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Driving Simulator Research 
SLADE HULBERT and CHARLES WOJCIK, Institute of Transportation and Traffic 
Engineering, University of California, Los Angeles 

• INCREASING AND SPREADING interest in simulators and simulation in general as 
well as in the specific topic of automobile driving simulation has fostered the writing 
of this paper about the Institute's research and development program for a driving sim­
ulation facility. Two separate devices will be described along with results of testing 
a number of driver sulqects. 

As stated in an internal report (1) several members of the Institute staff have be­
come, 

convinced that driving simulation holds tremendous potential 
for really getting at the highway safety problem. We are a l ­
so convinced that investment in driving simulation research 
will pay off hundreds of thousands of times over, merely 
through its one aspect of permitting effective pretesting of 
highway designs — such pretesting being normal in most engi­
neering work but not now possible with highway design inso­
far as how the driver will react to it is concerned. And fin­
ally, we are convinced that by promising to really tell us 
something about how drivers behave on the road,, research 
with a driving simulator will provide key information, the 
lack of which is now stimying other lines of investigation. 

We feel that the need for very extensive and e:q)edited 
development in this simulation field is extremely urgent. 
The tremendous loss of life on our highways should have 
told us in any recent year that the time had arrived for get­
ting at the basic causes of accidents. Now the urgency is 
multiplied, because we are embarking on a vast highway 
construction program, building-in danger features that can 
lay on us an appalling, accumulating toll of deaths and suf­
fering and wasted dollars for years and years to come. 

An ultimate facility as currently envisioned by the Institute has been described in an 
earlier publication (2). Certain logical and necessary steps leading to the design of 
this ultimate facility are being followed and have resulted at this time in two devices 
wherein drivers can be measured and observed as they "drive" in the research labor­
atory. In one device the subject drives in a mock-up of a vehicle and in the other de­
vice an actual automobile is used. 

DYNAMOMETER F A C I L I T Y 

In a 30- X 20- x 10-ft room, an automobile with its rear wheels on the steel rollers 
of a chassis dynamometer can be operated in response to two motion pictures. One 
picture presents the forward view and the other the rearward scene which is seen in 
the rear-view mirror. On a curved screen 8 ft from the driver the forward picture is 
shown by a projector located 1 ft above the car in line with the driver's position. The 
rear picture is projected from inside the car onto a screen which just covers the rear 
window. Stray light from the projectors is supplemented by two goose-neck lamps con­
taining 5-watt bulbs thus providing fairly uniform illumination inside and outside the 
vehicle at between 5 and 10 foot-candles. The adjustable dash light is set to balance the 
illumination and make the speedometer clearly visible. Steering wheel movements dis­
place the forward picture from side to side which gives the driver a strong impression 
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of controlabillty of his lateral position on the highway. A "highway feel" of steering is 
accomplished by having the front wheels rest on turntables to increase ease of move­
ment. The steering system is spring loaded to simulate the self-aligning tendency of 
a rolling vehicle so that the steering wheel tends to return to center. Engine noise is 
real, but indicated speed has been made twice that of the actual speed of the wheels on 
the rollers. This doubling of the indicated speed has the effect of equating It with ve­
hicle noise (engine noise and tire-on-roller noise). A flywheel attached to the rollers 
simulates vehicle momentum and contributes to reaUsm of engine performance and 
speed changes. 

Engine temperature is controlled directly by an auxilliary radiator and indirectly by 
a refrigeration air-conditioning unit which controls room air temperature. Tire over­
heating is prevented by a cooled-air system blowing on the tires. Exhaust fumes are 
ducted outside the building and there is a constant change of room air . 

The vehicle undergoes some low-amplitude vibration at approximately 50 cps pro­
duced by the action of the tires on rollers. This action is similar to that e^qperienced 
and recorded while driving on newly surfaced road. 

Driver responses are recorded on four channels of a Brush six-channel, ink-writing 
recorder. Vehicle speed, steering movements, brake and accelerator pedal action, 
and the driver's galvanic skin response are recorded along with written notations about 
the motion picture events being shown to him. 

TILTING CHAIR F A C I L I T Y 

To provide simulation of the physical forces e3q)erienced while driving, a driver's 
compartment is mounted so that it can be tilted fore and aft (pitch) and from side to 
side (roll) as well as rotated (yaw). The driver's outside view is restricted to a motion 
picture projected on a cylindrical screen 6 ft from him. This picture, from an ex­
tremely wide-angle 160-deg lens, completely fills the driver's field of vision through 
the windshield aperture. Because this picture is of low brightness the entire room is 
made dark during projection with all stray light being trapped by a ventilated box that 
houses the projector. 

The essence of this device lies in the fact that both the projection screen and pro­
jector are attached to the driver's compartment and, therefore, move with that cock­
pit when it is tilted. Thus, even when he is tilted the driver's visual world including 
his horizon reference does not move and the changing physical forces exerted on his 
body by gravity are then perceived as acceleration forces or centrifugal forces depend­
ing on the direction of tilt (pitch or roll , respectively). 

At the present time this device is tilted manually in response to the driver's actions 
and the motion picture scene. When, for example, the driver removes his foot from 
the accelerator pedal or applies the brake, a signal light informs the operator and he 
tilts (pitch) the device an appropriate amount and rate depending on the traffic situation. 

MOTION PICTURE TECHNIQUES 

Electrically driven cameras are mounted fore and aft on a 1957 Chevrolet station 
wagon. Positioning the cameras so that they are at driver's eye level is crucial if 
perspective distortion is to be avoided. When highway curves (vertical or horizontal) 
are to be photographed, it becomes necessary to construct a view finder on the vehicle 
in order to plan the content of the movie. Each section of highway must be selected 
carefully for certain characteristics that will appear in the completed movie. The 
view finder is absolutely necessary for selection of a road with acceptable alignment 
and sight distances. Road smoothness is desirable but a ride that is too level results 
in a motion picture that gives the driver a floating or detached experience that is un­
realistic and, therefore, undesireable for simulation use. 

RESULTS TO DATE 

Results can be described in two categories: first, what has been learned about 
driving simulation techniques, possibilities and feasibilities^; and second, what has been 
learned about driver reactions, responses and opinions. 



When presented in these devices, color motion pictures even with a narrow field 
(approximately 50 deg actual and 38 deg apparent) were far more realistic than was 
e:Q)ected. Provided that care is taken in selecting the highway and traffic situations, 
films such as these can be extremely useful in research. This conclusion is based on 
the recorded driving behavior of subjects and the personal observations of the Institute 
staff, other research persons and the naive drivers who volunteered to be subjects. 
Nearly all these persons have reported without being solicited, that they felt as though 
they were "on the road" and "in the picture." They also "drove" as though they were 
truly involved; for example, slowing when sight distance was restricted, increasing 
speed on straight sections and steering constantly and alertly. To reach this stage of 
simulation fidelity, it was necessary to: 

1. Make the projected front image f i l l at least 50 deg of the driver's view. 
2. Adjust the speed of film projection to suit individual perferences. 
3. Double the indicated speed to offset noise generated by the engine and dynamo­

meter. 
4. Mechanically link the steering mechanism to the transverse rotation movement 

of the front projector. 
5. Simultaneously project a rearward scene to be viewed in the rear mirror. 
6. Spring load the steering mechanism to return the steering wheel to center. 
7. Provide approximate highway conditions of resistance to steering movements. 
8. Select highway sections and traffic events so that critical information was not 

expected by the driver to occur outside of his field of view. 
9. Instruct the driver that only normally encountered situations would occur on this 

trip and that he was to assume himseU to be on a cross-country trip where he would 
continue on this road at least the next one-half hour and not have to look for turn-offs 
or directions. 

Approximately 50 deg of visual field was judged to be the "balance point" in terms 
of realism of effect, in the compromise between clarity of picture and size of picture. 
This balance point would vary with the characteristics of the camera lens and projec­
tion lens that would be used. Apparently size distortion of objects in the picture is of 
minor importance providing the movie does not contain scenes showing an approach too 
close (approximately 20 ft) to vehicles or other objects that are directly in the path. 
Objects to the side 4>&ssed or passing) can undergo size distortion within wide limits 
and still be acceptable. Motion pictures such as these can be used successfully to sim­
ulate driving providing a two-lane highway with no stops for crossroads is used and 
no slower moving vehicles are encountered. Faster moving vehicles which pass are 
accepted but may be responded to. Horizontal curves are accepted when sight distance 
is not restricted by the edge of the picture. Vertical curves are accepted up to a dif­
ference in grade of approx. 10 percent. At this amount of curvature, sight distance 
was drastically reduced for a brief period of time (less than sec). This could con­
ceivably be corrected by panning the camera down then up at just the correct time. 
Dips in the road are accepted and in fact seem to enhance the realism at least up to 
Va ft in 10 ft when driven over at 50 mph. There is an interaction between the length 
of the dips and the speed of the camera car (or apparent speed, when projector speed 
differs from camera speed) such that the longer the dips the faster the car must go in 
order for the duration of picture disorientation to remain within acceptable limits. 

To date, in addition to trial work, 47 subjects have been tested at least once on the 
dynamometer driving simulator device; 12 of these subjects have been tested more than 
once. Seventeen of these drivers were recruited from the U C L A Medical Center out­
patient population. Twenty-one of the subjects are volunteers from the student body 
population. Nine staff member volunteers have been tested twice and two of them three 
times. 

Each driver on each test session experienced two simulated trips, each of approxi­
mately 15-min duration. One drive is over a straight road and the other is over a 
winding road. Traffic is light on both trips and no stops are required. Records of 
their speed, steering, brake and accelerator pedal movements and their GSR, have 
been analyzed for a series of traffic events during each trip and for the trip as a whole. 



T A B L E 1 

Students Staff Outpatients 

Range Median Range Median Range Median 
(a) Speed (mph) 

Winding Road: 
Max. 33-66 55 35-57 44 29-66 46 
Avg. 0-51 35 18-42 33 0-62 31 
Min. 0-40 13 0-33 13 0-53 11 

Straight Road: 
Max. 37-73 57.2 40-70 53 37-84 59 
Avg. 31-66 48 35-62 42 29-64 44 
Min. 0-59 31 0-51 35 0-57 24 

(b) Steering Wheel Movement (deg) 

Winding Road: 
132 Max. left turn 36-360 132 72-168 120 24-288 132 

Max. right turn'60-384 144 60-288 120 24-300 156 

Straight Road: 
60 Max. left turn 0-120 72 12-84 24 24-240 60 

Max. right turn 12-300 84 12-120 36 24-180 84 

(c) Speed Reduction Behavior 

Winding Road: 
Times brakes 

used 0-21 10 0-24 1 0-30 8 
Times car 

slowed 4-32 20 3-33 13 0-29 20 

Straight Road: 
Times brakes 

used 0-3 0 0-3 0 0-9 0 
Times car 

slowed 1-18 7 0-12 2 0-17 6 

Table 1 (a) shows that speeds were slower on the curved road for all three groups. 
There is considerable overlap among the speeds and among the groups. Because there 
was no direct speed feedback the ranges are no doubt much larger than would be found 
on the actual road. 

Table 1 (b) reveals greater amounts of maximum steering wheel movement on the 
winding road for al l three groups. Some tests were conducted without steering feed­
back (linkage between wheel and projector). Under these conditions, steering wheel 
movements were grossly oversize. Differences between the winding road and straight 
road are clearly evident in Table 1 (c) which shows consistently smaller numbers of 
speed reduction actions on the straight road. 

All of the previously mentioned conclusions are in accordance with what one would 
expect drivers to do on these two roads. The extent of the ranges for the recorded 
values is perhaps surprising when one considers that all drivers were exposed to iden­
tical driving environments. 

In order to assess the extent of practice effects, 12 drivers (7 students and 5 staff) 
were tested more than once. At least three weeks elapsed between first and second 
drivers. Subjects were instructed to look on these trips as repeat journeys over the 
same routes they had driven during the initial test session. 



T A B L E 2 
GROUP COMPARISONS O F FIRST WITH SECOND DRIVE 

Firs t Drive Second Drive 

Range Median Range Median 

Winding Road: 
37-59 35 Max. 37-61 46 37-59 35 

Min. 0-17 7 0-31 17 

Straight Road: 
37-59 48 Max. 42-73 59 37-59 48 

Min. 0-22 33 15-44 35 

(b) Steering Wheel Movement (deg) 

Winding Road: 
120 Max. left turn 36-240 120 36-252 120 

Max. right turn 72-384 96 60-288 120 

Straight Road: 
24 Max. left turn 12-240 60 0-204 24 

Max. right turn 12-300 60 0-216 24 

(c) Speed Reduction Behavior 

Winding Road: 
0-10 Times brakes used 0-22 11 0-10 4 

Times car slowed 5-33 21 4-32 17 

Straight Road: 
Times brakes used 0-3 0 0-3 0 
Times car slowed 0-18 9 0-13 4 

Group comparisons are given in Table 2 (a), 2 (b), and 2 (c). There is no clear 
evidence of differences between the group of first drives and the group of second drives. 

Collections of individual comparisons between first and second drives are given in 
Table 3 (a), 3 (b), and 3 (c). No consistent, statistically significant differences ap­
pear. The greater number of braking actions during the first drives over the winding 
road is statistically significant but there is no evidence of a similar difference for the 
straight road drives. Conversely the difference in number of times car slowed that 
occurred during the straight road trip did not occur during the winding road trip. Thus, 
there is little or no evidence in these data for any practice effect. Verbal reports 
from the subjects suggest that they found the second drive to be more "natural" in 
that they "felt more confident" and "liad time to look around a little at the scenery." 

The behavior of these 47 drivers as they negotiated the winding road made quite 
clear the fact that many of these drivers had difficulty steering around curves. A re­
cent study by Stewart (3) provides field data tliat also show drivers have trouble with 
curves. A possible rati i^ system for sections of liighway is suggested by Chandler, 
Herman and Montroll, et al . (4) in their concept "acceleration-noise" which resembles 
the "number of times braked" and "number of times slowed" scores reported in this 
paper. These scores are apparently more sensitive than some of the others tliat were 
used and are not difficult to record. 

With the tilting chair device it has been possible to produce accelerometer records 
quite similar to those taken in a vehicle making normal and panic stops. 

Ten naive experimental subjects and 12 research persons report e3q>eriencing a 
greater degree of realism when the cab was tilted than when it remained stationary. 



T A B L E 3 

Number of Drives 

1st > 2nd 2nd > 1st 1st = 2nd 

(a) Speed Comparisons Between 1st Drive and 2nd Drives 
Winding Road: 

Max. 5 5 1 
Mln. 2 8 1 

Straight Road: 
Max. 9 3 0 
Min. 4 6 2 

(b) Steering Wheel Movement Comparisons Between 1st and 2nd Drives 
Winding Road: 

Max. left turn 4 6 3 
Max. right turn 7 5 1 

Straight Road: 
Max. left turn 8 4 0 
Max. right turn 7 3 1 

(c) Speed Reduction Comparisons Between 1st and 2nd Drives 
Winding Road: 

Times brakes used 11 0 1 
Times car slowed 6 5 0 

Straight Road: 
Times brakes used 4 3 6 
Times car slowed 10 1 1 

Realistic simulation of centrifugal forces and positive acceleration has been easier to 
accomplish than simulation of negative accelerations. This is due to the fact that neg­
ative accelerations are usually of greater amplitude with shorter onset times and, 
therefore, require more skill and strenuous action on the part of the human operator 
and often result in a less appropriate motion of the device. This empirical evidence 
has been supplemented by conclusions reached by analytical methods, as follows: 

During an automobile ride, the human body is subjected to a number of forces which 
can be classified into three groups: disturbance forces due to car action or road de­
ficiencies, gravity, and inertia forces. In the first group are included such forces as 
those caused by vibration of the car, rough surface of the road, etc. Gravitational 
force remains constant but the reactions (that is , the reaction of the car seat on the 
human body) change with different orientations of the car with respect to the earth; 
thus any road incline changes these reactions. Inertia forces are due to changes in 
velocity and direction. Simulation of the first two types of forces does not represent 
a serious problem. However, simulation of inertia forces is a more complicated mat­
ter. Before discussing the methods of simulating inertia forces it is appropriate to 
analyze these forces as they appear during a ride. 

Kinematics of a Human Body Considered as a Point in Motion on a Plane Curve 

The path of a point P along the plane curve is shown in Figure 1. Vi and V, are the 
velocity vectors, they are tangent to the path. The values of the tangential and normal 
accelerations are: 



T Vx-V. dV - ' » _ , d ' e 
dt 

N Vd9 

7 

(1) 

(2) 

T N 
It is clear that in order to evaluate a and a the values of s and 9 have to be known. 

Consider a point P representing a human body in a car proceeding a long flat curve 
(Fig. 2). It is known that for any flat curve the curvature can be expressed as follows: 

1 _d<l> 
s ds 

(3) 

dV - Vde 

dV 

V - V V 

dV dV -1 
i - d t "dt ^ 

dV 

but 

Figure 1. 

ds = R d t (6) 

in which R = radius of the wheel in feet 
^ = angle of rotation of the wheel in 

radians. 
Substituting the values for s and ds in Eq . 
5 

Rad^k de 

thus 

w 
dO 
d T 

R a d t 
" I T d T 

(7) 

(8) 

Inasmuch as the dimensions "a" and "b" 
are much smaller than s. 

ds 

thus 

b 
Further, from the geometrical relationship 
in Figure 2 

b a 

^ a ^ a 
, b/a g _ ttb 

' ~ 1 + b/a ~ a + b 

s = a + b L^ 
a (4) 

in which L = a + b = wheel base in feet 
a = average turn angle, in radians 

For Figure 1 Eq . 3 can be written 

ds de = (5) 

" P 

Figure 2. 



8 

and 

w l*e _R.r^d»^' da d+' 
p " L L d F d f a r . 
al accelerations can be writ Now the tangential and normal accelerations can be written 

- T 

(9) 

(10) 

(11) 

These are the general equations for a"̂  and a^. 
In case when a = const. 

and 
N R»a /d^V 

t 
' sec . 

m 
(12) 

(13) 

in case when 

Figure 3. 

For the motion on a straight line 

dt 
^ = const. = n 

: 0 a n d a N = ^ 
a 

T 

0 aN = o 

^ d F 

(14) 

(15) 

SIMULATION OF INERTIA FORCES 

Let a be the value of simulated acceleration. The simplest way to simulate an accel­
eration is to rotate the subject and in this manner obtain the tangential component of g 
equal to the desired value a. Analyze the process of deceleration in the case of a sud­
den stop. The simplified deceleration graph is shown in Figure 3. 

