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An essential facet of a system for individual automated ground transport is the longitudinal control of individual ve-
hicles. This paper discusses the two general approaches of synchronous and asynchronous control and various re-
ported theoretical design studies and prototype testing efforts. Comments are made on the validity of commonly 
used vehicle dynamic models. 

The longitudinal control of vehicles on automated guide - 
ways is a critical factor in dual-mode system design 
and operation. It consists of two broad and intimately 
related aspects—a macroaspect that relates to those 
factors involved in network control (e.g., scheduling 
or routing vehicles through a network or both) and a 
microaspect that relates to the required control of in-
dividual vehicles. An overview of these aspects is 
given by Hajdu and others (!). 

The earliest known efforts on individual vehicle con-
trol were the low-speed tests jointly conducted by Gen-
eral Motors Corporation and Radio Corporation of Amer-
ica in the late 1950s (2). Subsequently, a number of 
theoretical studies were performed by various industrial 
enterprises, research laboratories, and academic in-
stitutions. However, only a limited amount of corre-
sponding experimental work has thus far been conducted, 
and much of this has not been reported in the literature. 

This paper gives an overview of those activities and 
includes a representative listing of the reported efforts. 
Since the control concepts applicable to dual-mode sys-
tems are also generally applicable to other classes of 
individual automated ground transport (e.g., a personal 
rapid transit system), the discussion encompasses ap-
proaches 

p-
proaches that have been suggested for those classes. 
In addition, some relevant information on the modeling 
of vehicle dynamics is included. 

LONGITUDINAL CONTROL 

The longitudinal control to be exercised on individual 
vehicles falls into four categories: 

Steady-state, constant-speed control with respect 
to some type of reference; 

Organization between traffic stream interaction 
points; 

Merging, exiting, or station operations or all of 
these; and 

Emergency operation and recovery. 

The focus here is on operations pertaining to categories 
1, 2, and part of 3. Station operations and emergency 
operations, especially those related to capacity and 
safety, are discussed mother papers in this Special 
Report. 

Two general approaches toward achieving control in  

the categories considered have been advocated. One is 
the synchronous approach, also called synchronous lon-
gitudinal guidance, moving-cell approach, or point fol-
lower. The second is the asynchronous approach of 
which one common type is referred to as car following. 

Synchronous Control 

The synchronous concept may be envisioned as a con-
veyor belt moving along a roadway. This belt is divided 
into equal slots, and the vehicles are moved, via the 
belt, through a network to their respective destinations. 
This concept was apparently first suggested by Gluck (3) 
in 1964. It was subsequently used in several studies; - 
notably Godfrey (4) and Boyd and Lukas (5,6) focused on 
various control facets associated with network operations. 
Subsequently, Munson (7) introduced the notion of quasi-
synchronous control—a variant of synchronous control. 

Each controlled vehicle must be provided with ref-
erence information so that it can determine its position 
relative to its assigned slot. Two approaches for pro-
viding such information have been suggested: (a) the use 
of wayside markers to provide position information at 
discrete intervals and (b) the use of a continuous signal, 
which would move at synchronous speed, to provide each 
vehicle with a continuous measure of its position with 
respect to a desired position —probably slot center. A 
number of variations of the former have been suggested 
and generally involve the use of fixed-position markers 
in conjunction with a signal transmitted to each vehicle. 
This, of course, results in a discrete-time input to the 
vehicle controller. Unless the markers are spaced 
closely together and provide a well-defined signal with 
good spatial resolvability, a considerable amount of 
position uncertainty could result. Some improvement 
could be obtained by making position estimates between 
sampling instants (8,9, 10). Even so, the resulting un-
certainty and factors relating to vehicle safety result in 
currently practical time headways greater than 5 s. 

An approach toward achieving a continuously avail-
able position reference was first suggested by Martin 
(11) and subsequently and independently developed by 
ITyhan and others (12). The latter employed electro-
magnetic traveling .vaves to obtain a spatially periodic 
wave, with one period defining a slot, which traveled 
along a roadway at any desired traffic speed. Ideally, 
no position uncertainty would result from using such a 
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signal; however, according to Mayhan and Bailey (13), 
environmental factors can result in considerable uncer-
tainty if proper shielding techniques are not employed. 

