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This Special Report constitutes the proceedings of the International Conference on Dual-
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Persons interested in obtaining complete versions of the papers that have only abstracts 
published should contact the authors directly. 
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Eugene T. Canty, General Motors Corporation, conference chairman 

In May 1974, approximately 300 people from 10 nations 
met in Washington, D.C., at an International Conference 
on Dual -Mode Transportation. Conducted by the Trans-
portation 

rans-
portation Research Board, it was the first general con-
ference on the subject of dual-mode transportation. 

Dual-mode transportation is that broad category of 
systems in which vehicles may be operated in both of 
two modes: (a) manually controlled and self-propelled 
on ordinary streets and roadways and (b) automatically 
controlled or externally propelled (or both) on special 
guideways. In general, dual-mode transportation in-
cludes the use of both public (i.e., common carrier) and 
private vehicles and provides for the transport of both 
persons and freight. Dual-mode transit is a special 
case of dual-mode transportation, providing only for 
passenger transport via public vehicles. Thus, a typ-
ical dual-mode transit system has suitably designed 
small omnibuses that are operated by drivers on ordi-
nary streets for passenger collection and distribution 
off the guideway in outlying areas and that are either 
automatically controlled or carried aboard special trans - 
porters for operation between stations on the guideway, 
including access to central parts of metropolitan areas. 

Since this was the first conference on dual-mode 
transportation, this report of the proceedings comprises 
the first general text on the subject. The work of James 
A. Scott and other members of the Transportation Re-
search Board in preparing for the conference and pub-
lishing the proceedings is sincerely appreciated. Daniel 
Brand's editing skills reduced this document to manage-
able proportions and enabled its publication. Various of 
the published papers were prepared by members of the 
conference task force as tutorial presentations on im-
portant aspects of dual-mode transportation and will en-
hance the usefulness of this volume as a basic reference 
text in the field of transportation research. 

In the pages that follow, I have attempted to provide 
a summary of the conference. Because of the breadth 
of scope of the conference, this has not been an enviable 
task. I found that it was impractical to prepare a sum-
mary without also giving a broad perspective on dual-
mode transportation in the current environment of new 
systems of urban transportation. Such a perspective is 
necessarily subjective and is given by one who admits to 
being an advocate of such new systems. 

A reasonable set of questions to ask of any major 
technological or social innovation (and dual-mode trans-
portation 

rans-
portation involves both aspects in large measure) is: 
What is it? How is it different from current practice? 
What are its purported advantages? To whom? Would 
they likely be realized? What disadvantages can be 
seen? Who would be so affected? On balance, should 
the new system exist, and according to what criteria? 
Why does it not now exist? What technological advances 
are required? What resource expenditures would be re- 

quired to effect the innovation? What institutional actions 
and changes are necessary? What groups are likely to 
be affected, positively or negatively, by the process of 
change per se? Are the benefits of the innovation worth 
the cost of implementation? Are there realizable strat-
egies for development and implementation? What strat-
egies, if any, are being followed? What is the status of 
the work? Is progress toward the intended goal satis-
factory? What improvements are possible in the process 
of innovation? 

The technical program of the conference was care-
fully planned to address in some manner each of these 
questions. Through the efforts of the highly qualified 
and industrious members of the conference task force, 
papers were solicited, reviewed, and shaped into a con-
ference format that included definitions and descriptions 
of a variety of alternative dual-mode transportation con-
cepts; comparisons of dual mode with other transporta-
tion systems; results of analytical case studies of dual-
mode transportation systems in representative urban 
locales; estimates of the social, economic, energy re-
source, and environmental impacts of hypothesized im-
plementations; technological considerations including 
lateral and longitudinal control, communications, pro-
pulsion, guideway design, and station design; institu-
tional factors affecting new system implementation; and 
status reports on dual-mode transit programs in the 
United States and France. To what extent these papers 
answer the previously posed questions is something each 
reader must decide. I believe that the conference 
papers, and valuable earlier work referenced in them, 
provide a substantial basis for analysis and evaluation 
of dual-mode transportation as a solution to urban trans-
portation 

rans-
portation requirements. 



Figure 1. Metro guideway functions. 
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Eugene T. Canty, General Motors Corporation, conference chairman 

arranged routes and schedules. When on the guideway, 
the vehicle would be automatically controlled relative to 
both lateral and longitudinal position and motion over the 
guideway network. In some designs, the vehicle was 
self-powered, and, in others, electric power was ob-
tained from the guideway. 

An alternative form of dual-mode transportation em-
ploys a fleet of transporter vehicles, or "pallets," which 
are captive to the guideway network (i.e., not free to 
leave the guideway for operation on ordinary roadways). 
In the pallet approach to dual-mode transit, small buses 
are driver-controlled off the guideway and then loaded 
onto individual pallet transporters for guideway service. 
Only the pallet transporters need to be equipped with 
automatic features. 

Both of these concepts for dual-mode transit were 
seen to be special cases of the broader concept of dual-
mode transportation contained in the definition given 
above. In the more general concept, private automo-
biles, taxicabs, small trucks and vans, and service ve-
hicles would be capable of automatic control or could be 
carried aboard pallet transporters. Guideways or road-
ways accommodating suitably automated automobiles, 
vans, and transit vehicles have been previously de-
scribed or demonstrated under names such as automated 
highway or metro guideway. 

A number of quite different concepts were also de-
scribed as potentially in the dual-mode transportation 
category. These included piggyback service whereby 
road vehicles are transported on an equivalent of rail-
road flatcars; vehicles towed by a conveyor mechanism; 
and the transport of bicycles along with passengers on 
otherwise conventional buses and rail cars. Speakers 
described light -rail transit and dual-powered bus sys-
tems as dual-mode transit, if they were operated both 
in mixed traffic (typically in outlying areas) and on 
special rights-of-way (e.g., underground in central 
areas). 

POTENTIAL ADVANTAGES OF DUAL-MODE 
TRANSPORTATION 

Partly because of recent research and development ac-
tivity by the U.S. Department of Transportation and in-
dustry contractors in dual-mode transit, a majority of 
the papers at the conference were devoted to the transit 
aspects of dual-mode transportation, so let us consider 
those aspects first. Most proponents of dual-mode 
transit are persuaded by their perception of the urgency 
to upgrade the quality of public transit service and the 
potential performance advantages of dual mode in that 
regard. Some feel that dual-mode,transit.  is an appro-
priate and perhaps necessary first step to more general 
dual-mode transportation service, while other dual-mode 
transit proponents feel that private dual-mode vehicle 

A number of system concepts were described at the con-
ference. Each, in the viewpoint of the particular author, 
is a form of dual-mode transportation. The range of 
concepts that bear the dual-mode transportation label 
is quite broad, revealing both a common underlying per-
ception of the potential advantage of all such systems 
and at the same time an advocacy of particular techno-
logical approaches and service priorities. However, 
essentially all of the dual-mode transportation concepts 
can be included within the following definition: 

Dual-mode transportation is that broad category of systems wherein ve-
hicles may be operated in both of two modes: (a) manually controlled 
and self-propelled on ordinary streets and roadways and (b) automatically 
controlled or externally propelled (or both) or powered on special guide-
ways. In general, dual-mode transportation systems can include both 
common carrier and private vehicles and provide for the transport of both 
persons and freight over a common guideway facility. 

Dual Mode Transit is a special case of dual-mode transportation. Ser-
vice is provided only by common-carrier vehicles for passenger transpor-
tation. Such service may be on a personalized or group transit basis. 

Dual-mode transit may be complemented by automated 
guideway transit service provided by single-mode ve-
hicles on a "metropolitan guideway" network (5). The 
interrelation of transportation modes in the metro guide-
way concept is shown in Figure 1. 

The most common example of dual-mode transit ser-
vice described at the conference employed a small bus 
that was controlled by a professional driver on the ordi-
nary street system and that could also be automatically 
controlled, with or without the driver remaining aboard, 
in operation on a special guideway. When off the guide-
way, the vehicle would be self-propelled. The passen-
ger service could be of a demand-responsive nature for 
passenger collection or distribution or could follow pre- 



operation is undesirable or technically impractical. 
The principal thesis of most dual-mode transit advo-

cates seems to be that dual-mode transit offers more 
convenient and faster service than any other existing or 
proposed forms of public transit by providing essentially 
door-front pickup through demand-responsive service on 
local streets; by eliminating the need for transfers be-
tween collector bus service and trunk-line transit ser-
vice, and the attendant physical effort, exposure, and 
waiting time; and by essentially nonstop service on the 
trunk-line facility in contrast with the annoyance and 
delays of station stops experienced on many transit sys-
tems. Another way of putting the case is that dual-mode 
transit combines the service characteristics of dial-a-
ride systems for collection-distribution functions in out-
lying areas with the service characteristics of personal 
rapid transit and group rapid transit in guideway opera - 
tions to stations in central areas, while eliminating the 
need for a transfer between such modes. 

The objective of dual-mode transit is to produce an 
improved form of public transit service that is superior 
to or rivals the performance of private automobile ser-
vice for a higher percentage of trips in metropolitan 
areas. Attendant advantages are foreseen to include 
those that might be expected to result from any increase 
in public transit usage, including potential savings in 
travel time, overall monetary cost, petroleum fuel con-
sumption, and improvements in environmental quality. 
Particular advantages would be expected to accrue for 
the aged, young, poor, and handicapped, who have in-
adequate accessibility to automobile service. 

The second major thesis of dual-mode transit advo-
cates is that automation of vehicle control while on the 
guideway enables economies through reductions in driver 
labor. Such economies presuppose that in guideway op-
eration the vehicles can and should be driverless. The 
potential cost savings of driverless operation on the 
guideway were addressed by a number of authors at the 
conference. Factors considered were automation cost, 
driver labor cost, and effectiveness in being able to pro-
ductively reassign drivers to other vehicles. 

The arguments for improved quality of service and 
minimization of driver labor are closely related. Fun-
damentally, for a given resource expenditure, any re-
ductions in labor costs enable corresponding increases 
in guideway network and vehicle fleet size. Perhaps 
more significant, as one removes the driver from a ve-
hicle on the guideway, one changes drastically the econ-
omies of scale of vehicle size and occupancy. It becomes 
more practical to transport people in smaller groups if 
they need not share a driver. In turn, vehicles trans-
porting a smaller number of persons need not stop at 
every station on the guideway but only at appropriate 
off-line stations. This enables an express operation, 
which should materially contribute to travel time savings 
and user satisfaction. Further, the operation of a 
larger number of small vehicles involves shorter head - 
ways between vehicles and frequent merges from off-line 
stations to main-line guideways, resulting in a require-
ment for a more precise automatic control, thus both 
requiring and enabling the removal of driver control. 

The proponents of more general forms of dual-mode 
transportation perceive the need to accommodate a wider 
spectrum of the totality of transportation needs of larger 
metropolitan areas, including those commonly provided 
by private automobiles, small trucks, service vehicles, 
and public transit. Their arguments recognize trends 
for an increase in the total number of trips in urban 
areas over time as a function of increased population 
and increased economic activity. The fastest growing 
component of such total travel is that of the longer dis-
tance trips between dispersed origins and destinations  

within metropolitan areas, the type of trip making that 
normally would be expected to use automotive vehicles 
on freeway and other major arterial roadway facilities. 
The social and economic costs of providing additional 
freeway and other arterial roadway facilities that would 
accommodate such additional travel could be substantial 
(5). 

The principal argument that is thus advanced for gen-
eral dual-mode transportation is that the automation of 
the roadway and the vehicles (or, correspondingly, the 
provision of automated transporters) will enable more 
effective and more efficient use of existing rights-of-
way and minimize the social and economic costs of pro-
viding additional roadway facilities. Thus, if one can 
increase unit roadway capacity in terms of vehicles per 
lane per hour by enabling safer operation at closer head-
ways between vehicles, fewer lane-kilometers of road-
way would be required in an urban area for a given num-
ber of vehicle trips. Depending on the particular imple-
mentation plan that may be outlined, one could either im-
plement some new combination of automated roadways 
and conventional roadways within existing freeway rights-
of -way or construct wholly new facilities with minimal 
additional right-of-way land requirements in contrast 
with existing freeway design practice. In view of the 
strong public reaction that has arisen to many freeway 
proposals in recent years, dual-mode transportation may 
be the most effective approach to meeting the freeway 
type of facility needs of tomorrow's urban areas. The 
benefits derivable from increased roadway capacity and 
improved use of highway rights -of -way would accrue to 
the community as a whole. 

Additional advantages to dual-mode transportation 
can be grouped into a second set, which is primarily 
user related. Through automation, one should be able 
not only to increase roadway capacity but also to in-
crease the speed range at which that maximum capacity 
is realized. Thus, whereas in current highway practice 
maximum vehicle flow occurs at speeds in the order of 
55 km/h (35 mph), a typical design objective for roadway 
automation is to realize the increased capacity at vehicle 
speeds in the order of 100 km/h (60 mph. The principal 
benefit is clearly in travel time savings in peak periods. 
Inasmuch as trends in freeway usage in many metropoli-
tan areas have been in the direction of more uniform use 
throughout the day, such travel time savings would apply 
to a large percentage of trips forecast to be made on 
freeway facilities. Clearly, any reduction in freeway 
travel times would result in diversion of trips from sur-
face street arterials. Within the increased capacity of 
automated roadways to accommodate such additional 
trips, the resultant diversion would reduce traffic on 
surface streets and produce further travel time savings. 

Another important benefit foreseen for occupants of 
dual-mode transportation vehicles is that of the increased 
safety that is expected to result from the regulation of 
vehicle flow, the more rapid sensing of potential hazards, 
and the more precise control of vehicle motion and ac-
celeration. Although some reduction in the rate of ac-
cidents is possible through the provision of additional 
information to the driver or through simple changes in 
vehicle and roadway design, major improvements in 
highway safety should zie achievable through automation; 
however, absolute safety, although a desirable goal, is 
not fully compatible with other goals relative to capacity, 
performance, cost, and environmental impact. 

The potential advantages that might result from rede-
sign of automobiles, small trucks, and service vehicles 
for adaptation to dual-mode guideway facilities were not 
adequately explored during the conference. Thus, for 
one example, if vehicles were transported on special 
pallet transporters while on the guideway, their struc- 



tural, control, and propulsion systems might be opti-
mally designed for low-speed, local-area service and 
not have to accommodate the high-speed, longer dis-
tance profile typical of freeway operation. As a second 
example, vehicles designed for automated operation on 
guideways would necessarily have performance and re-
liability characteristics that would yield benefits in per-
formance and maintainability in off -guideway operations 
as well. Conclusions cannot be developed relative to 
such potential benefits in the general case of dual-mode 
transportation; readers are free to draw their own in-
ferences by extension of the analyses of dual-mode 
transit vehicles. 

PERCEIVED DISADVANTAGES OF 
DUAL -MODE TRANSPORTATION 

The principal disadvantage of dual-mode transportation 
lies in the fact that it is a new system and faces a host 
of technical and institutional barriers to implementation, 
as do other new systems. The special extent of these 
barriers for the highly technological and comprehensive 
dual-mode transportation concept was addressed by var-
ious conference speakers and panel members, and this 
aspect is discussed later. 

Apart from implementation considerations, a number 
of papers considered the potential disadvantages of var-
ious particular forms of dual-mode transportation ver-
sus other new and existing modes. One contention is 
that it is impractical, or perhaps impossible, to develop 
a dual-mode vehicle with sufficient reliability for auto-
mated operation on guideways. It is argued that expo-
sure to the unpredictable environment of ordinary 
streets, roads, and off-road conditions, together with 
inadequate maintenance and possible tampering with 
equipment, may result in equipment defects that would 
render the vehicle unsuitable for automated operation. 
It is argued further that it may not be possible to detect 
such malfunctions through any reasonable level of vehicle 
diagnostics or performance checks before entry to the 
guideway. This is, of course, a basic consideration 
for dual-mode systems. It is not possible to resolve 
this question before the determination of, first, an ac-
ceptable policy on how safe the system needs to be, sec-
ond, failure modes and effects analyses to determine 
system performance and safety as a function of vehicle 
reliability factors, and, third, achievable vehicle reli-
ability within performance and cost constraints. 

A related viewpoint is that, although to achieve ade-
quate reliability and performance in dual-mode automo-
biles may not be possible, to do so for publicly owned 
and maintained vehicles including small buses and public 
service vehicles should be. Those who take this view-
point are thus of the belief that dual-mode transit may 
be technically feasible but more general dual-mode 
transportation systems are not. 

A second type of argument, which Anderson effectively 
articulated in his paper, is that, apart from questions of 
technical feasibility, to implement dual-mode transit sys-
tems may not be desirable. He argues that automated 
guideway systems, of the personal rapid transit or group 
rapid transit types, employing vehicles that are captive 
to the guideway network, are likely to be technically, 
economically, and aesthetically superior. The reasons 
given are that dual-mode vehicles, by virtue of their 
need to be "roadable," are likely to be wider and heavier 
than vehicles designed exclusively for guideway use, and 
as a result dual-mode guideways will be larger, costlier, 
and less aesthetically acceptable than personal rapid 
transit structures. In addition, a greater design free-
dom exists in personal rapid transit for overhead ve-
hicle suspension as well as railway and roadway forms. 

Within the context of public transportation, such com-
parisons of dual-mode transit and personal or group 
rapid transit are moot points. The argument devolves 
into the consideration of dual-mode transit as a no-
transfer combination of dial-a-ride and group rapid 
transit service using a common vehicle vis-à-vis sep-
arately configured dial-a-ride and group rapid transit 
systems. The trade -offs include the convenience of the 
no-transfer service versus the increased performance, 
efficiency, and perhaps aesthetics that may result from 
the specialization of the design of the different dial-a-
ride and personal or group rapid transit vehicles. How-
ever, if dual-mode transit is considered as only one of 
the transportation modes using a dual-mode transporta-
tion guideway facility and if current dual-mode transit 
activities are viewed as precursory to more general 
dual-mode transportation, a broader range of factors 
need to be considered than those of dual-mode transit 
versus personal or group rapid transit. 

RESULTS OF ANALYTICAL CASE STUDIES 

Considering the pros and cons of dual-mode transporta-
tion, is it a desirable mode of urban transportation? 
Should it exist? During the last several years, a num-
ber of analytical studies have been made of dual-mode 
transportation systems in selected case study environ-
ments. The results of several of these were reviewed 
at the conference through technical papers and panel dis-
cussions. 

Two examples will be cited of earlier case studies of 
general dual-mode transportation. In 1967, a systems 
analysis of urban transportation was conducted for the 
U.S. Department of Housing and Urban Development (6). 
Analyses were made of various transportation alterna-
tives in the case study cities of Boston and Houston, 
projected to 1980. Quantitative estimates were developed 
for each alternative approach in regard to several cate-
gories of expected benefits. Relative to dual-mode 
transportation, the report concluded: 

Prominent among the most advanced developments ... is the automatic, 
electrif led guideway. For private automobiles, operation on such guide-
ways could lead to important reductions in pollution, accidents, conges-
tion and intrusion. For public transit, speed and comfort rivalling that 
of the private automobile could be provided by small vehicles operated 
on guideways. Utilization by both public and private modes of a single 
guideway system is clearly desirable for efficiency and economy. The 
resultant dual mode. . . system would provide personal transit for transit 
users; at the same time, it would accommodate privately-owned automo-
biles designed for either conventional manual operation on city streets 

or automatic operation on the guideway. 

Relative to implementation strategy, the report recom-
mended: 

Development and demonstration of the new technology should begin 
with personal (rapid) transit which should far surpass conventional sys-
tems in cities at considerably lower dollar cost.... Beyond this, develop-
ment of the new technology must ensure that the personal (rapid) transit 
system can grow into dual mode (transportation) accommodating both 
public and private vehicles. It is the dual mode system that promises 
most for equalization of public and private service, for unification of all 
parts of the city, and for maximization of individual choice. Capability 
for growth to full dual mode use will cost little if designed at the outset 
into personal (rapid) transit. It provides a vital option: a smooth, evolu-
tionary path to a real revolution in. .. urban transportation. 

More recently, an analysis of dual-mode systems in 
an urban area was performed by personnel of the Trans-
portation Systems Center of the U.S. Department of 
Transportation (1). The objective of the analysis was 
to obtain sufficient insight into the costs, impacts, and 
benefits of dual-mode transportation systems to enable 



the U.S. Department of Transportation to assess the po-
tential of the dual-mode concept as an urban transporta-
tion system. The case study area was Boston in 1990, 
when an extensive dual-mode transportation system pro-
vides service for the entire urban region. It was con-
cluded that, relative to Boston and other large urban 
areas, 

Dual Mode (Transportation) systems appear to be sufficiently attractive 
to warrant further technological development. 

For urban-wide applications, a Dual Mode (transportation) system 
which includes both buses and personal vehicles is more effective than 
one consisting of either type exclusively. 

A Dual Mode Transportation system benefits from the use of various 
Dual Mode concepts throughout its development. An effective first step 
might be to install a limited network Dual Mode minibus system, with 
capacity for ultimate growth to a longer guideway network with personal 
vehicles and buses. 

As one may note from these case study results, dual-
mode transit is best considered as part of an overall 
dual-mode transportation system. Two case studies 
have recently been performed of dual-mode transit vis-
â-vis bus rapid transit, both relative to Milwaukee, Wis-
consin. The results of a 1971 study sponsored by the 
Urban Mass Transportation Administration were re-
viewed by Stuart during the conference (7'). In summary, 
he noted: 	 - 

A hypothetical Dual Mode Transit system was analyzed and compared 
with a modern, conventional Bus Rapid Transit plan. The Dual Mode 
Transit concept was shown to be an attractive alternative offering many 
significant advantages. It was concluded that Dual Mode Transit systems 
offer higher service quality (ability to attract riders), higher labor produc-
tivity, competitive fares, benefits exceeding costs, greater attainment of 
regional development goals and objectives, high degree of operational 
flexibility to meet varying transportation needs, and, possibly most im-
portant, growth potential with good cause to expect a long-term trend 
of increasing utilization, total benefits, and economic operating margins. 

The results of more recent studies of dual-mode 
transit versus bus rapid transit for the Milwaukee area 
were presented by Lieb (an abstract of his paper is con-
tained in this report). Annual costs and levels of ser-
vice were determined for a dual-mode bus system, an 
exclusive busway system, and a conventional bus sys-
tem, each designed to provide the same peak-hour ca-
pability to the Milwaukee central business district, as 
projected to 1990. The conclusions were that 

The dual mode bus system provides a significantly better level of service 
than comparable exclusive busway and conventional bus systems. The 
dual mode and the exclusive busway systems are most nearly compara-
ble from a cost and level of service standpoint. The dual mode system 
requires the passenger to wait one-third less time at the pickup point and 
provides a 20 percent shorter trip time than the exclusive busway sys-
tem. An exclusive busway system offering service identical to the dual 
mode system costs 45 percent more. 

Only limited analyses have been made of dual-mode 
transit on its own, that is, not sharing a common guide-
way facility with private dual-mode automobiles and 
other vehicles. A case study was performed by the Gen-
eral Motors Research Laboratories for the U.S. Depart-
ment of Housing and Urban Development (3,4) of a dual-
mode bus transit system in the locale of Rochester, New 
York. The estimated savings in driver labor costs 
through automatic operation were small in comparison 
to the estimated annual costs of the automated facility. 
The conclusion was that the dual-mode transit system, 
using its own automated guideway facility, did not ap-
pear to offer potential performance and cost advantages 
over manually controlled bus rapid transit on exclusive 
busway facilities. 

The two Milwaukee case studies appear to have yielded 
more favorable results for dual-mode transit relative to 
bus rapid transit than did the earlier General Motors 
study. However, unlike the General Motors study, the 
two Milwaukee studies were based on a shared use of 
dual-mode guideway facilities by both public and private 
vehicles. 

None of the case studies that were reviewed at the 
conference was specifically directed to the comparative 
analysis of dual-mode transit vis-,-vis areawide service 
combining single -mode automated guideway transit with 
separate dial-a-ride services on local streets. 

The results of more recent studies of dual-mode 
transportation by the Transportation Systems Center are 
summarized in this report. They include further inves-
tigation of the costs and benefits of dual-mode transpor-
tation and estimates of the applicability of dual-mode 
transportation to various metropolitan areas of the United 
States. 

The results of the various case studies of dual-mode 
transportation and of dual-mode transit in various urban 
environments enable these conclusions to be drawn: 

There is a clear consensus from the analytical 
case studies that implementation of dual-mode transpor-
tation systems accommodating both privately owned ve-
hicles and public transit vehicles would yield greater 
overall benefits and would be more cost effective than 
alternative transportation system investments in the 
areas studied. 

Dual-mode transit, as an integral part of a more 
general dual-mode transportation system and sharing a 
guideway facility with privately owned vehicles, is a 
more attractive and more economical solution to urban 
transit needs than are various forms of bus rapid transit 
and conventional transit systems. 

Insufficient study has been given to the evaluation of 
dual-mode transit "on its own," that is, when not part 
of an overall dual-mode transportation system. The 
limited study findings available suggest, however, that 
the advantages of such a system would be marginal, at 
best, in comparison with alternative public transit sys-
tem designs. 

TECHNOLOGICAL STATUS 

If dual-mode transportation is considered so favorably, 
why does it not now exist? One answer, of course, is 
that additional research and development are required 
to develop automated equipment of proven safety and to 
choose among alternative technical approaches to net-
work, guideway, and vehicle design. A cross-sectional 
report on the current state of technology of dual-mode 
transportation was given through technical sessions in 
the following areas: command, control, and communi-
cations; vehicle lateral control (e.g., steering); vehicle 
longitudinal control (speed and spacing); propulsion and 
energy; guideway design; station planning and design; 
reliability and maintainability; and capacity and safety. 

It is not possible to summarize here the findings of 
each of these technical sessions. Summaries of indi-
vidual papers are provided in these conference proceed-
ings. However, the following general comments can be 
made. A variety of dual-mode concepts exist. System 
concepts based on dual-mode vehicles and on pallet 
transporters have been investigated to the point that 
little doubt is expressed as to their technical feasibility. 
A range of feasible alternatives also exist with regard to 
overall network traffic control, vehicle lateral and longi-
tudinal control, propulsion, guideway and station design, 
and so on. The engineering problems that remain, 



broadly speaking, include these: 

Choice among candidate system configurations 
(the reason it is necessary to select a single configura-
tion is explained in the next section on institutional con-
siderations); 

Choice among alternative subsystem technologies; 
Design and development of experimental equip-

ment and facilities; 
Systems analyses, including reliability, failure 

modes and effects, and system performance and safety; 
and 

Experimental test of systems and subsystems. 

The status reports given on dual-mode transit con-
cept developments by the Urban Mass Transportation 
Administration (UMTA) and industrial contractors out-
line three alternative system configurations. Each ap - 
pears to be technically feasible. Each contractor (Gen-
eral Motors, Rohr, and Transportation Technology) has 
provided UMTA with technical and cost proposals that 
include development and field test of experimental sys-
tems. Thus, remaining technical problems appear to 
be amenable to engineering solutions. 

The requirements for general dual-mode transporta-
tion systems are essentially similar to those faced for 
dual-mode transit inasmuch as the UMTA dual-mode 
transit program philosophy was for a growth capacity to 
accommodate the heavier traffic volumes of general dual-
mode transportation. However, the variety of off-guide 
environments poses special requirements for reliability 
and maintainability of private dual-mode vehicles. 

INSTITUTIONAL CONSIDERATIONS 

Institutional barriers must be overcome in the imple-
mentation of any new public system. Included in the in-
stitutional barriers are technological uncertainty, finan-
cial risk, institutional inertia, restrictive laws and union 
work rules, and sometimes the need to develop new in-
stitutional forms for system implementation or opera-
tion. 

The nature of dual-mode transportation is such that 
each of these institutional problems is magnified: e.g., 
technological uncertainty and financial risk are both 
greater. Additional problems arise relative to the es-
tablishment of national and international standards, lia-
bility in the event of accidents, and evolutionary imple-
mentation strategies. The relation of these institutional 
problems to dual-mode transportation development pro-
gram strategy is discussed in the next section. 

Also relevant to institutional factors are the various 
papers included in later sections on user considerations 
(including the results of public attitudinal surveys), 
guideway design, station planning and design (including 
aesthetic factors and land requirements), and propulsion 
and energy (including air quality and fuel consumption 
considerations). In addition to the papers summarized 
in these proceedings, reference should be made to the 
technical literature on automated highways, which con-
tains a number of papers on strategies for implementa-
tion of automated transportation systems, particularly 
a paper by Breuning (2). 

PERSPECTiVE ON DUAL-MODE 
TRANSPORTATION 

The results of analytical case studies of dual-mode 
transportation by various government and industry re-
search groups have been in agreement on the potential 
benefits that should be expected from the development 
and implementation of dual-mode transportation sys- 

tems. In particular, overall dual-mode transportation 
facilities, accommodating a variety of dual-mode vehicle 
types—private automobiles, small trucks, and other pri-
vate vehicles as well as public transit vehicles—are, in 
my opinion, the optimum choice among various urban 
transportation system alternatives relative to user and 
environmental benefits. 

Also, case studies of dual-mode transit service that 
shares a common guideway facility with private dual-
mode vehicles have shown that such service is more at-
tractive and cost effective than various bus rapid transit 
concepts including manually controlled buses on freeways 
or on exclusive busways. However, insufficient study 
has been done on dual-mode transit that does not share 
common guideway facilities with other dual-mode ve-
hicles. There is no evidence on which to base a conclu-
sion that dual-mode transit on its own should be a more 
desirable and efficient mode than other automated guide-
way transit systems with dial-a-ride feeder service. 

Accordingly, one would be tempted to suppose that 
high priority in government and industry research and 
development would be given to general purpose dual-
mode transportation. Such, however, is not the case. 
The level of research and development effort on dual-
mode transportation is quite modest and is concentrated 
on dual-mode transit. The dual-mode transit effort is 
part of a common automated guideway technology re-
search and development program even though it is not 
clear that there should be more than just a limited com-
monality between subsystems for dual-mode transit and 
personal or group rapid transit. 

It is important to try to understand the seeming dis-
crepancy between the promise of dual-mode transporta-
tion and the limited dual-mode transit research and de-
velopment. Part of the explanation relates to the special 
nature of dual-mode transportation and the institutional 
challenges it faces. The following factors are among 
those that need to be considered. 

A dual-mode transportation system would be a 
major component in the overall transportation system 
of an urban area. It would be used for a significant per-
centage of total urban travel by private automobiles, 
trucks, and other dual-mode vehicles as well as public 
transit. 

Implementation of a dual-mode transportation sys-
tem in urban areas would involve investments of public 
funds possibly comparable in scale to those invested in 
urban freeways. The guideway facilities would likely 
require use of existing publicly owned transportation 
rights -of-way and additional land acquisition. 

A high level of technology is required for dual-
mode transportation because of the variety of guideway 
and vehicle controls required for safe and efficient op - 
eration of a multiplicity of vehicles over a guideway net-
work, and because of the high degree of reliability re-
quired of individual vehicles and control subsystem com-
ponents. Although such capabilities are considered 
technically feasible, a significant level of research and 
development is required to produce operational equip-
ment. 

Unlike public transit systems that can vary widely 
in configuration and technology from one urban area to 
another (for example, differing rail gauges or electric 
power supply characteristics for rail transit systems), 
all dual-mode facilities and vehicles should be or per-
haps must be functionally compatible. This is because 
of the economic need that dual-mode vehicles be mass 
produced and because of the desirability of being able 
to operate a dual-mode vehicle on the guideways of more 
than a single urban area. 

Liability for accidents in dual-mode transportation 



may require an appropriate new institutional mechanism 
for insurance or compensation. In present highway 
practice, drivers are individually responsible; in rail 
transit practice, a public authority or a corporation 
owns both the vehicles and the railway facility and bears 
responsibility. In dual-mode transportation, vehicles 
may be privately owned but subject to guideway control, 
raising questions as to identifying responsibility for ac-
cidents and specifying vehicle maintenance requirements 

6. The process of dual-mode transportation system 
implementation needs to be thoughtfully conceived to 
permit orderly technical evolution and to ensure social 
and political acceptance. As part of this, one must 
avoid the chicken-and-egg problem: individuals not pur-
chasing dual-mode vehicles because insufficient idiom-
eters of guideways exist, and communities not building 
guideways because too few vehicles are available to use 
them. In addition, one must assure equity and justice 
in the distribution of costs and benefits of guideway im-
plementation; e.g., the facilities should not be useful 
only to the affluent, who might be able to afford a more 
costly dual-mode automobile. For example, an advan-
tage that may be cited for a pallet transporter configu-
ration is that it might be immediately usable by a wide 
variety of conventional vehicles. 

Such institutional considerations have influenced the 
course of dual-mode transportation system development. 
In the United States, this course has evolved to where 
the direction and funding of dual-mode transportation 
research and development are through the federal agency 
that is concerned with urban public transit. 

First of all, it should be noted that dual-mode trans-
portation facilities would be much like highways or rail-
ways, requiring continuous exclusive rights-of-way. 
The right-of-way requirements for the dual-mode guide-
way would probably be satisfied in part by joint use of 
existing public rights-of-way such as freeways, in part 
through air rights above other public rights-of-way and 
railway easements, and in part by acquisition of land 
for new rights-of-way, stations, and entry-exit facili-
ties. Because of the extensive use of public rights-of-
way and acquisition of new land, it is most reasonable 
to assume that such guideways can be built only as public 
facilities. At present, comparable facilities like free-
ways and rail rapid transit are built by local or regional 
transportation agencies with federal funding support. 

In addition, functional commonality in dual-mode 
transportation is needed. Any dual-mode vehicle should 
be able to operate on any dual-mode guideway and not be 
restricted to use in one particular region. A private in-
dustrial company should not be expected to assume the 
technical burden and financial risk of overall system re-
search and development. Instead, some feel it is desir-
able that overall system design be pursued by govern-
ment. Because of the need for at least national com-
monality and because of present policies on transporta-
tion facility funding, this means the federal government 
and, in particular, the U.S. Department of Transporta-
tion. That agency should then establish overall func-
tional specifications for vehicle and guideway perfor-
mance and technical interfaces. Individual industrial 
companies could develop proprietary designs of vehicles 
and other subsystems that are compatible with the func-
tional specifications but that may be proprietary in de-
sign. The federal government can also act as an agency 
in the possible establishment of international specifica-
tions. 

If dual-mode transportation research and development 
are the responsibility of the federal government agency, 
it is not difficult to understand why priority is estab-
lished for the public transit component of dual-mode  

transportation. The technical and financial investment 
required for dual-mode transportation is high, and pru-
dent public administrators need to seek a way to mini-
mize risk. Technical uncertainty for dual-mode transit 
is less than for general dual-mode transportation (e.g., 
the headway control requirements for the former are 
less severe since dual-mode transit would be only one 
component of total dual-mode transportation demand). 
Also, the costs of mounting a technical demonstration 
program could be reduced by concentration on one aspect 
of the overall system requirement. Moreover, public 
administrators may feel more comfortable in giving first 
priority in the allocation of public funds to those aspects 
of dual-mode transportation that relate to public trans-
portation rather than to those that relate to general dual-
mode vehicle usage and that would result in benefits to 
private automobile users. 

In any event, the most common plan for dual-mode 
transportation development is an evolutionary sequence 
involving the development and demonstration of a dual-
mode transit system that has growth potential for evolv-
ing into a full-blown dual-mode transportation system. 
Therefore, it is not surprising that within the U.S. De-
partment of Transportation the responsibility for re-
search and development of dual-mode technology is 
lodged principally within the Urban Mass Transportation 
Administration. 

Within UMTA, as in other government agencies, pub-
lic officials are inevitably faced with conflicting pres-
sures for fund allocation: for the maintenance of exist-
ing transit systems and the proliferation of existing tech-
nology versus the development of new systems; in the 
pursuit of "gradualism" versus "innovation" in transpor-
tation improvements (6); and in the allocation to dual-
mode transit versus other new systems of those funds 
that are deemed appropriate for research and develop-
ment. To make best use of the limited funds available 
for transit research and development, dual-mode transit 
research and development have been coordinated with 
similar activities for personal rapid transit and other 
new systems under a common automated guideway tech-
nology (AGT) research and development program. Within 
the foreseeable future, it is likely that advances in dual-
mode transportation technology will be dependent on the 
UMTA AGT program. 

SUPPLEMENTARY APPROACH TO THE 
EVALUATION OF DUAL-MODE 
TRANSPORTATION IN URBAN AREAS 

These conference proceedings include summary reports 
on and references to a number of analytical case studies 
of dual-mode transportation in various urban applica-
tions. The consensus of these studies is that important 
and widespread benefits would result from the develop-
ment and implementation of dual-mode transportation. 
Dual-mode transportation facilities would provkle for a 
wide range of travel needs in large urban areas, includ-
ing the accommodation of person trips by private auto-
mobiles and public transit and the movement of goods. 
Dual-mode transportation should, therefore, be further 
evaluated for its potential use in meeting future urban 
transportation requirements. The evaluation should be 
done within the çontext of comprehensive urban trans-
portation planning and by extension of the current tech-
niques of urban highway system planning. 

Some previous case studies of dual-mode transporta-
tion by general systems analysis groups have an abstract 
space -age quality about them; further study within the 
context of conventional planning methods should produce 
further insights into the advantages and limitations of 
dual-mode transportation in a real-world framework 



that is more credible to public officials. Additional 
work may be identified that might be undertaken by var -
ious 

ar-
ious agencies in the U.S. Department of Transportation 
to supplement the current dual-mode transit activities 
under the automated guideway technology research and 
development program of the Urban Mass Transportation 
Administration. 

An approach to such further analysis and evaluation 
of dual-mode transportation is suggested below. It is 
based on some elementary work by the author on the ex-
tension of highway functional classification theory as a 
tool in the analysis of new systems of urban transporta-
tion. 

The arguments for and against dual-mode transpor-
tation can be treated in a theoretic framework akin to 
the functional classification of roadways. Highway func-
tional classification methods are extensively used in the 
traffic engineering discipline. A hierarchy of functional 
classifications is defined, beginning with freeways and 
other limited -access expres sways and proceeding 
through major and minor arterials to collector streets 
and local access streets (Table 1). At the freeway-
arterial end of the spectrum, the principal function is 
to move large volumes of traffic smoothly, swiftly, and 
safely. The principal function of local access streets, 
or capillary roadways, is land access rather than traf-
fic handling. Roadways of intermediate functional clas-
sifications are intermediate in regard to their geo-
graphic separation, the volumes and speeds of vehicle 
flow, and the separation of allowable entry-exit points. 
Through functional classification, an orderly structure 
of major and minor roadways may be defined for a com-
munity, geometric design specifications may be set for 
each roadway type, and harmony may be fostered be-
tween highway planning and access to land use activities. 

The freeway has been a major roadway innovation 
during the last 2 decades. It is clearly distinct from 
lower functional classifications of roadways in regard 
to lane capacities and safe operating speeds. This is 
partially a result of geometric design—lane widths, 
grades, curvature, sight lines—and of the separation 
between interchanges—typically spaced about 3 km (2 
miles) in suburban areas or equal to the geographic 
spacing of major surface arterials and more closely 
spaced in central areas. Only a limited range of traf-
fic types and speeds are permitted—no pedestrians, only 
automotive vehicles (e.g., automobiles, trucks, buses, 
certain motorcycles) —and minimum and maximum 
speeds are defined. Traffic flow is intended to be un-
interrupted not only along the roadway but also at en-
trance and exit ramps. 

Guideway facilities for dual-mode transportation can 
be defined, analyzed, and evaluated in the framework of 
highway functional classification. The automated road-
way (or transporter facility) can constitute a new func-
tional classification above that of the urban freeway. 
Then, almost in a "checklist" fashion one may ask: Are 
the performance objectives of the dual-mode facility ap-
propriately established? Is the capacity suitably above 
that of the freeway? Is this greater capacity achieved 
at a higher effective speed? Are the expected rates of 
accidents significantly lower? One may also infer the 
appropriateness of various design and operational fac-
tors: limitation of vehicle types to specifically equipped 
dual-mode vehicles (or transporters) and no intrusion by 
conventional vehicles; strict regulation of vehicle speeds 
(e.g., synchronous control); and access possibly at 
widely separated points (e.g., 10 km or 6 miles) in out-
lying areas, perhaps directly from intersecting free-
ways. 

There are reasonably well-developed methodologies 
that have evolved during the last quarter of a century  

for the planning of regional highway networks and for 
resource allocation among the various highway functional 
classifications. With such methods, one determines 
whether a freeway is required within a smaller urban 
area (other than for intercity purposes) and what the 
proper extent and form of freeway networks should be 
in larger urban areas. These methods should be ex-
tended to include an additional functional class of road-
ways corresponding to the automated highway function 
of dual-mode transportation, and appropriate param-
eters—capacity functions, operating speeds, and unit 
construction and maintenance costs—should be assigned 
in an analogous manner to that of current functional 
classes. This extended methodology could be employed 
to evaluate the potential utility of dual-mode transporta-
tion facilities in medium-sized metropolitan areas and 
the desired extent and form of dual-mode networks in 
the largest urban areas. 

The principal orientation of such further evaluation 
studies should be to move the dual-mode transportation 
concept closer to the process of serious planning of fu-
ture investment in urban transportation facilities. When 
and if dual-mode transportation sheds its "Buck Rogers" 
image and is viewed by local planners as a needed and 
useful component of urban transportation systems, a 
more adequate level of system development effort is 
likely to ensue. 

EVALUATION OF DUAL-MODE TRANSIT 

An equivalent theory to that of functional classification 
of highway facilities has not yet been adequately de-
veloped for the functional classification of public transit 
facilities (i.e., transit ways) and services. However, 
one may attempt to define a hierarchy of transit ways 
topped by urban fast transit links such as modern rail 
rapid transit facilities. Somewhere below, one can de-
fine a number of functional classifications for bus transit 
roadways, in a one-to-one correspondence with conven-
tional highway facilities, from freeways down to local 
streets (Figure 2). Automated guideways for dual-mode 
transit, personal rapid transit or group rapid transit, 
and exclusive busway facilities would occupy a functional 
classification level intermediate between the rail rapid 
transit facility and the freeway. 

In this context, one may examine various public trans-
portation modes relative to the functional levels of road-
way types over which they operate. Traditional urban 
bus service has been restricted to arterial streets. When 
urban areas were smaller and more dense, a network of 
bus routes along arterial streets sufficed to provide 
transit accessibility throughout the area. As metropol-
itan areas expanded and became less dense, the geo-
graphic separation between arterial streets increased 
so that a smaller fraction of the total area is within con-
venient walking distance of possible bus services along 
such arterials. In addition, the length of such arterials 
has increased, resulting in extended travel times along 
bus routes between suburban areas and central cities 
and in increased bus operating costs. These factors 
have contributed to the general decline in transit rider-
ship in the United States during the 2 decades between 
1950 and 1970. 

Innovations in bus transit systems that have been find-
ing increasing favor include bus rapid transit, dial-a-
ride, and combinations of dial-a-ride with arterial and 
express services. These are shown in transitway func-
tional classification terms as in Figure 2. Bus rapid 
transit operates over a number of functional classifica-
tions of facilities ranging upward from arterial streets 
and including various limited-access roadways, the for-
mer for passenger collection and distribution and the 
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Table 1. Example of highway functional classification. 

Functional Class 	Functional Characteristics 	 - 

Dual-mode guideway 	Increasing emphasis on traffic functions (capac- 

(automated roadway) 	ity, speed) 

Freeway 
Expressway 
Major arterial street 
Minor arterial street 
Collector street 
Local access street 	Increasing emphasis on land access functions 

Note: With the exception of the dual-mode guideway functional clast, the above breakdown is 

typical of functional classifications previoutly described by organrzatons such as AASHTO, ASF 
ASPO. FHWA, and NCOT and by several transportation planners, each using somewhat d,fierent 
nomenclature. 

Figure 2. Examples of transit service coverage by transitway 

functional classification. 

HtGH CAPACITY RAtLWAR {.___ RAtI RAPID TRANStT 
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Trnsft 	Transit 
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ti 
Dual 	lode 

t—+~ Transit 

Flyers 

MAJOR ARTERIAL STREET 
Ins Rapid Transit 

Ft xed Personal 
Rnute Transit 
Street (with 

Rus I 	 Transfer) 
Service 

&ftnsS ARTERIAL STREET  

Lv 
Dial-A-Ride 

I 

Seruice 

COLLECTOR STREET 

1' 
LOCAL ACCESS STREET 	 Ii 

latter for long-haul service to urban centers (this is 
considered by some to be a form of dual-mode transit 
service). In contrast, dial-a-ride service extends over 
a range of functional classifications downward from 
major arterials and includes minor arterials, collector 
streets, and local streets to provide essentially door-
front service in many areas. (Some dial-a-ride sys-
tems do not provide service in cul-de-sacs and other 
streets below the collector street functional level.) A 
number of areawide arterial -personal transit systems 
are planned for areas such as Orange County, Califor-
nia, and Rochester, New York. These combine fixed-
route scheduled bus service on major arterial streets 
with demand-responsive bus services permeating the 
capillaries of the street network and have appropriate 
means to ensure convenience of transfer. 

In a number of communities including Bay Ridges, 
Ontario, dial-a-ride systems or local bus services pro-
vide access to rail rapid transit facilities. The present 
intention is that similar means of access will be pro-
vided to various planned intermediate capacity transit 
systems including automated guideways for personal 
rapid transit or group rapid transit and various forms 
of light rail transit. 

In this context, dual-mode transit is a bold service  

concept that spans a broad range of several roadway 
functional classifications from the automated guideway 
to the collector streets or local street level. The poten-
tial user may be pleased with this proposed service, as 
the results given in the papers by Costantino, Dobson, 
and Canty and by Wadis indicate. Users may perceive 
that a personalized rapid transit system is in effect being 
brought to their doorsteps upon their commands. How-
ever, one needs to consider whether the potential bene-
fits derivable from obviating the need for the transfer 
are justified. 

A formidable competitor is the combination of dial-
a-ride service and fixed -guideway, service whether of 
the group rapid transit or rail transit type. The ques-
tion may hinge on whether the specialization of separate 
vehicle functions for guideway service and for dial-a-
ride service may enable performance improvements and 
service economies that outweigh the convenience of no-
transfer service. This subject may be important enough 
to warrant appropriate study. My view is that it seems 
highly probable that such specialization of functions 
should indeed enable significant performance improve-
ments and service economies over dual-mode transit 
and that the inconvenience of transfer can be minimized 
by proper facility design. 

If such were so, and if all other things were equal, 
dual-mode transit would not appear to be a viable com-
petitor to other public transit systems involving a com-
bination of local bus service and fixed guideway service. 
However, all other things may not be equal. In particu-
lar, if a general purpose dual-mode transportation facil-
ity exists in a community, dual-mode transit service 
could be implemented at minimum cost as contrasted 
with costs of other types of fixed guideway transit ser-
vice requiring specialized facilities. 

In conclusion, the variability of dual-mode transit, 
in my opinion, depends on the viability of more general 
dual-mode transportation facilities and services. Dual-
mode transit possibly is not the best choice all on its 
own but is an attractive component of an overall dual-
mode transportation system. The potential benefits of 
dual-mode transportation for general transportation 
purposes, including automobile, small truck, and ser-
vice vehicle, and for public transit will determine 
whether dual-mode transportation facilities have a use-
ful role in the overall highway system and in which ur-
ban areas. That in turn will likely determine the scope 
of application of dual-mode transit. 

Dual-mode transportation is that broad category of 
systems in which vehicles may be operated in both of 
two modes: (a) manually controlled and self-propelled 
on ordinary streets and roadways and (b) automatically 
controlled or externally propelled or both on special 
guideways. In general, dual-mode transportation in-
cludes the use of both public (i.e., common carrier) and 
private vehicles and provides for the transport of both 
persons and freight. Dual-mode transit is a special 
case of dual-mode transportation, providing only for 
passenger transport via public vehicles. Thus, a typ-
ical dual-mode transit system has suitably designed 
small omnibuses that are operated by drivers on ordi-
nary streets for passenger collection and distribution 
off the guideway in outlying areas and that are either 
automatically controlled or carried aboard special trans - 
porters for operation between stations on the guideway, 
including access to central parts of metropolitan areas. 

Of the variety of dual-mode transportation concepts 
described, a number have been investigated to the point 
where little doubt is expressed as to their technical fea-
sibility. Technical problems remain and need to be re-
solved, as do choices among alternative technological 
configurations. However, such technical problems are 



judged to be amenable to engineering solution within the 
current state of the art. Dual-mode transportation fa-
cilities may present a physical and aesthetic intrusion 
into the urban environment, but the adverse environ-
mental impact of such facilities is likely to be less than 
that of expanded highway facilities that might otherwise 
be necessary and can be minimized by effective use of 
existing transportation rights -of-way. The results of 
a number of case studies show that dual-mode transpor-
tation would be a superior solution to a broad range of 
urban transportation requirements. 
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Henry S. Reuss, Representative from Wisconsin, U.S. House of Representatives 

Whatever happened to dual mode? I will try to tell you. 
Back on September 8, 1966, there was signed into 

law the New Transportation Systems Research Act. Un-
der it the Secretary of Housing and Urban Development 
and the Secretary of Commerce were directed to 

... undertake a project to study and prepare a program of research, de-
velopment, and demonstration of new systems of urban transpOrtation 
that will carry people and goods within metropolitan areas speedily, 
safely, without polluting the air, and in a manner that will contribute to 
sound city planning. The program shall (1) concern itself with all aspects 
of new systems of urban transportation for metropolitan areas of various 
sizes, including technological, financial, economic, governmental, and 
social aspects; (2) take into account the most advanced available tech-
nologies and materials; and (3) provide national leadership to efforts of 
States, localities, private industry, universities, and foundations. The 
Secretary shall report his findings and recommendations to the President, 
for submission to the Congress, as rapidly as possible and in any event 
not later than eighteen months after the effective date of this subsection. 

The administration almost made the deadline. In 
May 1968, 20 months after the law was signed, it sub-
mitted the report, Tomorrow's Transportation: New 
Systems for the Urban Future (1). The report concluded: 

Present modes of urban transportation are inadequate to meet total 
future urban needs; 

Six types of new systems—dial-a-ride, personal rapid transit, dual-
mode, pallet systems, new systems for major activity centers, and fast 
intraurban transit links—were found to possess not only a high expecta-
tion of technical and economic feasibility but also to contribute signifi-
cantly to the solution of major urban problems such as automobile con-
gestion and air pollution; 

The capacity and the capabilities of American industry and private 
enterprise stand ready to develop these systems; 

The vigorous leadership of the Federal Government is required; 
The government should embark on a 5 to 15-year, $530 million 

new systems research, development, testing, and urban demonstration 
program; 

Automated dual-mode bus could be developed and its feasibility 
demonstrated very likely within 5 years at a possible cost of less than 
$15 million. 

That was in 1968. Since then, we have witnessed 
what government lassitude can do to a good idea. 

According to a 1973 Library of Congress report pre-
pared at my request, the Urban Mass Transportation 
Administration's new systems accomplishments since 
1968 have been "disappointingly few" when "measured 
in terms of numbers of actual new systems... imple-
mented and operating in cities" and "in terms of im-
proving service to the hard-pressed urban traveler" 
(2). Let's review the status today of the six new sys-
tems proposed in the 1968 report (1). 

1. The dial-a-ride demonstration in Haddonfield, 

New Jersey, is the only project that has been funded by 
UMTA new systems money and that has advanced to ur-
ban revenue operation. Approximately 30 other demand-
responsive bus systems (8 with UMTA service develop-
ment assistance) are in operation throughout the country. 

The first segment of a personal rapid transit sys-
tem in Morgantown, West Virginia, was opened for test-
ing in 1972. But the ridership potential there is not suf-
ficient to justify the costs, and UMTA now faces the 
possibility of having to spend $7 million to dismantle 
and dynamite an investment of $64 million. 

No dual-mode systems have been demonstrated. 
No pallet systems have been demonstrated with 

federal assistance, although Auto-Train Corporation has 
made its Virginia to Florida service a big and profitable 
success and is opening a new route from Louisville to 
Florida. 

With regard to new systems for major activity 
centers, the four people-mover systems exhibited during 
TRANSPO 72 at Dulles Airport, at a reported federal 
cost of at least $10 million, are now dismantled. None 
has been constructed in a working urban environment, 
despite all the election-year hullabaloo given the exhibi-
tion. Four other people-mover systems (one funded in 
part by an UMTA capital grant) are operating at airports 
at Tampa, Dallas-Fort Worth, Seattle, and Houston; and 
another is under construction at Bradley Field outside of 
Hartford, Connecticut. The most successful people-
mover systems demonstrated to date are those at Disney-
land and Disneyworld. The Disney people have offered 
UMTA their designs, but have declined to join UMTA in 
any construction projects. 

None of the possible fast intraurban transit sys-
tems, such as tracked air-cushion vehicles, has been 
demonstrated. 

And that is all there is! How can this fiasco be ac-
counted for? There are two main reasons. 

First, there is financial chicken-heartedness. Be-
cause federal revenues have been squandered on war and 
other nonsense, only driblets have been available for new 
forms of urban transportation. Second, since the pid-
dling amounts of money available were insufficient to do 
much anyway, the mass transit administrators have 
sought to give the impression of action by endlessly pro-
liferating first-stage research studies, thus avoiding 
ever having to come to grips with the hard realities of 
actual urban demonstrations. 

Because I happen to have some experience with dual-
mode transportation, let me give you my version of what 
caused that part of the total fiasco. 

Shortly after the 1968 report (1), I began to talk to 
scientists and transportation experts about dual mode, 
which seemed to me a particularly lively prospect. By 
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August 1969, I was able to propose to the Milwaukee 
County Board of Supervisors that Milwaukee County, 
Allis-Chalmers Corporation (with a wide experience in 
propulsion systems), and American Motors apply for 
UMTA funding for a dual-mode transit demonstration, 
using abandoned railroad rights -of -way in metropolitan 
Milwaukee. 

The County Board on November 12, 1969, endorsed 
the proposal, and County Executive John L. Doyne on 
February 17, 1970, submitted a preliminary applica-
tion outlining a 4-year, $15 million program to demon-
strate dual-mode transit using a 1.6-km (1-mile) guide-
way. The system would link the University of Wis-
consin-Milwaukee campus with the Milwaukee cen-
tral business district, and later could be expanded to 
satisfy a major part of Milwaukee's transit needs. The 
proposal was right in line with the finding in the report 
that dual-mode transportation could be demonstrated 
"within 5 years at a possible cost of less than $15 mil-
lion" (1). 

Former UMTA Administrator Carlos C. Villarreal 
on April 14, 1970, informed the county that $15 million 
would be a "disproportionate amount" of the limited 
funds in UMTA's research, development, and demon-
stration budget (only $20 million for fiscal 1971), but 
that he would continue to review the proposal. On May 
20, 1970, Villarreal suggested that the county submit 
an application for a "preliminary study phase," which 
would "develop a plan of action" for dual-mode develop-
ment and demonstration. Pursuant to that suggestion, 
the Milwaukee consortium on August 24, 1970, submitted 
a $1 million request for a 1-year feasibility study. 
UMTA reduced the funding to $300,000 on October 28, 
1970. The findings of the resulting Milwaukee County 
Dual-Mode Systems Study, presented to UMTA on Sep-
tember 14, 1971, were as follows: 

No technological breakthroughs were necessary 
to demonstrate dual mode; 

The benefits would exceed the costs; and 
Remaining uncertainties such as ridership at-

traction could be resolved not by theoretical studies or 
small test-track experiments but only by a comprehen-
sive urban demonstration. 

The study outlined a detailed dual-mode system de-
sign and recommended that UMTA ask Congress for 
$174 million for a 10-year development and demonstra-
tion program involving 200 to 300 minibuses and 24 to 
40 km (15 to 25 miles) of guideway. 

But the UMTA officials at the September 14, 1971, 
presentation balked at the $174 million figure, and, on 
the very day of the presentation, the Transportation 
Systems Center of the U.S. Department of Transporta-
tion-temporarily replacing UMTA as the dual-mode 
program manager-announced that department's fiscal 
1972 dual-mode effort would consist of 11 small, piece-
meal research and development projects to be funded 
with the meager amount of $1.5 million. 

Allis-Chalmers Corporation -part of the Milwaukee 
County consortium -immediately responded to the 
Transportation Systems Center's September 14, 1971, 
announcement seeking research and development 
sources. Not until January 17, 1972-4 months later-
did the Transportation Systems Center announce that, 
as part of its program, Allis-Chalmers and 13 other 
coinpanies would be sent requests for proposals for 
"design, fabrication, testing and delivery of a dual 
mode test vehicle." On February 1, 1972, I wrote to 
Assistant Secretary of Transportation Robert Cannon, 
Jr., and UMTA Administrator Villarreal, urging that 
the requests for proposals be sent out as soon as pos- 

sible. In a February 22, 1972, response, Villarreal 
promised that they would be issued "shortly." Unfortu-
nately, the right hand did not know what the left hand was 
doing. Five days before the date on Villarreal's reas-
suring letter, the Transportation Systems Center had 
canceled its dual-mode test vehicle announcement. 