To simulate acceleration (or deceleration) by means of an orientation of vector g 
it will be useful to determine the value of ai and the angle of tilt 61 that is associated 
with it. 

Consider now the forces acting on a point (body of mass m) moving along an arc of 
radius r in a vertical plane, when simulating the deceleration (Fig. 4). 

Tangential force 

Because 

NORMAL FORCE 

= mg cos0 + m (6 ) ' r 

F ^ = m e V + mg sin e 

T N F ^ = ma and F^^ = ma , 

a'^ = g c o s e + (e)»r 
T •• 

a = r e + g sin 0 

(16) 

(17) 

(18) 

(19) 



mg sin 9 mg cos 9 

The acceleration simulating the deceler-
T 

ation is a , given by E q . 19. It consists 
of two terms 9 r and g sin 6 . Component 
g sin 8 is a tangential component of vector 
g and component 6 r which is the result of 
motion of point m from the state of rest to 
some position defined by the angle of tilt 
6 i . There are two irassible situations 
when the component 6 r is equal to zero: 

1. When the point m is at rest (ruling 
out motion with constant angular velocity). 

2. When r = 0 (point m lies on the axis 
of rotation). 

Figure l ^ . 

Inasmuch as a human body cannot be 
considered as a point, it is quite clear 
that different parts.pf the body wiU have 
different values of 9 r (due to difference 
in r ) . This component will only appear 

in the intervals 0<t<'ti and *2*̂  *'̂ *3 
and because it is an undesired term it 
may be called a disturbance. 

During the transition from.O to 9i, 0 
changes its value from 0 to + 8 to 0 

Figure ^. Angular acceleration. 

to • 9 and too. max 
Assuming a sinusoiodal character for these changes (Fig. 5), the amplitude of 

9 is inversely proportional to the square of time ti (time at which 9^is reached) 
and proportional to 9i itself. Thus for great ti (that is, for a moderate rate of 
deceleration) one has disturbances of low amplitude which may not be detected 
by human senses. On the other hand for small values of time ti the amplitude of the 
disturbance is high but of short duration. This is shown in Figure 6 where for,const. 
9i two values of ty are considered; a'^, a",^ are the sums of the disturbances 8 r (r 

taken as unity) and g sin 8 which for small 
angles (up to 30 deg) can be written with 
sufficiently good approximation g 8 It is 
a goal of this research to investigate 
whether these disturbances are within the 
limits of human perception and if so to 
find the way to minimize them. 

It i s fair to assume that a great part of 
these disturbances is damped out before 
they reach the sensing organs. An impor­
tant part of this research is to find if there 
is an optimum point in a human body which 
should be taken as a center of rotatlpn (a 
point for which r = 0 and therefore 9 r = 
0). 

Figure 6. 
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Figure 7. Sudden stop from 35 mph. 
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Figure 8. Acceleration up to 35 mph. 
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Figure 9. Stop and sta r t . 

Accelerations Experienced in Driving 

Because knowledge of actual accelerations is of great importance in simulation of 
Inertia forces, the fostitute conducted numerous road tests. Deceleration values were 
of primary Interest and they were taken in several traffic situations, fo addition to 
these road tests, the accelerations e:q>erlenced in the tilting chair were measured. 
Positive values are shown for deceleration and negative for acceleration in Figures 7-12. 
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RIGHT TURN 

sec. 

LEFT TURN 

Figure IX). Lef t and rlgtrt t u m . 

1.6 1.8 2.0 

1.0 1.2 

Figure 11. Sudden stop from 20 mph (in actual car). 

It is important to observe a resemblance of curves in Figures 11 and 12, where 
Figure 12 represents the deceleration in a simulated drive in the tilting chair. The on­
ly difference is a "wrong direction" (negative) disturbance caused by the fact that the 
axis of rotation was placed about 1% f t below the seat. Were this axis taken above 
the center of gravity of the body this disturbance would have a positive sign. 

The fact that there is an intimate relation between types of research problem and 
varieties of simulation techniques has been made increasingly clear as e3Q)erience has 
been gained with drivers on the Institute's simulation devices. There is no doubt a 
positive relation between fidelity of simulation and realism of the resulting driver be­
havior. It is helpful, however, to consider the types of simulatable traffic situations 
separately from the fidelity with which those situations can be simulated. The visual 
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Figure 12. Simulated sudden stop from 20 a^ih i n t U t l n g chair. 

TABLE 4 

Traffic Situation 
Cross-country or freeway 
driving where no cross 
traffic Is encountered and 
no vehicles overtake or are 
passed, and either there is 
only one lane or no reason 
for changing lanes or mak­
ing unusual speed changes. 

Examples of Research Problems 
Steering systems, some high­
way signing and pavement 
markings, physical and mental 
conditions of drivers, temper­
ature and noise effects on driv­
ing, highway design features not 
involving actions of other vehi­
cles or drastic speed changes. 

Type of Simulation 
Visual Display 

Motion picture, forward 
view, steering feedback 
(movingprojector) projec­
tion speed variable but 
not linked, camera car 
attempts to follow normal 
patterns of speed and lat­
eral placement, camera 
speed normal (24 frames/ 
sec). 

Add overtaking vehicles. Tendencies to speed up when 
being overtaken, reactions to 
bemg followed at various dis­
tances. 

Same, plus motion pic­
ture rearward view. 

Add events that wUl cause 
large speed changes for 
some drivers and small or 
none for others (for exam­
ple, object on or near road, 
dips). Subtract other mov­
ing objects at locations 
where slowdowns might occur. 

Reactions to more unusual e-
vents, classification of driv­
er's, highway signing and pave­
ment markings where speed 
changes are mtimately involved, 
highway design features involv­
ing speed changes. 

Projection speed linked 
to vehicle speed, camera 
car attempts unUorm 
speed and lateral place­
ment, camera speed high 
(35 frames per sec). 

Add two lanes available 
or freeway situation where 
changes between two lanes 
may be desirable. 

Greater range of steering sys­
tem use, highway signs and 
pavement markings Involving 
lane changes, highway design 
features and conditions requir­
ing lane change. 

Two projectors forward, 
two projectors rearward 
(only one set e:qiosed at 
a time). Two camera 
cars running alongside 
each other or two passes 
of single car over de­
serted road. 



13 

display system Is the limiting factor in determining the types of traffic situations that 
can be presented. Aspects other than visual (for example, sound and physical forces) 
are important as they bring about the fidelity of simulation. Thus, fidelity is In this 
sense a different dimension which can be considered separately for each type of visual 
display system. In Table 4 traffic situations are given along with the corresponding 
type of visual display system and examples of the types of problems that may be inves­
tigated. Only those systems currently under tr ial at the Institute are included in this 
table. 
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Engineering and Psychological Uses of 
A Driving Simulator 
BERNARD H. FOX, Accident PrevenUon Program, U.S. Public Health Service 

• T H E C O N C E P T of a driving simulator has a long history (5, 7, 31) . A number of 
approaches have been made to the problem, some with Intent to simulate more accu­
rately and others less accurately, depending on the different uses to which the simu­
lator was to be put. Indeed, some of these devices were not even considered by the 
maker or user to be a simulator, but rather a tool to create specific responses which 
happened to have some resemblance to a driving situation. A recent instrument which 
was intended to simulate motor behavior in driving, and In some respects, perceptual 
behavior, was the apparatus used to examine the effect of drugs on a skill resembling 
driving (19) . Yet the similarity of the task to driving behavior was not particularly 
close, even though it may have seemed so superficially. A recent investigation (3) at 
Ohio State University used an instrument whose purpose was to establish some visual 
responses to road signs and billboards, and which had controlled motion as input and 
output elements. This machine, however, was not intended as a simulator of the driv­
ing task. Yet i t concerned itself with perceptual and motor responses which were In 
a sense similar to those of driving. 

In view of the foregoing contrast, i t is important to define the kinds of instruments 
under consideration. The degree to which an instrument can be viewed as a driving 
simulator is dependent at least on two things: ( 1 ) the intent of the experimenter, which 
wi l l be reflected to some extent in the perception and behavior of the subject at the con­
trols of the instrument, according to the e:q>erimenter's instructions; and (2) the ob­
jective similarity of the inputs and outputs of the instrument to the driving situation. 
U there is any doubt, the intent of the experimenter defines the machine as a driving 
simulator. Thus a continuum of identity must be postulated, with a decision dependent 
on intent and construction of the apparatus. To establish a framework, the term "sim­
ulator" wi l l be used to mean an instrument in which the subject's action bears a re­
semblance physically to that in real driving, where the intent of the experimenter is 
that the subject's action bears this resemblance, and where the subject perceives i t 
as having this resemblance. 

Objectives in the traffic field can generally be defined along two dimensions: eff ici­
ency and safety. 

One of the necessary ways of reaching greater efficiency and safety is to learn as 
much as possible about driving and traffic behavior. Thus the objectives, at least in 
this part of the schema, become the acquisition of facts. Now it becomes possible to 
extend the ol^ecUves to details. What kinds of facts? How many? With what limita­
tions? Are they available by other means? How wil l they lead to greater safety and 
efficiency? Etc. 

The attempt to acquire such facts is called research. A driving simulator should 
be able to search out facts which would tend to improve within both dimensions the re­
lationship among the objects involved in traffic activities. It should do so by allowing 
the e^qierimenter to examine in fairly great detail certain existing or planned relation­
ships in this field. 

Some of the answers to the question, "Why build a simulator?" were given previous­
ly ( 1 1 , 16), but are worth repeating and amplifying. However, in addition, other re-
latecTquestions can be asked which are at least as Important. First, what research 
cannot be done or wi l l not be done if a simulator is not available? Second, how much 
wi l l the total strategic program of accident prevention research be hindered by lack of 
information yrhich could be made available by use of a simulator? The reasons for 
building a simulator are as follows: 

1^ 
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1. A simulator wi l l permit research which is unsafe to do otherwise. 
2. It wi l l permit certain research which cannot be done fu l l scale without unthinkable 

cost, where equivalently useful information takes excessive amounts of time to accum­
ulate, and where great e3q>enditure of effort, time, money, lives, and injury has al­
ready occurred because this research was not done. This is research on full-scale high­
way configurations in advance of use. 

3. It wi l l permit research which is physically impractical to do at present by other 
techniques. 

4. It wi l l permit research with a degree of e3q)erimental control which is quite im­
possible to achieve by other techniques. 

5. Because of the organized quality of a simulator research program, i t can lead 
to research, if priorities permit, which would ordinarily not be done at all , even though 
such research could be done by other means. 

6. It wi l l permit a whole new experimental milieu for certain inquiries into human 
behavior which have not until the present been particularly concerned with behavior 
while driving. These are mostly psychological topics, but can also be medical and 
physiological. 

Some examples of these kinds of research wil l be given, followed by the answers to 
the additional questions posed. But because the additional questions involve some fun­
damental problems, it becomes necessary to digress at this point with a short discus­
sion of theory of values as i t relates to accident prevention research. 

Values in the Strategy of Planning Traffic Research 
Omitting for the moment the uses of a simulator for training, for public health infor­

mation, advertising purposes, direct selection purposes, etc., consider only the case 
where a driving simulator is to be used for research. 

The range of need for a driving simulator lies on a continuum from low to high, and 
is dependent on several dimensions of cost and gain. Items of cost may include such 
things as economic investment, time investment, effort investment, physical risk in­
vestment, public opinion effects, etc. There are different realms of dividends, and 
each of these can be used as a partial measure of the worthwhileness of each of the a-
reas of investment. Some examples of gains are saving of money, information about 
driver reaction, earlier acquisition of such information, greater amount of information 
acquired, greater access to information than available otherwise, and greater confidence 
in the derived information. 

For each research task the costs are associated with the gains, and a decision must 
be made as to the worthwhileness of carrying out the research in the manner in ques­
tion. The values are again associated when a different method of attack is considered, 
until a decision is reached to conduct the research in a given fashion or not. Whenever 
the cost of some items is too great, such as risk of injury or death beyond a certain a-
mount, i t does not matter how much gain might result from the research: it is not 
worth that cost. Certain gains have never been evaluated —perhaps, in this case, one 
might even say most gains. And when they have been evaluated, the balancing against 
certain research costs has never been made. In addition, the likelihood of a particular 
gain being achieved is itself a matter of probability in the research, and in many cases 
even the very nature of the gain is not known in advance, let alone its magnitude. This 
follows from the nature of research itself, which implies investigating the unknown. 

Thus, decisions as to use of one method or another are based on complex interplay 
of values and uncertainties. It becomes difficult to say how important any particular 
research is a priori , and therefore to say how desirable any particular method of con­
ducting that research is. 

Limiting Costs for Research Priorities 
An attempt wil l be made to assign some values to certain research which can be done 

on a simulator before going into the question of the other kinds of research for which a 
simulator is feasible. Of course, any such assignment is personal judgment. There Is 
every likelihood that someone else would recast the values which are described here. 
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For purposes of limitation, one can say that there is a black area of no limit of val­
ue on certain occurrences to the subject: death, loss of limb, maiming, and most 
kinds of disabling events. (Excluded are temporary disabling events like induced epileptic 
seizure, Inducedsleep duetofatigue, etc.) In most Uvecar e:!qperlmentatlon on the high­
way, an agency is not in a secure enough situation to promise that the subject wi l l not 
have an accident, let alone incur or produce an injury. The most it can do is promise 
that aU other things being equal, he wi l l have as small a chance as if he were driving 
under normal conditions for his own purposes. 

However, the moment a set of conditions is imposed on the subject or the public 
which wil l or might increase hazard to any important degree, either to him or the pub­
lic, a responsible agency ordinarily does not even make this promise, unless i t pro­
vides foolproof safeguards both to the public and to the subject. Because one is gener­
ally not sure of the range of probabilities in many cases, most public agencies wi l l 
lean over backwards, and undertake research only when the risk of increased hazard 
is vanishingly small. 
Classes of Research Which Would Be Done on a Simulator 

Now, returning to the major question, there are several reasons for building a sim­
ulator. Cdnsider them in turn. 

1. A simulator wi l l permit research which is unsafe to do otherwise. This Is the 
most important reason. What kinds of inquiry fal l into this category, defined as re­
search with ponderable risk of injury? A few have already been mentioned (11). Some 
examples follow: 

a. Changing (usually reducing) physical capacity deliberately in order to 
test the limits of adequate performance. 
(1) Decreasing visual efficiency. Some examples would be put­

ting on the driver glasses which would decrease acuity; re­
ducing the peripheral field; deadening pupillary response; 
and imposing glare or inadequate or excessive lighting. 

(2) Removing or reducing the function of a limb or of motor fac­
ulties, including lowered control capacity. 

(3) Deafening a person artifically; for example, with a masking 
noise. This should really not be excluded from live car ex­
perimentation, because at least the self-trained deaf person 
can compensate very well. 

(4) Inducing slight drug overdosage to a person under real drug 
treatment; for example, slight hyperinsullnism in diabetics, 
or sUghtly excess antihistamine or tranquillizer.' 

(5) Think seriously of testing a person with one of the psycho­
tomimetic drugs to see what his behavior would be; for ex­
ample, with lysergic acid derivatives. It must be pointed 
out emphatically, however, that one should not draw the 
inference in any sense that such drugged states resemble 
physiologically or functionally those which are called truly 
psychotic states. 

(6) Treating the healthy subject with standard therapeutic doses 
of many drugs such as amphetamines, antihistamines, tran­
quillizers, e t c ' 

(7) Dosing with various amounts of alcohol under various kinds 
of social conditions.' 

(8) Fatiguing a driver excessively.' 
(9) Causing a driver to become sleepy.' 

b. Causing a change in the person's outlook on risk-taking behavior or 
'In all these cases the experiment would be done under the supervision of a physician 
who has experience and competence in toxicology, anesthesia, or other areas which 
the experiments may require. 
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his assumptions as to the driving situation. 
(1) Rewarding a driver for excessive speed, that is, inducing a 

state of "hurry" (8). 
(2) Stimulating with slight alcohol doses in a normal social situ­

ation and requiring driving thereafter. 
c. Changing the driving environment by inserting une}Q)ected signs, etc. 

This is obviously not so dangerous as the previously cited research. 
However, indications are that i t can st i l l be more hazardous than nor­
mal driving. 

d. Inducing sudden emergencies. 
(1) Another car or a pedestrian does something une:q)ected. 
(2) A sudden curve or construction lane, or other environmen­

tal surprise. 
(3) Induced skids. 
(4) Failure of car component, such as brakes, or blowouts. 
(5) Sudden distractions, like a child acting up, or obstructing 

vision. 
Some work of these kinds has already been done. Only a few wi l l be reported. In 

certain studies care was taken to try to prevent an accident, but in others the subjects 
and experimenters deliberately exposed themselves to increased danger. In one study 
(10) a back-seat observer noted the behavior of a sleep-deprived driver, but the form­
er also began to get sleepy during the runs, and a third observer with dual controls 
next to the driver functioned as a safety man. This need for cross-safety measures i l ­
lustrates the dangers of such research. In another case, attempts were made to force 
an emergency reaction in a simulated emergency in a live car by means of a dummy of 
a child suddenly propelled in front of the driver so uneiqpectedly that he could not avoid 
an "accident." On one occasion, however, the driver swerved so sharply that he delib­
erately struck one of the cars set on the street as an obstruction, rather than strike 
what he thought was a child. In another case (2) i t was reported that a small group of 
everts, in a very uncontrolled situation, tried to see what effect reduction of acuity 
would have on their driving. They put on plus lenses with respect to their optimum 
vision, and drove several blocks in the environs of Chicago, including intersections 
with traffic lights, stop signs, and various directional signs. A study was done In Eng­
land with two expert police drivers under the influence of high doses of alcohol (28). 
The drivers rode over a test track, but both of them came close to having a bad acci­
dent, with no Insight Into their danger. Work in the general area of skill decrement is 
s t i l l going on (13, 26, 30). 