A number of theoretical efforts have been devoted 
to controller design. Wilke (14) and Garrard and 
Kornhauser (15) used optimal control theory to design 
a continuous regulator for tracking a moving slot, and 
Bender (16) and Brown (17) used classical methods to 
obtain a good controller resign. Fenton and Bender (18) 
also used such methods to design a controller for ve-
hicle merging—a controller that also gave good small-
signal performance (i.e., slot following and maneuver-
ing). 

Three designs, encompassing the case in which slot 
reference information was only available at discrete 
time intervals, were made by Whitney and Tomizuka 
(19), Lukas and Mizrachi (20), and Weiss (21). A later 
effort by Fling and Olson (227 was focused on the control 
of PRT vehicles in a quasi-synchronous system. These 
efforts involved the use of classical control theory; how-
ever, the optimal control approach has also been used 
in discrete system design by Smith (23) and Kornhauser 
and others (24). 

Only limited prototype development and testing efforts 
have thus far been undertaken, and most of them have 
not been reported. One prominent effort is the control 
system in the Morgantown PRT whose basic framework 
is described in a Bendix Corporation report (10). 

The other reported efforts are those in which the con-
troller designed by Bender (16), in conjunction with the 
continuous reference system developed by Mayhan and 
others, was evaluated at vehicle speeds as high as 14 
m/s (46 ft/s). Subsequently, Fenton and Bender (18) 
conducted "partial" full-scale tests of merging an ini-
tially stationary vehicle into traffic moving at 26.8 m/s 
(88 ft/s). 

Clearly, additional prototype development and testing 
will be conducted in the future, for several large indus-
trial organizations, which are involved in dual-mode and 
PRT system developments, have selected a synchronous 
approach for vehicle longitudinal control. 

Asynchronous Control 

In an asynchronous control system, the control actions 
performed on a given vehicle depend on both its state 
and that of other traffic, and vehicles are not necessar-
ily confined to a moving slot. A simple example is a 
two-car situation in which the control of a following ve-
hicle is determined by its state with respect to a leading 
vehicle. For obvious reasons, the asynchronous ap-
proach is sometimes referred to as the car-following 
approach. 

In general, large-scale operations are centrally co-
ordinated, and sector controllers have jurisdiction over 
well-defined segments of a network. Individual vehicle 
state information is available discretely (e.g., from a 
vehicle loop detector), which poses limits on both sys-
tem operations and permitted vehicle states. It has also 
been suggested that, under light traffic conditions, each 
vehicle controller be provided information directly and 
continuously (e.g., from a front-mounted radar system). 
Detailed considerations of some of these and other fac-
tors are contained in a report by Hinman and others (25). 

The control of an n-car traffic stream has been con-
sidered from a theoretical point of view by several in-
vestigators (26,27,28,29,30,31,32,33). For example, 
Levine and AtKai (InI 	6timal linear feed- 
back system to regulate both position and velocity of 
every vehicle in a string of densely packed vehicles; 
however, the complexity of this design, especially the 
size of the required communication system, seems to 

make it currently impractical. Athans and others (27, 
28) developed 2C suboptimal controller to alleviate tliI 
difficulty, and subsequently a more efficient controller 
was suggested by Garrard and others (29). Powner and 
others (30) considered optimal on-line digital-computer 
control of a string of vehicles and synthesized a digital 
filter for overcoming the effects of random errors (31). 
Athans (32) also considered the problem of merging to 
high-speed strings of vehicles. 

A considerable amount of prototype testing has been 
conducted by several industrial firms; however, neither 
the selected designs nor the testing results have appar-
ently been reported in the literature. 

Research dealing with the two-car situation was un-
dertaken in the late 1950s by General Motors Corpora-
tion in conjunction with Radio Corporation of America, 
who considered the automatic control of both speed and 
intervehicular spacing (2,34). In 1965, Japanese inves-
tigators (35) reported on experimental studies of an auto-
matic speed control for an automobile and an approach 
toward automatically preventing collisions. 