In new letters to Cannon and Villarreal, on March 7, 
1972, I wrote, "If there are major problems attendant 
to the development of a dual-mode system, let's hear 
about them so we may be of assistance in resolving them. 
If the problems are minor or nonexistent, then why the 
delay and cancellation?" Their responses informed me 
that, because of unexplained reappraisal, the transpor-
tation department was planning to fund-through UMTA-
more dual-mode system design studies rather than move 
ahead to hardware development. 

The Milwaukee County consortium was disappointed, 
but not defeated. On October 4, 1972, it tried to get 
UMTA's dual-mode program off dead center by submit-
ting a preliminary $3 million to $4 million request for 
a 2-year program to develop a dual-mode bus for testing 
on a low-cost, temporary guideway 0.5 km (1/3  mile) long. 
While the program would not have resolved every ques-
tion about the feasibility of dual mode, it would have re-
duced the lead time prerequisite to a comprehensive ur-
ban demonstration. 

UMTA moved with all deliberate speed-to reject this 
proposal. Two weeks after the October 4, 1972, pro-
posal, Villarreal informed Milwaukee County that UMTA 
planned to pursue a three-phase dual-mode program, 
beginning with the repetitious phase 1 system design 
studies. The Milwaukee County consortium, frustrated 
by UMTA's insistence on additional paper studies before 
hardware development, decided on January 30, 1973, to 
sit out phase 1. UMTA, after more delays, finally got 
phase 1 under way in September 1973 by awarding sys-
tem design contracts to General Motors, Rohr, and 
Transportation Technology, Inc. 

Thus, we have yet to see a dual-mode demonstration. 
Six years after its finding that dual-mode could be dem-
onstrated within 5 years (1), UMTA still has not moved 
beyond the system design stage. 

It may never. The statement in UMTA's fiscal 1974 
budget justification that the purpose of phases 1 and 2 is 
to qualify dual mode for phase 3-urban demonstration-
is missing from the 1975 justification. And UMTA Ad-
ministrator Frank C. Herringer on April 24, 1974, told 
the House Appropriations Committee that he was "not at 
all fully convinced" that we should proceed even to phase 
2 -prototype development and testing -despite the fact 
that the budget request on which he was testifying con-
tains $7.75 million for the very purpose of starting that 
phase in August 1974. 

This vacillation by UMTA is discouraging. Study 
after study has pointed out the benefits of dual mode and 
recommended action. Yet we continue to move backward. 

With today's energy shortages, dual mode is even 
more needed. According to a 1973 UMTA study, dual 
mode is more energy efficient than any other ground 
transportation system now in operation or on the draw-
ing boards because of its high efficiency in taking people 
where they want to go, its projected high occupancy rate, 
and the elimination of congestion (3). 

According to the UMTA study (i, the gasoline con-
sumption by mode is as follows (where 1 passenger-km/ 
1 of gas = 2.35 passenger-miles/gal of gas): 



Passenger-Kilometers 
Mode per Liter of Gas 

Automobile 45 
Rail rapid transit 75 
Transit buses 96 
PRT vehicles 108 to 118 
Dual-mode minibuses 125 

Dual mode and other new transit systems could save 
the equivalent of 125 Mm3  (32.3 billion gallons) of gaso-
line a year, about a third our total annual consumption 
of gasoline (i). 

To get new transportation systems rolling, UMTA's 
budget must be increased. Compared to the 1968 pro-
posal (1) that $530 million be spent on new systems dur-
ing 5 to 15 years, UMTA's funding of new systems from 
fiscal 1970 through 1974—a 5-year period—amounts to 
just $112 million. 

Both the Office of Management and Budget and the 
Congress can be blamed for paring down UMTA's re-
quests. For its part, Congress will be more willing 
to approve larger sums when it starts hearing some co-
herent TJMTA testimony and sees' some promise of tan-
gible results. Despite complaints in 1970 from members 
of the House Appropriations Committee that UMTA had 
been "planning and studying long enough" and ought to 
get on with demonstrations, UMTA's budgets in the past 
several years have indicated a shifting of priorities away 
from urban demonstrations and toward endless research 
and development paper shuffling. 

Only by urban demonstrations of dual mode and other 
new systems will we know whether the paper feasibility 
studies are correct. As the Library of Congress re-
port said (2), "Actual urban demonstrations are needed 
to gain revenue operating experience as well as some 
indication of customer acceptance and necessary insti-
tutional arrangements.... Questions of this nature are 
not likely to be resolved solely by prototype testing." 

Back in 1966, Congress mandated "national leader-
ship" for a program of research, development, and 
demonstration of new systems. Dual mode was one of 
the brightest and best of these. Eight years later, with 
an environmental crisis, an energy crisis, and 'several 
other crises exploding in our faces, national leadership 
on new systems, particularly dual mode, is nonexistent. 
Leadership, anyone? 

REFERENCES 

Tomorrow's Transportation: New Systems for the 
Urban Future. U.S. Department of Housing and 
Urban Development, 1968. 
L. M. Cole. New Systems of Urban Mass Trans-
portation: Synopsis and Appraisal of Federal Assis-
tance. U.S. Library of Congress, May 1973. 
The Energy Consumption 'Rate of Various Transpor-
tation 

ranspor-
tation Modes. Urban Mass Transportation Adminis- 
tration, '1973. 
The Potential for Energy Conservation. U.S. Office 
of Emergency Preparedness, October 1972. 

17 



i 

40 w 'K' x' AM 3M M Ic 	t A C30 3M 

C. Kenneth Orski, Urban Mass Transportation Administration 

These remarks represent a personal view of some of 
the broader issues that arise in the context of new 
transportation systems and technology. They may 
sound somewhat critical, but are not meant to be. 
They are meant rather to be an attempt to provide a 
glimpse into the thinking of someone in the program-
decision stream who, although not technically trained, 
believes in the promise of new technology and wants to 
be sure that it will be in a position to rise to the chal-
lenge that confronts it now and in the future. 

There are, of course, various levels of transporta-
tion technology development. Some time ago, research 
and development in transportation consisted of some-
body sitting down with a slide rule and working out an 
improved design of a carburetor or a brake system. I 
think we would be surprised how much transportation 
progress has been achieved this way. The results were 
not always optimal and frequently had unfortunate social 
and environmental consequences, but for a long while 
it was the only approach we had. And by and large it 
worked. 

More recently we began to improve on this "seat-of-
the pants" approach by introducing the discipline of sys-
tems analysis with its notion of design standards and 
performance requirements. This has given us more 
definable targets and a more rational approach toward 
technology development. In general it has been a great 
improvement over the earlier unsystematic approach. 

Unfortunately, all too often transportation system 
requirements are defined in terms of engineering char-
acteristics rather than in terms of the service levels 
the system should provide to users. We read that sys-
tem X will have on-board switching capability or that 
system Y will have minimum operating headways of so 
many seconds. But the public, in spite of Sunday sup-
plement fascination with new technology, is largely un-
concerned about such matters. The user of a public 
transportation system perceives only the service char-
acteristics: speed, frequency, availability, and amenity 
Thus, the great amount of attention that is devoted to the 
nature of the propulsion, control, guidance, suspension, 
and other subsystems (as typified in debates such as 
steel versus rubber wheel, or air cushion versus mag-
netic levitation) may be largely beside the point. In 
reality, the primary issues for decision are the service 
qualities the system should provide to prospective users, 
reflected in system attributes such as waiting time, 
travel time, degree of on-time arrival (dependability), 
number of transfers, interior comfort, walking distance 
to the nearest station, security, and contingency mea- 

sures in case of breakdown. These parameters —rather 
than the hardware characteristics —should provide the 
underlying guidelines for the definition of system per-
formance. 

It would be grossly inaccurate and unfair to imply 
that modern research and development management is 
oblivious to these matters. Like environmental impacts, 
service qualities have become an integral element of 
transportation analysis. Indeed, looking at the program 
of this conference, I was struck by the variety of mean-
ings attached to the term "dual-mode transportation" and 
the broad interpretation given to it by the paper selection 
committee. Side by side with papers on the futuristic 
technology of automated dual-mode concepts, one finds 
a number of papers dealing with nothing more mysterious 
or technologically sophisticated than the bus in an exclu-
sive lane. I was fascinated to note that even the use of 
bicycles in combination with rapid transit has qualified 
in the minds of the author and the paper selection com-
mittee as a legitimate dual-mode concept! 

Of course, I was wrong to use the expression "not 
sophisticated" when referring to the busway concept. On 
the contrary, viewing the bus in an exclusive lane as a 
dual-mode system represents highly sophisticated think-
ing. For it indicates the ability to distinguish between 
technology (input) and service (output). It shows a grasp 
of the true meaning of dual mode as a service concept 
rather than a particular combination of guidance, con-
trol, and propulsion. 

This approach to transportation analysis has some 
interesting consequences. It says that by varying cer-
tain parameters, such as vehicle size, headways, cruise 
speed, network coverage, and, system operating policies, 
any given technology can be made to provide different 
levels of service, costs, and environmental effects. And 
conversely, that different technologies can offer similar 
levels of service. Thus, an automated guideway system 
with intermediate-sized vehicles operating in a pre-
scheduled mode behaves from a service standpoint more 
like a light rail transit system than like a true PRT sys-
tem. Similarly, multiple dial-a-ride installations could 
simulate at least some of the service characteristics of 
a PRT system. 

This observation has more than just academic impli-
cations. It suggests that the initial testing of new, high-
risk transportation technologies might perhaps be satis-
factorily accomplished with the help of surrogate, lower 
cost technologies. For example, an express bus pro-
ceeding on a busway from an outlying suburb to the fringe 
of the downtown district and then operating flexibly on 
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local streets could be used perhaps to simulate to some 
degree the service characteristics and dual-mode be-
havior of the more advanced automated guideway con-
cepts. And similarly, could we not use the bus rapid 
transit concept to model some of the service qualities 
of a subway and thus obtain valuable evidence as to de-
mand generation, land use impacts, and the like in ad-
vance of the decision to invest in a rail system? 

The potential of using such surrogate demonstrations 
as part of staged strategies to implement high-capital 
or high-risk transportation systems has been largely 
overlooked. Let me simply suggest that this approach 
merits some attention. 

Focusing on the service issue is an important re-
quirement of effective research and development plan-
ning. But to some extent it simply begs the question. 
For it leaves unresolved two important matters: What 
should be the level-of-service objectives for new tech-
nology? Who is to define them? 

All too often the formulation of new system service 
objectives is left by default to the research and develop-
ment community. I do not think that this is necessarily 
bad. But I have yet to understand the process by which 
these objectives are arrived at, and I have been struck 
by the close coincidence that exists between these objec-
tives and the engineering performance targets the re-
search and development team wishes to see attained. I 
suspect, in other words, that there is a large element 
of self-fulfilling prophesy in this process: that the 
level-of-service parameters are more often than not de-
fined not by any externally identified "needs" but by the 
desire for technological virtuosity. The issue, as I see 
it, is, Should technology lead or respond? I, for one, 
would venture the opinion that in a public sector with 
high social content—such as the transportation sector—
technology should seek to adapt to the needs rather than 
vice versa. 

I do not intend this in any way as a vote of nonconfi-
dence in the research and development profession. Nor 
do I mean to imply that the technologists are somehow 
less qualified than others to participate in setting na-
tional technological priorities. But I do believe that the 
identification of unmet transportation needs can be done 
more effectively at the local level: that local planning 
bodies, transit operators, and local officials are in a 
much better position to perceive and articulate the la-
tent transportation needs and desires of their communi-
ties than are the research and development analysts—or 
those in the federal bureaucracy for that matter. Urban 
areas should play an active role in identifying gaps in 
transportation service and in setting out service re-
quirements and priorities for new transit technology. 
What I am suggesting,, in short, is that local govern-
ment and the transit industry should become active part-
ners in shaping a national policy for research, develop-
ment, demonstrations, and implementation. 

Let me finally turn to a third issue, which, for want 
of a better definition, I will call the ultimate system 
syndrome. There is simply no valid reason why a sin-
gle system or a single technology must dominate an en-
tire metropolitan area. And yet, this is often the con-
sequence of our present master planning for areawide 
transportation solutions. Too often, in our desire to 
bind an entire metropolitan region closer together in 
order to enhance its economy, we are drawn into con-
sidering vast, monolithic transportation systems. Yet 
we all know that no one single mode and no corridor 
transit system of whatever technology are able to satisfy 
the many travel needs within and between the many local 
neighborhoods and communities that make up a large 
metropolitan area. 

I trust that those of us who wish to carve out a future  

role for new systems will take this lesson to heart and 
will learn to think small. The real challenge before us 
is to know not how to design the biggest new system with 
the widest possible area coverage but how to begin mod-
estly and how to introduce a system that will evolve 
gracefully over time, ensuring compatibility and flexi-
bility in the long run, and demonstrating progress in the 
near term. 

For example, many cities have short corridors in 
their downtown areas that could justify some kind of an 
automated guideway shuttle today. Why not be content 
with such modest opportunities? As operating experi-
ence, confidence in the performance of the system, and 
public acceptance grew, the line could be extended and 
some connecting segments built. Progressively, the 
system could expand, generating additional ridership 
and public support. Eventually, through a period of 
years, a full, areawide PRT network could emerge. 

Such a time-phased, staged, incremental approach 
to. implementation is particularly applicable to new sys-
tems for which the uncertainties are especially large, 
but it is also relevant to any new, large capital invest-
ment in transit. We do not know the future that well to 
set in concrete or steel or electronics all of our options 
for public transportation at this time. Why don't we be-
gin more modestly, with transit system elements and 
services that we can both justify and afford and, learning 
while we use them, generate public support and patron-
age for expanded, more ambitious systems? To me this 
represents a more sensible and a more realistic strategy 
for new system implementation. 

If I have sounded a note of restraint, it is not because 
I do not believe in new systems but rather because I want 
to be sure that they are in a position to succeed. There 
is a real danger that, unless we proceed with caution, 
the acceptance of new transportation technology will be 
greatly curtailed. That, in my opinion, would be a most 
unfortunate development, for in the long run new sys. 
tems offer the best hope of combining improved mobility 
with an improved urban environment. 
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Daniel Brand, Massachusetts Executive Office of Transportation and Construction 

This paper attempts to outline the case for dual-mode transportation systems as the candidate urban transportation 
system most responsive by far to the entire range of current and foreseeable issues and values governing transporta-
tion investments in urban areas. The paper first outlines these issues and describes the resulting criteria that alter-
nately propel and impede the implementation of alternative urban transportation improvements. Analysis reveals 
that dual-mode transportation systems respond logically and affirmatively to all criteria. Fractional-second headway. 
automated electrically powered guideway systems capable of accommodating a variety of vehicle sizes, and vehicles 
capable of manual operation off the guideway are indicated. The vehicles would serve both public and private trans-
portation needs through a much larger variety of ownership, pricing, and service schemes than available today. Rela-
tive to conventional internal combustion engines, electric power would allow flexibility in the use of basic energy 
sources, control of air pollution from power generation at relatively few sources, and precise longitudinal control of 
vehicle location and spacing on the guideway. Conclusions are drawn on the appropriate role and resulting perform-
ance requirements for dual-mode transportation systems. 

Urban transportation improvements can significantly re-
duce the cost of urban travel to users and society. In-
novation in transportation and elsewhere changes es-
tablished practice or design. The innovation concluded 
here as significantly reducing both user and social costs 
of transportation requires changes in the technology of 
producing urban transportation. The change is no small 
incremental change but one that includes automating the 
driver function over large parts of urban travel and pro-
viding flexibility in the basic energy sources used in ur-
ban transportation. 

Urban transportation in the United States and through-
out the world is in a state of crisis, and so are cities. 
Our available transportation technology confronts us 
with Hobson's choices in the form of more of the same 
highway and transit "solutions." New urban expressways 
that represent the intrusion of rural highway solutions 
into high-density urban areas are stopped by controversy 
in practically every major city (1). The deficits for ur-
ban transit systems are skyrocketing, and only higher 
fares or controls on private use and not more kilometers 
of track will lower these deficits. There are no easy 
off-the -shelf alternatives to satisfy the demands that 
something be done now to significantly improve urban 
transportation. Innovation is required to significantly 
lower the cost of urban travel to users and society. 

Today in U.S. urban areas, the private automobile 
carries more than 95 percent of all person trips (2). 
Since 1920, the trend has been toward increasing use 
of private transportation to serve urban passenger 
travel. The urban transportation system that exists in 
the United States today has reached its present state 
largely as the result of an evolutionary process. The 
system was not planned in any formal, integrated, long-
range manner. Rather, the highway and transit compo-
nents serving urban personal travel have developed in-
dependently from one another, as have many of their 
subsystems. 

Until recently, government action in urban transpor-
tation has been largely in response to real or perceived 
changes in market demand for the service offered by 
each transportation subsystem. Government interven - 
tion has been limited to aiding growth in the case of the 
private automobile -highway system or to stimulating in 
the case of urban public transportation. But the logic of 
past actions no longer matches present national concerns. 
We have an energy "problem," and the cutting edge of 
that problem is the real, or at least clearly perceived, 
shortage of domestic oil. It is fair to say that, in the 
United States, transportation is a technology built on the 
use of oil. Oil is currently the basic source of 97 per-
cent of the energy used in transportation in the United 
States (3). In 1965, 57 percent of the oil used in the 
United States was used in the transportation sector, and 
54 percent of that oil was used in urban areas (4), a 
share that can be expected to grow as urban areas grow 
in population. 

When these energy consumption statistics are com-
bined with air pollution statistics that attribute 40 to 90 
percent of air pollutants in urban areas, depending on 
type, to motor vehicles, the pressures on government 
to reduce private motor vehicle travel in response to 
these nonmarket criteria become understandable (5). 

It is significant that both the energy shortage ail the 
air quality concerns of the country are externalities 
whose real costs to individuals and to the country as a 
whole are not reflected in the costs that consumers of 
private vehicle transportation pay. Until this country 
adopts gasoline rationing, it is marketplace prices that 
influence the demand for private transportation. 

THREE STAGES OF INNOVATION 

As the perceived cost of transportation to urban con-
sumers has declined in the last half century, cities have 
spread out, resulting in declines in manufacturing costs 
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and increases in space and privacy for most urban res-
idents (6, 7). Cities are definitely into what Garrison 
calls the third stage of innovation as it relates to the 
private car (8). 

The first stage of innovation typically occurs when 
an invention performs an existing function better or 
more efficiently than the function was previously per-
formed. The early motor car was faster and pulled 
more weight (on dry roads) than the horse. But its func-
tion was the same as that of the horse. In the second 
stage of innovation, money is spent to make the inven-
tion perform more competently. The innovation is im-
proved and its use is diffused. New uses are found for 
it. In the case of the motor car, self-starters were de-
veloped, vehicles were adapted for moving goods as well 
as people, and chauffeurs were added for urban motor 
bus transit. The third stage of innovation occurs when 
the structure of the system, in this case, the city, 
adapts in such a way that the innovation is able to per - 
form at still lower cost and increasing gain to individ-
uals. 

Urban areas are well into the third stage of innova-
tion as it applies to the motor car. The structure of 
urban areas has changed in a way that allows the auto-
mobile to operate more effectively and fixed-route and 
scheduled transit service less effectively The radial 
transit routes of 30 or 50 years ago no longer serve the 
bulk of travel patterns in today's cities. 

The success of the automobile in servicing urban 
transportation brings problems traceable to its high 
consumption, and these problems lead to much of the 
use of other forms of transportation. The overwhelm-
ing remaining market for transit is in the central busi - 
ness districts of major cities where "overconsumption" 
of the automobile leads to high parking charges and traf-
fic congestion characteristic of the high equilibrium 
price that users of private vehicle transportation pay 
for "free" movement and that CBD-bound travelers 
avoid by using public transportation. Other travelers, 
including the poor, the elderly, the young, and the 
handicapped who have no access to a car for either CBD 
and non-CBD trips, must also be served by "logical" ur-
ban transportation system improvements. 

IMPROVING URBAN TRANSPORTATION 

To some, urban transportation improvements solve not 
transportation or mobility problems but urban develop-
ment problems (9). However, there is no agreement on 
urban development goals, so recommendations for urban 
transportation in accordance with such goals are based 
on great uncertainty. One alternative, therefore, is to 
proceed incrementally to attack little transportation 
bottlenecks. This is essentially what is happening to-
day in cities. A second alternative is to closely exam-
ine all criteria governing current urban transportation 
investment decisions to determine whether there is a 
transportation system or a series of compatible subsys-
tems, existing or potential, capable of lowering the 
travel costs that are perceived by transportation con-
sumers and the nonmarket (social) costs of urban trans-
portation that have been given great weight by recent 
congressional actions. 

FIRST STAGE OF INNOVATION 

Because cities are so well into the third stage of inno-
vation today, a logical, innovative urban transportation 
system capable of serving cities must recognize what 
the present travel market consists of and how it is being 
serviced. We have noted that the first stage of innova-
tion is successfully hurdled when an invention performs 

a function better than it has been performed before. And 
the great bulk of the existing urban transportation func-
tion is currently being performed completely flexibly in 
time and space by the private automobile. 

One might assume that some public agency could pro-
vide transportation service in an urban area cheaper than 
individuals could and still earn a profit, particularly in 
urban areas where there are overlapping desire lines in 
time and space for part but not all of those trips. If 
there were complete overlapping of individuals' travel 
needs, the fixed-route and scheduled service of urban 
transit could serve as a perfect link between all origins 
and destinations at the times when such trips were de-
sired. Transit would not have its present severe under-
consumption problem. 

Unfortunately, fixed-route and scheduled transit ser-
vice does not overlap all the origins and destinations in 
time and space that characterize present urban travel. 
For example, in 1963, about 11 percent of trips in the 
Greater Boston Region were made in whole or part on 
its relatively well-developed rail transit system (10). 
This market share has declined still further since 1963. 
The 11 percent who found it to their advantage to use rail 
transit in that year averaged only about 40 percent of 
their total door-to-door travel time in the rail transit 
vehicle. The remaining 60 percent of their time was 
spent getting to and from the rail transit stations. Re-
search has shown that these "access activities" are about 
2 to 3 times as noxious to travelers on a unit time basis 
as line-haul riding time (11, 12). On a weighted basis, 
this means that from 75 to 80 percent of a rail transit 
rider's time is spent making his or her way to and from 
the primary mode of travel. For those who ride in auto-
mobiles (90 percent of the trips in the Boston region are 
made by automobile), only about 10 percent of door-to-
door travel time on the average can be considered out-
of -vehicle or access time. If new transportation systems 
are not to become functionally obsolete before they begin 
service, they must be designed to reduce walks and waits 
in absolute and uncertainty terms. 

These statistics illustrate the great disparity that now 
exists between public and private transportation service 
in urban areas. To successfully hurdle the first stage 
of innovation, an urban transportation innovation must 
consider how users view the system. It must concern 
itself with what drives consumer behavior in urban trans-
portation if it is to reduce the cost of urban travel to 
users and society. 

On the other hand, there is a legitimate public point 
of view dictated by logic (and sanity) in the design of a 
transportation innovation. If we are going to reduce the 
symptoms of the urban transportation problem that our 
unmatched private mobility brings - space consumption, 
air pollution, and energy costs—we must specify for 
transportation innovation the performance and techno-
logical requirements that lower each of these societal 
costs of transportation. These requirements must lead 
to a transportation system that is a logical and compat-
ible collection of components or subsystems. The task 
is not difficult. 

DUAL-MODE URBAN TRANSPORTATION 

Reduction of space consumption requires reduction of 
the physical and the socially perceived cross section of 
urban transportation facilities, in particular express-
ways, the facilities that provide the highest quality 
transportation service. This means reducing the time 
spacings between moving small vehicles and their space 
consumption when stopped. This requires automation of 
the driver function: automated operation at short head-
ways (time spacings between vehicles) on automated 
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guideways. However, we will always be limited by eco-
nomic reasons in automating the line-haul portion of 
trips, just as we are limited today for economic rea-
sons alone, in kilometers of planned expressways. 
Automation of the driver function will always be limited 
to those areas in which total costs, including social 
costs, need to be reduced. The easiest way to provide 
the door-to-door transportation service enjoyed today 
for the great bulk of urban trips would be to build on the 
means by which we provide that service today, namely, 
manually driven vehicles. Thus, we have the primary 
specification of the logical urban transportation innova-
tion, namely, that it be dual mode. Dual-mode systems 
are combinations of two system technologies: automated 
guideway and nonguideway systems using the same ve-
hicle 

e-
hide or passenger "pod." 

ELECTRIC POWER 

If dual-mode systems satisfy the convenience require-
ment for urban transportation innovation, how can these 
systems be designed to reduce the social costs of urban 
transportation that are driving society in the first place 
to make radical changes in the way urban transportation 
is supplied? In particular, if automated guideways can 
reduce space consumption, how can they be made to re-
duce air pollution and energy consumption? The most 
obvious answer involves electric power. Electrically 
powered small vehicles allow much closer and more 
precise headway control than can be achieved with the 
internal combustion engine. But more important, elec-
tric power allows conversion of basic energy sources 
like hydrocarbons to electric energy at a few remote 
sites where pollution control devices can be installed 
and maintained. There are more than 118 million 
motor vehicles running around the United States today 
whose pollutants we are attempting to control individu-
ally. Moreover, use of electrical energy allows a sub-
stitutability of basic energy sources and can introduce 
a flexibility into transportation energy use patterns that 
has been largely absent since the 1920s for urban per-
sonal transportation. 

Off the electrically powered automated guideways, 
there might again be flexibility in the on-board energy 
source. Most likely, however, dual motors would not 
be attractive, and the electric motors would be powered 
by batteries. The batteries would be recharged on the 
guideways and at parking places to provide power for 
the remainder of the vehicle trips under manual control 
on local uncongested streets. 

GUIDEWAY CAPACITY, SPEED, AND 
SPACING 

In urban planning terms, the automated portions of dual-
mode systems can be thought of as automated express-
ways carrying a mix of vehicles at 96 km/h (60 mph) and 
at expressway capacities. Initial studies that take into 
account the additional induced travel from congestion-
free operation at expressway speeds and the incorpora-
tion of line-haul transit service on the guideways indi-
cate a guideway requirement of approximately twice the 
length of that for planned (but often unbuilt) urban ex-
pressways (i.e., half the spacing for expressways) plus 
additional guideways equal to the length of that of the 
existing grade-separated transit system in a city (13). 
This requirement also takes into account the accommo-
dation of induced travel resulting from the improved 
coverage of a city with high-quality service, line-haul 
guideways. 

In contrast to planned urban expressways, automated 
guideways should be buildable. Instead of having eight  

3.6-m (12-ft) lanes plus shoulders, medians, and drain-
age areas and taking a 60 or 90-rn (200 or 300-ft) swath 
across the city, they would require two 1.8-rn (6-ft) 
lanes, since lateral as well as longitudinal control re-
sults with automation. Such a narrow cross section 
could be completely enclosed, soundproofed, buried, 
put through buildings, or have other possibilities for 
minirnizing dislocation and disruption. 

NEEDED RESEARCH 
AND DEVELOPMENT FOCUS: 
FRACTIONAL-SECOND HEADWAYS 

To equal the capacity of an eight-lane expressway in 
each direction, a single guideway would have to carry 
four times as many vehicles per hour as present ex-
pressway lanes carry. With roughly 2-s average mini-
mum headways between manually controlled cars on cur - 
rent expressways, this means 0.5-s headways between 
automatically controlled vehicles on the guideway. How 
to achieve safe, reliable fractional-second headway con-
trol is the major technological problem to be overcome 
in innovating a transportation system improvement that 
reduces the cost of urban travel to both users and society 
and, thus, has the potential of being built. 

Fractional-second headway operation of small vehicles 
on automated guideways can be achieved today. The 
problem is to design such systems to operate safely and 
reliably under day-to-day operating conditions in cities. 
These systems must be far safer than today's urban high-
ways because users will identify any accident on the sys-
tem with the entire guideway system rather than blame 
accidents on an elusive "other" driver who is out of sight 
and mind. The technological problem does not, however, 
appear to be insurmountable, as development efforts out-
side the United States indicate (15): 

Hagen, West Germany—Team of MB8 and Demag engineers began opera-
tion of a 160-meter (526-foot) test track with one station in May 1973. 
This is high-capacity PRT system with headways in the range of 0.5 to 
1.0 second at 22 mpg. Vehicles have seating capacity for three people. 
System is expected to be installed for passenger service in 1976. 

Japan-300-meter (988-foot) test track operating since October 1972, 
and 4.7-km (2.9-mile) track with 90 four-passenger vehicles scheduledto 
begin full-scale test in December 1973. System under development by 
eight Japanese firms under contract with Japanese government. High. 
capacity (0.6-second headway) system has speeds from 20 to 40 mph and 
is expected to begin passenger service in 1975. 

In addition to efforts at electronic control of vehicle 
spacing, other concepts are possible, such as mechanical 
fail-safe linkages and systems that maintain such short 
spacings between vehicles that shock-absorbing bumpers 
could cushion any collisions that would occur at low rel-
ative speeds. 

CONCERN FOR TRANSIT 

Transit, with only 5 percent of urban travel, still looms 
large in the public consciousness as an important mover 
of people—so large that most of the federal effort in ur-
ban transportation innovation is lodged in the Urban Mass 
Transportation Administration. It is axiomatic in atti-
tude measurement that the rated importance of an item 
varies inversely with the level of satisfaction achieved 
with the item. This may partly explain the relatively 
high interest in transit. 

The fractional-second headway requirement for sig-
nificant urban transportation innovation results not only 
from the requirement of serving the bulk of existing ur-
ban travel (i.e., highway travel) but also from a require-
ment of being buildable. 

Transit now offers fixed-route and scheduled service 
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on limited networks. Personal rapid transit (PRT), the 
most important emerging technology in urban transit, 
attempts to overcome the time limitation by offering 
small-vehicle, nonstop operation available instantly, 
but limited to the fixed and automated network. There 
are at least three major differences in concept between 
"pure" PRT and conventional transit. 

PRT's off-line stations means the PRT vehicles 
need not wait for stopped vehicles at intermediate on-
line stations (i.e., PRT is a flow system); 

PRT stations can be close together since not all 
vehicles must stop (this gives better coverage of an area 
than does conventional transit, at additional expense for 
the additional stations, of course); and 

Small, personalized vehicles available at each 
station require no wait, in concept, and seats are avail-
able to all comers. 

Thus, PRT in concept offers considerable service 
improvement over conventional transit. However, a 
problem with having a vehicle ready to board on demand 
for a trip to some distant destination is that the vehicle 
has low average occupancy. Vehicle occupancy esti-
mates from "pure" PRT planning studies based on no 
data are approximately 1.5 persons/vehicle. In reality, 
this may overstate PRT vehicle occupancy relative to 
the automobile. Vehicle occupancies greater than 1.0 
in private cars (varies between 1.1 and 1.8 persons/ 
vehicle with urban trip purpose) may be attributed to 
familial groups starting from home in a car and sharing 
common destinations or to prearranged car pools that 
pick up riders door to door with some waiting and inter-
mediate stopping required. In a large PRT network the 
probability of arriving at a station at exactly the same 
time as someone else going to the same distant station 
is low. In any event, based on the 1.5 persons/PRT ve-
hicle, to carry 10 000 persons/h in a medium-sized city 
(the upper range of so-called intermediate capacity 
transit, and a long held minimum volume for conven-
tional rail rapid transit) requires (3600 s/h x 1.5 pas-
sengers/vehicle % 1 h/10 000 passengers =) 0.54 s/ 
vehicle. Again a headway of approximately 0.5 s is re-
quired 

The shortest headways that manufacturers are willing 
to install on PRT automated guideways range around 10 
s for 38 to 80-km/h (30 to 50-mph) systems (the so-
called safe stopping time or "brick-wall" headway, as-
suming a safe emergency deceleration rate of 0.2 g). 
Since present systems are not yet capable of operating 
at fractional-second headways, the only way to increase 
passenger throughput in PRT systems is to increase ve-
hicle occupancy. The vehicle occupancy required to 
achieve 10 000 passengers/h at 10-s headways is (10 000 
passengers/h ( 10 s/vehicle X 1 h/3600 s =) 28 passen-
gers/vehicle. This means PRT vehicles must be held 
at a station until 28 passengers board going to one des-
tination station or going to several stations, or passen-
gers may be picked up at several stations destined to 
one or more stations. Holding a vehicle at one station 
to accumulate passengers involves waits. Shorter waits 
can be obtained for the same vehicle occupancy by stop-
ping at more stations, but this strategy decreases aver-
age speeds and makes the operation more closely re-
semble conventional transit. 

The generally proposed operating plan for PRT is a 
compromise strategy. This "impure" PRT, perhaps 
better called group rapid transit (GRT) (15) has stops 
at each of a block of adjacent stations to pick up passen-
gers and then runs express to a destination group or 
block of stations. The run is regularly scheduled, 
ideally with relatively short waiting times (60 to 180 s). 

For large systems, so many destination stations would 
have to be served that initial waits for any destination 
station or block of stations could easily be longer than 
those for conventional rail transit making all interme-
diate 

nterme-
diate stops, if 10-s headways were maintained. However, 
GRT's flexibility could ensure that high-volume stations 
or blocks received superior service. 

REDUCII'TG THE COSTS OF ThTNOVATWE 
TRAI'4SIT 

The advantages of GRT over conventional transit are, in 
concept, somewhat fewer stops, shorter waits, and pos-
sibly higher average travel speeds, but these apply 
mainly for smaller systems and only if available tech-
nologies are "pushed." PRT, pure or impure, may ex-
cel over conventional transit in guideway coverage. In-
creased guideway coverage would make walking time to 
and from the guideways less than that now available or 
"feasible" with conventional rail systems. 

PRT planning reports seem to abound in which guide-
way networks are so dense that they might be mistaken 
for the local street system of a small city. The question 
is, Why should PRT or GRT guideway systems be any 
cheaper than conventional rail transit networks? Can 
the cost per kilometer of automated guideway systems 
be made much less than that of conventional rail systems 
in order to build all the guideway proposed in some PRT 
planning studies? 

We can legitimately ask the question, Where are the 
savings in PRT cost over that of conventional transit? 
Not in command and control systems. Possibly in power 
distribution with untrained vehicles and thus smaller 
surges of power when vehicles accelerate. However, 
there will be more vehicles and thus probably higher 
costs in the vehicle subsystem. Right -of -way costs may 
be less, but only if the guideway cross section is much 
slimmer and easier to locate on existing publicly owned 
rights -of-way. 

The real cost savings of PRT over conventional 
transit are alleged to be in the structure. This is most 
likely true for light 2 to 6-passenger vehicles. But for 
the 28-passenger vehicles required now without 
fractional-second headways, the vehicle weight and the 
vehicle cross sections are not substantially less than 
those for conventional transit vehicles. Expensive 
structures are needed, or PRT tunnels equally as ex-
pensive as rapid transit tunnels. 

In summary, there appear to be no substantial cost 
savings with existing PRT (really GRT) technology over 
conventional grade-separated transit. For the same 
number of kilometers of guideway at roughly the same 
direct and social cost as electrified rapid transit (barring 
unforeseen difficulties with a new technology), a city can 
now buy almost off the shelf a group rapid transit system 
that has off-line stations and that offers comparable, but 
potentially somewhat superior, service to that of a con-
ventional rapid transit system of the same length. How-
ever, service overlaps well in time and space only with 
a small fraction of total travel in an urban region. True 
PRT is based on personalized vehicle service and 
fractional-second headways. Without fractional -second 
headways, passengers must be assembled to boost line-
haul capacity, service is degraded, and system costs are 
increased. Fractional-second headways are again indi-
cated as the major technological focus, this time from a 
more narrow production orientation, namely, a concern 
for transit. 

SUMMARY AND CONCLUSIONS 

Significant improvements in urban transportation service 
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require short headway systems. From the point of view 
of transit, fractional-second headways are the only way 
to lighten transit vehicles and reduce structure size and 
costs-both direct costs and the social costs of large 
guideway structures. Similar concerns apply to urban 
highway systems. 

In summary, the logical innovation in urban transpor-
tation, both public and private, consists of fractional-
second headway, automated guideway systems, and ve-
hicles capable of dual-mode operation. These would be 
integrated systems serving both public and private 
transportation needs. 

As the title of this paper suggests, dual-mode trans-
portation means automating high-cost urban transporta-
tion rights -of -way. The fractional-second headway, 
automated guideways would provide the high-quality and 
reliable line-haul express service for private vehicles 
that present expressways provide under the best of con-
ditions. The private vehicles would be capable of dual-
mode operation. That is, they would be capable of auto-
mated operation on the guideway and operation under 
manual control on local streets to provide the door-to-
door service that the great bulk of urban travel enjoys 
today, and around which metropolitan areas are struc-
tured. 

For public transportation, riders could be carried 
on vehicles captive to a network. That is what transit 
is today; the additional feature is that the new service 
is either scheduled service or service on demand. The 
service would overlap in time, if not in space, with 
many travel demands in an urban region. The more 
extensive guideway network needed for dual-mode, pri-
vate vehicle operation would provide improved coverage 
of a city over today's grade-separated transit networks. 
Moreover, to obtain even more coverage, dual-mode 
buses could leave the automated rights -of-way. 

Electric power allows flexibility in the use of basic 
energy sources, and control of air pollution at a rela-
tively few sources. 

The recurring argument that a transportation system 
should provide a "choice" needs addressing in this con-
text. The argument is made that cars are noxious, and 
many people do not own or cannot drive them. An en-
tirely different mode is therefore to be provided for non-
car people according to the argument. However, an in-
tegrative transportation system would provide for 
several classes of service, all of which would be sub-
stantial improvements over today's choices. Indeed, 
an integrated system should provide for choice in the 
most optimistic sense of the word as used today 

Automation is clearly a central theme in this paper, 
as well as in most other efforts to increase productivity 
in commercial and military systems. But only large 
jumps in system productivity allow the built-in redun-
dancies and down time that characterize even the most 
successful uses of computers today. Such increases in 
productivity are possible in urban transportation only 
with fractional-second headways. Achieving safe and 
reliable fractional-second headway operation, there-
fore, is the central technological problem on which 
this country should be focusing urban transportation in-
novation. 

Technological change can come about for different 
reasons. A few years ago, in the face of the urban ex-
pressway controversies, dual-mode guideway systems 
with fractional-second headways appeared to be the only 
way to provide new transportation capacity at low social 
cost (16). It may now be that the benefits of dual mode 
in imi5Thved transportation system performance are sec-
ondary to its provision of low polluting, alternate energy 
sources for urban transportation. But urban transpor-
tation should solve both problems; it should reduce both  

user and social costs of transportation. Recent history 
shows how fickle society is in its values and in the prob-
lems it produces. 
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To obtain a greater understanding of how dual-mode transportation systems compare in effectiveness to other urban 
transportation systems, a study was initiated to evaluate the service, costs, and impacts of several urbansvide trans-
portation systems. The study objective was to obtain insight into applicability and utility of systems rather than to 
ma ke definitive statements on the inherent worth of individual systems. 

A comparative study was made of the following urban 
transportation systems: highway, comprehensive bus, 
exclusive bus, rail rapid, dial-a-ride, dual mode, and 
personal rapid transit (PRT). To permit analysis of 
relatively "pure" forms of the systems, transit service 
in each system was provided to the entire urban area; 
i.e., no attempt was made to select the most efficient 
service areas in the city for each particular system. 
Line -haul systems were augmented with conventional 
bus feeder routes. In addition to equivalent coverage 
for all systems, approximately equivalent service was 
provided to establish a consistent basis for comparison. 
The service criterion selected was an access time of 
8.5 min between initiation of travel (or request for ser-
vice) and motion of the first vehicle boarded. This con-
straint allowed evaluation against a consistent service 
level; it did not necessarily permit the most effective 
service by each individual system in terms of frequen-
cies and line spacings. Thus, a relative measure of 
system utility based on fixed requirements could be ob-
tained. The study could not determine that any system 
examined could not be an effective urban transportation 
mode. 

The urban area was designed by averaging the pro-
jected 1990 characteristics of the 30 largest U.S. urban 
areas (excluding New York, Chicago, and Los Angeles, 
whose inclusion in the sample would have biased the data 
excessively). The resulting area, shown in Figure 1, 
is a circular ur6an area with a radius of 27 km (17 
miles), a population of 2.3 million, and an average den-
sity of 965/km2  (2500/mile). The central business dis-
trict (CBD) has a radius of 1.6 km (1 mile), and there 
were six major radial population corridors. Daily trips 
total 5 million. The characteristics of the seven urban 
transportation systems are described below and sum-
marized in Table 1. 

1. The highway system assumes a policy of continued 
emphasis on the use of the automobile and on the provi-
sion of limited bus service (not matching the service 
criterion) operating approximately as such systems do 
today. In this system 282 km (175 miles) of new free-
way, beyond those existing in 1970, are constructed. 
No freeway is constructed in any of the other systems. 

In the comprehensive bus system, increased den-
sity of bus routes is provided throughout the urban area, 
and no additional freeway is constructed. All buses are 
local; no express service is provided. Standard 50-
passenger buses are used. 

In the exclusive bus system, standard 50-
passenger buses operate on radial and circumferential 
exclusive roadways. Express service to the CBD is pro-
vided from each station on the radials, and local bus 
service operates on radials and circumferentials. 
Feeder service to exclusive bus stations is provided by 
25-passenger buses operating at comprehensive bus 
route densities. 

In the rail rapid system, electrically powered 
80-seat rail cars operate in trains to provide service 
on a track network identical to the layout of the exclusive 
bus roadways. The same bus feeder service is provided 
to the rail stations as to the exclusive bus stations. All 
trains are locals. 

In the dial-a-ride system, 12-passenger, demand-
responsive minibuses operate throughout the area. Short 
trips are accomplished on a single vehicle; longer trips 
require transfer to express minibuses. 

In the dual-mode system, small 4-passenger, 
electrically powered vehicles are rented from the sys-
tem operator by individuals. They are driven manually 
on streets to the guideway entrance and then operate 
automatically on the exclusive guideway. Electrically 
powered dial-a-ride buses provide local service for 
short trips on streets throughout the area. Longer trips 
involve single-vehicle service using the guideway for 
some portion of the trip. 

An extensive personal rapid transit guideway net-
work throughout the urban area provides station-to-
station, nonstop, demand-responsive service by small 
4-passenger, captive vehicles. Access to stations is 
by walking. 

To meet the service criterion of an 8.5-min access 
time, extensive networks with 1760 km (1100 miles) of 
comprehensive bus routes and 1320 km (825 miles) of 
PRT guideways are required. Dual mode, making ex-
tensive use of highways for collection and distribution, 
requires more than 240 km (150 miles) of guideway. 

28 
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Exclusive bus and rail rapid need 175 km (110 miles) 
of exclusive rights -of -way and also use 1200 km (750 
miles) of feeder service. The highway system has 800 
km (500 miles) of limited bus service to complement 

t,t,t't,t,t 
1990 POPUlATION 	2.260.m 	t 	a 
I9900ENSII'Y 	 2.599 
I990DAILYTRIPS 	5,030,000 

P• PE9SONSISO. MI. 

the 282 km (175 miles) of additional freeway constructed. 

RESULTS OF THE ANALYSIS 

Table 2 gives the service levels attained by the various 
systems. The 4 percent daily use of the bus system 
in the highway system approximates that attained by con-
temporary limited bus systems. About a quarter of the 
persons traveling to and from the downtown area during 
the peak periods use this bus system. Exclusive bus 
and rail rapid systems, which have networks almost 
identical to each other and considerably better coverage 
than the limited bus in the highway system, have twice 
as much use. Because buses can be operated as express 
services and at higher frequency than trains, the exclu-
sive bus system has a slight edge of peak-period CBD 
travel. The use of the comprehensive bus system is 
slightly higher than that of the exclusive bus and rail 
rapid systems, primarily because it provides better 
local service and, in many cases, more direct service. 
The dial-a-ride system, a labor-intensive system, at-
tracts almost the same ridership as the capital-intensive 
PRT system. This implies that ridership is sensitive to 
level of service, whether that level is achieved through 
labor-intensive or capital-intensive means. The dual-
mode system, which has a mixture of dial-a-ride mini-
buses and small personal vehicles, has the highest aver-
age daily use and captures almost two-thirds of the peak-
period CBD trips. 

Figure 

Table 1. System characteristics. 

Transit 

Vehicle 
Freeway 	Length 	 Passenger Suburban Collection and 	 Downtown Collection and 

System 	(km) 	(km) 	Type 	 Capacity 	Distribution 	 Line-Hanl Travel 	 Distribution 

Highway 	282 800 	Limited bus 	50 

Comprehen- 	0 1760 	- 	50 
sive bus 

Exclusive 	0 175 	Busway 	 50 
bus 1200 	Feeder bus 	25 

Rail rapid 	0 	175 	Rail 	 80 
1200 	Feeder bus 	25 

Dial-a-ride 	0 	- 	Minibns 	 12 

Dual mode 	0 	240 	Guideway 
Special vehicle 	4 
Minibus 	12 

PRT 	 0 	1320 	Guideway. 
special vehicle 	4 

Nute: 1 tnt = 0.6 nile. 

More extensive cnverage than limited bus system in highway case 

Fixed-route, fixed-schedule 	Fixed-route, fixed-schedule 	Fixed-route, fixed-schedule 
bus to destination or trans- 	local service 	 local service 
fer point 

Fixed-route, fixed-schedule 	Fixed-route, fixed-schedule 	Fixed-route, fixed-schedule 
bus to destination or trans- 	local service on radial and 	local service'  
fer point' 	 circumferential streets'  

Fixed-route, fixed-schedule 	Express and local service 	Buses leave busway to pro- 
feeder bus to exclusive 	on radial busways; local 	side fixed-route, fixed- 
busway station 	 service only on circumfer- 	schedule local service on 

ential busways 	 downtown streets 
Fixed-route, fixed-schedule 	Local (all stops made) rail 	Local rail rapid service on 

feeder bus to rail rapid 	rapid service on radial 	underground routes 
station 	 and circumferential lines 

Demand -responsive bus 	Express and demand- 	Demand-responsive ser- 
service to destination or 	responsive service on ra- 	vice on downtown streets 
transfer point 	 dial and circumferential 	to destination 

streets 

Special vehicle to guideway 	SPV operates under auto- 	On guideway directly to 
entrance; demand- 	 matte control on guideway 	station near destination 
responsive minibus ser- 	(nonstop): minibus oper- 
vice to destination or 	ates under automatic con- 
onto guideway 	 trol on guideway (nonstop, 

no driver) 
PRT guideway station 	Express (nonstop) PRT ser- On guideway directly to 

vice on guideway 	 station near destination 

Table 2. System service. 

Transit Use 
(percent) Avg Door-to-Door Regional Daily 

Speed (km/h) Peak-Period Time Savings 
CBD, Peak Speed on Surface Relative to 

System Daily Period Transit Region Arterials (km/h) Highway (yearn) 

Highway 4 26 14.2 27.2 25.6 - 
Comprehensive bus 9 44 19.2 25.6 25.6 -2 
Exclusive bus 8 42 24.0 25.6 27,2 -2 
Rail rapid 8 41 25.6 25.6 27.2 -2 
Dial-a-ride 13 52 24.0 25.6 25.6 -13 
Dual mode 17 61 35.2 28.8 30.4 +25 
PRT 14 53 36.8 27.2 28.8 *23 

Nntn: 1 km/h = 0.6 mph 
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Transit mode average door-to-door speed reflects 
the total travel time from origin to destination, includ-
ing all waiting, transfer, and walking time. In the high-
way system, the transit mode referred to is the limited 
bus system. The average for the dual-mode system re-
flects both minibuses and personal vehicle travel. Better 
accessibility and higher line-haul speeds permit all 
modes to increase average speed compared to the 
limited bus. 

Congestion is greatest during peak periods, and one 
measure of the effectiveness of each of these systems 
in reducing congestion is speed on surface arterials 
during peak periods. Reductions in congestion due to 
the introduction of transit systems provide benefits to 
highway as well as transit users. Systems that rely 
heavily on the use of buses on local streets have a 
lesser effect in reducing congestion than new technol-
ogy systems or highway systems. 

The travel times of the systems, reflecting both 
automobile and transit mode travel of each alternative, 
are compared to those of the highway system. The 
values given in Table 2 represent the number of years 
of travel time saved by all travelers every day. Rela-
tively small changes occur with the comprehensive bus, 
exclusive bus, and rail rapid systems. Travel by dial-
a-ride involves increased trip distances, compared to 
direct automobile trips, and the large number of small 
buses on highways contribute to congestion. Dual mode 
and PRT, being fast themselves and diverting previous 
highway users onto exclusive guideways, attain rather 
large savings in travel time—as much as 25 years saved 
every day. 

Any savings in travel time are achieved at a cost, as 
shown by data given in Table 3. The system capital 
costs range from a low of less than $100 million for 
comprehensive bus to more than $3 billion for the PRT. 
The $1.4 billion for the highway system is primarily the 
cost of constructing the 282 km (175 miles) of new free-
way. For the 2 bus systems, which operate totally on 
the street network, capital costs are predominantly 
those for bus purchase. For all other systems, the 
costs of acquisition of rights-of-way and construction 
of guideway and associated station facilities predomi-
nate. The dual-mode vehicle costs include the purchase 
of dial-a-ride minibuses and small personal vehicles, 
the latter then being rented to users. 

The same fare was charged for the same origin to 
destination trip in each system. Thus, revenues reflect 
ridership and distribution of transit trip lengths typical 
of each system. System annual net revenue is the dif-
ference between revenues and the operating costs, ex-
cluding all debt service. Figure 2 shows the annual 
capital and operating costs incurred by the system op - 
erator and the revenues for each system. The bus sys-
tems are all dominated by operating costs, reflecting 
the intensive use of labor. The remaining systems, 
which rely more heavily on automation, are capital in-
tensive. Dual mode is the only system for which rev-
enues exceed operating costs. The lowest costs are in-
curred by the limited bus system associated with the 
highway system. This system also provides the lowest 
level of service. Clearly some form of capital subsidy 
is required for all of the systems examined. 

Figure 3 shows the annual system operating and cap-
ital costs versus the modal split attained by each. The 
increasing trend shown by the band indicates that in-
creased ridership for transit is attained through in-
creased investment to improve service. 

One of the primary objections to continued freeway 
construction in urban areas is the resultant community 
disruption. Construction of the 282 km (175 miles) of 
freeway displaces almost three times as many house- 

holds as the 1320 km (825 miles) of the PRT system 
(Table 4). 

Projected tax revenue changes throughout the region 
are greatest for those systems that permit the largest 
increase in accessibility. Energy consumption and poi-
lution are calculated on an annual basis for all forms of 
transportation, except goods movement, within the re-
gion. Because of the heavy energy consumption rate of 
buses and the high level of service provided, introduction 
of the bus systems resulted in increased consumption of 
energy for regional transportation. The greater energy 
use of the dual mode and PRT systems compared to the 
highway system reflects one price paid for higher speeds 
attained. Pollution figures mirror energy use and re-
flect pollution at power generating stationary sources 
(for the electrically powered systems) as well as that 
produced by moving vehicles. 

Figure 2 shows the cash flow of the system operator—
the annual costs and revenues associated with the opera-
tion of each system. Figure 4 compares the annual in-
cremental costs and benefits to the entire region for each 
of the alternatives examined. These incremental values 
reflect the total annual capital and operating costs and 
aggregated benefits of all transportation systems in the 
region, including automobile as well as transit for each 
alternative, and are relative to the costs and benefits of 
the highway system. The total benefits are an aggrega-
tion of travel time savings, land value increases, tax 
revenue increases, and savings in household displace-
ments. Based on the assumed dollar values assigned to 
quantitative impacts, all systems except dial-a-ride 
achieved regional benefits greater than costs. Dual mode 
and PRT resulted in the largest surplus of incremental 
benefits over incremental costs, but the benefits were 
obtained at the highest costs. 

IMPLICATIONS OF THE ANALYSIS 

The analysis suggests specific areas of effective applica-
tion for each urban transportation system. That is, each 
system seems to have a given application in which it ap-
pears to be most attractive. These qualities of system 
effectiveness can be characterized by attributes such as 
trip length and service area trip density, as shown in 
Figure 5. Trips are characterized as short (neighbor-
hood, local) versus long (across the urban area). Ser-
vice area trip density varies from low (fringes between 
suburban corridors) to high (central business district). 

A highway system—that is, the automobile—is rep-
resented by the dashed line that includes all trip lengths 
and almost all service area trip density categories. In 
high population density areas where there is congestion, 
the automobile is not an effective system. Throughout 
the rest of the range it provides fast, versatile, flexible, 
door-to-door, demand-actuated, attractive service to 
those who can afford and can operate an automobile. To 
those who cannot drive, a limited bus system can pro-
vide a minimal level of service. 

A comprehensive bus network, with vehicles oper-
ating on existing streets with many stops, provides rel-
atively slow service, and, even with high frequencies, 
results in long travel times. Only in serving short to 
medium trip lengths is it able to maintain relatively ac-
ceptable trip times. Medium to high trip densities are 
required to provide adequate load factors. 

Since exclusive bus and rail rapid systems both use 
exclusive rights-of-way to increase trip speed, both re-
quire medium to long trip lengths to make this speed ad-
vantage apparent. Further, station spacing is typically 
relatively wide, essentially prohibiting short trips. At 
least a medium service area trip density is required to 
justify the cost of acquiring right-of-way and construct- 



Table 3. System costs. System 
Annual System 

Capital Cost System Capital and System Cost Annual 
Operating Operating per Passenger Net 

System System 	Vehicle Cost Cost Trip Revenue 

Highway 1400 	14' lS ii 0.30 
Comprehensive bus 70 	64 64 74 0.60 -10 
Exclusive bus 250 	63 88 120 0.90 -39 
Rail rapid 1300 	82 82 210 1.60 -33 
Dial-a-ride 130 	110 260 280 1.40 -180 
Dual mode 2400 	830 120 470 1.60 .13 
PRT 3400 	160 160 540 2.60 -74 

Note: 	All values are dollars, and all values are in millions except passenger trip costs. 

Highway and bus systems. 'Bus system only. 
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Figure 2. Annual system costs and revenues. 
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Figure 3. Annual system costs and use. 
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Table 4. System impacts. 

Annual 	Annual 
Tax 	Transporta- Transportation 
Revenue 	tion Energy 	Pollution 

Households Changes Consumption5  Generation5  
System 	 Displaced 	($) 	(p.1) 	 (Gg) 

Highway 17 000' - 15.8' 24.9' 
Comprehensive bus 20 *14 16.9 26.8 
Exclusive bus 200 *22 16.9 29.5 
Rail rapid 500 .24 15.8 25.4 
Dial-a-ride 90 .6 16.9 26.3 
Dual mode 6 100 *80 17.9 27.2 
PRT 7 000 *63 37.9 26.3 

Note: 1 .1 = 0.0009 Bta; 1 kg = 2.2 ox 

Relative to highway. 
5Goods movement not included. 
'Highway and bus systems. 

Figure 4. Annual system incremental costs and 
benefits. 
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ing exclusive guideways. At medium trip densities, ex-
clusive bus is more attractive; increased trip densities 
would tend to favor rapid rail. 

Dial-a-ride systems can operate most efficiently 
where there is relative commonalily of origins and des-
tinations for all passengers in one vehicle and minimi-
zation of diversions to accept or discharge riders. The 
longer the potential trips and the more diverse the pos-
sible origins and destinations are, the more difficult it 
becomes to achieve reasonable load factors at accept-
able frequencies. Thus, dial-a-ride appears to be most 
suited for the service of short trips in areas with me-
dium trip densities. Smaller vehicles and altered oper-
ating strategies may make the system applicable to 
lower density areas as well. With a more concentrated 
demand, the larger buses and more structured service 
of a comprehensive bus system are more economical. 

A dual-mode system incorporates exclusive guideways  

similar to those in the exclusive bus and rail rapid sys-
tems. As described above for those systems, therefore, 
it is most effective for medium to long trips. Collection 
and distribution by the small personal vehicle are the 
same as the automobile, making it applicable in low to 
medium trip density areas. The minibus operates as a 
dial-a-ride collector-distributor, making it applicable 
in medium density areas, as described above. Since dual 
mode combines a highway collector-distributor with an 
automated exclusive guideway and since it encompasses 
personal vehicles and buses, it includes many of the 
functions carried out by the other systems examined. 
Thus, dual mode is, really, a combination of systems 
and has a broader range of effective application than any 
of the other systems examined except the highway. 

The primary advantage of a PRT system is that it pro-
vides personal service from origin to destination (with 
short walks) on exclusive right-of-way. Its primary dis- 
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advantage is the requirement for the construction of 
an extensive high -capital -cost guideway. The capi-
tal costs of guideway are justified if they can be de-
frayed by heavy use of all guideway segments. Thus, 
PRT requires fairly high trip volumes, with diverse 
origins and destinations, and medium to high service 

Figure 5. Effective system performance based on trip length 
and density. 