A second kind of inquiry, but in the same large category, must be examined. It is 
the case where, during the course of natural events on the road, the Investigator ob­
serves detailed, withln-the-car driving behavior. To be sure, this research is in­
cluded here because it may involve reduced physical efficiency or altered attitudes to­
ward dr iv i i^ , but more Interestingly, i t involves driving behavior which would have 
taken place even without the presence of the observer. Experimentation of this kind Is 
st i l l dangerous, however. Good work has been done (9, 25). But observing such be­
havior from outside the car is not possible, and where botR scene and behavior are to 
be synchronized, has not been attempted inside the car without an observer. Nothing 
would prevent development of such techniques, of course, except perhaps expense. 

2. A second reason for building a simulator relates to simulation of various high­
way configurations. 

To build highway configurations fu l l scale In advance of use for purposes of research 
in behavior of traffic or In safety design would Involve unthinkable financial cost. It 
is true that configurations of bridges, ramps, interchanges, approaches, etc., have 
been examined in the past and are st i l l being investigated. For the configurations con­
structed and for the traffic circumstances in which they operate, research on these 
full-scale structures could accomplish the same results as would be achieved by using 
a simulator with these same configurations and circumstances — and moreover, does 
so in terms of the ultimate criterion, live driving behavior. Nevertheless, a real 
limitation Is Imposed by the fact that as things stand now, such investigations cannot 
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be carried out adequately without long-term observation of accidents (although traffic 
behavior takes little time to observe), because of the inherently low frequency and un­
reliable occurrence of accidents. 

A far more fundamental point can be raised. Because a simulator with adequate 
characteristics has not been available until now, many constructions have been carried 
out which have inadequate characteristics as far as traffic flow efficiency and safety 
design are concerned. For every design, the civil engineer probably has consulted 
with the traffic engineer, who described the characteristics he wanted. But because 
the latter had no empirical evidence for optimal properties, but only theoretical ex­
pectation, whenever a new design was to be considered, he had to estimate in terms of 
e^qperience, the Inadequate literature, and personal judgment. ItAany times these were 
not enough. As a result, who knows how many hours of traffic delay, with attendant 
cost to the community government and individuals, have arisen; how many accidents 
have occurred; how many injuries have resulted; and how many people have died be­
cause of inefficient or unsafe configuration? 

These matters are well understood by the professionals in the field. That is why 
they are carrying out studies on existent structures. But they cannot do so fu l l scale 
on designs which have never been built. If a simulator could be built to pretest road 
configurations, i t would cost nowhere near the amount required to examine a full-scale 
structure in advance. Probably, if a cost analysis were made, over a period of time 
the reduction in cost to the community of traffic delay, inefficiency, hospitalization of 
injured indigents, etc., would exceed the cost of simulator research needed to bring a-
bout this reduction. Costs to the individual, of course, are to be counted over and 
above community costs. 

3. There are some kinds of research for which the tools are not available for use 
right now in a live car, due to certain technical difficulties, although such research is 
highly desirable. Such research could be done on a simulator. An example of this 
might be testing brain waves during driving, much in the way that they have been tested 
in aircraft (27). Small episodes of unconsciousness a few seconds long show up in 
some people under the influence of alcohol which would not do so normally (23). They 
can be detected in this way. Behavior by epileptics during Induced petit-mal seizures 
could be observed. None of this is at present possible in real driving research. 

4. A simulator wi l l permit research with a degreee of experimental control which 
is quite impossible to achieve by other techniques. 

The problem of e:q)erimental control has always troubled those working in traffic 
safety. It becomes especially important because laboratory duplicability such as Is 
found in the ideal case of behavior examination is not possible in the car. The pedes­
trian situation changes, the opposing cars change, the behavior of the interacting traf­
fic changes. It is now possible only to describe in statistical terms what happens to 
gross car behavior at certain places and it is difficult to duplicate the exact approach, 
inter sectional behavior, speed, etc., of other traffic. In the simulator i t wi l l be pos­
sible to pinpoint behavior for particular traffic events, and estimate population char­
acteristics with respect to these traffic events based on actual behavior in the car, 
which has not been possible up to this time. 

For example, just how do various people behave at a circle with multiple entrances 
and exits. What are the visual lapses, the visual needs that enter into a complex in­
teraction of this type? Problems like these can be pursued in great detail and with 
great confidence in the generalizability of the results. 

5. Because of the organized quality of a simulator research program, i t can per­
mit research, if priorities are so arranged, which would ordinarily not be done at all , 
even though such research could be done by other means. 

A large number of research projects which have not received support as individual 
proposals, but are considered to be desirable nevertheless, might be undertaken if a 
fine opportunity of this nature were available. These projects, except for the factor 
of experimental control mentioned previously, could also be done outside the simula­
tor. But they have not been done in the past because of the slow progress of support 
for research in traffic safety. 

Some variables which might be examined in this kind of research are: 
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a. Physical variables; for example, fog, rain, road vibrations, tem­
perature, humidity. 

b. Personal characteristics of the driver — for example, driver train­
ing, attitude, experience, personality. 

c. Sensory and motor characteristics of the driver. 
6. A simulator wi l l permit a whole new experimental milieu for certain human re­

search which has not been concerned with driving, but where the driving situation of­
fers an excellent opportunity to eiqploit a good research environment. 

Such research topics might be mentioned as isolation, monotony, vigilance, social 
interaction, artificial stress, emotional involvement, complex perceptual acts, drug 
effects, etc. 

Alternative Techniques of Research 
It has been shown that a simulator is needed to carry out certain research impossi­

ble to perform adequately in any other way. Does this now imply either (1) that other 
research would not be done on the simulator, or contrariwise, (2) that the simulator 
would take the place of other research techniques? To both questions, the answer is 
yes and no. Again the cost-gain criterion must be applied in each case. Where re­
search not now being carried out could be done outside the simulator only at extreme 
cost and with only moderate gain, the use of this instrument is justified if i t reduces 
cost, and affords adequate gain. It could then take the place of other techniques. For 
example, research into the effect of highway configurations on traffic behavior has too 
great a cost, with full-scale units, for an unknown gain. On the other hand, research 
on vehicle design characteristics, particularly human engineering of static character­
istics, is far cheaper and more efficient with a live vehicle (21, 29). But human engi­
neering research on vehicle characteristics Involving the dynamics of traffic is per­
haps more safely done on a fixed simulator of the type discussed here. U a test track 
is used, a dynamic simulator of vehicle behavior, not driver behavior, can be used 
(18). But behavior of the driver with varying car dynamics has yet to be measured for 
purposes of safe driving research. (This Instrument has been available not much long­
er than the time necessary to test i t thoroughly and determine some of its character­
istics. Hopefully, behavioral research can also be done in the future.) 

PLANNING FOR SIMULATOR RESEARCH 
Preliminary Simulator Configuration 

The steps necessary to achieve a faithful simulator with high feedback potential are 
essentially almost forced. For designs spoken of in the various reviews of related 
topics such as feasibility statements about systems (6, 16, 17) visual environment re­
views (20, 24), and training device literature (4, 12), development from a simpler to 
a more complex instrument is most often recommended. 

Therefore, i t is conceived here that development of a complex simulator would take 
place in such a way as to allow research to be done at each of the various stages of 
Improvement of the simulator. Just such a program is now under way at UCLA. The 
purposes are many —for validation, for evaluation of cost-gain quantities, forbreaking-
in and training purposes, for developing maintenance techniques efficiently, for quick 
payoff, and for other obvious reasons. 

Later the skeleton of one example of a research program wil l be outUned which 
might be undertaken if a simulator were to be developed. In this outline i t wi l l be as­
sumed that a gradual approach to the construction of a simulator has been taken. That 
is to say that at an early stage only simplified representation of traffic behavior wi l l 
be possible, and the subject wi l l have a limited amount of feedback from the scene as 
a result of what he has imposed on it as input. A program outline wi l l reflect the as­
sumption of graduated development. 

For example, a f i rs t approximation to an initial developmental stage would have a 
live, running car which the subject controls, resting on a dynamometer whose design 
wil l permit suitable input of vibration, sway, pitch, and road resistance; a 120- to 
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160-deg forward projection and simultaneous rear projection of a traffic environment 
picked up from a car in real traffic fitted with color camera equipment; limited lateral 
translation of the experimental scene coordinated with steering behavior; the running 
engine and other sounds of the e}q)erimental apparatus fairly well matched in intensity 
and spectrum with apparent speed of the vehicle in traffic; and similar straightforwardly 
simulated characteristics. 
Programming 

1. Limitations on e^erimentation. 
With an instrument of the type just described, experimentation would be restricted 

to observing behavior and internal response in situations which permit only a limited 
variety of response by the driver, because in this form the simulator has poor poten­
tial for exhibiting highly variable feedback to the environment. This means that the 
circumstances of traffic must be one of two things: they should override individual be­
havioral variations, for example, constraint of speed is forced into a narrow range, 
say along a speedway; or they must be such as to prevent scenic input from informing 
the driver of a discrepancy between his behavior and the camera's behavior. One sit­
uation which satisfies the latter condition is that the driver be the only one on the road 
in the given e3q)eriment. In other appropriate situations the interaction between driv­
ers must be low. Such maneuvers as passing are avoided. 

2. Measurement. 
A f i rs t concern must be to describe properly the behavior of drivers, with all that 

this implies as to frequency and distributive characteristics in a single person and be­
tween people. To accomplish this, descriptive measures must be developed which are 
meaningful, reliable, valid, and statistically or mathematically manipulable, to des­
cribe not only what happened, but what ought to happen. 

Terms would be used such as real error, tracking behavior, variability, perception 
of error, probing behavior, feedback, backlash, back action, noise (in the sense of 
communication theory), system, individual differences, perceptual response, thres­
hold, estimate, etc. To illustrate, consider a single function: where a driver is look­
ing at any given time. One might photograph his eyes, using properly oriented axes to 
determine on a computer the precise spot on the scene which he is looking at; one might 
use a TV technique (22) which can give an accurate picture of the same thing; one 
might use a device \ ^ c h would project infrared from below, reflecting from the eye, 
and landing on a screen which is subject to rapid scanning, where coincidence of beam 
(s) and scanning element (s) reads directly into a computer the information which can 
determine position with no degrees of freedom. 

Other measures which would have to be developed have been listed (11), but might 
be mentioned again briefly; detailed driver action, such as behavior related to the 
accelerator, brake pedal, gear shifting (if used), steering, turn signals, lights, lighter; 
gross car action such as turning, stopping, starting, parking, avoiding; physiological 
responses such as head movement, psychogalvanic response, muscle potentials, blood 
pressure, breathing, force applied, pulse, brain waves. 

A standard driving task would be used, with standard situational events which some­
times lead to accidents — intersection, traffic light, curved road, obscured road, etc. 
Testing would be repeated to determine variability, and then further repeated often e-
nough to establish fairly accurately a description of how a variety of people act in a 
given situation. The stimulus is always known, the time of stimulus is known, and the 
reaction can be observed and described, both statistically and in terms of dynamics. 

Programming Priority 
Ideally i t is best to start with permissible cost and maximum gain. But in this case 

i t is assumed that the cost is permissible because the particular stage of simulator 
development is assumed to have been achieved. Runnii^ cost on a simulator of simple 
design is not much greater than live research. The only restriction, then, is what 
research can be done with the given simulator configuration. The range of possible re­
search is unlimited, subject to that restriction, but i t needs to be arranged according 
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to priority. As part of the cost, at least on a theoretical level, must be included steps 
to determine how confident the researcher might be in his research results. These 
steps, to be discussed later, are research procedures establishing validity of the sim­
ulator research. 

To establish priority of research, the results of statistical and ejqjerimental re­
search on accidents are used, where available. What are the greatest known contribu­
tors to accidents, injuries, and deaths? Setting aside for a moment the consistency of 
proper classification, and permitting overlappii^ classes, the list might Include such 
things as driving and drinking, the single car accident, the intersectlonal accident, the 
high speed accident, the bad weather accident, the accident at or after dark, the acci­
dent with very young or very old driver, and accidents due to poor driving habits, to 
name a few. 

It is Important to know just why, or just how, these accidents came about. They 
were all due to some improper behavior, either commission or omission. It is not 
known what that behavior is, under what conditions it occurred, who performed i t , how 
often, how correctible i t is, how habitual i t is, whether i t appears in normal driving, 
what changes must take place to avoid i t , its interaction with other driving behavior, 
how it can be described and measured, etc. 

Research Possibilities 
Some other questions should be mentioned which might be Investigated in a simulator 

at an intermediate developmental stage, after validation and normal driving are exam­
ined. 

Certainly these questions should Include an evaluation of the effect of various char­
acteristics of signs — design, placement, frequency of appearance, their relationship 
to destination, individual variability in response to wording, color, and other physical 
properties, etc. A program of considerable detail and complexity can be devised to 
study the effects or effectiveness of signs. Initial experiments along this line have 
been made at UCLA (15). 

With the aid of cooperating assistants and cars, emergency situations could be Intro­
duced into a filmed sequence and behavior observed. (The objection that an unsuccess­
fu l maneuver on the part of the driver must terminate the sequence is not valid because 
the important part of the e:q>eriment is the observation of behavior during the emer­
gency sequence. Even though the subject must be discharged following the experience, 
his responses are available for analysis individually and in combination with other per­
sons' responses.) Something like a walkie-talkie system in the two or three cars, with 
adequate warning to the camera car just in advance of an unexpected maneuver by a car 
or pedestrian to be photographed, would permit an experience to be safe in the live sit­
uation which would otherwise be quite dangerous. This kind of experiment is obviously 
not feasible when the unknowing test subject drives a Uve car in live traffic, but would 
be extremely useful and immediately feasible if he drove in a simulator. It Is clear, 
however, that such devices do not make up for the unfortunate limitations of the pro­
grammed character of filmed input. 

There are many ways of using f i lm effectively. For example, one could take a per­
son on long rides through the country on highways where he is the only one on the road, 
and study the effects of various factors. These might include fatigue, sleepiness, al­
cohol, both depressing and stimulating, carbon monoxide, smoking, and the like. 

To study any one of these factors properly would entail a whole research program. 
What would a skeleton program look like? 

1. Assume that all research and pretesting, both instrumental and personal, has 
been done, and the simulator is operational. 

2. Set up behavior measures. 
3. Validate most of them in a live car, on behavior which does not increase hazard. 
4. Examine behaviors Involving use of 

a. Alcohol 
(1) Treat and do not treat with various doses of alcohol. 
(2) Set up different driving environments, such as intersec-
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sections, quick stops, poorly visible objects, various signs, 
and various emergencies. 

(3) Select measures from (2) which are applicable. Tentatively, 
measures might be brain waves, breathing behavior, circu­
latory responses, psychogalvanic response, muscle action 
potentials, car control behavior, points of visual regard, 
points of visual notice, oral questions, questionnaires, and 
other measures deemed necessary. 

(4) Pay particular attention to measures relating to peripheral 
vision, threshold of movement detection, speed on different 
occasions, individual differences, frequency of failure to at­
tend, reaction time, field of attentiveness, control behavior, 
tendency to anticipate, tendency to make assumptions, ten­
dency to take risks, confidence of driving demeanor, 
compensation for behavior degradation, social re­
action, seizures, disinhibition, etc. 

(5) Re-examine the findings, relate to an operations analysis of 
the individual driving situations, and make predictions of 
accident probabilities of the noncompensator and compensa­
tor. 

(6) Attempt screening analysis. 
(7) Follow up. 

b. Drugs, etc. Follow same concept of research attack. 
To f i l l in the details of a program outline such as the foregoing in any one field is 

not extremely difficult technically, nor is i t hard to decide on priorities within a pro­
gram. But i t needs generalship of a proper order of sophistication to deal with the 
cost-gain problem and to decide on priorities for different programs. But even plan­
ning a single program, however feasible technically, is a sizeable research study in 
itself (1). 

In aHdition, i t must be noted that the choice of priorities depends on the organization 
conducting the research. Differences wi l l surely be found among those whose orienta­
tion is strongest toward training, toward medical, drug, and personal factors, toward 
highway design, toward traffic engineering, and toward license screening. 

In a research program such as the Public Health Service might develop, stress 
would be placed on effects of alcohol, drugs, medical factors, personal attributes, and 
emergency situations, but over-all the emphasis in each of these would be their safety 
aspects. 

The differences in the programs for a simulator imply that i t might be advantageous 
to have several units, in order for each interested group to be able to do as much re­
search as is necessary in the various areas emphasized by the group. 

OTHER CONSIDERATIONS 
Validity 

A serious objection has been raised to the use of simulators because their validity 
has not been ascertained. Validating procedures would of course be necessary during 
and after the construction of any simulating device. It has been said, however, that 
the expenditure of a large amount of money is not warranted for "pie in the sky," and 
that more concrete assurance of payoff should be forthcoming before such an outlay is 
made. No new piece of training equipment used in practice ever has such assurance, 
or would ever have been built if prevalidation were necessary. In most such cases at­
tempts are made at preliminary validation; in some cases such attempts are not made 
if the equipment is brand new or cannot be pretested. A new model is usually built on 
a gamble. An occasional piece of equipment is actually not successful in simulation. 
That is, its validity is quite low. Most often, however, good enough validation has 
been found to warrant the building of the simulator. 

Interestingly enough, and not unexpectedly, the closer the instrument gets to dupli-
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eating the operating situation, the more valid i t is, for most purposes. But also, i t 
may be very expensive to have faithful simulation, and it may not be necessary. It all 
depends on one's purposes. 

In the case of this simulator, i t is fortunate that there are a number of examples of 
prevalidation of less faithful machines, and of related instruments. But s t i l l , a pro­
gram of preliminary research would accompany construction of a costly simulator, to 
rule out unnecessary expense leading to fidelity. 

The response to certain other simulators bears witness to their felt reality, partic­
ularly in emergencies. Some readers have e3q)erienced passenger jet flying in simu­
lators which have visual environment represented. They know how realistic this is. 
And that system was developed only for narrow visual field presentation. Eaperienced 
pilots who ride in simulators which have emergency situations built in are routinely 
known to experience strong internal reactions during these times, indicating a high de­
gree of stress — sweating, heart rate increase, altered galvanic response, breathing 
changes, etc. 

On the other hand, i t can be shown that certain attempts at simulation have produced 
problems. In the simulation of a helicopter, conflicts of a nature not too well under­
stood were introduced but they were probably conflicts which combined motion and vis­
ual cues (12). 