Extensive studies of the two-car situation were also 
conducted at Ohio State University. These included the 
specification of the maximum achievable flow rates cor-
responding to the common car-following equation (36); 
full-scale measurements of frequency-response mels, 
which correspond to various car-following laws, and 
their correlation with theoretical models (37); and de-
sign (38) and evaluation of a multimode controller in 
full-scale tests of lead-car overtaking, emergency brak-
ing, and quasi-steady-state car-following (39, 40). En-
gineers at Ford Motor Company subsequently evaluated 
a similar multimode system (41). 

Optimal control theory was applied to the two-car 
situation by Peppard and Gourishankar (42), and sub-
sequently Brown (43) considered the design of a linear 
car -following regulator. 

VEHICLE MODELING 

In the majority of studies on vehicle longitudinal control, 
the vehicle dynamics are generally obtained by applying 
Newton's law of motion to a moving vehicle, linearizing 
friction effects, and assuming that the propulsion unit 
and drive train can be represented by a gain. The re-
sult is the first-order model 

C l  

c2p+ 11 
	(pd/dt) 	 (I) 

where ui is a command input and ii is vehicle speed. 
This model was evaluated by Bender and Fenton (44) 

in full-scale tests in which a 1965 Plymouth sedan was 
driven at speeds near 26.8 m/s (88 ft/s) under nearly 
ideal environmental conditions; i.e., on a flat road with 
little or no wind present. The collected data, more than 
300 "small-signal" estimates of (Cl  c2), are shown in 
Figure 1. The range of variation, which is exceedingly 
large, is enclosed by a solid line. Although some of 
this variation can be attributed to minor environmental 
effects, most of it resulted from the nonlinear proper-
ties of the vehicle -roadway combination. Virtually iden-
tical results were obtained from similar tests conducted 
at average speeds of 17.9 and 22.3 m/s (58.6 and 73.2 
ft/s). 

It seems clear that equation 1 is not a valid model of 
vehicle dynamics even under small-signal conditions. 
Further, even though this result was obtained from tests 
on an automobile, similar results would probably be ob-
tained from other vehicle types. The implications with 
respect to closed-loop control are clear: Unless such 
parameter variations are accounted for, erratic closed- 
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Figure 1. Experimental data points—uncompensated vehicle 

dynamics. 
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loop performance, inconsistent with that obtained from 
a model response, will result. 

One approach toward obtaining a model whose re-
sponse is consistent with that from a physical vehicle 
is by the use of considerable internal velocity feedback 
and cascade compensation. The resulting compensated 
model is one that has stable parameters over a wide 
range of operating conditions. Thus, model response 
and vehicle response were almost identical in one study 
(44) that involved small-signal, speed and position 
ciinge commands and also in a second study (18) that 
involved vehicle control from 0 to 26.8 m/s (0 to 88 
ft/s); i.e., in an on-road study of vehicle merging. 

CONCLUSIONS 

The work reported indicates that the design of a good 
longitudinal controller is not a difficult task and can 
readily be accomplished by either classical methods 
or optimal control methods. This is true for both syn-
chronous and asynchronous operation. However, if the 
resulting design is to be practically useful, the vehicle 
model used should be a valid representation of dynamics 
of a real vehicle. Thus, the following appear to be es-
sential: (a) to either explicitly account for the nonlin-
earities that are invariably present or in some manner 
"cancel" their effects; (b) to evaluate the effects of 
large parameter variations in the selected model; and 
(c) to be aware of, and properly account for, accelera-
tion capabilities of a vehicle and how these change with 
speed. 

One real need appears to be the development of a 
suitably economical and reliable reference system for 
providing vehicle controllers with high-quality rate con-
trol information. This encompasses not only information 
required for normal operation but also that for nonnor-
mal (e.g., emergency) situations. This is an imperative 
if one real potential of dual-mode systems—safe opera-
tion at headways of 1 s or less—is to be achieved. 
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