HIGHWAY 

low 
SERVICE AREA 
TRIP DENSITY 

Figure 6. Examples of system combinations. 

area trip densities. Such concentrations, occurring in 
limited areas, make the system applicable to short to 
medium trip lengths. Because of its exclusive guideway, 
use of automation, and multiorigin to multidestination, 
demand-actuated service, it stands out from all other 
systems in its ability to handle heavy traffic in highly 
congested urban cores. 

Only a transit system combination, dual mode, made 
a relatively positive showing in this analysis. It is ap-
parent from this discussion that total urban transporta-
tion needs can best be filled by a combination of systems. 
System combinations can be chosen (Figure 5) that may 
be effective as urbanwide transportation forms. An ex-
ample is shown in Figure 6. 

For the medium density areas, a dial-a-ride system 
may be effective in providing local service as well as 
acting as a collection-distribution system for an exclu-
sive bus system operating in high trip density (radial 
and circumferential) corridors. In higher density areas, 
a comprehensive bus system may provide better circula-
tion and feeder service than dial-a-ride. 

Another possible approach is also shown in Figure 6. 
Dual-mode small personal vehicles are used for collec-
tion and distribution throughout the region, including 
fringes between suburban corridors. Dual-mode dial-
a-ride buses provide service between origin and desti-
nation pairs with sufficient demand, and single-mode 
dial-a-ride buses provide feeder service to the exclu-
sive guideway. PRT vehicles provide circulation in the 
core area and are used throughout the dual-mode guide-
way network. For trips where dual-mode (origin to des-
tination) dial-a-ride service is not warranted, the user 
can take a dial-a-ride bus to the guideway and there 
transfer to a PRT, which goes either to the destination 
or to a station at which the user transfers to another 
dial-a-ride bus for the final leg of the journey. The net-
work is as extensive as a typical dual-mode guideway 
system, with a more dense PRT network as an integral 
part in the core. The entire exclusive guideway network 
is shared by dual-mode small personal vehicles, dual-
mode dial-a-ride minibuses, and personal rapid transit 
vehicles, thus defraying the capital cost of the fixed fa-
cilities over a broad range of users. 

CONCLUSIONS 

This study provided insight regarding the relative effec-
tiveness of dual mode and other transportation systems. 
The conclusions reached are the following. 

1. Increased transit ridership is obtained when qual-
ity and level of service are increased, which, in turn, 
requires greater expenditures. In general, then, transit 
ridership seems to vary with system cost. 

2: Each transportation system seems to have a given 
application for which it appears to be most suited. These 
qualities of system effectiveness can be characterized by 
attributes such as trip length and service area trip den-
sity. 

From the results discussed above, the total ur-
ban transportation needs can best be filled by a combi-
nation of systems, each of which is used in the applica-
tion for which it is most suited. 

A dual-mode system comprising both personal 
vehicles and buses is, in itself, such a combination, 
but can also be enhanced by judicious integration with 
other modes. 
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J. Edward Anderson, University of Minnesota 

This paper discusses the possible disadvantages of a pure dual-mode system compared with captive-vehicle personal 
rapid transit systems. A way is presented for combining the desirable features of both systems in a pallet system. 

Dual-mode automated transit systems possess the im-
portant advantage that the passenger can remain in one 
vehicle from origin to destination just as in an automo-
bile. It would appear, therefore, that a dual-mode 
transit system would be ideal and that it would require 
no variation in travel behavior from the automobile. 
Dual mode not only preserves the feeling of ownership 
thought by many to be extremely important, but also 
permits one to carry one's own things in one's automo-
bile without suffering the inconvenience of transferring 
them from one vehicle to another. The advantages of 
dual mode do not come, however, without several impor-
tant disadvantages that have led many developers to fa-
vor captive-vehicle personal rapid transit. At the pres-
ent stage of development of dual mode and personal rapid 
transit (PRT), it is important that these differences be 
clearly understood and openly debated because such a 
process may save considerable funds that otherwise 
would be used to develop systems having minimum util-
ity. Some of the questions raised in this paper cannot 
to my knowledge be positively answered at present. In 
some cases additional engineering testing is needed, and 
in other cases social experiments need to be performed 
to get a better understanding of the characteristics that 
should be built into any new transit system to optimize 
its performance and minimize adverse impacts. 

In the past 5 years much of my work has been in co-
operation with social scientists. I have found that there 
is indeed a process, though much less straightforward 
than in the case of engineering analysis or experiment, 
but a process nonetheless, by which solid evidence can 
be obtained about social variables of fundamental impor-
tance in engineering design. It is important for the en-
gineer to recognize situations in which he or she should 
suppress his or her own prejudices about social phenom-
ena and learn how to arrive at conclusions about social 
variables by an objective and prejudice-free process. 

In this paper I will list and discuss seven areas in 
which I see possible disadvantages of the pure dual-
mode system as compared to captive-vehicle PRT sys-
tems. Following the discussion of these areas I will 
discuss a way to combine the desirable features of both 
systems in a pallet system. 

The term PRT is used in this paper in the sense de-
fined by the committee of the 1973 International Confer-
ence on Personal Rapid Transit. PRT vehicles hold 
three to six seated passengers with no provision for 
stándees and provide automated on-demand, nonstop  

service between a large number of stations in a network 
of slim guideways. Similar systems employing larger 
vehicles with provisions for standees and sometimes 
scheduled service are becoming know as group rapid 
transit (GRT) systems (1). 

THE VEHICLE 

Since a dual-mode vehicle is driven on both ordinary 
streets and guideways, it is inherently a more complex 
device than a single-mode vehicle and thus will probably 
be more expensive than either a PRT vehicle or an or-
dinary automobile. This means that, at a time when 
prices of new automobiles are increasing drastically, 
dual mode would be even more expensive and hence 
thought to be a luxury beyond the means of the ordinary 
citizen. This would inhibit the use of the system by the 
less affluent members of society and tend to make the 
dual-mode system more of an elitist solution to the 
transportation problem, a feature that in present soci-
etal conditions would appear to be untenable. A captive 
PRT vehicle can of course be run on a dual-mode guide-
way, and if there were no other disadvantages to dual 
mode this might be a desirable compromise. 

SUSPENSION AND TRACTION 

While operating on the street, the dual-mode vehicle 
would use wheels for both suspension and traction. 
Hence, to minimize cost, the temptation is strong to 
use the same suspension and traction systems on the 
guideway. In so doing two potential advantages of the 
captive system are lost: (a) the possibility of uncoupling 
traction from suspension and (b) the possibility of using 
a suspension system that can operate with a narrower 
guideway. The second point is discussed in the next 
paragraph. 

Traction can be uncoupled from suspension by the 
use of linear motors, such as linear induction motors 
or linear pulsed-dc motors, and permits acceleration 
and braking independent of the coefficient of friction be-
tween 

e-
tween the vehicle and the roadway. One advantage of 
this is that, since the coefficient of friction between the 
vehicle and the roadway can vary considerably under dif-
ferent weather conditions and from vehicle to vehicle, 
the problem of maintaining close headways would appear 
to be easier if traction is provided directly and electro-
magnetically between the vehicles and the guideway 
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rather than through wheels. A second advantage is that 
emergency deceleration rates higher than possible fail-
ure rates can be applied, thus permitting no-collision 
performance at very close headways (2). If the vehicles 
use wheels for suspension, a third advantage is that the 
requirement that they need not provide traction means 
that both the tires and the roadway can be made smooth, 
thereby minimizing noise. It thus appears that a 
captive-vehicle system may be designed to be quieter 
and to have fewer coffisions for a given headway and 
speed than a dual-mode system. 

THE GUIDEWAY 

As mentioned above, since a dual-mode vehicle must 
run on ordinary streets, it would have wheels in the 
four corners just as an ordinary automobile. If these 
wheels are used on the guideway for suspension, the 
guideway would have to be wider than the vehicle. On 
the other hand, if the vehicle is designed to run only on 
the guideway, it is possible to use alternate types of 
suspension that permit a much narrower guideway. 
This means that the visual impact of the captive-vehicle 
system could be significantly smaller than the dual-
mode system. Viewed from the side there will be little 
difference; however, viewed from underneath, the dual-
mode guideway would be three to four times as wide as 
the PRT guideway. 

Extensive public reaction I have obtained following 
hundreds of presentations on automated transit systems 
in many cities has led me to conclude that the visual ac-
ceptance of the overhead guideways is the most impor-
tant single factor in obtaining widespread acceptance of 
either PRT or dual-mode systems. These systems 
could of course be placed underground, but in so doing 
the cost is usually considerably greater. Before a de-
cision can be made between dual-mode and captive-
vehicle PRT, comprehensive visual-impact studies of 
both types of guideways need to be conducted, remem-
bering of course that the visual impact of either of these 
guideways is greater if the guideway is full of vehicles 
rather than empty. 

Since off-line guideways are needed for stations and 
interchanges, there must be a double guideway in many 
parts of the system. A monorail guideway, possible 
with captive-vehicle PRT, would have a width of approx-
imately 8 m (21/2  It) and would detract considerably less 
from the acceptance of the system than the guideway 1.8 
to 2.1 m (6 or 7 ft) wide needed for the duorail systems. 
Since cost is related to the volume of material in the 
guideway, it appears likely that a monorail captive-
vehicle PRT guideway would be less expensive per mile 
than a corresponding dual-mode guideway. Also, the 
monorail guideway would be less bulky and, hence, 
easier to ship and easier to erect, thus reducing the 
cost and time of installation. These considerations 
lead us to feel that it may be possible to develop a more 
extensive network of monorail captive-vehicle guideways 
than dual-mode guideways. The use of a more extensive 
network with captive-vehicle PRT would at least partly 
compensate for the need to transfer at the PRT stations 
from a street vehicle to the PRT vehicle and would make 
the automated system accessible to a wider range of 
people. 

NUMBER OF VEHICLES 

A privately owned dual-mode vehicle would be reserved 
for one individual as with an ordinary automobile. As 
a consequence, the total number of vehicles in the sys-
tem would not be reduced below that of the automobile 
system. Studies performed at the University of Minne- 

sota (3) indicate that, with a captive-vehicle PRT sys-
tem, each PRT vehicle would handle as many trips per 
day as approximately 10 automobiles because of the 
multiple use of the vehicles. 

With dual mode, this problem can be reduced if one 
thinks in terms of publicly owned, rental dual-mode ve-
hicles. In this case a person leaving work in the evening 
would go to a station area, pick up the first vehicle in 
line, cruise automatically to his exit ramp, drive home, 
park the vehicle in his or her garage overnight, drive it 
onto the system and back to work in the morning, and 
then turn it over to the system for use by other people. 
This of course eliminates any advantage that may have 
been felt for privately owned vehicles. 

VEHICLE INSPECTION 

When a dual-mode vehicle enters the automated guide-
way, there must be an inspection procedure to ensure 
that the propulsion and control systems are functioning 
normally and that the vehicle is in reliable operating con-
dition. This procedure would not detract from the dual-
mode concept if it takes little time. At present, how-
ever, there is inadequate information as to how much 
time this inspection would take. If it is not much shorter 
than the time required for a person to disembark from 
his or her automobile at a PRT station, walk to the en-
trance of the station, and board a PRT vehicle, one of 
the advantages of dual mode is lost. 

OPERATION IN DOWNTOWN AREAS 

In operation in downtown areas, there is concern that 
congestion on the streets beyond control of the automated 
system could cause vehicles leaving the system to be 
blockedand hence backed up on the guideway. This could 
of course be sensed by the guideway system so that the 
vehicles approaching such a demerge point would be 
routed to other demerge points. Thus, it is not clear 
that this would be a significant problem. 

A more significant problem is that, if private dual-
mode vehicles are used, the dual-mode vehicles would 
have to be stored in the downtown areas. This poses 
the same kind of vehicle-storage problem we have with 
the automobile system. For this reason many advocates 
of dual mode feel that the system would have no off-
ramps in the downtown area but only off-line stations. 
One would disembark at a station identical to a PRT sta-
tion, and the empty vehicle would be shunted automatically 
into a storage barn. This procedure has the disadvantage 
that the wait time for retrieving a specific vehicle would 
be considerably longer than the wait time required to 
take the next vehicle coming along. Also, the require-
ment to retrieve a particular vehicle means that the vol-
ume of the storage facility would have to be several 
times larger with a dual-mode system than with a 
captive-vehicle PRT system. 

COMPLEXITY OF STATIONS 

One would generally think of dual-mode stations as being 
able to combine the functions of handling vehicles captive 
to the guideway and dual-mode vehicles. The captive-
vehicle 

aptive-
vehicle portion of the station would be identical in geo-
metric form to the stations of a purely captive-vehicle 
PRT system. To this would have to be added ramps 
for getting vehicles from the street to the stations. Thus 
each dual-mode station would be more expensive than a 
corresponding captive-vehicle PRT station and would 
take more land. 



PALLET SYSTEMS 

Even with the indicated disadvantages, the idea of dual 
mode is appealing and should not easily be dismissed. 
More comparative analysis is needed to determine the 
extra cost and complexity of systems with dual-mode 
features, and the extra ridership that possibly could be 
attracted to the system as a result of the dual-mode fea-
ture. The ridership question is more difficult than the 
cost question and requires more comprehensive behav-
ioral analysis than has been done up to the present time. 
Behavioral analyses could lend weight to the evidence of 
the importance or lack of importance of the dual-mode 
feature when compared with features of a captive-vehicle 
PRT system. 

If after this analysis the dual-mode feature is still 
felt to be worthy of consideration, it could be developed 
without sacrificing the advantages of captive-vehicle 
PRT systems by making the unit attached to the guide-
way a pallet capable of carrying a variety of types of 
passenger and freight compartments and street vehicles. 
The pallet system looks interesting only if the evident 
increase in the total weight of the vehicle-pallet combi-
nation as a result of duplication of functions does not be-
come excessive and as long as the greater complexity 
of system operation that would result with a pallet sys-
tem remains manageable. Much more light can be shed 
on the important questions of these differences by com-
bining engineering analysis with behavioral analysis. 
Studies of this type are needed to guide development of 
captive-vehicle PRT and dual-mode systems more ef-
fectively. 
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COMPARISON OF DUAL-MODE 
TRANSIT SYSTEM WITH VARIOUS 
TRANSIT BUS OPTIONS 

John G. Lieb, Mitre Corporation 

The annual costs and level of service of a dual-mode 
transit system (DMTS) are compared with those of ex-
clusive busway bus (EBB), exclusive busway with small 
bus feeder (EBB/SBF), expressway bus (EB), and con-
ventional bus (CB) systems. Large- and small-bus ver-
sions are studied. The systems, defined for Milwaukee 
in 1990, all provide the same capacity and routes. The 
Milwaukee Dual-Mode Study base-line data are used. 
Trip time and transfer characteristics are used as mea-
sures of level of service. Construction of busways and 
creation of reserved lanes increase vehicle speed that, 
in turn, increases driver-vehicle productivity and de-
creases travel time. The use of small buses allows for 
shorter headways, more privacy, and demand-
responsive service. But small-bus operations are not 
economical unless automated operations are used. 
Transfers may have an unacceptable effect on the rider-
ship of the exclusive busway and small-bus feeder sys-
tem. 

The small-bus dual-mode system and large-bus ex-
clusive busway system are the two most comparable 
systems: Annual cost of the busway system is 21.per-
cent less, but ridership is expected to be 17 percent 
lower than that of dual mode because the dual-mode per-
ceived trip time is 27 percent shorter. The busway sys-
tem can be provided at the lowest cost, and implementa-
tion does not involve the large capital investment and 
construction impact. However, the busway system is 
only practical in cities with extensive freeway networks 
and provides an unfavorable cost growth characteristic. 

NATIONAL POTENTIAL FOR URBAN 
DUAL-MODE SYSTEMS 

Carla Heaton, Transportation Systems Center, U.S. De-
partment of Transportation 

This study determined that 44 urbanized areas account-
ing for 68 percent of the 1990 urbanized area population 
are potential candidates for urbanwide dual-mode sys-
tems. 

ys-
tems. These numbers in themselves would appear to 
justify further research and development (funded by 
federal and other sources) of dual mode. However, if 

the various constraints and assumptions used in this 
analysis were relaxed or changed, the potential market 
for dual mode would expand considerably. For example, 
if the constraint of urbanwide service with a specified 
access time were relaxed, the list of dual-mode candi-
dates would expand to include areas with a need and 
ability to pay for corridor or limited-area circulation 
systems. A different definition of the size, composition, 
and operation of the dual-mode vehicle fleet would like-
wise enlarge the dual-mode market. Perhaps the most 
far-reaching change in assumptions would be a statutory 
revision permitting a higher federal contribution to 
transit project costs. If, for instance, the federal 
government's share increased to 90 percent, even the 
small urbanized areas with relatively limited fiscal ca-
pabilities could consider dual mode as an alternative 
transportation system. Since, then, the potential mar-
ket for dual mode is even larger than that specifically 
identified in this study (i.e., more than 68 percent of 
the urbanized area population), it is considered that 
there is a strong case for continuing to explore the var-
ious technological, economic, and social issues related 
to dual mode. 

PALLET RAIL-CARRIER DUAL-MODE 
TRANSPORTATION SYSTEM 

George J. Adams, Mobility Systems and Equipment 
Company 

One solution to urban transportation problems incorpo-
rates a pallet type of rail-carrier dual-mode transpor-
tation system. This system is technically feasible and 
incorporates a fully electrically propelled and controlled 
pallet rail-carrier vehicle applying ac drive with eddy 
current clutch and brakes. Present manual mode com-
ponents of automobiles and buses require limited inter-
face equipment to operate. Automated-mode rail carrier 
permits speeds as high as 96 to 192 km/h (60 to 120 mph) 
and is applicable as a means of transportation in urban 
centers as well as between cities, and cross country. 
Pallet rail-carrier dual-mode systems open the possi-
bility of transforming present automobiles and buses 
into battery-powered units for electric propelling, which 
will help reduce considerably the hydrocarbon and nitro-
gen oxide pollution as well as assist in fossil fuel con-
servation. The rail system guideway also permits auto-
mated operation of rapid transit vehicles or incorporates 
other mass transit systems with limited additional cost. 
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Ferrying container cargo between cities or across 
countries could be performed within the system moving 
at the same high speeds resulting in an economical 
and effective distribution system throughout the country 

TOWARD DUAL-MODE USE OF 
BICYCLES IN PUBLIC RAPID TRANSIT 

David M. Eggleston, San Diego State University 

It is time to begin using the bicycle as a basic part of 
the transportation system of the United States. The 
need for improved public transportation is increasing 
daily. Because of time delays and funding limitations 
only a small part of this need can be met by completely 
new systems and guideways within the next 10 years. 
With a number of inexpensive changes the capabilities 
of the bicycle for short trips can be combined with those 
of existing (or new) public transit systems for longer 
trips. If a bicycle could be taken aboard public rapid 
transit, the speed, comfort, and safety of the transit 
vehicle could be combined with the versatility, energy 
efficiency, and door-to-door convenience of the bicycle. 
A car would then be necessary only for some trips, and 
the need for more than one car per family would be re-
duced. In this work the facilities and hardware needed 
for carrying bicycles on buses, planes, trains, and 
ships are discussed. Results of a bicycle -bus-trailer 
transportation study sponsored by the California Depart-
ment of Transportation are presented, including de-
mand analysis, prototype hardware, and operational 
experience. 

CRUSWAY 

Paul W. Howells, Edwin H. Lederer, and Robert N 
Lothes, Syracuse University Research Corporation 

CRUSWAY is a simple dual-mode transit system as per-
sonal and as convenient as the automobile. It has the 
capacity to handle downtown traffic and yet is cheap 
enough for network coverage in the suburbs. Highlights 
of its features and performance are as follows: (a) 
way—elevated, enclosed, continual flow; (b) vehicles - 
minicars to bicycles, personally owned and driven; (c) 
user spectrum—senior citizens to school children; (d) 
network spacing—i to 2 blocks in the center city and 2 
to 4 blocks in the suburbs; (e) trip speed-24 to 32 km/h 
(15 to 20 mph) compared to 16 to 32 km/h (10 to 20 mph) 
for the urban automobile and 11 to 16 km/h (7 to 10 mph) 
for bus or subway; (f) capacity-7200 vehicles/hour in a 
2.4-m (8-ft) way compared to 4000 vehicles/hour in a 6-
lane street; (g) cost—$312 500/km ($500 000/mile) or 
5 to 8 cents/passenger-km (3 to 5 cents/passenger-mile) 
with above network spacing; (h) fuel economy—about 210 
passenger-km/liter (500 passenger-miles/gal) of fuel 
at the power station; and (i) noise and pollution —negli-
gible. Because it provides a service like that of the 
automobile with far better economy, CRUSWAY has the 
potential to attract most urban travelers and ultimately 
to eliminate the automobile noise, pollution, and conges-
tion in cities and to reduce our national oil consumption 
by about 30 percent. 
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DUAL-MODE TRANSPORTATION: 
AUTO-TRAIN AND BUS-TRAIN 

David R. Miller and William H. T. Holden, Daniel, 
Mann, Johnson, and Mendenhafl 

Dual-mode vehicle transportation systems of the auto-
train and bus-train types are those systems in which 
one vehicle, adapted for highway use, and so used at one 
or both ends of a trip, is carried for an intermediate 
portion of the trip on another vehicle, which in this case 
is a railroad car designed for this use. These systems 
are of two types—those adapted to carry passenger auto-
mobiles, described as auto-train systems, and those 
adapted to carry buses and described as bus-train sys-
tems. There are two types of auto-train: those for long-
haul trips of several hundreds of kilometers in which 
passengers ride in other passenger cars of the same 
train and those for short-haul service in which passen-
gers remain in and ride in the automobiles. Bus-train 
services are adapted to some special classes of service: 
airport access, commuter service, and possibly 
moderate-distance interregional travel. The short-haul 
auto-train is principally of value as a means of travers-
ing a natural barrier, such as a mountain range or a body 
of water. Auto-trains may also have carrier cars of the 
bus type in their consist, as well as carrier cars for 
trucks. The auto-train and bus-train applications of 
dual mode offer potentials for competitive types of ser-
vice for both long- and relatively short-haul trips. 
There is an obvious weight penalty per passenger when 
a road vehicle containing the passengers is carried on 
a special railroad car. But under certain conditions, 
especially those requiring the availability of the automo-
bile at both ends of the rail link, these systems offer 
capacities greater than those possible with purely high-
way systems, and also higher speeds. The latter should 
offset loading delays. Bus-train operation similarly has 
the weight disadvantage, but provides a one-seat ride 
and can also take passengers to destinations not on rail 
lines. It may also permit passengers to be transported 
in a freight mode of rail operation. In each of these ap-
plications, the ultimate criterion is economic: the 
ability of dual mode to provide competitive service. In 
particular, dual-mode applications of this type may offer 
potentials for service in situations where it could not 
otherwise be provided. 

ESTIMATING THE LABOR SAVINGS IN 
A DUAL-MODE TRANSIT SYSTEM 

Ernest Nussbaum, Mitre Corporation 

Dual-mode transit systems will be less labor intensive 
than nonautomated bus operations because a large per-
centage of the average trip will be made on an automated 
guideway. The theoretical labor saving is given by the 
ratio (on-guideway travel time)/(total travel time), but 
the practical saving will be somewhat lower because of 
unavoidable inefficiencies of vehicle and driver schedul-
ing. To determine the practical saving achievable, data 
from the 1971 Milwaukee County Dual-Mode Systems 
Study were usdd as input to computer programs to cut 
and schedule runs to produce driver schedules consistent 
with vehicle schedules and labor agreement requirements. 
A practical saving of 58 percent could be obtainable for 
a case in which the theoretical saving was 66 percent. 
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Vincent R. De Marco, Urban Mass Transportation Administration 

This paper reviews an early study that compared dual-mode and conventional bus rapid transit and that served as 
background to a three-phase development program of the Urban Mass Transportation Administration. Phase 1 
includes system concepts and design; phase 2 includes detailed design and system performance on a test facility; 
and phase 3 includes prototype development and tests and a demonstration in an urban area. 

Dual-mode transit system (DMTS) vehicles can be op-
erated manually on streets and highways and automati-
cally on exclusive guideways. When driven manually, 
these vehicles are typically operated on routes in sub-
urban residential areas or shopping areas and in either 
a scheduled or a demand-responsive mode. When the 
driver completes the collection and distribution route, 
he or she guides the vehicle through a mode interchange 
at a guideway station and continues, operating automati-
cally, on an assigned route through the exclusive guide-
way network. These guideways are along the heavily 
traveled corridors and through the central business dis-
trict. At the completion of its guideway route, the ve-
hicle is met by a new driver who places the vehicle into 
manual operation and drives it along its next collection 
and distribution route. 

The DMTS under development is being designed for 
regionwide service in urban areas that have populations 
of more than 750,000. Such a regional system might 
have 6 major corridors, 225 lane-km (140 lane-miles) 
of guideway, 75 stations, 1000 to 2000 vehicles with a 
capacity of 15 to 30 passengers, and the capability to 
transport 10 000 passengers/h/lane and 30 000 passen-
gers at one time. 

A typical passenger trip for DMTS is as follows: At 
a preassigned time each day, Mr. Jones, a regular com-
muter, meets the vehicle in front of his home where he 
joins neighbors who are scheduled for the same general 
destination. If Mr. Jones needs to arrive earlier or 
later on a particular day, he calls the central control 
center for a trip reassignment for that day and is as-
signed to the best available vehicle that can complete 
his trip. If his new departure time cannot be readily 
matched with a vehicle headed to his general destination, 
he may have to transfer somewhere along his route. If 
so, he will experience a minimum of inconvenience, for 
his transfer is made at an enclosed guideway station 
where his next vehicle will arrive within 3 mm. 

Numerous studies have investigated dual mode as a 
transportation alternative. The conclusions indicate 
that dual mode is a feasible form of transportation. In 
1971, a study on the application of DMTS in Milwaukee 
County was performed by the Allis Chalmers Corpora- 

tion for the Urban Mass Transportation Administration. 
The study investigated the merits of dual-mode alterna-
tives and chose a bimode transit minibus because the 
technology was currently available; because the transit 
operator would have better control of the vehicles and, 
hence, better maintenance and greater safety; and be-
cause greater user benefits would occur in a shorter 
time. The study then compared, for a time period to 
1990, a conventional bus rapid transit system and DTMS. 

Conventional Bus 	 Dual Mode 

53-passenger, gas turbine bus 19-passenger, electric drive bus 
12.9 km (8 miles) of exclusive 117 km (110 miles) of guideway 
busway with manual operation with automobile operation 

Operation on primary streets Collection and distribution in 
and highways neighborhoods 

The findings indicated that DMTS provides a higher level 
of service, produces higher labor productivity, operates 
at competitive fares, has a higher flexibility and growth 
potential, obtains benefits that exceed costs, and results 
in greater attainment of regional development goals. For 
the guideway network, the study indicated that the right-
of -way could be obtained as follows: 

Area 	 Percent 

Existing freeway or street 	51 
Residential 	 19 
Railroad or utility 	 18 
Vacant 	 7 
Industrial 	 5 

The findings of the study indicated that the high level 
of service of DMTS resulted from its convenient passen-
ger access on manually operated collection and distribu-
tion routes, its short vehicle headways (during peak 
periods, headways are typically 5 to 10 min on the col-
lection and distribution routes and 5 to 10 s on the guide-
ways), the pervasiveness of its regionwide network of 
guideways, and shorter passenger trip times because of 
the high vehicle speeds on the exclusive guideways and 
the coordination of passenger-vehicle-driver movements 
provided by its central management system. Hence, 
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there was ample indication that DMTS more nearly 
matches the capability of the automobile for point-to-
point service. Further, the total cost of DMTS was 
2 5/vehicle -km (36/vehicle -mile) or 3/passenger - 
km (4.5ç/passenger-mile)  when the average load is 8 
passengers/vehicle. DMTS uses less than half the en-
ergy per passenger -kilometer that an automobile does. 

PROGRAM OBJECTIVES 

The objective of the Urban Mass Transportation Ad-
ministration DMTS development program is to improve 
the quality of urban transportation by developing a sys-
tem that has a high level of service that is competitive 
with that of the automobile. In addition, the system de-
sign must have a safe operation; short vehicle headways; 
aesthetically pleasing structures and vehicles; a favor-
able environmental impact; a high level of service for 
the youth, elderly, and mobile handicapped; the poten-
tial for orderly expansion without significant obsoles-
cense; minimum capital and operating costs; and maxi-
mum use of existing rights -of -way. We have a program 
goal to increase the capacity of 10 000 passengers/h/ 
single lane to 25 000 passengers/h/single lane. This 
can be accomplished by training vehicles, using larger 
vehicles, or decreasing headways from a 5 to 10-s 
range to a 2 to 4-s range. In addition, a goal of the de-
velopment program is to incorporate into DMTS other 
transit vehicles and privately owned passenger vehicles. 

The present DMTS program of the Urban Mass 
Transportation Administration has three phases. The 
objective of phase 1, which began in September 1973, 
is the development of three alternative design concepts. 
In parallel with this system development, UMTA is fund-
ing two DMTS planning case studies to determine sketch 
planning methodology and implementation strategies. 
Phase 1 system development contractors were given 
specific performance guidelines and requirements to 
meet in developing their system concepts, but were per-
mitted a broad choice of design detail. The technical 
requirements given were related to safety; availability; 
environmental considerations; system capacity; com-
mand, control, and communications; vehicle, station, 
and guideway; degraded operations; and capability to 
expand with urban growth. 

CONCEPT DESCRIPTIONS 

The three system concepts of phase 1 are being de-
veloped by General Motors Corporation, Rohr Industries, 
and Transportation Technology, Inc. A brief introduc-
tion to their proposed concepts follows. 

The General Motors design uses a 17-passenger bi-
modal bus that is propelled by an internal combustion 
engine both on and off the guideway. This bus design 
is similar to the GM motor home vehicle. The bus in-
corporates a peripheral seating arrangement with pro-
visions for a wheelchair and an elevator-door mecha-
nism to accommodate wheelchair entrance. On the 
guideway, the bus uses an electronic lateral guidance 
system. 

The Rohr design uses a 21-passenger bimodal bus 
that is propelled by a diesel engine both on and off the 
guideway. On the guideway, the bus uses side wheels, 
for its mechanical lateral guidance. The bus has a con-
ventional seating arrangement with provisions for a 
wheelchair and a ramp to accommodate wheelchair en-
trance. 

The TTI design uses a transporter chassis that can 
accommodate a pallet that will support a conventional 
minibus or automobile. The transporter chassis also 
accommodates a personal rapid transit body or a freight  

container. The transporter chassis uses an air-cushion 
suspension system and an electric linear induction motor 
propulsion system. A typical suburban station might 
have a station bypass lane and berths where vehicles can 
be mounted onto pallets for automatic operation. TTI 
has an option in its system concept that permits a bi-
modal electric bus to operate directly on the guideway 
without the need for a transporter. Off guideway, the 
bus is operated from batteries. 

PHASE 1 REQUIREMENTS 

Phase 1 contractors were required to deliver documen-
tation that included system specification, phase 2 per-
formance and test specification, safety and operation 
plans, cost analyses, design study reports, phase 2 pro-
posals, and scale models of the vehicle, station, and 
mode interchange. 

Design studies performed in phase 1 include 

Cost analyses; 
System capacity growth, including headway - 

reduction techniques; 
Station and guideway design; 
Vehicle speed and range; 
Vehicle communications; 
Vital safety functions including identification of 

hazards and analyses of preliminary failure mode and 
effects; 

Degraded operational modes; and 
System availability and the effects of delays due 

to equipment failure. 

PHASE 2 REQUIREMENTS 

It is planned that one of the phase 1 system development 
contractors will be selected to complete the concept de-
sign. In phase 2, that contractor will 

Produce a detailed design with the objective of 
demonstrating system feasibility; 

Construct a test facility at the high-speed ground 
test center in Pueblo, Colorado; 

Perform tests to evaluate the system performance 
in parallel with the hardware development; 

Perform computer simulations to determine and 
demonstrate the system performance of a regional DMTS; 

Perform studies and analyses to determine the 
methodology required to expand the results of phase 2 
to meet the requirements of a regional DMTS; 

Study the methodology and the design requirements 
for incorporating small passenger vehicles into a DMTS 
with a mixed vehicle fleet; and 

Demonstrate the compatibility of the design for 
mixed -fleet operation by suitably modifying an automo-
bile and performing operational tests of mixed-fleet op-
eration at the test facility. 

The planned phase 2 test facility will contain five ve-
hicles, line-haul loop and a CBD loop with a total of ap-
proximately 5 km (3 miles) of single-lane guideway, 
multiberth station, mode interchange facility, control 
center, maintenance facility, portion of the guideway 
that is elevated, and portion of the guideway that is at 
6 percent grade. 

In phase 2 the contractor will deliver the following 
documentation: test implementation plan, safety plan, 
quality assurance and configuration management plan, 
fabrication and product specifications, operations and 
maintenance manual, tests and management simulation 
reports, and updates of the major phase 1 documenta-
tion. 



PHASE 3 REQUIREMENTS 

Phase 3 depends on the success of the results of phase 
2. The objeátives of phase 3 may involve prototype de-
velopment and tests or urban demonstration or urban 
deployment. 

DOMESTIC MARKET POTENTIAL 
OF DMTS 

in my opinion, a useful criterion of market potential for 
DMTS is any area with a population of more than 750 000 
and a population density in the central city of more than 
2300 persons/km2  (6000 persons/mile2). With this cri-
terion, the following 20 urban areas would be appli-
cable (this list does not include those cities that have 
or are building rail rapid transit systems): Anaheim 
and Orange County, California, Buffalo, Cincinnati, 
Columbus, Dayton, Denver, Detroit, Indianapolis, Los 
Angeles, Louisville, Miami, Milwaukee, Minneapolis 
and St. Paul, Newark, Paterson and Passaic, Pitts-
burgh, Rochester, St. Louis, San Jose, and Seattle and 
Everett. 

If the criteria of market potential are broadened to 
include areas with a growth rate greater than 30 per-
cent between 1960 and 1970, then the following seven 
areas would be applicable: Dallas, Fort Worth, Houston, 
Phoenix, San Bernardino, San Diego, and Tampa. 

The implementation of DMTS in these urban areas 
might follow a logical technology evolution from con-
ventional bus to dial-a-ride bus, bus priority traffic 
signal control, freeway-access ramp metering, 
freeway-dedicated bus lanes, central vehicle-driver-
passenger management, guideway automatic vehicle 
control, and DMTS. 
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H. Blair Tyson and Frank P. Caiati, Transportation Systems Division, General Motors Corporation 

General Motors has completed the concept feasibility study and preliminary design of a dual-mode transit system. 
The basic system involves a modified version of the GMC motor home operating off  the guideway in a relatively con-
ventional manner and on the guideway in an automatic mode with both lateral and longitudinal control effected by 
communication signals from a buried wire loop. System operation will be 25 mIs (82 ft/s) in corridors and 12 mis 
(39 ft/s) in the central business district. Communication is accomplished off the guideway through ultrahigh fre-
quency equipment and on the guideway principally through a very low frequency and low frequency link. Principal 
modifications to the vehicle are required to accommodate load changes due to the 17 seated-passenger capacity, a 
unique positive switching device, and an electric propulsion unit added to the primary internal combustion engine. 
The propulsion system combination provides for backup redundancy as well as acceleration boost allowing reduc-
tion in kilometers of guideway. Representative approaches to guideway and station design have been developed to 
the preliminary design stage; however, site-dependent considerations will determine detailed design. Station con-
figurations incorporating mode-interchange facilities, 2 to 5-berth sawtooth platforms, and accommodations for 
processing as many as 3200 passengers/hour have been studied. Concentration in these areas has been on cost 
minimization. Preliminary analytical wOrk on control and scheduling development confirms the feasibility of 
the system approach. 

The dual-mode transportation system (DMTS) concept 
has long been of special interest in the planning for 
future transportation needs at the General Motors Cor-
poration, for DMTS represents the logical marriage of 
automatic and manual control of vehicles and is a first 
step toward the automatic highways of the future. Evo-
lution of a dual-mode system, partially funded by the 
U.S. Department of Transportation, allows one facet of 
the total dual-mode concept to be developed into an op-
erating system. Particularly, the improved service 
level offered by DMT can be the key to real ridership 
increases, thereby alleviating the urban congestion 
problem that now exists in most major cities. Fast, 
comfortable, predictable service is the combination 
that will attract new riders, not from other existing 
transit modes or on a novelty basis but from the habit-
ual core of normal rush-hour workday automobile trips 
that constitute the bulk of the congestion problem. Gen-
eral Motors has been engaged as one of three competing 
contractors in the development of the dual-mode concept 
design. Though considerable work remains to be done 
in subsequent phases, an attractive yet practical, de-
pendable yet flexible, and efficient yet reasonably 
achievable system has emerged. 

Practically all public transportation systems, if 
they carry a sizable percentage of the repetitive auto-
mobile trips that now account for a large segment of the 
vehicle-kilometers in urban areas, will relieve conges-
tion, emission, and energy problems. Discussions on 
absolute values of each solution tend to be subjectively 
weighted, often subconsciously, toward support of the 
reviewers' particular system. Probably more impor-
tant considerations are the practicality and the avail-
ability of a particular approach, presuming it can be 
attractive. We maintain that the system concept whose 
development status is described briefly in the following 
pages offers a unique combination of these attributes. 

OVERALL SYSTEM DESCRIPTION 

The GM dual-mode system incorporates a modification 
of a 7.9-rn (26-ft) GMC motor home into a 17-passenger 
bus, operating conventionally on existing streets for off-
guideway passenger pickup and in a noncontacting wire-
following mode for guideway operation. A multilevel 
computer and communication system uses both ultrahigh 
frequency for radiating off -guideway communication and 
very low frequency for dependable noninterfering com-
munication through the buried wires on the guideway. 
The system operates in a synchronous-slot longitudinal 
control mode at approximately 5.7-s headways at corri-
dor speed to satisfy the required theoretical capacity and 
brick-wall stopping criterion. The latter, of course, 
needs to be relaxed before full system potential in traffic 
densities can be achieved. A summary of system char-
acteristics is given in Table 1. 

SYSTEM CONFIGURATION 

A baseline system network was supplied for study pur-
poses in phase 1. GM evolved typical scenarios for sys-
tem evaluation and prepared typical demand model data 
consistent with theoretical capacities, which were then 
used in dynamic simulations, cost analysis, station-
sizing analysis, capacity and headway studies, and guide-
way design studies. Results of these investigations have 
been reported in detail to UMTA and are implicit in the 
equipment concept described in later sections of this re-
port. 

Typical corridoi' and CBD arrangements were devised 
from the initial system requirements of the phase 1 con-
tract. For some of the aforementioned studies, rigidly 
symmetrical networks could be used, but concern for 
practicality led to the attempt to apply the DMTS concept 
to a specific urban area. A natural candidate, because 
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of its proximity, size, and lack of existing regional 
transportation systems, was the Detroit metropolitan 
area. Figures 1 and 2 show the corridor and CBD ar-
rangements that evolved. The extent of the phase 1 
study did not require, nor did time allow, study of the 
detailed needs of the area and approaches for meeting 
those needs. Rather, the concentration was on the fea-
sibility of an overlay of the DMTS on the area. 

One of the critical observations made of DMTS is 
the value of replacing drivers for a relatively short trip. 
Although arguments relative to anticipated inflationary 
effects of labor costs can be treated in the cost analysis, 
Figure 1 shows that a 16-km (10-mile) corridor, in the 
case of a moderately large city, is scarcely half of the 
1980 corridor need and probably a fifth of the length of 
the network corridor needed for the metropolitan area 
anticipated in the 1990 period. If one assumes the ad-
dition of circumferential networks (also shown in the 
figure) and that longer trips are more advantageous to 
a driverlesS system, then the dual-mode system in mod- 
erate to large cities, especially those still expanding, 
becomes increasingly attractive. 

Major concerns in application of any new transit sys-
tem are urban upset and cost. Installation of a rela-
tively high-speed system, i.e., approximately 12 m/s 
(39 ft/s) in the CBD, in other than the expensive sub-
grade configuration is generally expected to cause con-
siderable devastation to the urban fabric. Our applica-
tion studies indicate that realistic systems can be ac-
ceptably integrated in the urban scene. Figure 2 shows 
an arrangement of a two-way loop and two one-way 
transverse sections, configured to existing streets and 
architecture, which would serve this entire area with 
average walking distances of approximately 150 m (500 
ft). Though all necessary constraints were not rigor-
ously applied (for example, no investigation was made 
of utility rearrangement needs), a system of this type 
could be designed with an acceptable impact. In fact, 
preliminary studies indicate that the establishment of 
station areas could be less disrupting if existing park-
ing facilities are used as sites for downtown stations. 
The shaded areas shown in Figure 3 are parking facili-
ties in the Detroit CBD. The reference circle around 
the station in the upper left area of Figure 2 has a 305-
m (1000-ft) radius indicating that CBD coverage for a 
city as populous as Detroit can be achieved with a rea-
sonable number of stations. 

Off-line stations are used to achieve an acceptable 
system capacity; however, guideway length increases 
as a result. To minimize this effect, on-guideway ac-
celeration and the capabilities of a secondary electric 
propulsion system are part of the system concept. 

VEHICLE 

The vehicle used in the GM dual-mode system is a mod-
ification of the concept currently in production at GM 
for commercially available motor homes. A standard 
motor home drive train incorporating a production 194-
kW (260-hp) internal combustion (IC) engine features a 
front wheel drive allowing a lower floor and a lower 
center of gravity. A wide-track, 3-axle arrangement 
gives the vehicle greater stability, easier handling, and 
a smoother ride than conventional dual-axle design. An 
air suspension system with automatic height adjustment 
increases passenger comfort. The model used for the 
DMTS is about 8 m (26 ft) long and 2.5 m (8.2 ft) in width 
and height with a gross vehicle weight of 7300 kg (16 094 
lb). This exceeds the expected gross weight for the 17-
seated-passenger configuration envisioned for the sys-
tem, allowing growth to a larger system capacity at the 
option of a particular operating property. Figure 4 

shows an exterior view of a vehicle, and Figure 5 shows 
the interior seating arrangement including the optional 
accommodations for a wheelchair passenger. Signifi-
cant redesign of critical components is necessitated by 
the rigid safety requirement imposed on an automatic 
system. Among these are the modifications required 
for steering, propulsion, and braking systems to in-
corporate redundancy and fail-safe requirements as 
well as to allow the automatic control system to oper-
ate. 

Two major changes in the overall vehicle configura-
tion exist in the areas of propulsion and positive switch-
ing. First, the propulsion subsystem will be a combina-
tion of the production internal combustion engine as a 
primary power plant, and a battery electric drive as the 
secondary power source. The IC engine will drive the 
front wheels in the arrangement used in the production 
motor home, while the electric drive will power the 
rearmost wheels as shown in the chassis arrangement 
(Figure 6). The secondary propulsion system, consist-
ing of two chassis-mounted 26.1-kW (35-hp) electric 
motors and powered by a high-voltage (240-V) battery 
pack, will function in several modes. In case of a pri-
mary propulsion system failure, a speed of 12 m/s (46 
ft/s) can be maintained within system nominal conditions. 
This speed allows full performance operation in the CBD 
area where system blockages are most critical. This is 
also a reasonable speed for removal of the vehicles in 
corridor areas and will minimize system down time 
after this type of failure. In addition, the backup pro-
pulsion system augments the primary power capability 
when required on or off the guideway, for example, to 
reduce required acceleration lane length in the severe 
combinations of 6 percent grade and 48 km/h (29.8 mph) 
headwind, which are system operating extremes, and 
for off-guideway, low coefficient of friction surfaces. 
Figure 7 shows the operating range for the propulsion 
combination. The propulsion system, which includes 
both primary and secondary sources as well as braking 
and steering, is under control of the vehicle computer. 

Also shown in Figure 6 is the conceptual drawing of 
the vehicle-mounted portion of the positive switching 
mechanism. This device consists of a single arm that 
is mounted below the vehicle and engages a slot in the 
guideway. It is retractable for off-guideway use and, 
although always extended for guideway operation, only 
affects the vehicle movement in case of a failure of the 
primary lateral guidance system at a switching area. 
The mechanism consists of a pair of rollers on an arm 
suspended from a transverse shaft mounted near the 
center of gravity of the vehicle. When the vehicle ap-
proaches a switching point, the arm is driven along the 
shaft to a biased position such that, if the lateral guid-
ance system fails, the rollers will ride along the proper 
leg of the slot and force the vehicle into the desired path. 

Brake, steering, and suspension systems have all 
been modified from the production motor home systems 
to accommodate dual-mode requirements, particularly 
the fail-safe characteristics of vital functions. Brake 
systems, in particular, incorporate a split-system de-
sign with full redundancy through the wheel cylinders. 
One redundant pair of elements, including master cylin-
der hydraulic lines, brake cylinders, and controllers, 
controls the front brakes, and a second redundant set 
controls the four-wheel rear braking. 

Figure 8 shows the cab area of the DMTS vehicle. 
The front compartment of the vehicle is isolated by en-
closure panels and a sliding door in order to protect the 
controls area from access during guideway operation. 
It is necessary to neutralize the driver controls as well 
as to provide a secure area in the right front of the ve-
hicle for the automatic control equipment. During guide - 
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Table 1. Characteristics of 
system elements. 	

Element Characteristic Amount or T;; 

System Headway, a 5.68 
Operating speed, km h 

Corridor 40.2 
Central business district 19.3 

Theoretical capacity 
Seats per lane-hour past a selected point 10 800 
Seats in operation at one time 30 000 

Actual capacity, passengers per lane-hour 2500 to 7500 
Vehicle Capacity, seated passengers 17 

Propulsion 
Primary Oldsmobile Toronado drive train 
Secondary Electric motors, battery powered 

Deceleration rate, g 
Service 0.225 
Emergency 0.525 

Braking, steering, and suspension systems Split and redundant 
Communications Off guideway UHF5  

On guideway VLF and LF, kHz 18, 29, 48 
Command System management computer Passenger and vehicle assignment 

Sector control computer On-guideway vehicle management 
Vehicle control computer Vehicle control 

Control Lateral, wire following (1 of 2 frequencies) 
Longitudinal 

Benchmark magnets at intervals, m 12.5 
Absolute position at intervals, m 500 

Guideway Above, at, and below grade 
U-shaped 
Interior curbs for vehicle containment 
Precast, prestressed concrete beams 
Nominal elevated span, m 25 
Superelevation, mac 0.12 

Stations Capacity 
Vehicles per hour 320 
Passengers per hour 2000 to 3000 

Berths per platform (sawtooth form) 2 to 4 
Merge lane lengths, m 

Corridor 340 
Central business district 160 

Diverge lane lengths, m 
Corridor 190 
Central business district 80 

Note 	1 m 	3.28 ft:  1 km/h 	0.62 mph. 

lncludasg alternate wheelchair position. 	°Number of channels dependent on system size. 

Figure 1. System network in the Detroit metropolitan area. 
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Figure 2. Loop in Detroit central business district. 

' 	 /'• 
rJOB

div 
4. 

t 	
.2 J -1  1h2 i". 	Fnr._i' 

/ I 

L.fr' 

Ufl 

rl 	] 	 El .  

r: 	 4< 	L9 

F 'H 	fl 	. 	 1 L. 4WNU 	LJLL 
Hr F 

53ç j 

C. 	 - 



1 
0 

Figure 3. Parking areas in central business district. 
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way operation, all of the equipment is operative but 
isolated from access except for the steering wheel. 
Since steering wheel motion is likely to be disconcert-
ing to the passengers and also provides a less predict-
able inertial element to the control system, the spline 
shaft will be disconnected. Figure 9 shows the combi-
nation door and step mechanisms, which can be varied 
in height to provide level station exit, a step for curb-
side operation, and a street-level elevator position to 
accommodate the handicapped. A minimal amount of 
ticketing and fare collection equipment will be provided 
on the vehicle and will be used primarily for trips that 

Figure 7. Propulsion operating range. 
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Figure 8. Cab area details. 

Figure 4. Dual.mode vehicle exterior. 
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begin and end in dial-a-bus zones. Figure 8 shows the 
small window to the right of the driver compartment 
door, where boarding passes are issued and fares are 
collected into a locked vault when necessary. 

Interior features are intended to provide the passen-
gers with a pleasant, comfortable ride. Air condition-
ing, large window areas, and comfortable, personalized 
but transitworthy seating are planned. 

COMMAND, CONTROL, AND 
COMMUNICATIONS 

The control method used in the General Motors DMTS 
is based on a wire-following technique in the automatic 
mode; several VLF and LF transmission frequencies 
are used for communication, lateral control and longi-
tudinal command, and position information transfer. 
Buried antenna wires run the entire guideway length 
along either side or both sides of the center trough, as 
needed. To break the antenna length at reasonable in-
tervals for ratio interference control purposes, antenna 
loops are laid in 510-m (1673-ft) lengths. A vehicle 
moving along the guideway zeroes its error signal from 
an antenna bank mounted on the vehicle perpendicular to 
the length of one of the buried wires. Nominally, every 
500 m (1640 ft), a 10-rn (32.8-ft) longitudinal overlap of 
coverage occurs; after acquiring the signal from this 
second wire in another set of antennas tuned to a second 
unique frequency, the vehicle control system is allowed 
to switch its lateral control reference. Obviously, since 
the antenna sets and guide wires are laterally displaced 
the proper distance with respect to the vehicle center-
line, no lateral displacement of the vehicle occurs. At 
a switch point, either for route switching or for station 
entry diverging, the wire configuration is arranged to 
allow the vehicle to select the proper switching path as 
commanded by the sector control computers. As shown 
in Figure 10, each antenna combination is a collection 
of phase-sensitive devices whose signals, when collec-
tively decoded, indicate the deviation of the vehicle from 
its nominal path, producing an error signal that the con-
trol system nulls to achieve the proper path. 

Longitudinal control of the vehicle (shown in Figure 
11) is achieved by a combination of equipment on and off 
the vehicle. The vehicle is synchronized with the sys-
tem time reference upon entry to the automatic system. 
The system management computer keeps track of the 
passage of imaginary blocks of space along the system 
routes as a function of time. After a particular vehicle 
has been assigned to one of these slots, pertinent infor-
mation on its scheduled trip segment is transferred to 
an appropriate sector control computer, which manages 
traffic in real time along a portion of the system. This 
sector might be defined by guideway distance, switches, 
merge or diverge segments, or stations. The sector 
computer transfers information to the vehicle through 
the buried cables, which allows on-vehicle knowledge 
of desired position as a function of time. Among the 
succession of incremental magnetic benchmarks, which 
are set into the guideway at 12.5-rn (41-ft) intervals, are 
unique markers occurring in the overlap area for the 
two buried cables. At this unique benchmark the system 
and vehicle trade identification, allowing the absolute 
position of the vehicle to be established. Each succes-
sive incremental marker allows an update of vehicle po-
sition. System control, however, requires a more pre-
cise knowledge of vehicle position. To accomplish this, 
wheel speed sensors, which also provide traction con-
trol information, are used to update position versus 
time on a continual basis along the entire route. 

Other data are also transmitted to the vehicle as part 
of the interface message structure. Door commands  

for station operation and system control modification in-
struction, such as direction on which control wire to fol-
low at a demerge to accommodate scheduling require-
ments, are typical of this information. 

UHF communication equipment is also incorporated 
into the dual-mode system. In off -guideway operation, 
driver instructions from the system are transmitted to 
adjust routing or identify passengers. In on-guideway 
operations, the UHF equipment is used to provide emer-
gency communications in the event of on-board incidents, 
vehicle failure, or system problems affecting scheduled 
operation. A noninterfering geometry of frequency 
coverage adapted to local conditions is used to accom-
modate anticipated load. 

A hierarchy of processing equipment exists in the 
DMTS, as shown in Figure 12. At the highest level, the 
system management computer operates on requests re-
ceived through telephone operators, subscriber lists, 
historical data, and automatic ticketing machines to 
schedule vehicles into the system (both for dial-a-bus 
and automatic operation) and passengers into the vehicle. 
Slot information, relative to the passage of slots and 
their occupancy by specific vehicles, is maintained in 
the management computers. The management computer 
also assigns passengers and monitors entry and egress 
from the vehicles through turnstile equipment to ensure 
a seat for every passenger and to limit access to a par-
ticular vehicle only to scheduled passengers. Fare 
structures and computations are accomplished by the 
management computer using stored data or ticketing 
machine inputs. Depending on operating policy, account-
ing usage and revenue information are also maintained 
in the management computer. 

The second level of processing equipment in the sys-
tem is the sector controller. At a mode interchange, 
the sector controller operates the vehicle through its 
initial entry into the system at the diagnostic bay. Then 
it commands the vehicle through its merge with vehicle 
traffic already extant on the guideway or through its di-
verge into a platform berth, if required, to pick up pas-
sengers arriving at the station by other means. The 
sector controller, after interchanging information with 
the management computer, which assigns a vehicle trip 
to a particular slot, finally determines the launch of the 
entering vehicle and thus allows it to merge after partial 
acceleration. The sector controller also monitors ve-
hicle performance in maintaining position during its pas-
sage either to its next main-line departure point or to 
the sphere of influence of the next sector computer along 
the system path. 

The last of the elements in the processor hierarchy 
is the vehicle processor. Along with controlling accel-
eration and deceleration to maintain proper position 
during launch, merge, demerge, and constant speed 
segments, the vehicle processor also monitors vehicle 
diagnostic sensors, operates traction control devices 
during acceleration and deceleration, and exchanges 
data with the sector controller for performance verifi-
cation. Antilock braking is controlled by the vehicle 
processor both on and off guideway. Steering is fully 
controlled by the vehicle processor on-guideway but re-
verts to a standard power steering mode off -guideway. 

Several smaller processors are included in the con-
trol system equipment, which provide independent mon-
itoring for safety assurance. At all merge points, a 
set of passive, vehicle passage sensors operate in a 
logical "flip-flop" manner to ensure that, when a vehicle 
is in one of the merging links, other vehicles are com-
manded to remain out of the second merge link. This 
action is controlled by a second processor also as sim-
ply mechanized as possible to ensure greatest reliabil-
ity. If the modulating information is removed from the 
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carrier signal on the buried communication loops, in-
truding vehicles are stopped. 

Since much of the system safety responsibility and 
availability potential depends on the automatic control 
system, substantial redundancy and cross checking per-
vade the design. The system management computers 
are fully redundant, for the loss of this function would 
require complete system shutdown. Safety is not ad - 
versely affected by this loss, for the sector computers 
control the system to a safe stop; however, system 
availability would be severely affected by anything other 
than a negligible frequency of occurrence. The sector 
computers operate in pairs; each has primary respon-
sibility for one sector, yet has monitoring and full take-
over control for the functions of its mate. Redundancy 
of VLF and LF antennas and receiver-transmitters as 
well as of actuators and electronic drivers is also pro-
vided. In addition, since redundancy does not normally 
improve safety performance of controllers, cross 
checking and monitoring by the various process levels 
and built-in reasonableness checks are used. 

GUIDE WAY 

The cross section of a typical elevated guideway section 
is shown in Figure 13. The basic guideway running sur-
face is formed by two symmetrical segments, which can 
be precast for elevated sections but can be poured in 
place for on-grade lengths. The slot extending down the 
center of each lane for the full guideway length is re-
quired to accommodate the mechanical arm that ensures 
positive switching in the event of the loss of primary 
lateral guidance control at the switch areas. At other 
than switching areas, containment of the vehicle is ef-
fected through the use of curbs, which are shown in the 
figure along the side of the running surface. For fur-
ther protection of the vehicles, side walls or rails are 
provided along the guideway length to ensure contain-
ment of the vehicles in the guideway envelope if, for ex-
ample, a rollover should occur. The walls further 
serve to reduce noise and minimize entry of extraneous 
material to the guideway. 

In an automatically controlled system of the length 
anticipated for reasonable DMTS installations, environ - 
mental conditions would be extremely difficult to moni-
tor to the extent necessary to guarantee proper track 
performance throughout the entire system length. 
Clearly, even intermittent loss of traction (for example, 
a single ice patch or a snowdrift on a curve) could cause 
considerable damage and stop service in a transit sys-
tem of this type. Since monitoring equipment is not now 
available that would allow us to modify speeds according 
to widely varying road conditions, the generally accept-
able solution in this case is to provide for melting ice 
and snow and draining the water. Studies were per-
formed for the GM dual-mode system on guideway snow-
melting and drainage techniques. Figure 13 shows a 
heated-liquid, snow -melting system just under the run-
ning 

un-
fling surface. This technique proved to be the most 
economical, both in cost and energy consumption. 

The center slot, which is included to accommodate 
the positive switching mechanism, is also expected to 
include water collection and drainage facilities. This 
should ensure that rapid drainage occurs, obviating 
both the refreezing and hydroplaning problems that 
would otherwise result. 

Alongside the center on either side are the buried 
cables used for command, control, and communication. 
One segment of the loop appears just below the running 
surface. At loop ends a vertical or horizontal run re-
moves the closing segment of the loop from the vicinity 
of the vehicle to minimize interference problems. 