Motion cues are important, both in helicopter and in driving simulation. Coordina­
tion of automobile acceleration simulation with visual display is now under way at UCLA. 
But even without motion, UCLA's machine sti l l permitted feelings of reality of an ac­
ceptable order for some purposes. Especially was this true of emergency reaction. 
The realism of such emergencies increases many-fold the feeling of realism experi­
enced during casual driving in a simulator, as the author had occasion to find out when 
he drove the simplified system at UCLA. During the run the camera car had a real e-
mergency, and as driver, he became rather frightened when the car did not respond 
to corrective braking and kept on going toward the rear of the car in front, which was 
stopped for a light. The imminent crash caused a panicky turning of the wheel toward 
an open space at the side — which was exactly what the camera car had done. He was 
completely lost in the drama of the emergency. Hulbert has examined galvanic skin 
responses to such occasions, as an objective indicator of internal response (14). 

Other Uses of a Simulator 
It has been suggested elsewhere (11) that certain developments might be expected 

from a simulator. Knowledge of factors related to training wil l be of great help to 
driving education theory, as well, perhaps, as to other training activities. The need 
for training in tasks encountered in the Armed Forces is well-known. 

It is not inconceivable that simple, inexpensive devices wil l be suggested, if they 
do not actually originate from, a simulator of one sort or another. Whether these wi l l 
be useful for screening, training, or testing cannot be predicted now. But enough is 
known now to look for such a development. Certain industries, after techniques are 
developed for limited displays, could use such devices for advertising purposes. Par­
ticular stress should be laid on screening devices and training techniques. 

If appropriately managed, demonstrations on an instrument with so much obvious 
popular interest and appeal could do much to inform the public in public health matters 
related to d r i v i i ^ . 

A Note on Cost 
It is important to note that a simulator of design described above would probably 

cost about one-fifth as much as the more complex conception^ and would cost about 
one-fourth the annual amount to run. Thus, not only is this kind of simpler machine 
feasible technically, but it is considerably more feasible financially. 

The Future in Simulation 
What effect wi l l a simulator have on the strategy of highway research, and how 

would research strategy be hindered without this instrument? 
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It is believed that its presence would be a strong stimulant to interest in safety re­
search for many who have little knowledge or bacl^round in this area. With regular 
scheduling of research, questions would be quickly and easily answered which today 
must wait for months and years before even attempts are made at answers — particu­
larly human factors questions. Success of one instrument, experience in its opera­
tion, and reduced cost of production wil l all lead to rapid production of other models 
for other purposes. 

Without such an instrument, progress in the field of accident prevention, especially 
research on driver behavior, would suffer a severe delay. A few such researches 
v ^ c h have been attempted were undertaken in spite of the great difficulties attendant 
on this type of work. Current knowledge about the driver would again increase at a 
snail's pace. The many statements that such research is needed would be repeated 
anew. 

A whole set of pending decisions regarding screening, licensing, training, traffic 
engineering, signing, medical restrictions, and other matters would be delayed for a 
period considerably longer than anyone would like to see. 
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Discussion 

C.H. HUTCHINSON, ComeU Aeronautical Laboratory, foe., Vehicle Dynamics De­
partment, Buffalo, N.Y.—The two prerequisites for realizing an acceptable simula­
tor are: (1) the ability to realisticaUy control the simulated vehicle within the envir­
onment, and (2) the ability to create meaningful situations that require some form of 
control action. 

The f i rs t requirement is directly related to the dynamics of the vehicle — both the 
lateral or maneuvering control dynamics and the longitudinal or performance dynamics. 

The second requirement is concerned primarily with the static and dynamic aspects 
of the visual display. 

The range of situations for which any simulator may be considered as a valid re­
search tool is, of course, a function of how well the sum of the two prerequisites Is 
satisfied. 

The word"sum"isemphaslzedlnasmuchas it is the total effect produced by the sim­
ulator rather than the individual exceUance of components that Is important. 

The problem, then, of making an a priori assessment of the validity of a simulator 
is seen to be extremely difficult. In fact, i t amounts to an attempt to make a subjective 
evaluation of a physical device that is not yet in existence. The only apparent path 
open to the developer of a simulator is to f i r s t of all provide the best simulation prac­
ticable on an objective level and follow this by an evaluation on the sul^ective plane. 

Certain aspects of an automotive driving situation simulator are now capable of im­
plementation—particularly the control and ride dynamics of the vehicle. The cost of 
this portion of the simulator may be large but i t is a relatively small proportion of the 
total cost. 

A large portion of the pertormance dynamics — particularly those aspects that result 
in the indication of velocity — are also presently feasible. Longitudinal accelerations 
wi l l , however, never be reproduced accurately, they can only be approximated. 

The visual display, in contrast with the vehicle simulator must be evaluated to a 
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large extent by subjective methods. Some direct quantitative measurements can be 
made such as resolution, contrast, brightness and distortion, however, because the 
scene presented is not real in the same sense as vehicle motions are real, the visual 
Impressions become the determining factor. 

At the same time, the visual display is the most e:q)ensive portion of the complete 
simulator system. Thus, the total dollars that must be invested in producing hard­
ware for initial validity studies is relatively large. 

The question was asked at an appropriations sub-committee hearing — "How much 
wi l l it cost and how long wil l it take to construct such a simulator?" The answer spec-
ffied a few million dollars during a four-year period. To which the questioner replied, 
"How can i t take so long to spend so l i t t l e ! " 

T.W. FORBES, Assistant Director (Research), Highway Traffic Safety Center, Michi­
gan State University, East Lansing —The following discussions of Dr. Fox's paper 
range from a simple statement of the importance of developing driving simulators to 
pointing out additional important applications in human factor research and for design 
and traffic engineers. Finally, the very important "break-through" which the develop­
ment of driving simulators probably wi l l bring to the whole field of research in highway 
operations, driver and vehicle behavior and safety is suggested. 

Additional comments Indicate that others also concur in the importance of the de­
velopment of such accurate driving simulators. Some feel that the very inconclusive 
ness of the paper might lead some, in the traffic engineering field especially, to feel 
that it was over-emphasizing the needs for a driving research simulator. The Com­
mittee, however, feels that the need for and importance of such research simulators 
could hardly be over-emphasized. 

Two Types of Simulation Interrelated 

In introducing the following individual comments and discussions, perhaps it should 
be pointed out that the driving simulator involves a different type of simulation from 
the mathematical simulation of traffic flow by means of electronic computers. The 
latter, too, is of major importance and is receiving the attention of other committees. 
Both types of simulation are needed and each wil l also contribute to the success of the 
other. The driving simulator wil l make it possible to test out, previous to construction, 
new highway designs to see how well drivers wi l l be able to use them and to find de­
fects which would otherwise occur only after the human factor of actual use of the high­
way would show them up. As indicated in the discussions, a new and much more power­
fu l approach for research on driver behavior and human factor problems affecting 
highway traffic efficiency and safety wi l l be provided. Resulting measurement wi l l 
provide mathematical data for use in mathematical models and computer simulation of 
traffic flow while computer simulation wil l increase accuracy when added to other 
techniques in driving simulation. Both together may lead to completely new research 
approaches. 

J .L . MALFETTI, Executive Officer, Safety Research and Education Project,Teachers 
College, Columbia University, New York City — The writer found Dr. Fox's paper 
very comprehensive and hopes a simulator program materializes for it would assist 
in the analysis of the driving task, an area in which there is a dearth of research and 
not even a reasonable starting place. 

J.E. UHLANER, Research Manager, Personnel Research Branch, Department of the 
Army, Office of the Adjutant General, Washington, D.C. — The development of a driv­
ing simulator such as that discussed by Dr. Fox can serve as a tremendous impetus 
for interest in, design of, and support of much needed controlled research in the area 
of traffic safety. In addition to the achievement of research objectives otherwise dif­
ficult or impossible to accomplish, such a device can serve — perhaps even more im­
portantly — to make research findings readily acceptable to the driving public. 

H.W. CASE, Acting Assistant Director, and S. HULBERT, Assistant Research Psy-
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chologist. Institute of Transportation and Traffic Engineering, University of Caltfornia, 
Los Angeles — The writers read Dr. Fox's paper, and found It very good. 

In his paper. Dr. Fox indicates that it would be possible to conceive a simulator of 
a fairly simple type. Perhaps i t should be indicated here that there are two devices 
now in operation at UCLA, one of which is a simulator almost of the type described and 
on which actual experiments are being run. 

The writers have sent the author certain suggestions for minor changes and suggested 
a reference to Forbes' early work that might be appropriate since i t predates both De 
Silva's and Vincent's work. Under "A Note on Cost," we get the impression that the 
author is saying that i t would be more feasible to build a simple machine from both 
technical and financial viewpoints. It is believed he means that probably the f i rs t step 
toward obtaining a complex and highly developed simulator would be to build one or 
more simple ones, but not that they would f u l f i l l the same research needs. 

The over-all presentation is an important contribution toward advancing the simula­
tor program and the author is to be highly congratulated. 

S.M. BREUNING, Associate Professor of Civil Engineering, Michigan State University, 
East Lansing — Although the paper is very exhaustive, the writer feels that the psycho­
logical uses are stressed much more strongly in this paper than the engineering uses. 
Initially driving simulator has meant little to the writer and was considered a machine 
with little use for the engineer. However, in thinking about the simulator during the 
last few months, he is beginning to get enthusiastic about the potentialities in the traf­
fic engineering and in the geometric design fields. It is believed that there is great 
need to acquaint other engineers with the potentialities of the simulator. 

A graduate assistant who read the paper said that he did not comprehend from the 
paper that the simulator might use an actual three-dimensional model rather than just 
fi lms. It appeared to him that all simulators would use films for presentation of the 
environment through which the car is driving. In other words, the concept of driving 
an actual model car on a small-scale model scenery did not become clear to him. This 
is a point that could be easily corrected in the paper, and one might suggest that a 
photograph of the model demonstrated in Washii^on might do well for this purpose. 

L. BRODY, Director of Research, Center for Safety Education, New York University, 
New York City — Dr. Fox's paper is the best statement on the subject that the writer 
has read. 

A few specific comments: (1) The writer subscribes fully to the author's statement 
that a simulator wi l l permit research which is unsafe to do otherwise and that this is 
its most important justification. With regard to impracticality and limited control of 
other research techniques, the writer is not sure that this has been fully ejq^ilored. For 
example, i t is felt that the use of dual-control cars in off-street test areas is also ap­
plicable to at least some of the conditions listed. While fu l l realism would not be a-
chieved, such a program might come closer to i t than a simulator. (2) Dr. Fox states 
that a f i rs t concern must be to describe properly the behavior of drivers and emphasizes 
the need to set up behavior measures. The writer agrees, and by implication this 
means that the development of a simulator is secondary. (3) The author justly high­
lights the dynamics of traffic. This presents a real challenge in the development of a 
simulator. Needless to say, where the latter employs motion picture f i lm , the filmed 
driving situations to which the sutqect responds are a stimulus pattern sequence that 
is fixed by the f i lm and imposed on the subject, whereas the selective choice by the 
driver of the stimulus patterns to which to respond is an important feature and deter­
minant of real driving dynamics. 

J.E. BARMACK, Assistant Vice President, Dunlap and Associates, Inc., Stamford, 
Conn. — Some detailed reactions to this paper are: 

1. Under "Classes of Research Which Would Be Done on a Simulator" there might 
be added the interaction effects of delayed sleep, alcohol, darkness, and the unstimu-
lating road. This combination turned up rather heavily in our own study. 
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2. Again the writer would suggest a category of studying the interaction of alcohol 
with certain biographical and personality characteristics. 

One of the important advantages and shortcomings of a simulator is that the experi­
menter selects the driver and the situation. In the real world the individual selects 
the environment and the accident selects the driver. 

One of the issues that may be examined is the relationship between broken homes, 
drinking and accidents. Is the drinking a response to grief or whatever the disrupted 
home generates? Can we impute the accident solely to alcohol? Is there some selec­
tive interaction between broken homes and drinking which makes the performance of 
individuals from a broken home more vulnerable ? How can we account for the fact 
that some individuals who had been drinking can sustain vigilant sets and others cannot? 
What factors differentiate the individuals who decide to drive or not to drive after drink­
ing? What factors differentiate individuals who speed with alcohol vs those who drive 
carefully? 

These are some of the issues which have impressed people as close to the types of 
accidents which are of concern. A series of studies on these factors can help overcome 
the intrinsic "selective" shortcomings of the simulator approach. 

R. MICHAEUS, Research Psychologist, Bureau of Public Roads, Washington, D.C. -
Dr. Fox has written a rational analysis of the needs for and values of a driving simu-
lator. It is a combination of a philosophy of research and on operational program for 
the conduct of research that is rarely seen in the highway research field. A philoso­
phical paper, however, has a couple of disadvantages. One is that i t stimulates the 
reader to find flaws in the logic. (This reader has found only a few over which to quib­
ble.) A second disadvantage is that it stimulates the reader to read between the lines. 

In regard to logic, the definition of a simulator seems disconcerting. Dr. Fox im­
plies that a simulator simulates according to the intent of the e:q)erimenter. This ap­
parent subjectivity is quite shocking. Actually, a simulator is a device whose transfer 
function is analogous to the real system which i t mimics. Such a device simulates in­
sofar as the input-output equations approach those of the real system. It would seem 
that this is the continuum along which simulation should be scaled, not a researcher's 
or observer's biases. 

The basic aim of any driving simulator is to reproduce the machine-environment 
system so closely that the behavioral determinants of over-all system functioning can 
be operated on independently. In conceiving of a simulator two problems present them­
selves. One concern is the machine-environment part of the system. Is enough known 
about its interactions to develop a rational model of its behavior? To this there seems 
to be a qualified positive answer. The second question is do we know how (or what) to 
analyze human behavior within the constraints of the driving system? Here the answer 
is probably much more nearly the negative. This in itself constitutes the ultimate need 
for a near perfect machine-environment simulator. If some basic knowledge were a-
vailable about the performance equations of the man-machine system (opposed to the 
machine-environment system) research on driving without total simulation could be 
undertaken. Ignorance about driving performance forces a demand for near-perfect 
simulation. 

Thus, the proposed simulator represents a basic research tool and its availability 
does not automatically insure valuable results. It is here that the writer parts com­
pany with the program proposed by Dr. Fox. The list of studies he presents implies, 
at least, that the simulator is a device for discriminating among factors affecting driv­
ing behavior. The writer would contend that the real power of this simulator is to aid 
the scientist in the generation or discovery of the equations of human performance that 
determine over-all system performance. Anything less leads only to the normalizing 
of behavior. It is not enough, for example, to tell a highway engineer that a diamond-
type interchange is better than a partial cloverleaf. He needs to know the behavioral 
criteria that must be employed in order to optimize interchange design. It is the c r i ­
teria that the research scientist must supply, not normative comparisons of one design 
vs another, or one group of people vs another. 
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Implicit in this paper are two values of a simulator which are of a transcendent im­
portance for the goals stated previously. One is the e3q)erimental control that can be ex­
erted over the research. From a purely technical standpoint, field studies of driving 
can rarely be carried out with adequate control over al l the system variables. Such 
field studies, therefore, have low reliability and lead to generalizable conclusions of 
only the crudest sort. With a simulator and good science this restriction can be lifted, 
and definitive research is possible. The consequence for highway transport can be 
tremendous. 

Second is the freedom that a simulator gives to the scientist. With this device, the 
scientist wi l l be able to pursue the logic of his research to a conclusion inconceivable 
in any other way. In the long run, i t is this freedom that wi l l lead to a precise, oper­
ational, statement of driving system performance. And it Is at this point that i t wi l l 
be possible to tell the engineer not which is a better design, but rather what behavioral 
considerations determine optimum design. The consequences of this for increasing 
the efficiency of highway transportation are also tremendous. 

The writer thinks that the studies enumerated in this paper wi l l not ultimately be 
the ones carried out with a simulator. Those who have the conception that a simulator 
wi l l be used for accident prevention, design data, or driver licensing wi l l very early 
be disabused. Such engineering considerations wi l l derive as an indirect consequence 
of scientific reseaI^ch done with a simulator. Furthermore, as has been the case his­
torically, the advent of a powerful research tool quickly leads to a sophistication in 
scientific experimentation which moves far outside of lay comprehension. This wil l 
be doubly salutary: f i rs t because it wi l l allow the research scientist to expend his en­
ergy on research and wil l insulate him from the pragmatic concerns of the managers, 
publicists, and salesmen. Or. Fox's paper is a remarkable document In this respect, 
for i t shows clearly the pressure under which he has been put to satisfy these people's 
material demands. It is fortunate to have a man of Dr. Fox's persuasiveness. Most 
scientists are not so apt; they see no necessity to justify the very patent needs that 
this tool wi l l f u l f i l l . 

The second salutary benefit of this ultimate research wil l be that i t wil l force an in­
crease in sophistication in many areas of the highway research field. In this regard, 
there are some striking similarities between certain research in the highway field and 
the field of optics and sound. These latter, for many years, were considered "dead" 
fields of physics, ones for which all the important answers were known, and engineer­
ing considerations the only ones left. With the advent of more powerful tools of anal­
ysis, these areas are reawakening Interest, drawing in more active and original scien­
tists, and ultimately generating more sophisticated uses. The driving simulator can 
do the same in some phases of highway research. If this occurs it would be a most 
desirable consequence of inestimable benefit to all of highway transport. 

In this discussion of Dr. Fox's paper, the writer has tried to read between the lines, 
and has read more perhaps than the author Intended. There is little that he said that 
can be quarreled with. He has been more pragmatic in the program he states in this 
paper than the writer thinks he wil l be when the simulator is available. But he has, 
in general, stated well the need for tools in this field of research. If his statement 
furthers the progress toward them, everyone wil l owe him a great debt. 
D.B. LEARNER, Human Factors Group, Research Laboratories, General Motors 
Corporation, Warren, Mich. — (The following was contributed as expressing Dr. Learn­
er's point of view on driving simulators. It is taken from a paper by him on "Develop­
ment of the GMR Minimum Analog Driving Simulator" presented before the Institute of 
Radio Engineers, March 25, 1960, in New York City.) 

In the brief history of man-machine system simulation i t has 
been characteristic that practically all applications of this ap­
proach may be categorized as either operator training or control 
system research. Training simulators have generally been de­
veloped in an effort to provide familiarization with specific new 
tasks that an operator is likely to encounter. In recent years 
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there has been a divisive trend in the development of such task 
training simulators. This results from one point of view that 
believes the whole environment must be simulated to the last 
degree of realism, as characterized by the current DC-8 simu­
lators. On the other hand there are those that believe part 
task simulation for training purposes has great value in most 
applications. This approach simply means that certain ele­
ments of the task are simulated so that the operator may be 
realistically acquainted with critical procedures. 

