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A theoretical analysis and an experimental investigation of certain aspects 
of automobile driver information processing were undertaken. The theo
retical analysis was the result of an effort to avoid difficulties associated 
with a servomechanistic approach to the automobile driving problem. The 
analysis is predicated on the assumption that a driver's attention is, in 
general, not continuously but only intermittently directed to the road. Be
tween observations, uncertainty about both the position of his own vehicle 
on the road and the possible presence of other vehicles or obstacles in
creases until it exceeds a threshold. At that moment in time, the driver 
looks again at the road. This simple model appears to be a useful analog 
of the driving process. The analysis makes specific predictions about the 
form of the functional relationship between intervals between observations 
and vehicle speed. 

The experimental program had two goals. One was the empirical in
vestigation of the relation between amount of interruption of vision and 
driving speed. The other was the determination for various drivers and 
various roads of the values of some of the parameters in the mathematical 
model. This report presents the results of the theoretical and experi
mental investigation. In general, the model is a fair approximation of 
actual behavior and it remains for future work to determine whether this 
approximation is good enough to be useful for the specification of vehicle, 
highway, and user characteristics. 

•ALL of us who drive are aware that at times we do not seem to pay very much atten
tion to what we are doing. Drivers tune radios and light cigarettes; they blink and 
talk to passengers; they listen to news or music. It is said that drivers become "road 
hypnotized"-staring without seeing at the scene ahead. They look into rearview 
mirrors and scan for traffic police; they read advertising signs and search for turn
offs. Some of these activities are legitimate parts of the driving task; most are not. 
All of them constitute a diversion of attention away from the primary task of control
ling a vehicle along a highway in accord with law and custom. 

Driving is, in one sense, an error-free performance. No normal driver deliberately 
undertakes to get into an accident or into a collision. Collisions are (with some ex
ceptions stemming from psychopathological origins) involuntary and accidental. For 
most driving situations, then, we can say that the driver accomplishes about what he 
intends to accomplish. The problems of analyzing error-free systems are great. In 
particular, where the system is a road, an automobile, and its driver-for whom a 
preview of the path ahead is directly available-it is difficult to use the techniques of 
simple linear servo-analysis. The output of the system is easily measured and easily 
understood, but it is extremely difficult to specify what the input is which results in 
the observed output. 
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Prior attempts have been made by other investigators to determine those elements 
in the complex visual world of road and traffic which elicit the driver's responses. 
Gordon (1) used the technique of restricting the driver's view in order to enforce head 
movements. Then a head-mounted camera photographed what the driver fixated upon, 
permitting the investigator to identify the important and salient features of the visual 
environment. Sheridan et al (2), rather than limiting the field of view by artificial 
"tunnel vision," limited the forward field of view in two other ways. One way was to 
present everything out to a distance, d; the other was to present only the segment of 
road from d to d +A The distance ahead that the driver can see, d, was controlled 
as the chief experimental variable, and his performance measured. 

Our approach is to treat the driver as an information processing device. He takes 
in information visually through the windshield by observation of the entire road ahead, 
and transmits information by manipulations of the steering wheel, brakes, etc. Using 
this as a conceptual model, we have indulged in some speculation about the informa
tion processing task, and have erected a not too complicated mathematical theory of 
how information flows into the driver and is processed. 

Some of our theoretical notions arose from some personal observations made by 
the senior author while driving on a straight road with little oncoming traffic. A heavy 
rain resulted in the windshield wipers' being able to clear only a small sector of about 
20 degrees behind the blade, so that visual conditions for the driver were somewhat 
analogous to those which would be presented by a radar sweep. The wiping speed was 
independent of the speed of the car. The driver became aware of a ,,psychological 
speed limit." Up to that speed, there was no anxiety; above that speed the driver be
came anxious and had to slow down. 

This observation suggested a parallel between the sampling of a time function (in 
which the minimum sampling rate for signal reconstruction is related to the bandwidth 
of the signal) and the sampling of a road (a space function), where the minimum sam
pling rate is related to the characteristics of the road and to the velocity at which it is 
traversed. One might imagine that the road had a certain information rate built into 
it-that is, there were so many bits per mile. The faster one traverses a portion of 
the road, the more bits per unit of time must be processed. Were the driver to see a 
road only at fixed intervals, he would develop uncertainty about what might have ap
peared on the road since his last observation, and about where he is on the road. If 
the intervals between observations were very long, then the accumulated uncertainty 
and the amount of information to be absorbed on the next observation would be greater. 
If the observation time itself were very short, the driver would be unable to completely 
reduce his uncertainty by absorbing the required amount of information. 

The analogy leads to a parallel between information flow rate and some "equivalent 
bandwidth" of the road. The equivalence, of course, would be established by the 
driver's selection of a speed at which he traverses the road. Given a fixed sam
pling rate, then, if a driver were to traverse a road at his "maximum" speed, one 
might argue backwards that the speed/ sampling-rate combination would permit es
timation of the equivalent bandwidth of the road and of the information density of 
the road. 

There are a number of factors which can influence the selection of a driving speed. 
One would be the wiggliness of the road-that is, the frequency with which the road 
deviates from a straight path by enough to require corrective action. Another factor 
would be the overall density of significant obstacles in the road. Still another might be 
related to how accurately the vehicle can be steered and the degree to which, without 
attention, it maintains the desired path. Less easily quantified is the driver's estimate 
of the probability that some new object will enter the road or the probability that op -
posing traffic will deviate into the path of his vehicle between observations. In general, 
all of these factors can be reduced to an uncertainty estimate per unit length of road. 

We have considered two experimental situations. In one the sampling rate is fixed 
and the driver modifies his speed according to the road, traffic, etc. The alternate is 
to cause the vehicle to travel at a constant speed and allow the driver to control the in
terval between observations at will. Thus, if the vehicle is very stable it does not 
need to be attended to as often as if it were very unstable; and if the uncertainty of 
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steering is small, the driver does not have to look as often as he would if it were 
large. Similarly, objects at a distance produce less uncertainty than objects close at 
hand. One would expect that as opposing traffic approaches, the driver must attend 
more often. If there are many side streets, driveways, and the like, then the proba
bility of cross traffic is high and the driver has to pay more attention. 

