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The viewpoint and principles of guidance and control theory provide the 
basis for structuring an analytical model that describes the driver's 
steering control of motor vehicles. The model has as its elements the 
vehicle equations of motion, experimentally derived models for the human 
operator's dynamic response characteristics, and descriptions of the 
roadway environment. A variety of single-loop and multiloop feedback 
systems are synthesized and examined to select three good but simple 
and likely alternative system configurations: time-advanced lateral de
viation, which has a primary outer-loop feedback of lateral position in 
the lane with lead equalization provided by perceptual preview along the 
future track of the vehicle; path angle plus inertial lateral deviation, 
which contains a path angle inner loop and a lateral position outer loop; 
and heading angle plus inertial lateral deviation, which has both heading 
angle and lateral position feedback loops. The resultant models give the 
highway engineer an analytical tool that can be used to determine the role 
of each system element (driver, vehicle, etc.), to define the interaction 
between elements, and to assess the effect of changing system param
eters at the preliminary design stage. 

•SOME form of steering control is required from the driver in making a vehicle per
form a maneuver or follow the desired path in the presence of disturbance inputs from 
gusts or the roadway. To understand driver control quantitatively it is necessary to 
consider the actions of random and deterministic inputs on a dynamic system compris
ing a vehicle whose equations of motion are known and a driver whose dynamic response 
under various conditions can be estimated. 

To accomplish the driving task with comparative safety, two things are needed: 

•A desired path or maneuver (the command input) having adequate tolerances to off
set variations in decision and judgmental processes, and 

•A guidance and control system structure to execute the command inputs with rea
sonable ease and precision. 

Recent research (1, 2) has centered on the guidance and control area; this has included 
the derivation, valldafion, and exercise of appropriate operational models for the driver I 
vehicle/roadway system. 

This paper is devoted to studies of steering or directional control. These are im
portant for many reasons, not the least being that many hazardous driving situations in
volve steering difficulties, and that this type of control is poorly understood for any 
phase of driving. Throttle and braking (longitudinal) control by the driver is also im
portant, but it has been studied more extensively(3-9)anditisrelativelywell understood. 

The paper begins with an overview of the sytem- structure to place the component 
elements in an overall system context. Then the components, that is, the dynamics of 
the vehicle and of the driver, are summarized. With the elements defined in some de
tail, the structure of the driver /vehicle closed-loop system is then reexamined thoroughly, 
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Figure l. Topology of the closed- loop contro I structure. 

considering both single-loop and multiloop forms. Finally, some implications of the 
theory are presented. 

OVERVIEW OF THE MODEL STRUCTURE 

The driver, the vehicle, and the roadway environment are the three essential parts 
of the closed-loop structure for a single vehicle element. The general topology of 
this structure for steering control is presented in Figure 1. It illustrates the possible 
types of driver response blocks, how the driver interacts with the vehicle, and how the 
driver /vehicle system interacts with the roadway environment. 

Three general levels of control structure are shown for the driver in Figure 1. They 
correspond to three levels of driver behavior, and consequent system structure and 
performance, ar.d are elements of the "Successive Organization of Perception" of McRuer 
and Krendel (10). The levels are as follows: 

Precognitive, which involves executing a learned maneuver in an open-loop way. It 
is typified by the "Internally Generated Maneuver Command" block. The command 
comes from within the driver after being triggered by some pattern or stimulus in the 
visual and/or proprioceptive field. Examples might include turning into one's drive
way, or portions of an overtaking and passing maneuver such as the initial pullout. 

Pursuit, which takes advantage of a knowledge of the system input to structure a 
driver £eedforward which improves performance (11). It is shown in Figure 1 as the 
"Pursuit Control" block. The essence of pursuit behavior is the combined open-loop/ 
closed-loop characteristic. The open-loop feedforward element provides a driver out
put which causes the vehicle output to very nearly duplicate the command input, while 
the closed-loop portion of the system acts as a vernier control to reduce any residual 
errors. 

Compensatory, which implies an operation on a perceived error between the actual 
vehicle motion and the desired motion or input quantity. This type of control is used 
in the blocks labeled "Quasilinear Compensatory Control" in Figure 1. Compensatory 
differs from pursuit in that the errors only are the basis for control and command in
puts are not used to structure a feedforward to the driver's output. 

The levels of control activity shown are very general concepts which, nonetheless, can 
be applied to make predictions of system behavior. Their applicability to automobile 
control is limited mostly by the analyst's ability to isolate the pertinent motion error 
cues from the visual field geometry so that an effective controlled element can be defined. 
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The controlled element contains the dynam -
ics of the vehicle and the steering system, 
as well as the geometry of the visual field 
from which the driver must extract the guid
ance and control cues. Driver steering con
trol, as well as various disturbance inputs 
from the environment (e.g., highway gusts 
and roadway roughness), act on the controlled 
element. The resultant controlled element 
motions are fed back to the driver. 

The roadway environment provides inputs 
to the system, including both commands to 
be followed and disturbances to be regulated 
against. The command input structure in
cludes vehicles and other obstacles on the 

roadway; a roadway spectrum for those that curve in a random-appearing way; and dis-
crete or deterministic roadway bends. Portions of each of these combine to give the 
desired path or trajectory in a given driving situation. 

All the blocks in Figure 1 contain a frequency or time function for modeling pur
poses. In fact, the essence of this approach is the derivation and exercise of these 
functions and their interaction during various driving situations, and the drawing of im
plications therefrom. The operational blocks (those with inputs and outputs) contain 
frequency functions derived from a linear or quasilinear set of differential equations. 
The functions in the input blocks result from such things as spectral analyses of environ
mental data, or time domain approximations with known deterministic forms. 

Before a more specific analysis and definition of the various possible feedback loops 
can be made it is necessary to have a complete understanding of the dynamic charac
teristics of the vehicle and the driver alone. This is accomplished below, and then 
attention is again focused on the closed-loop structure. 

VEHICLE DYNAMICS 

The dynamics of the vehicle are an important part of the effective controlled ele
ment dynamics as shown in Figure 1. The driver/vehicle/roadway model examined 
here considers the directional or steering dynamics of the passfog vehicle in three 
degrees of freedom. These degrees of freedom are lateral (or side) velocity, v, and 
heading angle, l/J, of the total vehicle; and the sprung mass (body) roll angle, cp, as 
shown in Figure 2. Effects on the directional characteristics due to acceleration or 
braking in the longitudinal axes are included implicitly; i. e. , the stability derivatives 
in the directional equations are computed for some known applied torque at the front 
and rear wheels. Road crown, grade, and superelevation are handled in a similar way 
by computing the vehicle equations for a nominal set of conditions or an operating point. 
This approach allows the use of linearized equations and analyses that allow greater 
insight into the control problems, yet provide good accuracy for vehicle side accelera
tions less than about 0. 3 g (12). 

The Laplace-transformeddirectional equations in three degrees of freedom are 
given by the following matrix equation (_~): 

s - (Yv + Yvg) 
mse 
--s2 - Yep Uo - Yr v Yow - y 

m Vg 

mse 
- Lv s 2 L s - Lcp 

~z 
- Lr 0 6w + Lvg J;;s i;s cp = Vg g - p 

- (Nv + Nvg) 
1',oz 2 

- Nps - Ncp s - Nr Now - Nv -s r 
lzz g, (1) 
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where 

v is the lateral velocity of the unsprung mass measured at the total 
vehicle c. g. , 

cp is the roll angle of the sprung mass about the tilted roll axis, 
r is the yaw (heading) rate of the unsprung mass, 
s is the Laplace transform variable, 

Yv, Yr, Y6w are a result of tire side force, 
Yvg is a result of aerodynamic force, 

Yrp is a combination of roll steer and camber effects, 
Lvg is a result of aerodynamic forcE:, 

Leo is a combination of gravity and suspension spring effects, 
Lp is due to the shock absorbers and suspension friction, 
Lr is equal to -mseU0/I 0 , 

Nv, Nr, N 6w are a result of tire side force, 
Nvg is a result of aerodynamic force, 

Ncp is a combination of roll steer (leading to tire side force), camber 
side force, and suspension spring effects, 

NP is due to shock absorbers and suspension friction, 
m is the total mass, 

ms is the sprung mass, 
~ is the roll moment of inertia, 

lzz is the yaw moment of inertia, 
~z is the product of inertia coupling roll and yaw, 

e is the perpendicular distance from the roll axis to the sprung mass e.g., 
U0 is the forward velocity, 
5w is the mean front wheel steer angle about the kingpin, and 
vg is a lateral velocity gust input. 