Though the backup mechanical guidance is only intended 
for use in the positive switching areas, a slot is provided 
throughout the length of the guideway to minimize the en - 
gage and disengage operations. The slot is made as wide 
as possible while still allowing full, free movement of 
the vehicle in its allowable lateral track. This allows 
elimination of as much material as possible from the 
supported elevated structure. As the vehicle approaches 
the switching area, the slot is narrowed in width and 
split into through and diverge segments. This occurs 
sufficiently in advance of the actual switching barrier so 
that, if failures occur in both the primary guidance and 
the mechanical switching device, safe stoppage of the 
vehicle can still be effected. 

STATIONS 

Two general categories of stations are anticipated for 
the dual-mode system: (a) a corridor station that in-
cludes passenger -processing facilities and a mode in-
terchange for entering vehicles and (b) a CBD station 
that has no mode -interchange capability. No more than 
every other vehicle may enter a particular station. This 
allows a station with three or four berths to handle more 
than 300 vehicles/h depending on the efficiency of 
vehicle -processing time through the station. Figures 
14, 15, 16, and 17 show typical functional areas of a 
corridor mode -interchange station. With careful design, 
even a relatively large demand station can be configured 
in a reasonable area. In this typical design the mode in-
terchange, including entering diagnostic and departure 
lanes and ramps, is located in the lower level. The 
station passenger entry is also on the lower level, which 
has accommodations for kiss-and-ride, bus, and walk-
in passengers as well as ticketing and fare-collection 
machines (Figure 15). Figure 16 shows the mode-
interchange area of the station. Figure 17 shows the 
berthing and platform areas on the upper level, includ-
ing passenger information displays, waiting areas, 
transfer equipment, and vehicle guideway lanes. Some 
measure of station requirements can be derived from the 
following sizing elements. Two to four-berth stations 
that can process as many as 320 vehicles/h and 2000 to 
3000 passengers/h and diagnostic bay facilities that can 
process 180 vehicles/h could be included in a station that 
with mode -interchange facilities would occupy approxi-
mately 8094 m2  (2 acres). CBD stations, generally one-
lane arrangements not requiring a mode interchange, 
can process the same number of passengers in less than 
half the area. 

STUDY RESULTS 

A number of studies were conducted to establish reason-
able functional concepts for system operation, for ex-
ample, the establishment of vital functions, safety phi-
losophy, and maintainability goals, including the basis 
for failure mode and effects analysis. In addition, a 
number of studies were able to establish quantitative 
values for system parameters such as headways, par-
ticularly as applied to the fully deployable system. A 
study was conducted to evaluate the achievable avail-
ability goal that could be applied to the full system. A 
tentative goal was selected. After apportionment of re-
liability and maintainability budgets was made, the 
projected system availability was calculated. Several 
iterations of this technique and reconfiguration of hard-
ware were attempted when it was evident that a signifi-
cant gain could be attained. For the assessed reliability 
and maintainability goals, the projected system avail-
ability became 99.8 percent. An example of the iterative 
nature of the process is the reconfiguration that occurred 



Figure 12. Hierarchy of processing equipnlent. 
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Figure 15. Kiss-and-ride area. 
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Figure 10. Lateral position sensing. 

Figure 11. Longitudinal position sensing. 

for the propulsion system. Originally, it was expected 
that a backup propulsion system would be needed to op-
erate the system, Since the potential of system shutdown 
due to a failed vehicle seemed intolerable. The cost of 
a secondary propulsion system was then evaluated, and 
its removal was considered as a cost-effectiveness mea-
sure. In the design process it became evident that the 
standard motor home IC engine might not be able to ac-
cominodate the system extremes in grade and headwind 
that were specified. Estimates of guideway costs indi-
cated that adding additional lane-kilometers for accel-
eration with less propulsion capacity could ouhveigh the 
cost of added vehicle equipment even on a large comple-
ment of vehicles. Finally, the vehicle configured with-
out secondary propulsion system did not offer the reli- 

Figure 14. Dual-mode transit system station. 

Figure 13. Typical guideway cross section. 
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Figure 17. Platform area. 

ability necessary to achieve the projected availability 
goal. The consequence of all of these separate factors 
led to the final configuration, which was described 
earlier in the paper. 

Station sizing studies were made to establish planning 
figures for required area and system throughput. The 
system headway philosophy combined with a desire for 
minimum deceleration lane length led to a system op-
erating decision that, at most, every other vehicle slot 
could be emptied into a particular station. With reason-
able vehicle delays at the station, estimated station 
sizes of two to four berths were derived. A station 
with at least three berths will process 320 vehicles/h. 
Similarly, station passenger processing requirements 
were analyzed and reported. Typical throughput of 
2000 to 3000 passengers/h could be accommodated with 
a reasonable station size and number of ticketing ma-
chine positions. These analyses are interdependent as 
well as site dependent. Relative to station capacities, 
only typical configurations can be described, since spe-
cific design is also site dependent. 

An extensive study was conducted to determine pro-
jected system costs for a full-scale, deployable system 
in a medium to large-sized city based on the referenced 
system configuration that was developed from the guide-
lines supplied by UMTA. Although an exact cost of a 
system is meaningless without site-dependent assump-
tions, the intention of the cost study was to scale sys-
tem cost in such a way that variations from the basic 
reference parameters of the system could be estimated 
by planners considering the dual-mode system as one 
of the transit options for a particular location. It is ex-
pected that a study of this sort becomes a dynamic docu-
ment throughout the development life of the program, 
becoming more valuable to the planners as the system 
concepts develop and evolve. Estimates were made 
subject to the study assumptions. For example, land 
acquisition costs were not included in the study, and 
system loading figures cannot be verified until complete 
network simulations are prepared in phase 2. Under 
the conditions of the study, a system capital cost of ap-
proximately $350 million was determined for a system 
including 225 route-km (140 route-miles) of guideway, 
an operating fleet of approximately 2300 vehicles, 50 
corridor and CBD stations, and ancillary facilities. 
Also, an economic fare of 66 cents and operating costs 
of 48.5 cents/vehicle-km (78 cents/vehicle-mile) and  

3.9 cents/passenger -km (6.3 cents/passenger -mile) 
were estimated. 

PROGRAM STATUS 

We are completing the concept definition phase of the 
dual-mode program. The concept feasibility has been 
evaluated with the conclusion that the dual-mode concept 
is a potentially competitive system offering significantly 
more attractive service and therefore presumably having 
wider potential clientele than do existing systems. Hard-
ware proposed for the system has not been designed in 
detail or tested as yet. In addition, extrapolation of 
small-scale system concepts into a full-scale system 
can be subject to error brought about by problems of 
system size. Hence, a large-scale simulation and soft-
ware development effort have been identified during 
which a representative set of area requirements will be 
defined, deniancl data will be collected, solution configu-
rations will be proposed, testing will be performed 
against the anticipated demand models, and decisions 
will be made about rules for system application. Finally, 
to avoid the problems that arise from applying the sys-
tern without preparatory development and planning, an 
extensive study program will be followed to anticipate 
the break-in problems and development requirements 
to evolve from phase 2 tasks to phase 3 and beyond. 
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Wesley H. Marden, Jr., Rohr Industries, Inc. 

Under contract to the Urban Mass Transportation Administration, Rohr Industries developed a concept for a dual-
mode transit system that combines the advantages of a flexible bus distribution system with an efficient line-haul 
system. Because dual mode can combine systems in this manner, it can improve transit throughout an urban area 
in a way that separate systems cannot. By offering scheduled service, subscription service, and door-to-door de-
mand service, dual mode can provide convenience for the rider nearly comparable to that of the automobile. The 
combination of flexible schedules and routes and high-speed line-haul capabilities with automatic dispatching and 
control results in high system use and efficiency. An advanced new vehicle design results in excellent ride quality 
with minimum pollution and noise. The design objective was to develop a system that would make sign ificant im-
provements in transit service for cities of varying size and would thereby reduce congestion and improve personal 
mobility. A second objective was to design a system along modular lines. The third objective was to design a sys-
tem that is technically feasible and economically sound. 

Dual-mode transportation can best serve small and 
medium-sized urban areas. First, it collects and dis-
tributes passengers in outlying areas much as a stan-
dard bus does; second, under automatic operation it 
provides high-speed transit service along corridors to 
central business districts; and, third, upon arrival it 
circulates and distributes passengers in a manual mode 
of operation. In this manner dual mode provides the 
maximum personalized service possible while still re-
taining a high degree of flexibility in routing and sched-
uling. 

Basically, a dual-mode transportation system (DMTS)  
encompasses a minimum of four subsystems: guideway 
and route interconnections for automated transit; com-
mand and control capabilities during automated and off-
guideway operations; facilities such as passenger sta-
tions, automobile parking areas, command and control 
subsystem housing, merge-diverge areas, and mainte-
nance areas; and transit vehicles. Of these, the element 
that must be truly dual mode is the vehicle. 

A passenger may board (or leave) a dual-mode bus 
within a collection and distribution region at a residence 
or a convenient street location. He or she may also 
board (or leave) the bus at a dual-mode station. Pickup 
by dual mode in the collection and distribution region is 
similar to that by conventional dial-a-ride bus. Passen-
gers specify their destinations when they call for ser-
vice, and the destination is confirmed by the driver 
through an on-board terminal when the passenger enters 
the vehicle. The vehicle design includes provisions for 
individuals in wheelchairs (Figure 1). To accommodate 
the wheelchair, an optional ramp extends from the bus 
to the station or surface street level to safely and com-
fortably provide passenger ingress and egress. The 
ramp operates from the driver's compartment. Grips 
built into the back of the seats can be used for another 
10 standing passengers, for whom there is 2.3 m2  (25 
ft) of aisle space. 

The vehicle has a capacity of 21 seated passengers 
plus the driver (Figure 2). The design goals for passen- 

ger accommodation were safety, comfort, personal dig-
nity, and ease of use. Safety considerations took prior-
ity over comfort. The low floor and large window areas 
of the vehicle afford the passenger ease in boarding the 
bus and a panoramic view of the surroundings. The tint 
on the large windows, primarily for the control of ther-
mal losses, has the additional value of visual insulation 
between the inside and the outside space. 

In the driver's area is a mobile terminal to allow 
direct communication with the control center (Figure 3). 
By this means the driver confirms the entry of a passen-
ger. Speakers located in the overhead area of the ve-
hicle are used for communicating with on-board passen-
gers. An exterior speaker, located at the entrance door, 
enables the driver to communicate with people outside 
the vehicle. A touch bar type of switch is on the interior 
panel to allow passengers to signal the driver for assis-
tance or to speak directly with the control center when 
a driver is not on the vehicle. 

When the vehicle leaves the manual mode, i.e., goes 
from a city street to the guideway system, it passes 
through a modal interchange (Figure 4). The dual char-
acteristic of DMTS makes modal interchange a critical 
aspect of the feasibility of DMTS. At the off -guideway 
to on-guideway modal interchange, the driver is removed 
and the vehicle is put under automatic guideway control. 
Automatic control equipment on the vehicle must be ver-
ified in a "predeparture test" before the vehicle is com-
mitted to automatic guideway control. 

The driver remains with the vehicle through check-
out. Should there be a malfunction, the vehicle is pre-
vented from entering the system, and the driver removes 
the vehicle manually by simply driving to a hold and 
transfer area. If the vehicle is "verified," the entry 
barrier is lowered and the vehicle moves into the station 
area where the driver leaves the vehicle. The responsi-
bility for control within the stations and station areas is 
divided into two parts: control of the vehicles and con-
trol of the station facilities. The control center com-
puter assigns berths for vehicles entering the station 

52 



53 

I 

Figure 6. Station interior. 
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and defines departure times to avoid merge conflicts. 
A small local computer, which is associated with one 
or more stations, controls and monitors the station 
facilities. 

When a vehicle enters the station entry ramp, a mes-
sage from the vehicle alerts the station that docking in-
formation is required. The station determines from the 
data base the berths that are unoccupied and sends a 
berth assignment to the vehicle, which is then guided 
to the designated berth. After the loading and unload-
ing of passengers, the doors are closed and a departure-
ready message is dispatched. The earliest dispatch 
time that will avoid merge conflicts downstream is then 
determined. At that time, the vehicle resumes its tour 

Figure 1. Dual-mode vehicle. 

Figure 4. Modal interchange. 

Figure 5. Station entry area. 
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Figure 2. Interior of dual.mode vehicle. 

Figure 3. Cab area of dual-mode vehicle. 
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Figure 7. Passenger-loading area. 

Figure 8. Station and guideway in central business district. 

under automatic control. 
At the station, passengers may also enter the system 

by specifying their destinations and actuating, by coin 
or token or other means, a fare-collection device in the 
entry area (Figure 5). In the stations are displays that 
inform the passenger of bus routes, schedules, and ser-
vices: ticketing equipment: coin change and fare collec-
tion devices: waiting areas for paid passengers; board-
ing and disembarking platforms: fare verification, coin-
change, and add-fare equipment; and "red phones" at the 
barriers to passenger exit corridors (Figure 6). 

Station size is scaled by the peak rate of passengers 
per minute entering a station and the fraction of them 
engaged in each of the boarding or exiting procedures. 
Of those buses upstream from a line-haul station, only 
a fraction will switch off-line to stop at a given station. 
Of those buses that either access or egress between 
automated guideway and surface streets, most will 
carry on-board passengers through the transition. Thus, 
pedestrian traffic through a station is a small proportion 
of that passing a station on the guideway or streets. 

A room is reserved in the stations for bus drivers  

awaiting their next assignments to drive buses onto the 
surface streets. The drivers thus assist in security 
surveillance of the station interior by means of a glass 
partition. The station also houses computer equipment 
for traffic supervision and automatic vehicle control op-
erations. 

Passengers board or leave buses, traveling the auto-
mated dedicated lanes of the dual-mode system, at 
transit stations. At most of the stations provision is 
made for access and egress of buses between the auto-
mated guideway and l)ublic surface streets. At the time 
that the central control computer chooses the berth for 
the incoming vehicle, it communicates information to 
the station that causes the new tour number to be dis-
played at the designated berth for the benefit of waiting 
passengers (Figure 7). In addition, the other station 
display equipment is updated to reflect the current status. 
Information from the entrance and exit gates to the berth 
is sent to central control to update the passenger infor-
mation. 

At most of the stations, provision is made for access 
and egress of buses between the automated guideway and 
the surface streets. The function of the guideway and 
grounds adjoining the station structure is to provide 
switching and an off-line shunt from the main-line guide-
way to the station; short guideway segments that allow 
buses to access or egress between the guideway and the 
surface streets and undergo a safety check-out before 
proceeding; parking for passengers; storage for spare 
buses to replace those that fail in revenue operation; and 
queuing lanes for buses entering and leaving the station. 
When stations serve automated buses only, the access 
and egress guideway, check-out stops, and queuing lanes 
are not required. 

Station design is site dependent for both main-line and 
CBD locations. The major determinants of station con-
figuration are the elevations of guideway surface and ar - 
tonal street, relative to each other, and land and con-
struction costs. The most probable geometry on the 
line-haul corridor may be the location of the guideway 
lanes along the expressway median. An elevated ramp 
will be required to allow buses to pass over the freeway 
lanes to reach the station platform. The ramps reduce 
investment costs by shortening the acceleration and de-
celeration distances for a given change in bus velocity 
and also reduce annual expense by decreasing propulsion 
power for bus acceleration from a station stop up to 
main-line speed. 

Along line-haul corridors and on loops circling the 
perimeter of the central business district, stations will 
usually be two-level structures. In the CBD, stations 
may be underground, and passenger circulation would be 
by driver-controlled buses on city streets. Stations in 
the CBD may also be above ground, serving passengers 
who travel on elevated guideway grids throughout the CBD 
(Figure 8). Station space may be rented in existing corn-
mercial office buildings. 

The key advantage of the Rohr dual-mode concept is 
that it can be developed in phases during many years with 
a low-cost entry coinciding with the growth of a specific 
urban area. A city can start with vehicles and a manage-
ment system of passengers, vehicles, and drivers. It 
can then expand to dedicated freeway lanes at negligible 
cost. When traffic warrants and the system management 
has been proved, guidevays can be installed to permit 
fully automatic operation in line haul. At this time, ve-
hicle retrofit can also be made by incorporating the auto-
matic control module and steering. 

This ability of the system to grow with the needs of 
the community and its flexibility distinguish the Rohr 
dual-mode system from more traditional fixed-guideway 
systems. 



DUAL-MODE SYSTEMS AND THEIR 
PROGRESSIVE APPLICATION IN 
FRANCE 

A. Bieber, Institute of Transport Research, Paris 

Exclusive right-of-way transit lines are constructed 
and planned in a few French cities, but it is believed 
that general and fast relief in urban transportation 
should occur by improving bus performance in terms 
of speed and reliability, especially in medium-sized 
cities (200 000 to 500 000 people) where conventional 
Metro lines represent heavy investments. About 20 
cities in France could be equipped with more progres-
sive track systems of the dual-mode type. The three 
strategies of progressive equipment are as follows: 

Pre-Metro—city center equipped first, 
Bremen-Gdteborg—suburban ring equipped first, 

and 
Bus -on -freeway —such as the Shirley Highway 

operation near Washington, D.C. 

Plans for public transport systems for medium-
sized French cities indicate a tendency to consider the 
Bremen-Gteborg strategy as a first choice when local 
policy allows it and the pre-Metro and bus-on-freeway 
strategies as second choices. Three major issues are 

Town planning constraints for dual-mode systems 
in France, 

Basic functional specifications desired for the 
vehicles and the system, and 

Objectives for the research and development pro-
gram now starting. 

Although in its infancy, dual-mode technology will 
likely receive increased national effort between now and 
1980. Its advantages will be strengthened by emerging 
traffic planning in the central city and development' of 
pedestrian zones in many French cities. 

A PRACTICAL, PROGRESSIVE, AND 
EVOLUTIONARY SOLUTION TO TRANSPORT 
PROBLEMS: DUAL-MODE SYSTEM IN 
EVRY 

Andre Morand, Transport Department, Seri Renault 
Engineering, Le Chesnay, France 

The new town of Evry, located to the south of Paris, in-
stalled its public transportation system on an exclusive 
right-of-way bus lane in the main part of the city. This 
led to the choice of a dual-mode system intended to pro-
vide attractive service to be used by at least 45 percent 
of the people traveling within the town. The reserved 
lane is shaped like a huge figure eight across the town. 
It penetrates to the limit of housing, factory, and shop-
ping areas, linking them with the existing small towns 
situated within the limits of the new town, the public ad-
ministrative offices, and the center of the city under 
construction. 

At the time the master plans were prepared, the 
planners retained the flexibility of using a variety of dif-' 
ferent transport systems based on the dual-mode con-
cept. A study was made of existing and planned equip-
ment and systems from the simple bus operating on a 
reserved lane to the most sophisticated computer-
controlled automatic system. The objectives of the 
Study were 

To identify a rapid and comfortable transit sys-
tem 

ys-
tem for all commuters in the town at a reasonable cost 
for the community and for the commuters and 

To select an evolutionary transportation system 
that could be adapted to the development of the town and 
to foreseeable technical innovations. 

Logical and mathematical models were developed to 
compare the systems proposed, giving for each of them 
the capital and operating costs, the quality of the service 
offered, and the sensitivity of demand to the variation of 
the quality of service. The analysis revealed that 
greatest attention is given to the effect on cost, design, 
and appearance of the busway with respect to variations, 
in use of automatic devices (including an automatic 
steering device), speed and type of vehicles, traffic 
signal system, and unauthorized vehicles in the busway. 
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Martin Wachs, School of Architecture and Urban Planning, University of California, Los Angeles 

Based on the review of a large number of attitude surveys and based on behavioral responses to recent transit innova-
tions, several conclusions are reached regarding likely perceptual responses to dual-mode transit and their effects on 
mode choice. Studies indicate that travel time variance or reliability among modes is more important than small time 
savings and that the portion of travel time spent in walking, waiting, and transferring is more important than time 
spent moving. Thus, dual-mode systems appear to have the potential to be relatively attractive to travelers. Al-
though total travel cost appears to be less important to mode choice than travel time, parking costs associated with 
automobile travel can strongly influence the competitive position of dual-mode systems. Among comfort and ame-
nity features, seat assurance and air conditioning outweigh other factors in the minds of most riders, and automatic 
control is rarely perceived as a safety hazard. Experience with express bus operations on freeways, treated in this 
paper as a prototype of dual-mode systems, indicates that riders attracted to that service are drawn largely from 
among former automobile users, thus indicating the potential market for dual-mode systems. 

Any new movement system that might be implemented 
in an urban area must be evaluated in terms of its re-
lation to a society that is structured to a significant 
degree by the automobile. Because it met certain needs 
for movement in an efficient and attractive way, the 
automobile has been one of the basic forces shaping our 
cities, ordering our activities, patterning our relations, 
and determining our attitudes toward virtually every as - 
pect of our personal lives. Thus, we cannot anticipate 
attitudinal responses to new transport systems outside 
of that context. Any new approach to the provision of 
mobility, including potential dual-mode systems, must 
be viewed as a step in an evolutionary process that has 
largely been shaped by the automobile and that has ef-
fects going far beyond movement alone. 

There are two basic reasons for looking beyond 
automobile -dominated transportation systems for the 
future mobility of our society. Ironically, both of these 
reasons stem from the success of the automobile itself. 

The first is that the response of society to the auto-
mobile has produced what Hardin has called a "tragedy 
of the commons" (1). Although the automobile has pro-
vided many of us individually with tremendous freedom 
and opportunity at fairly low personal cost, our massive 
response to and dependence on it have provided us with 
great collective costs that we are beginning to refuse to 
tolerate. Congested roadways, polluted air, accidental 
death and injuries, and depleted natural resource re-
serves are among the common costs that we pay for the 
private advantages we gain from mobility provided by 
automobiles. This condition may be interpreted as set-
ting forth an important ground rule for the evaluation of 
new technological approaches to the provision of urban 
transportation service. Because the automobile has 
ordered our living patterns and attitudes in certain ways 
and has done so at relatively low personal cost, we can 
anticipate that new transportation systems will be at- 

tractive to potential users only if they perform as well 
as the automobile system in the eyes of the members of 
the public who do have a choice between modes. A dual-
mode system that is generally less attractive than the 
automobile in terms of cost, travel time, door-to-door 
convenience, reliability, and psychological impacts 
should not be viewed as even having the potential to re-
place the automobile as the primary movement system. 
Such a dual-mode transit system must be viewed explic-
itly as a supplement to the automobile system for par -
ticular 

ar-
ticular populations in particular locations for particular 
types of trips and times of day. As a society, of course, 
we might choose to make dual-mode transit equivalent in 
attractiveness to the automobile by decreasing the at-
tractiveness of the automobile as well as by trying to 
design a dual-mode transit system that is equal in at-
tractiveness to the automobile system. 

The second major reason for our search for new 
transportation systems relates to the fact that the auto-
mobile, because of its attractiveness, has become such 
a basic ingredient of twentieth century life that a mi - 
nority who do not have access to automobiles are severly 
disadvantaged. The old, the young, the poor, and the 
handicapped have become dependent on others who have 
automobiles, or they must endure poor public transpor-
tation service precisely because the automobile has re-
duced the demand fc5r and the provision of high-quality 
public transportation service. We look to new transpor-
tation systems in large part to provide improved mobility 
to those who are now disadvantaged by lack of access to 
an automobile, and we must evaluate dual-mode systems 
in terms of the potential contribution they can make to 
the mobility of those having limited accessibility to an 
automobile -dominated system (2). 

The two major reasons for considering new transpor-
tation systems are intimately related. Certainly, we 
can provide mobility to those who are currently without 
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access to the automobile only through an extensive and 
flexible system that reaches areas of relatively low 
manifest travel demand and that does so at reasonable 
cost. Recent experience with dial-a-ride and similar 
systems indicates that it is costly to deliver high-quality 
service to the mobility dependent through a transit sub-
system that is independent of the system that provides 
peak-hour commuter service (3). On the other hand, a 
public system that proves to be an attractive alternative 
to the automobile could, by virtue of the demand for it, 
offer more extensive service in response to high levels 
of demand and thereby also offer increased mobility to 
those who are currently without adequate mobility. Of 
course, the proponents of many new technological ap-
proaches to the provision of transit service hope that 
their systems will provide service that is attractive 
enough to lure automobile travelers out of their automo-
biles for at least a specific set of trips and a specific 
pattern of origins and destinations, and that perhaps 
their systems will be used in combination with policies 
aimed at reducing the attractiveness of the automobile. 

ROLE OF ATTITUDINAL AND 
BEHAVIORAL STUDIES OF 
PREFERENCE FOR MODAL 
CHARACTERISTICS 

In this paper the results of several attitudinal studies 
are compared with measured responses to a few inno-
vative transit operations in order to reach tentative con-
clusions about likely responses to dual-mode transit op-
erations. In this comparison, attention is also given to 
particular policy variables, such as downtown parking 
charges, that influence the relative attractiveness of 
the automobile. The impact on traveler attitudes and 
choices of variables such as travel time, reliability, 
convenience, comfort, safety, cost, and amenity is re-
viewed. An attempt is made to interpret the importance 
of such variables. Conclusions are based on prefer-
ences stated in attitudinal studies and on preferences 
revealed in user responses to new transit innovations 
throughout the country. These attitudinal and behav-
ioral responses are interpreted in terms of their poten-
tial impact on dual-mode transit systems. 

Because the relative attractiveness of dual-mode sys-
tems in comparison with existing automobile and transit 
systems will prove to be critical in determining the 
success or failure of dual-mode innovations, we must 
attempt to estimate the likely attractiveness of such 
systems to potential users and to design them in such 
a way as to increase their relative competitiveness. 
This task is difficult, for we do not fully understand the 
psychological mechanisms that underlie the attractive-
ness of the automobile or the mechanisms that result in 
modal-choice decisions. Yet, a sufficient number of at-
titudinal studies have been conducted that significant 
patterns of similarity exist from one setting to another. 
These enable us to generalize regarding traveler atti-
tudes toward transportation modes. Although we cannot 
be certain that conclusions of attitude surveys will be 
accurate predictors of modal-choice behavior, espe-
cially with respect to transit systems that do not exist, 
we can compare generalizations drawn from repeated 
findings in attitudinal studies with measured responses 
to new transit services and operations, such as 
exclusive-lane express bus operations, dial-a-ride 
services, new rail transit, and park-and-ride service. 
If behavior patterns do seem consistent with the con-
clusions of attitudinal studies, we may increase our 
confidence in judgments made on the basis of such at-
titudinal studies. 

The contribution of attitudinal studies and of user  

perceptions to the evaluation of modal quality and modal-
choice behavior has been minimized recently because of 
the feeling that attitudes toward the quality of alternative 
modes are not significant in the prediction of choice 
making by travelers. To a certain extent, this position 
may be supported by recent empirical work. For ex-
ample, Hartgen (4) fitted 50 binary modal-choice models 
to data for a sample of 471 urban travelers. He found 
that situational factors, such as automobile ownership 
and socioeconomic status, accounted for 80 to 90 percent 
of the variance in modal choice and that attitudinal vari-
ables measuring preferences for particular modal char-
acteristics explained only 10 to 20 percent of the variance 
in modal choice. Although such findings do serve to em-
phasize the difficulty associated with the determination 
of attitudinal and perceptual information that is useful in 
policy making, they do not lead to the conclusion that at-
titudinal variables are unimportant. This is so for at 
least three reasons. 

Most existing models, including those employed 
by Hartgen, do not adequately account for causal link-
ages that might exist between situational variables and 
attitudes. For example, automobile ownership—a situa-
tional variable that explains a great deal of variance in 
modal choice—might be high among travelers whose in-
come permits multiple automobile ownership precisely 
because of their attitudes toward the relative quality of 
transit systems versus the automobile. Similarly, lo-
cational choices may be made on the basis of perceptions 
of the quality of available transportation modes. 

Models such as those examined by Hartgen may 
be fitted to data for travelers who are in situations in 
which little choice exists and in which attitudes are not 
fully operative in the modal-choice decision. Thus, auto-
mobile owners in areas of low transit service might have 
positive attitudes toward high-quality transit service, but 
the absence of such service does not allow these atti-
tudes to influence their choice. Similarly, low-income 
persons without automobiles might choose the transit 
mode based on their "situational" variables precisely 
because they do not have the option to exercise their 
preferences for the automobile mode. Thus, examina-
tion of perceptions and attitudes seems especially im-
portant in the consideration of new transit modes that 
will result in changes in the situational variables, which, 
it is hoped, will help to make travelers more able to act 
in accordance with their attitudes and preferences. 

Although behavioral choices and situational vari-
ables can be directly observed, attitudes must generally 
be measured through survey instruments and therefore 
depend on our ability to appropriately elicit dimensions 
of preference. Our ability to do so is still quite imper-
fect and might result in a lowering of statistical explana-
tion, but the study of response patterns in a variety of 
situations can heighten our understanding of preferences 
to the point at which they may be used in the formulation 
of policy even without high levels of statistical fit in par -
ticular 

ar-
ticular modal-choice applications. In part, this is the 
reason I have tried to focus on common attitude dimen-
sions that emerged in many studies and to compare them 
with observed behavior in situations in which new transit 
choices were provided. 

NATURE OF POTENTIAL DUAL-MODE 
TRANSIT SYSTEMS 

Because dual-mode transit is still a developmental con-
cept, it may be viewed as having the potential to range 
over a wide array of performance properties. Thus, 
to anticipate attitudinal responses to dual-mode systems 
requires that a working definition of dual-mode systems 



61 

be specified as a basis for comparison. In the follow-
ing analysis, dual-mode systems are assumed to be 
those that are capable of fully automatic, or driverless, 
operation on specific guideways; manual, or driver-
controlled, systems are those that operate on conven-
tional streets. The dual-mode vehicle has been con-
ceptualized as varying from a small private capsule 
similar to an automobile (5) to a large vehicle similar 
in nature to a conventional bus (6). Dual-mode systems 
will likely first be applied in situations in which public 
transportation vehicles are used and might later be ex-
tended to include private vehicles. For this reason, in 
the remainder of this paper, principal attention will be 
given to a public transit concept of dual-mode systems 
in which a vehicle operates under driver control for its 
collection and distribution activities and operates under 
automatic control for the line-haul portion of the trip. 
In carrying out their collection and distribution func - 
tions, dual-mode vehicles can be envisioned as serving 
fixed schedules and routes or flexible routes that are 
demand actuated. Smaller vehicles (say, as many as 
20 seats) would probably be used to service routes on 
which collection and distribution are demand actuated, 
while larger vehicles (say, as many as 50 seats) would 
be used to provide service where collection and distri-
bution are provided along fixed routes. In many ways, 
existing express bus operations on exclusive freeway 
lanes constitute an important prototype of dual-mode 
transit systems. When such buses operate as local 
collectors and downtown distributors, they are similar 
to the dual-mode proposals that involve fixed-route 
collection and distribution, except that the vehicle is 
under manual control during the line-haul portion. 
When such buses operate from centralized outlying bus 
terminals that are augmented by park-and-ride lots, 
they might be viewed as early prototypes of dual-mode 
systems that include demand-actuated collection and 
distribution service. In such cases the automobile 
takes the place of the demand-actuated collection sys-
tem. For these reasons, special attention will be given 
to reviewing ridership response patterns and attitudinal 
responses to service variables of express buses on free-
ways to anticipate later responses to dual-mode sys-
tems. 

ATTITUDES TOWARD TRAVEL TIME 
AND TRAVEL TIME RELIABILITY 

In a recent survey, Wallin and Wright found that most 
transportation planning agencies use total travel time 
as the most frequent predictor variable in estimating 
the demand for alternative modes of travel (7). There-
fore, in estimates of the likely impact of dual-mode 
transit systems, total travel time from origin to des-
tination for the dual-mode system and its competitors, 
especially the automobile, would likely be considered 
most important in modeling the response to a dual-mode 
innovation. Indeed, one study to estimate the potential 
of dual-mode transit in Milwaukee did employ the ratio 
of travel time via dual-mode transit to travel time via 
automobiles as the principal predictor variable in esti-
mates of modal choice (6), although this ratio was mod-
ified to incorporate other factors such as seat assur-
ance. 

Studies of traveler attitudes and perceptions, how-
ever, indicate that measures of total elapsed travel 
time are an oversimplification of the psychological 
mechanisms that travelers use in their considerations 
of travel time. Rather, attitudinal studies show re-
peatedly that perceptions of the importance of travel 
time depend on travel time reliability as well as on 
elapsed travel time alone. Arriving on time at an in- 

tended destination was often seen as more important than 
the minimization of elapsed travel time in work and non-
work trips (8,9), although travel time reliability (or ar-
rival time variance) did not appear among the 13 most 
important variables used in estimating modal choice 
through modeling (7). 

Attitudinal surveys conducted among riders of the 
Shirley Highway express bus revealed that, among ex-
press bus riders who had previously commuted by auto-
mobile, travel time savings were the most frequently 
cited reason for switching to the bus (in comparison with 
other factors such as cost, congestion, and comfort). 
However, when they rated the attributes of the bus ser-
vice that were of great importance to them, 90 percent 
of the bus users cited reliable schedules and only 29 
percent cited a 5-min saving in travel time (multiple 
responses were permitted by the survey instrument) (10). 
Thus, we may conclude that, although elapsed travel 
time is important in modal-choice decisions, reliability 
in arrival time has a greater importance to travelers 
than is reflected in current predictive models. 

Dual-mode technology is intended to improve travel 
time reliability for the line-haul portion of the trip by 
eliminating travel time variances due to congestion and 
bottlenecks and simultaneously to permit line-haul travel 
at higher speeds. This technology, therefore, has the 
potential for eliciting favorable user responses on this 
important dimension of attitude. However, develop-
mental efforts will have to ensure that delays and unre-
liability are not inherent parts of the system at the point 
at which vehicles are switched from manual to automatic 
control or caused by breakdowns in control during the 
line-haul portion of the trip. The important conclusion 
from the attitudinal literature is that reliability of travel 
time is of significant importance when compared to 
elapsed travel time as a measure of system performance. 
This should be considered as important among evaluation 
criteria for dual-mode technology and should be incor-
porated in efforts to model responses to dual-mode sys-
tems. Since reliability is of great importance to trav-
elers and of great significance to the design concept of 
dual-mode transit, it should not be overlooked in demand 
analyses even though most existing modal-choice models 
do not incorporate this variable. 

ATTITUDES TOWARD RELATIVE 
COMPONENTS OF TRAVEL TIME 

Studies of traveler perceptions and attitudes indicate 
that the concept of travel time is considerably more 
complex in the mind of the traveler than is represented 
by the travel time ratios commonly used in modal-choice 
forecasting. In addition to consistently finding that re-
liability or variance in travel time is an important com-
ponent of attitude toward transportation modes, surveys 
also reveal that time spent in waiting, walking, trans-
ferring modes, or parking a vehicle is consistently 
viewed by travelers 'as more onerous than time spent 
in moving in a vehicle during a line-haul portion of a 
trip. Because the automobile is superior to most ex-
isting transit modes with respect to the minimization 
of out-of-vehicle and terminal times and because dual-
mode technology seems to hold promise for significant 
improvement over current transit modes on this dimen-
sion, efforts should apparently be made to incorporate 
these findings in the estimation of demand for dual-mode 
systems and in the development of dual-mode technology. 

In spite of the fact that data used in most modal-
choice models are often too highly aggregated to allow 
the consideration of separate components of travel time, 
some studies do provide estimates of orders of magni-
tude in the perceived differences among trip time ele- 
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ments. In Leeds, England, Quarmby derived an eco-
nomic value of walking time that was between two and 
three times the value placed on time spent in actually 
riding (11). In Chicago, Lisco found that commuters 
would pay approximately 2.8 times as much money to 
avoid walking time than they would pay to avoid riding 
time (12). The Regional Plan Association of New York 
deduced a perceptual weight for walking time of 3.2 
times the perception of riding time (13); and, within 
the Port Authority Bus Terminal in New York, passen-
gers appeared to weight walking time about twice as 
heavily as they weighted riding time (14). Although the 
foregoing evidence is drawn from studies in which ac-
tual behavior of travelers was monitored and interpreted, 
attitudinal studies yield similar results. A survey of 
travelers in Washington, D.C., found that 84 percent of 
the respondents stated among criteria for a new trans-
portation system that it should be designed so that the 
"place to get off is no more than 5 minutes from the 
destination." This was the most commonly cited cri-
terion for the design of a new system among more than 
2000 respondents (15, Vol. 1). 

Similarly, there seems to be ample evidence that 
travelers perceive waiting and transfer time as much 
more onerous than time spent in riding. For example, 
in considering 33 attributes of both work and nonwork 
trips, Nash and Hille found that "avoidance of a wait 
of more than 5 minutes" was the single attribute that 
yielded the greatest perceived difference between the 
automobile and the public transportation modes in 
studies conducted in Philadelphia and Baltimore and 
that attitudes toward public transit modes were quite 
unfavorable relative to the automobile (8). Another 
survey in Washington, D.C., showed that 30 percent of 
the 2000 commuters interviewed objected to having to 
transfer at all and that 51 percent of the commuters ob-
jected to specific transferring policies that reflected 
the situation that governed their everyday trip making 
(15, Vol. 2). Studies in Paris, France, show that pas-
sengers weight the waiting and transferring time com-
ponents of a trip approximately three times as heavily 
as they do riding time (14). 

Recently, Brown constructed a modal-choice model 
that included attitudinal variables within a discriminant 
function for predicting modal choices for system config-
urations that did not exist in Vancouver, British Colum-
bia. He found that, for park-and-ride service, the time 
spent in parking an automobile and waiting for the bus 
was a significant variable in accounting for the variance 
in modal choice. He concluded, for example, that, if 
walk time from vehicle to bus ramp were kept to about 
2 min and if transit headways were reduced to about 4 
mm (compared with existing headways approaching 20 
mm), the inconvenience of such a transfer operation 
would cease to be a significant barrier to the attraction 
of riders from their automobiles. These figures, of 
course, constitute high levels of service compared with 
that of most current transit operations (16). 

In response to the kinds of findings reviewed above, 
Watson proposed the use of a measure called the "jour-
ney unit" in considering the effects of out-of-vehicle 
time on modal choice. A journey unit is one step in a 
complete trip and might consist of a walking unit, a 
waiting unit, a transferring unit, or a riding unit. Be - 
cause a transit trip on current modes typically includes 
a larger number of journey units than an automobile trip, 
Watson believes that this simple measure could add to 
the explanatory power of modal-choice models (17). 
Using reconstructed information on journey unit differ-
ences between automobile and transit trips, Stopher 
applied this concept to sets of data for London and for 
Skokie, flhinois (18). He found that the inclusion of this  

measure did significantly improve the explanatory power 
of a logit modal-choice model and that the addition of the 
new measure did not significantly decrease the signifi-
cance of the coefficients of the travel time and travel 
cost variables in the models. Thus, the conclusion may 
be reached that the treatment of transfer, waiting, and 
walking time as perceptual choice elements that are in-
dependent of gross travel time measures—a treatment 
suggested by the attitudinal research cited above—does 
hold promise for the improvement of modal-choice 
modeling. 

Dual-mode transit systems probably offer the greatest 
attractiveness to riders through their potential for min-
imizing the inconvenience of transfers between the col-
lection and the line -haul portions of the trip and between 
the line -haul and the distribution portions of the trip. 
Survey research shows that this is one dimension in 
which travelers perceive the automobile as being clearly 
superior to existing public transit modes. The potential 
success of dual-mode technology will undoubtedly depend 
to a great extent on the degree to which it can be made 
relatively attractive in comparison with the automobile 
in this key dimension. Development and demonstration 
projects involving dual-mode systems should certainly 
concentrate on the ability of the technology to minimize 
transfer, wait, and access times. 

ATTITUDES TOWARD TRAVEL COSTS 

Many studies of attitudes toward transportation system 
alternatives and many studies of traveler behavior have 
resulted in the conclusion that the monetary costs of 
travel via various modes do not constitute as salient a 
factor in modal-choice decisions as some of the other 
variables that have already been cited. In a recent 
study, for example, Wallin and Wright flatly conclude 
that "cost does not play a major role in the choice of a 
transportation mode" (7). Thus, although cost emerges 
as an independent dimension of traveler attitudes in many 
factor analyses of the attributes of travel choices, it 
rarely receives high ratings as a critical determinant 
of specific choices (19). Part of the explanation for this 
type of conclusion lies in the finding by other researchers 
that as many as 75 percent of automobile drivers had 
never actually estimated the cost of their trips by auto-
mobile (20). 

Further investigation of the influence of travel cost 
on choices made by travelers indicates, however, that 
these generalizations might not be operative with respect 
to all population groups and that attitudes toward costs 
must be considered in terms of more fully developed 
choice situations than are usually included in most atti-
tude surveys. For example, surveys of elderly trav-
elers indicate that cost is of great significance in their 
travel choices and that they frequently do alter their 
travel patterns to take advantage of reduced fares during 
off-peak hours (21). Although the elderly constitute only 
10 percent of thTotal population and are often underrep-
resented in travel attitude surveys, the finding that 
their attitudes toward travel costs are at variance with 
the attitudes of larger populations indicates the impor-
tance of considering the specific characteristics of a 
proposed service area before generalizing about the im-
portance of this variable. 

Other findings indicate that, in specific choice situa-
tions that may be relevant to the planning and evaluation 
of dual-mode systems, travel cost cannot simply be dis-
counted as having relatively low importance to travelers. 
For example, reference was made earlier to the poten-
tial for viewing express bus operations as being in some 
ways prototypes of dual-mode service. The Shirley 
Highway express bus operation does yield some impor- 
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tant data about the influence of costs on traveler deci-
sions, and these data tend to contradict the above state-
ments about the low importance of travel costs. A sur-
vey of both automobile users and express bus users in 
the Shirley Highway corridor indicates that, although 
the express bus captured nearly 40 percent of the tar-
get trips for this service and travel time and schedule 
reliability are major reasons for the switch of former 
drivers to the bus service, 56 percent of those still 
using their automobiles reported that they were pro-
vided free parking at their work locations and 90 per-
cent of the automobile users reported that they paid less 
than $1/day for automobile parking. The significance 
of this statement is underlined when compared with the 
result that the most common reason cited by travelers 
who tried the bus but switched back to their automobiles 
was that the bus was expensive. Since fares for this 
service are generally less than $1 and since the median 
income of both automobile users and bus users was more 
than $15 000/year, the cost of parking in relation to the 
fare does appear to be a significant element of the 
modal decision in the Shirley corridor (10, ch. 4). 

In the previously cited efforts to build a modal-split 
model based on attitudinal data, Brown also found that 
parking cost was a significant variable in affecting a 
modal choice for trips to downtown Vancouver. He 
stated that, for the sample of commuters for which he 
calibrated his model, "the parking charge needed, by 
itself, to effect a 50 percent shift to bus transit would 
increase from an average of about $0.55 per day to 
about $1.00 per day." He was comparing the use of the 
automobile to the use of a transit system incorporating 
a park-and-ride lot (16). Of course, recent proposals 
of the U.S. Environmental Protection Agency for park-
ing surcharges reflect an underlying assumption that 
some elements of cost are important in traveler modal-
choice decisions as well. 

Thus, although travelers tend to rate the importance 
of travel cost low when responding to generalized atti-
tudinal inquiries, their behavior might indicate that such 
questions are not sufficient to fully elicit their views 
toward costs. The finding that most automobile drivers 
do not even attempt to estimate their actual costs., plus 
an obviously important response to parking costs in the 
two studies cited above, indicates that daily out-of-
pocket parking costs may receive psychological weights 
much greater than other elements of automobile cost 
that are not paid out as part of a specific trip. 

The implication for dual-mode transit planning would 
be clear, especially if further research were to substan-
tiate this view. Although dual-mode systems have the 
potential to approach the automobile along certain di-
mensions of perceived transportation quality, cities con-
templating the institution of dual-mode systems might 
be well advised to consider such systems in combination 
with policies that discourage free parking or that impose 
a parking surtax. If cost is to be either a deterrent to 
the use of dual-mode systems or an element of the at-
tractiveness of those systems, fares should be consid-
ered in relation to parking costs rather than total auto-
mobile transportation costs. 

ATTITUDES TOWARD COMFORT 
AND AMENITY LEVELS 

When characteristics of transportation service such as 
vehicle comfort and amenity features such as seat con-
figurations, carpeting, ride quality, and availability of 
diversions (e.g., capability to listen to the radio) are 
considered, results of attitudinal surveys in which re-
spondents were asked to consider generalized or ideal-
ized transportation systems and surveys of users of 

particular systems have shown similar results. In gen-
eral, provided that basic physiological needs are met 
through the avoidance of excessive vibration, noise, 
odor, or jerk, physical luxury of a vehicle or the pres-
ence of a wide range of amenities appears to be less im-
portant to the traveler's decision process than other 
variables already cited. A few dimensions of amenity 
do, however, appear to be of much greater importance 
than others and should thus be given special attention. 

Although in one study by Nash and Hille travelers 
cited protection from weather when waiting for a vehicle, 
availability of package and baggage space, and the abil-
ity to listen to the radio as being major contributors to 
the difference between their levels of satisfaction between 
automobiles and existing transit vehicles, they rated such 
variables as being less important to modal choice than 
travel time reliability, cost, and avoidance of waiting 
for both work and nonwork trips (8). The conclusion is 
that, although commuters recognized the inherent advan-
tages of the automobile, those advantages were not crit-
ical to the choice made between modes, but were seen 
rather as extra bonuses associated with the availability 
of an automobile. In a review of a number of attitudinal 
studies of transit modes, Navin came to a similar con-
clusion (21). 

Although the broad concepts of comfort and amenity 
are generally less important to traveler modal-choice 
decisions than the other dimensions of service cited 
earlier, a few specific elements of comfort and amenity 
do seem to be more important to the choice process than 
other elements of comfort and amenity. The extent to 
which a seat is assured to passengers and the presence 
or absence of air conditioning were consistently rated as 
more important than other elements of comfort and ame-
nity. In studies cited by Navin, seat assurance emerged 
in many studies as only slightly less important than 
travel time reliability and often as important, in modal-
choice decision situations, as cost differences between 
modes (21). An interview study of nearly 200 persons 
who weririding specifically designed "new-feature" 
buses in service on Shirley Highway routes showed that 
90 percent of the respondents rated schedule reliability 
as having a significant impact on their modal choice and 
rated no feature in the comfort or amenity category as 
being nearly as important. From among about a dozen 
features that were incorporated in the new-feature bus, 
only air conditioning (cited as important by 71 percent 
of the respondents) and seat assurance (cited by 62 per-
cent of the respondents) were considered significant in 
the decision that had been made to ride the buses. Other 
features, including improved leg room, larger windows, 
carpeting, and absence of advertising, were all signifi-
cantly less important than other travel service variables, 
including fares, travel time, and schedule reliability 
(22). 

The significant conclusion to be reached regarding 
the development of dual-mode systems is that commuter 
reactions have consistently shown that to provide luxuri-
ous interiors and plush environments is not necessary 
to attract riders. Meeting basic physiological require-
ments, providing high probability of seat availability, 
and incorporating temperature control are the most crit-
ical aspects of comfort and amenity that should be ad-
dressed in vehicle design. Adthtional items of amenity, 
such as space for packages, might be incorporated in 
the design to enhance the attractiveness of the vehicles, 
but such features do not seem most critical in attracting 
patrons out of their automobiles. 
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ATTITUDES TOWARD SAFETY AND 
IMPLICATIONS FOR AUTOMATIC 
CONTROL OF VEHICLES 

The concern of the traveler for physical safety during 
a trip may be considered as a passive or threshold di-
mension of attitude in the modal-choice decision. The 
traveler seems to assume that the journey will be safe, 
and the probability of being involved in an accident or 
of becoming the victim of a crime is not explicitly con-
sidered as part of the choice mechanism. However, 
when explicitly queried about the importance of safety, 
travelers give this factor an extremely high rating of 
importance (23). Because most travelers experience 
a low probability of bodily harm in a typical journey, 
they do not make the importance of this factor explicit 
in considering alternative travel modes. Should danger 
become apparent to travelers, however, the importance 
of personal safety might well become the dominant fac-
tor in modal choice. Recently, for example, a crime 
wave on particular bus routes in Los Angeles brought 
about a dramatic but temporary decline in ridership. 

Since dual-mode systems employ automatic vehicle 
control during the line-haul portion of the trip, an im-
portant issue might be the extent to which travelers' 
passive assumptions of safe conditions might be affected 
by their knowledge that a vehicle is under automatic con-
trol. Few studies have addressed this specific issue, 
but those that have done so show that commuters do not 
display any particular fear of automatic control features. 
In one survey in Washington, D.C., 93 percent of the re-
spondents stated that automatic control would not be a 
barrier to their riding (15). Reactions to automated 
train service in New York City indicated that the public 
had little fear of automatic train operation on the Forty - 
second Street shuttle (24). In most services operated 
under automatic or semiautomatic control, an operator 
has been present during automatic operation, and this 
will likely be true of initial dual-mode operations. 
Therefore, based on limited evidence, automatic control 
will likely not be a barrier to traveler choice unless sig-
nificant safety problems arise. If such problems do 
arise, their impact on ridership could be significant. 

DEPENDENCE OF ATTITUDES ON 
SOCIOECONOMIC, DEMOGRAPHIC, AND 
SITUATIONAL VARIABLES AND 
IMPLICATIONS FOR DUAL-MODE 
TRANSIT 

Previous sections of this paper have contained an im-
pressionistic assessment of a wide range of findings 
from many studies of transportation attitudes and be - 
havior. The intent was to generalize from many 
studies to reduce a large body of data to some tentative 
conclusions useful in policy analysis. To this point, the 
generalizations about attitudes and behavior have not 
been categorized by socioeconomic groups or by demo-
graphic characteristics. I have chosen to present con-
clusions in this manner because the important dimen-
sions of attitude that have been cited seem to be gen-
erally true across lines that might be drawn on the basis 
of sex, age, income, education, and residentical loca-
tion. Even though some studies have found it possible 
to form distinct perceptual groups that differ from one 
another in terms of demographics, these differences 
do not obscure the general findings already presented. 

Socioeconomic and demographic variables such as 
automobile ownership, income, occupational status, 
and age are significant variables in forecasting modal 
choice. Usually, upper incomes, higher educational 
levels, and higher automobile ownership rates are as- 

sociated with higher probabilities that travelers will 
select for a work trip. Since, as stated earlier, dual-
mode service can only be significant if it can compete 
successfully with the automobile, it is important to de-
termine whether it can attract persons who do have a 
choice: those with higher incomes, greater educational 
levels, and higher occupational status. This will depend 
to a great extent on whether the modal-choice models re-
flect true attitudinal differences with demographic differ-
ences, or merely situational differences. Interestingly 
enough, Assael and McMillan found in a national survey 
that people who exhibited a propensity to select the auto-
mobile in choice situations (upper-income professional 
males) were not significantly less favorably disposed 
toward transit modes than toward the automobile (25). 
The poor rated transit and automobile service as of equal 
quality, but they favored more investment in transit. 
The rich rated the automobile as being of superior qual-
ity, but favored greater investments in transit. Middle-
income groups and men more than women favored the 
automobile as a superior mode and the one that should 
receive the greatest investment and improvement. The 
extent to which these attitudinal differences reflect basic 
differences in perception versus actual experience with 
systems of different performance qualities is a subject 
that can be debated. However, situational factors do ap-
pear to influence attitudes quite significantly, and the re-
lations between attitudes and demographic variables are 
thus influenced more by the intervention of actual travel 
experience and service levels than by the inherent differ-
ences in attitude as a function of demographics. Support 
for this position comes from the well-known work of Nash 
and Hille, who stated (8): 

Generally, the most satisfied people were the middle-class suburbanites 
living fairly close to the CBD. They, of course, are the ones who possess 
one or more autos and find it most feasible and satisfying to use them 
for both (work and non-work) trip purposes. Surprisingly, the low-
income group living closest to the CBD was generally more satisfied than 
people living in the remote suburbs. Apparently, they have adjusted to 
a lack of auto in many cases and probably keep their trips short and to 
a minimum. The people farthest from the CBD were least satisfied, prob-
ably because their very location made traveling difficult and onerous. 
They tended to be relatively dissatisfied with all modes for most factors. 

Following the same line of reasoning, one might 
argue that the greater importance placed by women than 
by men on dimensions of comfort and amenity such as 
having room for parcels and strollers on transit vehicles 
reflects the fact that women travel more often than men 
do for shopping purposes and travel more often with their 
children. Similarly, the importance placed on lower 
fares by the elderly reflects their more limited income 
circumstances. 

If the dimensions of attitude toward modal choice are 
strong enough to transcend socioeconomic and demo-
graphic group differences and if differences in current 
modal choices reflect situational constraints and oppor-
tunities, then transit systems that are similar to the 
automobile on attitudinal dimensions that have been de-
scribed above can induce travelers to leave their auto-
mobiles. Preliminary evidence available from rider-
ship surveys of premium transit service unequivocally 
supports this view. 

In the Shirley Highway corridor, for example, those 
choosing to use express buses for their work trips have 
done so because of high levels of schedule reliability, 
favorable travel times in comparison with the automobile, 
and convenient access to the buses without significant 
waiting and transfer times. Interview studies showed 
that 82 percent of those using the buses in this corridor 
had an automobile available for the trip, but nearly half 
of the users of conventional bus service in the corridor 
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had no automobile available. Three-fourths of the 
Shirley Highway bus riders who used park-and-ride 
service and 56 percent of those who walked to the bus 
had incomes of more than $15 000. In addition, 60 
percent of the Shirley Highway bus riders were male 
while 45 percent of the conventional bus riders in the 
corridor were male. In summary, in terms of socio-
economic and demographic factors, those choosing to 
use the premium buses on freeways were more like the 
typical automobile commuter than like the typical bus 
commuter. Of course, as mentioned earlier, the avail-
ability of free or low-cost parking at the work site did 
appear to be one significant deterrent to use of the pre-
mium bus service (10, ch. 4). 

Preliminary results from the San Bernardino express 
busway experiment appear to be similar to those from 
the Shirley Highway. Here, 35 percent of prebusway 
transit users in the corridor were male, but exactly 
half of the premium service users were male. About 
80 percent of the users of the new service come from 
households owning one. or more automobiles, and 48 
percent previously used automobiles rather than buses 
for the same trip for which they now use the busway. 
Significantly, 80 percent of the busway users and only 
46 percent of the users of prebusway transit service had 
incomes of more than $10 000/year (26). 

To the extent to which expressway bus operations 
constitute a prototype of future dual-mode operations, 
these results are most encouraging. They indicate that 
the conclusions reached earlier about attitudes toward 
transit are correct. Given favorable performance on 
the dimensions of attitude cited above, such service can 
attract riders from among the social and demographic 
groups that have traditionally been considered automo-
bile users. 

CONCLUSIONS AND IMPLICATIONS FOR 
DUAL -MODE DEVELOPMENT 

The review of many studies of traveler attitudes indi-
cates that some generalizations are possible with regard 
to the impact of modal-service characteristics on the 
attraction of users. 

In considering travel time differences among 
modes, one must recognize that travel time reliability 
or variance is probably of greater importance than 
elapsed time in influencing favorable attitudes toward 
a mode. 

That portion of travel time that is devoted to 
waiting, walking, transferring, or generally out of ye - 
hide is perceived as being significantly more onerous 
to travelers than time spent moving in the vehicles. 

Although total travel cost is probably less impor-
tant than elements of travel time, the availability of free 
or low-cost parking appears to significantly influence the 
perceived relative cost of alternative travel modes. 

Among many possible elements constituting com-
fort and amenity, those that appear to influence modal 
choice most significantly are seat assurance and air 
conditioning. 

Automatic control of vehicles is probably not per-
ceived as a safety hazard by most potential users of 
dual-mode transit systems. 

Differences among social and demographic groups 
in attitudinal responses to alternative transit modes 
probably reflect differences in experiences and levels 
of service they receive under current transportation 
system configurations. 

Experience with premium express bus operations 
on exclusive lanes indicates that travelers attracted to 
such service are demographically and attitudinally quite  

similar to automobile users. The implication of this 
preliminary finding is that high-quality transit service 
can compete successfully with the automobile. 

I began this paper by asserting that there were two 
basic reasons for pursuing advanced public transit tech-
nology in a society as dominated by the automobile as 
ours. 

Transit improvements should be extended to those 
who do not currently have adequate mobility because of 
their lack of access to automobiles. 

We seek to mitigate the negative effects of the ex-
ternalities that we commonly share as costs of the per-
sonal mobility we gain from the automobile. 

Clearly, the extension of basic mobility to those who lack 
accessibility to automobiles can be achieved to a much 
greater extent and with simple existing transit technology. 
The key question is whether demand for conventional 
transit service can be made great enough to help in de-
fraying the costs of delivering such service to the mo-
bility limited. The automobile is relatively so attrac - 
tive to those who have a choice that it might be too ex-
pensive to deliver conventional transit service only to 
those who are currently transit dependent. If new sys-
tems can simultaneously attract many of those currently 
using automobiles and provide service to the mobility 
dependent, they will be socially and financially more de-
sirable than the current mix of private and public trans-
portation. 