Naturally, the rate at which one would look would not ordinarily be constant. In
stead, it would be a continuous variable function of the instantaneous state of affairs. 
For example, if one were traversing a road at a constant speed and entered a populated 
area so that the probability of animal or human entry was high, then the frequency with 
which one looked at the road would go up. The more often the road turns, the more 
often must the vehicle be controlled, and the more often must the driver look in order 
to control. The point at issue is that a road demands attention. The attentional de
mand of a road is a characteristic of that road and of the traffic situation which may 
exist upon it as well as the velocity at which it is traversed. 

A rather important notion which underlies the theoretical work is that drivers tend 
to drive to a limit. We suggest that the limit is determined by that point when the 
driver's information processing capacity, either real or imagined, is matched by the 
information generation rate of the road, either real or estimated. The drivers may 
be wrong in their estimates, but they will tend to achieve this balance of input infor
mation rate and information processing rate. A driver in unfamiliar territory sees a 
great deal more uncertainty in the situation than a driver familiar with the territory. 
With familiarity there comes reduction of uncertainty, a reduction of information flow 
rate, and a higher permissible velocity, granted the same territory and circumstances. 
This is reflected in the different ways people behave in automobiles in familiar and in 
unfamiliar terrains. It might be said that a curvy familiar road is "perceptually 
straight" since uncertainty about the road ahead is low. 

Finally, drivers will accept different levels of risk and drive to a limit such that 
the probability of an accident is no greater than, but approaches, some upper thresh
old. Subjective acceptable risk level is a measurable characteristic of drivers and 
directly influences their behavior on the road. 

We have identified a number of factors which tend to control the speed of the driver 
traversing a road in the presence of traffic and other dynamic obstacles. These are, 
in brief: the width of the road and the frequency with which it turns; the estimated 
probability of intrusion from other vehicles and animals; the uncertainty associated 
with the vehicle dynamics; the precision of the steering mechanism; the residual errors 
of vehicle aiming; and a risk acceptance level which is a characteristic of each driver. 
We are then led to the development of a theoretical model of driver behavior which de
scribes and quantifies the cumulative uncertainty of the driver between looks at the 
road. The experimental program examined the actual behavior of drivers with inter
mittently occluded views of the road. 

AN UNCERTAINTY MODEL OF THE DRIVING SITUATION 

The following derivation is based on steady-state driving with intermittently oc
cluded vision. That is, the driver is assumed to have adjusted the vehicle velocity 
(or the period of occlusion) to meet his criteria of performance and risk. Thus both 
velocity and period of occlusion may be treated as constants. 

Driver Information 

Let the information density of the road be H (x) bits per mile, where x is the road 
distance in miles. The reference point for distances (x = 0) is taken as the location of 
the driver at some reference time (t = 0). The amount of road information available to 
the driver depends on the limits of visibility and on the way in which the driver weighs 
the information. It is reasonable to assume that the weighing is a monotonically de
creasing function of distance since the driver will attach more importance to the nearer 
sections of road (which require an immediate response) than to the sections further on. 
Let us assume, therefore, that the weighing function is e-x/D, where D is the weighing 
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Figure 1. Timing of events. 

constant in miles. This function meets 
the requirement of being monotonically 
decreasing and is mathematically 
convenient. 

The driver, therefore, constructs a 
road information model that hq.s an in
formation density of H (x) e-x/D bits/ 
mile. The maximum amount of informa
tion that can be stored by the driver is the 
integral of this density function over the 
range of visibility. The lower limit of 
useful vision, x1' is the distance one re
action time ahead, or the distance oc
cluded from view by the vehicle, which-

ever is greater. The upper limit, x 2 , 

by limitations on the viewing time. 
may be determined by external conditions or 

For ease of calculation, let the road information density be constant (H) over the 
section spanned by x1 and Xa- If we assume further that negligible error is introduced 
by taking the limits of visibility between 0 and infinity, the stored information reduces 
to 

Ir = H · D (1) 

As the vehicle proceeds over sections of the road stored in the driver's image, in
formation contained in these sections becomes obsolete. At the vehicle velocity of V 
miles/ sec, information becomes obsolete at a rate of HV bits/ sec. Let us consider 
the situation in which vision is periodically occluded. The timing of events for one 
cycle is illustrated in Figure 1. At t = -T.f. vision is unobstructed and the driver ab
sorbs information. The maximum amount of information is in store at t = 0. Vision 
is obstructed for the following T d sec, during which time the store of information con
tinually diminishes. The minimum amount of information is in store at t = T d at 
which time vision is restored and the cycle repeats. 

During the period of vision the driver absorbs information at a rate of R bits/ sec. 
Let us assume that R is constant as long as there is information to be absorbed. If 
the driver is able to absorb all the road information available before the period of 
vision has terminated, the rate of information input then drops to a level that exactly 
balances the rate of obsolescence. 

There are two sources of information loss during the period of vision: (a) the rate 
of information obsolescence, HV, and (b) the rate of forgetting, which we shall as
sume to be proportional to the amount of information stored. Let the rate of forgetting 
be Ir (t)/F bits/sec, where Fis the time constant in seconds. If the maximum amount 
of road information available to the driver is HD, as derived in Eq. 1, the net instan
taneous rate of information absorption during the period of vision is 

d 
dt Ir (t) 

~ I : -HV - Ir (t)/F Ir (t) <HD 

Ir (t) =HD 
(2) 

It will be assumed in the following discussions that the driver is able to absorb all 
the information available by the end of the viewing period; that is, Ir (t) = HD at t = 0. 

We shall now determine the amount of information stored by the driver at time t 
during the period of occlusion. The two sources of information loss remain, whereas 
there is no information input. The rate of forgetting is Ir (t)/F, as assumed above. 
Because of the way in which information is weighed by the driver, the rate of obsoles
cence varies with distance (and hence with time). Clearly, the rate at which informa
tion is "driven out" is related to the rate of forgetting. The faster the driver forgets, 
the less information there remains to be lost through forgetting. 



The relationship between the rate of information obsolescence and the amount of 
information remaining in storage is 

d 
dt Ir (t) -(V /D) Ir (t) 

The total rate of information loss is 

Given that the information in storage is HD at t = 0, Eq. 4 yields 

Ir(t) = H. D e-[(V/D) + (1/F)] t when O~ti:Td 
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(3) 

(4) 

(5) 

Before proceeding with the development of the model, let us review the assumptions 
and derivations that have been made so far: 

1. The driving situation is in the steady state. The vehicle proceeds at a constant 
velocity, V miles/ sec; the timing of looks is periodic such that vision is allowed for 
Tt sec and occluded to Td sec. 