The motion quantities are shown in Figure 2. This matrix equation of motion provides 
vehicle motion quantities as perturbations of body-fixed axes. To obtain the vehicle 
motions in inertial space (e.g., along a roadway) it is necessary to transform the body 
axis motion quantities into appropriate inertial reference axes. The lateral velocity 
relative to an inertial coordinate system initially coincident with the unperturbed body 
axes is given by the integral of the lateral acceleration of the c. g. , that is, 

v1(t) = fay(t) dt 

= f [v(t) + U0 r(t)] dt 

= v(t) + U0 I/! (t) 

In Laplace transform notation this becomes 

( ) ( Uo 
r(s) 

VIS = VS) + S 

(2) 

Dividing the inertial lateral velocity by U0 gives the path angle, y, which is the sum of 
the heading angle and sideslip, that is, 

VI 
y = -

Uo 
(3) 

The lateral position relative to inertial coordinates is the integral of the inertial lateral 
velocity, that is, 

sv(s) + U0 r(s) 
g2. 

(4) 
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This gives the lateral position between the car and a roadway reference at the vehicle c. g. 
A motion useful in the subsequent closed-loop analyses is the lateral position the 

vehicle will have T seconds in the future if it continues unperturbed along its present 
trajectory. This is denoted by YI (t + T) and is shown in Figure 2. The time, T, is equal 
to the distance, R, to the future point divided by the vehicle speed, U0 • 

Lateral acceleration at the driver's position in the vehicle, a . is the sum of the 
inertial acceleration at the axis system origin, v1, plus the effeYdt of yawing and rolling 
accelerations acting through distances to the driver's position, that is, 

(5) 

where 

lx is the distance in the positive x direction from the total vehicle c. g. to the driver, 
lz is the distance in the positive z direction from the axis system origin to the driver, 
X is the sprung mass roll axis tilt angle. 

Laplace-transforming Eq. 5 and introducing v1(s) gives 

ay = sv(s) + (lx sin X - lz cos X)sp(s) + (lxs + Uo)r(s) (6) 

It is common practice in stability and control analyses to solve the matrix equation 
(Eq. 1) to obtain ratios of motion variables to selected input quantities. The resultant 
ratios of polynomials in s are called transfer functions. Three types of polynomials 
are obtained-the denominator, which is always the determinant of the left-hand side of 
Eq. 1; numerators, which are the determinants obtained by substituting one of the right
hand column vectors into the determinant of the left-hand side; and coupling numerators, 
which are the determinants obtained by substituting the two right-hand column vectors 
into the determinant of the left-hand side in various ways. The coupling numerators 
are used in multiloop analyses (e.g., gust regulation) to obtain the effect on outer-loop 
numerators of inner-loop closures utilizing another control means. Their use is dis
cussed in detail elsewhere (13, 2). 

A complete summary of the vehicle dynamics pertinent to driver control is given by 
Weir et al (1). It includes the derivation of the equations of motion, definition of the 
vehicle transfer functions, compilation of dynamic data from a number of sources, and 
the calculation of numerical results for a typical American sedan. Both longitudinal 
and directional dynamics are included, with the emphasis on the latter. Most of the 
details of the vehicle dynamics are omitted here, the needed information having been 
extracted from the previous work (1) when required. 

Vehicle transfer functions have been computed (1) for a typical medium-sized Amer
ican sedan weighing about 4000 lb at speeds of 30, - 60, and 75 mph. The transfer func
tions are represented symbolically as follows: 

Lateral velocity: 

Heading angle: 

Roll angle: 

N~ (s) w 
.6.(s) 

_1_ (s) = ..! .E_(s) 
fiw s fiw 

~w(s) 
.6. (s) 

(7) 

(8) 

(9) 
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where N(s) is a numerator polynomial in s and fl (s) is a denominator polynomial in s. 
The numerator and denominator polynomials for the three forward speeds are given in 
Table 1. A fairly significant difference can be seen in the dynamics between 30 and 60 
mph, while there is little difference between the results at 60 and 75 mph. This in
dicates that one set of directional dynamics (i. e. , one operating point) can be used to 
analyze typical high-speed driving maneuvers which involve speed changes of no more 
than about 15 to 20 mph. 

Analysis has shown that the aerodynamic forces and moments have only a negligible 
effect on the steer angle transfer functions of Table 1. [They are, of course, dominant 
in the gust response transfer functions, through which a highway gust disturbance input 
acts on the vehicle-see Weir and McRuer (2), where the equations and transfer func
tions required to introduce crosswind gusts Into the driver/vehicle system are derived 
and summarized. ] 

The series dynamics of the steering system are an important part of the vehicle 
dynamics and the effective controlled element. They relate the driver's steering wheel 
movement to the steer angle of the front wheel about the kingpin. Although the theory 
is well understood (e.g., 14), dynamic data on contemporary steering mechanisms is 
very sparse. Consequently, the steering system dynamics are assumed to be a pure 
gain for purposes of this discussion. The effects of possible steering lags on closed
loop control are considered elsewhere (~)· 

DRIVER DYNAMIC RESPONSE 

All phases of driving require some form of driver control operation. As the tasks 
become more demanding, the driver may change his dynamic characteristics or may 
alter the system structure (close other loops) to obtain the required increase in control 
fidelity. The driver's closure of feedback loops modifies the effective dynamics of the 
vehicle or controlled element and in turn determines maneuver times, stability margins, 
and transient response characteristics. The possible feedback loops he can introduce 
are determined by the sensory information available. 

An introductory discussion of driver response characteristics was illustrated in 
Figure 1, and several possible types of driver response were presented: 

•Quasilinear compensatory control, 
•Pursuit control, and 
•Internally generated maneuver commands. 

The first requires a fairly complex description, but it is well understood at the cur
rent time and probably comprises a significant portion of the driver's active control 
efforts. The remaining two are somewhat easier to describe qualitatively, but pre
dictive models for these processes are not yet well developed. 

The quasilinear blocks in the driver /vehicle model are most appropriate for defining 
his response to random-appearing external inputs. This includes command inputs due 
to the bends and curves in the roadway or desired path, as well as disturbance inputs 
due to gusts and roadway roughness. These quasilinear blocks are relatively quiescent 
in the presence of deterministic inputs when the other types of response dominate. They 
are active during pursuit control if random-appearing disturbances are also present 
that the driver cannot preview. 

Quasilinear Compensatory Control Characteristics 

The quasilinear describing function model of the operator has resulted from an ex
haustive series of human operator dynamic response measurements made over a period 
of about two decades (e.g., 15-18). It consists of a describing function component with 
parameters that depend on the system and situation, an additive remnant, and a set of 
adjustment rules that tell how to adjust the describing function parameters. This quasi
linear model is depicted in the illustrative single-loop block diagram of Figure 3. 

In its most complete form the describing function contains a gain, an indifference 
threshold, a time delay, an equalization characteristic, and high-frequency neuromus
cular system dynamics. The indifference threshold is a higher order effect that can 
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often be ignored when the inputs 
are large, and under other con
ditions it can be accounted for 
by using decreased driver gain. 
The neuromuscular system dy
namics are based on very low 
and very high frequency data, 
and can be approximated at the 
midfrequencies of interest in 
driving as a first-order lag or 
even as an added increment to 
the time delay. With these sim

plifications, the general driver describing function {~) reduces to 

(10) 

or, alternatively, 

(11) 

where 

KP is the gain, 

(
TLjw + 1) 
Trjw + 1 is a simplified equalization characteristic, 

T is the time delay, and 

TN is the neuromuscular system time constant. 