Research simulators however have primarily been develop­
ed in an effort to learn more about the interaction among man, 
the vehicle he controls, and its operating environment. Here 
too there has been a divergence of opinion related to the ex­
tent of realism required to simulate an operational system. 
If the prime importance of research simulation is viewed as 
determining man-machine interactions, and the effects of 
varied vehicle dynamics on operator performance, then i t 
seems realistic to believe that mimimum simulation may be 
as adequate for research as i t is for training. 

Whether the simulator has been constructed for training 
or research purposes, one required provision is for some 
method of validating the results of simulation with the real 
world counterpart. Such provisions for determining the ex­
tent of relation to the real world are often lacking in both 
training and research simulators. In fact if any single area 
of research on simulation techniques should be underscored 
as deficient i t is the state of the art of simulation validation. 

When the problem of a driving simulator is considered it 
must be viewed against the background of the cost of simula­
tion relative to the cost of a full-scale automobile. The prob­
lem is one of conducting controlled investigations of driving 
performance under systematically varied conditions. There 
seem to be three alternative procedures for investigating 
problems of driving performance and these may be classified 
as descriptive studies, full-scale studies, and laboratory 
studies. Related to each of these solutions are a number 
of advantages and shortcomings. Descriptive studies in the 
operating system of today have a number of significant ad­
vantages. A multitude of variations and observations may 
be made at minimum cost. However, systematic variability 
is clearly impossible under operating conditions. If for no 
other reason than the utility of highway transportation systems 
prevents the imposition of e^qperimental conditions that may 
lead to inefficient use. 

Full-scale simulation studies have a variety of advantages. 
Such studies have been carried out for some time with vari­
able stability aircraft and are currently under way with a 
similar variable stability automobile. Such an approach al­
lows for wide variation in system dynamics and control con­
figurations. However this full-scale simulation must always 
operate within the constraints of the environment. Further­
more there are significant research problems that cannot be 
comprehensively investigated with a full-scale simulator on 
the road. Such problems mainly fa l l in the area of safety, 
fatigue and vigilance. 

A third approach to controlled investigations of driving 
performance would be to carry the entire system into the lab­
oratory and reproduce every detail. Many disadvantages of 
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the foregoing alternatives would be eliminated under these con­
ditions. At the same time i t seems unrealistic to spend large 
sums of money on simulating an item that can be purchased at 
a local dealer for $ 3,000 or less. As a result some estimate 
of the extent of realism required in laboratory simulation must 
be attempted. 

It should be pointed out these solutions are not necessarily 
mutually exclusive. Al l three approaches should be used and 
cross-validated from one mode to another. 

(The remainder of Dr, Learner's paper discusses the three requirements which 
were thought necessary for the GMR Minimum Analog Driving Simulator; namely, 
accurate response reproduction, validity and flexibility allowing simulation of the wide 
variety of vehicles. The design of the Minimum Analog Driving Simulator is described 
with attention to the way in which the environment, the vehicle and the vehicle controls 
are simulated to satisfy the criteria and requirements. Copies of his paper may be re­
quested from General Motors Research Laboratories, Warren, Mich.) 

CLOSURE, Bernard H. Fox — It is gratifying to know that the respondents are in a-
greement about the great importance of pursuing simulation techniques. Drs. Forbes, 
MaLfetti, and Uhlaner have underscored this importance. It is further gratifying that 
the committee has felt the subject to be of great enough potential value to spend time 
on making judgments. The author appreciates very much the chance to take advantage 
of their rich experience and valuable criticism. 

Dr. Case and Dr. Hulbert, being in the center of progress on simulation methods, 
are correct in inferring my intent in the description of the simpler types of simulators. 
These types are without doubt less useful, and can give fewer — and often not as good — 
answers to the questions which one would like to ask about driving behavior. Simula­
tors which are highly programmed like the current motion picture devices worked on 
at UCLA are peculiarly limited in the variety and types of questions which they can an­
swer about driving behavior, as was pointed out in the section on "Limitations on Ex­
perimentation" under "Programming." But as they infer from this section, greater 
usefulness and greater versatility by far can be found in a device which wil l permit not 
only unprogrammed action by the subject's vehicle, but unprogrammed interaction of 
great variety with other parts of the environment, usually other cars. Such a device, 
from the present vantage, is considerably more complex. Furthermore, it is much 
more expensive, in part because it requires a great deal of original and developmental 
research, and in part because of the more extended structural requirements for such 
a complex simulator: computer, environment, pickup and transmittal device, and ve­
hicle simulator. 

Professor Breuning is apparently regretful that the balance of emphasis went toward 
psychological rather than engineering uses of simulating techniques. Rather than plan­
ned imbalance, the reason for the emphasis was more a matter of ignorance on the 
author's part. An ejqjerimental psychologist is likely to see more clearly the human 
factors applications of simulating techniques than the engineering applications. But far 
from choosing to maintain such a state, the author encourages most warmly the contri­
butions of other disciplines to a discussion of potential of simulating techniques. Cer­
tainly such contributions wil l increase the urgency of the need to carry forward work 
in simulation. 

His suggestion that a picture of one advanced concept of a simulator be added is ex­
cellent. It is appended, with a brief description of the way this particular simulator 
is intended to work. 

Dr. Brody's comments are most welcome, but more important, they point up a com­
munications problem. Certainly adequate research itself is the objective, and not the 
means of reaching it — simulation or other approaches. It was for this reason that so 
much of the paper's emphasis related to the various problems which might be attacked 
by simulation. It was a failure of communication if the paper seemed to imply that re­
search using other techniques, such as on-the-road research, was impractical or had 
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limited control in toto. Simulation, like any other method of research, has a place if 
it can produce research results in which researchers have as much confidence as those 
arrived at by other means, other things being equal. It must be admitted, regrettably, 
that in many cases on-the-road research does have limited control, and is impractical. 
In such cases, if simulation can correct those difficulties, and not introduce worse 
ones, i t is preferable to less adequate research. On the other hand, as Dr. Brody has 
pointed out, where a particular attack on a question would produce results which are 
scientifically as acceptable as those produced with another attack, the former should 
not be discarded without very sound reason. Perhaps the comparison between simula­
tion and other techniques might be placed into the whole context of comparison between 
any two techniques. The discussions under the headings "Values in the Strategy of 
Planning Traffic Research;" "Limiting Costs for Research Priorities;" and "Alterna­
tive Techniques of Research" would have more impact if their applicability to compari­
son between particular techniques were emphasized more. The author agrees with Dr. 
Brody, and feels that where possible, under the criteria of an acceptable cost-gain e-
quation, as mentioned in these discussions, nonsimulation techniques can also be applied. 

Dr. Barmack's suggestions were very stimulating. Without a doubt, if research in­
to the variables which he mentions as important can be done, it should be done. While 
most of these variables (delayed sleep, alcohol, darkness, monotony, and biographical 
and personality factors) and their interaction were mentioned briefly in a previous paper 
(Goddard and Fox), i t certainly does no harm to re-emphasize the need to study inter­
active effects, particularly when tentative results of two independent researchers* have 
shown interaction between personality attributes and effects of alcohol. 

Dr. Barmack has done research which seems to point to certain personal variables 
as extremely important ones in the field relating drinking and accidents. He would like 
to see more research done on these variables. He mentions that advantages and dis­
advantages exist when subjects are selected by the experimenter rather than by mem­
bership in a criterion group. He then stresses the disadvantages, ignoring the advan­
tages, and implies directly, in his last statement, that doing studies which attempt to 
answer his series of questions would help overcome the selection difficulty which in­
heres in the use of simulation techniques. One might almost infer an intent to say that 
simulation studies on these matters would be less valid because of the selection d i f f i ­
culty. 

Assume that a sample is drawn based on a hypothesis about certain variables, and 
it is selected according to a predictor difference. An attempt is then made to relate the 
existing predictor difference to a criterion difference. In this case the predictors 
would be broken homes, drinking patterns, and personality, and the criterion would be 
accidents. This kind of research is spoken of as a prospective study. When a sample 
is drawn according to its membership in a criterion group and the relationship is ex­
amined between criterion measure and sample characteristics which are later deter­
mined, even when one starts with a hypothesis of relationship, this is called a retro­
spective study. Both kinds of study are possible with simulation techniques and with 
other techniques. Dr. Barmack's objection to predictor selection of subjects implies 
that he does not want to pre-select them as in a prospective study, but would rather 
have them select themselves because they became separated from others as a re­
sult of their criterion characteristics. This is precisely the way his study was 
done, and is definitely the description of a retrospective study. But if he were 
to attempt to examine more exactly the relationship of the pertinent variables to 
the criterion, the only way to avoid all bias and to create an unconfounded design 
would be to do a prospective study. It is in this very selection that simulation 
techniques excel, because the selection allows control of the variables to be inves­
tigated, and permits al l the advantages of a prospective study. In this sense 
prior predictor selection and later criterion selection are more, rather than less ad­
vantageous than prior criterion selection and later predictor selection. 
*Drew, G.C., Colquhoun, W.P., and Long, H.A. , "Effect of Small Doses of Alcohol 
on a Skill Resembling Driving." Med. Research Council Memo. No. 38, Her Majesty's 
Stat. Off . , London (1959); and Barmack, J .E. , Public Service Research Institute, 
Stamford, Conn. 
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Only two kinds of studies, in the present context, cannot be done by simulation: 
(1) those in which driving behavior by the individual or his accidents are not the c r i ­
terion, for example, questions #1 and #5 in Dr. Barmack's list (it has never been pre­
sumed by anyone that a simulator could be of any use in such cases); and (2) those 
which involve behavior states which are not producible in the laboratory, such as grief 
or transient emotionality of certain kinds. Subjects reflecting degrees of the latter 
variable are as available or as unavailable to the simulation experimenter as to any­
one else. For the former the natural sequence of events may be altered, whereas it 
need not be for the latter. For all other questions which Dr. Barmack posed, studies 
can be done by simulation techniques as well as by other techniques. In this connec­
tion, the accident selects the individual more, rather than less easily with simulation 
than with other techniques, because there are more critical events possible, and the 
driver has an accident as a result of his driving habits, just as in the real world. 

Nevertheless, i t is well to restate Dr. Barmack's point. It is important to examine 
interactive aspects of alcohol effect beyond those which might be considered purely 
perceptual or perceptual-motor, particularly personal history and personal attributes. 
The author maintains, however, contrary to what he perceives to be Barmack's impli­
cation, that simulation techniques offer as great or greater opportunity for controlled 
studies of accident tending behavior than naturalistic study, even with respect to many 
of the more molar aspects of the person. It is just as easy to test a person from a 
broken home in the laboratory as on the road. (The probable relative success of such 
tests or techniques of conducting them are not at the moment under discussion.) 

And to be sure, prospective studies on a simulator take much less time than simi­
lar ones using a real accident criterion. 

Dr. Michaels' comments are most provocative and gave the author much pause. In 
the same way that he has done, the author tried to examine them for between-the-lines 
and for in-the-lines intent. Different portions of the comments produced different re­
actions. 

His f irst remarks produced the reaction that as little as one can argue with a postu­
late, s t i l l less can one argue with a definition. The writer and the author have agreed 
on different criteria for defining a machine as a simulator. But it may be possible to 
show reasons for taking one view or another. 

In deciding on the degree to which a machine is to be regarded as a simulator, the 
author believes that one needs the combined value of at least two measures: the intent 
of the investigator and the objective similarity of the instrument inputs, outputs, and 
their relation to the driving situation. Dr. Michaels seems distressed that the author 
considers the f i rs t important and writes as if the author did not recognize the second. 
He says that the second is the criterion of importance, seeming to ignore the fact that 
the author included it as a basic part of his definition of measure. Thus on one basic 
measure both have insisted on the same thing. 

In respect to the other, it is possible to ask two questions: (1) To what degree should 
a machine be regarded as a simulator? and (2) To what degree does a machine simu­
late? The author believes that Dr. Michaels is answering the latter question, and that 
he is answering the former. The second question already assumes a value for the 
measure of the investigator's intent, but does require a measure of input-output simi­
larity. The f i rs t question, on the other hand, requires both measures. 

Another problem, however, which bears on the difficulty of measuring such simi­
larity, and which may make a comparison of input-output equations not the best meas­
ure of how well a machine simulates, is the problem that has to do with how different 
zero is from zero. Assume that one simulator has no acceleration input and simulates 
travel over a moderately curvy, hilly road, with considerable stop and go travel. It 
has fairly good sound simulation, however. Another simulator has essentially a con­
stant sound output close to threshold, but represents accelerations fairly well. The 
author does not say that a comparison is impossible, but the process of making bananas 
and apples into frui t , which is the obvious step of transforming disparate measures 
into a common measure, is a difficult job. The process may even result in an artific­
ial communality more difficult to handle and assess in measure than a subjective evalu­
ation of likeness, where the judgment is based on input-output equations in part, but 
considers other things. At any rate, the problem is not so straightforward as i t seems. 
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To keep the record straight. Invent an example where Intent of experimenter is 
crucial in the decision to regard a machine as a simulator. This case shows that e-
quation similarity becomes irrelevant when the instrument is not used as a mimicking 
machine, and that intended use wil l determine how important the likeness may be. As­
sume that optokinetic nystagmus is induced by various configurations of vertical bars, 
none of which has a counterpart in real l ife. If the machine imposes a motor task sim­
ultaneously, just because the experimenter on nystagmus needs a motor task, and this 
machine is available, and not because the task happens to resemble driving, has one 
the right to call the machine a driving simulator? But let the experimenter focus at­
tention on the efficiency of using the machine as a car, and let the nystagmic stimulus 
be used as a distractor, however poorly i t resembles the environment and however 
badly conceived, then one gets a little closer to the machine's use as a simulator. 

Humility in this field is very necessary, however. It is important to point out that 
merely showing two factors to be better than only one of them may not be enough. 
Probably someone can show that a third or fourth is required. Therefore the author 
suggests that the Importance of these two factors — similarity and e3q)erimenter's in­
tent—may be great or relatively small. Research of the future must determine this. 

There is some question about a statement made in the paper which Dr. Michaels 
also subscribes to. It says that the better the simulation, the more valid the simulator. 
Some evidence in the field of training* brings this statement into question. We are 
fairly sure that it is not universally true, but can presume that i t is generally true. 
These exceptions, however, point to the need of a great deal of research. 

Dr. Michaels ascribes to me the statement that a simulator is a device for discrim­
inating among factors affecting driving behavior. He then denies that this is a major 
objective in doing studies on a simulator, asserting that the major objective is to de­
termine equations of performance in order to apply them to a system of performance. 
These may then be used, he Implies, to tell the engineer what behavioral criteria must 
be applied for optimum design of any road configuration. 

It is Important to note that one does not necessarily do research on determinants of 
driving behavior for the exclusive purpose of helping to design roads. It is also pos­
sible to help the safety and efficiency of travel by means of enforcement techniques, 
regulatory systems, signing systems, licensing requirements, removal of drug effects, 
physical restrictions for drivers, etc. These would all be helped by research directed 
to other information than a performance system. The author agrees, however, that 
those who would expect immediate payoff in some of these fields wil l probably be dis­
appointed. A simulator, except in a few places, is not a quick return device. 

A purely descriptive characterization of driver behavior given in terms, say, of 
car behavior and person behavior (measuring such things as performance, risk, at-' 
tention field, perception, personal condition, and their relation) can lead to many de­
cisions without necessarily using a systems performance description. Here the author 
acknowledges gratefiilly Dr. Michaels' insight between the lines. It is not necessary 
to stress that nothing prevents both a systems attack and a descriptive attack — this is 
not to say that quantitation is excluded from the description — from being combined ob­
jectives of simulation techniques. Even if this were not between the lines of his com­
ments, the author would feel compelled to make the point. In the lines of his comments 
was the specific suggestion that system description of behavior wi l l probably be an ul­
timate goal. The author agrees wholeheartedly. The question of ultimate value of 
descriptive research such as is discussed in the paper is another matter. 

While the author is less sanguine about the ability of the simulation researcher to 
insulate himself from practical matters, as Dr. Michaels suggests that he do, the 
author agrees that if he were able to do so, the ultimate aid which he could give to 
transportation needs would be multiplied significantly in the long run. It Is hard to 
convince the practitioner of this, however. 

In sum, there has been less disagreement between the writer and the author than 
might appear from the discussion. 

Dr. Learner's remarks are over-all correct. I would make one or two suggestions. 
While i t is true that a car may cost only $ 3,000, i t takes considerable e^ense to 

*Drew, G.C. Personal communication (1960). 
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do research on this piece of equipment. One needs, at various times, people skilled 
in engineering, instrumentation, psychology, data analysis, etc. In addition, the in­
strumentation itself needs development and construction. There is no doubt that work 
on a real car is less expensive than work on a fixed simulator of high fidelity. Yet 
this leads to a second point. 

Dr. Learner's classification of research into driving performance makes no provis­
ion for less than high-fidelity fixed simulation. In the same way that it has been found 
that in training there are cases where full-scale simulation is best and cases where 
limited simulation is best, so in research one may expect to find the same thing. De­
pending on the objective of the research, the validity of the simulator in respect to the 
measures to be undertaken, and other entries in the cost-gain equation, i t is likely that 
certain researches can be undertaken with limited performance laboratory simulators, 
others with very faithful laboratory simulators, others with on-the-road simulators, 
and st i l l others with on-the-road real cars. 

It is for this very reason that the author has been at such great pains in this com­
mentary to point to the need for simulation techniques rather than a simulator (although 
he was not at such great pains in the original paper. But see the section on "Program­
ming Priority.") These techniques, of course, include the kind of work that Dr. Learn­
er has been carrying on. 

One more thing which bears on the use of simulation in conjunction with live car re­
search needs emphasis. Even if certain research can be done by means other than 
simulation, i t has often not been possible to do such work. The reason is not of the 
greatest importance. Possibly i t had to do with cost, possibly with past failure (not 
necessarily inability) to develop techniques, possibly with other things. But if simu­
lation techniques were available, and a program of research were entered on, i t is 
very likely that one could schedule research activities which are needed but haven't 
been done. 