2. The road has a constant information density of H bits/ mile. 
3. The information density of the dr iver's stor ed image is He-x/D bits/ mile. 
4. The period of view is sufficient for the driver to absorb all the information 

available. The amount of information stored at t = 0 is HD bits. 
5. Information is forgotten at the rate of Ir (t)/F and becomes obsolete at the rate 

of Ir (t)V/ D bits/sec . The amount of information in storage t sec after the onset of 
occlusion is HD e- (V/D + l/F) t bits. 

Driver Uncertainty 

The driver is assumed to adjust the vehicle velocity (or the occlusion time) so that 
his uncertainty U(t) is never greater than some criterion level Uc, measured in bits. 
Since the uncertainty is greatest at the end of the occlusion interval (t = Td), the cri
terion may be stated mathematically as 

(6) 

The driver uncertainty at time t sec after occlusion is 

(7) 

where Ur(t) is uncertainty about the road due to a loss of relevant information and Un(t) 
is uncertainty about the position of the vehicle arising from random disturbances in the 
orientation of the car. The latter term takes account of the vehicle dynamics, the 
ability of the driver, and external disturbances such as wind and variations in the road 
surface. 

The uncertainty about the road, Ur(t), is equal to the amount of information that has 
been lost. It is equal to the maximum amount of information originally available minus 
the amount of information in store at time t. Thus 

Ur(t) = H . D[ 1-e-(V/D + 1/F)t] (8) 
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Figure 2. The driving situation. 

This component of uncertainty starts 
from zero at t = 0 and rises asymptot
ically to H · D. 

The other component, Un(t), also starts 
from zero but increases without limit as 
Tct is increased. To determine this com
ponent, let us analyze the situation in 
which uncertainty arises only from lack 
of knowledge about the lateral position of 
the vehicle. Assume that during the view-

ing period the driver is able to center the vehicle within the lane and orient it parallel 
to the (imaginary) centerline. The driver then has to worry about wandering into the 
next lane during the period of occlusion of vision. A reasonable rule for the driver to 
adopt is that ay/T ct-the expected value of the rms displacement of the vehicle from the 
centerline at time T d-must be less than some level Y S • or that the uncertainty of the 
lateral position of the vehicle must be less than Uc, where the uncertainty is propor
tional to ay/Td. 

We shall now determine a/T in terms of velocity and occlusion time. The driving 
situation is diagrammed in Figure 2. Let B(t) be the angular orientation in radians of 
the vehicle with respect to the centerline of the lane. Let y(t) be the lateral distance 
of the center of the front bumper from the centerline. The lateral component of the 
vehicle velocity is dy(t)/dt = V sin e(t). Since B(t) is typically a small angle, 

Thus, 

dy(t) 
dt 

ve(t) 

d~ y(t) = vddte(t) = yae(t)dx = y2 oe (t) 
i; (lX dt oX 

(9) 

(10) 

where ~ 8 (t) is the rate of change of or ientation with respect to distance along the r oad 
in radiaEs/mile. The value of the l ateral displacement at a particulro.· t ime T is ob
tained by double integration of the right-hand expression of Eq. 10: 

y(T) v' l l ;:(t)dt I"' (11) 

Y: oe 
In order to compute O'YT' E(y2 T) 2, we must know something about ox(t). For math-

ematical ease, let us assume that this function can be described by a wide-band Gaus
sian random process that has a rectangular s pectrum from 0 to w

1 
radians/ sec. Let 

the spectral density be a constant s9 randian-sec/mile2. 
The variable y(t) may be considered to be a continuous random process which is 

obtained by filtering the continuous random process ~ (t) with a system that scales by x 
V2 and performs a r unning double integral from T-t to T. 

Hence, the relation between y(t) and :: (t), expressed in the frequency domain, is 

given by the following system function: 

( -jwT)2 

H(jw) = y2 ..o.l_-_e_· ._'-
-w 

(12) 
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The power density spectrum of y(t), which shall be denoted as Sy, can be obtained 
e 

by multiplyin.g the power-density spectrum of i (t) by the square of the magnitude of the 
system function. Thus, 

The average power of the process y(t) is the integral of Sy over the entire frequency 
range. Thus, 

y2(t) = 4v4 S9 / 1 (1-cos wT)
2 

dw 
2!T 0 w• 

(14) 

Let a new variable z be defined such that w = z/T, and assume that negligible error 
is introduced if the integral is carried to infinity. Then, 

4v4S 8 / (1-cos z)
3 

d(z/T) 
~ O z4/T 4 

(15a) 

Since the integral in the above expression is a constant, Eq. 15a can be reduced to 

(15b) 

Assuming that the random process y(t) fulfills the condition of er godocity (3) , we 
m al. equate the time average y2(t) to the ensemble average E [yT2] * which is identical 
to L OyT r. Thus , the expected valu.e of the later al displacement of the vehicl e is 

(16) 

Since the driver's uncertainty concerning the lateral position of the vehicle is as
sumed to be proportional to oy, 

(17) 

where the constant Kn includes the power density spectrum S9 and other scaling factors. 
Substitution of Eqs. 17 and 8 into Eq. 7 shows that the total driver uncertainty is 

U(t) = H · D [ 1-e-(V/D + l/F)t] + KnV2 (Td)% (18) 

Thus, the driver's rule of behavior, obtained from Eq. 6, is 

(19) 

*The replacement oft by T as the time index is justified since both y(t) ana YT have been defined to 
represent deviations of the vehicle after T seconds of occlusion. 
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Figure 3. Device for controlling driver vision. 

EXPERIMENTAL PROGRAM 

An experimental program was devised with two goals. One of these was to provide 
data with which to test the adequacy of the theoretical notions previously expressed 
and to evaluate their utility. The other was to estimate the attentional demand imposed 
on a driver by various combinations of road, vehicle, and speed, and to explore a wide 
range of these variables in order to obtain data relating, for example, the radius of a 
curvature of a highway to attentional demand as a function of speed. Thus, the experi
ments st~11d on their own as empirical i..11vestigations into the effects of i...11terrupted 
vision upon driving behavior. 