The variable jw has been used in place of s to indicate that the describing function is 
most appropriate when the inputs approximate stationary random processes. The form 
of Eq. 11 is completely adequate for typical driver/vehicle closed-loop analyses in
volving rea~unably st.able vehicles. Thus, the describing function form reduces to a 
transfer-function-like element containing a gain, an adjustable equalization, and an 
exponential term which affects only the phase angle. It is valid for a variety of drivers, 
inputs, vehicle dynamics, steering system characteristics, and loop structures. Most 
of the parameters are adjustable as needed to make the vehicle motions follow the com
mand input and regulate against the disturbance input. Experimental measurements 
of all the parameters are reported elsewhere (2) and summarized in a simplified manner 
below. . -

The pure time delay represented by the e -JWT term is due to sensor excitation (the 
retina, in the visual case), nerve conduction, computational lags, and other data
processing activities in the central nervous system. It contains components that are 
closely related to certain kinds of classical reaction times. A portion of the time de
lay is currently taken to be a constant, because it appears to be essentially invariant 
with the input and vehicle dynamics for either single or dual random-appearing input 
tasks. However", l.Julh i11Le1·subject and intrasubject variation! occur, and observed 
values of the "constant" part of r range from about O. 05 to 0. 125 sec, with a nominal 
value of about 0. 10 sec (15). The remaining component of the pure time delay is an 
increment present when low frequency lead equalization is generated by the driver. For 
instance, with first-order lead equalization the base vaiue of T is increased by about 
0. 15 sec. 

The neuromuscular time constant, TN, is partially adjustable for the task. The 
nature of the adjustment is input-adaptive, consisting of a monotonic decrease in TN 
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with increasing forcing function bandwidth, wi. The data (15) show that the incremental 
reduction is approximately 

ATN = 0. 08wi , wi ,;: 4 rad/sec (12) 

The observed variation of TN with forcing function bandwidth ranges from less than 0.1 
sec to almost 0.5 sec. In cases where the input bandwidth is not known, typical values 
of TN near 0.1 sec are sometimes used. 

The equalizing characteristics , (TL j w + 1)/(T1jw + 1), coupled with the gain, Kp, 
are the major adaptive elements of the human that allow him to control many differing dy
namic devices. Their function is the modification of the stimulus signal into a suitable 
neuromus cular command that is properl y scaled and phased for proper overall man/ 
machine system operation. For given input and vehicle dynamic characteristics, the 
form of the equalizer is adapted to compensate for the vehicle dynamics and the driver's 
pure time delays. The major cost of equalization is the increase in time delay incurred 
when low-frequency lead is needed as part of the compensation. 

The major "adjustment rules" for the equalization characteristics, evolved as gen
eralizations of many experiments, are that a particular equalization is selected from 
the gener al form Kp(TL j w + 1)/ (T1 j w + 1) such that the following properties are 
attained: 

•The driver/vehicle system can be stabilized by proper selection of gain, preferably 
over a very broad region. 

• The amplitude ratio of the product of the driver describing function and the vehicle 
dynamics, \Yp Ye 1, has approximately a -20 dB/decade slope in the crossover region
that fr equency band centered on the crossovi~r frequency, we. 

• !Yp Ye I >> 1 at low frequencies to provide good low-frequency closed-loop re
sponse to system commands and good suppression of the effects of disturbances. 

Simplified Crossover Model for the Driver Descr ibing Function-The preceding re
marks about the rationale of equalization adopted by the driver can be simplified by 
using an approximate "crossover model." The experimental data and consideration of 
the requirements of good feedback system performance both lead directly to the con
clusion that the driver adjusts his describing function so that the open-loop function, 
Yp Y c , in the vicinity of the gain crossover frequency, We, has the approximately in
variant form 

(13) 

where re is an effective pure time delay that includes the neuromuscular time con
stant, TN, as well as r and any net high-frequency controlled element lag. The gain 
term is the crossover frequency. 

The bandwidth and performance of the driver /vehicle system are proportional to we, 
while errors and response time vary inversely with it. The driver adopts either pro
portional control, or lead or lag equalization, such that the product of the equalization 
and the vehicle has the form shown, with which it operates on the perceived motion 
error. The numbers (we and re) in the crossover model depend on the driver equaliza
tion. Specifically, the crossover frequency is greatest and the effective time delay is 
least when the driver's equalization is a low-frequency lag. Alternatively, we is least 
and re the greatest for low-frequency lead. Thus the closed-loop bandwidth will be 
reduced for low-frequency lead and greatest when only lag is needed. Since most char
acteristics of the driver /vehicle system (such as response time) are dependent on band
width, the performance with low-frequency lead is inferior to that with lag. 

Experimental values of crossover frequency, we, and phase margin, 'PM, for several 
dynamic forms and input bandwidths are given in Table 2. The controlled element, Y c, 
forms shown are limiting versions. They can be considered as approximations in the 
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TABLE 2 

OPERATOR PHASE MARGINS AND CROSSOVER FREQUENCIESa 

Kc 
Kc/s 
Kc; (a-2) 
Kc;s• 

wi = 1. 5 r ad / sec 

\OM 
(rad) 

o. 51 
o. 42 
o. 35 
0. 26 

(racffsec) 

5. 1 
4. 6 
4.6 
3. 2 

aAs abstracted from McRuer et al ~). 

Wj = 2. 5 rad/sec 

"'M 
(rad) 

0. 75 
0. 73 
0. 66 
o. 51 

(ra:fsec) 

5. 7 
4. 7 
5.0 
3. 3 

Wi = 4. 0 rad/ sec 

"'M 
(rad) 

0. 75 
0. 94 
o. 70 
0. 73 

we 
(rad/ sec) 

6. 7 
5.0 
5. 2 
1. 8 

region of crossover to the more 
complex dynamic descriptions 
resulting from the vehicle equa
tions of motion. 

The crossover frequencies 
in Table 2 are maximum values 
for skilled subjects in fixed
base simulators without motion 
feedbacks. These will ordi
narily be considerably reduced 
during driving, especiallywhen 
full attention is not demanded. 
The maximum extent of this 

reduction can be readily estimated for conditionally stable systems on the basis of sta
bility alone. To obtain an estimate of the full-attention driving value for vehicles that 
are always stable, consideration should be given to 

• Gain reduction, 
• Te increase, due to conflicting demands, 
•Te increase, due to steering dynamics, especially when holding trim loads against 

road crown or steady crosswinds, and 
•Statistical variation in We with time and between subjects. 

This leads, in practice, to larger phase and gain margin criteria, typical examples of 
which are used in the driver /vehicle loop closures shown below and elsewhere (2). 

In many driving situations the driver's regulation or control activity is only lliter
mittent, so the average crossover frequencies will invariably be less than those esti
mated for full-attention driving. This reduction is probably due primarily to an increase 
in indifference threshold, and thus may not result in much of a reduction for large am
plitude motions. A matter of some importance is the spread between the highest and 
lowest We values possible (the lowest often merges with the unattended condition), which 
is a measw-e of the degree of vehicle configuration forgiveness. This or an associated 
measure also implies limitations on indifference threshold, sampling, minimum and 
maximum average movements per second, minimum and maximum information rates, etc. 

Driver Remnant Characteristics-The remnant is that portion of the driver's output 
not linearly correlated with the input. It is always present to some extent, and it is 
probably the most significant widesired input into the steering system from a practical 
standpoint. The remnant is considered to be a random process that is added to the out
put of the driver's describing fwiction block to form the total driver's output. It is de
noted by a power spectral density, 4>nn, in Figure 3. The point of application could be 
moved to other places in the loop as long as no nonlinear elements are passed in the 
process. The remnant can have significant power at frequencies that are high enough 
to excite lightly damped high-frequency steering system modes present under conditions 
of low Coulomb friction (e.g., 14). 