The author gets the impression that Dr. Learner's sights are more sharply focused 
on problems of driver relation to car handling, vehicle characteristics, and dynamic 
car behavior than on some of the other researchable features of driver perception and 
performance, although he has not completely ignored the latter. Some of his points 
are cogent if taken against the background of car characteristics. They must take their 
place in importance alongside other considerations when seen in the context of the whole 
spectrum of possible driver research. Fundamentally the author and the writer are in 
agreement on the place of on-the-road research relating to car characteristics, as 
seen from the section on "Alternative Techniques of Research." 

Aside from a few considerations mentioned previously, the author is very much in 
agreement with Dr. Learner's analysis of the general picture. 

The author has a last general between-the-lines comment. The point was brought 
to the attention of a group which was meeting under the auspices of the Automotive 
Safety Foundation during a presentation by Dr. G. C. Drew, who did work with a point 
source of light simulator for the British Medical Research Council at the facilities of 
the Road Research Laboratory. It was the suggestion of the group that one should not 
attempt to promote "the simulator" or "a simulator," but rather "simulation tech­
niques." Merely pointing out, asldid in the sections on "Preliminary Simulator Config­
uration" and "Research Possibilities" under "Planning for Simulator Research," and 
"Validity" under "Other Considerations," that several simulators need to be built at 
several levels of fidelity, each with its own design to achieve its own purpose, is not 
enough. Researchers must constantly be on guard that the professional, and particu­
larly the lay public do not conceive that there is one instrument, one design, which the 
researchers would like to see created. For this reason, throughout the preceding dis­
cussion, the author lias been careful in phrasing references to simulators and simula­
tion. It is simulation techniques which are needed, not a particular simulator. 

The author's thanks go again to the committee members for their interest and the 
further light they have thrown on the simulation problem. 

A number of approaches to fixed simulation can be taken: point source of light, f i lm , 
models, etc. Different techniques of transmitting the original image and projecting it 
are possible. 
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The conceptual schema pictured here is one which was described in some detail in 
a study done by the Cornell Aeronautical Laboratory for the Public Health Service. (The 
photograph depicts the same conception which appears as the frontispiece of the study: 
"Automobile Driving Simulator Feasibility Study," Cornell Aeronautical Laboratory, 
1958; project direction, C.H. Hutchinson.) The notion of a reflecting vertex of a conic 
section was partially developed by the Bell Aircraft Co. and is still under investigation 
by the Cornell group. 

TV projector Ellipsoidal mirror 

Flat mirror 
TV camera 

Pickup 
Computer 

Bowl-shaped 
structure 

Real car containing 
observer 

In this conception a model of a road scene with small model cars forms the input to 
a receiving element or pickup, which is in the position of the driver's car in the model. 
The pickup is shown directly ahead of the TV camera on the road. Its mirrored sur­
face is the outside of a skewed section of a hyperboloid of revolution, with the vertex 
pointing forward in order to allow that portion of the surface with best resolving power 
to receive the most important part of the scene . The image of the road scene is re­
ceived by the surface of the pickup and is reflected into the TV camera above the road 
scene, shown pointing at the vertex of the pickup. This image is transmitted to the TV 
projector above the bowl-shaped structure onto a flat mirror, which throws the dis­
torted image from the pickup upward to another specular surface. This mirror is the 
inside of an ellipsoid of revolution which is related geometrically to the pickup hyper­
boloid so that the image which the latter picks up becomes undistorted to the viewer in­
side the car when projected onto a screen from the ellepsoid as shown. 

The person sits in the real car occupying the bottom of the bowl. When he manipu­
lates the controls of the car, the pickup on the scenery behaves in respect to the scen­
ery as it would if a person were doing the same things to the controls of a car on the 
model itself in the location of the pickup. The pickup is slaved directly to the controls 
of the subject's car —brakes, accelerator, steering wheel, etc. 

Under these conditions the movement of the subject's car is unprogrammed: he can 
make the pickup, corresponding to the model car under his control, do anything he 
chooses in response to traffic, road characteristics, signing, etc. Contrasted with 
this, in a film version he has very little control over what he can do with respect to 
the driving environment, other than what the camera did which photographed the scene 
originally. 
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A computer is also shown. It would function to program scenery changes and traf­
fic movements and to analyze responses of the subject or car. 



Some Technical Considerations 
In Driving Simulation 
BERNARD H. FOX, Accident Prevention Program, U.S. Public Health Service 

• A REVIEW of the literature shows a number of possible approaches to constructing 
a driving simulator. Most of these have been mentioned before: f i lm (6), point source 
of light (1, 2, 11), direct optical viewing (12), TV transmission (8), etc. The troubles 
with some of these have been discussed at some length (7, 9). The author would like 
to discuss one aspect of the total simulation problem whichTias not been treated in the 
literature. It is a serious consideration, which might well affect basic long-range 
planning for simulator research. 

This problem arises in that conception of a simulator which uses a model as the 
source of environmental input. In many conceptions, a TV setup is used to transmit 
the scene to a visual projection for the subject's viewing, with whatever adjunctive 
techniques might be required. The device pictured in the paper, "Engineering and 
Psychological Uses of a Driving Simulator" (3), shows one way of using models. Others 
are known and have been used. The description of model use in that paper is an ade­
quate example of a method which would be applicable to the discussion in the present 
paper. It should be emphasized, however, that i t is only one such example. 

The question has been asked whether i t is possible, with the model technique, to 
simulate driving long distances. Such a task is very difficult. Even though i t has been 
concluded, and rightly so, that a combination of model and f i lm , or model and other 
associated techniques, would be much less esqiensive than a fu l l model technique (3, 
4, 5, 7), i t is s t i l l necessary to examine the latter thoroughly to see just what might 
be involved. This examination, it is hoped wil l justify the conclusion mentioned. 

The idea to be discussed here was f i rs t introduced,to the author's knowledge, at a 
meeting in 1958 at which were present James Goddard, Fletcher Piatt, and the author. 
A problem inherent in this idea is examined and two possible solutions given. Other 
problems w i l l be mentioned. 

In order to be able to go long distances on a model setup, one of the things that might 
be helpful would be to avoid the necessity of creating a fu l l model panel for every mile 
traveled. Obviously a fu l l model would be quite impossible, say, for more than a few 
miles. To avoid the necessity, it was suggested that substitutable model elements be 
used in the total scene. The Cornell Aeronautical Laboratory later coined a useful 
phrase to describe this process. They called it "terrain synthesis." 

A model scene could thus be transformed into another if the model elements were 
removed and replaced by others. Various means of doing this have been considered. 
One of these might be computer programming of terrain in advance, removal of terrain 
elements to a terrain bank by automatic mechanism under time control and position con­
trol of the computer, and replacement from the same bank. After the TV pickup re­
presenting the moving car has traversed the scene, the panel is transformed into a new 
scene by this technique and made suitable for another trip over i t by the TV pickup, 
which has meanwhile traversed another panel. 

Certain other ideas were added. For example, Cornell Aeronautical Laboratory has 
suggested that storage could be arranged as part of a panel. A scenic element could 
be quickly replaced by rotating it around an axis imbedded in and parallel to the plane 
of the panel. Building walls of different colors inside and out could be swiveled on such 
a pin axis to give different building appearances quickly and simply. Al l of the foregoing 
devices combined could produce a programmed situation where i t would not be neces­
sary to build a long line of successive different model panels over which a pickup would 
have to travel to simulate long drives. 

38 
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First, i t may be instructive to look at some of the figures involved. Because it 
would be so difficult to achieve the extreme detail which would be needed, i t is almost 
impossible to conceive of a model whose scale ratio would be much greater than 100 to 
1. On the other hand, in order to l imit the size of the panels on which the models would 
be set, i t is almost inconceivable that one could go to a scale ratio much smaller than 
50 to 1. These limits give an approximate order of magnitude within which computation 
of other estimates can be made, say 75 to 1 as the model size. 

Even with panel substitution, however, the need for at least two or three panels re­
mains. The size of a panel might be governed by ease of moving or changing. At a 75 
to 1 scale, a world mile is equivalent to about 70 f t of model, probably the upper limit 
for panel size. In a 300-ft building, 200 f t would accommodate three panels endwise. 
The problem, then, is hqw to devise a technique so that panels wi l l be replaced and the 
pickup wil l be able to mdve along continuously, going from one panel to the next repeat­
edly. 

Two methods come to mind, although no doubt there are many other techniques for 
accomplishing this task. 

One method involves longitudinal relative movement of the pickup which represents 
the car. The pickup moves along over a panel which slides backward simultaneously at 
greater than pickup speed. Maximum pickup speed is the equivalent of a live car speed 
of about 70 mph. The pickup may move as i t likes below this speed. At a scale of 75 
to 1, the panel would thus actually move more than 1.4 f t per second at maximum speed. 
This speed may be regarded as relatively large or not large, depending on the engineer­
ing of the situation — both computer and mechanical. That the latter is a consideration 
here wi l l become clear. The rearward movement of the panel is important because one 
must provide a means for the pickup to maintain continuous motion. Simultaneously, an­
other panel, after having been stocked with terrain elements, is in position ready to re­
place the original panel, so that the car wiU have a panel onto which i t can cross when 
i t reaches the end of the f i rs t one. When i t crosses the panel junction, the second panel, 
now the carrier panel, begins its rearward movement. At the same time a third panel, 
having been in the process of acquiring synthesized terrain from the computers, now 
starts to move toward the soon to be vacated position of the current carrier panel. 

An interval must be allowed for such panel substitution, which would take place either 
from below or from the side. If the pickup moves at maximum speed, a further interval 
must be provided for the replacement panel to move into position before the pickup reach­
es the end of its carrier panel. This is the reason that the carrier panel must be able 
to move at a speed greater than 1.4 f t per second. 

A second method can be used which, in terms of engineering considerations, is per­
haps more feasible in some ways, even though somewhat more complicated equations of 
motion are required. 

Assume that two panels are laid end to end. The pickup starts at the juncture of the 
panels, going outward on the carrier panel. With respect to the surrounding terrain, 
i t travels in a straight line until i t reaches the end of the panel road and then crosses 
over onto the next carrier panel. But in order that motion with respect to the panel co­
ordinates of travel shall be a continuous straight line, the panel itself must have been 
reoriented so that the pickup moves toward the receiver panel at the time of crossing, 
not away, as i t started to do. This situation is achieved by a continuous rotation of the 
panel through 180 deg around an axis at its centroid while the pickup travels along the 
panel. Even at maximum pickup speed, no interval is needed with this method for in­
sertion of a panel holding new terrain, provided that the terrain substitution process i t ­
self takes less than a minute or so. If i t takes more, then three or more panels may 
be necessary. 

Assume that the pickup moves uniformly just fast enough to traverse the panel during 
a single half rotation. The resultant true motion can be expressed by simple parametric 
equations, describing a rosette petal whose vertex is the real point of departure. The 
vertex is also the real point of arrival after the pickup traverses the length of the whole 
panel. At the half-way point, the real motion of the pickup is at 90 deg to direction it 
faced when starting, which was straight along the length of the previously stationary pan­
el. Thus the pickup's greatest longitudinal absolute excursion is one-half a panel length. 
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When the pickup crosses over onto the receiving panel, the latter begins its rotation 
around its centroid axis, and the pickup (if at the same constant speed) again describes 
a rosette petal. 

If the driver controlling the pickup decides to travel at a uniform speed such that 
the panel has rotated through its 180 deg before the pickup reaches the end of the panel, 
a spiral is described by the pickup, again definable by simple parametric equations, 
up to the point when the 180-deg rotation is complete. From that point the panel re­
mains stationary and the pickup's true motion is again a straight line until it crosses 
onto the next panel. 

It is obvious that if the pickup changes its speed during the trip along the panel, the 
equation of motion becomes complex. Certainly, in any case the situation implies a 
computer to handle the input, output, and feedback relations between pickup and real 
car. This is true whether the f i rs t or second method is used. The situation is made 
even more complex if the pickup moves laterally with respect to the model road. 

The engineering problem is enormous. Think of moving a 70-ft panel at the proper 
rate of speed with no distortion and with perfect juxtaposition of model surfaces; re­
moving and replacing farm houses, signs, road features, etc., over a 70- by 7-ft area 
within 1 or 2 min; and controlling the pickup with a movement tolerance of less than 
0.003 in. If one were to consider reducing the panel size because of its unwieldiness, 
say to 35 f t , the time of changing terrain and substituting panels would be reduced, but 
not in half. Substituting panels takes about the same time for large and small panels, 
so that the time saving is only in terrain element substitution. 

The difficulty of accomplishing the total task can at the present only be guessed at, 
because, to the author's knowledge, no one has made any actual engineering design at­
tempts along these lines. 

Certain problems arise in using a model and in combining f i lm and model which 
must be considered by any designer or planner. 

One of the most important is the closeness of tolerance with which a model using TV 
pickup must be built. If an object in the model field moves 0.003 in. laterally with re­
spect to another, the relative equivalent change in the projected visual scene is about 
V4 in. Whenever abnormal motion occurs, i t becomes quite noticeable if i t occurs 
rapidly, as might be the case in the model situation. Vibration or poor tolerance can 
cause such abnormal motion. Ordinarily a small object's limited motion, if its con­
tours do not have especially high contrast with the field, is not particularly noticeable. 
However, an automobile model in this model scene wil l usually be a rigid object. If 
this is the case, a y 4 - i n . abnormal motion in the image becomes easily detectable in­
asmuch as the object in question occupies a considerable visual angle. 

It is possible to produce accurate tolerances for visual purposes with a TV pickup, 
as demonstrated by the Link and the Curtiss-Wright jet simulators, where the same 
problem arose. But the objects in their field do not move suddenly with respect to the 
field; only the pickup moves. This difference may be critical in designing a model 
type of simulator for driving. 

The question of how much detail must go into the construction of terrain and vehicle 
elements in the scene is a crucial one. No one has tested various degrees of detail 
under different conditions of magnification, closeness of the scene to the viewer, and 
speed of objects in the scene. It is likely that limits of good detail would not be ex­
cessive technically, but particular needs might influence costs to a profound degree. 
The question must be answered by research. 

One way out of the dilemma of long trips using models as has been suggested (3, 4, 
5, 7), is to alternate periods of using model and f i lm or other Inexpensive display. 
When interaction with other cars takes place which demands feedback to the scene, 
models would be used (except for simple feedback such as lateral position in a lane, 
or going faster or slower: these are possible with filmed images). On all other occa­
sions f i lm or other inej^ensive display would be used. Whereas.this technique re­
duces model cost considerably, i t does not remove the need of having models to begin 
with, together with a control mechanism for the TV pickup. 

Another problem of interest arises because it is desirable to have nonprogrammed 
rather than preplanned control of some cars with which the driver interacts. If they 
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do require nonprogrammed control, the question of display and control devices for the 
control personnel comes up. Such needs increase the cost of the mechanism, although 
not in exceedingly great measure. The techniques for permitting control must involve 
a number of decisions of importance — number of control displays, accuracy of display 
and control, etc. An interesting part of this problem is that the control personnel must 
not have before them the same scene as the e^erimental driver sees. They would pro­
bably see the model scene enlarged from above or from a distant pickup. 

It wi l l be important to look at costs in the present case, because the greatest expense 
entailed in the creation of this conception of a simulator, that is, a terrain model using 
TV pickup and projection, wi l l probably lie in the model making, TV pickup movement, 
and model change. H no synthetic terrain were involved (that is, if only fixed panels 
were used), the cost would be far too heavy in the model building (always assuming that 
extended driving is required). 

It has been suggested that the width of panels be reduced in size to save cost, and 
that films or other inexpensive projections be presented at the sides of the model to 
blend in with the visual projection received from the model. It is the author's opinion 
that while such a suggestion was made from a desire to reduce costs, one should make 
the more serious point that to try to create a simulator with input from a model only 
would be impossible in a practical sense, not merely disadvantageous, or uncomfort­
ably expensive. It is not so much that a technique of melding f i lm , for example, and 
model is desirable; it is that cold figures put out of the question the use of fu l l models. 
The reason is that a model of this type, requiring buildings with razor-sharp edges — a 
necessary technical feature here (10) — costs on the order of $200 per square foot. For 
a 70-ft panel, extending over a world distance of a mile, if one were to represent 
mi of terrain on either side of the road, giving a 5,000 sq f t model panel, one would 
need to spend $1,000,000 per panel. Even with grosser detail at a distance, which 
might lead to as little as one-half price per unit, three panels would be inordinately ex­
pensive. To create the terrain substitution system would st i l l Involve building a number 
of elements two or three times greater than the number containable in three panels. Al l 
of this cost is materials e:q)enditure, over and above any research or developmental 
costs which have been quoted with some confidence for certain aspects of the develop­
mental program (7). 

Thus the designer is forced to use a narrow model width and blend the model scene 
with the remainder of the scene, which has been filmed or otherwise inexpensively pro­
jected. The latter is that portion of the total scene which is affected by very little or 
no input from the driver, and which should feed little or nothing back into the driver's 
world of action and reaction except to give him perceptual orientation. Assume that in­
stead of Va mi of world scene (that is, 35 f t of model, on either side of the road), the 
model only encompasses, say 75 world yards on either side of the 25-yd road. This 
space would give a total model width of something like 7 f t . Now a panel wi l l cost a-
bout $100,000, somewhat more reasonable than $1,000,000 or even $500,000. To 
this must be added the cost of f i lm projection, f i lm registration, f i lm editing (there 
wi l l have to be careful lateral editing to achieve good melding with the model), and the 
extra initial cost of setting up a technique for joining the two parts of the scene proper­
ly. The total wiU st i l l be considerably below the ultimate cost of a fu l l model system 
if the latter were to be built. 

The figures used here are very rough. If a different scale size is taken, say 100:1 
instead of 75:1; and a dffferent lateral extent of scenery, say 400 f t instead of 525 f t ; 
the cost of a panel a world mile in length would change by an order of value to some­
thing Uke $40,000, as opposed to $100,000 (7, p. 89). Other costs which are at pre­
sent also guesses have to do with the kind of terrain, cost of unit terrain area, and 
similar matters. It is obviously a matter for research to decide what limits of lateral 
model extension are required or sufficient for the perceptual tasks involved, as well 
as other problems such as mentioned previously. 

As far as is known no one has attempted detailed alternative analyses of engi­
neering costs associated with the requirements described, even with respect to concep­
tual designs, let alone actual designs. Such cost analyses are badly needed. 