In order to accomplish the goals of the program, we wished to investigate a broad 
spectrum of road difficulty or road attentional demand. Accordingly, two kinds of 
roadway were used. One of these, the "easy one," was I-495 in Massachusetts. The 
road is essentially straight, i.e., the radii of curvature are sufficiently large so that 
the viewing distance ahead is always large and the lanes are sufficiently wide so that 
no great precision of steering is required to stay in lane. For the difficult road we 
chose a closed-circuit sports-car racing course, the Bryar Motorsport Park at Loudon, 
New Hampshire. 

Two kinds of experiments were done. One of these involved the use of a constant 
period of occlusion and a constant observation time, with the driver controlling speed 
to his maximum. The other used a constant speed and permitted the driver "to look 
when he wished to." The experimental apparatus was designed to permit both kinds 
of operation. Driver vision was controlled by a translucent screen which could be 
lowered over the driver's eyes and through which no road or vehicle detail could be 
seen. This screen was the pivoting face shield of a protective helmet and was re
motely actuated by a pneumatic cylinder and linkage mounted on the helmet itself 
(Fig. 3). 

The system provided for a variety of methods of control and safety override. The 
experimental vehicle was a 1965 Dodge Polara with a number of modifications. Details 
of roadways, recording and control apparatus, subject population and experimental 
procedures are given elsewhere (4). 

There were four experiments using two kinds of road and two procedures: 

Experiment 1-I-495, fixed occlusion and viewing time; 
Experiment 2-1-495, fixed velocity and viewing time; 
Experiment 3-BMP, fixed velocity and viewing time; and 
Experiment 4-BMP, fixed occlusion and viewing time. 

Table 1 shows the conditions which were experimentally investigated. The entries 
are for numbers of series each of which consists of a number of runs. A total of more 
then 550 runs was accumulated. 
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TABLE 1 

NUMBERS OF SERIES COMPLETED AT THE VARIOUS CONDITIONS, 
OVERALL PROGRAM 

Subject 
Condition Total 

D.H.K. D.C.M. C.W.D. W.V.D. J.W.S . 

Experiment 1 

Td 1. 0 3 3 6 
1. 5 1 3 6 1 3 14 
2. 0 1 3 6 1 3 14 
2. 5 6 1 3 10 
3. 0 1 3 6 1 3 14 
3. 5 1 1 
4. 0 3 6 1 3 14 
4. 5 1 1 
5. 0 1 1 2 
5. 5 3 3 6 
6. 0 1 3 1 3 8 
7. 0 3 3 1 7 
7. 5 1 3 1 3 8 
9. 0 1 3 6 1 3 14 

Total 8 24 48 12 27 119 

Experiment 2 

v 22 2 1 1 4 
25 1 1 1 3 
30 1 1 1 3 
40 1 1 1 3 
50 1 1 1 3 
60 1 1 2 

Total 7 0 5 6 0 18 

Experiment 3 

v 22 2 2 1 6 
25 2 2 1 5 
30 3 3 2 9 

Total 7 2 7 4 0 20 

Experiment 4 

Td 0.5 2 5 2 9 
1. 0 2 5 2 9 
1. 5 2 3 2 7 
2.0 2 1 2 5 
3.0 2 1 2 5 

Total 10 0 15 10 0 35 

Experiment 1-1-495: Fixed Occlusion and Viewing Times 

This experiment dealt with the problem of constant viewing time, T~, and constant 
occlusion time, Td. Five subj ects were used: C . W. D., J. W. S., D. H.K., W. V. D., 
and D. C. M. Subject C. W. D. replicated the experiment completely. As a result, six 
sets of data are available. 

Based on the preliminary experiments, three values of Tt were chosen: 0. 25 sec, 
0. 50 sec, and 1. 0 sec. The Tt of 0. 25 sec was the shortest practical time which the 
driver could use. It allowed for at least a change of accommodation, even if not for 
more than one fixation of field of view ahead. The 0.50-sec viewing time was apparently 
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TABLE 2 

SPEED IN MPH AS A FUNCTION OF VIEWING TIMEa AND OCCLUSION TIME 
FOR SUBJECT C.W.D. (1) 

Occlusion Trial Run No. Obt. Stand. Time No. Mean Dev. Cale. 
(sec) 2 3 4 5 6 7 8 (n) 

1. 5 2 62 59 62 60 59 60(5) 2 86 
2.0 27 no limit 
2.5 9 27 44 45 51 46 50 47(5} 3 54 
3.0 19 52 55 57 61 61 60 60(4) 1 45 
4.0 28 35 50 45 45 48 40 46(5) 3 34 
6.0 21 15 17 17 22 18 16 17(6) 2 21 
7.5 22 6 9 13 13 12 13 13(4) 0.5 15 
9.0 6 11 6 4 6 4 6 5(5) 1 11 

N = 42 

0
View ing time = 0.50 sec. 

long enough to provide nearly all the information needed to drive at any speed, and only 
a slight increase in velocity was expected tQ occur with a 1. 0-sec viewing time. 

The number of runs made in each series was determined by the stability of the re
sults. The earlier trials tended to be more variable than the later ones as the driver 
experimented with modes of perceiving, remembering, and controlling. Since each 
trial, by definition, was terminated only at a limit velocity, and since the limit ve
locity, by direction, was the "maximum possible," the task of driving was an arduous 
one. Subjects were relieved after fifteen minutes of driving and, in turn, acted as 
recorder or experimenter. Trials would take various amounts of time depending on 
the experience which had been accumulated and the speed involved. The criterion for 
performance was "adequate driving." The driver was required to stay in lane as he 
would if he were able to view the road continuously. On no occasion was it necessary 
for the safety driver to take over control. 

The data for C. W. D. and J. W. S. are presented in Tables 2 and 3 and show, on suc
cessive runs, the speed reached as a limit by the subject for various Td. The number 
preceding the tabular entries of mph was the position of that particular combination in 
the sequence of that subject for that experiment. Thus, the second run made with sub
ject C. W. D. (1) was with a viewing time of 0. 50 sec and an occlusion time of 1. 5 sec. 
Runs were continued until, in the opinion of the experimenter, stable performance had 

TABLE 3 

SPEED IN MPH AS A FUNCTION OF VIEWING TIMEa AND OCCLUSION TIME 
FOR SUBJECT J. W.S. 