I have demonstrated that those who currently use auto-
mobiles can be attracted to high-quality transit modes. 
Existing bus technology has already been shown to have 
the capability of attracting former automobile users when 
it satisfies the perceptual needs of travelers who do have 
a choice. The critical question that must be answered, 
therefore, as dual-mode systems are considered in the 
next decade, is, Can dual-mode systems significantly 
outperform existing transit systems at a developmental 
cost that is low enough to make the investment worth-
while? If the answer is no, we might better use our re-
sources to provide higher quality transit service with 
existing technology and to extend transit service to meet 
the needs of the mobility limited. If the answer is yes, 
dual-mode development should probably be pursued. 
Special attention should be given to the dimensions of 
user response outlined in this paper, and further atten-
tion should be focused on the contribution that such de-
velopments can make to the needs of the mobility limited. 
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INVESTIGATION OF MODAL CHOICE 
FOR DUAL-MODE TRANSIT 

Don P. Costantino and Richardo Dobson, Transportation 
and Urban Analysis Department, General Motors 
Corporation 

Eugene T. Canty, Transportation Systems Division, 
General Motors Corporation 

The attitudes of individuals regarding dual-mode 
transit, personal rapid transit, and people-mover 
forms of urban transportation were collected through 
a home-interview survey. It was hypothesized that a 
more thorough understanding of mode choice could be 
obtained by stratifying the sample into homogeneous 
groups rather than by considering the set of respon-
dents collectively. Respondents were grouped accord-
ing to two alternative criteria: socioeconomic char-
acteristics and preference judgments. 

A multivariate clustering procedure was used to de-
termine groups. Frequently used variables for defining 
socioeconomic groups were income, age, education, and 
race. Of the 12 system attributes, those selected most 
often to define preference groups were temperature con-
trol, automatic control, and vehicle privacy. However, 
socioeconomic groupings were stratified by a more con-
sistent set of variables than the preference groups. 

Mode choice was examined through the use of linear 
additive models. The predictor set for socioeconomic 
and preference groupings was composed of mode-
dependent satisfaction judgments. These judgments 
were made with respect to system characteristics such 
as waiting time, comfort, and accessibility. The vari-
ability of mode-choice judgments was accounted for 
more accurately by models that stratified individuals 
into homogeneous population segments than by models 
that totally disaggregated individuals; this confirms the 
main hypothesis. Also, it was possible to account for 
a greater percentage of the mode choices with stratifi-
cation by socioeconomic characteristics than by prefer-
ence judgments of respondents. In general, the socio-
economic and preference groups used alternative pre-
dictor sets to explain their mode choices. Dual-mode 
transit was preferred to either personal rapid transit 
or people movers. 

FREIGHT MOVEMENT CONSIDERATIONS 
IN PLANNING DUAL-MODE SYSTEMS 

I. J. Blatner, Ralph M. Parsons Company 

A transit system planned and designed for passengers 
is not necessarily suitable for carrying freight. Like 
passengers, freight moves in an urban area to reach a 
particular destination in a timely manner. The time-
liness of these moves is often critical and can be trans-
lated into business costs and sales dollars. A transpor-
tation system to accommodate freight must be planned 
and designed to maintain or improve the quality and 
economics of service. 

Dual-mode transportation for urban goods movement 
is an exciting idea. Special terminals located outside 
the central business district could consolidate general 
freight and specialized commodities for delivery to con-
gested urban centers by dual-mode vehicles. These ve-
hicles could pick up and transport shipments to the con-
solidation terminal for breakbu]k and transfer to the 
private and for -hire carrier vehicles. This could sig - 
nificantly reduce the number of trucks on city streets 
and freeways and, in turn, free the flow of all traffic in 
the urban area. 

To determine dual-mode system requirements will 
require that the shipping patterns of potential user s.of 
a dual-mode system be defined. The amount of freight, 
service demand, and local traffic conditions will deter-
mine the number of dual-mode vehicles necessary to 
provide the required level of service. 

Although some people have suggested that freight 
could be carried in passenger vehicle compartments 
and that passenger vehicles could be converted to freight 
vehicles during off-peak hours, I think that such common 
use of dual-mode vehicles makes no sense. Special ve-
hicles should be designed to maneuver in tight alleys and 
loading areas and to interface with the dual-mode facili-
ties and equipment. 

Moving freight, like passengers, improves certain 
requirements on any new transportation system. Moving 
freight by a dual-mode transit system would contribute 
to the solution of many urban problems and, therefore, 
should be considered in the planning, design, and eco-
nomic analysis of such a system. 
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Terry M. Linden and James F. Thompson, Transportation Systems Division, General Motors Corporation 
Frank E. Tillotson, Delco Electronics Division, General Motors Corporation 

Control of a set of vehicles on an automated network can be divided into two parts: vehicle control, which deals 
with the control of an individual vehicle, and network control, which deals with the management of vehicle inter-
action on the network. This paper discusses a structural philosophy for network control and the development pro-
cess that led to the philosophy. The process started with the development of the automated network system, which 
resulted in selecting a deterministic synchronous slot scheme as the fundamental control methodology, in partition-
ing computer control of the system into a three-level hierarchy, and in partitioning the automated network system 
into vehicle control and network control, or network management, subfunctions. Development of the management 
system structure involved an investigation of the relation between management system structure and direct system 
costs, system flexibility, potential level of technology increases, and functions the system was designated to perform. 
The resultant structure is characterized by three primary aspects: the organization and sequencing of system tasks, 
the level at which the management system perceives the real world, and the way the model set is used to respond to 
real-world anomalies to execute normal operational strategies related to system changes. Each task is performed by 
a discrete computer "job" that has an assigned priority or desired time of execution. A set of "primitive models" 
can be linked together to define the system or configure the system "image" or view of the real world. The system 
can reconfigure the image, including addition, deletion, or replacement of a model or model group. In the case of a 
real-world anomaly, the reconfiguration process includes detection and circumvention of any illegal real-world states 
that may have arisen as a result of the anomaly. 

A system structure should facilitate attainment of goals 
set for the system. One major aspect of system struc-
ture is its inherent type of modularization. Modulariza-
tion is a process in which a system is divided into small, 
stand-alone units that have well-defined boundaries. 
The boundary conditions encompass inputs, outputs, and 
an input-output transfer function. The individual mod-
ules may be interconnected in several ways. Intercon-
nection organizations may be categorized into three fun-
damental types: hierarchical, central flow, and state 
block. 

In a hierarchical organization, modules are composed 
of submodules at the next hierarchical level. Control 
flows from module to module by passing up and down 
through the hierarchical level. Decisions regarding 
flow between modules at the same level are made at the 
next higher hierarchical level. For example, assume 
module A is composed of submodules B and C and mod-
ule B is composed of submodules D and E. Upon com-
pletion of its task, module D passes control to module 
B. Module B can pass control back to D, pass control 
to E, or relinquish control directly to A. In this 
scheme, decisions are local in nature; they relate to 
the particular module function and whether that function 
is complete. Also, much of the processing is often done 
in lower levels of the hierarchy, while the higher levels, 
which increasingly tend to become abstractions of the 
problem and functional groupings of modules, involve 
less processing. 

In a central flow organization, the system consists 
of central flow logic and a set of modules. Module to  

module flow is via, and flow decisions are made in, the 
central flow logic. The central logic, in its decision 
making, has system cognizance as opposed to the local 
decision making done in a hierarchical structure. 

A state block organization is similar to a hierarchical 
organization in that modules are composed of submodules 
at the next hierarchical level. However, control flows 
between modules at the same level directly instead of 
passing through the hierarchical levels; module flow de-
cisions are made in the originating module. 

Operating systems generally use all three intercon-
nection organization types. The interconnection types 
are important because they lend a logical framework to 
a system. As such, although each should be used to its 
best advantage, care should be taken to avoid overmixing 
of the techniques, both in original design and subsequent 
maintenance functions. If this is not done, the logical 
framework becomes so complex as to be worthiess. 

The characteristics of a modularized system are re-
lated to the interconnection organization and to the ex-
istence and nature of the module boundaries. Modulari-
zation inherently facilitates system perception and com-
prehension. Since the boundary conditions represent a 
simplified statement of the internal workings of a mod-
ule, modularization allows a user to perceive the sys-
tem in terms of the boundary conditions of the component 
modules rather than in terms of the more complex col-
lective internal workings of all the modules. 

A still higher level of perception of the modules can 
be gained by defining the modules as functional blocks 
without addressing the exact input-output data and 
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transfer function required to actually achieve the func-
tion. 

unc-
tion. This allows a user to deal with most of a system 
at a high level and to go into more detail, via the bound-
ary conditions, in an area of immediate concern. Hence, 
a user may deal with different system areas at a level 
appropriate for the task, thereby enhancing his or her 
perception by eliminating unnecessary detail. The ef-
fects of modularization in this area can be enhanced by 
modularizing along functional lines that are easily re-
lated to real-world entities. 

Modularization also, for the same reasons, allows 
a user to learn a system from the top down and at an 
appropriate level for his or her task. Unmodularized 
systems often have a  'can 't-see -the -forest -through - 
the -trees" effect, which requires learning an entire 
system before being able to fully comprehend the im-
plications of any one part. Modularization minimizes 
this problem. In large systems, the central flow orga-
nization may be of limited value in this area. The hier-
archical and state block organizations, by composing 
modules of submodules, allow a user to perceive a sys-
tem from as many levels as desired. 

Because of the stand-alone aspect of the modules, 
modularization enhances system flexibility with respect 
to system growth. When used to enhance system flexi-
bility, the objective of modularization is to allow addi-
tion, deletion, or changing of part of the system with a 
minimum impact on the rest of the system, or, more 
briefly, to preserve the whole by dividing the system into 
replaceable components. The module boundaries pro-
vide the boundaries for system change. Since the bound-
ary conditions are well defined, a module or group of 
modules may be replaced with another module with iden-
tical boundary conditions, but totally different internal 
workings, with no impact on the surrounding modules. 
Since the module and change boundaries are to corre-
late, effective modularization requires anticipation of 
areas of change in the system. If the functional applica-
tion of the system will expand or if specific functional 
areas will change, then modularization should be along 
functional lines, if level of technology increases are 
likely to occur in certain areas of the system, modu-
larization should isolate those areas so as to allow in-
corporation of the technological breakthroughs as they 
occur. 

The existence of well-defined boundaries simplifies 
system testing. A module can be tested by supplying the 
inputs and verifying the outputs. As modules are com-
pleted, their interfaces with others can be checked. In 
a hierarchical structure in particular, testing can pro-
ceed up through the hierarchy levels until the entire sys-
tem is checked out. In some systems, the module inter-
connection design can be tested by computer simulations 
in which the boundary conditions are simulated. This 
allows parallel check-out of system and individual mod-
ule design. 

By providing modules that can be time multiplexed 
among many users, modularization can reduce system 
size. If several users need to perform approximately 
the same function, it may be more cost effective to have 
several of them use a single module inefficiently than 
to have each of them do his or her own processing effi-
ciently. 

Modularization has some negative effects. The in-
herent well-defined boundary aspect requires that the 
boundaries be imposed on what might be an integrated 
system. Imposition of the boundaries costs time and 
money. Of necessity, the boundaries are often some-
what artificial. The artificiality is further extended 
because, in general, the signals and data need to be 
collected and formatted for presentation at the module 
boundary; data and signal buffering is also often re- 

quired. The collection, formatting, and buffering logic 
costs money to design and mechanize; mechanization 
costs include the additional storage, be it hardware or 
software, costs associated with the additional logic. 
Also, the additional collection and formatting logic often 
consumes time, thereby making the module slower. 
Hence, an objective with regard to minimizing the nega-
tive effects of the "artificial module boundaries" is to 
modularize in a fashion that minimizes intermodule com-
munication. Any use of modularization requires a trade-
off between its positive and negative aspects. 

System structure can have a minor impact on attain-
ment of goals set for a system. Too often, however, in-
sufficient attention is paid to system structure. One 
cause is the failure to recognize how widespread the ef-
fects of system structure are. For example, system 
structure will have a major impact on the partitioning of 
a system into subsystems for development. The develop-
ment of the subsystems will require communication 
among personnel working on the various subsystems. 
The quantity of communication will affect system de-
velopment costs. Hence, structure may affect cost by 
affecting intrapersonnel communication. 

Another common cause of insufficient structure de-
velopment is the failure to distinguish between system 
modularity and system structure. This is particularly 
true when the system is modularized to enhance system 
flexibility. In this case the system is partitioned into 
small, stand-alone units that can be replaced or rear-
ranged with a minimum impact on the remainder of the 
system. Too often, the stand-alone attribute is the only 
criterion used to dictate what should constitute a partic-
ular module. One result is that, since a system ap-
proach is not used, the modules are difficult to intercon-
nect and can be used by only a few. Another result is 
that the boundaries of modules and groups of modules 
and the boundaries of future changes will not correlate. 
A rigorous structure development would address future 
changes and would dictate module boundaries accordingly. 
Hence, system structure actually dictates the benefits 
that can be obtained from system modularity, and the 
lack of a system structure may negate any such benefits. 

An important aspect of the development process is to 
halt the development process in any area when a point 
of diminishing returns has been reached. If this is not 
done, time will be wasted collecting and analyzing data 
that cannot directly be translated into rigorous guide-
lines for system structure. One cause of failure to halt 
the process is the desire to generate the appearance of 
having performed a "highly detailed study of the prob-
lem." Another cause is not recognizing the point of 
diminishing returns. At each step in the development 
process, the feasibility of generating any further mean-
ingful conclusions should be analyzed before proceeding. 

DEVELOPMENT 

Prenetwork Management Development 

The development of the management system was pre-
ceded by the development of the concept for the auto-
mated network system. The system concept evolved ap-
proximately as described below. 

After consideration of various basic control method-
ologies, a deterministic synchronous slot scheme was 
selected. The synchronous slot scheme is a technique 
for moving vehicles through the network in a synchro-
nized fashion. The location of each slot is defined by a 
set of mathematical equations in the system management 
computer. The slots move through the guideway network 
at synchronous speed. A slot that comes to a diverge 
divides into two slots, one proceeding down each branch 
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of the diverge. Similarly, slots that meet at a merge 
combine to form a single slot on the output link of the 
merge. 

In the deterministic synchronous slot scheme, the 
management system routes a vehicle from origin to des-
tination by Simply reserving a slot on every link of the 
vehicle route. Since a slot can be occupied by only one 
vehicle, this enables the vehicles to move through the 
network without interference. In the deterministic 
scheme, all slot reservations are made before the ve-
hicle is launched onto the guideway. Therefore, com-
pletion of the vehicle route, without conflict, is ensured 
before the vehicle enters the guideway network. 

Since a slot conflict with another vehicle can occur 
at any merge along the vehicle route, the management 
system may have to try several different slots before 
it finds a slot that goes from the vehicle origin to its 
destination without conflicts on any network link. To 
increase the probability of finding a successful slot, 
the system can use a slot slip technique. In this tech-
nique a vehicle is scheduled to slip back one or more 
slots as it traverses a link. For example, a vehicle 
may be able to go through a merge without a conflict 
only to encounter a conflict at the next merge. If the 
slot behind the vehicle clears before the next merge 
and that slot is available at the next merge, the man-
agement system may elect to command that vehicle to 
slip into that slot before arriving at the merge. 

In the deterministic scheme, all slips along a vehicle 
route are also planned before the vehicle is launched 
onto the guideway; hence, all vehicle slot assignments 
are known before vehicle launch. The slot length is 
transparent to the synchronous slot scheme. This 
means a system can use any slot length without affect-
ing the concept of the synchronous slot scheme. The 
slot length for a particular system is designed to satisfy 
predefined performance criteria. A common criterion 
is the "brick-wall" stop. Here, the slot length is such 
that, if a vehicle had a brick-wall stop, the system could 
detect the blockage and stop the next vehicle on the 
guideway before it hit the first vehicle. 

Next, the problem of control hierarchy was addressed. 
For vehicle control, an on-board logic set was required 
that could control the propulsion system and brakes, 
sense position and velocity, and detect vehicle and com-
munication link anomalies. The vehicle data sampling 
rate and control loop times and the desire to avoid heavy 
dependence on ground-vehicle communication links dic-
tated that a computer be placed on board the vehicle. If 
vehicles always behaved ideally and if station dwell times 
could be exactly predicted, vehicle on-board computers 
would be adequate for real-time control. However, to 
control vehicle interactions in a stream of contiguous ve-
hicles under anomalous conditions and to compensate for 
inexact station dwell times that might result in a vehicle 
not leaving its berth at its predicted time, an off -vehicle 
computer was added to the vehicle's real-time control 
loop. The data sample rates were designed and two-
way, fail-safe signals were used to ensure system safety 
in the event of a communication failure between the ve-
hicle 

e-
hide and the off-vehicle computers. 

It was determined that a single off -vehicle computer 
would not be fast enough to perform real-time control 
of all vehicles in systems of the anticipated sizes. 
Therefore, the system was geographically partitioned 
into sectors, each of which had its own sector computer. 
To distribute the system management function among 
the sector computers is not cost effective or technically 
practical, and a system management computer was, 
therefore, added as the third level of hierarchy in the 
computer control scheme. The bulk of the management 
function is performed in the management computer; the  

sector computers provide a real-time data acquisition 
system for the management computer, translate manage-
ment level commands from the management computer 
into vehicle level control commands for the vehicle com-
puter, and provide an initial reflexive response to sys-
tem anomalies. The reflexive response involves control 
of the interaction of adjacent vehicles and the notification 
of the management system of the anomaly and of the ini-
tial reflexive response. 

The automated network system can be partitioned into 
two subfunctions: vehicle control and network manage-
ment. The three-level computer control hierarchy, 
which had evolved independently of the functional parti-
tion, inherently contains the same vehicle control-
network management partition. Therefore, the exact 
nature of the two subfunctions was clarified as follows: 
Vehicle control is, except for a reflexive response to 
anomalies affecting the interaction of adjacent vehicles, 
concerned with the control of a single vehicle with re-
spect to a single control point; it is not concerned with 
the networkwide interaction of vehicles. Network man-
agement is concerned with the interaction of all vehicles 
in the system; it is not concerned with the microrelation 
of a single vehicle to a single control point. The level 
of perception required to perform these two functions is 
totally different. The vehicle control system must deal 
with real-world entities such as distance, velocity, ac-
celeration, and jerk. However, the management system 
can perceive the system in terms of high-level models 
that inherently contain the requirements imposed on, but 
do not explicitly reflect, the aforementioned entities. 

Network Management Structure 
Development 

The first step in the development of the management sys-
tem was to list the parameters that might have a signifi-
cant effect on the management system structure. Ulti-
mately all parameters relate to either cost, feasibility 
of completion within an alotted time period, or system 
function. So that analysis would not be extended beyond 
the point of diminishing returns, the initial list was gen-
erated in terms of the more direct effects of a parameter. 
For example, system flexibility may ultimately relate to 
the cost of replacing part of the system or totally regen-
erating the system. Rather than considering the cost of 
regenerating the system or reconfiguring the system, we 
considered flexibility as an entity in itself in the initial 
parameter list. The next step in the process was to de-
fine the relation between parameters and system struc-
ture attributes. An output of this step was a statement 
of desirable structure -related attributes as a function 
of each parameter. 

One set of parameters considered consisted of the 
projected time period, the project staff, and the system 
development costs. The more staff a project has and the 
longer it is, the more highly partitioned it must be in 
order to allocate work among the project personnel. A 
heavily staffed or long project may, independent of cost, 
require special structural techniques for completion. 
To analyze these parameters, we used an ongoing simu-
lation to determine the human effort required for the 
proposed system. A project time period was estimated, 
and an average staff size was calculated from the time 
period and human effort. The conclusion was that, al-
though the staff size would require some system parti-
tioning, these parameters would not have a significant 
effect on system structure. 

Next, the time period was considered as a separate 
entity. In addition to constraints imposed by a long time 
period, a short time period might constrain the system 
structure so as to ensure completion of the project. 
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Based on the estimated time period, the conclusion was 
that this parameter would not affect system structure. 

Finally, system development costs were considered. 
A major variable in system development cost is the 
quantity and efficiency of interpersonnel communica-
tion. Since it is difficult for two people to communicate 
about interfacing subsystems if they do not understand 
each other's areas and the system implications of the 
areas, communication efficiency is dependent on sys-
tem comprehension. Based on estimated system size, 
the conclusion was that the comprehension afforded by 
the multiple perception levels of a hierarchical struc-
ture was desirable, but not necessary. To minimize 
the quantity and maximize the efficiency of interper-
sonnel communication, we further concluded that the 
system should be modularized along natural functional 
lines that can be related to real-world entities. 

Another parameter considered was potential level of 
technology increases in the computing area. Major 
technological improvements in computers are related 
primarily to storage costs and computer processing 
speed. Programming techniques often involve a trade-
off between implicit data structures that use little core, 
but require a great deal of processing to obtain the de-
sired data, and explicit data structures that use much 
more core, but require little processing to obtain the 
desired data. The management system is character-
ized by several large data bases. Therefore, the pre-
liminary conclusion was that functions that deal with 
large data bases and that may cause the memory and 
speed trade-off to become significant should be offset 
as discrete modules. 

Several levels of technology increases, such as bub-
ble memories, are on the horizon. Therefore, although 
we realized that it is difficult to estimate when these in-
creases will become reality and that specific conclusions 
and a high degree of faith in extrapolating the data would 
be dangerous, we investigated past history to attempt to 
predict what the future might offer. In the area of mini-
computers and microcomputers, computing costs have 
continued to plummet. The lower costs have made com-
puter use feasible in areas that were not previously cost 
effective. Costs for larger system computing power 
have also been dropping quite steadily. For example, 
in the last 15 years, the cost per byte for large capacity 
disk storage has decreased by more than an order of 
magnitude. When data access time is figured into the 
ratio, the drop approaches two orders of magnitude. 
The cost effectiveness of central processing units and 
associated main frame storage, measured in cost per 
number of storage cycles per second per byte of stor-
age, has been improving by an order of magnitude every 
4 or 5 years for the past 20 years. This ratio does not 
take into effect the increases that have been made in 
fault tolerant computer design and instruction reper-
tories during the same period. In both these examples, 
the improvement was due primarily to economies avail-
able with larger systems. In general, the improve-
ments were so large in magnitude and scope that most 
data collected provided only "apples -to -oranges" com-
parisons. The conclusion was that, although valid com-
parisons might be made by collecting more data and 
performing more detailed analyses, any structural con-
clusions beyond the original "modularize along memory 
and speed technological lines" are highly subjective and 
limited in scope. Therefore, investigation in this area 
was halted. 

The development also considered the nature of the 
management problem. Since, in the deterministic syn-
chronous slot scheme the management system can pre-
program the vehicle management system for the entire 
vehicle route before the vehicle is launched, the man- 

agement system need not execute any real-time re-
sponses under normal operating conditions. In the event 
of an anomaly, the vehicle control system initially de-
tects the anomaly and can stop the vehicles. This means 
that even under anomalous conditions the management 
system need not perform real-time responses. How-
ever, under this situation, vehicle stoppages quickly 
propagate throughout the network in a "vehicle-follower" 
fashion, thereby drastically reducing the system avail-
ability. 

Therefore, if the vehicle -follower propagation prob-
lem is to be avoided, the management system should 
execute strategies that control the propagation of a block-
age, thereby increasing system availability by keeping 
the majority of the vehicles en route to their destinations. 
This, in general, requires rerouting of vehicles heading 
for the blockage and temporary suspension of routing ve-
hicles near the blockage area. Since vehicles on the 
guideway are en route to the blockage, this requires 
that the management system respond in real time. 
Therefore, the system must be able to quickly alter 
its normal task sequencing and execute those tasks that 
are necessary to respond to the faults. Furthermore, 
the system must be capable of responding to different 
anomalies in different portions of the system. Because 
of the large number of anomalies that could occur, a 
system that deals with specific combinations of anom-
alies will quickly get out of hand. The system either 
becomes large or has to degrade quickly in the face of 
multiple anomalies. A generalized system is desirable, 
therefore, that can respond to generalized multiple 
anomalies. Such a system must recognize when it is in 
a transition mode and responding to a current anomaly 
or set of anomalies. Since the management system is 
required to execute real-time responses to anomalies 
and since these responses may encompass a wide variety 
of combinations of responses, the system is virtually re-
quired to use an automated task-sequencing scheme. 
Rapid and safe response to anomalies could be ensured 
by the use of "canned" response sequences that are se-
lected as a function of the anomaly and the current sys-
tem state. Further analysis revealed that management 
system speed would be dictated by the anomaly response 
strategies designed to maintain system availability. This 
meant that, except in the malfunction response area, 
any reasonable system structure need not consider the 
effect of speed on system structure. This was impor-
tant because the central processor and main-frame stor-
age cost penalty for a change to a faster computer sys-
tem is significant. 

The general use of the system was also considered. 
The initial use of the system will be for prototype sys-
tems. This type of use implies that initially the pro-
gram will be used at only one or two facilities and that 
the management system will likely undergo changes in 
functional areas. Since these prototype systems are 
likely to span several years, applications beyond that 
point will be affected by level of technology changes. 
Subsequent use will involve installation in a few cities 
to test system use in a real environment; this will again 
increase the impact of technological changes. These 
factors indicated that it would be necessary to have an 
extremely flexible and maintainable system to be cost 
effective. 

A system might expand in the magnitude of the geo-
graphical area served or in the density of service of-
fered. It might be installed in functional increments. 
For example, some systems may ultimately wish to 
accommodate mixed-vehicle operation. As the control 
technology is demonstrated in a system, it might be de-
sirable to change the synchronous slot headway time or 
relax operating constraints such as use of discrete, as 
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opposed to continuous, merges. All these items strongly 
pointed to a high degree of modularization along func-
tional lines. Since functional changes or additions must, 
in general, solve the problem of the proper sequencing 
of the corresponding modules, the conclusion was that 
a single, highly automated module sequencing scheme 
is desirable. Adapting to a change in density of a sec-
tor will be facilitated if the program and data structure 
are designed to handle a generalized sector. The attri-
butes of a particular sector should be defined in the data 
base for that sector. Geographical expansion will be 
facilitated if the system treats sectors as generalized 
building blocks that can be configured in any number. 
Incremental functional installation of a system is facil-
itated if the system is partitioned along functional lines. 
Mixed vehicle operation is facilitated if the nature of 
the vehicle is transparent to the management system. 

Finally, system maintenance was considered. The 
importance of system maintainability has already been 
established. System flexibility, by definition, facili - 
tates system maintenance because it provides for sys-
tem expansion and operation in a changing environment. 
Two other aspects of system maintenance are the ease, 
or difficulty, with which system flexibility can be ex-
ploited and the reliability of the maintenance work. 
Both aspects are intimately related to system compre-
hension and, since maintenance is often performed 
within a fixed time frame, to the rate at which system 
comprehension can be attained. System comprehension, 
and its rate, may be constrained by system complexity, 
by the effect of time on the designer's memory, or by 
the use of new personnel to perform the system mainte-
nance. 

Modularization, by its nature, reduces the apparent 
complexity of a system by partitioning the system into 
units that can be easily perceived. System designers 
separated from a system by time or new personnel must 
study a system to comprehend it. The multiple percep-
tion levels provided by modularization and a logical 
modularization structure facilitate system study. In 
particular, maintenance personnel can view different 
parts of the system at a level appropriate for the main-
tenance task at hand. For example, maintenance func-
tions are often localized to a particular module at a sub-
level in the structural hierarchy. The multiple percep-
tion levels allow maintenance personnel to view loosely 
related modules as functional black boxes while provid-
ing, by virtue of the boundary conditions, a detailed 
view of the modules affected by the maintenance func-
tion. Furthermore, the better comprehension provided 
by modularization enhances reliability of maintenance 
functions. Therefore, the conclusion was that a highly 
modularized system and the use of modularization to 
provide intermediate perception levels are highly de-
sirable. 

Another aspect of maintenance is the sequencing of 
new functional modules. Different users may wish to 
add functional modules that are unique to their particu-
lar applications. A problem with the addition of a func-
tional module is establishment of the proper processing 
sequence. Therefore, an automated task sequencing 
scheme and the capability of a user to insert new mod-
ules in the task sequence without intimate familiarity 
with existing modules are desirable. 

At this point, the logic of the parameter and desir-
able attributes was reviewed. Had there been major 
or numerous conflicts in the attribute dictates, the de-
velopment process would have considered relating the 
attributes to costs, but this was not the case. The re-
view also indicated that no significant conclusions about 
system structure would be achieved by further param-
eter study. 

Taken alone, many of the dictates of individual param-
eters were trivial. However, taken as a group, the in-
dividual dictates consistently pointed toward a highly 
modularized system. This, however, did not contribute 
to a structural definition. Several parameters dictated 
modularization along management system functional and 
general technological lines. Since the technological lines 
related to computer speeds and storage costs and since 
the functional lines often were related to large data base 
needs, these two dictates were consistent. Although this 
provided a framework for modularization, it still did not 
contribute to a structural definition. Several parameters 
dictated a need for an automated task-sequencing scheme, 
which led directly to the management system executive 
scheme. 

A point that recurred in different forms throughout 
the development was the desirability of using modulari-
zation to facilitate program understanding. In the con-
sideration of the maintenance parameter, it specifically 
addressed using modularization to provide an interme-
diate level of perception of the system. This point con-
nected with an earlier conclusion, drawn in the prenet-
work management development, that the management 
system had its own unique and high level of perception 
of the real world. This led directly to the development 
of a generalized primitive model set to generate the 
image that modeled the real world for the management 
system. The level of perception offered by the primitive 
models was carefully defined to be appropriate for the 
function the management system was designed to per-
form. The following structural philosophy evolved from 
several iterations of a trial structure. 

NETWORK MANAGEMENT SYSTEMS 
STRUCTURE 

The network management systems structure is charac-
terized by three primary aspects: executive job control, 
management image perception set, and dynamic image 
reconfiguration. 

Executive Job Control 

The automated network system appears to the manage-
ment system as an event-oriented system. The manage-
ment system must perform a particular function, or set 
of functions, in response to an event or in response to 
the absence of an anticipated event. Furthermore, the 
management system must, as a function of the current 
operating environment, perform the functions in the 
proper sequence. The management system uses an 
executive to manage event responses. The executive 
recognizes the availability of event data, recognizes 
events, recognizes the absence of events, and orders 
responses to events or missing events or both. 

To perform these functions, the management system 
uses a timer-priority job scheme. The executive con-
tains a set of timer jobs, priority jobs, and data cells. 
The jobs correspond to the functions, which are per-
formed for a particular entity by applying the corre-
sponding 

orre-
sponding job to the data cell related to that entity. For 
example, slot assignment is a management function. 
Hence, the management system contains a slot assign-
ment job. Each vehicle that requires a slot assignment 
is identified in a data cell. To generate a slot assign-
ment for a particular vehicle, a slot assignment job is 
applied to the corresponding data cell. Hence, a job is 
executed by setting up a link to the data cell and execut-
ing the job software. 

Priority jobs are sequenced as a function of priority; 
timer jobs are sequenced as a function of time. To 
manage the sequence, the executive maintains a priority 
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job list and timer job list. Each entry in the timer list 
contains the timer job name, the timer job time, and a 
link to the data cell on which the job is to operate. A 
timer job is initiated by, and executed in, a computer 
interrupt generated by a programmable timer (Figure 

A priority job is executed when the job has the 
highest priority of all jobs currently in the priority job 
list and the computer is not in an interrupt state (Figure 

A job, upon completion, returns to the executive. 
For a timer job completion, the executive sets the pro-
grammable timer to execute the next job in the timer 
job list. For a priority job completion, the executive 
initiates processing of the highest priority job remain-
ing on the priority job list. The executive, upon re-
quest, will schedule a timer job on the timer job list 
(Figure 3). The job requester must provide the exec-
utive with the job name, the job time, and the data cell 
on which the job is to operate. Similarly, the executive, 
upon request, will schedule a priority job on the priority 
job list (Figure 4). The job requester must provide the 
executive with the job name, the job priority, and the 
data cell on which the job is to operate. A job may 
schedule any type of job. Hence, both a timer job and 
a priority job may schedule a priority job or a timer 
job. 

The ordering of responses to events is inherent to 
the executive. To recognize and provide rapid response 
to events, the system uses external interrupts of the 
management system to process event data (Figure 5). 
The external interrupt, as a function of the event data, 
schedules a job to process the event data. The job is 
then executed in its designated time or priority sequence 
The event data, which is used by the external interrupt 
to schedule a job, implicitly or explicitly contains the 
job time or priority and the size of the required data 
cells or the identification of a previously established 
data cell. 

The timer job scheme provides a technique for de-
tecting the absence of an event. A system user simply 
schedules a task to verify the occurrence of an antici-
pated event. Vehicle position verification provides an 
example of this process (Figure 6). At the time of the 
most recent position verification, a timer job was 
scheduled to occur following the anticipated time of the 
next vehicle position check-in; check-in is activated by 
apriority interrupt. At the scheduled time, the time-
interrupt executive routine will remove the top job, i.e., 
verify vehicle check-in from the timer job list and link 
it to the data cell. Control will then be transferred to 
the verify routine, which will determine whether the 
anticipated event has occurred and either reschedule 
the verify routine or initiate the appropriate response 
strategy. 

Some management functions must be executed as a 
series of short segments over an interval that is quite 
long compared to computer execution times. Similarly, 
some functions consist of subfunctions, each of which 
has a different priority or must be executed at a differ-
ent time. To prevent wasting processor time, these 
functions use the job scheme to perform segmented pro-
cessing. In this scheme, the initial function job estab-
lishes a data cell and executes the first functional seg-
ment. It provides for execution of subsequent functional 
segments by 

Scheduling a job or set of jobs to execute the next 
segment or set of segments for the function or 

Generating an output that will precipitate a sub-
sequent input because of a closed loop with the real 
world. 

In the latter case, processing of the input will generate 

a job to execute the next functional segment. 

Management Image Perception Set 

The management image perception set has two primary 
aspects. First, it is a set of models that can be inter-
connected in any number and configuration to form a 
model of the real world for the management system. 
Second, the models, to be consistent with the manage-
ment system function, are characterized by a high level 
of perception of the corresponding real-world entities. 

The automated network system contains two major 
and distinctly different subfunctions. The first is ve-
hicle control, which is concerned not with the interaction 
of vehicles but with the control of a single vehicle with 
respect to a single control point. The second is network 
management, which is concerned with the interaction of 
all vehicles in the system and not with the microrelation 
of a single vehicle to a single control point. The level 
of perception required to perform these two functions is 
totally different. 

The data base that the management system uses to 
represent the real world is called the system image. 
The image contains data on the present and projected 
state of the real world. The management system uses 
these data to make decisions on what functions shall be 
executed to effect efficient and safe vehicle management. 
The management system issues commands to other sys-
tems to effect its management decisions and updates the 
image to reflect its desired projected real-world states. 
Conceptually speaking, the image has three main parts: 
the abstract image, the relational image, and the pro-
jection image. The abstract image is the representation 
of the guideway network, the imposition of synchronous 
slots on the network, guideway stations, and sector 
boundaries. The relational image relates real-world 
entities to the abstraction and to one another. It defines 
events currently in progress, the current system state, 
and future system states that will be the result of events 
currently in progress. An event is, in the context of the 
management system, considered to be in progress if it 
will run to completion unless an alternative action is 
taken by the management system. Hence, an event may 
be in progress due to a previous management system 
command or due to an anomalous real-world condition 
that negated a previous management system command. 
The projection image defines events that the management 
system is scheduled to execute, but that are not yet in 
progress. These events are scheduled for execution by 
the management system because either the priority job 
list or the timer job list contains a job that will issue 
commands that will initiate the event. 

The management system contains a set of models 
that present a high level of perception of the real world 
and are the fundamental building blocks of the system 
image. The management system interconnects these 
primitive, high-level models in any configuration and 
any number to generate the system image, makes man-
agement decisions based on the system image, and gen-
erates and issues commands to the appropriate subsys-
tem to effect the decisions. These commands relate to 
the system image and, hence, are high-level commands. 
The receiving subsystem has a level of perception of the 
real world lower than that of the management system. 

Thus, these subsystems contain models that provide 
for translation of the system management command to 
a set of commands appropriate to the level of perception 
of the subsystem. For example, a slot slip is a common 
maneuver in a synchronous slot scheme. The manage-
ment system issues a command to the vehicle control 
system to perform a slot slip on a certain vehicle on a 
certain link. The vehicle control system is responsible 
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for translating the system level command into a vehicle 
command. This requires that the vehicle control sys-
tem translate the link number and current vehicle posi-
tion into a time at which the vehicle will be on the des-
ignated link. The vehicle control system also translates 
the slot slip maneuver command into a velocity profile. 
To effect the slot slip, in the three-level computer con-
trol hierarchy, there are two levels of perception within 
the vehicle control system. The first level is at the 
sector computer, which translates the system manage-
ment command into a velocity command. The second 
level is in the on-board vehicle computer, which trans-
lates the velocity command into braking and throttle 
commands to effect the velocity profile. 

The primitive models are interconnected according 
to predefined rules. Each model has one or two con-
nection points. Models are interconnected at a node, 
which is an image component that is the junction of two 
or three models. The node has at least one input and 
one output model. An input model receives a vehicle 
from a node, and an output model sends a vehicle to a 
node. The input and output are local attributes to a 
model at a node; a model with two connection points will 
be an input model at one point and an output model at the 
other. A node, as a junction point, is an abstract point 
and, hence, can never actually contain a vehicle. 

The guideway network consists of merges, diverges, 
guideway links, and stations. The management system 
uses an image link to model a real-world link. A real-
world link is a section of concrete guideway with no 
branches, and an image link is an image component 
that connects two nodes and contains an integral num-
ber of slots. A section of real-world guideway without 
any branches is normally defined as a single link. How-
ever, so that synchronous slot bookkeeping can be facil-
itated, a guideway section may be defined as several 
links. Image links, serving as the image representa-
tion of real-world links, have several attributes. Ve-
hicles on different links in the image are not allowed 
under any circumstances to have mechanical contact in 
the real world. This means that any point on the real-
world guideway can be on one and only one link in the 
image. However, points on different lanes on the real-
world guideway network can be on the same link in the 
network image. Another attribute is that the manage-
ment system views a link in terms of a set of available 
slots. Every slot time the slots on the link advance one 
slot. A new slot appears at the input end from the model 
at the input node, and the slot at the output end passes 
into the next model at the output node. The management 
system issues commands to the vehicle control system 
to move a vehicle down a link. The vehicle control sys-
tem, as in the slot slip example, must actually move 
the vehicle. 

A real-world merge or diverge is the junction of 
three links. A merge has two input links and one out-
put link; a diverge has one input link and two output 
links. Merges and diverges do not have discrete models 
in the management system image. Rather, they are a 
natural consequence of the use of nodes to interconnect 
system models. Hence, a merge is represented by the 
junction of two input links and one output link at a node. 
Similarly, a diverge is represented by the junction of 
two output links and an input link at a node. Since slot 
length can be calculated, slot position could be drawn 
on a map of a guideway network. If this were done, 
nodes corresponding to merges would always occur up-
stream of the real-world concrete merge. Similarly, 
nodes corresponding to diverges would always occur 
downstream of the real-world concrete diverge. This 
is a consequence of the aforementioned link exclusive - 
ness requirement that vehicles on different links in the  

image not be allowed to have mechanical contact in the 
real world. 

Stations can be modeled several ways. One technique 
is to model a station, in the perception of the manage-
ment system, as a vehicle sink and source. Another 
technique is to widen the perception of the management 
system by modeling a station as a network of synchro-
nous links, wait queues, and launch queues. A vehicle 
entering a wait queue would be required to decelerate 
from the input synchronous speed to a stop in the last 
entry in the queue. The front vehicle in a launch queue 
would, upon command, be required to accelerate to the 
output synchronous speed of the queue. The queue out-
put synchronous speed would be the synchronous speed 
of the model the queue connected to at its output connec-
tion point. Once again, the management system com-
mands a vehicle into or out of a queue. The vehicle con-
trol system translates the command into vehicle control 
commands that will effect acceleration or deceleration 
of the vehicle. As in the slot slip example, the vehicle 
control system has its own corresponding model that it 
uses to translate the high perception management com-
mands into vehicle commands. 

A synchronous slot system can be modeled, for nor-
mal operation, with a very small set of models. Other 
model sets can be used, but the fundamental concept is 
the same. The model set provides a high level of per-
ception to be consistent with the management task, and 
the models can be interconnected in any configuration to 
model any particular network. 

Dynamic Image Reconfiguration 

The use of the primitive model set provides the manage-
ment system with a technique for generating an image of 
the real world. However, if there is a real-world anom-
aly, this image no longer accurately reflects the state of 
the real world. Also, the real-world anomaly generally 
introduces an illegal system state that the management 
system must respond to. Image correction is achieved 
by providing a dynamic image reconfiguration capability. 
Input event data indicate to the management system 
changes in the real-world state that negate the present 
image. The management system dynamically alters the 
image. It adds, deletes, or changes models in the image 
as appropriate. The response to the real-world anom-
alies and illegal real-world system states is achieved 
by the use of "transition" models. These transition 
models are members of the primitive model set. How-
ever, they have the special characteristic that they rep-
resent real-world entities that are illegal system states 
when confronted by events that are currently in process. 
Therefore, transition models have an associated set of 
functions that are performed to detect and circumvent 
any illegal system states that have arisen as a result of 
the real-world anomaly and concomitant dynamic image 
reconfiguration. The management system, by perform-
ing the associated functions, resolves all illegal system 
states. It then replaces the transition model with an-
other model that reflects the real-world state, but that 
does not have the associated procedures for circumven-
tion of an illegal state. 

An example of a dynamic image reconfiguration is 
the management system response to a vehicle that sud-
denly slows down and stops on a link. The management 
system, upon notification of the vehicle stoppage, re-
models the synchronous link as a transitional blocked 
link. The blocked link appears as a nonentity to any 
management system job attempting to route a vehicle 
over the link. A function is associated with the blocked 
link transition model that either parks or reroutes via 
an alternate path all vehicles headed for the blockage. 
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This is done by picking diverge points before the block-
age and generating the slot reservations from those 
points to the destination for each vehicle. If the attempt 
is not successful, the vehicle is commanded to park up-
stream from the blockage. The parking maneuver may 
be accomplished by making the transitional blocked link 
appear as a wait queue to vehicles en route. The man-
agement system then commands the vehicle control sys-
tem to enter the appropriate vehicles into the wait queue. 
The vehicle control system executes the actual parking 
maneuver. When all vehicles that were destined for the 
link have either been parked or rerouted, the manage-
ment system performs another reconfiguration that 
models the blocked link as an ordinary blocked link. 
The link still appears as a nonentity to any management 
system job attempting to route a vehicle over the link, 
but it no longer requires the associated functions for 
rerouting or parking the vehicles destined for the link. 

The dynamic image reconfiguration technique inher-
ently provides for system malfunction response. All 
dynamic image reconfigurations are precanned packages 
that are sequences of image reconfigurations. The man-
agement system uses a two-dimensional matrix to exe-
cute dynamic image reconfigurations. One dimension 
defines the current system state in terms of a system 
descriptor, and the other contains the event data that 
represent the real-world anomaly requiring reconfigu-
ration. The matrix element refers to the precanned re-
configuration sequence that is the management system 
response to the real-world anomaly. 

Dynamic image reconfiguration can also be used for 
normal system maintenance by using a similar mainte-
nance matrix. For example, if a link requires any rou-
tine maintenance, the system, at the appropriate time, 
reconfigures the link as a closed link. A closed link, 
by definition, is a link that is still operable but will not 
accept any new vehicle routes. Hence, all vehicles des-
tined for the link are still allowed to traverse the link, 
but no new routes across the link are generated. When 
all vehicles destined for the link have passed the link, 
the link is modeled as a blocked link. This is the same 
as the closed link, except it indicates that all vehicles 
destined for the link have passed it. As before, it ap-
pears as a nonentity to any job attempting to route a ve-
hicle over the link. At this point, the normal system 
maintenance can proceed. When the maintenance is 
completed, the system again reconfigures the image to 
reflect the availability of the link. Hence, the image 
reconfiguration technique also provides a technique for 
management of non -anomaly -related system functions. 

An inherent advantage of the dynamic image recon-
figuration method is that malfunction response strate-
gies 

trate-
gies or normal maintenance functions can be changed 
or added without changing the system. The management 
image perception set can model any real-world state. 
The dynamic reconfiguration logic provides a set of 
tools to execute any sequence of model changes, addi-
tions, or deletions under dynamic conditions, thereby 
allowing the management system to dynamically respond 
to any change in the real-world state or to dynamically 
create any desired new state. Since the reconfiguration 
logic uses matrices to define reconfiguration sequences, 
new or different response or operating strategies are 
incorporated by changing the reconfiguration sequences 
in the matrices. No program changes are involved. 

Another advantage is that, in using a high level of 
perception for the management system, the system pro-
vides a system user with the same high level of percep-
tion tools for planning malfunction responses and normal 
operating strategies. Strategies can be planned solely 
in terms of the models in the management image per-
ception set without ever getting involved in the intrica- 

cies of the management program. The well-defined, 
high level of perception also precludes redundant perfor-
mance of functions at different levels in the three-level 
computer hierarchy. For example, if care were not 
taken in the design process, it would be easy to begin 
to explicitly deal with distances in the management sys-
tem. The vehicle control system was designed to handle 
this level of detail. Furthermore, this level of detail 
violates the logic that established multiple sectors be - 
cause a single computer was not fast enough to respond 
to the entire system at this level of detail. 

SUMMARY 

A prenetwork management development effort resulted 
(a) in the selection of a deterministic synchronous slot 
scheme as the fundamental control methodology for the 
automated network, (b) in the division of computer con-
trol of the system into a three-level hierarchy, and (c) 
in the recognition that the network management and ve-
hicle control subfunctions were characterized by dis-
tinctly different levels of perception of the real world. 
The network management development effort dictated 
use of an executive that responded to task priorities and 
desired times of execution. The development also, by 
focusing attention on the particular nature of the system 
and its applications, resulted in the dynamically recon-
figurable primitive model concept. This concept, rec-
ognizing the management and vehicle control dichotomy, 
provides a management analyst with a set of tools that 
perceive the system at the management level. In keep-
ing with the management level perception aspect, the 
ability of the models to dynamically reconfigure allows 
malfunction and normal operating strategies to be 
couched in terms of reconfiguration sequences. 



SIMULATION METHOD FOR 
EXAMINING DUAL -MODE 
TRANSIT SYSTEMS 

Martin S. Ross, IBM Corporation 

Simulation of large complex systems is a method of 
evaluating various combinations of system components. 
This paper describes the use of interactive simulation 
as a method to analyze various operating policies for 
command and control of dual-mode transit systems. 
A detailed discussion is presented in the analysis of 
various operational concepts. These concepts include 
the analysis of alternative vehicle control logic, fail-
safe headway safety systems, centralized versus dis-
tributed control, and on- and off -guideway vehicle man-
agement techniques. 

COMMUNICATION SYSTEMS FOR 
DUAL -MODE TRANSPORTATION 

Reuben E. Eaves and Ralph D. Kodis, Transportation 
Systems Center, U.S. Department of Transportation 

The communications requirements of dual-mode trans-
portation systems are discussed for both the on-
guideway and off -guideway modes. Candidate commu-
nication systems are classified according to their prin-
ciple of operation, and the characteristics of the sys-
tems are described. The suitability of these systems 
is assessed on the basis of dual-mode requirements, 
Federal Communication Commission restrictions, and 
physical and electrical limitations. 

Command and control for vehicles on the guideway 
are the most critical functions that the communication 
system supports and require a highly reliable, always 
available, link. Radiating systems in the land mobile 
frequency band are unsuitable for command and control 
because the limited number of licensed channels would 
force vehicles to wait for an opportunity to communicate. 
Sufficient spectrum space may be available at higher 
frequencies, such as the 9-GHz region employed by the 
circular waveguide, but the equipment and precision in-
stallation required may be needlessly expensive. Con-
sequently, the possible communication links are nar-
rowed to nonradiating and contact systems within the 
FCC limits for unlicensed devices. 

Nonradiating systems of the surface-wave type are 
suitable only if rather stringent limits on lateral vehicle  

motion and guideway turning radius are satisfied. The 
restriction on lateral vehicle motion is unlikely to be 
satisfied, except for tightly confined vehicles on tracks; 
and the restriction on guideway turning radius is sure 
to be violated in all cases. Therefore, surface-wave 
structures can be eliminated as serious candidates, 
leaving inductive and contact systems for consideration. 

Communication through direct contact with a signal 
rail is generally justified only for systems in which the 
supporting structure for the rail and the vehicle contact 
arm have an independent reason for existence. Such sys-
tems include those in which vehicles are powered from 
a wayside rail and those that use an arm in lateral con-
trol. The technique of superimposing communication 
signals on the power rail is likely to be prohibitively ex-
pensive because of the large number of vehicles and 
nodal points that require filtering equipment. 

Inductive lines are not required to withstand the me-
chanical stresses encountered in contact systems, and 
their installation does not demand as much precision. 
Consequently, if supporting structures are counted as 
a part of the system, inductive systems can be expected 
to be less expensive than contact systems. Most com-
monly, inductive lines used for communications are 
buried in the roadway; and, if the command and control 
system uses inductive fields to detect lateral vehicle 
motion, it is sometimes possible to satisfy the detection 
and communication functions with the same inductive 
lines. 

In the off-guideway mode, vehicles are not confined 
to a relatively small number of arteries, but rather can 
range throughout a metropolitan area with the freedom 
of other traffic. Consequently, a communications sys-
tem with broad coverage is needed. Nonradiating sys-
tems can be excluded because they provide communica-
tion only over a narrow path. Radiating line sources 
installed along all possible routes may be technically 
feasible, but are an inefficient and expensive means of 
general coverage. Clearly, the best method of provid-
ing off -guideway communications is through conventional 
localized antennas. 

EVALUATION OF DEMAND-RESPONSIVE 
SERVICE FOR DUAL-MODE BUS 
SYSTEMS 

D. L. Kershner, Applied Physics Laboratory, Johns 
Hopkins University 

A basic requirement to be addressed in the development 
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of dual-mode bus transportation is the selection of sys-
tem operating policies. This decision is of immediate 
concern because of its influence on system hardware 
and software design requirements. This paper evalu-
ates a station service policy in which the decision for 
vehicles to stop at stations is made on a real-time, 
demand-responsive basis. A steady-state analysis of 
the impacts of demand -responsive station stopping, 
from the perspective of the system and the passenger, 
was performed for an urban dual-mode system. The 
results of this analysis suggest that demand-responsive 
operation has a more significant impact on system mea-
sures of performance (e.g., CBD station flows, vehicle 
kilometers and hours of operation). These results im-
ply that operating policies for on-guideway, demand-
responsive service should give equal priority to system 
design and operational considerations and to passenger 
service goals. 

DYNAMIC SCHEDULING FOR 
DUAL-MODE NETWORK CONTROL 

Ronald G. Rule, Department of Electrical Engineering, 
Ohio State University 

Dynamic scheduling, a new approach to network control, 
is evaluated by simulation techniques. Although this ap-
proach was the concept of synchronous slots, it does 
not use preprogramming or origin-destination slot res-
ervations as is common to many schemes. Rather it 
uses a combination of path reservations through inter-
changes (as each one is approached) and maneuvering-
space reservations (for the next interchange). Control 
tasks concerned with individual vehicles (e.g., schedul-
ing and maneuvering) are handled at the local level, 
and those concerned with vehicles in the aggregate (e.g., 
lane flow distribution and entrance flow control) are 
handled at the central level. 

Dynamic scheduling was evaluated by simulations 
of a variety of networks including directional inter-
changes, entrance-exit interchanges in a loop, and a 12-
interchange urban network. The findings are that (a) 
flow rates through interchanges will, in general, be 
limited by the interactions among vehicles maneuvered 
on the approach lanes; (b) a traveler's expected total 
longitudinal maneuvering delay and its dispersion in-
crease with both the level of demand on the system and 
the number of interchanges traversed; and (c) based on-
simulated egress flow restrictions, blockages appear 
to be effectively handled by this approach. 

DUAL-MODE SYSTEM MANAGEMENT 

A. M. Yen, Mitre Corporation 

Aspects of construction and operation of an effective 
dual-mode transit system (DMTS) are considered in 
this paper. A general network geometry model is sug-
gested for guideway configurations. A preliminary re-
sult suggests that the CBD guideway might best be a 
rectangular form. Off-guideway zoning, based on a 
modified Manhattan distance approach, provides possible 
zones with a theoretically minimal distance for vehicle 
dispatching. The present concept of medium-sized ye- 

hides and liberal headways has reduced the degree of 
complexity of network control problems. However, 
future research in controls should concentrate on areas 
unique to dual-mode characteristics. 

There is a need for selecting a DMTS network con-
figuration according to an optimal geometry to provide 
a system with minimum cost. Some methods that can 
be used to initiate such a study are suggested. However, 
physical constraints, such as land use and engineering, 
may yet dominate any changes in the network geometry. 
As for the command and control of DMTS, this paper 
emphasizes that future research should be directed to-
ward topics that are particularly significant to the dual-
mode characteristics, both in vehicular control and 
demand -responsive applications. 

DUAL-MODE TRANSIT SYSTEM HAVING 
DEMAND SERVICE, SCHEDULED SERVICE, 
AND A DYNAMICALLY ADAPTIVE CYCLE 
ROUTE POLICY 

David H. Winfield, IBM Corporation 

A dual-mode transit is assumed in which in mode one a 
vehicle is driven on city streets by an operator and in 
mode two the vehicle enters a guideway system to travel 
under automatic control. The system offers point-to-
point demand service, scheduled service, and a service 
called cycle route policy (CRP). 

The CRP dynamically recomputes routes and allots 
vehicles to routes in response to changes in link travel 
times and demand. Each passenger travels a minimum-
time route from origin to destination. The vehicle paths 
are cycles. Every origin-destination (trip) pair gener-
ates a cycle consisting of the minimum-time route from 
origin to destination and return. In this process several 
pairs may generate the same cycle. The cycle routes 
are the distinct members in the set of cycles so formed. 
The number of vehicles circulating on each cycle is ade-
quate both to service all passenger requests for trips 
that are generators of the cycle and to provide at least 
a minimum frequency of service. 

The three types of service are compared with respect 
to cost and the demand conditions for which each is ap-
propriate. A vehicle management system that uses all 
three types of service simultaneously is recommended. 
The method applies to vehicle paths on or off guideway. 
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T. L. Lague, Rohr Industries, Inc. 

This paper addresses automatic steering with the objective of taking maximum advantage of a positive constraint 
guideway. Two steering approaches are examined for stability: ride quality (sensitivity of acceleration at the passen-
ger location to guidance source irregularities) and average error as it impacts on guideway width. The influence of 
system gain and compensation, dynamic characteristics of a wall-following suspension, and dynamics of the steering 
mechanism itself are examined. They are found to have an i,nportant influence on both stability and ride quality. 
Most of the analysis uses conventional small perturbation linear models. Transfer functions in the Laplace operator 
are generated to evaluate stability and the spectral densities of acceleration at the passenger location. Error is evalu-
ated from these representations plus equilibrium determinations by using the nonlinear force relations. 

The main thrust of our lateral guidance design effort 
has been to take maximum advantage of the requirement 
for positive mechanical retention in switches. Can the 
positive retention requirement be exploited to simplify 
or improve performance and reliability of the automatic 
steering system? This study takes the first cut at this 
question by exploring some of the basic dynamic rela-
tions. The work known or available to us that bears on 
this problem has been limited to servocontrolled ve-
hicles on open roadway, notably the work at Ohio State 
University. Our study, which to date has remained 
analytical, has sought to develop a computer model of 
the free-running vehicle, which includes the coupled 
dynamics of the steering mechanism. 

The two approaches compared in the study might be 
considered extremes of active and passive lateral con-
trol. The results show enough attractive possibilities 
in the more passive approach to encourage continued 
analysis and verification tests. 

OBJECTIVES 

Two basic approaches to steering are compared. The 
primary measure of comparison is ride quality. The 
comparison is made within specific boundaries on turn 
performance and control system stability. Outside the 
scope of this report, the approaches have been compared 
in terms of system complexity, safety, reliability, 
maintainability, and initial cost. 

The objective of this study is to define and compute 
specific quantitative measures of performance and con-
straints that can ultimately be measured in the opera - 
tional vehicle. The ride quality measure is the total 
root mean square (rms) value of acceleration at a pas-
senger location in response to a given amplitude and 
frequency spectrum of random guideway irregularity. 
The turn performance measure is dual. The primary 
measure is steady-state error in a turn; the secondary  

measure is low-frequency response in following a re-
versing turn path. The stability measure requires main-
taining a specific damping ratio in all oscillatory modes. 

APPROACH 

This study compares the practical range of the impor-
tant design parameters of two steering systems. Small 
perturbation dynamic analysis is. used to model the sys-
tem shown in Figure 1. In a quantitative comparison, 
the following specific measures must be established for 
each of the qualities and constraints outlined in the 
study objectives: 

Ride quality measure (acceleration at the passen-
ger location); 

Guideway model; 
Stability measure; 
Turn performance measure (steering accuracy); 

and 
Mathematical model of the vehicle, steering dy-

namics, and control system. 