The problem of combining f i lm projection and model projection takes dffferent forms 
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for different techniques of alternating panels. If a linear panel motion is used, the 
projection can be stationary in space, with the panel motion and pickup motion in syn­
chrony along the panel axis. In this case the absolute motion of the pickup along the 
panel axis, as well as the projector motion, would be zero. On the other hand, one 
might transmit to a moving projector or reflector with compensated position. Other 
means are also possible. 

If rotating panels are used, the difficulties become greater. The direct attack would 
be to have the projector move with the pickup, both on the rotating panel. However, 
projection channels could be set up outside the panel and the projection moved by com­
bined electronic and optical means. A number of other attacks can no doubt be conceiv­
ed. 

One major problem, which is not likely to be solved early, is the good enough simu­
lation of city traffic. Fortunately, work in other areas can proceed without its solu­
tion. First, i t wi l l not quickly be solved because it wi l l not be attacked early. But 
the more important reason for a late solution wil l probably be the fact that it is a most 
difficult problem. Pedestrian involvement can probably be handled by combining of TV 
images, using known techniques. But in respect to cars or other objects situated a few 
feet away, very serious difficulties wil l be encountered. 

It ha^ been suggested that a simpler device with only night driving might be a feasi­
ble f i rs t step toward multi-situation simulation. The problems attending the simula­
tion of car, street, and sign lights are considerable —particularly car lights. Although 
the author is familiar with at least three occasions when "skull sessions" were held 
to try to dream up ways of handling these questions, i t is probable that none of them 
has been described in published material. They are worthy of any scientist's mettle. 

Aside from the questions brought up in the foregoing, a number of items await re­
search before answers wil l permit plans for design of any of several more advanced 
simulation methods. These items are mentioned in some detail in the review by Mol-
nar and Lybrand, as well as by Hutchinson. In the visual field they have to do with 
color, intensity, definition, contrast, resolution, field magnitude, etc. 

In sum, a vast area has been opened up for the broadest scale approach by research 
and development teams. This area, the whole notion of driving simulation, deals with 
a large number of theoretical and practical problems in many fields: light, sound, 
mechanics, electronics, thermodynamics, human engineering, industrial engineerii^, 
psychology, cost analysis, management planning, research programming, etc. 

It would be of the greatest interest to follow, and if possible, be a part of, the in­
evitable progress among the many fields and techniques contributing to driving simu­
lation. 
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Standard Electronic Units Interconnect to 
Provide Flexible Digital Recording 
RICHARD C. HOPKINS, Chief, Instrumentation Branch, Division of Traffic Operations, 
U.S. Bureau of Public Roads, Washington, D.C. 

# THE PURPOSE of this paper is to introduce those familiar with analogue recording 
techniques to some of the Standard Electronic Units which may be combined to form 
Flexible Digital Recording Systems. 

The Bureau of Public Roads has been digitally recording traffic survey data since 
1946 when O.K. Normann had special solenoids mounted on standard adding machines 
after trying in vain to find a similar piece of commercially available equipment. In 
1956, because of a need to use 14 bank adding machines, it was still necessary for the 
Bureau of Public Roads to provide its own solenoids when this equipment was improved 
and expanded. Today, only three years later, the manufacturers of adding machines 
provide for the remote electrical actuation of nearly all models and, almost all, either 
provide for a direct output to a motorized tape punch or have an auxiliary unit to pro­
vide this output. And this rapid trend toward the remote or automatic handling of data 
by office machines is only mildly indicative of the advances being made in electronic 
computer print-outs'or recorders designed for digital systems. 

These newer recorders are briefly discussed and a few typical systems are shown 
that can be used individually or in combination to produce direct printed records of 
measures of physical quantities. 

It is difficult to observe any digital system without becoming fascinated by the reg­
ularity and positiveness with which the data are printed and to admire the complex me­
chanism which so faithfully transfers electrical intelligence into numerals. In fact, 
the effect is to often overweight the importance of the recorder which may mask a much 
more complicated system of data collection. So, because of the straightforward design 
of these recorders, it is possible for the purpose of this paper to consider only a few 
external features that are pertinent to any digital system and then consider in more de­
tail such systems and possible alternates. 

The selection of one's first digital recorder will probably be dictated by the output 
of the system that has determined its need. Therefore, it will be only necessary to 
refer to recorders in terms of "staircase," "10-line," or "binary code," as the fea­
tures of accepting and storing digits to be printed on command are common to all. 

By a "staircase" input, (Fig. 1) is meant tliat each digit in each column is repre­
sented by some particular voltage with respect to a zero level. A typical example is 
the use of +138V to represent "0," +54V to represent "9," and the other digits repre­
sented by voltages equally separated between these two. The "10-Une" recorder pro­
vides a common terminal for a battery connection and 10 digit terminals for each col­
umn. A digit is stored in such a recorder by simply completing the circuit from the 
other terminal of the battery to the proper digit terminal. A "binary code" input is 
such as its name implies. In this system, the sum of the code units is the decimal e-
quivalent of the binary number produced by the electronic system. Because of elec­
tronic e3g>ediency, code values of 1-2-2-4 are usual although recorders with a 1-2-4-8 
input are available. 

Physically, d^ital recorders are about 20 in. long by 12 in. high by 15 in. deep and 
may be obtained in individual cabinets or with panels for relay rack mounting. They 
normally operate from 120V 60 cycle power with a demand of the order of 150 watts. 
Models are commonly available to print from 6 to 12 digits as rapidly as 5 times per 
second with some special computer print-outs capable of much higher recording rates. 

In considering in some detail the systems that will collect and prepare the data to be 
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Figure k. Weight recording. 
recorded, the measurement of time should 
probably be considered first — time being 
the abscissa of almost all of the common analogue records. Unit time in the analogue 
is unit length and its measure is dramatically illustrated by the bulk of the recorded 
chart. 

In a digital system, time, like all other quantities, must be recorded in its numer­
ical value. An exception to this would be a situation which permitted the recorder 
print command to be controlled by time units. Each record would then indicate the 
passage of one time unit and elapsed time could be determined in the data reduction 
process by totaling the individual recordings. 

In the general case, however, a time base generator or digital clock must be in­
cluded as a part of the data collection system and its significant figures recorded. 
Two typical time bases are shown in Figure 2. A quartz crystal oscillator (usually 
100 kc) is connected to suitable electronic frequency divider circuits to produce the 
time unit required. These time units are counted Toy an electronic decade scaler with 
an output for each count of ten carried over to another similar scaler. As many as 
necessary of these decades may be Interconnected and the output of each (staircase or 
binary code) is always available for transfer to a proper digital recorder. 

A second practical, and somewhat more mechanical system would utilize a syn­
chronous motor, proper reduction gears, and an electrical contact closed by the driver 
cam. Ten contact, spring-driven stepping switches would then be used in each decade 
and a 10-line output to a digital recorder would be available. 
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As circumstances might require, the stepping switches could be actuated by the 
crystal oscillator and divider circuits or the electronic decade scalers could count the 
contact point closures. Other suitable time base circuits make use of capacitor dis­
charge time, tuning forks, direct counting of the power line frequency, etc. 

Weight can be directly detected by load cells. These and the necessary oscillator-
amplifier systems for their use in conjunction with direct writing oscillographs are 
commonly used in many highway research laboratories. Two alternative methods of 
converting this typical laboratory analogue system to digital recording are possible. 
Both are equally accurate and the choice will be dictated by future utilization of the 
equipment which is to be procured. 

A direct substitution approach (Fig. 3) is simply to replace the direct writing oscil-
ograph with a digital voltmenter. For a minimum of data collection, the weight values 
can be manually recorded from the digital indication on the voltmeter. However, be­

cause it is assumed that large quantities 
of data are to be collected and that a dig­
ital recorder has also been obtained, the 
digital voltmeter will be directly con­
nected to a compatible digital recorder and 
automatic data collection will be accom­
plished on each print command. 
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Figure 3' Digital recording of vHsratlon 
or dynamic strains. 
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Figure 6. Height recording. 

The less direct, but in some respects 
more desirable method (Fig. 4) is to sub­
stitute a voltage to frequency converter 
for the oscillograph. An additional unit 
of the electronic counter type is then used 
to measure the output frequency and 
transfer the weight data to the digital recorder. Although requiring an additional unit, 
this method is favored because the counter unit will have many more laboratory appli­
cations than a digital voltmeter and the extra original e^ense will result in later 
economies. Furthermore, the two units will always combine for a direct measure­
ment of voltage. 

Vibration or dynamic strain investigations have encouraged the purchase of much of 
the electronic equipment now used in highway and structural laboratories. Again, the 
usual system is standard carrier-amplifier equipment with either a direct writing or 
galvanometer-type oscillograph output. The digital system for these data recording 
(Fig. 5) requires a direct measurement of two values, amplitude and frequency. The 
amplitude is detected by a peak voltmeter for measurement by a standard digital volt­
meter and the frequency is directly determined by one of the standard electronic coun­
ters. Both amplitude and frequency can then be recorded as desired and the time saved 
can be best appreciated by those who have counted cycles on analogue charts to deter­
mine frequency. The addition of a cathode ray oscilloscope will permit the observation 
of wave form and a camera will provide the few necessary illustrations for technical 
reports. 

Liquid levels, large displacements in operating mechanisms, etc., can be meas­
ured and recorded by the system shown in Figure 6. A precision, ten turn potentio-
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meter divides the voltage output of the regulated power supply in direct ratio to the 
level being measured. The print command would usually be controlled by some digi­
tal clock and a direct printed record is the result. 

Figure 7 shows a similar system that is more practical for small displacements or 
deflections. In this case a linear precision potentiometer, or an LVDT (linear vari­
able differential transformer) in a carrier-amplifier system provides a direct reading 
of movement. The print command in this instance could be controlled by position de­
tectors "D" to provide a deflection record of a structural member. 

Any system of temperature detection with an electrical output can be adapted for 
digital recording. Figure 8 shows one typical system in which strain gages are at­
tached to a bi-metal strip. A standard 
bridge-amplifier couples such a detector 
to a digital voltmeter for transfer to the 
recorder at any desired time. Other de­
tectors, such as thermistors or thermo­
couples, can be as easily accommodated. 

Shaft speeds are detected by a tacho­
meter as in analogue systems. However, 
for digital recording it is generally more 
convenient to use a digital tachometer 
rather than converting an analogue output. 
The tachometer generator, which is more 
familiar, produces an Increasing voltage 
with increasing shaft speed; the digital 
tachometer produces one or more pulses 
per revolution of the shaft. The digital 
recording system is completed by con­
necting a digital tachometer to an elec­
tronic counter which has a time base and 
gating circuits to count pulses per unit of time. The shaft speed then becomes direct 
reading for transfer to the printing recorder. A typical system is shown in Figure 9. 

Notations, which must be entered by hand on an analogue chart, can usually be more 
conveniently handled in a digital system by entering numerical codes directly in the 
recorder. This can always be done by providing decades of push buttons connected to 
produce the proper digital code for the type of recorder used as shown in Figure 10. 

It is a rare occasion when a physical investigation requires the recording of but a 
single channel of information. More likely the capacity of any given recorder will be 
strained and some complicated system for programming the data entries will become 
desirable. However, most problems can be reasonably limited to the capacity of the 
11 or 12 digit recorders available. 

DIGITAL 
RECORDER 

PRINT 
COMMAND 

Figure 9. Speed recording. 
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An example of several data being simultaneously entered on a digital recorder is 
provided in the Traffic Impedance Analyzer developed by the Bureau of Public Roads 
for speed and delay or operating economy studies. This digital data collecting and re­
cording system is mounted in a vehicle (Fig. 11) and at one-second Intervals prints 
the vehicle speed In miles per hour, accumulated mileage In three significant figures, 
two decades of manual code, time in seconds for a sequence check, and three signifi­
cant figures of fuel consumption. These data are shown in a typical recording sample 
(Fig. 12). 

Figure 13 reverts to a block diagram presentation of this Instrument and will sim­
plify the explanation of its operation. As both speed and delay, and operating economy 

studies would require speed and distance 
to be recorded as a part of the data, pri­
mary consideration was given to record­
ing these quantities. The speedometer 
cable of American cars Is designed to 
make 1,000 revolutions per mile. On this 
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Figure 10. Manual coding. 

basis a special digital tachometer was de­
signed that would provide direct speed 
and distance outputs. For the measure­
ment of speed, a disc with 36 holes near 
its outer edge was rotated by a shaft in­
put. With a light source on one side of 
the disc and a photoelectric cell on the 
other, electronic pulses in direct repre­
sentation of speed in miles per hour could 
be generated each Vio second with a shaft 
input rate of 1,000 revolutions per mile. 
The first disc was coupled to a second 
disc with one hold near its outer edge by 
a 10:1 gear reduction unit. A second 
photoelectric cell on the outer side of the 
second disc therefore generated an elec­
tronic pulse for each %oo of a mile of vehicle travel. The shaft input of this digital 
tachometer was coupled to the regular speedometer cable of the vehicle by a 1:1 gear­
ed "T" at the speedometer head. 

The electronic pulses from the speed detecting photoelectric cell were connected to 
the input of an electronic counter. This counter included a quartz crystal time base 
and generated usable pulses at Vio-, 1-, and 10-sec intervals. The Vuo-sec pulses were used 
internally to operate the "count" and "stop" gates so that the number of "speed" pulses for 
any Vu-sec period could be accurately counted. The 1-sec pulses were connected to the con­
trol box and used to initiate a recording period. Therefore, at the beginning of each second 
the electronic counter was reset and the "count" gate opened to accumulate "speed" pulses. 
One-tenth sec later the "count" gate was closed and a print command recorded the speed of 
the vehicle and all other data which were available at the recorder inputs. 

The electronic pulses from the distance detecting photoelectric cell were connected 

Figure 11. Traffic Ijopedance a n a l ^ e r . 
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to 3 decades of electronic counting in the 
control box where they were accumulated. 
This distance accumulation was continually 
available for recording. 

The traffic, geometric, control, weather, 
and other pertinent data could be coded by 
2 decades of push buttons which would 
transfer like digits to the recorder at any 
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Figure 13. Traffic Impedance analyzer. 
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printing cycle. 
One decade of time counting was provided in the control box as a printing sequence 

check. The circuitry also provided for this to be extended to 4 decades as an alterna­
tive to fuel recording when it was more convenient, for field observation, to have elap­
sed time recorded during speed and delay studies. 

A digital fuel meter was mounted between the fuel pump and carburetor. The par­
ticular one used in this instance produced an electrical pulse for each Viooo gallon of 
gasoline passing through it. These pulses were accumulated in 3 decades of electronic 
counters in the control box so that a total of fuel consumption was available for trans­
fer to the recorder at each print command. 

The complete equipment was powered by a 12 50-watt gasoline-driven generator 
weighing 85 lb which was carried on a standard roof mount luggage rack. This self-
contained unit well illustrates the advantages of digital recording and the possibilities 
of adapting a few standard electronic instruments to the myriad data-collecting prob­
lems encountered by the highway research engineer. 

Fully automatic data reduction can, of course, be realized by adding standard tape 
punch units to the digital recorders shown here. The punched tape then may be used 
as a computer input or its data may be automatically transferred to magnetic tape or 
punch cards as individual cases require. The equipments to accomplish these processes 
are available to those who may wish to extend their systems to include them; but, for 
the purpose of this paper, it was felt that a simple introduction to digital recording 
would better serve the greater number of highway engineers. 
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During the past few years considerable work has gone on 
in a number of laboratories toward devising equipment to 
automatically control vehicles on highways or to improve 
the manual control of vehicles through the use of electronic 
devices. General Motors Research Laboratories has de­
vised an automatic control system for use with mixed au­
tomatic and manual vehicles on limited-access highways. 
A y«)th ^cale model has been built to demonstrate the guid­
ance, obstacle detection, and speed control functions of 
this system. 

Recognizing the transition problem from manual to au­
tomatic control, a number of devices have been considered 
which will provide the driver of conventional vehicles with 
some aid during the transition period. A communication 
system, "Hy-Com," using low frequency magnetic induc­
tion can provide road sign and emergency information in 
carefully localized areas along the highway. In addition, 
a path error warning device has been built which could al­
so utilize a single wire in the roadway to indicate to the 
driver when his vehicle deviated beyond a safe amount 
from the centerline of the road. Both of these devices 
could utilize signals originating in the road wire, which 
could also eventually serve as a guidance wire in an auto­
matic highway system. 

• DURING the past few years many investigators have proposed using electronic aids 
and, Indeed, completely automatically controlled vehicles as a means of improving 
safety and highway transportation effici­
ency. This paper is concerned princi­
pally with a discussion of the design phil­
osophy and construction of a y«ith scale 
model of an automatic highway system 
aiipUcable to limited-access highways. 
In addition, it discusses the design and 
application of a low-frequency Induction 
radio communication system and a path 
error detector, both of which are com­
plementary to the complete automatic 
highway system and which may be applied 
as a preliminary step toward completely 
automatic control. 

GENERAL DESIGN CONSIDERATIONS 
It is unnecessary here to discuss in 

great detail the reasons for devising au­
tomatic vehicle control systems. Brief­
ly, these are based on reduced driver ^ ^ ^ ^ ^ 
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effort and improved comfort, potential safety improvement through elimination of 
driver error, and increase in highway capacity by eliminating driver lags which in­
fluence the spacing of vehicles on present roads. In the development of the GMR Auto-
Control System, the concern was only with operation of vehicles on a limited-access 
highway in order to reduce the complexity of the control system. Even such a limited 
application could prove practical and useful, however, when it is recognized that some 
90 percent of inter-city passenger travel is accomplished in private cars. The transi­
tion problem is recognized in this design, and therefore the road model was built to 
accommodate both automatically controlled vehicles and conventional manual cars. 
Before discussing the details of operation of this highway model, its general physical 
arrangement is reviewed. 