Occlusion Trial Run No. Obt. Stand. Time No. Mean Dev. Cale. 
(sec) 2 3 4 5 6 (n) 

1. 0 23 48 53 50 50 49 49 50(6) 2 62 
1. 5 17 46 48 47 45 45 40 45(6) 2 44 
2.0 16 39 39 38 41 38 35 38(6) 2 34 
2.5 3 25 32 33 35 32 33(4) 1 28 
3. 0 12 20 22 20 20 24 21(5) 2 24 
!l. 0 22 19 20 20 19 20 19 19(6) 0.5 18 
6. 0 6 13 11 12 12 19 13(5) 3 11 
7. 5 18 11 7 5 5 7 7 6(5} 1 8 
9.0 21 4 3 6 5 5 5 5(6) 1 6 

N = 51 

0
Viewing time = 0.25 sec. 
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been reached. The mean was calculated on the basis of a number of points, never less 
than 4, which appeared to represent stable performance. The parenthetical entry after 
the mean is the number on which the mean is based. The standard deviation is com
puted on the basis of that n and is in mph. The last entry is the speed in mph calculated 
on the basis of the best fitting solution of the theoretical model. 

Figures 4 and 5 show the obtained and the theoretical relationship between Ta and 
terminal speed. The calculated values are those based on a best mean square fit to 
the theoretical model. The fit is that which minimizes the variability of the permis
sible uncertainty, Uc, and allows the other parameters of the equation to vary in order 
to minimize the variation in Uc. Thus, for each subject, there is a table of the ob
tained data and of the theroetical points fitted to the curve by a minimization of the 
squared deviations of the permissible uncertainty, and a graph. Two such sets, for 
C. W. D. (1) and J. W. S., are shown. The complete data are given elsewhere (4). 

The results of Experiment 1 show, as would be expected, that as occlusion time is 
decreased the maximum velocity which can be achieved by the subject-drivers is in
creased. With few exceptions, the function is a monotonic relationship and where re
versals have occurred they can almost always be identified as being the result of 
learning. 

It is possible to adjust the parameters of the model to provide a good fit to the ob
tained data in most cases. Table 4 shows the values of the parameters for each sub
ject, for each condition. D, F, and Uc are individual parameters which, of course, 
will vary with the subject and with the conditions under which data are taken. The 
parameters H and K are situational and proportional parameters; K, in particular, is 
the same for all, having been set to adjust the general position of the model to corre
spond to the real numbers obtained in the experimental situation. H presents some
what more of a problem. As we can see, H varies from as high as 34 for subject 
C. W. D. (2) to as low as4 for subject J. W. S. Whether this represents a different at
titude toward the roadway is not clear. Subject J. W. S. uniformly had a very small D 
which suggests that his performance was based largely on the information relatively 
close to the vehicle. Subject C. W. D. had a somewhat higher D factor and, in general, 
a much larger H. In this respect, it must be noted that subject J. W. S. was, in general, 
a more cautious subject than C. W. D. or D. C. M. In particular Uc-the amount of un
certainty which the driver will permit to be accumulated in bits-is consistent and 
small for subject J. W. S., and larger and more variable for the other two subjects. 

An impressive feature of the data is the fact that, with the exception of subject 
J. W. S., an occlusion time of 1. 0 sec resulted in no limit speed-at least no limit with
in the speed limit of the highway. The only exception to this finding occurred with a 
Tt of 0. 25 sec for subject C. W. D. (1), and on one trial with a Tt of 0. 5 sec. At the 
other extreme, subject C. W. D. (2) drove with complete control with no tendency to 
deviate from his path or to exceed the limits of his lane at speeds in excess of 70 mph 
with 1. 0-sec looks at the road separate by intervals of 4. O sec of complete occlusion 
of vision. 



26 

TABLE 4 

MODEL PARAMETERS FOR VARIOUS Tt 

Tt 

Subject Parameter 0.25 0.50 1.0 

C.W.D. (1) D 0.26 0.42 0.32 
H 14.0 12.0 20. 0 
F 6.0 10.0 7.5 
K 0.0002 C.0002 0.0002 
u 3.13 3.76 5.22 

J.W.S. D 0.20 0.18 0.20 
H 6.0 6.0 4.0 
F 9.5 6.0 5.0 
K 0.0002 0.0002 0.0002 
u 0.99 1. 07 1. 13 

D.H.K. D 0.50 
H 18.0 
F 3.5 
K 0.0002 
u 4.93 

C.W.D. (2) D 0.22 0.46 0.20 
H 12.0 34.0 26.0 
F 8.0 5.0 7.0 
K 0.0002 0.0002 0.0002 
u 2. 57 13.47 8.24 

D.C.M. D 0.30 0.30 0.30 
H 20.0 20.0 12.0 
F 4.5 5.0 3. 5 
K 0.0002 0.0002 0.0002 
u 7.16 5.96 4.29 

W.V.D. D o. 32 
H 24.0 
F 4.5 
K 0.0002 
u 6.99 

EXperiment 2-1-495: Fixed Velocity and Viewing Time, Voluntary Control of 
Occlusion 

This eXperiment dealt with the situation where speed and Tt are fixed and Td is 
under the voluntary control of the driver. As described earlier, the driver has avail

able a switch (to be operated by the left 
foot) which initiates an observation time 
of fixed duration equal to Tt. The pur-

TABLE 5 

MEAN VOLUNTARY OCCLUSION TIME AS 
A FUNCTION OF SPEED, EXPERIMENT 2 

D.H.K. 

v 

60 
50 
40 
30 
25 
22 
22 

l. 48 
1. 66 
1. 75 
2. 10 
2. 26 
3. 63 
2. 60 

W.V.D. 

v 

60 
50 
40 
30 
25 
22 

1. 84 
2.50 
2.82 
3.19 
3.95 
3.98 

C.W.D. 

v 

50 
40 
30 
25 
22 

2.21 
2.42 
3.25 
3. 57 
3.64 

pose of the eXperiment was to obtain 
something more analogous to a point-to
point index of the attentional demand 
placed upon the driver by the highway. 
A fixed Tt of O. 5 sec was used. The 
subject was fitted with the helmet and 
given preliminary familiarization with 
the operation of the foot switch and the 
viewing time. 

The subject steered into the right
hand lane of the road and accelerated 
with the visor up until he reached the 
preset speed. When the driver had 
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provided an adequate sample of behavior, 
i. e, , some 60 to 120 operations with the 
visor in the course of 5 minutes, the ex
perimental run was terminated with the 
visor's being raised, a new speed se
lected, and the experiment repeated. 