The ride quality model is the performance measure. 
The stability and turn performance measures are in-
tended to provide for ride quality comparison on an 
equal footing. They constitute go-no go tests. 

Ride Quality Measure 

Ride quality is the key standard for comparison. It mea-
sures the output of the system that results from the 
guideway model input. The guideway model that is de-
fined here is really a model of the unwanted irregulari-
ties in the guideway that are processed by the vehicle 
to generate unwanted time variation of acceleration at 
the passenger location. This time variation of accelera-
tion is superimposed on lateral acceleration patterns 
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that are required of the vehicle in following the re-
quired path. Control of these required accelerations, 
usually referred to as sustained acceleration, is prop-
erly a concern of guideway design and is not addressed 
in this study. 

The objective here is to establish the form of the un-
wanted acceleration measure and the acceptable ampli-
tude. For our purpose, which is a parametric evalua-
tion, to reduce the measure to a single number that is 
compatible with a realistic guideway representation 
would be advantageous. Considerable test data have 
accumulated on human tolerance to periodic (sinusoi-
dal) motion —acceleration as a function of frequency. 
Hanes (1) gives an excellent review of the data accu-
mulated to 1970. The International Organization for 
Standardization (ISO) has set limits for human exposure 
to acceleration based on the accumulated data. The 
latest recommendations for lateral acceleration (2) 
are shown in Figure 2. The recommendations are 
based on evaluations of fatigue decreased proficiency 
that has been reduced by approximately a factor of 3 
to arrive at the reduced comfort boundary. The exten-
sion of lateral recommendations to lower frequencies 
is new and is not duplicated in the ISO recommendations 
for vertical acceleration. For comparison, the 20-mm 
exposure curve for vertical is shown in Figure 2 as a 
dashed line. 

In tests for this relation, the human response data 
are in the form of acceleration amplitude as a function 
of frequency because the straightforward thing to do is 
to shake people at a discreet frequency and amplitude 
and to repeat the process until the desired frequency and 
amplitude range is covered. This is obviously a proper 
test procedure because it yields exactly the desired re-
lation among the variables. 

Those charged with specifying ride quality naturally 
prefer to use the best available human tolerance data 
directly; therefore, they usually specify ride quality in 
terms of allowable acceleration (either peak or rms) as 
a function of frequency. This presents a considerable 
difficulty when the specification must be used in design 
or when real-world vehicles must be tested for specifi-
cation compliance. 

In the first case, design, to introduce a sinusoidal 
input into the system model and generate a sinusoidal 
acceleration is a simple matter. This, however, 
serves only to pass the problem on to selection of a 
guideway model in which the sinusoidal representation 
is quite unrealistic. It can be said without reservation 
that a periodic guideway is a poor guideway. Matters 
are further complicated by providing a ride quality mea-
sure that is a multivalued function of frequency. 

In the second case, specification compliance, the 
test data are approached with the question, At what fre-
quency is this body shaker operating? Good vehicles 
(poor shakers) get difficult to evaluate. The formulation 
has worked fairly well for some rail systems. 

Acceleration data are reduced in a quasi-objective 
manner to produce acceleration levels at discreet fre-
quencies depending on the operating condition and road-
bed. If the vehicle suspension system is poorly damped 
or its structure possesses a high capability for amplify-
ing specific frequency content of the input or both, the 
vehicle provides the periodicity. 

Only in the special case of elevated spans does a 
well-designed guideway present a periodic input to a 
passing vehicle. In that case it results from the pier 
encounter and the bending frequencies of the beams. 
Lateral guidance excludes even these special cases. 
Thus, the unwanted guidance irregularities that may 
be transmitted by the lateral guidance system are non-
periodic. If the guidance system is adequately damped  

and the vehicle structure is well designed, we can antic-
ipate essentially nonperiodic motions at the passenger 
location. 

As a consequence of the foregoing, we have devised 
this procedure for arriving at a relative performance 
ride quality measure expressed as a single value and 
capable of being measured in a performance test under 
operating conditions. 

The guideway input is proportional and defined as 
a spectrum A/a2. 

The ride quality measure is the weighted rms 
value of the random acceleration at a selected passenger 
location, the total over the frequency range of concern. 
The weighting is the inverse of the ISO comfort boundary 
extended at low frequency as shown in Figure 2. The 
rms value is obtained in the parametric analysis by in-
tegrating the spectrum over the frequency range. In 
actual vehicle tests the rms value would be obtained by 
integrating the time history of the acceleration. The 
two are equivalent if the real-world acceleration is fil-
tered to confine its content to the spectrum frequency 
range, C. 

	

1 	T 
= f 4' (w) dw = J j (t)2 dt 	 (1) 

0 

This formulation of the measure provides one number 
to indicate the systems performance over the frequency 
range. It is an absolute as well as a relative measure 
since it can be compared directly with the ISO recom-
mendation. That is, this measure will reduce to a com-
parison with the specification if the output is concen-
trated at a discreet frequency within the spectrum fre-
quency range and the comparison is made at the ampli-
tude where the weighting factor is normalized. We used 
the weighting factor, W, defined as follows: 

for 

W1 	for 21r47r 

2ir 
W— for >4r 	 (2) 

Thus the comparison value is the constant accelera-
tion region between 1 and 2 Hz. This extrapolation of 
the ISO recommendation down to 0.1 Hz is conservative 
in our judgment. 

Guideway Model 

The model described here was formulated in another re-
port (3). Data accumulated on prepared road and runway 
surfaces lead to the conclusion that the random differ-
ence in height between two points is proportional to the 
horizontal distance between them. This may not hold 
over an extreme horizontal range, but it is a good ap-
proximation to prepared surfaces within the range of 
horizontal distanies where height differences might be 
classified as unwanted irregularities and where they are 
important to ride quality at ground transportation speeds. 

If irregularities are assumed to be random, this 
proportional characteristic can be represented by a spa-
tial spectral density proportional to the square of the 
wavelength. Thus, if a spatial frequency is defined as 

(3) 
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where X = wavelength, the squared amplitude spectral 
density can be defined as 

(4) 

where A is the roughness measure and the variable 
change provides a convenient frequency representation. 
The redeeming quality of l is its simple relation to 
time frequency. w = UO when height variation as a func-
tion of time is generated by passing over the surface at 
velocity, U. We have selected for use as input A = 1.5 
x 10 ftrad. This is three times as rough as an ex-
cellent airport runway. The value of A as it relates to 
existing surfaces has been fairly well established by 
actual measurement. There is some confusion as to 
how a specific value may be translated into a practical 
guideway construction standard. 

The guideway spectrum is converted into a density 
with respect to time frequency w: 

A 	
(5) 

This is the input to the vehicle model for the study com-
parisons of acceleration at the passenger location. 

Stability Measure 

For our purposes, damping must always meet a more 
stringent requirement than stability. It is not within 
the scope of this paper to examine stability margins in 
terms of system deterioration or malfunction; however, 
for the servo system, gain margins of 2.0 and 0.5 can be 
nominally met for all the accepted configurations. The 
fundamental damping standard has been set at C > 0.25. 
Higher damping will be used unless a significant ride 
quality trade-off is evident. 

Turn Performance Measure 

Perfect turn performance is accomplished when the ve-
hicle follows the intended path exactly. Reasons for de-
parting the guideway center are built into front-wheel 
steering and will be common to all such systems. Drift 
to establish turning (centrifugal) force from the tires 
and Ackerman tracking are the most important. This 
study is concerned only with those error sources that 
result from the performance of the automatic steering 
system. We use two measures of this performance: 

The steady-state system error and 
The low-frequency response error. 

The first cannot be obtained accurately from the 
small perturbation equations; however, for the two sys-
tems studied, simple approximations are available. 
These are described later. The second can be derived 
from the low-frequency lag of the system. Repeated 
reversing curves in a guideway can be approximated 
by a sinusoidal path lying in a horizontal plane. Bounds 
can be placed on the sinusoidal as follows: Any curve 
entry (transition) would be constrained by the jerk spec - 
ification. The curve radius would be constrained by the 
lateral acceleration specification. For our purposes, 
a flat turn has been assumed. Within these limitations, 
the lateral departure from guideway centerline can be 
computed as follows from the geometry as shown in 
Figure 3.  

w2irf=2irU/L 	 (6) 

If the lateral component of the centerline is y = Y sin 
(wt) and the lagged path is y' = Y sin (wt + ), it can be 
shown that Ay is max at wt = -/2. The total lateral 
departure is Ay = 2Y sin /2. 

Y=)2 Y,y=()3 y 	 (7) 

where 

= max lateral acceleration and 
= max jerk. 

By this measure, Y = /w2  when w < 	Y = /w3  
when w > y/y, and = = 3.22 (0.1 g). The test path 
for low-frequency response will be defined by the accel-
eration limit when w <y/y and by the jerk limit when 
w > y/y. Conveniently both limits are 0.1, giving a 
crossover frequency of 1 rad/sec. 

For the systems under consideration, it turns out 
that the error grows linearly with reduced frequency 
under the constant peak acceleration constraint. We 
have selected a frequency w= 0.25 rad/sec as the test 
point for this measure. At 60 mph, this generates a 
lateral departure Y of ±52 ft combined with a wave-
length, L, of 2,200 ft. When equations 6 and 7 are used, 
this test point changes with speed. 

With the two measures defined thus, an acceptable 
system must not exceed a steady-state error of 6 in. 
and a low-frequency lag, Ay, of 5 in. 

System Model 

The two approaches to steering may be thought of as op-
posite poles of a range of concepts. The most active 
extreme is servo steering; the most passive is herd 
steering. Diagrams of the two systems are shown in 
Figures 4 and 5. 

Servo steering is a straightforward approach in which 
the wall follower senses the departure of a control point 
on the vehicle from the desired path by measuring the 
distance to the wall. This error signal drives the steer-
ing angle through a hydraulic-actuated steering angle 
position servo. Thus the turning force is generated by 
steering the front wheels. In the pure servo system, 
the wall follower need not bear a significant force. In 
fact, it can be replaced by any sensor that can generate 
a signal proportional to the departure from guideway 
centerline. 

Herd steering requires that the wall follower generate 
a significant part of the steering force. The primary 
control loop is passive. The force at the control point 
generated by the wall follower is reacted to by the front 
tires. Front steering is lightly castered. Thus, the 
steering angle changes to follow the new path. The ve-
hicle is "herded" down the guideway with no primary 
steering angle control. The major advantages of this 
approach are simplicity, inherent stability, and built-in 
positive retention. 

Persistent high loading of the wall follower can be 
avoided in turns where significant'lateral acceleration 
must be sustained by adding a trimming loop to the basic 
system. This is approximately equivalent to propor-
tional plus integral control. A relatively stiff and well-
damped centering spring is added to the steering mech-
anism. The null point of this centering spring is ad-
justed slowly by a screw jack whenever a consistent 
error exists. This continually acts to relieve the load 
on the wall follower. 

As previously stated, the two systems represent ex-
tremes of a range of concepts. The servo vehicles can 
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take on characteristics of the herd vehicle as wall-
follower stiffness is increased. Linkages from the wall 
follower can provide primary steering forces or mo-
ments. This study treats only parameter variation in 
herd steering and in servo steering including significant 
changes in the wall-follower force component. 

System Definition 

The definitions of symbols and stability derivatives used 
in the remainder of this paper are given in Tables 1 and 
2. Figures 6 and 7 show the systems with the variables 
defined in both active and passive control loops. The 
steering servo is represented by an equivalent first-
order time lag. Lead compensation is represented by 
a single zero (rate feedback). In actual practice, the 
servo actuator transfer function would be more compli-
cated. No doubt the most effective compensation would 
also be more elaborate. These approximations are con-
sidered conservative assumptions to use in assessing 
the achievable response. 

Vehicle Dynamics 

The vehicle is represented by three degrees of freedom. 
Two are body motion: lateral displacement and yaw 
(rotation about a vertical axis). The third is rotation 
of the front wheels and steering mechanism. The com-
bined mass and rotational inertia of the steering link-
age and wheels are lumped. The coordinates and vari-
ables are defined in Figure 8 and in Tables 1 and 2. 
The basic degrees of freedom are 

Vehicle lateral motion or sway, y; 
Vehicle rotation about the vertical axis at the 

combined center of gravity, or yaw, 0; and 
Front wheel rotation about the kingpin or steering 

angle, 6. 

The conventional "bicycle" representation is used for 
the vehicle. The slope of the tire characteristic curve 
at zero steer angle was used to establish force and mo-
ment derivatives. The following assumptions apply: 

Roll steering is negligible, 
Forward velocity is constant, 
Yaw moment due to differential vertical tire load - 

ing is negligible, and 
Steering mass is lumped with center of gravity 

forward of the kingpin as computed from the existing 
design configuration. 

The coupled equations of vehicle rotation and 
translation -steering rotating and translating mass were 
written in body coordinates and small perturbed to ob-
tain the following equations: 

Y = (m) + m6 Q6  5 + U(m)r + m6(26  + Xi - xcg) 	 (8) 

for lateral force; 

M = m626  v+ Isg + ni2,U r + (I, + m626 (x1 - x68)] r 	 (9) 

for steering moment; and 

N = m6(Q + Xi - xcg) ' + [I, + m6 2,(x1  - xcg)] 

+ m5(2 + Xi - Xcg) U r + I r 	 (10) 

for vehicle moments about z-axis. When the steering 
is constrained by an irreversible (load insensitive) 

servo, these equations reduce to 

Y=m(v+Ur) 	 (Ii) 

for lateral force and 

N=1r 	 (12) 

for vehicle moment about z-axis. The force summations 
are as follows (coefficient definitions are given in Table 
1): 

Y = YvV + Y,5 + Y5 + Y,r + F6 	 (13) 

M=MV v+Mo 6+(KS +KkP)6+(BS +M)l5+MI r 	 (14) 

N = Nv + N6  6 + N 8 + N,r + F6  (x66  - x66) 	 (15) 

for herd steer. The M sum is eliminated for servo 
steer. 

Transfer Functions 

Additional equations are required to define lateral posi-
tion of the steering point, wall-follower force, control 
equations, and acceleration at the passenger location. 

ycv+Ur+(x66 -x66)f 	 (16) 

F6  =K6 (y0  -y6)+B6  ('o -) 	 (17) 

60 =K1 (y0 -y6) 	 (18) 

= ['. +Ur+(xp -xcg)]/g 	 (19) 

6 + 	= G6  (Yo - Yc) + G6T0  ('o - i"6) 	 (20) 

These equations were written in the Laplace operator, 
assembled in a small digital computer program to form 
matrix equations. 

EV] 	

[0 
6 	 0 

[Clx r 
	[1] 	 (21) 

0 	I 
Yc 	

x 0 
	I 

F6 	 K6 +B6s I 
K1s 	J 

for the herd steering system and 

[vi 	

ro 

0 	I 
0 	 I 

6 ] 	[Ceo + T0s) 

[C] x 	
r 	=yo[,] x 	 (22) 

I 
Yc 
F6 	 K6 +B6s 	I 

0 	J 

for the servo steering system, where the typical element 
of C is a polynomial in s. The determinant of C, a poly-
nomial in s, is the characteristic equation of the closed-
loop transfer function. Root loci are obtained from the 
characteristic equation. The transfer function /yo(s) 
is used to obtain the acceleration at the passenger loca-
tion by operating on the guideway model. jw is substi-
tuted for 5 to obtain the equivalent of the Fourier trans-
form as follows: 
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Table 1. Definition of symbols. 

Symbol Variable Dimension Symbol Variable Dimension 

A Guideway roughness factor It rad s Laplace operator 

a Distance in y-direction from kingpin axis to cen- T Time period sec 
ter of tire patch in roadway plane it t Time (variable) sec 

ft/sec B. Wall-follower damping coefficient lb/(ft/seC) U Forward velocity 
ft/sec B. Steering centering damping coefficient ftlb (rad/sec) v Lateral velocity, 	, of vehicle 

C Study frequency range of 0.1 to 50 for evaluating VI Local lateral velocity of front wheels ft/sec 
acceleration spectra Hz V2 Local lateral velocity of rear wheels ft/sec 

C1 Total tire lateral force coefficient, front wheel W ISO weighting factor for acceleration at pas- 
derivative of force with respect to slip angle lb/rad senger location n 

C2 Total tire lateral force coefficient, rear wheel Wt Total wheel load, front wheels lb 
derivative of force with respect to slip angle lb/rad Xi Distance from body reference y-axis to kingpin 

F. Total force on body from wall follower lb center at road surface It 

g Acceleration of gravity ft/sec2  xi Distance from body reference to rear wheel 
G, Lateral guidance loop gain rad/ft center It 
I Total moment of Inertia of vehicle and steering x. Distance from body reference to total vehicle 

about center of gravity slug 'ft2  center, of gravity It 
I. Total moment of inertia of steering linkage about x Distance from kingpin axis to center of tire 

kingpin slug 'ft2  patch in roadway plane = -Rsin (9) it 
Imaginary prefix, 'fiT Y Lateral force on vehicle lb 

K, Wall-follower spring constant lb/ft y, ty/ax, where x = v, 6, and r, partial deriva- 
K., Effective steering centering spring constant tive of lateral force (y-direction) in vehicle 

from kingpin inclination = a • Wt sin I (small coordinates with respect to x (see Table 2) 
perturbation) It lb/rad yp rms lateral acceleration at passenger location g 

K. Steering centering spring constant it -lb/rad Y. Lateral position of control point It 
K1  Trimmer gain rad/sec ft Kingpin angle rad 
t. Distance in x-direction from kingpin axis to 6 Steering angle rad 

steering linkage mass center It So Steering reference angle (null) rad 
L Wavelength of representative reverse curve it C Damping factor n 
To Mass of. total vehicle slug S Caster angle rad 
in. Mass of steering linkage slug X Wavelength = 211/1) It 
M Moment on steering linkage about kingpin It lb V. Servo steering time constant sec 
M. SM/lx, where x = v, 6, and r, and their time To Lead compensation time constant sec 

derivatives, partial derivative of steering 0 Vehicle yaw angle rad 
moment about kingpin with respect to x (see 0, Spectral density of acceleration at passenger 
Table 2) location g°/(rad/sec) 

N Moment about vehicle vertical axis " Spectral density of guideway input ft°/(rad/sec) 
N0  6N/6x, where x = v, 6, and r, partial derivative iii Frequency rad/sec 

of moment about vehicle z- axis with respect W. Natural frequency rad/sec 
to x (see Table 2) 1) Spatial frequency 	 . 	- rad/ft 

r Body angular rate about z-axis rad/sec 

Vehicle 
onamicsj 

I 	, y,r,M 

Coupled 
Steering 	 Wa 
Dynamics 

y,r 

Geometry 

Table 2. Stability derivatives. 

Symbol Derivation Symbol Derivation 
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Figure 7. Variables of herd steering system. 
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Figure 10. Servo steering: roots as function of gain and 
time constants (negligible wall-follower force). 
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I 

(23) 

This gives the spectral density of acceleration at the 
passenger location, which is used to obtain the weighted 
rms value of acceleration discussed earlier. 

rms = W(c) 	
C 

4, (w) dw 

J 	
(24) 

This is accomplished quite economically with adequate 
accuracy by simple numerical integration. The trans-
fer function p/yo(W) is evaluated at w = 0.25 to obtain 
the phase shift for the low-frequency respOnse measure. 

The process is immensely more efficient than time -
history simulation for parametric evaluation if for no 
other reason than the compactness of the output. The 
desired measures are computed directly and exactly, 

Figure 11. Roots as function of gain and wall-follower stiffness. 
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Table 3. Initial mapping parameters. 	- 
	

Mapping 
System Symbol Parameter Definition 

	 Dimension 	Range 

Servo 	- - Lateral guidance loop gain, 8/Ay 	. rad/ft 0.05 to 6.0 
TO, T Servo and compensation time constants 1/sec Oto 0.1 
K Wall-follower spring stiffness, F0 /y, lb/ft 0 to 4000 
B,/K Wall-follower damping ratio (not C but 2C/w) sec 0.1 to 0.4 

Herd 	K. Wall-follower spring stiffness, F,/y, lb/ft 500 to 6000 
B5/K Wall-follower damping ratio (not C but 2C/w) sec 0.1 to 0.4 
K. Steering centering spring constant, MS/S It 'Ib/rad 0 to 6000 
B. Steering centering damping coefficient It 'Ib/rad/sec 0 to 200 
K Trimmer gain . 	rad/sec 'ft 0 to 0.015 



Figure 13. Herd steering: roots as function of 
wall-follower stiffness and damping ratio (K. and B5/K) 
with steering centering and trimmer. 
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and a number of questions of accuracy and statistical 
significance are eliminated. 

RESULTS AND CONCLUSIONS 

Bare Vehicle Dynamics 

The two-body model yields two oscillatory modes: 
a well-damped fundamental body mode and a poorly 
damped caster mode. Both exhibit constant natural 
frequency over the speed range and damping that de-
creases with speed (Figure 9). This representation 
assumes no mechanical friction within the steering 
system (only the normal force of the tire) and, there-
fore, reflects the minimum possible damping. Damp-
ing of this mode is easily controlled by a steering 
damper. Frequency is a function of the square root of 
the caster angle. The basic body mode reflects a near 
neutral steering relation, which is characteristic of the 
vehicle with full seated load. Preliminary exploration 

Figure 12. Herd steering: roots as function of 
wall-follower stiffness and damping ratio (K. and 
BIK) with no steering centering. 
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of the effect of center -of-gravity location showed that 
body dynamics is not strongly affected by loading 
changes. 

Parameter Study 

The parameter study involves two levels of parameter 
variation: initial mapping at 60 mph and later one - 
dimensional exploration from a tentative optimum. The 
initial mapping parameters are given in order of impor-
tance in Table 3. 

Stability 

Basic Serfo Loop 

The root locus shown in Figure 10 provides some insight 
into the likely problems of the general system that feeds 
path error directly to steering angle of front-steered ve-
hicles on free-running tires. In this plot, one param-
eter is gain, G0. The other is a combination parameter: 
When it is zero, simple position feedback is represented. 
Values of To represent system lag, a single lag inside 
the loop. In Figure 6, To is keptat zero and T0 is varied. 
Values of To represent rate feedback with negligible con-
troller lag. In this case in Figure 6, To is kept at zero 
and T. is varied. These are two root pairs (oscillatory 
modes); one always tends to converge on the point (1.5, 
j3). In either case, we are concerned only with the one 
that crosses over into the right half plane. A zero value 
of To should not be taken literally. It represents lead 
compensation to eliminate the effect of steering servo 
response lag. Two facts are evident: Low gain is un-
stable, and lag cannot be tolerated. No realistic steer-
ing servo lag will yield an adequately damped system 
unless velocity information is available. This has im-
portant implications for any mechanical linkage imple-
mentation of this principle. It is likely to be unstable. 
The essential problem is that any attempt to smooth the 
input, even the response of a pneumatic tire, will intro-
duce enough lag in the loop to risk instability. Servo 
systems, on the other hand, will require lead compen-
sation. Thus the system is highly sensitive to attempts 
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to isolate the vehicle from unwanted higher frequency 
components of wall irregularities. Unless cleverly im-
plemented, they will turn out to introduce lag inside the 
loop. 

Wall-Follower Force With Servo Control 

Stiffness in the wall follower is effective in improving 
stability as long as adequate damping is provided. K0  is 
the parameter. Figure 11 shows the effect at To  = To = 0 
These time constants should not be interpreted literally. 
The configuration of combined servo and augmentation 
is realizable even with significant servo lag if lead com-
pensation is selected to introduce negligible phase shift 
below frequencies of 6 to 8 rad/sec. The root locus 
maps gain, G, and wall-follower stiffness, l(, at con-
stant damping ratio, BO/KO. It shows a strong shift in 
the stable direction with increased stiffness. 

Basic Herd Loop 

The closed-loop roots for herd steering are mapped in 
Figure 12. To maintain a reasonable scale in the plots, 
the well-damped caster mode at about 23 rad/sec is not 
included. K. acts like gain. The second parameter is 
BC/KO, wall-follower damping. This configuration has 
no steering spring centering, only a steering damper 
set at -100 ft•lb (rad/sec), Thus, it cannot be equipped 
with a trimmer. When the trimmer is included with a 
centering spring, the response map changes to that 
shown in Figure 13. The trend is to destabilize the 
basic body mode. 

Summary of Stability Comparison 

The servo system has strong tendencies toward instabil-
ity at low gains; the herd system does not. Both systems 

Figure 18. Comparison of acceleration at passenger 05 
location as function of steady-state path error. 
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are capable of stable operation over a wide range of 
parameters. When the stability or damping standard 
of C = 0.25 is applied, both systems are capable of com-
plying. Both systems are improved by increased stiff-
ness and damping of the wall follower. 

Performance Comparison 

in the parameter mapping process, the tollowing perfor-
mance measures were computed: 

Roots of the system; 
rms acceleration at the passenger location, , 

the primary performance measure; and 
Turn performance measures, steady-state error, 

y6, and low-frequency lag error, Ay. 

These measures can be plotted as functions of the 
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various parameters. For herd steering Figure 14 
shows as a function of K0  at different values of BC/K0 . 
These data can be cross plotted in a more informative 
way before the damping requirement is applied. Fig-
ures 15, 16, and 17 concentrate the information. Con-
tours of constant passenger acceleration, , are plotted 
as functions of the important parameters. This is read 
like a contour map. Stability and the damping standard 
are also mapped. This locates the line of minimum pas-
senger acceleration in the two parameters. This line 
can then be plotted against the steady state or the lag 
error, whichever dominates. This final comparison 
is shown in Figures 18 and 19. The herd performance 
shown is accomplished without a trimmer; hence, the 
lateral error performance comparison is impartial. 

The rms acceleration measurement, yv, is 'a weighted 
integration over the spectrum. In accounting for the dif-
ference in performance, it is instructive to compare the 
spectra of the two at the selected design point. Figure 
20 shows a comparison of the spectra and also the 
weighting pattern. The herd system exhibits a favor-
able dip of 1 to 2 Hz in response in the sensitive (heavily 
weighted) frequency range. 

When a tentative design point has been established, 
a check can be made over the velocity range. The roots 
of the design point system as functions of velocity are 
shown in Figures 21 and 22. Single-dimension investi-
gation of secondary parameters such as steering center-
ing stiffness and damping can be performed to arrive at 
a more refined optimization. 

The herd system shows a capability for superior ride 
quality; the acceleration levels are less than half those 
produced by an equivalent servo system. The servo sys-
tem is penalized by the fact that stability demands are 
in direct conflict with the means for isolating the vehicle 
from unwanted guidance source irregularities. This ef-
fect may be counterbalanced in a full servo system by 
providing a guidance source other than the wall, which 
is easily made free of unwanted irregularities and main-
tained in that condition. This potential must be weighted 
against the potential for low cost, reliability, and main-
tainability of the passive steering approach. 
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WIRE -REFERENCE CONFIGURATIONS 
IN VEHICLE LATERAL CONTROL 

Karl W. Olson, Department of Electrical Engineering, 
Ohio State University 

Lateral control is an essential function for all forms of 
individual automated ground transport. This paper re-
views two aspects of such control: the magnetic field 
distributions associated with a guideway-based, wire-
reference configuration and the associated vehicle-
based sensors. 

Two wire-reference schemes have thus far been sug-
gested. In the first, the amplitude characteristics of 
the magnetic field are used to obtain the lateral control 
signal. In this paper, a theoretical analysis and de-
tailed field measurements are used to define both ideal 
characteristics and those that would be encountered in 
a realistic operating environment. The resulting prob-
lems, which involve amplitude distortions of the field 
due to the proximity of steel -reinforcing materials, 
are defined, and their effects on vehicle control (poor 
tracking and passenger discomfort) are discussed. 

In the second approach, the lateral control signal 
is primarily dependent on the phase characteristics of 
the magnetic field. A theoretical analysis and a cor-
responding experimental field study indicated that the 
problems associated with the first approach were 
largely overcome, as evidenced by successful full-
scale tests of an automatically steered vehicle. 

Sensors that derive lateral position information 
from the amplitude distribution of the magnetic field 
produced by a wire reference system suffer the follow-
ing deficiencies: (a) the slope of the indicated position 
characteristic, and consequently the controller gain, 
are dependent on the magnitude of the current in the 
wire; and (b) conductive sheets of reinforcing or struc-
tural materials underlying the surface of the guided 
path can distort the shape of the indicated position char-
acteristic. Observed distortion effects have ranged 
from a variation of the slope of the position character-
istic with longitudinal position to a lateral shifting of 
the indicated lane center (null shift). 

Successful high-speed, closed-loop control of an in-
strumented vehicle has been achieved by using both a 
one-wire and a two-wire reference with amplitude-
sensing sensors. In both cases the tests were conducted 
on a section of highway constructed with laterally sym-
metrical reinforcing. Automatic guideway control was 
used to reduce the effect of longitudinal position varying 
gain. 

Subsequently, operations were transferred to a sec-
tion of highway constructed with laterally asymmetrical  

reinforcing, called continuously reinforced pavement. 
The null shifts, sensed by the one -wire amplitude sens-
ing configuration, were so numerous that closed-loop 
operation was impossible at speeds higher than 48 km/h 
(30 mph). The field distortion caused by this reinforcing 
geometry was judged to be the worst encountered. 

Since a practical reference -sensor system must per-
form well on all types of construction, the phase-sensing 
lateral position measurement technique was developed in 
an attempt to overcome null shift as well as gain change 
types of distortion. A vehicle was equipped with a sen-
sor based on this technique, and closed-loop tests using 
a one -wire reference were conducted. The tests were 
highly successful in that a comfortable ride and excellent 
tracking accuracy of ±25.4 mm (±1 in) were obtained at 
speeds of more than 129 km/h (80 mph). These results 
were obtained on the same section of continuously rein-
forced pavement on which not even a 48-km/h (30-mph) 
closed-loop operation using an amplitude -sensing posi-
tion sensor was possible. In my opinion, the phase-
sensing technique represents a major advance in 
distortion -immune lateral position sensors. 

AUTOMATIC LATERAL CONTROLLERS: 
SThTGLE -LOOP CONFIGURATIONS 

Karl W. Olson, Robert E. Fenton, and Grant C. Melocik, 
Department of Electrical Engineering, Ohio State Univer-
sity 

The design of a single -loop configuration for vehicle 
automatic lateral control is presented. First, a path-
dependent coordinate system for describing vehicle 
motion is defined, and the availability of motion quanti - 
ties for use in such control is considered. The basic 
requirements of lateral control —accurate tracking on 
all expected geometric configurations, good response 
to disturbance inputs, and passenger comfort—are enu-
merated with respect to a control structure, which in-
cludes the derived dynamics of a typical U.S. passenger 
sedan. Various designs, in which different types of 
compensation are used, are evaluated in terms of the 
stated requirements, and attractive candidates are 
specified. 	 S  

Subsequently, one controller design was tested under 
full-scale conditions. Here, a dual-mode test vehicle 
was automatically steered on both straight and curving 
roads at speeds as high as 129 km/h (80 mph). A wire-
reference system was used, and the concrete road was 
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the influence of the lateral control system on the design 
of the guideway is indicated. 

continuously reinforced. The maximum tracking error 
observed was 0.0635 in (0.2 ft) and occurred both when 
a sidewind was present and when the vehicle entered a 
curving section of roadway. 

OPTIMAL LATERAL CONTROL 
FOR DUAL-MODE VEHICLES 

Loren S. Bonderson, Transportation Systems Division, 
General Motors Corporation 

The lateral guidance problem for automated highway 
vehicles on an essentially straight roadway is consid-
ered in the light of optimal control theory. An optimal 
system regulator was designed by using a simple fourth-
order, seven parameter, linear model of vehicle lateral 
dynamics and a quadratic performance index that penal-
izes both the vehicle's lateral displacement from the 
desired path and the vehicle's lateral and yaw accelera-
tions. The initial condition response dynamics of the 
controlled model were investigated, and the importance 
of considering the vehicle's yaw acceleration when de-
signing the regulator is shown. 

Putting the model and regulator problem in dimen-
sionless form reduced the number .of independent ve-
hicle 

e-
hide parameters to four. The coefficients of the linear 
feedback law relating the vehicle's front-wheel steer 
angle to the model state variables are presented in di-
mensionless form for an extensive range of the four ve-
hicle parameters. For a specific vehicle, the longitu-
dinal velocity is the only parameter that varies signifi-
cantly. However, the effect of longitudinal velocity on 
the feedback coefficients is accurately approximated by 
simple functions. These results are illustrated in the 
paper for a typical sedan. 

LATERAL CONTROL OF 
DUAL -MODE VEHICLES 

John W. Rosenkrands, James K. Lutz, Robert Doering, 
and Ralph Merkie, Transportation Systems Division, 
General Motors Corporation 

The General Motors dual-mode vehicle is controlled 
laterally in the automatic mode in three ways. Primary 
guidance is achieved through front-wheel steering in a 
response to vehicle-borne computer control. Cables 
buriedin the guideway surface generate a magnetic 
field for, lateral reference. Vehicle -mounted antennae 
measure the deviation from the desired path, and the 
computer converts this signal to a steering correction 
signal, which in turn is magnified hydraulically in the 
steering mechanism. An independent mechanical 
backup, consisting of a vehicle-mounted arm and a slot 
in the guideway surface, is provided for positive switch-
ing in the diverge areas The design of the guideway 
walls provides a second backup for lateral vehicle re-
straint. 

The effects of feedback paths, control system design, 
and vehicle dynamics on disturbance response and path 
following are discussed. Vehicle directional control 
characteristics necessary for automated steering are 
described. The effects, of selected component failures 
on vehicle lateral control are shown in the paper, and 
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Abridgment 

Leslie S. Pollock, Barton-Aschman Associates, Inc. 

Dual-mode transit service is of interest to many urban 
transportation planners and engineers because varia-
tions of the concept represent a synthesis of the best 
features of urban transportation modes. Dual-mode 
transit combines the flexibility of the automobile with 
the high-volume capability of fixed-route transit. 

Many of the planning and design principles and stan-
dards developed for fixed-route, fixed-schedule stations 
may not be applicable to dual-mode stations. The most 
significant differences between dual-mode, demand-
responsive stations and the fixed-route, fixed-schedule 
stations are as follows: 

Although the pattern of user flow is similar in 
both types of stations, the nature of user behavior 
within that flow pattern is different; 

The dual-mode, demand-responsive system may 
tend to concentrate impact at particular locations and 
have no impact at others, and the fixed-route, fixed-
schedule system may spread impact evenly over many 
station sites; and 

Fixed-route, fixed-schedule stations often have 
to be designed to serve expanded user demands as the 
system develops, and many dual-mode stations may 
have to be designed to be phased out of service (the 
sign of the successful dual-mode system might well be 
the phase-out of origin stations). 

These major differences between dual-mode, demand-
responsive stations and fixed-route, fixed-schedule sta-
tions indicate that significant alterations may have to be 
made in station design. 

Stations may have to accommodate a more free-
floating user population; 

Station design may have to facilitate station re-
use or removal; 

Stations may have to be located so that concen-
trated development can be accommodated adjacent to 
destination stations and so that adjacent development 
will not be encouraged to avoid adverse economic ef-
fects if the origin stations were phased out of service; 
and 

Station design will have to simplify the use of 
the dual-mode, demand -responsive system. 

The nature of dual-mode, demand-responsive opera-
tion is such that the present first-in, first-out struc-
ture of the fixed-route, fixed-schedule system must be 
altered to accommodate a wide variance in waiting 
times. One user may enter and order a vehicle that ar-
rives in 1 mm. Another user may order a vehicle that 
does not arrive for 5 min. When the number of peak- 

hour users and the wide variability in destinations are 
combined, the deviation around the mean wait time will 
vary significantly. Moreover, as the variability of the 
wait time and the number of users are increased, the 
demands placed on ancillary, non -transit -related facili-
ties such as rest rooms, retail facilities, and long-term 
seating areas will increase. This demand will be 
created by ticketed users, and hence such facilities 
may have to be placed in paid areas rather than in free 
areas, as is now done, to serve both users and nonusers. 

To accommodate the variability in user flow, we 
must carefully analyze pedestrian behavior and deter-
mine how the station space can best respond to user 
needs. Because there are no existing facilities to pro-
vide data for empirical evaluations, simulation can be 
used in determining how variability in wait times affects 
the amount of user space. 

Of utmost concern in simulation are the ticketing and 
platform areas, for these activities differ the most from 
those of the fixed-route, fixed-schedule model. Space 
in dual-mode, demand -responsive stations for ticketing 
and platform activities should be designed to accommo-
date a pedestrian density lower than that found in fixed-
route, fixed-schedule stations since there is greater 
variation in the direction and intensity of user flow. 
Within the ticketing area, low pedestrian density, e.g., 
0.9 m2/person (10 ft2/person), will help minimize queuing 
and permit easy circulation among vehicle ordering, 
ticketing, and information activities. Because the tick-
eting activity may require a variable amount of time 
(15 to 90 s to order a trip and receive confirmation), a 
substantial number of machines may be necessary to 
reduce queuing. However, as the number of machines 
increases, congestion caused by people circulating 
among the machines and the boarding area may also in-
crease. 

Low pedestrian density may also be required in the 
platform area to accommodate the movements associated 
with the variable wait patterns. Essentially, the plat-
form area of a dual-mode station should consist of the 
following three areas (Figure 1). 

The boarding and deboarding area is immediately 
adjacent to the guideway. Persons entering or exiting 
a docked vehicle pass through this area, which should 
be clear space and contain only those devices required 
to direct, regulate, or register the entering or exiting 
passengers. As a queuing area, the boarding and de-
boarding space can be designed for fairly high pedes-
trian densities. 

The short-term waiting area is behind the board-
ing area and accommodates the users who anticipate the 
near-term arrival of their vehicles. This area serves 
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Figure 1. Activities in dual-mode station. 
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quite a bit of cross flow movement and should be de-
signed at relatively low pedestrian densities. 

3. 	The long -terni waiting area serves those per- 
sons who have a long wait (approximately 5 min or 
more) for their vehicles. This area accommodates 
free -flow movements rather than queuing and should 
be designed for fairly low pedestrian densities. The 
area should be linked to any ancillary facilities pro-
vided in the station, for station user amenities are 
most required during long waiting periods to reduce 
the perception of extended wait time. 

Dual-mode stations to serve trip origins will likely 
be phased out as the system becomes fully operational 
and the user's residence becomes the trip origin station. 
Until that time, however, stations will be required and 
will encourage development adjacent to them. Because 
the station may be a transitory facility, its development 
should be accompanied by zoning to limit land specula-
tion and to ensure that adjacent development does not 
depend on the operation of the station. 

Attention must also be given to the location and de-
sign of major destination stations so that they serve the 
development potential in those locations. Techniques, 
such as joint project development will ensure that the 
station is properly linked to the area it serves and the 
new development that it generates. 

In summary, dual-mode, demand-responsive sta-
tions have unique aspects that require different ap-
proaches. The flexibility of dual-mode operation re-
quires greater attention to the use of station space than 
is required for a fixed-route, fixed-schedule station. 
Similarly, the unique aspects of system operation may 
also alter accepted notions regarding the stability of a 
transit station location or the ubiquity of station area 
impact. 



PARAMETRIC ANALYSIS OF 
DUAL-MODE STATION OPERATING 
CHARACTERISTICS 

H. Y. Chiu, Applied Physics Laboratory, Johns 
Hopkins University 

Performance and costs of a station can significantly af-
fect a dual-mode system. This paper reports the re-
sults of a preliminary analysis of the effects of certain 
system design factors on serial dock station perfor-
mance.' These design factors include the flow distribu-
tion of vehicles into the station and the number of berths 
in the various queues of the station. The analysis was 
performed by a simulation of a serial dock station that 
treats these factors parametrically. In addition to the 
simulation, an analysis of station cost was done to ex-
amine some of the trade -offs, between cost and perfor-
mance. 

Several conclusions were drawn concerning the per-
formance of a serial dock station operating with a strat-
egy that gave dock queue priority to vehicles coming into 
the station from the main line over vehicles coming in 
from the street. 

Increasing the line queue rather than the dock 
queue is much more effective in reducing the number 
of misses. Also, the line queue is more dependent on 
the dock dwell' time than on the number of berths in the 
dock queue. 

The dock queue significantly affects the delays 
encountered by vehicles in the street queue under the 
present operating strategies. 

The exit queue is strongly dependent on the num-
ber of berths in the dock queue. Exit queues equal to 
about half the number of berths in the dock queue are 
sufficient to keep the average dock delays close to the 
minimum dock dwell. However, smaller exit queues 
do tend to produce a smaller probability of large pla-
toons forming on the main line downstream of the sta-
tion. 

For a given dock queue size and an assumed limit 
on the line and street queues, station throughput is rel-
atively independent of line and street flows except that 
throughput does increase in the absence of either line 
or street flow. 

The analysis of the cost of a serial dock station led 
to the following conclusions. 

Dock queue berths are about three times more 
expensive than a line, street, or exit queue berth. 

Minimizing station costs will primarily increase  

street queue delays. Minimizing costs entails reducing 
the number of dock queue berths, which are important 
in determining street queue delays. 

If time shifting is used instead of space shifting, 
queue costs can' significantly reduce station costs. How-
ever, time shifting may require a more complex set of 
controls, which may then become an additional cost to 
be considered. 

FARE COLLECTION AND TICKETING 
CONSIDERATIONS AT DUAL-MODE 
STATIONS 

William A. Hamberg, Stanford Research Institute 
Robert W. Cowan, Transportation Systems Division, 

General Motors Corporation 

Dual-mode transit system concepts are now being de-
veloped to provide demand-responsive transportation in 
metropolitan areas. Sinée these systems combine the 
features of demand-responsive service and shared, mul-
tiple origin and destination vehicle usage, their ticket-
ing and fare collection functions will be more complex 
than those of conventional transit systems. Fares are 
likely to be related to trip distances; fares may also de-
pend on the time of day and characteristics of the trav-
eler. The reservation request and confirmation process 
associated with demand-responsive systems will result 
in additional functions. It may also be necessary to 
verify or control (or do both) the passenger loading of 
each vehicle. Finally, the possible implementation' of 
a dual-mode transit system in an evolutionary manner, 
beginning with a single-mode dial-a-bus service, re-
quires that both interim and final goals be considered 
when the initial ticketing and fare collection concept is 
designed. 	 ' 

This paper explores these new and expanded functions 
of ticketing and fare collection for dual-mode transit 
systems. A case is made for integrating the design of 
reservation, ticketing, and fare collection functions with 
the overall design of a dual-mode transit system. Care-
ful integration of these' functions will produce a high 
level of passenger service and economies resulting from 
shared -vehicle use and extensive automation. 
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DUAL-MODE STATION 
CONFIGURATIONS 

Norman McQueen, Transportation Technology Division, 
Otis Elevator Company 

The functional features and the advantages and disadvan-
tages of several dual-mode station configurations, de-
veloped for the Urban Mass Transportation Administra-
tion, are evaluated. Each uses the Otis palletized -bus 
dual-mode vehicle. 

Trade study summaries address the trade-off of 
throughput performance and functional features against 
relative capital cost, land requirements, and implemen-
tation risks. The most likely station types for a dual-
mode system in a typical urban area are considered. 

In the central business district, where land is scarce 
and expensive, a full-service station incorporating lat-
eral docks for berthing and elevators for the mode inter-
change function is proposed. This concept provides high 
throughput, efficient operations, excellent, integration 
with CBD buildings, and minimal land and building re-
quirements. Variations are proposed for other stations 
in the system. These include a ramp type of interchange 
in corridors in which land may be more readily avail-
able, a passive mode interchange at the corridor ex-
tremes where requirements for throughput and passen-
ger transfer at the station may be low, and simple siding 
stops in areas where mode interchange is not required. 
For any urban installation, an optimum station config-
uration can be selected from the alternatives to fulfill 
specific station site requirements. 

Four station types are recommended in a typical sys-
tem. The simple siding stop would be useful where ve-
hicle mode changes are not required but where small 
dual-mode vehicle operation is desired. The passive 
station design eliminates the need for station mecha-
nization and provides redundant loading paths. The 
two-level station with rotating elevators is the most 
compact and cost effective. The three-level ramp, 
mode -interchange station provides high availability but 
is more expensive and requires more land. When spe-
cific station requirements and restrictions are known, 
the appropriate station can be selected for each site. 

SIMULATION, DESIGN, AND IMPACT 
OF DUAL-MODE ACCESS FACILITIES 

Henry A. Camargo and Frank L. Ventura, Transporta-
tion Systems Division, General Motors Corporation 

An approach is described to the functional design and 
analysis of a typical access facility of a dual-mode sys-
tem concept being researched at General Motors Re-
search Laboratories. The procedure uses a discrete-
event simulation model to analyze the performance 
capability of the facility during the peak demand period 
and to establish the design values of the critical ele-
ments of the access facility. After several design 
iterations and analyses, a typical access module was 
adopted. The most ëritical element was found to be 
the preinspection queuing area. The analysis revealed 
that the queuing area would require a storage capacity 
for 38 vehicles, given a maximum waiting time of 6 mm 
and the requirement that all vehicles be stored off the 
feeder arterial street. 

The entrance module would have three vehicular in-
spection and automation bays, measure 29.6 X  310.9 m  

(97 X  1020 It), require 9308 in2  (2.3 acres) of land, and 
have a processing capacity of 360 vehicles/hour. The 
performance and design characteristics of the entrance 
module would then be fed into a land requirement model, 
along with peak-hour loadings, to estimate land con-
sumption effects of the access facilities on the affected 
communities in a case study area. 
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Ed S. Cheaney, Battelle Columbus Laboratories 

Reliability performance of dual-mode systems will influence both capital and operating costs and determine their 
public acceptability. Further, the reliability and cost balance will probably be the main determinant of which generic 
type of dual-mode system—integrated or palletized—is eventually selected for final development and implementation. 
This paper demonstrates those findings by placing reliability in the context of a total-system-worth function developed 
to fit the unique characteristics of the two types of dual-mode systems. In each case, interactions among reliability, 
availability, service level, safety, capital cost, and opeiating cost are traced in simplified examples based on hypothet-
ical systems. Because of the extremely high level of reliability required of all rolling stock in the automated phase to 
secure acceptable system availability in close-headway operation, the capital costs are likely to be high for the pal-
letized system. However, operating economies may offset this sufficiently to make the combination feasible. On the 
other hand, maintenance costs will be high for the rolling stock in the, integrated system, thus casting doubt on the 
acceptability of the cost-availability constraint on the user. 

As high -performance public service technologies move 
through the expensive stages of development and imple-
mentation, the interactions among reliability and eco-
nomic factors exert a major and often dominant influ-
ence on the final design. This is expected to be the 
case with dual-mode transportation system concepts 
currently being explored, especially those featuring the 
use of small, privately owned vehicles for single -party 
service. This paper identifies and qualitatively ex-
amines some of these interactions and points out topics 
meriting detailed study as dual-mode transportation is 
further developed. 

SYSTEM SETTING 

Reliability and economic factors can be usefully studied 
only in the context of a physically visualizable system 
whose elements can be related to existing equipment and 
devices. The system discussed here is the dual-mode 
personal rapid transit (DM/PRT) system described as 
an analytical concept by Waddel and Roesler (1). This 
system is a representative and satisfactorily detailed 
example of conceptual DM/PRT systems—in this case, 
prepared as a hypothetical network serving Baltimore. 
This type of system is a more advanced concept and is 
further from being developed, perhaps, than dual-mode 
systems involving larger, publicly owned vehicles pro-
viding mass transportation. However, the DM/PRT 
system more directly addresses the purpose of accept-
ably preserving the societal role of the private automo-
bile in urban regions and, thus, may be a more impor-
tant conceptual approach for study. 

Details of the layout and operating scheme of this 
system are not germaine to this discussion, but an over-
view of its primary dimensions and basic design options 
is. It is, of course, a dual-mode system in that the 
passenger-carrying vehicles are capable of operating 
in the city street network under driver control (manual 
phase) but can also be inserted onto an automatically 
controlled guideway (automatic phase) for transport  

through an arterial or distribution network. The con-
cept for.  Baltimore consists of an arterial network con-
necting 29 nodes with 286.5 km (178 miles) of guideway. 
Local distribution 'networks in many of the, node areas' 
add another '78.7 km (72 miles). The system provides 
1.98 million person trips per day for which an estimated 
230 000 privately owned,, four -seated -passenger vehicles 
are used. The average trip distance on the guideway 
portion of the system is estimated to be 10.1 km (6.3 
miles), and the system experiences a daily peaking fac-
tor such that during the peak hour the system handles 
52 000 vehicles. Line speeds are about 64.4 ks-n/h (40 
mph). Headway is about 1 s for independently controlled 
vehicles; larger headways could be achieved by training, 
and this option is included. 

The two basically different design options to be con-
sidered in approaching a DM/PRT concept such as this 
one are the integrated vehicle option and the palletized 
vehicle option. These options relate directly to reliabil-
ity considerations, and the eventual selection between 
them will constitute a landmark decision in the evolution 
of this technology. The technical and first-cost impli-
cations of these options are explored in the other study 
(1), but reliability trade-off issues are not directly con- 
fronted. 	 , 

In the integrated option, the vehicle is equipped to 
function in both phases, having as permanent parts all 
running and control components necessary for operation 
on both automated guideways and streets. Since the ve-
hicles are privately owned and maintained, this means 
the "system" does not directly control the state of re-
pair of vehicle components vital to satisfactory opera-
tion on the guideway. Consequently, a necessary part 
of the integrated system concept is the provision of 
means to check out the operating condition of all vehicles 
entering the guideway. Equipment to do this with accu-
racy and speed will be a significant element of the cost 
of.the integrated system. 	 . 

In the palletized system option, the vehicles are 
single mode, i.e., they operate only on the street under 
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manual control. Separate pallets, equipped to run per-
manently in the guideway and able to carry the single - 
mode vehicle, are used for guideway travel. The pallets 
are maintained by the system to a suitable level of reli-
ability. This obviates the need for entrance ramp check-
out of all vehicles, but introduces the cost of the pallets. 
For the system envisioned, 40 000 pallets would be re-
quired. 

SYSTEM -WORTH FACTORS 

The worth of a DM/PRT system is determined by the 
balance struck among its primary characteristics, ef-
fectiveness, cost, and safety. Trade -offs affecting de-
sign decisions must be made among these characteris-
tics and the factors of which they are composed. Reli-
ability considerations are a part of the system-worth 
framework as indicated below. 

System effectiveness is based on the provision of 
a transportation service whose overall effectiveness can 
attract a sufficient number of users to justify its total 
costs. DM/PRT effectiveness is a function of qualities 
such as (a) transportation convenience (low trip time, 
quietness and comfort, freedom from congestion), (b) 
accessibility and coverage, and (c) trip dependability 
(availability of the system and reliability of the vehicles) 

System safety is based on a level of achieved 
safety commensurate with the perceived needs of users 
and the proprietors of the system. This involves the 
elimination or control of hazards in the system such 
that norms associated with high-performance public 
transportation systems in the past will be met or ex-
ceeded. Any potential for catastrophic accidents in the 
automated phase of the system will have to be eliminated. 

System costs must be acceptable to all parties 
that support or use the system or do both. Optimization 
of this system parameter is by far the most complicated 
aspect of technology development of dual-mode transpor-
tation whose ownership is divided between the system 
proprietor and the users. Costs can be subdivided into 
the following broad elements for consideration: (a) pro-
prietor costs, including capital (all fixed installations 
plus pallets in palletized systems) and operating costs; 
and (b) user costs including vehicle capital costs and 
fares plus the usual costs of operating and maintaining 
automobiles. 

Many trade-offs are possible and necessary in the 
balancing of these worth factors to arrive at a system 
that is both technically feasible and socially and eco-
nomically useful. 

EFFECTS OF FAILURES 

Any significant failure in the normal operation of a ve-
hicle will, in the closely packed guideway of a DM/PRT 
system, probably result in an interruption in flow for a 
considerable distance upstream of the failed vehicle. 
During peak-hour operation, the result would not be un-
like the stoppages experienced on freeways when acci-
dents block lanes during rush hours. The extent of the 
interruption to flow in a DM/PRT system cannot be es-
timated here since it will be a function of the control 
strategy used for the system and the time required to 
restore the system to normal operation (an important 
factor here is the time needed to remove a failed ve-
hicle from the guideway). However, service interrup-
tion will doubtless be substantial so that failures in a 
DM/PRT system are likely to be "system failures" af-
fecting the trips of a large number of users on the sys-
tem at the time of the failure. 

This condition is true, of course, of most PRT sys-
tem concepts and is not a new problem unique to the dual-
mode concept. Nonetheless, it seems to be of special 
significance in the DM/PRT concept since the possibility 
of vehicle failure, because of private-owner maintenance, 
is likely to be higher than will be the case in a non-dual-
mode system. 

The problem is further exacerbated by indications that 
a significant increase in the reliability of critical com-
ponents over the present automotive and transit state of 
the art will be required. The mean time between failure 
for automobiles is about 500 h or 16 000 to 24 000 km 
(10 000 to 15 000 miles) assuming that average speeds 
are in the 32 to 48-km/h (20 to 30-mph) range. This cor-
responds with estimates of about 27 000 km (17 000 miles) 
for mean time between maintenance for transit equipment. 
If the vehicles in the system described here had failure 
rates of this magnitude, then the probability of failure 
for an average individual vehicle trip on the guideway of 
10.1 km (6.3 miles) would be about 0.0004. This is an 
acceptable trip dependability level for an individual 
traveling alone in the system. However, during the 
peak-hour period the system would, on the average, ex-
perience 20 failures of the type described above. Al-
though user tolerance to trip undependability is one of 
the still unknown factors in PRT system development, 
without question this hind of system failure rate is un-
acceptable. 

A tenfold improvement in the above situation —getting 
the failure rate down to two per rush hour—might be an 
acceptable range. This implies that DM/PRT system 
developers must achieve reliability in the critical com-
ponents of guideway-using vehicles on the order of ten 
times better than present levels. The impact of this 
kind of requirement on purchase prices and maintenance 
costs will undoubtedly be severe. Failure rate improve-
ments of this magnitude have been achieved for mechan-
ical systems in other technological fields—weapon and 
aerospace systems—at cost increase factors on the order 
of 3 to 4 magnitudes. One has to think at least in those 
terms when the reliability economics of DM/PRT sys-
tems are considered. 

PRIMARY TRADE-OFF 
CONSIDERATIONS 

In view of the seriousness of these reliability factors to 
system effectiveness, first consideration in the design 
of dual-mode systems must be given them. The most 
sharply defined design alternatives bearing on reliability 
are the integrated and palletized approaches. The pri-
mary economic trade-offs, then, are related to deciding 
between two alternatives. The trade-offs all will have 
to do with determining the impact of reliability costs on 
total private and public costs for an integrated system 
or for a palletized system. These trade-offs must be 
considered in the context of Similar levels of safety and 
system effectiveness. 

This is not to imply that the best system design will 
necessarily be the one offering the lowest total cost. 
Selecting the best option will be based on the public 
policy issue of distributing the capital and operating 
costs of this public service to the general public, through 
its ownership of the guideway system, and to the users, 
through their ownership of the vehicles. Thus, from the 
standpoint of system design, ways must be found by which 
these four elements of the total system cost can be varied 
with respect to one another. The identification of eco-
nomic trade-off analyses stems from this basic need. 

The first problem is to develop some useful informa-
tion on the cost sensitivity of users to the factor of trip 
dependability. How much, if anything, are users willing 
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to pay for increased assurance that a trip will be com-
pleted without interruption? Conversely, at what level 
of undependability will users discontinue using a system 
no matter how inexpensive? Until these questions are 
answered, we cannot proceed on a rational basis to set 
up the trade -offs involving reliability economics of 
dual-mode systems. What is actually sought here, of 
course, is a set of user indifference curves of cost 
versus dependability, all other things being equal. The 
set would be a family of curves representing various 
percentages of the potential user population to whom 
the system is acceptable at various cost and dependa-
bility levels. To expect that such relations could be 
established in any sort of rigorous manner is not rea-
sonable; the question is too subjective. However, 
studies of user preferences, dependability levels, and 
cost structures in other modes of transportation—es-
pecially automobiles—might shed enough light on the 
subject to permit the making of a set of estimates that 
would form a framework for a rational investigation of 
system reliability trade -off s. 

When such a framework is established, the relations 
between vehicle reliability and trip dependability will 
have to be found for chosen versions of both integrated 
and palletized systems. This will exercise the basic 
options directly in reliability terms. Versions of the 
palletized system to be examined would involve various 
reliability levels for pallets and other operation-critical 
subsystems (controls, propulsion). However, because 
of the nature of the design of the palletized system, little 
interaction will probably be found between vehicle reli-
ability and trip dependability. That is, the vehicle reli-
ability will completely determine the dependability of the 
street portion of a given trip, but the guideway system 
reliability will control that of the automatic portion in-
dependently of the vehicle. Thus, "street reliability" 
of a state-of-the-art vehicle should show up as produc-
ing a satisfactory level of trip dependability if the guide-
way system and pallets are good enough. 