The maior source of remnantaooears to be nonstationaritv in the operator's behavior 
(15), manliest as time-varying COI;;ponents in the gain, Kp, and the effective time de
lay, Te. The remnant component due to Te variation i s usually increased when low
frequency lead is generated by the driver. Also, low-frequency lead is associated with 
a pulsing behavior by the operator in which his output tends to be pulses with areas 
roughly proportional to the stimulus amplitude. This is an additional remnant source 
for controlled element dynamics requiring low-frequency lead equalization. An exten
sive body of remnant data shows that the remnant power increases with the order of 
the controlled element dynamics and with increases or decreases in controlled element 
gain away from an "optimum" value. It decreases with input bandwidth. 

For nominally good dynamics (e.g., Y c =- Kc/s) the remnant power is about 30 dB 
down relative to the input. Consequently, the remnant can usually be neglected from 
the standpoint of predicting driver/vehicle closed-loop response characteristics when 
the vehicle characteristics are reasonably good. This assumption is made in conventional 
analyses as a starting ooint. Then, if there is reason to believe that significant remnant 
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power is present in the vehicle output motion quantities, the remnant can be added to 
the output of the driver/vehicle system. 

Driver Response in Multiple-Loop Situations-The closed-loop structure of Figure 
1 involving angle and path feedbacks is called multiloop single-point control. Multiloop 
implies two or more dynamically coupled motion variables and single-point refers to 
one control means, the steering wheel. Experimental measurements of operator re
sponse in such a multiloop situation (18) showed that the describing function in the outer 
loop can be obtained by application offue single-loop model described above. Thus, 
the equalization in an outer loop involving lateral position is obtained by direct applica
tion of the describing function model once the appropriate inner loop has been closed. 

Ordinarily the inner feedback loops supplied by the driver act as parallel equaliza
tion for the outer loop, or provide feedbacks or crossfeeds which suppress subsidiary 
controlled element degrees of freedom that have undesirable effects on subsequent loops. 
Because the role of the inner loops is so dependent on outer-loop requirements, the 
rules cited above for the single-loop model are not generally applicable; for example, 
even stability of an inner loop may not be required. The types of inner loops closed 
and the equalization selected should be compatible with one or all of the following con
siderations: 

•Outer-loop adjustments per the single-loop adjustment rules become more feasi
ble; e.g., IYpYc 1 for the outer loop can be made approximately -20 dB/decade with 
less outer-loop equalization by the driver. 

•The sensitivity of the closed-loop characteristics to changes in either inner- or 
outer-loop driver characteristics is reduced from that in an outer-loop-only situation. 
This includes the improvement of stability margins. 

•The loop structure and equalization selected are those for which total subjective 
opinion rating is the best obtainable. 

It frequently happens that the driver describing function synthesized for the inner loop 
alone via the single-loop model is also the one that best enhances the outer-loop closures. 
This is most common in situations where the basic vehicle possesses good stable dy
namic characteristics, and the control task is merely following command inputs or sup
pressing disturbances-not stabilizing the vehicle. 

Pursuit Control Characteristics 

The pursuit control block in Figure 1 operates on the input using the driver's pre
view of a desired path, rather than a perceived motion or path error as in the compen
satory case. Recent experiments (11) have shown that the describing function magni
tude of the driver' s pursuit feedforward block, Yp1, is approximately equal to the in
verse oI the magnitude of the effective controlled element dynamics, i.e., IYpj I = 
J 1/Y c I· The net effect is to make the amplitude of the total closed-loop describing 

function from the command path to actual vehicle path be approximately unity (although 
the data show some variations in phase angle), and the commanded path and the actual 
path are approximately equal. The driver must be able to see and use the input itself 
to structure this block. The compensatory loops can be active when the pursuit loop 
is operative, providing, for example, vernier corrections and regulation against dis
turbance inputs that are most evident in the error. 

Internally G€nerated Maneuvers 

When a discrete disturbance (e.g., an isolated gust) is encountered, the change in 
the vehicle motion quantities is perceived by the driver as a motion error. The well
trained driver will recognize that the disturbance has a deterministic form for which 
there is some appropriate skilled response. If the input is a step, for example, he 
may make a classic response (e.g., 19) involving a time delay, a relatively rapid 
steering-wheel motion during a rise time phase, and an error-correcting phase. Re
cent operator response modeling activities (20) have concentrated on deriving and re
fining models for discrete inputs (such as steps and ramps) with various effective con
trolled element dynamics. Some potentially useful results have been obtained, but their 
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application to the prediction of driver behavior is not yet state-of-the-art. Any dis
crete response block is assumed to be quiescent in the presence of low-frequency ran
dom motions, and to respond only to simple deterministic signals. During 'such a re
sponse the other driver blocks are assumed to be relatively inactive. 

A number of the control actions made by a practiced driver during various phases 
of driving are done in a precognitive (or open-loop) manner. A good example is pulling 
out to pass and pulling back in. In this case the driver produces the appropriate steer
ing action based on an internally generated pattern previously evolved during a learning 
process. He is cognizant of the effective controlled element, the command input, and 
the state of the motion quantities reflected in the error, but he is not operating on any 
motion quantity in a linear or quasilinear way. Safety aside, he could, in effect, close 
his eyes and complete the maneuver, leaving some residual position error at the end. 
The patterns produced may result in nearly optimal response according to some (as yet 
undefined) criterion such as minimum time or minimum overshoot. The essence of this 
block for maneuver command generation is that it produces whatever control signal is 
required to accomplish the desired maneuver to some degree of accuracy acceptable to 
the driver. 

STRUCTURES OF DRIVER/VEHICLE CLOSED-LOOP SYSTEMS 

Perhaps the most difficult problem in driver/vehicle closed-loop analysis is to de
termine what sensory feedback loops the driver is using. There are two general ap
proaches to deriving the closed-loop structure: from consideration of perception and 
from guidance and control theory. The perceptual basis relies on in situ experimental 
observation of subjects driving, and can require extensive instrumentation, eye-move
ment cameras, highly structured and constrained experimental environments, etc. The 
primary aim is to discover experimentally what "cues" are used to drive. The control 
theory approach is to consider the driver /vehicle system as a guidance and control 
problem, and then to develop the kinds of vehicle motions that must be sensed and com
mands that must be inserted to satisfy the guidance and control needs. The guidance 
and control problem does not have a unique solution, so the initial results of this kind 
of study are a number of "sufficient systems." Consideration must then be given to the 
driver's ability to perceive (sense) the vehicle motion and input quantities, and to the 
nature of the operations required on the sensed quantities in closing the driver /vehicle 
system loops. Those potential systems that involve readily sensed quantities and rel
atively simple (e.g., proportional, minimum conscious effort, etc.) operations on the 
sensed motion variables are then accepted as good candidates. The control t.11eory ap
proach is relatively straightforward, given the current state of knowledge of typical 
operator/vehicle control laws and closed-loop analysis techniques. The best approach 
is to marry the guidance and control and the perceptual theories, for the net results 
must of necessity be compatible, and the two viewpoints offer much to one another as 
collaborators and corroborators. However, it has been necessary to rely on the con
trol theory approach as the main tool here because of the limited amoWlt of perceptual 
data relevant to vehicular control. 

Single-Loop Structure 

The problem of how the driver perceives the feedback variable is secondary in the 
deductive guidance and control approach. The objective is to determine how well the 
variable permits the driver to control the vehicle if it can be sensed. This is pursued 
by attempting to discover likely feedback loops that may exhibit good characteristics 
as either a command loop or as a subsidiary loop providing equalization for a command 
loop. It is also desired to identify those loops possessing poor characteristics as single
loop systems that either rule them out as possible feedbacks or indicate the need for 
inner-loop equalization, or exhibit properties that make them candidates as accident 
causes if they are inadvertently opened or closed. 

A systematic search for likely feedback loops has been accomplished (21) using the 
60 mph dynamics in Table 1 of a typical sedan (circa 1965) and the driver describing 
function characteristics. The search took the form of a survey of single-loop closures 
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directed toward determining those loops that the driver might close. The quality of the 
resultant closures was judged by 

•The equalization required by the driver to provide a stable system consonant with 
the "adjustment rules," and 

•The closed-loop performance attainable as measured by estimated crossover fre
quency, stability margins, etc. 