The average Td's chosen by the various 
subjects for the various speeds resulting 
from the process analysis are given in 
Table 5. It can be seen that there are no 
reversals of the functional relationship be
tween V and the mean value of T d chosen 
by the driver. The longer times obtained 
for subject D. H.K. were the result of his 
not adhering to the rule of error-free per
formance on the first 22-mph run. When 
the instruction was reiterated the shorter 

times were obtained. The results are shown in Figure 6 with the functional relation
ships between V and Td for the same subjects obtained in Experiment 1 presented for 
comparison. 

For all three subjects, it can be seen that the voluntary control Ta's are lower than 
would have been expected if this technique resulted in a simple replication of the re
sults of Experiment 1. From the subjective point of view, the technique of Experiment 
2 provides the driver with a more immediate control over his perceptual environment. 
The response time of the visor to the depression of the foot switch is virtually instan
taneous. On the other hand, the vehicle, when traveling at a fairly high speed, is rel
atively slow to respond to minor changes of accelerator or brake pressure whichmight 
be applied in Experiment 1. The assumption of a constant limit speed in Experiment 
1 is predicated on the idea of a constant H for the highway and this is almost surely 
not the case. The variability which is evident in the voluntarily controlled Td's shows 
that the driver perceives the highway as possessing a variable H. Consequently, there 
is variation in the rate of uncertainty generation during occlusions. This suggests that 
the technique of Experiment 2 will be a more useful one for evaluating the attentional 
demand placed upon the driver by traffic situations or by different vehicles. 

Experiment 3-Bryar Motorsport Park: Fixed Speed and Viewing Time, Voluntary 
Control of Occlusion 

This experiment dealt with the problem of constant viewing time, Tt, and constant 
velocity, with subject control Td. It was thus identical with Experiment 2 but done on 
a very different road. Bryar Motorsport Park is 1. 6 miles of well-paved and banked 
roadway with ten turns which vary in radius from virtually straight to "hairpin." 

As was seen in Table 1, a total of 20 trials was made, with each trial consisting of 
a number of laps. Each lap produced a record which was analyzed separately. Our 
interest was in the functional relationship between the voluntary period of occlusion and 
the radius of curvature of the track. Since no other vehicles were permitted on the 
track and there was a sufficiently long period of familiarization, the only residual un
certainty would be that associated with steering around curves and maintaining the ve
hicle properly within the lane. Accordingly experiments were done at three constant 
speeds: 22, 25, and 30 mph. A speed of 35 mph is not beyond the limits of the vehicle 
but would present serious control problems in the event of error. For this reason, no 
higher speed attempts were made. (These were reserved for Experiment 4, which 
dealt with constant Tt and T<i and allowed the driver to vary the speed at will.) A 
sample record (Figs. 7 and 8) shows the interval between observations as a function of 
position along the track. The data on a point-to-point basis are jagged, due to the 
discrete nature of the performance. Accordingly, running averages of 3 were made 
and are plotted on the same graph. The numbers of the record identify the five signif
icant curves of the track. 
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Figur.e 7. Interval between observations as function of position on track. 

It can be seen that, in general, the higher the speed, the shorter the interval be
tween observations. For a sufficiently low speed, we might assume that the driver 
will behave as he does on the superhighway. That is to say, the interval between ob
servations would be nearly independent of the radius of curvature on the roadway. At 
sufficiently high speeds, on the other hand, the driver might be unable to maintain 
adequate steering, given a roadway that curves as it does, even with continuous view
ing. At intermediate speeds, on some parts of the track the roadway will be effectively 
a straight road (even though in fact it may be curved), and on other parts of the track 
the radius of curvature might be so small as to demand more frequent viewing. We 
should not expect, therefore, to find a simple relationship between the speed at which 
the track as a whole is traversed and the total number of observations which might be 
made of it at any speed, since in a sense each increment of speed merely increases 
the part on which more frequent observations must be made rather than requiring that 
this be done over the whole length of the track. 

If we examine the performance of W. V. D., for instance, we find that the total num
ber of looks increases slowly with increasing speed. But there is suprisingly little 
difference as the speed changes from 22 to 30 mph. Thus, it would appear that the 
major factor which induces a new look at the road is that of distance traversed rather 
than either time or speed per se. Thus, at 22 mph 74 looks were taken at the track; 
at 25 mph 79 looks; and at 30 mph 80 looks. 

We find that our estimate of the distance traveled between observations is 83. 6 ft 
for 30 mph, 87. 7 ft for 25 mph, and 100 ft for 22 mph. Since, presumably, the in
formation content of the roadway is invariant and the Uc of the driver is likewise in
variant, the variation in distance traveled must correspond to an increase in the noise 
power generated by the vehicle itself. In other words, at the higher speeds, the pre
cision of the driver's steering and aiming, as well as the residual uncertainties in the 
steering mechanism, become more important and require more frequent observations. 
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Figure 8. Interval between observations as function of position on track. 
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For subject C. W. D., the mean number of looks taken at the track is 69 for a speed 
of 30 mph, 68 for 25 mph and 67 for 22 mph. The corresponding distances traveled 
between observations for these same speeds are 97, 102, and 102 ft for 30, 25, and 22 
mph, respectively. Thus, although there is less variation for the three speeds for this 
driver, the same general trend can be seen. 

A factor which has not so far been considered in our discussion of Experiment 3 is 
the "size" of the turns or total amount of direction change. Thus, turn 2 and turn 6 
involve very nearly 180 deg of direction change, turn 8 somewhat less, turn 10 still 
less and turn 4 less again. Turn 3 has a fairly large radius of curvature that involves 
a directional change of about 90 deg. Turns 5, 7, and 9 have the largest radii of cur
vature and involve changes of direction of only 15 deg, approximately. The more 
directional change there is, the more interference with vision ahead and the more de
manding of attention from the driver. Thus, turn 3 has a radius of curvature approxi
mately the same as curve 4, but involves only about half as much directional change, 
and it can be seen that curve 4 elicits observations from the driver in general much 
more often than does curve 3. Presumably, this elicitation is a result of the limita
tion of forward view rather than the radius of curvature per se. 