Conversely, the trip dependability of the integrated 
system is completely controlled by vehicle reliability 
while on the guideway. The inspection equipment needed 
as a part of this system concept will probably be able to 
check the operating condition of vehicles entering the 
system but not the imminence of failure. In other words, 
inspection equipment will not check the reliability of ve-
hicles moving into the system—reliability will still be a 
function of component quality and level of maintenance. 
Thus, the variation of trip dependability with differing 
levels of vehicle reliability must be established—again, 
as a function of a variety of system options. 

One option to be studied in this connection is a sys-
tem design providing immediate removal of failed ve-
hicles from the line to prevent system outages because 
of a single -vehicle stoppage. Although this option could 
be applied to both system design approaches, it seems 
especially pertinent to the integrated system. It would 
not be simple to provide. Twice as much guideway 
width would be required to provide space to put stopped 
vehicles at any point along the way, and the added com-
plexity in the control system for automatic removal 
would be severe. Nonetheless, this option (a trade-off 
between system cost and vehicle cost) should be explored. 

Once a set of relations are established between ve-
hicle reliability and trip dependability levels for both 
types of systems, the trade-off analyses can be directed 
toward balancing capital and operating costs at different 
levels of vehicle and system component reliabilities. 
The variations will be controlled mainly by component 
quality factors versus levels of maintenance. Here, 
again, a sequence of design options at the subsystem 
or component levels should be invoked as a part of de- 

veloping the trade-off continuums. 
The possibility exists, and would be discovered at 

this point, that the user cost levels involved for one or 
both systems may be so high that a finding of infeasibil-
ity (relative to user needs discussed previously) can be 
confirmed. For example, it is plausible to expect that 
the user cost in the case of the integrated system will 
turn out to be unacceptably high no matter how the bal-
ance is worked out between capital and operating costs. 
As a case in point, the study by Waddell and Roesler (1) 
estimates a first cost per vehicle of $5000 for the in-
tegrated system case. The cost increment over the 
cost of a conventional automobile of equivalent capacity 
and driving characteristics is about $100.0. This is in-
tended to account for the additional control and propul-
sion equipment needed for running on the automatic 
guideway. There is no allowance for the higher quality 
needed in the vital subsystems to provide something like 
a tenfàld improvement in reliability over conventional 
automobiles. The burden of ensuring this kind of opera-
tional reliability is thus placed on the user's own main-
tenance program. 

This option appears bound for failure. There can be 
no element in this system that constrains entering ve-
hicles to be in a satisfactory state of reliability. Ramp 
inspection equipment can at best be expected to check 
operability; a poorly maintained vehicle will usually be 
passed if all the vital subsystems happen to be function-
ing correctly at the moment of inspection. Potential for 
failure once on the guideway will be largely undetected. 
Thus, the burden of reliability performance will be on 
each of the individual owners, who must be willing to 
carry out what will undoubtedly be an expensive regime 
of inspection and preventive maintenance. This cannot 
reasonably be expected to happen—at least, not suffi-
ciently so to be the base of the success' of a major trans -
portation system network. The only other option that 
appears to be available is to build in the reliability level 
at a heavy first-cost penalty. The negative reaction of 
the automobile market to heavy first-cost penalties need 
not be elaborated on here. 

The comparison by Waddell and Roesler (1) of the in-
tegrated and palletized systems showed a probable ad - 
vantage accruing to the latter on first-cost issues alone. 
The line of intuitive reasoning above supports this find-
ing in the area of trade-offs of reliability and economics. 
The extremely tentative nature of these findings —espe-
cially the latter—is obvious. Serious design work must 
be undertaken before calculations of cost trade -offs that 
have decisive credibility can be made. The community 
of firms and agencies involved in the d1evelopment of 
dual-mode transportation technology may usefully de-
velop guidelines that will lead to an early and convincing 
resolution of the issue. 
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Charles R. Toye, Transportation Systems Center, U.S. Department of Transportation 

The analytical procedures presented define a method of evaluating the effects of failures in a complex dual-mode sys-
tem based on a worst case steady-state analysis. The computed result is an availability figure of merit and not an ab-
solute prediction with associated confidence levels of system availability. The advantage of this procedure is that it 
avoids the use of a dynamic network traffic flow simulation, which is. both costly and time-consuming. The availa-
bility calculation is understandable when expressed in terms of the fraction of system time lost due to either passen-
ger or vehicle delays. This involves both system reliability and maintainability, including the number of system fail-
ures per time interval, and corrective action times required to avoid vehicle delays. 

In a dual-mode transportation system, vehicles are ca-
pable of operating on conventional streets in a manual 
mode and also on specially constructed guideways in a 
completely automated mode. In September 1973, the 
Urban Mass Transportation Administration awarded 
three contracts for the design phase of a dual-mode 
transit system(DMT development program. The ob-
jective of this dual-mode program is to combine the 
best automated transit such as the personal rapid transit 
(PRT) system in Morgantown, West Virginia, with the 
best aspects of modern bus technology.. 

This report discusses the availability procedures 
that were given to the contractors who were selected 
to participate in phase 1 of the UMTA dual-mode pro-
gram. The procedures are to be used as guidelines for 
the contractors in determining a relative availability fig-
ure 

ig-
ure of merit for their proposed system designs. An 
availability estimate is usually derived during the con-
cept development or design phase of a system. In a 
ground transportation system, such as dual mode, it in-
volves the calculation of either passenger or vehicle de-
lays based on the system's reliability and maintainabil-
ity, including the number of system failures per time 
interval, their effects, and corrective action times re-
quired to avoid delays. In phase 1 of the dual-mode 
program, the emphasis is on vehicle delays derived 
from a worst case steady-state analysis. .This avoids 
the use of a dynamic network traffic flow simulation, 
which is required for the computation of passenger de-
lays and is deferred until phase 2 of the program. 

The approach taken encompasses fault tree and fail-
ure mode and effect analyses (FMEA). The novel as-
pect of this' approach is the use of the Monte Carlo tech-
nique to determine the physical location of failed ve-
hicles. The requirements of phase 3 .are dis.cussed with 
respect to types of stations., guideway sectors, passen-
ger flow, and network configurations. 

In a dual-mode transportation system, vehicles are 
capable of operating on a conventional street in a manual 
mode and also on specially constructed guideways in a 
completed automated mode. In the manual mode, a 
driver operates the vehicle in suburban residential or 
business districts. These surface routes serve as col-
lector lines and feed into access stations. There, the 
driver leaves the bus, and the vehicle is placed in the 
automatic mode. In this mode, the minibus is routed  

on completely automatic guideways through the heavier 
traveled urban corridors and the central business dis-
trict. This combination of manual and automatic opera-
tion permits flexible routing and distribution capable of 
changing to suit daily or seasonal variations in passen-
ger demand throughout an urban area. The system also 
permits demand -responsive operations for nearly direct 
point-to-point routing. 

Phase 1 of the dual-mode development program covers 
concept and, system design with special attention to im-
proving the quality of transportation while minimizing 
initial capital investment, installation time, and oper-
ating costs. This part of the program is expected to be 
completed within 9 months. Phase 2 consists of con-
struction, operational testing, and evaluation of proto-
types at the U.S. Department of Transportation test cen-
ter at Pueblo, Colorado. Phase 3 is expected to bring 
dual-mode systems into revenue service in cities by. 
1980. 

A hypothetical phase-3 installation was provided as a 
basis for the phase-1 work. Each corridor has nine or 
ten stations, serves a central business district (CBD), 
and has approximately 32.2 km (20 miles) of guideway 
and 20 stations. The system is supposed to satisfy a 
demand of 30 000 trip requests per hour with a nominal 
of 5000 and a maximum of 10 000 per corridor. Figure 
1 shows the installation. The problem is to determine 
an availability figure of merit for this system during the 
design phase. 

An availability analysis (1) is usually performed dur-
ing the design stages of a program before any system 
experience has been gained. The definition most com-
monly used is stated as 

Availability A (so-called steady state) = 
	

MTBF 

MTBF + MTFR 	 (I) 

where MTBF is mean time between failure and MTTR is 
mean time to repair, a measure of the effectiveness of 
emergency maintenance. All failures are assumed to 
be random. 

MTBF must be figured on the basis of a fleet of ve-
hicles. If there are 100 vehicles and each one has, for 
example, a 1000-h MTBF, a system failure could be ex-
pected every 10 h on the average. If each one took 0.5 h 
to repair and each one stopped the entire system, sys- 
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tern availability would be 

1000/100 
A = 1000/100 + 0.5 - 

- 0.952 	 (2) 

In an operating system, availability, as measured by 
experience, is usually defined as 

- 	operating time 
A - operating time + down time 	

(3) 

For a working day 24 It long and one failure each 10 h 
that takes 0.5 h to fix, 

24 
A = 24+1.2 = 0.952 
	 (4) 

Clearly, if down time or repair time can be minimized 
or if the failed vehicle can quickly be removed from the 
system so that it does not become an obstruction, avail-
ability can be raised. If the fault can be cleared in 0.1 
h, 

24 
A=240240.99 	 (5) 

There are, therefore, many ways of increasing avail-
ability: 

Increase the MTBF of the system to reduce out-
ages (increasing the inherent reliability of the vehicles. 
or providing preventive maintenance during nonoper- 
ating hours will have the effect desired), 

Decrease the time to repair on-line vehicles, and 
Design the system so that failed vehicles do not 

shut down the whole system (rapid removal of the failed 
vehicle, bypassing an obstructed section of guideway, 
and similar methods can keep a system from being shut 
down as the result of one failure). 

Vehicles can also be designed with redundancy in 
their electronics so that in most instances they wili "fail 
operational" rather than stop. In practice, of course, 
all these things should be done to whatever extent possi- 
ble. 

In phase 1 of the DMTS program, a steady-state 
analysis based on vehicle availability is sufficient. How-
ever, a dynamic analysis is to be performed in phase 2 
after a network computer simulation program is de-
veloped. It will address the question of passenger avail-
ability. This report describes the procedures to be used 
in the availability analyses during phase 1. 

PROCEDURES 

The procedures presented here define a method of evalu-
ating the effects of failures in a complex dual-mode sys-
tem based on a worst case steady-state analysis. The 
computed result is a figure of merit 'and not an absolute 
prediction with associated confidence levels of system 
availability. The advantage of this approach is that it 
avoids the use of a dynamic network traffic flow simu-
lation that was not available during phase 1 of the DMTS 
program. 

In most cases, the reliability of a DMTS can be rep- 
resented by a series chain probability of its major sub-
systems. Each of the three UMTA contractors defined 
their major subsystems according to their system spec-
ification, but for illustration purposes a simplified sub-
division is shown in Figure 2 (2). Shown are the three 
major hardware subsystems of the DMTS and some of 
their related software functions. The system reliability, 

RS, can be determined by multiplying the reliability es-
timate of subsystems A, B, and C as follows: 

RS=RARBRC 	 (6) 

A system failure rate, XS, is derived by adding the fail-
ure rates of the component elements. 

XS=XA+AB+XC 	 (7) 

The individual elements or components in each major 
subsystem must be grouped according to a common clas-
sification. Each particular element of each group must 
be individually identifiable and traceable to the subsys-
tem in which it operates. A failure effect analysis then 
determines whether the subsystem function that has been 
designated as a failure will cause vehicle delay. If de-
lays do occur, then their extent must be determined by 
using appropriate MTTR values. The Monte Carlo tech-
nique is used to determine which group of elements fail, 
which individual elements fail, and where on or off the 
guideway the delays occur (streets, guideway, station 
berths). This method has the following implied assump-
tions: 

Failure rates of all component elements are de-
rivable and are constant (that is, 'failures occur randomly 
and are not due to design or manufacturing defects or 
wear out); and. 

The reliability function of the total system, with 
maintenance, is exponential and can be expressed as 
R = e st ,  where X. is the system failure rate, as derived 
by summing the failure rates of all the system component 
elements, and t is the time at which reliability is mea-
sured. 

The following procedures were recommended to the 
contractors for calculating a system availability figure 
of merit for phase 3:  

Divide the system into similar kinds of major 
hardware and software subsystems and components as 
determined from its functional characteristics; 

Determine the number of vehicles per section 
based on speed, percentage of vehicle and guideway oc-
cupancy, and a steady-state passenger seated flow rate; 

Conduct an appropriate failure mode and effect 
analysis (FMEA) based on the system design, reliability, 
maintainability, and safety practices; 

Determine the various failure permutations, com-
binations, and system interactions; and 

Perform the necessary calculations and data pre-
sentations. 

The examples used in these procedures are taken from 
the phase-3 installation and are not to be construed as 
being all inclusive; they have to be expanded in accor-
dance with each DMTS. 

Subsystems and Major Components 

The DMTS specification document containsthe functional 
definitions of the system objectives and identifies asso-
ciated hardware and software requirements. The follow-
ing hardware examples selected for illustration in this 
paper were chosen because they related to certain basic 
assumptions that needed to be clarified before any analy-
ses could begin: guideway sections, stations, computers, 
and merge and demerge sections. 

The approximate number of and related assumptions 
for each type of phase-3 guideway sections are as fol-
lows: 
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Possible ... 	 . 

Type Number.  Assumption 	. 	 .. 

1 48 96.6 km/h 
2 20 48.3 km/h; merge point at corridor'anci CBD 

network intersection 
3 20 48.3 km/h; demerge at corridor and CBD 

48.3 km/h 	 0 4 20 

There are six 16.1-km (10-mile) two-way corridors con-
taining eight 4-km-long (2.5-mile) type 1 guideway sec-
tions as shown in Figure 3 (i.e., . four sections each way). 

The two types of stations defined for phase 3 are (a) 
entrance and egress stations used as vehicle entrance 
and departure exits on the corridor and CBD guideway, 
and (b) stop only and transfer stations used only in the 
CBD. There are only 70 entrance and egress stations: 
60 are in the guideway corridors and 8 are in the CBD. 
Each one of these 68 stations has a flow of 2000 passen-
gers/h in each direction. Two more stations in the CBD 
have a flow of 5000 passengers/hin each direction. 
There are 10 stop. only and transfer stations in the CBD 
that have a flow of 2000 passengers/h in each direction. 
The passenger flow rate is converted into vehicles at 
100 percent seated occupancy; no allowances are made 

Figure 2. Dual-mode transit subsystems 

for standees. Stations may contain parallel or series 
berths or a combination of both depending on the design 
selected. 

The type of computer used in each application depends 

Figure 1. Phase-3 installation of a dual-mode transit system. 
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Figure 6. Vehicle delay curves. 
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on the function to be performed, data rates, and mes-
sage formats peculiar to the system design. The clas-
sifications to be used as applicable are wayside, sector, 
and central (the number of and configuration of compo-
nents is to be determined from the system design). 

There are 80 merge and 80 demerge points (Figure 
4) located on acceleration and deceleration ramps asso-
ciated with the 80 stations mentioned above. 

Number of Vehicles 

In the determination of the number of vehicles per hour 
required to make the seated passenger flow for all of the 
above cases, the following items are considered: ve-
hicle capacity, headway analyses, slot occupancy per-
centage (this allows for merging conditions), and re-
quired seated passenger flow per hour. A computer 
program for determining guideway section use is given 
in another report (2). 

Failure Mode and Effect Analyses 

After the above procedures have been carried out, an 
FMEA is conducted for the major subsystems and com-
ponents. For each failure, mode, appropriate vehicle 
delay times are determined. The sum of all vehicle de-
lays attributed to that particular failure mode including 
those vehicles affected in other guideway sections is cal-
culated. The FMEA should classify failures with respect 
to 

Hazard levels for safety considerations, 
Catastrophic system shutdown, and 
Serviceability [corrective action that can (a) oc-

cur within a given time interval and thus avoid a vehicle 
delay or (b) only occur beyond a given time interval, thus 
resulting in a vehicle delay]. 

A typical fault tree analysis used in a system safety 
study at the Transportation Systems Center is shown in 
Figure 5. 

Failure Mode Determination 

A probability estimate for the occurrence of each failure 
mode is derived from a reliability failure rate apportion-
ment analysis. A maintainability analysis is performed 
to determine the MTTR for each failure mode. The 
Monte Carlo technique is then used to determine which 
subsystem failed and when and where in the network ve-
hicle delays occurred. The procedure is as follows. 
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Subsystems and components are related to the 
guideway network to determine where in the network a 
delay occurs. For example, guideway sections and as-
sociated peripheral subsystems and components are as-
signed to corridors by number. For each type of guide-
way section (including berths in the stations), vehicle 
positions are also numbered. 

Failure rates for the major subsystems and com-
ponents are calculated from the reliability apportionment 
analyses stated above. The relative frequency of a fail-
ure of a particular subsystem with re?pect to other types 
of subsystems is determined. 

The Monte Carlo technique uses the relative fre-
quency of occurrence to determine which subsystem 
failed. A computer performs this task. 

For the DMTS, a double Monte Carlo procedure is 
used to designate .component failures. The first proce-
dure selects the major subsystems in which failure oc-
curred and the second assigns component failures within 
subsystems. Consequently, two frequency distributions 
of events are required. For the major subsystem dis-
tribution, there are eight event categories as follows 
(seven define the probability of events A, B, and C fail-
ing, and one gives the probability of no failures occur-
ring): 

Category 	 Event Failing 

1-RA A 
1-RB B 
1-RC C 
(1-RA)(1-RB) A and B 
(1-RA)(1-RC) A and C 
(1-RB)(1-RC) B and C 
(1-RA)0-RB)(1 -RC) A,B, and C 
1 - (sum of categories 
1 through 8) None 

The major subsystem frequency distribution is de-
rived from the probabilities associated with these events. 
The components within each subsystem are then arranged 
accordingly to derive a similar frequency distribution 
for major components. A random number generator is 
used to select events iteratively based on an appropriate 
time interval derived from failure rate data. The entire 
procedure can be incorporated into a computer program. 
In a similar manner, the Monte Carlo technique is also 
used to assign corridor guidewaysections and vehicle 
positions to those failure modes that cause vehicle dé-
lays. The effect of each vehicle delay is then analyzed 
manually, and appropriate delay times are calculated. 

Calculations and Data Presentation 

Failure modes are grouped or classified according to 
vehicle delay times, and a probability of occurrence is 
calculated for each classification. Figure 6 shows how 
these data can be plotted. The availability figure of 
merit is calculated by 

AV=l - 	ijo (8) 

where 

D = vehicle delay times, and 
0 = vehicle operating times. 

The operating cycle per day is (a) 5000 passengers/ 
h/corridor guideway section for 6 h/d, (b) 1000 passen-
gers/h/corridor. guideway section for 18 h/d, (c) 10 000  

passengers/h/CBD guideway section for 6 h/d, and (d) 
2000 passengers/h/CBD guideway section for 18 h/d. 
The analyses will cover a 7-d week for 3 consecutive 
years. 

The following assumptions are used in considerations 
of off-guideway failure modes for phase 3. 

The passenger flow rates associated with each of 
the 70 entrance and egress stations are related to an ap-
propriate dial-a-bus zone of 16.1 kin (10 miles). Six 
equally spaced stops are made per zone. 

The vehicle street speed is 24 km/h (15 mph) for 
both dial-a-bus and bypass guideway operations. 

CONCLUSIONS 

An availability procedure as extensive as the one out-
lined above has apparently never before been conducted 
for a ground transportation system of the magnitude and 
complexity of dual mode. Early results from the three 
dual-mode contractors indicate that the availability ef-
fort has proved fruitful in the concept developing stage 
by (a) integrating the reliability, maintainability, and 
safety analytical tasks; (b) providing design criteria 
against which subsystem designs can be realistically 
evaluated in view of the overall system requirements; 
and (c) providing criteria for evaluating the effects of 
abnormal operating procedures. 
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SYSTEM ASSURANCE FOR CURRENT 
AND FUTURE GUIDEWAY 
TRANSPORTATION SYSTEMS 

Frank C. Smith, Vought Systems Division, LTV 
Aerospace Corporation 

System assurance may be defined as that process by 
which any system is made safe, reliable, and easy to 
maintain. Although system safety is not considered 
explicitly in this paper, a properly designed, reliable, 
and maintainable system will certainly be a safe system. 
The paper describes a plan for improving the reliability 
and maintainability of transportation systems. The re-

liability 
e-

liability budgets for system hardware are presented, 
and estimates are made of total system performance. 
An analysis of the relations between system life-cycle 
cost and system assurance show that the reliability of 
commercially available subsystems must be improved 
significantly before planned PRT systems can operate 
with acceptable assurance. Some recommendations are 
made as to how such improvements can be accomplished. 

The paper deals with those factors that can be con-
trolled by system planners and suppliers and that affect 
the service, comfort,, public appeal, and economic fea-
sibility of fully automated, guided transportation sys-

tems. 

ys-
ten-is. Only fully automatic systems are considered, for 
those systems have been shown to be more economical 
during the design life than labor-intensive systems. A 
high degree of automation explains why the Lindenwold 
Line serving Philadelphia and its New Jersey suburbs 
is a profitable operation. 

MAINTAINABILITY AND RELIABILITY 
CONSIDERATIONS FOR DUAL-MODE 
VEHICLES IN OFF-GUIDEWAY 
OPERATION 

Ronald Ross and James Mateyka, Booz -Allen Applied 
Research 

Analyses were made of the reliability and maintainability 
of current urban buses and were conducted in support of 
the Transbus program. The paper presents the results 
and discusses the off -guideway operating environment 
of dual-mode vehicles, particularly street conditions, 
traffic accidents, and vandalism. Design implications 
related to maintainability and reliability of dual-mode 
vehicles in off -guideway operation are presented. 

INSPECTION AND DIAGNOSTIC 
TECHNIQUES FOR A DUAL-MODE 
TRANSPORTATION SYSTEM 

Roger N. Wilkinson, Honeywell, Inc. 

The potential catastrophic results of a public transporta-
tion failure require system inspection and diagnostic 
techniques of the.highest order. These techniques must 
provide the required safety without significantly degrad-
ing reliability. A failure modes and effects analysis of 
the operational circuits of the dual-mode transportation 
system and of the inspection and diagnostic equipment is 
presented as a method for systematically analyzing the 
effects on system reliability and safety. The paper 
presents and discusses specific inspection and diagnostic 
schemes that should be considered during the develop-
ment of a dual-mode transportation system. 
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Robert E. Fenton, Department of Electrical Engineering, Ohio State University 

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. 

CI 	26.8 m/s 	 88.0 ft/s 

4-I 	(96.6 km/h) 	
(60 mph) 

30 	 40 	 50 
C2(sec) 

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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LONGITUDINAL CONTROL SYSTEM FOR 
DUAL-MODE TRANSIT SYSTEM OF 
GENERAL MOTORS 

Roy Farmer and Frank Rumreich, Delco Electronics 
Division, General Motors Corporation 

Ronald Smisek, Transportation Systems Division, 
General Motors Corporation 

This paper discusses the longitudinal control system 
currently being developed by General Motors for use 
in the dual-mode transit system development program 
sponsored by the U.S. Department of Transportation. 
The longitudinal control system is considered in two 
functional areas: vehicle management and vehicle con-
trol. Synchronous and asynchronous vehicle manage-
ment systems are evaluated, and the advantages and 
disadvantages associated with each technique are com-
pared with their impact on management computer re-
quirements, trip time, and system use. A synchronous 
slot concept was chosen as a logical first step in the 
development process because of its relative ease of 
implementation. Advantages associated with the adapt-
ability of asynchronous vehicle management are out-
weighed by the complexity of asynchronous merge re-
quirements. 

The vehicle longitudinal control system being de-
veloped is a point follower; that is, each vehicle is 
constrained to remain in an assigned, moving, syn-
chronous slot determined by the vehicle management 
system. A dual-mode vehicle was modeled and incor-
porated into a digital simulation containing a number of 
candidate guidance schemes controlling both throttle and 
brake actuators. With the aid of simulation results, 
guidance options are evaluated on the basis of on-board 
versus off-board equipment requirements, spacing and 
type of guideway benchmarks, and accuracy and re-
sponse in the presence of abnormal operating conditions. 
Several options appear attractive. 

Further effort in this area should consider controller 
refinements that allow more precise influence over 
parameters related to passenger comfort. Another 
area for future effort might be to determine a method 
of optimally selecting velocity command profiles based 
on known vehicle dynamics. 

REFERENCE SIGNAL FOR 
SYNCHRONOUS LONGITUDINAL 
CONTROL 

R. J. Mayhan and R. E. Bailey, Department of Elec-
trical Engineering, Ohio State University 

One method of continuous reference signal generation 
for synchronous longitudinal control was previously in-
vestigated, its feasibility established, and several diffi-
culties associated with its practical implementation de-
fined. These difficulties, encountered with signals at 
3.75 MHz, were excessive attenuation and variable prop-
agation characteristics. The former limits operation to 
short distances, while the latter results in unexpected 
and undesired changes in slot length. 

These difficulties can be partially alleviated by oper - 
ating at a lower frequency (e.g., 450 KHz), according to 
the results of tests reported in the paper. The attenu-
ation was greatly reduced, 0.25 versus 2.3 db/30.5 m 
(100 ft), but essentially no improvement in the variabil-
ity of the propagation characteristics was noted. Opera-
tion under wet road conditions produced a significant 
increase in the attenuation-1.4 versus 0.25/30.5 m (100 
ft) —and resulted in nearly a 50 percent change in the 
slot length. 

This method of reference signal generation would be 
most practical for those dual-mode systems that use 
environmentally protected guiding structures. However, 
localized use (e.g., in merging operations) would readily 
be accomplished without the use of protected structures 
provided that environmental sensing were used to allow 
for compensating adjustments in the signal parameters. 

BRAKrNG SYSTEM INTEGRATION IN 
DUAL-MODE. SYSTEMS 

Jeffrey J. Bowe, Transportation Systems Center, U.S. 
Department of Transportation 

There are many interrelations of significance for prop-
erly integrating a braking function into a dual-mode 
transportation system. Factors shaping the character-
istics of the braking system are its interfaces with other 
vehicle systems. The braking system must be compati-
ble with power and propulsion systems, and with command 
and control functions. The operational parameters of 
motion—headway, velocity, deceleration, and jerk limits - 
constitute, of course, another set' of determining factors. 
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A dual-mode transportation system involves, in gen-
eral, both an on-guideway and an off -guideway operation. 
The on-guideway portion offers essentially personal 
rapid transit amenities. The requirements in the ve-
hicle in reference to braking capabilities on the guide-
way are then similar to those of PRT vehicles. The 
off -guideway braking system requirements are similar 
to those of buses, trucks, or automobiles. The integra-
tion of a braking function into a dual-mode system must 
be basically a compromise among on-guideway and off-
guideway braking operations. In general, the compro-
mise may be accomplished by use of either different 
braking systems (on different vehicles, as in a pallet-
pod operation, or in the same vehicle) or by use of the 
same braking system suitable for on- and off-guideway 
operations. 

Criteria against which braking systems may be mea-
sured are those of safety, economics, energy manage-
ment, and environmental impact. By considering these 
criteria and the limitations set by the braking system's 
interfaces, an organized set or matrix of interrelations 
is developed from which desirable and undesirable as-
pects of integration of braking functions into a dual-mode 
system can be determined. 

The significance of the interfaces is such that these 
become the controlling factors. The actual braking 
hardware now available, with proper design and appli-
cation, is adequate for the tasks of stopping dual-mode 
vehicles. The braking function of necessity includes its 
controls, especially as headway is lowered to tenths of 
seconds on guideway where the limitations are the more 
restrictive. Off guideway, service braking is more re-
strictive, and emergency braking can be considered as 
back-up braking. Fail-safe braking is possible only 
when all interrelations are properly evaluated. Fail-
safe, in the paper and in general, can mean only that 
under a failed mode the function is put into a back-up 
mode and probability of failure is reduced. A safety 
analysis such as fault-tree analysis is preferable to 
reliance on fail-safe concepts. 

AUTOMATIC LONGITUDINAL CONTROL 
OF A MERGING VEHICLE 

Robert E. Fenton and James G. Bender, Department 
of Electrical Engineering, Ohio State University 

Various facets of merging a vehicle into an automated 
high-speed stream of traffic are considered: a merg-
ing system structure, a set of typical requirements for 
an individual merging maneuver, the geometric and time 
constraints on that manuever, and a simple on-board 
vehicle controller for accomplishing it. 

Since a means of providing continuous position ref-
erence information to a merging vehicle is now avail-
able, a position controller was selected for detailed 
study. This effort consisted of two parts. The first 
involves a simulation study of various controller de-
signs and their response to large disturbance conditions 
[3 percent grade and 13.4-m/s (44-ft/s) wind force]. 
The second was a quasi, full-scale effort in which the 
behavior of a specially instrumented dual-mode vehicle 
was evaluated in various merging situations in which the 
terminal speed was 26.8 m/s (88 ft/s). 

The findings to date from this ongoing study are as 
follows: (a) the details of the trade-off between the 
minimum required ramp length and the terminal merg-
ing 

erg-
ing error; (b) the development and validation of a model 

that resulted in data that closely correlated with those 
from full-scale tests; (c) the parameter range over 
which this model is valid; and (d) the conditions under 
which control of a merging vehicle, a corresponding 
comfortable ride, and excellent disturbance suppression 
can be obtained. A potential difficulty with,the controller 
studied is the peak tracking error, which could cause 
difficulty if closely spaced merging vehicles were being 
simultaneously controlled. 

Data were also collected for terminal speeds of 30.5 
m/s (100 ft/s). The conclusions drawn are the same in 
both cases. 

This controller will also provide good tracking both 
in steady-state constant speed operation and in organiz-
ing situations (e.g., position move-up and move-back 
commands). In effect, it could be used for all phases 
of longitudinal control, except perhaps emergency brak-
ing. 

The major shortcoming is the somewhat large peak 
error incurred in merging operations. This error could 
be greatly reduced by using a more complex controller. 
One promising choice is currently being evaluated by 
analog simulation and will be subsequently tested under 
the partial full-scale approach described in the paper. 
Beyond that, plans are to conduct corresponding "com-
plete" full-scale tests in which an externally generated 
reference trajectory is used. 
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John G. Lieb, Mitre Corporation 

The energy efficiency of the dual-mode transit system is compared with that of the following urban passenger trans-
portation vehicles: motorcycle, light truck, passenger automobile, school bus, commercial bus, trolley bus, streetcar, 
and rail rapid transit vehicle. These modes account for 33 percent of the total energy consumed by the transporta-
tion sector in the United States in 1971 and 8 percent of the total energy consumed by the entire country. The auto-
mobile consumes 95 percent of urban transportation energy. The transit bus and rail rapid transit vehicles are from 
2.4 to 2.6 times as efficient as the standard-sized passenger automobile, but, because these modes consume only 1.5 
percent of the total energy, they have little effect on the energy situation. The estimate of dual-mode transit effi-
ciency is based on simplified dynamic equations and an assumed vehicle duty cycle. Dual-mode transit is expected 
to be from 10 to 20 percent less efficient than the transit bus and rail rapid transit vehicle and, by providing a high 
level of service, has the potential of attracting significant numbers of people who are currently using the energy-. 
intensive automobile. To achieve this promise, a dual-mode system must be designed with careful attention to 
energy-related design details (particularly vehicle weight) and must provide the type of service necessary to pro-
duce high average vehicle load factors. 

The role of transportation in future national energy con-
servation strategies is critical. Transportation con-
sumes 25 percent of the total raw energy used in the 
United States (Figure 1). Of the energy used for trans-
portation, 

rans-
portation, 96 percent is dependent on petroleum; trans-
portation consumes 50 percent of all U.S. petroleum 
each year (1). This paper focuses on one part of this 
critical energy sector, urban ground passenger trans-
portation, and establishes the potential for the dual-
mode transit system (DMTS) to conserve energy.. 

As shown in Figure 1, urban ground passenger trans-
portation consumes 33 percent of the total transportation 
energy and 8 percent of the total U.S. energy. This en-
ergy is distributed among the various urban ground pas-
senger transportation modes (Figure 2). The automobile 
dominates the vehicle mileage and energy consumption 
statistics. Only the rail rapid, trolley bus, and street-
car modes are electrified. Since the other modes use 
petroleum-based fuels almost exclusively, 99.5 percent 
of the energy is derived from petroleum as the primary 
energy source. 

Therefore, further efforts to conserve urban ground 
passenger transportation energy must concentrate on the 
automobile. Efforts to improve the efficiency of the 
other modes (e.g., mass transit, which is already 2 to 
3 times more efficient than the automobile) will have 
little overall effect on the total energy situation unless 
many automobile users are attracted to them. It is this 
potential for attracting many automobile users that is 
fundamental to the future role of DMTS in energy con-
servation. 

EXISTING MODES 

The base-line year of this study is 1971. Of all avail-
able urban ground transportation modes, only the pow-
ered and ground-based modes, whose fundamental pur- 

pose is to transport people, are considered. These in-
clude 

Passenger automobiles, including taxis and rental, 
fleet, and private automobiles; 

Light trucks, including pickups and vans; 
Motorcycles; 
Commercial buses, including transit buses, spe-

cial tour buses, and intercity buses traveling in urban 
areas; 

Rail rapid transit vehicles; 
School buses, excluding transit buses used for 

school purposes; 
Trolley buses; and 
Streetcars. 

Bicycles, airplanes, and boats are not included. Com-
muter rail is not considered because source data on the 
energy consumption of the equipment are not readily 
available. 

The energy consumed by these urban ground passen-
ger transportation modes is generally characterized in 
Figures 1 and 2. The detailed data used to generate 
these figures are given in Table 1. 

DUAL-MODE TRANSIT SYSTEM 

DMTS can be viewed as a transit bus system with par-
tially automated operations. The DMTS vehicle is a 
20-passenger transit bus that operates under automatic 
control on the guideway and manual control off the guide-
way. 

uide-
way. The guideway, or exclusive automated busway, is 
located in major corridors and in the central business 
district, where movement of vehicles on the existing 
street network is normally hindered by peak-period con-
gestion. The busway network is expected to be sparse, 
similar in density to the Bay Area Rapid Transit system. 
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Figure 2. Mileage, energy sources, and 
consumption of urban passenger 
transportation vehicles in 1971. 
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ENERGY CONSUMPTION 

LIGHT TRUCK - 3.0% 
MOTORCYCLE - 0.4% 
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BUS- 1.0% 
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SCHOOL BUS- 0.2% 
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The off -guideway collection and distribution opera-
tions are performed under manual control on the exist-
ing street network. This characteristic, combined with 
the potential for use of the demand-responsive mode 
of operation (afforded by the use of small buses), gives 

Figure 1. U.S. energy consumption in 1971. 

DMTS a unique capability to provide areawide, no-
transfer, door-to-door service on a transit system that 
has automated operations. 

Several propulsion concepts are being considered for 
DMTS. In the electric concept, electric energy from a 
battery is used during the off-guideway trip and electric 
power from a wayside rail is used on the guideway. The 
internal combustion engine (ICE) concept uses the ICE 
for propulsion power both on and off the guideway, and 
the hybrid concept will most likely use electric power 
on the guideway and ICE power off the guideway. 

The data presented here are based on the electric 
concept. The consumption rate for a diesel-powered 
DMTS is not expected to differ significantly from the 
electric. 

ENERGY MEASURES 

Only the energy directly consumed by the vehicles of 
each transportation mode is considered. Direct energy 
is required by the propulsion system and accessories, 
such as air conditioning and lighting. This energy is 

Table 1. Energy consumption of urban passenger transportation vehicles in 1971. 

Electricity Total Energy Petroleum-Based 

Vehicle-Miles Fuel Consumption Consumption Consumption Energy Consumption 

(millions) (millions of gal) (millions of kwh) (trillions of Btu) (trillions of Btu) 
Energy 

Vehicle Amount Percent Source Amount Percent Amount 	Percent Amount 	Percent Amount 	Percent 

Passenger automobile 516 506.0' 94.66 Gasoline 42 686.0' 95.45 - 4972.9' 	94.94 4972.9 	96.37 

Light truck 18 179.0' 3.33 Gasoline 1 377.0e 3.08 - 155.8' 	2.97 155.8 	2.99 

Motorcycle 8279.0' 1.52 Gasoline 186.0' 0.42 - 21.7' 	0.41 21.7 	0.42 

Commercial bus 1 767.0' 0.32 Diesel oil 401.6' 0.90 - 52.1' 	0.10 52.1 	1.00 

Rail rapid vehicle 407.4' 0.08 Electricity . - - 2262 	 88.50 24.5' 	0.47 344 	0.07 

Streetcar 32.7' 0.01 Electricity - - 153 	 5.99 1. 7' 	0.03 0.2' 	0.004 

Trolley bus 30.8' 0.01 Electricity - - 141 	 5.52 1.5' 	0.03 0.2' 	0.004 

School bus 429.0 0.08 Gasoline 69.2' 0.16 - 8.1' 	0.15 8.1' 	0.16 

Total 545 630.9 100.00 - 44 719.8 100.00 2556 	100.00 5238.2 	100.00 5241.4 	100.00 

Note:\1 Btu = 1055 J; 1 kWh = 3600kJ; 1 gal = 3.8 dm3; 1 lb = 0.45 kg and 1 mile = 1.6 km. 

'From reference 7. 
'Data in referenceS indicate that the average automobile in the U.S. weighs 4000 lb. Reference 10 provides the distribution by age of automobiles in use in 1971, reference 3 presents EPA fuel can. 
sumption data for the 4000.lb weight class for each year. Average fuel rate is 12.1 mpg. 
'Prom data in reference 12, the energy content of gasoline is calculated to be 116500 Btu/gal. 
aData in references 9 and 11 indicate that the average light track weighs3500 lb. It was assumed that these light tracks exhibit the same fuel consumption rate usa 3500-lb automobile and the same 
age characteristics. EPA data from reference 3 were used to estimate the fuel rate of 13.6 mpg. 
'Derived from reference 7 assuming the split between urban and rural mileage is the same as that of the passenger automobile. 
Reference 7 states that the motorcycle averages 50 mpg. The passenger automobile urban rate is 11 percent lower than the total average given in reference 7. The motorcycle urban rate was also as 

sumed to be it percent less or 44.5 mpg. 
'Data in references 7 and 8 show that 78 percent of the urban commercial bus mileage is generated by transit buses. The fuel rate of transit buses was used for the total commercial bus population. 
The transit bus fuel rate is 4.4 mpg as determined from data in reference 2. 
'From data in reference 12, the energy content of No. 1 diesel oil was calculated to be 129 800 Btu/gal. 
'From reference 8. 
Assumed an electric power plant efficiency of 35 percent and electricity transmission and transformation efficiency of 90 percent. 
'Relerence 13 shows that 14 percent of fuel used to generate electricity is petroleum based. 
'Prow reference 7, with 11 percent reduction as described in footnote I. Puel rate is 6.2 mpg. 
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only part of the total energy requirement. For instance, 
Hirst estimates that gasoline consumption by the power 
plant accounts for 61 percent of the total automobile en-
ergy consumption, which includes items such as the en-
ergy of automobile manufacturing and fuel refining (2). 
According to the New York City Transit Authority, 19 
percent of the electrical energy purchased for its rail 
rapid system in fiscal year 1971 was used for purposes 
other than vehicle propulsion and accessories (3). 

To compare the energy consumption rate and-effi-
ciency of various transportation modes requires that 
quantitative measures be defined and evaluated. Five 
measures appear to be useful. Energy is presented in 
British thermal units (Btu) in each measure as follows: 
Btu per vehicle-mile (Btu/VM), Btu per seat-mile (Btu/ 
SM), Btu per full load-mile (Btu/FLM), Btu per crush 
load-mile (Btu/CLM), and Btu per passenger-mile (Btu/ 
PM). Btu per vehicle -mile is the average fuel consump-
tion 

onsump-
tion rate required to propel the vehicle through its daily 
duty cycle and power its accessories. The other four 
measures are indications of the efficiency of the modes 
while performing the desired function —transport of 
people. Btu per passenger-mile is a measure of the 
efficiency of the transportation mode with an average 
passenger occupancy that represents either actual ex-
perience or, in the case of DMTS, the expected average 
occupancy. Average occupancy is defined as the total 
annual passenger-miles divided by the total annual 
vehicle-miles. This measure is the best indication of 
the efficiency of existing transportation modes as they 
are currently performing and is termed "actual effi-
ciency." 

Many of the proposed energy conservation options 
(e.g., car pooling) are directed toward increasing the 
average occupancy. Hence, the other measures that re-
flect potential efficiency are useful. The three mea-
sures of the potential efficiency of the modes may be 
calculated by assuming that the occupancy of the vehicle 
is the maximum possible within three comfort catego-
ries: all passengers are seated, all seats are occupied 
and there is a comfortable number of standees, and all 
seats occupied and there is a crush load of standees. 

The effect of variations in total vehicle weight due to 
the different passenger loadings used for the potential 
efficiency measures is not determined. A crush load 
of people will increase the total weight of rail rapid ve-
hicles by 50 percent and of a transit bus by 70 percent. 
As an indication of the potential effect of ignoring this 
weight shift, data of the U.S. Environmental Protection 
Agency on automobile fuel consumption indicate that a 
50 percent increase in the weight of an automobile will 
increase fuel consumption by 33 percent when the vehicle 
is operated in the urban driving cycle (3). This could 
have a significant impact on the measures of fuel con-
sumption rates that assume high-occupancy rates. 
Nevertheless, the consumption rate data for high-
occupancy rates are still useful in judging the relative 
efficiency of the modes. Furthermore, the actual effi-
ciency of the modes is the most significant measure of 
efficiency relative to the findings presented here, and 
this measure is not affected by this assumption. 

VEHICLE CONFIGURATION 

Potential efficiency is a function of the passenger ac-
commodations, which, in turn, are a function of the ve-
hicle configuration. Difficulty arises when the efficiency 
of different modes is compared because, within each of 
the transportation modes, vehicles of varying configura-
tions are operated. For instance, transit bus sizes 
range from 53 passengers to 19 passengers. Passenger 
automobiles range in size from 2 passengers to as many 

as 8 passengers in a large station wagon. The potential 
capacity of the rail rapid vehicle is particularly sensitive 
to seating arrangement. Subway cars operated in New 
York City are configured to accommodate the maximum 
number of standees, and those in San Francisco and 
Washington, D.C., are designed to allow for the maxi-
mum number of seated passengers. A representative 
configuration for the vehicles of each mode is selected, 
and the major characteristics of the vehicles are given 
in Table 2. 

The basic weight per passenger (including standees) 
of the DMTS bus is optimistically assumed to be the 
same as that of the average of the subcompact automo-
bile (500 lb, 228.6 kg) and a transit bus (285 lb, 129.3 kg), 
or about 400 lb (181.4 kg) per full load passenger posi-
tion. An additional 20 percent is added to the base weight 
for command and control equipment. Also, a 1000-lb 
(453.6-kg) lead-acid battery, which provides an off-
guideway range of 10 miles (16.1 km), was included. The 
total weight of the vehicle without passengers is 14 400 
lb (6531.8 kg). 

LEVEL OF SERVICE 

When comparing the efficiencies of the various urban 
ground passenger transportation modes, one must rec-
ognize that each mode provides a different level of ser-
vice to the passenger. For instance, during the peak-
capacity period, the rail rapid system provides an un-
congested and high-capacity corridor service with a low 
level of personal privacy, while the automobile is very 
much affected by peak-hour congestion but provides a 
door-to-door, private service to the passenger. Rail 
rapid is used in only a few U.S. cities and, except for 
New York, only a small percentage of the total popula-
tions of these cities have ready walking access to the 
system. The initial capital cost of a rail system is high 
and can be afforded by only large, high-density cities. 
The transit bus is more pervasive and less expensive 
for most cities, but access is still limited to those living 
near established routes, and the vehicles, for the most 
part, have to compete with the automobile on congested 
roadways. 

One must also recognize that different types of ve-
hicles provide different types of physical space for pas-
sengers. The light truck, passenger automobile, and 
motorcycle are designed to allow seated passengers only, 
but the rail rapid vehicle and streetcar provide space for 
a significant number of standees. The DMTS vehicle, 
the commercial bus, and the trolley bus provide limited 
space for standees. 

Thus, level of service and feasibility of implementa-
tion must be considered when the energy efficiency of 
various transportation modes is evaluated. As an ex-
treme case, a large-vehicle commuter rail system (pro-
viding infrequent service so that occupancy rates are 
high) is probably an efficient mode but, because the re-
sultant level of service is poor and because only a few 
people have ready access to the system, it will not at-
tract the ridership necessary to affect the energy situa-
tion. The ability of DMTS to provide a reasonably high 
level of service to a large percentage of people and its 
inherent good efficiency provide the potential to conserve 
energy. 

OCCUPANCY RATE 

The actual efficiency (measured in terms of Btu per 
passenger-mile) is the best indication of operating effi-
ciency of existing transportation modes. The variance 
in recent estimates of passenger transportation efficiency 
is partially due to the variance in the estimated average 
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Table 2. Characteristics of urban E mpty 
passenger transportation vehicles. Energy Full Crush Avg Weight Length Width 

Vehicle Source Seats Load' Load Load (lb) (ft) (It) 

Passenger automobile Petroleum 6 6 6 1.5 4 000 18 6.5 
Light truck Petroleum 3 3 3 1.3 3 500 20 6.5 
Motorcycle Petroleum 2 2 2 1.1 300 6.5 2.5 
Commercial bus Petroleum 50 70 80 11 20 000 40 8 
Rail rapid vehicle Electricity 60 120 160 24 84 000 60 10 
Streetcar Electricity 37 74 89 13 36 000 46 8 
Trolley bus Electricity 50 70 80 9 20 000 40 8 
School bus Petroleum 60' 60 60 23 11 000 27' 8 
DMTS vehicle Electricity 20 28 32 8.4 14 400 20 8 

Note: 	1 lb = 0.45 kg; and 1 it 	0.3 ,n. 
'With standees, who are comfortable. 	'Children. Passenger compartment only. 

Figure 3. Load factors. 
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Table 3. Load factors of urban passenger transportation vehicles. 

Vehicle 	 Load 
- 	 Full Load 	Average 	Factor5  

System 	Vehicle 	 Capacity Occupancy (%) 

Existing Passenger automobile 6 1.5' 25 
personal Light truck 3 1.3' 43 

Motorcycle 2 1.1' 55 

Existing Commercial bus 70 11' 16 
transit Rail rapid vehicle 120 24' 20 

Streetcar 74 13' 18 
Trolley bus 70 95 13 
School bus 60 38 

New DMTS 28 8.4 30 

'All teats filled and maximum number of comfortable sgandees if applicable. 
bAverage occupancy divided by full load capacity. 
'For urban areas only and from reference 14. 
dCosservativelY  assumed to be 1.3, which is lower than automobile since seating capacity is 3 
people. 
'Conservatively assumed to be 1.1. which would be equivalent to saying that 1 out of every 10 
motorcycles is carrying 2 people. 
'Average occupancy is assumed to be equal to total annual passenger-miles divided by total an. 
neal vehicle-miles. Number of passengers and vehicle-miles is given in reference 8; 20 was used 
for city average. Average trip length of passengers determined from data in five cities given in 
reference 14 and from information from the Metropolitan Washington Council of Gooernments. 
aSome technique as in footnote f except rail data were used and the average trip length was de-
termined from data given for three cities in reference 14. 
'Feom reference 15. 
Data from Virginia indicate that 92 children ride on each school bus each day (16). Average 

occupancy is based on following assumptions: each child makes two oee-way trips per day, each 
bus makes four round trips per day, and the children's homes are evenly distributed over the 
route. 
Optimistic assumption taking into account the level of service provided by DMTS and the high 
load factors experienced by intercity buses and airplanes and by school buses and passenger 
automobiles. 

occupancy (4). The average occupancy rates (or load fac-
tor) of the iiodes studied here are shown in Figure 3. 
Load factor is defined as the average occupancy divided 
by the full load capability of the vehicle expressed as a 
percentage. 

Clearly, the DMTS benefits from a high estimated 
load factor relative to other existing transit modes. 
But these load factors are not unrealistic relative to 
the existing personal modes (passenger automobile, 
light truck). Furthermore, intercity buses and air-
planes travel at average load factors close to 50 per-
cent, and the school bus operates at a load factor close 
to 40 percent—indicating that high load factors are pos- 

sible if the service provided meets the demand. DMTS 
has the additional advantage of being capable of provid-
ing demand -responsive service during periods of low 
demand. In this way, a portion of the off-peak, nearly 
empty vehicle movement normally required by transit 
to maintain schedules is eliminated. The use of rela-
tively small vehicles and the potential for attracting a 
significant level of off-period patronage increase the 
likelihood that DMTS will achieve the predicted load fac-
tor. 

Load factors vary significantly from city to city, from 
hour to hour, and from season to season. The load fac-
tors used here are selected to characterize the experi-
ence of the United States as a whole. The data and 
sources used to calculate the load factors for the exist-
ing urban ground passenger transportation modes are 
given in Table 3. 

DMTS ENERGY MODEL 

Energy consumption rates based on actual operating ex-
perience are not available for DMTS. Instead, these 
data are estimated through the use of an energy model 
based on simplified kinematic equations, assumed ve-
hicle physical characteristics, and an assumed vehicle 
duty cycle. The resultant estimate, by necessity, heavily 
depends on the assumptions made. Whether the technique 
is reasonable was determined by the same general ap-
proach used to estimate the fuel rate of a standard-sized 
automobile traveling over a simplified version of the 
Federal Urban Driving Cycle (FUDc. The result was 
20 percent less than the results of the EPA dynamom-
eter tests using the same FUDC. 

Simplified Energy Equation 

The energy requirements for the propulsion of a wheeled 
vehicle may, for convenience, be divided in elements as 
follows: 

Ee Eucc +Erv +Ead +Ee +Ea  

where 

total energy required, 
Eacc = energy required to accelerate, 
E = energy required to overcome rolling resistance 
Eud m  energy required to overcome aerodynamic drag, 
E = energy required to climb grades, and 
E. = energy required to power accessories. 

For convenience, accessory energy is considered to be 
a simple percentage of the other energy elements: 

Eak(Eucc +Ere +Ead +Ef ) 	 (2) 

where k = 0.3. Accessories include air conditioning - 
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(heating, cooling, and ventilation), lighting, power 
steering, and other equipment needed for command, 
communications, and control. The factor, k, for all 
new systems is estimated to be 0.3 and is based on auto-
mobile test experience that indicates that accessories 
such as air conditioning, alternator, fan, and power 
steering increase by 23 percent the fuel consumption 
of an intermediate class automobile exposed to an ur-
ban driving cycle (5). Although the DMTS is expected 
to experience a higher average speed than that of the 
automobile (implying less energy demand per mile for 
some accessories), DMTS will require even more en-
ergy to power interior lights, doors, brakes, electronic 
equipment, and probably an active vehicle steering and 
switching system. 

The energy required to overcome grades was calcu-
lated by arbitrarily assuming that the average grade 
throughout the system is 1 percent. The energy re-
quired to overcome aerodynamic drag is proportional 
to the frontal area of the vehicle, the drag coefficient, 
and the square of the average speed. The rolling re-
sistance energy is directly proportional to vehicle 
weight and the coefficient of rolling resistance of the 
tires (the effect of speed was judged insignificant). 
The energy required to accelerate the vehicle is di-
rectly proportional to the mass of the vehicle and the 
difference of the squares of the final and initial speeds. 
It is assumed that the DMTS vehicle does not regener-
ate energy during braking and that the rotational inertia 
is negligible. The primary energy required at the elec-
tricity generating plant was determined by making as-
sumptions as to the efficiencies of the various elements 
of the DMTS energy conversion process. These effi-
ciencies and key vehicle characteristics used to calcu-
late energy consumption are as follows: 

Item 	 Value 

Coefficient of rolling resistance 0.012 
Aerodynamic drag coefficient 0.5 
Frontal area, ft2  65 
Average grade, percent 1 
Accessories load, percent 30 
Energy conversion efficiency, percent 
Electric generation 35 
Transmission and transformation 90 
Local distribution, motor, and controller 75 
Battery charge and discharge 65 

Net weighted average 	 22 

Vehicle Duty Cycle 

A typical DMTS vehicle duty cycle is used to estimate 
the energy required for vehicle acceleration and aero-
dynamic drag. This duty cycle is shown in Figure 4 
and defined below. 

The vehicle duty cycle is divided into three segments: 
residential collection (1 mile, 1.6 km), line-haul (5 
miles, 8 km), and CBD distribution (1 mile, 1.6 km). 
The line-haul and major CBD distribution functions are 
assumed to occur on the guideway as the vehicle draws 
electrical power from the wayside, and the neighbor-
hood collection is performed with battery power. The 
maximum vehicle speed is 30 mph (48 km/h) in the res-
idential and CBD areas and 50 mph (80 km/h) in the line-
haul portion of the trip. The average numbers of stops 
per mile on the residential, line-haul, and CBD portions 
are 4, 0.2, and 2 respectively. The energy consumed 
by the accessories during station dwell was ignored. 

OBSERVATIONS 

1. The vehicle energy consumption rate is closely  

dependent on vehicle weight. The larger the vehicle is, 
the greater the rate will be. The energy consumption 
rates of vehicles (Btu per vehicle-mile) of the various 
urban ground transportation modes are shown in Figure 
5. However, fuel consumption is not directly propor-
tional to vehicle weight alone—the rail rapid vehicle 
weighs 20 times more than a standard automobile, but 
consumes only 6 times more energy. Also, the weight 
ratio of a bus and automobile is 5 to 1, but the fuel con-
sumption ratio is 3 to 1. Fuel consumption is also a 
function of design characteristics, such as wheel type 
(rubber versus steel) and aerodynamic drag qualities. 

Fuel consumption is affected also by vehicle duty 
cycle. A rail rapid vehicle averages one stop per mile, 
but a transit bus averages more than four stops per 
mile. An automobile stops 2.4 times per mile during 
the FUDC. The difference in duty cycles is probably 
responsible for the difference in energy consumption of 
the transit bus and trolley bus, which are of equal 
weight. 

The estimated fuel consumption data for the DMTS 
vehicle are in line with the data for existing transit 
modes for which actual operating data are available; 
therefore, more credence is given to the theoretical 
technique used to determine DMTS energy consumption. 
The numerical values for the energy consumption rates 
of the modes studied are given in Table 4. 

The energy efficiency of the various modes (Bin per 
passenger-mile) is shown in Figure 6. The data points 
may be grouped into (a) existing transit systems and (b) 
existing personal systems. The dual-mode transit sys-
tem falls in between. The school bus appears to be an 
anomaly: The transport of small "captive" riders pro-
vides for high load factors, and the vehicle is relatively 
light. 

The transit bus and rail rapid vehicle are from 
2.4 to 2.6 times more efficient than the standard-sized 
passenger automobile. Clearly, the large-vehicle 
transit systems carry passengers more efficiently than 
the existing personal modes, as represented by the 
standard automobile. However, partially because of 
their large sizes, these vehicles provide a lower level 
of service, as may be measured in terms of wait time, 
privacy, independent routing, and door-to-door con-
venience. The motorcycle and subcompact automobile 
provide efficiency equal to the large transit vehicles, 
but not without a significant sacrifice of personal com-
fort and safety. 

The efficiency of DMTS is estimated to be from 
10 to 20 percent lower than that of the transit bus and 
rail rapid vehicle. This estimate is based on an energy 
model that includes a simplified dynamic equation and 
an assumed vehicle duty cycle. More important than 
the inherent efficiency of DMTS is its potential for at-
tracting the people who are currently using the energy-
intensive automobile. As shown in Figure 7, DMTS 
fills an energy gap by providing an efficiency compara-
ble to that of the existing transit modes but at a level of 
service approaching that of the private automobile. 

DMTS offers the potential for use of non-
petroleum -based fuels since it is capable of operating 
on electrical power. This characteristic is particularly 
important to the long -term future, when nuclear power 
may provide a large portion of the total national elec-
trical energy budget (6). 

The energy efficiency of a particular mode de-
pends heavily on assumed occupancy rates. Figure 8 
shows the relation between energy rate and passenger 
load. Lines of constant energy rate per vehicle-mile 
and of constant passenger load are superimposed on 
lines of energy required per passenger load. The en-
ergy rates of the various modes are shown on bars 
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along lines of constant energy rate per vehicle-mile. 
The bars for each mode extend from the energy rate 
with an average occupancy to the energy rate with a 
crush load. The dominant mass transit vehicles, with 
high crush load occupancy rates, are 4 times more ef-
ficient than the passenger automobile. On a crush load 
basis, DMTS is expected to be from 2 to 3.5 times more 
efficient than the personal modes. 

7. To achieve its promise, DMTS must exhibit a 
high average load factor. The estimated DMTS load 
factor is from 1.5 to 1.8 times higher than those of the 
dominant existing transit modes and is 20 percent higher  

than that of the passenger automobile. The school bus, 
light truck, intercity bus, and airplane possess higher 
average load factors than that of DMTS. 

To attain this high occupancy rate, DMTS must be 
managed in such a way as to minimize empty vehicle 
movement and to attract the off-peak-period riders nec-
essary to level the peak-period demand characteristics 
experienced by existing transit systems. DMTS vehicles 
must move only when the demand exists much in the way 
that school buses, intercity buses, and airplanes operate. 
Fare incentives and special services may be necessary. 
Demand-responsive services on routes of low demand 

__________________  
Figure 4. DMTS vehicle 	
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Figure 5. Energy consumption by vehicle weight and 
	

Table 4. Energy consumption rates of urban passenger transportation 
miles. 	 vehicles. 