Compensatory closures were used. This is consistent with such concepts as "preview" 
when one considers that the effective controlled element dynamics, Ye, include the 
geometry and kinematics of the external visual field as well as the dynamics of the ve
hicle. In essence, a guidance or conh·ol cue is perceived someplace in the visual field 
by the driver, and to the extent that the driver steers the vehicle to modify (e.g., fol
low or reduce) this cue in some way he is acting in a compensatory manner. 

The results of driver/vehicle single-loop surveys are summarized in Table 3. The 
same closure criterion was used (where possible) for each of the loops in Table 3 in 
order to facilitate comparison. The same effective time delay was used in the K and 
K/s conb:olled element cases. A slightly larger time delay was used with K/s2

• In 
each case the time delay was larger than that given in Table 2 to account for some 
steering system lag. The phase margins were larger than those given in Table 2, cor
responding to an attentive but "smooth" driver in the presence of a relatively high 
frequency input. Lower phase margin values are better for prediction, but the actual 
levels a1·e not too important in a comparative analysis of the sort summarized in Table 
3. The levels will vary from one driver to another in practice, depending on skill, at
tention, fatigue, etc., but they should all change in roughly the same way for a given 
driver. 

Closure of an inertial lateral deviation loop is very likely necessary in order to stay 
in the lane or to follow a desired trajectory. The driver is assumed to be steering ac
cording to his lateral deviation with respect to an inertial axis reference such as the 
roadway or lane cente:r line. Although the driver can easily perceive this motion 

TABLE 3 

SUMMARY OF SINGLE-LOOP SURVEYS 

APPROXIMATE ESTIMATED 

FEEDBACK VEHICLE DRIVER SYSTEM ESTIMATED RELATIVE DRIVER OPINION TRANSFER EQUALIZATION CROSSOVER 
FUNCTION FREQUENCY 

(rad/sec) 

Inertial lateraJ. deviation 405 Large lead 1 Poor, because of large amount of 

Yr --5w """;2 lead equalization and low bandwidth 

Heading angle 4.6 
Gain only 1 .5 Good 

1"-0,, 
s 

Path angle 405 
Gain only 1 

Good, particularly with smaJ.l lead 
s 

r ---0w equalization 

Lateral velocity -'74 Lag/lead ,1 Fair, because of low bandwidth and 

v _._Ow lag equalization 

Heading rate 4.6 Lag/lead 1 .6 Good 
r ~ow 

Lateral acceleration Fair, because of low bandwidth, lag 
at driver's head 400 Lag/lead 1 equalization, and high sensitivity 

ay --Bw 
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Figure 4. Inertial lateral deviation loop closure. 
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quantity, this single-loop con
trol mode is relatively difficult . 
The effective controlled ele
ment is given by double integra
tion of the lateral acceleration 
in Table 1, that is, 

(14) 

The system survey plot for 
driver-plus-vehicle is 8hown 
in Figure 4. The closed-loop 
system is unstable with a pure
gain-plus-time-delay (unequal
ized) driver describing function, 
as shown by the solid lines, be
cause of the two poles at the 
origin (see root locus). A rel
atively large amount of driver 

lead equalization is required to attain even minimal stability margins. A skilled driver 
could add low-frequency lead at about 0.5 rad/sec and obtain a crossover frequency of 
about 1. 0 rad/ sec with 25 deg of phase margin. This is shown by the dashed lines in 
Figure 4, and corresponds to a driver describing function of the form 

Kp 
Y ~ _B( 0 5) -0.45s 

Pyl 0. 5 s + . e (15) 

Although a skilled driver could achieve the lead equalization of Eq. 15 for a short period 
of time, it would be difficult, and he would have a poor subjective opinion of the vehicle's 
dynamics (22). Thus, an inertial lateral deviation loop has poor characteristics as a 
single-loopsystem, and plainly requires additional (inner) loop closures to alleviate the 
need for large driver lead to obtain a satisfactory driver /vehicle system bandwidth. 

Although YI ... flw is not a likely primary control loop because of the low bandwidth 
and high driver skill required, it may be important after perceptual transitions. This 

could occur when the driver 
suddenly loses his view down 

)W 

Kl.O 

Figure 5. Path angle loop closure. 

the road and is forced to steer 
on the basis of his lateral posi
tion in the lane (e.g., entering 
a tunnel or fog bank). Such a 
regression would cause him 
to slow down so that the lower 
driver /vehicle system band
width would still enable him 
to follow any likely command 
input. 

Both heading angle and path 
angle are control feedbacks 
offering good closed..:loop char
acteristics. (Detailed sur
veys are shown in Figs. 5 and 
6.) Path angle control com
bines heading control (a good 
loop by itself) with body a.xis 
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lateral velocity (sideslip), which 
is only fair taken alone. Both 
heading angle and path angle 
systems can serve as outer 
loops if an intermittent trim 
loop is employed occasionally 
to reduce or reset the lateral 
deviations. Al.so (as described 
later), either of these angle 
systems can serve as an inner 
loop to reduce the lead require
ments for an inertial lateral de
viation outer-loop system. 

The heading rate system is 
also good and is a conceivably 
useful inner loop. Path angle 
rate or curvature (not shown) 
has similar potential. It is the 
apparent curvature of the road

way ahead of the vehicle and has effective controlled element dynamics that are a pure 
gain in the region of crossover, implying driver lag equalization. The lateral accelera
tion at the driver's head is not a particularly good system because it is highly sensitive 
to driver gain variations; that is, the difference between the minimum gain required to 
provide some control and the maximum gain permissible without instability is not large. 
This also places an additional requirement on the need for relatively high driver skill. 

The single-loop closures in Table 3 having poor characteristics are unlikely loop 
closures under favorable conditions because of the poor system performance or exces
sive driver demands. They can, however, be important in situations where a better 
loop structure has been destroyed due to changes in the cues available or other disturb
ing factors. Under such perceptual transitions, these poor single-loop systems may 
momentarily prevail as a transitional phase. 

Multiloop Structures 

The good single-loop closures shown in Table 3 will all provide systems with good 
performance in following a command input of that motion variable. None of the single
loop closure systems shown will do a very good job of following a path or trajectory 
command input that involves minimizing lateral position (deviation) errors to stay in 
the center of the lane or roadway. Thus, there is a need for the driver to augment his 
outer-loop structure with inner loops that serve as appropriate equalization. Among 
these multiloop systems, those that require little or no driver equalization (i.e., only 
gain plus time delay in each of the loops) are to be preferred from both a closed-loop 
performance and a driver subjective opinion standpoint. 

Three different multiloop systems have evolved to date. Their block diagrams are 
shown in Figure 7, and their characteristics are summarized in Table 4. Each of the 
selected multiloop configurations is discussed briefly below in their nominal good con
figuration. Ways in which control difficulties can arise via transitions in the multiloop 
structures are discussed elsewhere (2). 

The time-advanced lateral deviation structure of Figure 7a assumes that the driver 
operates on an estimated or projected lateral deviation error. Preview here is expli
citly required, since this error is related to the lateral position the vehicle would have 
at a point T seconds ahead of the vehicle if it continued along its current path (see Fig 
2). The range to the point of regard is given by R, which is approximately equal to the 
velocity, U0 , times the time, T, to travel to that point. The time advance, T, provides 
a perceptual preview that results in a pure lead equalization term in the effective con
trolled element dynamics. This, in turn, offsets the undesirable double integration 
form of the lateral deviation dynamics at low frequency. When operating as described 
here, this system is essentially single-loop, although the multiloop aspect of Figure 7a 
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is useful for later studies of transitions 
and to make Figure 7a comparable with 
Figure 7b. 

The amount of lead is given by R/U0 , 

which is under the direct control of the 
driver and depends simply on how far 
down the road he is looking. Analyses 
indicate that a T of 5 to 10 sec is ade
quate. Larger values are of little help 
under normal circumstances. Values of 
T less than 5 sec (440 ft at 60 mph) are 
not as good because they do not compen
sate sufficiently for the ·inherent lags in 
the driver /vehicle system. This system 
structure provides a relatively high cross
over frequency and good lateral position 
control on straight roads. Some con
ceptual and analytical difficulties arise 
when it is necessary to follow a curving 
roadway or a passing trajectory; e. g. , 
a guidance law or scheme is needed to 
provide an appropriately advanced com
mand input to compare with the projected 
lateral deviation. 