Curve 10 is a special case due to the departure of the exit roadway immediately 
prior to its entrance. In addition, there are bridge railings which constrain, to some 
extent, the freedom of the driver to approach the edge of the road on the outside com
ing into curve 10. The remaining data for all subjects, although not presented'here, 
have been analyzed sufficiently to show that they conform to the same general pattern. 

An effort was made, on the basis of maps of the track, to determine the radius of 
curvature of the various curves. These were then ranked according to radius, the 
smallest number being the smallest radius. Similarly, the inter-observation interval 
utilized by the subject was also ranked, the smallest number being given to the smallest 
interval. In this way we were able to get an estimate of the extent to which there is 
agreement between the attentional demand as measured by the interval between obser
vations and the radius of curvature of the road. 

Although there is general agreement, there are factors which prevent us from ar
riving at a firm conclusion. First, in addition to radius of curvature and total extent 
of directional change which have been noted, there is also the effect of road width which 
controls the actual path which can be taken by a driver in negotiating a curve. A driver 
driving on a track attempts on each curve to negotiate the curve with a path of maxi
mum constant radius of curvature. This path of "maximum constant radius" (MCR) 
minimizes the degree of control activity required and also permits the fixed speed to 
be most easily maintained through the curve. The line of MCR is a function both of the 
radius of curvature of the track itself, the width of the track, and the amount of direc
tion change which the curve involves. Quite clearly, a circular track would have an 
MCR precisely equal to the radius of the outer boundary of the track. A segment of 
that curved road resulting in a change of perhaps 10 deg and connected by straight seg
ments before and after will have an MCR which would be many times larger and which 
would be a direct function of the width of the track. Curve 10 appears to be the most 
demanding even though its radius of curvature shares only the second rank with curve 
6. However, the constraints on the entrance to curve 10 mean that the MCR which the 
driver can attain is small with the consequence that the "functional radius" of this curve 
may in fact be smaller than the "functional radius" of any other curve. Thus, there is 
not a monotonic relationship between radius of curvature and attentional demand, such 
that the attentional demand is always less when the radius of curvature is larger, but 
rather the constraints on paths through the turn must also be taken into account. Of 
course, in dealing with highway curvature where cars are by custom or by law required 
to stay in lane, the curve taken by the car has a radius more nearly equal to that of the 
road and thus a more precise relationship could be obtained. On exit roadways from 
superhighways as well as on roads where visibility around curves is good due to the 
flatness of the terrain, there is an almost unavoidable tendency on the part of the 
drivers to cut curves and in this way enlarge the radius of curvature with which they 
negotiate the curve. This is observed, also, in open highway driving where there is 
little opposing traffic. 
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However, and this finding is more general, by comparison of the voluntary intervals 
between viewing on the superhighway and those obtained on the race track, it can be 
seen that when the average Hof the road increases, the interval between observations 
at a given speed tends to decrease. We have, of course, only two points and we do not 
have any immediate estimate of where these points lie, since the fitted curves for the 
various drivers are best fitted by different H's. Whether H is therefore a demonstra
ble external physical variable or one which is a compound of psychological and phys
ical variables is yet to be determined. The extent to which a driver is familiar with 
the very minor aspects of the road as well as with its statistical structure (that is, the 
probability of intrusion, etc.) probably modifies for him whatever basic H or uncer
tainty exists in the road purely because of its physical nature. Thus, the timorous, 
unfamiliar driver sees the same road as possessing a larger H than the man who has 
traversed it many times. Presumably, this would be one source of the variation in the 
value of the fitted parameter H of the various subjects in Experiment 1. More detailed 
examination of the visual stimuli present at various points along the track as well as 
those which exist along the highway is needed. 

Experiment 4-Bryar Motorsport Park: Fixed Viewing and Occlusion Times, 
Voluntary Control of Vehicle Speed 

The fourth experiment dealt with the problem of constant viewing time Ti and with 
the constant occlusion time Td while the driver retains control of the vehicle speed. 
The experiment is thus identical with Experiment 1 but done at Btyar Motorsport Park. 
The operating procedure was identical with that described in Experiment 3. After 
familiarization runs the experimenter in the left rear seat initiated a run by setting a 
particular T rl> with a fixed T_,, of 0. 5 sec, and started the apparatus. The driver then 
circled the track driving as rapidly as possible and varying his speed from point-to
point along the track. Errors were not permitted; that is to say, the driver could not 
leave the road or cross the white line at the edge for any reason. If he did so, the run 
was terminated and another run begun. At the conclusion of three satisfactory runs 
the visor was opened by the experimenter at the finish line and the driver would rest 
briefly before initiating runs with a new Td. 

Thirty-five trials were made at Td's of 0. 5, 1. 0, 1. 5, 2. O, and 3. 0 sec, by sub
jects D. H.K. , C. W. D. , and W. V. D. Each trial consisted of a number of runs as 
previously described. Each lap produced a record which was analyzed separately. 
Our interest, of course, was in finding a functional relationship between the speed 
adopted by the driver and the radius of curvature of the track for each given T d· Since 
no other vehicles were permitted on the track and there had been a sufficiently long 
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Figure 9. Speed attained as function of position on track. 
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period of familiarization, the only residual uncertainty would be that associated with 
steering on the curves and maintaining the vehicle within the lane. In addition, the 
available view ahead was a function of the radius and of the total directional change 
of each curve as indicated in the discussion of Experiment 3. 

The data were obtained in the form of strip chart recordings of speed. The general 
form of the functions is similar to that for the constant velocity and voluntary control 
of visor time. In other words, if the driver is faced with a greater attentional demand 
at a constant speed he must look more often and similarly, if his information intake is 
limited, he varies his speed accordingly. The data for one subject, C. W. D. , for T d 
of 0.5 and 2.0, are shown in Figures 9 and 10. There is a consistent reduction of speed 
on the curves with increasing Td. It must also be noted that the increased Hof the 
track produced speed-limited runs even with occlusion times as short as 0. 5 sec. It 
would have been possible for the vehicle to accelerate to higher speeds than those 
which were in fact reached, as was evidenced by the performance of the same driver 
with the same vehicle with no occlusion, striving for maximum circuit speed of the 
track. 