Essential features of the GMR Auto-Control System are embodied in a scale model 

Figure 2. Car-based electronic ccmponents. 

oval track, approximately 20- by 30-ft over-all, representing a four-lane divided high­
way. Distances and speeds are V«th scale. The track is made up of sixteen 5-ft blocks, 
simulating a stretch of highway %oths of a mile long. At Vtoth scale, each block repre­
sents 200 ft on an actual highway. Suitable wiring is embedded in the blocks to accom­
plish the various control functions. The general layout of the track is shown in Figure 
1. Only the two counterclockwise lanes are equipped for vehicle operation. The right-
hand lane has been designated as a manual lane, and the left-hand lane is equipped with 
sensing and control wiring to provide completely automatic operation of scale model 
buses. The functions performed automatically consist of: 
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1. Providing guidance to maintain the proper vehicle path; 
2. Detecting obstacles in the automatic control lane; 
3. Regulating vehicle speed to prevent collision with other vehicles or obstacles 

in the automatic control lane; and 
4. Providing warning signal lights to control use of the automatic lane as a pass­

ing lane for manual cars. 
There is clearly a wide variety of means of accomplishing the several functions pre­

viously outlined. The particular means adopted for this automatic highway system are 
considered to be desirable compromises. From the standpoint of ease of transition 
from manual to automatic control, it would clearly be desirable to have all of the spec­
ial equipment contained in the car. U neither active nor inactive control equipment 
were required in the road, vehicles could operate under automatic control on the pres­
ent road system. On the other hand, there appear to be many shortcomings in such an 
arrangement, particularly with respect to sensing all of the information required to 
regulate speed and direction from the vehicle itself. For this reason the control equip­
ment has been divided between the car and the road. In addition, a block system for 
detection of obstacles and speed control was used rather than a continuous spacing con­
trol system for reasons of simplicity and reliability. In fact, a number of design choices 
involving compromises between reliability and operating efficiency were made in favor 
of reUabiUty. 

M)DEL VEHICLES 
To provide space for the batteries and electric motors required to drive the vehi­

cles, model buses (Fig. 2) have been used. All of the transistorized electronics suf­
ficient to sense the input signals and provide controls for the power systems of a full-
scale car are mounted on two insulating boards which also serve as a frame for the 
mechanism. An electric torque motor turns the front wheels to provide steering cor­
rections. A silver-zinc battery mounted near the rear supplies power both for the e-
lectronlcs and the drive and steering motors. Additional description of the vehicle de­
tails accompanies discussion of the several functions. 

STEERING CONTROL 
Providing steering control signals frotii the road is relatively simple. Because the 

desired path of the car is the same as that of the road, only the position error of the 
car on the road must be sensed for guidance. The required steering correction can 
then be determined, taking into account the car response characteristics in order to 
assure system stability. 

The steering control element in the model highway is in the form of a crisscrossed 
wire that essentially forms two parallel wires embedded in the pavement down the 
center of the lane. Alternating current of about 50 kc in the wire generates a magnetic 
field along its entire path. As pointed out in the following section, this same wire is 
used for speed sensing. The arrangement of all of the control wiring in one block is 
shown in Figure 3. 

Two pickup coils mounted on the underside of the model car straddle the criss-cross­
ed wire. Changes in voltage between the two colls, as determined by their position 
relative to the cable, automatically adjust the steering mechanism to keep the car on 
course. Figure 4 shows the various signal pickup coils mounted on the under side of 
the small model. 

This technique is similar to the electroma^etic system demonstrated on a full-size 
car by GM Research Laboratories in February 1958. In that system, changes in volt­
age between the two pickup coils were fed into a small electronic analog computer 
which directed a servo system controlling the car's steering gear. Similar compon­
ents within the car are envisioned in any future full-scale version of the GMR Auto-
Control System (1). 
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SPEED CONTROL 
Rather than permit each vehicle to select its own speed, it was decided that all 

cars under automatic control should operate at the road speed limit. This eliminates 
the many passing situations which otherwise develop simplifying the automatic equip­
ment and also prevents delays in the automatic lane due to slow vehicles. Such expe­
ditious handling of automatic traffic is one of the greatest potential virtues of automa­
tic car control. 

A scaled top speed of 60 mph was arbitrarily established for the scale vehicles 
running on the model road. At 'Aoth scale, however, their actual top speed is only 
1% mph. Provision is also made to automatically impose a 30 mph speed limit or to 
stop the cars completely under circumstances when 60 mph is unsafe. In a full-scale 
application, any maximum speed could be selected and varied automatically to com­
pensate for changes in vehicle performance depending on driving conditions, for ex­
ample, wet pavement, ice, or darkness. 

Two basic requirements must be met to provide automatic speed control. These 
are: precise measurement of the car's actual speed, and a speed command signal tell­
ing the car how fast it should be going. Any differential between these two quantities 
can be used to initiate automatic adjustment of the car's speed through control of ac­
celerator and brakes. 

The criss-crossed wire is so installed that its two "branches" cross at equally 
spaced intervals. The voltage induced in the speed measurement pickup coil on the 
car (Fig. 3) becomes zero at each crossing of the wire, thus providing a definite mark­
er that can be sensed by a pickup coil and counted. The car measures its own speed 
precisely by a count of the number of voltage nulls passed per second. The cross 
spacing is selected so that 1 cycle per sec = 1 mph both in the model and full-scale 
road. 

m 1 

L IH! SIGN* mnmiK 
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Flgare 5. Electronic cabinets fo r providing signals to the control vires embedded in 
road. 
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Another wire, parallel with and centered in the criss-crossed wire, provides a 
speed command signal that is picked up by another coil on the car. This wire carries 
a signal of about 90 kc modulated by either of two low frequencies to provide the 60 
mph and 30 mph speed command signals. For zero command speed, or "stop," the 
signal is interrupted. The command speed is determined by the obstacle detectors in 
adjacent blocks. 

If the car's speed is over or under the command speed, an error signal is created 
proportional to the difference between the frequency of the command speed modulating 
signal and the number of voltage nulls per second from the criss-crossed wire. The 
error signal regulates the current to a small electric motor in the model, causing the 
car's speed to become equal to the road command speed. In a full-size vehicle, this 
error signal could be used to control the accelerator and brake pedal combination. 

The signal frequencies used in the model track are more or less arbitrary values 
for this particular small-scale application. In a full-scale highway, the actual fre­
quencies used would be dependent on the details of the electronic techniques used. 

OBSTACLE DETECTION 
The speed and acceleration of individual cars on an automatic highway must be de­

pendent on the position and speed of other vehicles or obstacles on the same road. 
Therefore, some kind of sensing means is required for determining the relative posi­
tion and/or speed of other vehicles and objects. It appears that the obstacle detection 
function must necessarily be part of the road equipment because of certain fundamen­
tal limitations in such car-based sensing apparatus as radar, ultrasonics, or infra­
red (2). The GMR Auto-Control System provides for the electromagnetic detection of 
vehicles and other metallic objects in the automatic lane only. 

Embedded below the surface of each 5-ft block (representing 200 ft on an actual 
highway) are four obstacle detector coils (secondary) and a larger coil (primary) which 
encloses the secondary coils (Fig. 3). The four secondary coils are connected in pairs. 
The two coils in each pair are connected in opposition and are alternately spaced with 
the two coils of the other pair. Metal objects located in an obstacle detector section 
have eddy currents induced by the alternating magnetic field produced by the obstacle 
detector primary coil which is energized with alternating current. This results in a 
disturbance of the magnetic field through the secondary coil over which the obstacle is 
located and the resulting unbalance in induced voltage provides a reliable indication of 
the obstacle whether stationary or moving. The time interval between detection at 
successive secondaries is also used to give an approximate indication of the speed of 
the vehicle. Its presence and speed regulate the command speed in following blocks 
in accord with the following rules. 

A car traveling over 30 mph causes a 30 mph (half speed) speed command signal 
to exist in the first block to the rear and a 60 mph signal in the second block to the 
rear. A car traveling at 30 mph or below causes a "zero" speed command signal to 
exist in the first block to the rear and a 30 mph signal in the second block to the rear. 
Thus, if a car unexpectedly stopped in block 9, for example, the following car would 
be stopped in block 8, and the next car would be stopped in block 7. If another car 
were coming up from behind at 60 mph, Its speed would be cut to 30 mph in block 5, 
and it would be stopped in block 6. 

To avoid the need for a great deal of road intelligence (with resulting complication) 
it is proposed that the driver use manual control when fixed obstacles are encountered. 
The manual lane can be used for getting around the olistacles before resuming auto­
matic operation. 

MANUAL CAR OPERATION 
In general, drivers of manually controlled cars would drive as usual keeping in the 

right-hand lane. Their use of the left lane for passing is regulated in the model road 
by traffic signals which indicate the presence of an automatic car in the immediate vi­
cinity. The warning lights are turned on by a 2 kc signal from a coil on the automatic 
car to the speed command coil in the road. These lights "travel" along with the car 
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to warn manual cars in the vicinity that the automatic lane is in use. For example, 
when an automatic car enters block 8, it turns on the lights in blocks 7, 8, 9, and 10. 
When it enters block 9, light 7 goes off and light 11 comes on. In an actual installa­
tion, one light would be installed for each 200-ft block. The signal lights are used to 
provide smooth operation in the automatic lane but if a manual car entered against a 
signal it would be detected as an obstacle and cause following automatic cars to stop. 

ROAD ELECTRONICS 
The electronic equipment racks used with the road model are shovm in Figure 5. 

These are actually representative of functional full-scale road equipment. No partic­
ular attention has been paid to reducing size in this prototype. The two cabinets shown 
provide all of the road electronics needed for 400 ft (2 block) of controlled road with 
the exception of the primary guidance signal. This signal can be supplied to many 
blocks by a single simple oscillator. In a full-scale installation this equipment could 
be Installed below grade and operated from batteries floated on a charger to Increase 
reliability. 

RELIABIUTY 
Practical application of automatic vehicle control depends largely on the ability of 

engineers to produce both mechanical and electronic equipment with adequate reliabil­
ity. Unless this is accomplished, attainment of improved safety will not be possible. 

Redundancy has been used in the Auto-Control model to increase the steering signal 
reliability. In addition to the crossed guidance wire signal, the speed command wire 
may be used for this purpose. In a full-scale installation, automatic switchover could 
occur in the event of loss of primary system signal. 

Protection has also been provided in event of speed command signal failure. Loss 
of command speed is equivalent to commanding zero speed and vehicles in the affected 
area stop until manual control is assumed by the driver. 

TRANSITION PROBLEMS 
One of the most difficult problems with regard to automatic vehicle control Is that 

associated with the transition from the present day manual system. This is a partic­
ularly difficult problem if it Is necessary to provide some of the control equipment in 
both the highway and the vehicle. It is clearly not economically feasible to either pro­
duce vehicles with automatic control systems or to provide roads equipped for this 
type of operation unless the other is also available. For this reason, it Is necessary 
to consider the steps which might be taken to finally arrive at a completely automatic 
system. Consideration of this problem has led to some fairly immediate possible 
steps in this direction. The following discussion Is concerned with two possible im­
mediate uses for the guidance wire necessary in a completely automatic system. 

fflGHWAY INFORMATION SYSTEM 
Communication of information from the road to the operators of vehicles is present­

ly accomplished primarily through visual senses using signs along the road. This form 
of communication has a number of shortcomings, particularly under circumstances 
which limit visibility. For this reason, application of a low-frequency induction radio 
system for communicating information normally found on roadside signs has been con­
sidered, along with additional emergency information. Such a system has many ad­
vantages, Including the ability to readily change the information to suit current oper­
ating conditions, and to provide communication within a controlled area without over­
loading the driver's visual sense and distracting his attention from his control task. 

The system is entirely automatic, delivering a message to the driver regardless of 
Aether the car radio is turned on or not. Messages transmitted by the low-power 
communication system could be in the form of warnings regarding dangerous driving 
conditions and speed limits, or they might be of the informative type for announcing 
freeway exits, unscheduled detours, etc. Such a system is shown schematically in 
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Figure 6. Hy-Con transmitter schematic. 

Figure 6. In effect, the system would supplement road signs to give motorists precise 
instructions relative to the traffic environment, and it would assist police or highway 
officials in expediting or routing traffic flow. 

A unique feature is the voice signal which it is believed would be more effective and 
flexible than any other type of in-car signal such as buzzers or flashing lights. No 
array of visual signals would be comprehensive enough to warn a driver of the various 
emergencies that might arise. A verbal message, on the other hand, could describe 
any number of situations with instant clarity. 

OPERATION 
The electromagnetic-induction, low-frequency radio system called B^-Com, shown 

in block diagram form in Figure 7, consists of a receiver in the car and a low-fre­
quency transmitter that would be placed alongside the highway. The transistorized 
transmitter, powered by a 12-volt battery, could be permanently installed above or 
below ground, or designed as a portable unit for greater application flexibility. A 
series of individual ferrite core antennas, or a single-loop antenna would be used to 
cover 300 to 500 f t of roadway. To avoid interference with the many other existing 
radio communications, the system operates in the 10-20 kilocycle rai^e. And further, 
by utilizing induction fields instead of radiation, it permits laying down a known and 
controlled radiation pattern, thereby precluding interference to other services or be­
tween adjacent transmitters. 

Voice messages can originate from such sources as tape messages repeaters, on-
the-spot announcements from microphones, or from a master control station using 
existing telephone lines. In addition, a coded tone generator could be used to operate 
automatic warning devices in the vehicle. 

Transistors and ferrite loops make possible small, compact transmitter and re­
ceiver units. The simple low-frequency receiver may be self-contained and is some-
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what less complicated than a car radio. The single-channel, fixed-tuned device uses 
the standard car radio power amplifier and speaker. The fixed tuned feature insures 
reception of I^-Com messages wherever the system is in operation because transmitter 
frequencies are all the same and not indigenous to locale. 

U the radio is operating, the message interrupts the program and the standard broad­
cast is muted momentarily during the message interval. After the message has been 
delivered, the standard broadcast is automatically switched back on. When the radio 

is not turned on, the transmitter signal 
automatically turns on the car radio tran­
sistorized output stage. In the case of a 
nontransistorized radio, an adapter plug 
between the radio and speaker permits in­
terruption of the standard broadcast pro­
gram. General acceptance of the system 
would dictate that the receiver be incor­
porated into the standard car radio. 

EDGE OF ROAD DETECTOR 
Although much work has been done on 

both components and systems for electron­
ically controlled automatic highways, such 
roads are undoubtedly relatively far in the 
future for both technological and other 
reasons. It seems likely that various de­
vices designed to help the driver better 
perform his control task will precede com­
pletely automatic control systems. 

One such device, to provide path error 
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A U D I O 
A POWER 
AMPLIFIER 

12 V O L T 
• A H E R T 
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CAR R A D I O 

Figure 7. Hy-CcBi transmitter and ccmplete 
receiver. 

Figure 8. Electro Lane. 
information in manually controlled cars, 
called "Electro Lane," has already re­
ceived some development and promises 
to be a useful adjunct to car instrumenta­
tion. This simple device signals a driver 
when he approaches within a pre-set distance of the edge of a lane or road. It is ex­
pected that such a warning would be useful in reducing the large number of single car 
accidents which occur when driver inattention leads to vehicles leaving their correct 
lane. In addition. Electro Lane can supplement driver vision under poor visibility con­
ditions and enable a driver to "ride the edge of a lane" at very low speeds. 

A prototype of this equipment has been designed to use magnetic path definition of 
the same type provided by the guidance wire and sensing coils used to provide automa­
tic guidance both in the auto control model and in full-scale cars. This apparatus can 
be readily installed on existing vehicles and, in fact, can be designed for temporary 
attachment to existing cars operated on roads equipped with the required quidance wire. 
This wire may be installed in existing toll roads and turnpikes at nominal cost or may 
be incorporated readily in new construction. In existing roads the path error wire maybe 
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channels used i n E l e c t r o Lane system. 

installed either in a diamond saw cut in 
the center of each lane or even lower in­
stallation costs may be achieved by using 
wires installed along the road side. 

When a wire is used in the center of 
each lane, path deviation to the right or 
left may be indicated by mounting two in­
dependent detector systems in the front 
of the vehicle in a manner similar to that 
used for automatic guidance. If wires are 
used outside the road lanes, on multi-lane roads, it is not possible to detect the divi-
ion between the two lanes but the road extremities could be indicated as shoivn in Fig­
ure 8. The wires shown are parts of a large loop which could be of the order of 1 mi 
in length. The loop carries an audio frequency current which induces a circular mag­
netic field around each of the wires. Motion of the vehicle toward either edge results 
in an increase in the amplitude of the signal detected by the ferrite cored coil nearest 
the road edge. When this signal reaches a predetermined value corresponding to a 
particular distance from the edge of the road, a relay is activated to energize a buzzer, 
light, or other indicating device. The right and left channels are independent. The 
warning system in the vehicle must be constructed so as to cause an instinctively cor­
rect response of the driver. Fox example, it might be desirable to locate a buzzer in­
dicating too close approach to the left-hand side of the lane in the left-hand side of the 
passenger compartment. Similarly, the right-hand error signal could appear in the 
right-hand side of the compartment. Thus the driver would be required to steer away 
from the indicator. The specific arrangement of the detector coils on the front bumper 
will be determined by the type of guidance wire provided and by the variation in path 
which may be permitted. Figure 9 is a block diagram of one of the channels used in 
the Electro Lane system. The pickup coil is tuned to the road wire frequency. The 
amplifier is a simple 4-transistor device. The amplified signal magnitude is compar­
ed with a reference voltage to provide an accurate signal actuation level. 

An additional application of this warning system would appear to be useful on turn-

Figure 10. Prototype of E l e c t r o Lane system. 
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pikes. Road wires could be laid crossing the lanes at approaches to toll booths to a-
lert drivers. In fact, the use of such a path error device seems particularly applica­
ble to toll roads where it could be used as a "hang-on" piece of equipment to cooperate 
with permanently installed road wiring in much the same manner as has been proposed 
for gy-Com. Figure 10 is a photograph of prototype Electro Lane equipment which 
would be suitable for such an application. 

CONCLUSION 
Although many problems, both technical and non-technical, must be solved before 

reliable automatic highways can come into general use, the GMR Auto-Control System 
does illustrate one potentially usable concept. The division of equipment between car 
and road seems most practical and limitation to operation on controlled-access roads 
permits retention of reasonable simplicity. 

For the immediate future it is possible to utilize a wire in the center of each lane, 
both for communication to moving cars and in connection with a path error warning 
system. Hy-Com can make driving simpler and safer by providing audible speed, traf­
fic, and emergency messages to the driver. This system has been further developed 
by the Delco Radio Division of General Motors. While retaining driver control, Electro 
Lane can provide a warning to the inattentive operator and help prevent some of the 
large number of single car accidents. 

Both Hy-Com and Electro Lane are particularly appealing for use by toll facilities 
because they could be readily attached to vehicles using this facility, and can provide 
road information and path error warning with only a modest amount of road installed 
equipment. 
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r p H E 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, i t 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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