The path angle plus lateral deviation 
system of Figure 7b assumes that the 
driver operates on these motion quantities 
as separate entities. It differs from the 
Figure 7a model by having the present 
lateral deviation available to the driver 
for comparison with a desired command 
input and derivation of a position error. 
With equivalent gains the two systems 

are indistinguishable in the absence of a command input. Table 4 shows that the path 
angle plus later al deviation system gives adequate stability and reasonably good com
mand-fol!owL'1go The stability of the system is relatively insensitive to variations in 
the loop gains, although the crossover frequency and (hence) system bandwidth will 
change, of course. Consequently, the system is reasonably forgiving of momentary 
lapses in attention and does not require continuous control. 

System 

Inertial lateral deviation 
advance<! In time 

Path angle plus inertial 
lateral deviation 

Heading angle plus inertial 
deviation 

TABLE 4 

Inner Loop 

Crossover 
Equalization Freq. 

(rad/ sec) 

Gain only 1. 0 

Gain only 1. 5 

Outer Loop 

Crossover Remarks 
Equalization Freq. 

(rad/ sec) 

Gain only 1. 2 Fine for straight roads . Difficult to 
define cummantl lnpul tur111 an<I 
point of entry Into the system. Sen
sitive to changes in preview. 

Gain only 0. 53 Control not sensitive to changes In 
driver adaptation or driver atten
tion. Outer 1000 can ooerate 
intermittently. • · 

Gain only 0. 6 Control not sensitive to changes ln 
driver adaptation or driver atten
tion. Outer loop can operate 
intermittently. 
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The heading angle plus lateral deviation structure of Figure 7c assumes that U1e 
driver operates on these motion quantities separately and combines them to produce a 
steer angle response. It differs only slightly from t,he preceding model in its use of 
heading angle instead of path angle (which is heading plus sideslip) as the inner loop. 
Table 4 shows that the heading angle plus lateral deviation system gives good command
following and performance, is relatively insensitive to changes in driver adaptation, 
permits fairly inattentive control, and has the attributes needed for good driver opinion. 
It has the additional possible advantage that heading angle (which is simply the subtended 
angle between reference lines on the car and in the roadway) may be easier to perceive 
under certain circumstances than path angle (which is the angle between a roadway ref
erence line and the line to the point of no relative motion in the surround). Note, finally, 
that sideslip angles are usually relatively small, in which case heading angle and path 
angle are almost the same quantity. 

To avoid potential confusion about the relative merits of the three systems insofar 
as outer-loop crossover frequency is concerned, it should be emphasized that the larger 
value for the advanced-in-time system is an artifact of the loop closure criteria used. 
As already noted, the closed-loop dynamics of the three systems can be made very simi
lar if the loop gain and preview times are appropriately adjusted. However, in making 
the estimates for the systems of Figures 7b and 7c, the inner loops are closed with rel
atively large stability margins, so as to be representative of conditions with possibly 
intermittent closures of the outer loop. The advanced-in-time system of Figure 7a, 
on the other hand, has no separable inner loop, so this consideration did not apply. 

None of the systems shown in Figure 7 include the two feedforward channels or the 
discrete response feedback loop of Figure 1. This is because the closed-loop systems 
shown in Figure 7 are most appropriate for command-following or regulation tasks of 
a reasonably continuous nature with inputs that are more or less random appearing. 
The other types of response involving learned maneuvers, etc., are important and do 
dominate the driver's control activity in some phases of driving. However, the closed
loop type of control is fundamental to many other phases of driving, and plays a key 
"take-over role" in circumstances where the learned maneuvers and patterned responses 
either cannot be structured or are suddenly destroyed for one reason or another. The 
compensatory loops are also used in early phases of learning (the unskilled driver) and 
under conditions of extreme stress (the startled or confused driver). If the closed
loop systems will not or cannot work, then there is little chance that the driver /vehicle 
system will function safely for long. Thus, understanding their form and operation 
gives the point of departure for either adding the other channels or switching to them 
as needed. 

These three systems do not exhaust the possible multiloop structures that can be 
concocted. Equally good candidates are similar systems containing lagged heading 
rate or lagged curvature, previously noted to be good inner loops. Nevertheless, these 
five possible multiloop systems are the only ones found to date that satisfy the guidance 
and control requirements for command-following and disturbance regulation with good 
performance, insensitivity to variations in the driver's dynamic adaptation, good pre
dicted subjective opinion from the driver, etc. Further, they are not inconsistent with 
available perceptual data obtained from driving experiments on the highway. In addition 
to modeling the driver /vehicle system in a useful way, they can also provide a new 
framework for devising further experiments to study driver perception and control pro
cesses. All five structures give roughly the same performance under good conditions, 
although they differ in some details. The principal distinction between them lies in the 
way in which they degrade when the nominally good structure is disturbed. Such a dis
turbance might disrupt the perceptual interaction between the driver and the surround. 
It might also modify the driver element by distraction, inattention, or other degradation; 
the vehicle element in a mechanical way; or the roadway environment's texture, illu
mination, etc. The way in which these transient modifications in the dynamics of ele
ments within the guidance and control loop(s) or in the loop structure itself can lead to 
dangerous vehicle motions is examined elsewhere (~). 



24 

Correlation With Experimental Observations 

"' The identification of preferred driver /vehicle loop closures and sensory cues from 
a control theory approach provides a new framework for reviewing past perceptual ex
periments. The perceptual basis is somewhat fragmentary, but all the available evi
dence tends to corroborate the results of analytical deduction previously cited. The 
following verbal evidence and remarks from representative sources willatleastillus
trate the trend of activities in this area. 

A pioneering series of experiments by Gordon (23) attempted to define the driver's 
visual input experimentally. The apparatus was a helmet-mounted aperture for one 
eye comprised of a tube 3. 5 in. long with a variable diameter of 1 in. or less. The 
resultant aperture angles were 4 deg and 9. 75 deg. The other eye was masked. A 
camera was mounted on the helmet coaxially ·.vith the aperture tube. The task was to 
drive along a narrow, winding, two-lane country road. Gordon found that most records 
showed continuous visual shifts forward to the limit of the visible road and then back
ward toward the vehicle. This bimodality of fixation positions suggests that the driver 
may be looking down the road to obtain heading or path angle information, and then oc
casionally looking near the vehicle to sample lateral position or deviation. His data 
also showed that about 80 percent of the time the driver was looking more than 100 ft 
ahead of the vehicle, while about 60 percent of the time he was looking farther than 150 
ft ahead. At the test speeds of about 15 mph (20 fps) these are preview times of 7. 5 
and 5 sec, respectively. These times correlate well with the desirable preview time, 
T, found for the time-advanced lateral deviation model of Figure 7a. The use of small
aperture viewing was reported to cause stress, suggesting that denial of the peripheral 
cues may lead to a significant degradation in the perceptive structure. 

In a more recent paper (24) Gordon expands on the "streamer theory" [after Calvert 
(25)], which states in essence that the driver perceives motion from objects in the 
visual fieldstreamingacrosshis field of view and emanating from a central focus (when 
following a nominally straight path). An alternative is taken by Gibson (26) who asserts 
that the "focus of expansion" provides the directional cue rather than thefiow character
istics of the velocity field emanating from the focus. Regardless of how the driver 
senses the direction to this focus, this cue is precisely the path angle cue discussed 
previously. Gordon goes on to say that all parts of the visual field (road borders and 
lane markers) move when the wheel is turned, and no one part is essential for tracking. 
His studies showed that the driver may assume a somewhat unlocalized surveillance of 
the road, which would facilitate seeing a steady-state flow field and aiso reduce nystag-
..-......... U,,.. 1 n+,..._ n••l"W",,,.n.lf:'lj.L".'I +.h..,,4- ff4-ho ,-1,..;no .... 1'Vt.IJl"CT h.o.~l"\,.,.,O. '!lUJIJl,....C. nf tho f"t~l"" rl'Ylnt;nn 1 hV 
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slewing shifts in direction, and by sideslipping sidewise movements," and "sidewise 
movement of the road borders is perceptible either as a movement or change in posi
tion." He concludes that "on the basis of human perception theory [alone] it is difficult 
to determine which of the four combinations of slew, sideslip, rate, and amplitude the 
driver perceives. The driver responds to a total situation, not to isolated or ranked 
cues." 