The increased H of the track as compared with the Interstate highway resulted both 
from the curvature and from the limitation of the viewing distance ahead, and markedly 
reduced the speeds which the driver could attain with occlusion times in the region 
from 1 to 3 sec. It is difficult to identify on the speed records the odd numbered curves, 
since the reduction in speed for these was very small, if present at all. However, as 
is evident from Figures 9 and 10, the salient features of the record are those corre
sponding to the even numbered curves and it is in these turns that a reduction in speed 
with increasing Td is most evident. The records for the other subjects show the same 
general trend. In order fully to understand the relationships which are implicit in 
these data it will be necessary to obtain the same information about maximum constant 
radius as is required to deal with the data for Experiment 3. As a result, a full anal
ysis and interpretation of the results of this experiment must await the availability of 
these additional data. 

GENERAL DISCUSSION AND RECOMMENDATIONS 

The general purpose of the experiments was to determine empirically certain re
lationships between characteristics of the road upon which a car is driven, the amount 
of time a driver has to look at the road, the interval between such observations, and 
the speed at which he drives. Experiments 1, 2, 3, and 4 attempted to do so for two 
different classes of roads and for two different modes of operation of the experimental 
apparatus. The results indicate, as would be expected, that the less frequent the ob
servations, or the shorter the period of observation, the slower will be the speed that 
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the driver can maintain, and, conversely, that the greater the level at which the speed 
is fixed the more often the driver must look at the road. In addition, the difference 
between the roads appears as a modifier in that the more complicated road results in 
a lower speed at any constant viewing and occlusion times, and results in shorter oc
clusion times for any constant speed and viewing time. The data with which to express 
the functional relationships among all of these variables have been obtained and sub
jected to partial analysis. 

Another part of the program was aimed at testing the adequacy of a theoretical 
model which described the behavior of the driver in terms of information processing 
and uncertainty accumulation. The data for Experiments 1 and 2 provide an oppor
tunity to verify the adequacy of the model. Figures 4 and 5 show the extent to which 
the model fits the observed data. Table 4 gives the parameters of the model for the 
various subjects for the data for Experiment 1. Because of time and cost limitations, 
no effort was made at this time to apply the model to the data of Experiment 2. In
stead, a simple comparison of the latter data has been made with those of Experiment 
1 to show that with voluntary control of occlusion by the subject the times which he 
generates himself are somewhat shorter for any given speed than those which permitted 
that same speed in Experiment 1. Experiments 2 and 3, both of which permitted vol
untary control of occlusion time by the driver, suggest by their results that this tech
nique is a useful one for measuring the attentional demand of a driving situation. 
Figures 7 and 8 show quite clearly that for various constant speeds, the driver must 
look more frequently as he enters and passes through the various curves on the track, 
and that this increased frequency of observation is not independent of the nature of the 
curve itself. Thus, we believe that this technique will allow an objective measure, 
based on driver behavior, of the attentional demand of any segment of a road. 

Data about the view ahead n1ust be obtained by field n1easureinents both on I-495 
and at Bryar Motorsport Park and the curve of maximum constant radius must be cal
culated for the various turns. When this has been done, it should be possible to es
tablish the parameter H for the various parts of the track, and to calculate more pre
cisely the driver uncertainties, distance constants, and forgetting time constants 
which will be needed to provide a crucial test of the ability of the model to predict the 
behavior of a driver on some new road. 

If the model can make such predictions, then the identification of these parameters 
D, F, and Uc might permit a preliminary classification of drivers in terms of skill 
level. This, in turn, suggests a means of identifying those drivers who may be poten
tially "accident prone." The use of trained drivers as measuring instruments, using 
the voluntary occlusion technique, may facilitate the identification and quantification 
of hazardous or excessively demanding road configurations or vehicle characteristics. 
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Discussion 

J. W. McDONALD, Director, Engineering and Technical Services, Automobile Club 
of Southern California-The authors of this work have set for themselves a very im
portant goal-the definition of a measure they call "attentional demand" -which has 
potential application to all three basic elements of highway safety, the road, the ve
hicle, and the driver. Various measures have been developed in efforts to determine 
the quality of a highway, the driveability of an automobile, and the competence of 
drivers. However, this is the first measure of which I am aware that has application 
to all three. 

Applications, incidentally, are of particular interest to those of us who are in con
tact with drivers and with the people who design highways and automobiles. The basic 
notion proposed by the authors has an easily understood, logical appeal which comes 
through clearly because of the careful, thorough explanation presented. In addition, 
there are good illustrations of how the notion applies in various circumstances with 
which others can identify. 

Two additional applications occur to me which may not be wholly distinct from those 
suggested by the authors but which are worth mentioning. The first of these would 
have to do with the efforts of traffic engineers to measure "level of service" of a high
way. Time is the basic measure of service level, but perhaps "attentional demand" 
could provide a supplemental, qualitative measure. The second possible application 
would relate to more effective use of highway signs and warning devices. I am in
trigued with the discussion in the report of the H factor-the "information density" of 
a highway. This offers a new perspective regarding warning signs and devices, and 
possibly a better approach to their effective use when the true H value of a highway is 
not apparent to the driver. As a simple illustration, a warning sign at a blind inter
section should serve to alert the driver and provide the higher H value which reveals 
the true character of that section of highway. A dangerous situation is created, of 
course, when the true H value of a roadway is not apparent. 

Also of interest is the discussion of curvature of a highway and its relationship to 
attentional demand. This has application and pertinence to discussions of scenic high
way design-a popular subject at the moment. If the driver is to participate at all in 
the enjoyment of a scenic highway, the attentional demand cannot be all-consuming. 
A fine example exists today on the new interstate highway over Donner Pass in Cali
fornia and a comparison of this with the old road, US 40. Some argue that the old road 
was more scenic than the new, but certainly from the standpoint of the driver, the new 
road is by far superior from all standpoints, including the scenic. I know in my own 
experience I never felt that there was anything too scenic about the rear-end of a large 
truck. 

Concerning limitations of the method, it would seem that in an effort to use this 
measure for determining proficiency or competency of drivers, there would be a vary
ing influence of the apparatus on the normal behavior of different drivers. Some would 
probably take it in stride, whereas others would be badly distracted. Another limita
tion would occur in trying to pursue this technique in actual traffic circumstances. Such 
an extension of the research would seem desirable, but perhaps a little risky. Pos
sibly dual controls could be used here, or a full-scale driver-vehicle-roadway system 
with controlled traffic as is contemplated at Ohio's Transportation Research Center. 


