charter
signed by President Lincoln. Empowered to provide for all activities ap-
propriate to academies of science, it was also required by its charter to
act as an adviser to the federal government in scientific matters. This
provision accounts for the close ties that have always existed between the
ACADEMY and the government, although the ACADEMY is not a govern-
mental agency.

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY
in 1916, at the request of President Wilson, to enable scientists generally
to associate their efforts with those of the limited membership of the
ACADEMY in service to the nation, to society, and to science at home and
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their
appointments from the president of the ACADEMY. They include representa-
tives nominated by the major scientific and technical societies, repre-
sentatives of the federal government, and a number of members at large.
In addition, several thousand scientists and engineers take part in the
activities of the research council through membership on its various boards
and committees.

Receiving funds from both public and private sources, by contribution,
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work
to stimulate research and its applications, to survey the broad possibilities
of science, to promote effective utilization of the scientific and technical
resources of the country, to serve the government, and to further the
general interests of science.

The HIGHWAY RESEARCH BOARD was organized November 11, 1920,
as an agency of the Division of Engineering and Industrial Research, one
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL.
The BOARD is a cooperative organization of the highway technologists of
America operating under the auspices of the ACADEMY-COUNCIL and with
the support of the several highway departments, the Bureau of Public
Roads, and many other organizations interested in the development of
highway transportation. The purposes of the BOARD are to encourage
research and to provide a national clearinghouse and correlation service
for research activities and information on highway administration and
technology.
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