Schmidt and Connolly (27) discuss perception in general, and then note that "the 
driver t·ecog·nizes the 111oveii1ent of the ca.r from the appa.reut flow or streaming of the 
objects in the visual field ... ", agreeing in essence with Gordon and Calvert. 

Biggs (28) conjectures that in driving the central vision is occupied with the detec
tion of obstacles in the immediate path while the peripheral vision is employed in the 
task of tracking the "guideline" or dividing line. He notes that "the guideline is seen 
near the vehicle, and its lateral motion provides the dominant directional cue." It could 
be inferred from this that the "directional cue" detected in the periphery from mntinnR 
of the guidelines (or streamers) yields heading or path angle and possibly angular rate. 
Inertial deviation is, of course, just the current position of the guideline or streamer. 

Crossman et al (29) hypothesized a family of more or less distinct control systems 
or 111odes of driver control, and tested them by comparL'1g driving performance in a 
fixed-base simulator with that obtained under actual driving conditions on the highway. 
They showed better performance on the highway, and several subjects claimed that the 
simulator was more difficult to control than an actual vehicle on the roadway. The dif-
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ferences were potentially attributed to the visual display, lack of motion cues, and 
deficiencies in the simulated vehicle dynamics. Examination of the time records sug
gested that the driver apparently responded in an impulsive way to heading (or path 
angle) errors when they exceeded a threshold level. 

Even though these references are all fairly recent, none of them specifies the alter
native closed-loop structures appropriate to various driving situations. They do sup
port, however, a theory of driver control derived from guidance and control considera
tions. While there are apparent differences between these experimental results, some 
semblance of order is obtained by viewing them within a guidance and control structure, 
and the operational entities extracted from the perceptual cues do provide the pre
scribed feedbacks. 

SOME IM:PLICATIONS OF THE APPROACH 

The objectives of the research of which this paper forms a part have been to gain 
further understanding of driver control processes, and to determine why guidance and 
control errors occur and how they can be avoided to reduce the hazard. The major 
results of the first objective have been presented here. These have involved the der
ivation and development of operational models for the driver/vehicle/roadway system 
that use the techniques and principles of feedback control theory. The resultant ana
lytical tools can be used to determine the role of the various elements (driver, vehicle, 
etc.), to determine how they interact, and to assess the effect of changing system 
parameters. 

The study of guidance and control errors and their avoidance has been accomplished 
(2) by applying the driver/vehicle closed-loop models. The following general problem 
areas were considered: 

•Transitions in the driver /vehicle/roadway system, with emphasis on sudden changes 
in the perceptual structure and their varying degrees of resultant hazard. Examples 
included loss of driver preview, failures of the path angle inner loop (while retaining 
the lateral deviation loop) at various points during a passing maneuver, and loss of the 
heading angle inner loop followed by introduction of driver lead equalization in the lat
eral deviation outer loop. 

•The effect of acceleration feedbacks, with emphasis on ways they can interfere 
with good visual loop structures. The influence of driver location (relative to the center 
of the vehicle) on the acceleration cue, and transitions from visual control to steering 
control based on accelerations at the usual position of the driver's head were studied. 
Inadvertent steering inputs due to arm/hand inertia of the steering wheel (in the presence 
of vehicle accelerations) were examined. 

•Highway gust disturbance inputs, with attention to the types of highway gusts that 
can be most troublesome and how they can arise. The open-loop (steering wheel fixed) 
and closed-loop gust response dynamics were computed. Step and pulse crosswind in
puts were modeled, and these were used to compute transient time responses of the 
driver/vehicle system both open- and closed-loop. 

•Steering system dynamic lags, and their significance to the closed-loop character
istics of the combined driver/vehicle system. Preliminary data were cited to show 
that steering lags may be as large as the driver's effective time delay. Since these 
delays are additive, the bandwidth and performance of the driver /vehicle system will 
be reduced accordingly. 

The approach to these problems involved examining good driver/vehicle control struc
tures to see ways in which they might be degraded, and looking at poor situations to 
see how they might be improved or avoided. Many of the control concepts used (such 
as the adverse effect of opening an inner loop) are not new to a controls engineer, but 
it is their application to understanding the guidance and control of automobiles that 
represents an innovation. 

The study of driver control during overtaking and passing (2) resulted in recom
mendations regarding driver, vehicle, and roadway. Those of particular interest to 
the highway engineer involve the following topics: 



26 

•Geometry and marking of passing zones, 
• Crosswinds and highway gusts, 
•Relation of speed and sight distance, and 
• Enhancement of perception and control with texture and contrast in the surroundings. 

Specific amplification of existing policy (30) has resulted with regard to the first two 
topics. For the latter two, existing policy and guidelines have been corroborated but 
not yet extended to a significant degree. These recommendations are discussed below. 
Although the analytical results are clear, they must be considered tentative until they 
have been substantiated by experiments involving operating conditions on the highway. 

Passing zones should be standardized so that the driver is confronted with one of a 
small number of familiar visual patterns and driving tasks when a passing situation oc
curs. Ideally, such standardization would evoke a learned response pattern from the 
driver, thereby enhancing performance and improving safety and throughput. Stan
dardization might be achieved with respect to such areas as roadway marking, lane 
width, length of passing zones, signs, lighting, and crown. Distraction of the driver 
and disturb~mce of the driver/vehicle system should be minimized in overtaking and 
passing zones, particularly during the most critical pull-out and pull-in phases. Any 
necessary and intentional distractions (e.g., signs) should require a total attention 
time of less than about 2 to 3 sec and should not occur during those parts of the zone 
where pull-out or pull-in is most likely to occur. The policy on passing zones should 
consider weather conditions and adverse visibility in order to avoid being either overly 
conservative or too hazardous. Utilization and safety could be better optimized by 
distinguishing (for example) between day and night or wet and dry conditions in the de
sign criteria, perhaps permitting additional zones to be established. The resultant 
restrictions might be placed on a sign at the start of the passing zone. 

Crosswinds and highway gusts can have an adverse impact on a moving vehicle and 
result in degraded performance. Structures near the roadway, alternate cut and fill 
sections, forested and cleared sections, etc. , can all cause significant " pulse gust" 
inputs to the moving vehicle in the presence of a strong crosswind. Pulse durations of 
1 or 2 sec cause the greatest disturbance to automobiles and small utility vehicles (e.g., 
campers and vans), where the duration is estimated by dividing the width of the obstruc 
tion normal to the crosswind by the vehicle's speed. An automobile overtaking and pass
ing a truck or bus in a crosswind can experience a similar pulse gust disturbance, and 
a high overtaking speed can result in a critical pulse duration. This may suggest the 
des irability of wider lanes or separation of truck and automobile traffic in areas of 
known crosswind problems. Ways of alleviating the gust pulse disturbance through high
way design involve either eliminating the source or modifying it to make the pulse onset 
more gradual than an abrupt wind shear. This might be accomplished by moving struc
tures away from the roadway and allowing pulses to dissipate, adding plants or small 
objects at the end of obstacles to break up the air flow and cause a more gradual shear, 
tapering objects to the ground rather than squaring them off vertically, etc. Attention 
should also be given to possible highway gust problems in route selection, and if a route 
is selected where this may be a problem, alleviation should be specified in the design. 
This is partic1_1larly tr1_1e in recreationHl areHs (e.g., mo1mt:::iins and dP.sP.rts) whP.rP. 
campers and trailers may comprise a large percentage of the traffic. 

Adequate sight distance for a given speed is important in driver steering control, 
but the distances required are compatible with the "minimum stopping sight distance" 
currently prescribed (30). The guidance and control need for sight distance should be 
borne in mind if reducing the minimum stopping sight distance is contemplated, due 
perhaps to evolutionary improvements in braking systems. The considerable attention 
given in current policy to adequate texture and contrast of the median and shoulder is 
supported by this study. This includes different colors or shades, striping, guide 
posts, etc. 

Remedial actions involving the vehicle relate to the general area of handling and 
specific cases and situations have been treated in considerable detail using this analyti
cal approach. The analyses also lead to visibility implications involving improved 
windshield framing, visual reference lines on the vehicle, etc. 
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Regarding the driver, a recurrent theme is the importance of appropriate driver 
training and skill development. In some cases this may involve the use of unconven
tional training techniques that explore limiting driving situations in a systematic way 
in order to provide the student a minimal level of familiarity and skill. Such situations 
might include overtaking and passing on rural roads, entry onto high-speed express
ways, and skidding on slippery roadways (e.g., with a sandy or icy skid pad at low 
speed). 

These implications and brief examples serve primarily to illustrate the utility of a 
control engineering view of the driving process. In essence, a new capability has been 
established that can guide the highway systems engineer in his efforts to improve the 
driver/vehicle/roadway system, or to assess the effect on vehicle control of proposed 
changes that may be thrust upon him. Although not a panacea, the approach provides 
fresh insights, some alternative views to the traditional, a basis for interpretation of 
experimental results, and a useful foundation for designing new driver control experi
ments that can more fully validate the theory. Application of the derived models can 
provide the basis for remedial action that can help to avoid control difficulties or en
hance the guidance and control situation and increase traffic throughput. 

CONCLUDING REMARKS 

The original version of the paper, presented at the 47th Annual Meeting, contains an 
Appendix that details the multiloop analyses leading to the results of Table 4. This 
Appendix is available at cost of reproduction and handling from the Highway Research 
Board. Essentially the same material is contained elsewhere (Appendix D, 2). When 
ordering, refer to :XS-23, Highway Research Record 247. -

ACKNOWLEDGMENT 

This paper describes research results derived in part from work accomplished under 
subcontract to a contract with the U.S. Bureau of Public Roads. The prime contractor 
was The Franklin Institute Research Laboratories. 

REFERENCES 

1. Weir, D. H., Shortwell, C. P., and Johnson, W. A. Dynamics of the Automobile 
Related to Driver Control. Systems Technology, Inc., Tech. Rept. 157-1, 
July 1966. 

2. Weir, D. H., and McRuer, D. T. Conceptualization of overtaking and Passing on 
Two-Lane Rural Roads. Vol. 3, Driver Control. Systems Technology, Inc., 
Tech. Rept. 1-193, Dec. 1967. 

3. Chandler, R. E., Herman, R., and Montroll, E.W. Traffic Dynamics: Studies in 
Car Following. Operations Research, Vol. 6, No. 2, pp. 165-184, March
April 1958. 

4. Todosiev, E. P. The Action Point Model of the Driver-Vehicle System. Ohio 
State Univ., Eng. Exper. Sta., Rept. 202A-3, Aug. 1963. 

5. Rothery, R., Silver, R., Herman, R., and Torner, C. Analysis of Experiments 
on Single-Lane Bus Flow. Operations Research, Vol. 12, No. 6, pp. 913-933, 
Nov. -Dec. 1964. 

6. English, J. J. The Linear Mode of a System for the Automatic Control of Displace
ment of Vehicles. Ohio State Univ., Eng. Exp. Sta., Rept. 202A-4, Dec. 1963. 

7. Herman, R. and Gardels, K. Vehicular Traffic Flow. Scientific American, Vol. 
209, No. 6, pp. 35-43, Dec. 1963. 

8. Salvatore, S. Vehicle Speed Estimation From Visual Stimuli. Public Roads, Vol. 
34, No. 6, pp. 128-131, Feb. 1967. 

9. Fenton, R. E. Asymptotic Stability Studies in Simulated Car Following. Paper 
presented at Third Annual NASA-University Conference on Manual Control, 
Los Angeles, March 1-3, 1967. 

10. McRuer, D. T. and Krendel, E. S. The Human Operator as a Servo System Ele
ment. Jour. Franklin Inst., Vol. 267, No. 5, pp. 381-403, May 1959; No. 6, 
pp. 511-536, June 1959. 



28 

11. Wasicko, R. J., McRuer, D. T., and Magdaleno, R. E. Human Pilot Dynamic Re
sponse in Single-Loop Systems With Compensatory and Pursuit Displays. AFFDL
TR-66-137, Dec. 1966. 

12. Milliken, W. F., Whitcomb, D. W., Segel, L., et al. Research in Automobile 
Stability and Control and in Tyre Performance. Automobile Div., Institution 
of Mechanical Engineers. Reprinted for Cornell Aero. Lab., Cornell Univ., 
1956. 

13. McRuer, D. T., Ashkenas, I. L., and Pass, H. R. Analysis of Multiloop Vehicular 
Control Systems. ASD-TDR-62-1014, March 1964. 

14. Segel, L. On the Lateral Stability and Control of the Automobile as Influenced by 
the Dynamics of the Steering System. ASME Paper No. 65-WA/MD-2, Nov. 
1965. 

15. McRuer, D., Graham, D., Krendel, E., and Reisener, W., Jr. Human Pilot 
Dynamics in Compensatory Systems-Theory, Modeis, and Experiments With 
Controlled Element and Forcing Function Variables. AFFDL-TR-65-15, July 
1965. 

16. McRuer, D. T., Graham, D., and Krendel, E. S. Manual Control of Single-Loop 
Systems. Jour. Franklin Inst., Vol. 238, No. 1, pp. 1-29, Jan. 1967; No. 2, 
pp. 145-168, Feb. 1967. 

17. Magdaleno, R. E., Moore, G. P., and McRuer, D. T. Small Perturbation Dynamics 
of the Neuromuscular System in Tracking Tasks. Systems Technology, Inc. , 
Tech. Rept. 154-1, Oct. 1967 (revised). 

18. Stapleford, R. L., McRuer, D. T., and Magdaleno, R. Pilot Describing Function 
Measurements in a Multiloop Task. NASA CR-542, Aug. 1966. 

19. McRuer, D. T., and Krendel, E. S. Dynamic Response of Human Operators. 
WADC-TR-56-524, Oct. 1957. 

20. McRuer, D. T., Hofmann, L. G. , Jex, H. R., et al. New Approaches to Human
Pilot/Vehicle Dynamic Analysis. AFFDL-TR-67-150, Oct. 1967. 

21. Weir, D. H. Closed-Loop Directional Control of Automobiles. IEEE Eighth Annual 
Symposium on Human Factors in Electronics, Palo Alto, Calif., May 3-5, 1967. 

22. Ashkenas, I. L. A Consolidation of Lateral-Directional Handling Qualities. AIAA 
Paper 65-314, July 1965. 

23. Gordon, D. A. Experimental Isolation of Drivers' Visual Input. Public Roads, 
Vol. 33, No. 12, pp. 266-273, Feb. 1966. 

24. Gordon, D. A. Perceptual Basis of Vehicular Guidance. Public Roads, Vol. 34, 
!io. 3, pp. 53-68, Aug. 19GG. 

25. Calvert, E. S. Visual Judgments in Motion. Jour. Inst. of Navigation, Vol. 7, 
No. 3, pp. 233-251, 1957. 

26. Gibson, J. J. The Perception of the Visual World. Houghton Mifflin, Boston, 1950. 
27. Schmidt, I., and Connolly, P. L. Visual Considerations of Man, the Vehicle, and 

the Highway. SAE SP-279, March 1966. 
28. Biggs, N. L. Directional Guidance of Motor Vehicles-A Preliminary Survey and 

Analysis. Ergonomics, Vol. 9, No. 3, pp. 193-202, May 1966. 
<1::1. Crossman, E. R. F. W., S7.ostak, H., am.i Ce~a, T. L. Steedug Perfonuance of 

Automobile Drivers in Real and Contact-Analog Simulated Tasks. Human Factors 
Society Tenth Annual Meeting, Oct. 1966. 

30. A Policy on Geometric Design of Rural Highways. American Association of State 
Highway Officials, 1965. 