Vehicle 

Btu/ 
vehicle- 
Mile 

Btu/ 
Seat- 
Mile 

Btu/ 
Full- 
Load- 
Mile 

Btu/ 
Crush- 
Load- 
Mile 

Btu/ 
Passenger-
Mile 

Passenger auto- 
mobile 9 600' 1600 1600 1600 6400 

Light truck 8 600' 2900 2900 2900 6600 
Motorcycle 	- 2 600' 1300 1300 1300 2400 

Commercial bus 29 400' 600 400 400 2700 
Rail rapid vehicle 60 200' 100 500 400 2500 
Streetcar 50 800k  1400 700 600 3900 

Trolley bus 49 700k  100 700 600 5520 
School bus 18 800' 300 300 300 800 
DMTS vehicle 25 100' 1300 900 800 3000 

Note: 1 miIe 1.6 km 

'Fuel consumption rates in miles per gallon are passenger automobile, 12.1; light truck, 13.6; 
motorcycle. 44.5; commercial bus, 4.4; and school bus, 6.2. These rates are concerted to Bta 
per vehicle-mile hated on the assumption that gasoline containt 116500 Btu/gal and No. 1 
diesel contains 129 800 Bee/gal. 
5The total energy consumption in kilowatt.hours and total vehicle-miles are given in reference 8. 
cBased on simplied dynamic equations and an assumed vehicle duty cycle. 
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and during the off-peak periods may also aid in achiev-
ing the load factor goal. 

8. Minimization of vehicle weight is of overriding 
importance to the design of an energy -efficient DMTS 
vehicle. The allocation of the total DMTS energy bud-
get to major consuming elements is shown in Figure 9. 
(These allocations are based on the DMTS energy model 
described previously.) Energy is lost in the energy con-
version process in which the primary energy is trans -
formed into useful work. These losses account for 78 
percent of the total. The remainder of the energy bud-
get, the useful energy, is expended on the elements of 
transportation activity and is fairly evenly distributed 
among grades, aerodynamic drag, rolling resistance, 
acceleration, and accessories. The energy expended 
producing the useful work and the energy lost during 
conversion are naturally interdependent. A reduction 
in the task will decrease the energy conversion losses 
in the same proportion that the useful energy require-
ment may have been lowered. 

The grade, rolling resistance, and acceleration en- 

Figure 7. Bridge for energy gap. 
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Figure 8. Composite energy consumption rates. 

10 

ergy elements, which account for 13 percent of the total 
energy and 54 percent of the useful energy elements, are 
directly proportional to the weight of the vehicle. To il-
lustrate the effect of weight reduction on energy con-
sumption, an arbitrary 2000-lb (907.2-kg) reduction (14 
percent) in the DMTS vehicle weight will result in an 
estimated 8 percent reduction (14 percent X  59 percent) 
in total energy consumption. The effects of weight re-
duction on aerodynamic and accessory energy, which 
are to some extent proportional to weight, are not con-
sidered. 

The potential benefits of other important energy con-
servation techniques are given in Table 5. The amount 
of. change associated with each technique is, to some 
extent arbitrary, but was selected as the reasonable and 
practical high amount. Most important, these changes 
illustrate the significant benefits that can be attained 
through careful attention to many energy-related design 
details. 

9. The cost benefits derived from DMTS energy con-
servation techniques appear to be significant. The cost 
benefits that result from the somewhat arbitrary energy 
savings techniques are also given in Table 4. These 
cost savings are related to the lowest practical subsys-
tem—for instance, rolling resistance energy savings are 
related to tires. 

Weight reduction through the use of lightweight 
material is economically feasible if the new part costs 
no more than $2.46/lb ($5.42/kg) more than the original 
part. 

The switch to radial-ply tires is cost effective if 
the rolling resistance energy requirement is reduced by 
40 percent and each tire costs no more than $19 more 
than a bias-ply tire. 

Aerodynamic streamlining is cost effective if the 
vehicle cost does not increase more than $4390 with the 
necessary design changes. 

A 25 percent reduction in accessory requirements 
through selection of high-efficiency environmental con-
ditioning equipment makes economic sense if the vehicle 
cost does not increase more than $3420. 

An estimated $272 000/guideway-mile ($163  256/ 
guideway-km) is available from energy cost savings if 
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Table 5. Potential benefits of DMTS energy conservation techniques. 

Benefit 

Annual 
Energy 
Savings 
(%) 	Energy-Related Cost Savings 

Conservation Technique 

Item 	Change 

Vehicle 	Reduce weight 2000 lb or 14 percent 

Reduce rolling resistance 25 percent 

Reduce aerodynamic drag 40 percent 
Reduce accessory requirements 25 percent 

Guideway 	Reduce average grade 25 percent 

Possible Methods of Implementation 

Use lightweight materials; give careful attention 
in design and manufacture details 8.2 

Give attetion totire design or selection (e.g., ra- 
dial versusbias ply); maintain tire air pressure 5.7 

Streamline; reduce speed 7.3 
Increase efficiency of and decrease need for en- 

vironmental conditioning 5.7 

Select other routes; reduce non-geographic- 5.7 
related altitude changes 

$2.46/lb reduced/vehicle life 

$19/tire/tire life 
$4390/vehicle/vehicle life 

$3420/vehicle/vehicle life 

$274 000/guideway mile/ 
guideway life 

Propulsion 
system 	Reduce energy conversion losses 5 percent 	Improve efficiency of motor and controller 	3.9 	$2340/vehicle/vehicle life 

Notes: The assamptions are that there are 100 wiles of guideway and 2000 vehicles; each bus travels 100 000 miles/year; 80 percent of the bus-miles is generated on the guideway; 8964 Ste/vehicle-mile 
is pirchased from the power company at 1.5 cents/kWh; guideway life is 75 years; vehicle life isiS years; and tire life is 50000 miles. 

Ste = 1055 J; 1 kWh = 360 ki; and 1 mile = 1.6 km. 

Figure 9. Elements of DMTS energy budget. 

ACCESS 
I.AERO 

GRADES 
5% 

DRAG 
5% 

I 

ROLLING 
RESISTANCE 
5% 

ENERGY 
CONVERSION 
LOSSES 
(78%) ACCEL 

3% 

the average on-guideway grade is reduced 25 percent 
through careful route selection and reduction of non-
geographic-related grades (such as grades caused by 
constructing the guideway on ground level and provid-
ing frequent elevated sections for grade crossing of 
existing roadways). 

f. A 5 percent increase in the efficiency of the 
power plant of the DMTS vehicle can be afforded if the 
necessary change costs less than $2340 per vehicle. 

CONCLUSION 

The energy efficiency of DMTS is expected to be 10 to 
20 percent lower than that of the transit bus and rail 
rapid vehicle. The future energy conservation role of 
DMTS is related more to the level of service provided 
than to the inherent efficiency of the DMTS vehicle. By 
providing high-speed, no-transfer, point-to-point ser-
vice throughout the urban area, DMTS has the potential 
of attracting significant numbers of people who are cur-
rently using the energy -intensive passenger automobile. 
To achieve this promise, DMTS must be designed with 
careful attention to energy-related design details and 
must provide the type of transit service necessary to 
produce average load factors significantly higher (1.5 
to 1.8 times) than the existing transit bus and rail rapid 
vehicle. 

REFERENCES 

W. E. Fraize. U.S. Transportation -Some Energy 
and Environmental Considerations-. Mitre Corp., 
McLean, Va., Sept. 1972. 
E. Hirst. Total Energy Demand for Automobiles. 
International Automotive Engineering Congress, 
Detroit, Jan. 8-12, 1973, SAE, Rept. 730065. 
Fuel Economy and Emission Control. U.S. En-
vironmental Protection Agency, Nov. 1972. 
R. D. Nutter. A Perspective of Transportation 
Fuel Economy. Mitre Corp., McLean, Va., April 
1974. 
How Components and Accessories Affect Auto Fuel 
Consumption. Automotive Engineering, July 1973. 
F. Schulman. Technology, the Energy Crisis, and 
Our Standard of Living. Mechanical Engineering, 
Sept. 1973. 
Highway Statistics 1971. Federal Highway Adminis-
tration, 1971. 
1972-73 Transit Fact Book. American Transit As-
sociation, Washington, D.C., 1973. 
1973 Automobile News Almanac. Dana Corp., 
April 30, 1973. 
1972 Automobile Facts and Figures. Motor Ve-
hicle Manufacturers Association of the United 
States, Detroit, 1973. 
Truck Inventory and Use Survey. U.S. Bureau of 
the Census, Vol. 2 of the 1967 Census of Transpor-
tation, 1969. 
C. F. Taylor. The Internal Combustion Engine. 
International Textbook Co., Scranton, Pa., 1962. 
E. Cook. The Flow of Energy in an Industrial 
Society. Scientific American, Sept. 1971. 
Transportation and Parking for Tomorrow's Cities. 
Wilbur Smith and Associates, New Haven, Conn., 
1966. 
Surface Transit Accident Death Rates-Calendar 

- Year 1972. American Transit Association, Wash-
ington, D.C., July 1973. 
Statistical Data in Pupil Transportation. Common-
wealth of Virginia, 1961. 



PROPULSION SYSTEM 
REQUIREMENTS FOR 
DUAL -MODE VEHICLES 

Frank L. Raposa, C. H. Spenny, and J. D. Abbas, 
Transportation Systems Center, U.S. Department jDf 
Transportation 

Optimum dual-mode 'system performance and efficiency 
require that the vehicle propulsion system be properly 
sized and rated. In addition to the general requirements 
of speed, acceleration, and environmental factors, spe-
cific requirements such as velocity profile and vehicle 
characteristics must be established to obtain complete 
definition. Mission-dependent torque-time profiles 
must be generated from these combined requirements. 
Load lines can then, be established, and the propulsion 
system can'e sized in the conventional way. 

In choosing a propulsion system, one must consider 
both the on- and off -guideway performance requirements. 
In general, the acceleratiOn and cruise thrust require-' 
ments are not compatible for each of the operating 
modes and, therefore, would lead to independent sizing 
criteria. The preferred approach is to develop an ini-
tial site-independent design based on worst case accel-
eration and speed-maintaining requirements as pre-
scribed by the design guidelines. This provides ade-
quate propulsion data for development of the mission 
characteristics including the site-dependent velocity 
and grade profiles. The propulsion design is then iter-
ated, making use of the profiles to generate a torque-
time profile. This profile provides short-term and 
continuous performance requirements that can be com-
pared to short- and long-term ratings of the propulsion 
system. When the short-term ratings from specific 
regimes of operation size the propulsion system, con-
sideration should be given to modification of the mission 
profile within the limits of the design guidelines. Once 
the mission profile has been fixed, propulsion design 
proceeds in a conventional way. 

COMPARISON OF ENERGY AND 
POLLUTION CHARACTERISTICS 
OF PROPULSION SYSTEMS OF 
DUAL-MODE TRANSIT VEHICLES 
AND THE AUTOMOBILE 

R. H. Donlon and L. L. Saunders, Transportation 
Technology Division, Otis Elevator Company 

A significant factor in the public acceptance of any,  
transit system is the efficient use of energy, preferably 
with low pollution and cost. A typical dual-mode trip 
was selected on which to base a Comparison of energy 
consumption, energy cost, and pollution levels asso-
ciated with the following vehicles and vehicle -transporter 
combinations: all electric bus on- and off-guideway, all 
electric bus 'using electric transporter on-guideway, 
diesel bus, diesel bus using electric transporter on-
guideway,. private automobile using conventional streets 
and freeways, private automobile on electric transporter 
on-guideway,. and gasoline bus, on- and ôff-guideway. 

Energy consumption and cost were calculated by using 
a typical 20-passenger vehicle load characteristic for 
the bus configurations and a mi4sized sedan for the auto-
mobile. The'energy consumption was related to the en-
ergy source, that is, natural resources used to generate 
power at the powerplant with its related efficiencies and 
petroleum products related 'to the refinery and its effi-
ciency. The cost was assessed at the rate paid by the 
transit system operator. Pollution levels were deter - 
mined by, using the allowable limits.according to the fed-
eral standards for heavyduty diesel,' automobile, heavy-
duty gasoline, and coal-burning generating plants. 

The energy consumed in terms of raw eneIgy sources 
(crude oil and coal)'does not vary significantly, among 
the transit methdds evaluated, since the overall.system 
energy conversion effiCiencies for these. processes are 
approximately equal. Electrically powered transit 
methods operate at a lower cost and at much lower pol-
lution levels than the petroleum-fueled internal cômbus-
tion engine methods; Generating plant emissions are 
relatively easily controlled, and a lower cost fuel can 
be used in addition to.having flexibility of fuel selection. 
Trip speeds were 12 mph (193 km/h) average off-
guideway' in the suburbs; 7 mph (11.3 km/h) average 
downtown; and 50 mph (80.5 km/h) cruise on the guide-
way. Comparisons based on a passenger trip are as 
follows: 
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Energy 
Consump- Energy CO 

System Passengers tion Cost Emitted 

Electric bus 12 1.0 1.0 1.0 
Electric bus and 
transporter 12 1.12 1.2 1.0 

Diesel bus 12 1.12 2.5 662.0 
Diesel bus and 
transporter 12 1.25 2.1 342.0 

Private automobile 1.3 6.25 27.4 143.0 
Private automobile 
and transporter 4 2.25 4.5 80.0 

Gasoline bus 12 1.18 3.6 682.0 

The all-electric bus system was established as the 
base line, for all other systems or system combinations 
used more energy at higher cost and emitted more pol-
lution. 

PROPULSION SYSTEMS STUDIES 
OF DUAL-MODE VEHICLES 

Tibor Bornemisza, Rohr Industries, Inc. 

Performance and fuel economy of the dual-mode ve-
hicle was investigated by using three alternative pro-
pulsion methods: turbine electric, diesel electric, and 
diesel mechanical. The turbine and diesel electric ve-
hicles are driven by a three-phase induction motor 
through a conventional rear axle. Motor speed and 
torque are controlled by a solid-state variable frequency, 
variable voltage power supply. On the guideway, 600 
Vdc electric power is picked up by a conventional way-
side power collector. Off guideway, the electric power 
is supplied by a lightweight high-speed alternator driven 
by either a recuperated gas turbine or a diesel engine. 
The output of the alternator is converted to direct cur-
rent by a three-phase full-wave silicon bridge rectifier. 

The diesel -mechanical propulsion engine provides 
the power for both on- and off-guideway operations. A 
hydromechanical transmission with infinitely variable 
speed is used. The output torque characteristics of this 
transmission are similar to those of the electric drive 
system. 

A computer model was used to predict vehicle per-
formance. The parameters analyzed include fuel con-
sumption, acceleration, cruise, and grade performance. 
All three propulsion systems offer a satisfactory solu-
tion for both on-guideway and off -guideway propulsion 
requirements of the dual-mode vehicle. The high per-
formance, smooth power flow, low noise, and emission-
free characteristics make the electric propulsion attrac-
tive for future guided-vehicle applications. However, 
some of the components in the electric propulsion sys-
tem have yet to be proved under the rigorous require-
ments of transit service. The high investment cost as-
sociated with the installation of the wayside power sup - 
ply could hardly be justified by the derived benefits such 
as fuel economy and low pollution for an experimental 
application of the dual-mode system principle at the 
present time. 

The diesel -mechanical propulsion, representing the 
low technology approach, provides a satisfactory solu-
tion for the propulsion requirements of the dual-mode 
system. Reliability and low pollution characteristics 
make the diesel engine the most accepted powerplant 
for transit coach operations. The hydromechanical 
transmission represents a significant advancement in  

transmission technology for heavy-duty vehicles. It 
provides infinitely variable speed control for the ve-
hicle and enables engine operation at optimum fuel econ-
omy. The lower system cost and familiarity with diesel 
engines could eliminate possible points of resistance to 
unconventional propulsion systems on the part of transit 
companies when the dual-mode transportation system is 
considered as one of the possible alternatives for ian-
proving their services. 

HYBRID -DUAL -MODE BUS 
PROPULSION SYSTEM OF 
INTERNAL COMBUSTION 
ENGINE AND ELECTRIC 
MOTORS 

Joseph P. Finelli and Fred E. Langhorst, Transporta-
tion Systems Division, General Motors Corporation 

This paper discusses the vehicle propulsion system to be 
used in the General Motors dual-mode transit system. 
The rationale for selection of the system configuration 
and a general description of the hardware and automatic 
control logic are included. The GM dual-mode vehicle 
propulsion system consists of two independent power 
plants and drive lines. The primary power train con-
sists of an internal combustion engine and front-wheel 
drive package, and the secondary power train includes 
electric motors driving the rearmost vehicle wheels. 
Energy for the secondary drive motors will be supplied 
by on-board batteries. The two power trains are capable 
of operating independently or as a parallel hybrid. A 
summary of vehicle performance is included along with 
a discussion of the value associated with using the sec-
ondary power train as a backup or as a hybrid with the 
primary. 
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A. E. Brown, H. Weinstock, and J. N. Rossettos,* transportation Systems Center, U.S. Department of Transportation 

Safety features and the degree. of safety expected of dual-mode systems are reviewed. Some of the inherent advantages 
and disadvantages of dual-mode transportation are also outlined. Possible categories of vehicle safety are defined to 
aid in developing measures of collision survivability in terms of human tolerance. The available analytical tools for 
crash worth in ess prediction are discussed, and the type of parameter studies that can be performed with computer pro-
grams of simplified simulation models are suggested. The importance of energy-absorption devices and impact energy 
management concepts is emphasized so that optimum design conditions can be attained. Finally, a review is made of 
some biomechanics dynamic models useful for the assessment of injury potential. 

The increase in automobile population and automobile 
use during the past decade combined with a correspond-
ing decline in the use of public transportation has re-
sulted in a severe strain on urban road and highway 
systems. The resulting traffic congestion has produced 
increased air pollution, travel times, and fuel con-
sumption. The reduction in public transportation ser-
vices in urban areas has resulted in a decreased mobil-
ity for the young, elderly, poor, and handicapped who 
cannot drive or purchase an automobile. The conven-
tional solution to traffic congestion is to construct new 
highways and increase the number of lanes of existing 
highways. This approach has not proved to be success-
ful in urban areas and has frequently resulted in an in-
crease in traffic congestion. Constructing new highways 
or widening existing highways is extremely expensive in 
terms of construction costs, land acquisition costs, and 
social and economic disruptions in urban communities. 

The dual-mode and personal rapid transit system 
concepts offer another àption for increasing the flow of 
people and goods. At the same time they provide the 
safety and convenience of the automobile and do not re-
quire excessive amounts of land and extensive new road 
construction. The use of automatic control of vehicles 
could result in a sevenfold increase in the capacity of a 
lane of traffic as discussed below. Two lanes of a dual-
mode operation would provide the equivalent service of 
a 14-lane highway. 

Highway capacity is currently limited by the driver's 
perception of his or her ability to detect an emergency 
condition and take appropriate corrective action. Fig-
ure 1 shows the relation between vehicle speed and ve-
hicle density for a simplified model of driver behavior. 
This model assumes that the vehicle acceleration is a 
function of the difference between the maximum speed 
a driver would travel on a given road and the distance 
and closing velocity between the vehicle and the one in 
front of it. The parameter a is a driver caution factor 

When this research was performed, Mr. Rossettos was associated with 
the Department of Mechanical Engineering, Northeastern University, 

Boston. 	 . 	. 

that could depend on road conditions, weather conditions, 
or world tensions. Experimental data indicate that the 
curve for oe = 4 is a good approximation for freeway driv-
ing. The California highway rule recommends a separa-
tion of one car length for each 10-mph (16-km/h) speed 
increment. 

As shown in Figure 2, this decrease in speed as a 
function of traffic density results in a maximum through-
put of the highway lane for a = 4. The maximum capac-
ity is about 2000 automobiles/hour at an average speed 
of 30 mph (48 km/h). An attempt to increase the num-
ber of automobiles on the road will result in a further 
decrease in speed and a decrease in the net flow of traf-
fic. Above this critical density the traffic flow becomes 
unstable with stop-and-go driving conditions, resulting 
in further decreases in throughput andincreased likeli-
hood of low-speed accidents due to traffic congestion. 
Current efforts toward metering of freeway traffic by 
control of on-ramps and in some cases traffic control 
signals interrupting traffic flow are directed toward 
keeping lane densities below this critical value. 

In dual-mode operation the computer that controls 
the vehicle would have sufficient knowledge of the current 
and planned changes in the trajectories of the vehicles in 
front of another vehicle to permit headways closer than 
could be permitted were there a human operitor. The 
close control of speed would permit headways approach-
ing zero without risk of collision. The dual-mode sys-
tem could therefore have potentially the speed through-
put relation shown in Figure 2, making travel speed 
independent of density. 

The dual-mode vehicle operating on its own guideway 
provides some strong potentials for improved highway 
safety. 

Head-on collisions are impossible. 
Human error (or vehicle operation by drivers 

under the influence of drugs or alcohol) is eliminated. 
The computer can anticipate events that are miles 

ahead of the vehicle and take corrective action in a con-
trolled and programmable fashion, thus eliminating sur- 
prises and near misses. 	. 

Vehicles are inspected regularly, and maintenance 
is under central control. 	 . 
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The engineers concerned with the safety of such a 
system have asked the questions: What happens if some-
thing goes wrong? If there is a failure of a component 
in the control system, what is the likelihood of a colli-
sion? If the collision can occur, what injury will it pro-
duce? The permissible headways and component reli-
abilities are directly related to the crashworthiness of 
the vehicle. 

Accordingly, Transportation Systems Center is con-
ducting for the Urban Mass Transportation Administra-
tion design trade-off studies to evaluate the significant 
parameters affecting vehicle crashworthiness. The 
basic requirements for vehicle crashworthiness are that 

The vehicle be able to sustain low-speed impacts 
(under 10 mph, 16 km/h) with no occupant injury or func-
tional damage, 

The vehicle provide the occupant with injury pro-
tection at least equivalent to the automobile, and 

Overall system safety be at least equivalent to 
transit system standards and experience. 

While operating off the guideway, the vehicle must also 
conform to highway safety standards. 

This paper reviews some of the parameters relevant 
to this study and the status of the analytic tools to be 
applied in predicting dual-mode crashworthiness. 

INFLUENCE OF HEADWAY ON 
VEHICLE IMPACT VELOCITIES 

If an obstacle were to be introduced on the guideway and 
the maximum deceleration under emergency conditions 
was 0.34 g (11 ft/sec2 , 3.4 m/s'), the minimum warning 
that a dual-mode vehicle traveling at 60 mph (96.6 km/h) 
would require to permit stopping with no impact velocity 
is 

h=V 2/2(I1)=882/22=352ft 	 (1) 

If there were a delay in detecting the obstacle and acti-
vating the vehicle emergency-braking system, the im-
pact velocity would be given by 

V = (88)2 - 22h 	 (2) 

so that, if the emergency-braking system was activated 
at a distance of 176 ft (53.6 m) from the obstacle, the 
impact velocity would be 62.2 ft/sec (19 m/s) or 42.4 
mph (68.2 km/h). If the braking system was activated 
at 350 ft (106.7 m), the impact velocity would be 6.6 ft/ 
sec (2 m/s) or 4.5 mph (7.2 km/h). 

For a 20-ft (6.1-rn) automobile length, a requirement 
that the headway be greater than this emergency stopping 
distance (i.e., 352 ft, 107.3 m) would result in a require-
ment of 18 automobile lengths between vehicles com-
pared to the 6 automobile lengths proposed by the Cali-
fornia highway rule. Human drivers can operate at 
closer headways than the emergency stopping distance 
because the automobiles in front of them require a finite 
period of time to effect a velocity change. If the braking 
characteristics of the vehicles are identical, the mini-
mum headway required to produce a zero-impact veloc-
ity is the distance required for a driver to perceive that 
the automobile in front is decelerating and to brake his 
or her vehicle. If this reaction time is 0.75 sec, the 
minimum headway would be 66 ft (20.1 m) to avoid colli-
sion, which would be about 4'/3 automobile lengths. 

Equations for determining the impact velocity, V1 , 
as a function of headway, Do, involved in the collision 
of the rear of one vehicle and the front of another ve-
hicle 

e-
hide with initial velocities of V01 and V02  (at to, time of 

brake initiation of the leading vehicle) respectively, con-
stant deceleration rates of a, and a2  respectively, and a 
driver reaction time, tR, in the following vehicle (as 
shown in Figure 3) are as follows: 

V, = V12 - V11 	 (3) 

V11 = Vol - a, t, 	V11 = 0 fortj (Voj/a,) and a1 = 0 

V12V02-a2(tI-tR) 	tR < t1 

V12V02 	t1 4  t 

D0  + D = V02t1 - 1/2a2(t1 - tR )2 	D = V01t1 - Y2a1 (t1)2  

= (V02 - V01)t1 + '/2 [a1 t -22  01 - tR)21 	 (4) 

Variations of impact velocity with headway distance 
are shown in Figure 4 for three situations. In each situ-
ation both vehicles are assumed to have the same initial 
velocity. Initial velocities are 60 mph (88 ft/sec), 30 
mph (44 ft/sec), and 10 mph (14.7 ft/sec) [96.6 km/h 
(26.8 m/s), 48.3 km/h (13.4 m/s), and 16.1 km/h (4.5 
m/s) 1. Both vehicles decelerate at lift/sec (3.7 m/s), 
and driver reaction time is 0.75 sec. Figure 5 shows 
a comparison of impact velocity with headway distance 
when there is no deceleration (braking failure) by the 
following vehicle. As might be expected from Figure 3, 
maximum impact velocity is the same for the three situ-
ations shown in Figure 4; with that length of headway 
distance, maximum impact velocity decreases as initial 
velocity decreases. As also might be expected from 
Figure 3, the initial and final portions of the plot in 
Figure 4 are symmetrical. Tailgating reduces impact 
velocity rapidly with decreasing headway below 3 ft (0.9 
m). The distance involved, however, would seem im-
practical for the human vehicle operator; but, if dual-
mode instrumentation and computer automation could be 
designed to detect particular closing speeds and distances 
and give relevant decisions, close headways are feasible. 
However, in the event of a major system malfunction, 
such as braking failure, relatively large impact veloc-
ities could occur, as indicated in Figure 5. 

CRASHWORTHINESS AND CATEGORIES 
OF VEHICLE SAFETY 

Since dual-mode system (DMS) development, even with 
shorter headways, must reproduce or improve on the 
degree of safety that is expected for the automobile, the 
definitions of safety in terms of past research for auto-
motive vehicles must, at the least, be adopted in DMS 
crashworthiness studies. The vast amount of work that 
has already been carried out for automobile and rail ve-
hicles (1, 2, 3,4) has given rise to analytical simulation 
models that have proved to be important aids in the pre-
diction of vehicle crashworthiness. The availability of 
such tools can also be useful for DMS studies. The 
more recent possibility of using scale-model crash 
testing should also form an important adjunct to such 
studies (5). 

The crashworthiness of dual-mode vehicles must be 
designed so that it may accept controlled collision possi-
bilities and be useful in delineating possible categories 
of vehicle safety that can be used in conjunction with 
various design and automatic control strategies. For 
convenience, the following qualitative categories can be 
defined: operational (no injury or damage), operational 
(no injury, minor damage), and safe (no fatalities, minor 
injury, nonoperational damage). Trade-off studies, 
using computer simulation models, can allow a more 
quantitative separation of these levels. Collisions at 
different speed ranges will be associated with the above 
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Figure 5. Variations of impact velocity with headway distance for two vehicles that have initial velocities but only one 
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'categories, which may or may not include passenger-
restraint devices. Now, research and tests by human 
volunteers (6) indicate that deceleration levels as high 
as 35 g can be tolerated by humans under proper re-
straints and no impacts from sharp edges or packages. 
Automobile tests of adequately restrained bodies indi-
cate tolerable acceleration levels as high as 35 mph 
(56.3 km/h) for frontal collisions with fixed objects; 10 
mph (16.1 km/h) for side collisions with a tree or utility 
pole; and 25 mph (40.2 km/h) for side collisions with 
similar size vehicles. 

This discussion indicates the particular importance  

of energy -absorption devices for optimum energy man-
agement to allow reduction of peak g levels. For in-
stance, by increasing the impact deflection via appro-
priate crush devices, peak g levels can be decreased, 
and, together with selective use of several levels of 
energy absorption in the vehicle design, a nearly con-
stant acceleration could well be attained. The various 
safety levels alluded to must necessarily be derived by 
properly correlating injury criteria with the vehicle 
structural response, which can be calculated by using 
appropriate analytic tools to p.erform parameter studies. 

In design trade -off studies by the Transportation Sys - 

Figure 4. Variations of impact velocity with headway distance for two 	8 

vehicles that have similar initial velocities, deceleration speeds, and 
driver reaction times. 

5' 

U 
0 

U 
C, 
0. 
0 

V 0 =60 mph 	 Headway distance 0,,, ft 

0 	 2 	 .4 	 29 	 31 

V0 30 mph 

	

I 	 I 	 I 
0 	 2 	 4 	V 	7 	 9 	 U 

V0 10 mph 

Headway Distance, D, ft. 



143 

tems Center, some of the parameters being considered are 

Bumper and energy absorber deformation char-
acteristics (i.e., in terms of force levels and stroke 
lengths), 

Relative locations of absorbers and large masses, 
Restraint systems and biomechanics parameters 

(i.e., peak g levels tolerable), and 
Overall allowable vehicle crush distances. 

The available analytical tools used to conduct these 
studies are described in the next section. 

ANALYTICAL TOOLS FOR 
CRASHWORTHINESS PREDICTION 

In recent years various simulation programs have been 
developed to model the dynamic structural response 
under vehicle impact conditions. The models vary from 
the simple ones that give only average features of the 
overall response to the complex ones that provide greater 
detail in the response. Limited success has been 
achieved by using simplified spring-mass configura-
tions with nonlinear resistances modeled by means of 
individual or group-component testing or other avail-
able information (7, 8, 9, 10, 11). Good overall agree-
ment with vehicle-impa ct tests has shown that such 
simple models can be used successfully for specific 
configurations in conjunction with engineering judgment. 
In many cases they will be sufficient where "ball-park" 
predictions will serve to clarify the alternatives in any 
decision involving designs and standards. As will be 
discussed later, any dynamic response or crashworthi-
ness analysis or both will serve to yield information 
helpful toward the identification of significant param-
eters 

aram-
eters that would allow extrapolation of available crash 
test data and the judicious planning of future tests; cor-
relation with injury criteria in the development of safety 
limits and design standards; and proper design for en-
ergy absorption to optimize energy management during 
impact. 

Of the simplified spring-mass models, representa-
tives are the Tani-Emori (7) and the Kamal (8) models. 
In the Tani-Emori barrier impact model, there are two 
masses and four nonlinear resistive elements that rep-
resent gross structural properties. The model is ca-
pable of establishing general trends, and good correla-
tion with test results of peak-body deceleration has been 
shown to be within 10 percent. i In the Kamal model, 
there are three masses and eight nonlinear resistive 
elements. Masses represent the passenger compart-
ment, engine transmission unit, and engine cross mem-
ber. The resistances are determined experimentally 
by crushing gross vehicle components quasi-statically. 
In addition, an empirical strain rate correction factor 
is used in the program. The model can be used to per-
form parameter studies for existing designs and to pre-
dict general vehicle behavior (average values of accel-
eration are predicted). Good correlation with test re-
sults has been shown for body displacement and velocity. 

A larger spring-mass model that can handle a greater 
number of parameters is embodied in the Battelle com-
puter simulation program (9, 10). The Battelle model, 
shown in Figure 6 (10), handles collinear vehicle-to-
vehicle as well as vicle -to-barrier impact conditions. 
It can include 4 masses and as many as 35 nonlinear re-
sistances in the form of elastoplastic springs, hydraulic 
energy absorber elements, and viscous dampers. The 
load deformation characteristics are obtained from theo-
retical or experimental data or both. An empirical 
strain rate correction factor is also included in the pro-
gram. Rebound characteristics are programmed into  

the model for the purpose of handling impact between ve-
hicles of different sizes in aggressiveness studies. This 
aspect of the program has yet to be checked out. The 
model has shown good simulation ability and in its pres-
ent form is a useful tool for predicting general and spe-
cific behavior; for making preliminary evaluations and 
comparisons of vehicle energy -absorption devices; and 
for aiding in planning and evaluating crash tests. 

With regard to the Battelle FMCCM model simulation 
ability, predicted values of peak vehicle crush using 
FMCCM runs fall close to a median line (Road Research 
Laboratory data curve) for a large variety of current 
production automobiles (Figure 7). Also, good correla-
tion is indicated for predicted engine deceleration/time 
response for an FMCCM run and an experimental result 
obtained by Emori and Tani (7). 

The next step in complexity for analytical simulation 
models involves the frame models (12, 13, 14, 15, 16). 
The Calspan model (12), which represeRs T e earliest 
development in this regard, is applicable to two-
dimensional frame structures. It is essentially a finite-
element model with straight-beam elements, lumped 
masses at nodes, and localized plastic hinges at pre-
selected nodes. The program is operational and at pres-
ent can be useful for simple front frame and bumper con-
figurations (Figure 8). 

The 3 -D TSC model (13), being developed at the 
Transportation Systems Center, can be regarded as a 
three-dimensional extension of the Calspan model in the 
sense that the assumptions on ideal plastic hinges and 
lumped masses at nodes are the same as those given by 
Shieh (12). The analysis and computer implementation 
of the TSC model are more heavily based on finite-
element techniques (17, 18, 19, 20,21,22), which are 
being used to also include lumped parameter elements 
in the program by means of substructuring concepts (23, 
24). Another three-dimensional frame model, developed 

Lockheed and referred to as KRASH (14), has been in-
stalled and is running on TSC equipment. It is, however, 
operational only for specific aircraft applications at the 
present time. Much more work is needed for these and 
other more complex models (15, 16) to make them opera-
tional. By and large they are still in the prototype stage 
and have a limited number of check cases to their credit. 
It appears then that for the present the simplified mass-
spring models, tailored specifically for dual-mode con-
figurations, will form the initial analytical tools. 

In summary, the simplified lumped parameter models 
are to be regarded as especially useful in making design 
trade-off studies in which many parameters are involved 
and larger models would be expensive. On the other 
hand, the large finite-element models are more suitable 
when a proposed design is studied for which parameter 
values are relatively fixed. 

PARAMETER STUDIES AND 
ENERGY MANAGEMENT 

By using analytical tools oriented specifically toward 
DMS configurations, parameter studies can be performed 
to yield useful data, especially during the feasibility 
stage of new ideas. Such studies will aid in identifying 
the important parameters characteristic of dual-mode 
vehicles and be useful in future crash testing, standard 
formulation; and structural design and optimum energy 
management concept development. The several design 
parameters will be defined, among other things, with 
respect to (a) bumper configurations, (b) energy ab-
sorbers and their relative locations, (c) shape and ori-
entation of structural members (i.e., frames, compart-
ment, engine or motor mounts), (d) overall and indi-
vidual mass c.g. locations (i.e., engine or motor, pas- 
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Figure 6. Battelle collision models. 
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senger compartment, (e) weight of payload relative to 
structural weight, and (f) guideway elasticity. 

To contribute data for purposes of defining useful 
measures of safety and collision survivability, other im-
pact parameters will consider (a) permissible overall 
crush distances and stroke lengths of absorbers, (b) 
maximum acceleration levels at selected points, (c) 
parameters that can be used in conjunction with injury 
criteria related to critical body regions (i.e., head, 
chest, pelvis, and femurs), and (d) restraint-system 
characteristics. 

The model studies can be made to simulate various  

types of collisions, which can be classified according to 
the following impact arrangements: (a) impact into a 
rigid pole or line barrier, (b) impact into a flexible pole 
or line barrier, and (c) impact of two simulated vehicles 
that are of the same size or of different sizes and are 
involved in bumper -to-bumper and head -on collisions. 
The spring-mass models can be used in parameter 
studies in which stroke lengths and absorber activation 
forces will be design variables and the effects of differ-
ent absorber characteristics and their location on peak 
acceleration can be evaluated. 

The results of the various studies of simplified im-
pacts between vehicles of different sizes can help in de-
signing for least damaging aggressivity. For instance, 
a particular alternative might be to favor small vehicles 
and use different absorber force levels in each vehicle 
weight class. Studies can also be made to differentiate 
between high and low-speed impacts. For instance, in 
a defined "low" speed collision, the absorber will not be 
activated and the bumper with an auxiliary "oleo strut" 
device might be sufficient. It will also be possible to 
study the concept in which activation "multistage" ab-
sorbers can be defined to occur at certain established 
impact speed levels. 

Proper energy management (i.e., optimum location 
of absorbers in the vehicle, force -deformation charac-
teristics, proper use of restraint systems) can be in-
strumental in achieving safety at high-speed levels. In 
regard to energy -absorption devices, a general classifi-
cation includes (a) innovative bumpers, (b) collapsible 
frames and structures, and (c) passenger-restraint sys-
tems. For high-speed collisions, devices in the second 
category play an important role and are discussed at 
length in other reports (4,25,26,27,28,29). The param-
eters that define different sibFs ariTa) maximum 
energy absorbed in a given stroke (determines the speed 
of impact that can be decelerated), (b) peak force in a 
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Figure 9. Energy-absorber characteristics. 
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given stroke (leads to peak deceleration to be experi-
enced by occupants), and (c) stroke length. The favored 
device attains least peak force for a given absorption 
energy and stroke. 

A typical force-stroke curve is shown in Figure 9. 
The linear portion of the curve is desirable in that the 
jerk rate is limited. Another desirable feature is to 
have a substantial flat portion. Since the area under the 
curve equals the kinetic energy that can be absorbed, 
the flat part of the curve implies uniform force levels 
during absorption. Selection of an appropriate device 
depends on the application. For instance, a variable 
force device could provide lower stroking forces for 
low-speed impacts while avoiding the extremely long 
strokes necessary for high-speed impacts. A low ini-
tial force followed by a higher force (at longer strokes) 
could be achieved with a velocity-sensitive device, but 
it could also be achieved with multiple-stage, constant-
force devices (4). As detailed in other reports (4, 25), 
selection can be made from extrusion devices, material 
deformation devices, and friction devices. In any case, 
some devices can yield shorter stroke lengths for a 
given amount of energy, while others are more easily 
adapted for reusability. Both will influence DMS design. 
On the basis of weight and cost, crushable honeycomb 
appears to be the simplest, lightest, and least expensive 
system that can provide a constant deceleration (4). 

BIOMECHANICS DYNAMIC MODELS 
AND ASSESSMENT OF INJURY 
POTENTIAL 

Well-defined ranges for certain parameters that will 
allow quantitative evaluation of passenger safety need 
to be developed. In this regard biomechanics dynamic 
models are essential so that the structural dynamic re-
sponse can be related to injury criteria. As such, 
mathematical models of different aspects of the accel-
eration response of the human body have been developed. 
Some results to date have yielded the acceleration wave-
form for the passenger compartment most beneficial to 
the occupant, as shown in Figure 10. Simple studies of 
an articulated model of the occupant bear this out (30, 
31). In a frontal impact, for a fully lap- and 
E—elted occupant, these studies show that an early high 
deceleration pulse followed by a lower sustained decel-
eration level (Figure 10) is least damaging to the passen-
ger. Experimental investigations have substantiated 
these studies (33). Excellent reviews on various models 
are given elseEere (34, 35). For instance, the mathe-
matical model of the head and neck that is described by 
Martinez and others (36) and shown in Figure 11 can be 
viewed as a development aimed ultimately at direct in-
jury prediction in the sense that it simulates the body 
mechanism (i.e., the head-neck action) associated with 
the specific injury of interest, whiplash. As more de-
finitive injury criteria are developed for this type of in-
jury, the analytically predicted actions can be compared 
with injury thresholds. The head-neck model (36) is 
limited to planar motions in rear collisions anciTh linear 
system characteristics. 

Another highly simplified situation considers point-
mass models that have been used in fundamental studies 
(37, 38) of the behavior of a restrained occupant in a 
frontal automobile collision (Figure 12). The evaluations 
of injury potential (38) were based entirely on considera-
tion of the occupantI.e., point mass) deceleration. The 
evaluations of relative injury hazards (37) were based 
on predictions of the velocity with whichihe simulated 
occupant would strike the vehicle interior, with consid-
eration also given to the level of occupant deceleration 
produced by the restraints. These models, although  

simplified, can be used with analytical computer simula-
tion of vehicle structural dynamic response to obtain 
useful indexes of injury. 

RECENT STUDIES IN PREDICTING 
OPTIMUM CRUSH CHARACTERISTICS 
OF VEHICLES 

An important area, being studied at the Transportation 
Systems Center, involves the ability to design for opti-
mum crush characteristics of vehicles of various sizes. 
It is related to energy management concepts and the 
proper use of energy-absorption devices. For instance, 
depending on the strategy, lighter vehicles in a collision 
may require absorbers that must deform with larger 
crush distances than may be required by heavier vehicles. 
Two possible strategies are indicated in Figure 13. In 
strategy 1, all new vehicles should be capable of collision 
with a rigid 8000-lb (3629-kg) vehicle closing at 100 mph 
(160.9 km/h) and colliding at 50 mph (80.5 km/h) with a 
rigid barrier. In strategy 2, all vehicles should be ca-
pable of collision with a rigid barrier at 50 mph (80.5 
km/h), and all smaller automobiles that are closing at 
100 mph (160.9 km/h) and are designed to this criterion 
must be protected. Other trade -offs are currently under 
study at the Transportation Systems Center. 
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EVOLVING A RATIONAL TRANSIT 
SAFETY PROGRAM 

Thomas J. McGean, Mitre Corporation 

The history of "fail-safe" and "brick-wall stop" design 
criteria is traced from the development of the track 
circuit in the latter part of the nineteenth century to 
its current application in modern transit systems. 
Fail-safe design in the railroad industry is essentially 
limited to the areas of signaling and switching, and 
even in such important areas high reliability but non-
fail-safe components are used. The use of permissive 
block signaling and "keying through" tends to negate the 
fail-safe nature of the signaling system and place the 
ultimate responsibility for safety on the human operator. 
Other causes of rail accidents, such as derailment, plat-
form design, and fires, do not seem to be. protected 
against by fail-safe design. It is concluded that rail 
system design is based on concepts of risk management 
that have developed by trial and error. Fail-safe pro-
cedures represent only one way in which risks are con-
trolled. 

With this background, the system safety principles 
and procedures developed by the U.S. Department of 
Defense are discussed with regard to their applicability 
to transit. Possible difficulties include the cost of im-
plementing large-scale system analysis techniques, such 
as fault-tree analysis, and the difficulty of obtaining re-
liable probability data for the various failure modes when 
completely new and unproven designs are considered. 

Notwithstanding these difficulties, there does not 
seem to be any inherent conflict between Department of 
Defense procedures and traditional railroad practices. 
In fact, the former specifically recommend that histor-
ical safety data from similar applications be integrated 
into the safety plan and that fail-safe design procedures 
be used to control high-risk situations. 

Two examples of how military risk management tech-
niques can be combined with traditional rail practices 
are provided. The first is a preliminary hazard analy-
sis, and the second shows how fault-tree techniques can 
be used to investigate whether a brick-wall stopping cri-
terion is really necessary. 

ANALYSIS OF MINIMUM SAFE 
HEADWAY FOR NO COLLISIONS 

David J. Lobsinger, Transportation Technology, Inc. 

The paper presents a set of expressions describing the 
effects of various system characteristics on minimum 
safe headway. None of the individual relations used in 
the paper are new to the transit literature; however, 
two of the concepts should be more heavily emphasized 
now that automatic transit systems carry an increasing 
number of passengers. 

Minimum safe headway should be expressed in 
terms of the physical interrelations of all pertinent sys-
tem characteristics, including wind and grade. Simi-
larly, headway criteria should be chosen on the basis of 
control system capabilities and sufficient failure ex-
perience. 

Differential velocity and differential emergency 
deceleration must be accounted for in minimum-safe-
headway computations. 

The work presented is not intended to be universally 
applicable and will doubtless be modified with the appli-
cation of new safety assurance and control techniques. 
However, it does represent a rationale for expressing 
minimum safe headway in terms of specific hardware 
parameters and environmental conditions. 
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Frank L. Wihingham, Mitre Corporation 

Certain specific problem areas in the implementation of a dual-mode transit system guideway indicate a need for close 
scrutiny of differences between standard highway design technology and dual-mode guideway design. One such area 
is choice of guideway surface materials and their effect on vehicle-guideway interaction characteristics and perfor-
mance. Operating environment also imposes restrictions on vehicle performance and system capital expenditure by 
the need for adequate moisture removal techniques. Guideway intrusiveness and subsequent geometric constraints 
imposed by urban corridors with high-density land use affect performance and level of service since reduced turn 
radii in CBD areas affect vehicle speed and maneuverability within ride comfort and safety limits. Emergency op-
erations and vehicle retrieval techniques must be carefully developed to minimise system downtime and maximize 
safety. Fail-safe principles must also be defined, for their interpretation affects system safety, operating procedures, 
and capital cost. Solutions to these problems must result in the development of system hardware consistent with 
dual-mode implementation philosophy. 

The dual-mode transit system (DMTS) is a personal 
rapid transit system that combines features of fixed - 
route and demand-responsive bus systems with auto-
mated transit. Two primary modes of operation are 
used: a manual mode that requires an operator to 
drive the DMTS vehicle on the existing surface street 
network and an automatic mode that routes the vehicle 
via a dedicated guideway system through urban corri-
dors to distribution points. Much information has been 
achieved from operation of bus transit systems through 
the years, but as yet little experience has been gained 
with the implementation and operation of high perfor -
mance 

erfor -
mance automatic bus vehicles on exclusive guideways. 

A first step in development of DMTS is guideway de-
sign philosophy and identification of potential problem 
areas. Early examination.of specific guideway design, 
operations, and maintenance problems and their effects 
on DMTS performance should help to alleviate costly 
redesign during implementation. Some major areas of 
concern, such as guideway materials, operating en-
vironment, intrusiveness, emergency operations, and 
fail-safe design, are reviewed here to illustrate the ef-
fects of design variations on performance. 

GUIDEWAY MATERIALS 

Selection of materials for construction of guideway sup-
port structure and running surface is currently influ-
enced by highway design technology and operating ex-
perience. Skid resistance is one important system per-
formance parameter directly affected by choice of 
pavement material. This relation is currently the sub-
ject of detailed study, for increased skid resistance 
requirements have been dictated by the surge in auto-
matic transportation system development. 

Skid resistance is defined as "the force developed 
when a tire that is prevented from rotating slides along 
the pavement surface. More commonly, skid resistance 
is thought of as a pavement property; it is the antonym 
of slipperiness" (1). 

Pavement surface characteristics are one of several 
factors that affect the stopping ability of a vehicle on the 
guideway. The interactions among these factors are dif-
ficult to assess. Therefore, it is useful to describe the 
relation between the frictional resistance to motion and 
the applied load perpendicular to the interface between 
tire and pavement. The term "friction coefficient" is 
used to describe this relation, but precise pavement and 
tire characteristics must be known, along with speed, 
load, inflation pressure, temperature, and other details. 
Skid number is used to describe the friction coefficient 
for a specific set of these parameters. 

The attained level of skid resistance is essential in 
the determination of headways for automatic transporta-
tion systems, such as DMTS, during on-guideway oper-
ations. The maximum design headway for DMTS is 1.5 
times the safe stopping distance of the vehicle. The 
minimum headway (equal to safe stopping distance) is 
calculated by considering effects of brake lining, load, 
wind variation, control tolerances, and acceptable jerk 
rates, as well as attainable friction resistance. The ef-
fects of skid-resistance variations on headway for van - 
ous operating speeds are shown in Figure 1, 

Since DMTS performance and safety are dependent 
on the frictional resistance attained during vehicle-
guideway interaction, a high and consistent level of pave-
ment skid resistance must be attained. On the other 
hand, practical constraints on the economics of skid-
resistance maintenance (i.e., how often pavement must 
be renovated or replaced) dictate attainable DMTS per-
formance levels. 

The two primary characteristics of pavement sur-
faces that most affect skid resistance are macrotexture 
and microtexture. Macrotexture is the roughness of the 
surface as a result of finishing (portland cement) or ag-
gregate size (bituminous). This characteristic contrib-
utes a small percentage of the total attainable tire-
pavement friction through resistance developed as the 
tire alternatively compresses and expands while riding 
over the surface. A most important contribution, how- 
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ever, is the provision by macrotexture of escape chan-
nels through which water may pass, allowing the tire to 
contact the pavement. This reduces the possibility of 
hydroplaning. Pavement grooving and increased poros-
ity enhance this water escape and provide reservoirs to 
eliminate surface water film. 

Microtexture describes the surface roughness of the 
individual aggregate and surface particles that provide 
for adhesion between tire and surface and is the larger 
component of friction. Microtexture can be quite vari-
able, depending on the presence of loose particles (dust) 
or contaminants (bitumen, deicing materials). 

Deterioration of skid resistance occurs through wear 
and polishing of aggregate, plastic smoothing (bleeding), 
rutting, contamination, and water presence. Effects of 
these actions depend on choice of pavement materials, 
amount of traffic, type of traffic, and seasonal effects. 
Large variation in skid number can also occur at differ-
ent locations, even on new, unworn surfaces. In addi-
tion, estimation and measurement of pavement frictional 
resistance are not accurate to the degree required to 
predict surface performance characteristics with abso-
lute assurance. 

The individual pieces of aggregate in portland cement 
concrete (PCC) are supported by mortar and are not 
greatly subjected to traffic exposure. This reduces the 
effect of microtexture and related skid resistance. The 
high range of aggregate envelopment permitted by some 
types of asphaltic concrete (AC) surfaces results in a 
wide range of antiskid properties, depending on the na-
ture of selected aggregates (aggregate selection obvi-
ously affects PCC skid resistance in a relative manner). 
The presence of excess bitumen at the pavement surface 
(bleeding) may cause plastic reduction in skid-resistance 
properties especially with the presence of water on the 
road surface. 

Comparison of PCC and AC pavements reveals that 
both surfaces have initial skid numbers between 55 and 
70 and both exhibit similar reductions in effective skid 
resistance with increased traffic accumulation (wear 
ratio). AC pavements are susceptible to wear especially 
where repetitive vehicle tracking occurs over the same 
surface area. PCC pavements generally exhibit service 
lives double that of AC surfaces, which is an additional 
economic consideration. 

Pavement surface renovation may be accomplished 
by several means to increase skid resistance after wear 
and polishing have occurred. PCC pavement can be 
dragged (roughened), acid etched, grooved, or over-
laid with a thin layer of aggregate. AC pavement can 
be grooved, overlaid with a thin bituminous binder, or 
heated and planed followed by "rolling in" a new layer 
of aggregate particles. The alternative to surface ren-
ovation is application of a new surface or seal coat. 

Thus, pavement skid resistance places practical con-
straints on DMTS performance levels through maximum 
attainable skid numbers. Economic constraints are 
placed on maintenance of a high level of skid resistance 
through choice of materials and their effect on periodic 
surface renovation or replacement. 

OPERATII'TG ENVIRONMENT 

During the automatic mode of DMTS operation, vehicles 
operate on a dedicated guideway separated from surface 
traffic, allowing this portion of travel to be completed 
with minimal trip times. Headways must be short to 
maintain adequate capacity and a high level of service. 
DMTS must be capable of reliable operation consistent 
with passenger safety and comfort under adverse en-
vironmental conditions. Trade-offs must be made be-
tween degraded operations and capital and maintenance 

costs required to maintain system capacity and level of 
service. 

The primary environmental detriment to normal op-
erations is the presence of moisture on the guideway, 
either in the solid or liquid state. Water may be present 
on the DMTS guideway running surface through one or a 
combination of several events: precipitation, rainfall, 
or snowfall directly onto the guideway; capillary action 
through guideway structure; or runoff from adjacent 
areas. The latter two events affect at- or below-grade 
guideway sections only. Parapet walls if included in the 
design should protect running surfaces from direct run-
off. These walls, however, will provide little protection 
from drifting snow, especially in deep-cut sections (Fig-
ure 2). 

The presence of moisture in the form of water film 
or runoff, frost, ice, or compacted snow degrades 
guideway skid resistance. This moisture also contrib-
utes to many maintenance problems through disintegra-
tion of pavement, erosion of subgrades, heaving of sur-
faces due to subsurface ice formation, and corrosion of 
supporting structures. Puddles on running surfaces may 
cause vehicle hydroplaning, and splashing may interfere 
with operating equipment. Ice or compacted snow con-
tributes to vehicle lateral instability as well as altering 
vehicle vertical positioning on the guideway. Ice forma-
tion on steep grades inhibits traction and may prevent it 
entirely. Ice or frost formation on power and commu-
nication rails may prevent transfer of power or signals 
to the vehicle. It becomes obvious, then, that adequate 
snow removal, ice control, and surface drainage are 
necessary to ensure DMTS operation even in degraded 
modes. 

Several methods of ice and snow control are available 
to DMTS: deicing chemicals, guideway heating, plowing, 
and frequent vehicle operations during the precipitation 
period. The least expensive method of control in terms 
of direct costs appears to be application of deicing chem-
icals. These chemicals, of which chlorides are the most 
popular, have corrosive side effects, attacking not only 
the pavement surface itself but also supporting steel 
structures. Moisture-laden air in the guideway vicinity 
can become saturated with chemicals and become corro-
sive to electronic equipment on board vehicles. Use of 
polymer seal coats, or membranes, has been studied 
to waterproof pavement surfaces, and more expensive 
chemicals are available with reduced corrosive charac-
teristics (i.e., 15 times more expensive than salt). Sand 
may be used as a melting and absorbing device once pre-
cipitation has stopped, but then it must be removed from 
the dry guideway. 

Electrical and hot fluid melting systems are available 
at a cost of from $0.3 to $0.5 million per guideway-mile, 
which involves embedding heating coils or pipes directly 
beneath the running surface for snowmelting. These 
systems provide adequate melting capability, but are 
subject to several drawbacks. Both systems require 
redundant sensing devices to detect surface temperature 
and moisture presence. Both require some warm-up 
time requiring forecast knowledge of weather conditions 
or constant system "standby" operations. Thicker pave-
ment surfaces are required to house and protect these 
systems, and care must be taken to avoid rapid temper-
ature changes and resultant thermal stresses in the 
pavement. These systems require frequent inspection 
and have high annual maintenance and operating cost, 
especially if local electricity costs are high. 

Plowing or blowing of snow creates secondary snow-
removal problens. Storage or other disposal means 
must be provided for dumping of plow-accumulated snow. 
Blowing may not be acceptable, depending on adjacent 
land use. Plowing often scrapes and wears the guideway 
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running surface. Conversely, compacted snow accu-
mulates where the blade does not contact the surface. 
Sidewalls and power rails must also be blown or brushed 
clean. Plowing will be effective only as an auxiliary to 
some other method of snow control. 

Compaction or removal of snow by traffic operations 
clearly is dependent on snowfall amount and composition 
and traffic frequency. Vehicle operations tend to com-
pact snow and decrease friction, and, therefore, are 
not singularly effective in snow control. Application of 
sufficient chemicals to produce slight snowmelting will 
allow vehicles to clear running surfaces of compacted 
snow and ice. Under these conditions, frequent plowing 
will be required to augment slush runoff. 

Since DMTS vehicles must also operate off the guide-
way on standard roadways, a problem arises when ve-
hicles must be equipped with chains or studded tires to 
operate on roads during inclement weather. If guideway 
surfaces are kept relatively dry, chains and studs will 
cause rapid wearing of the pavement surface with sub-
sequent high maintenance costs to retain required skid 
resistance and ride quality. Operational delay times to 
remove this equipment prior to guideway operations will 
be prohibitive. 

Removal of precipitation (rain, melted ice, or snow) 
is accomplished by crowning of the road surface and by 
use of nonzero grade. Standard highway drainage tech-
niques tend to induce free flow from the pavement cen-
terline and away from the edge of the pavement. Since 
DMTS guideway is walled to provide vehicle retention, 
free flow away from the running surface may not be pos-
sible, and some method of drainage may be required. 
Care must be taken in the design of drainage systems 
so that 

They do not allow water to flow freely from ele-
vated structures onto adjacent property, 

They will not be vulnerable to clogging from 
guideway debris or icing, 

They can be easily maintained, and 
They will not add unduly to structural require-

ments or detract from guideway structural integrity. 

These requirements point toward the use of extensive 
drainage systems if normal system performance is de-
sired during inclement weather. 

ThTTRUSWENESS 

Implementation of a DMTS guideway in an urban CBD 
will involve coordination of guideway design geometry 
requirements with urban spatial constraints. DMTS in-
teraction with land use involves infringement on building 
space, pedestrian walkways, and other transportation 
modal rights -of-way. The DMTS guideway will affect 
land use activities, such as reducing floor area and im-
peding pedestrian or traffic flow. In turn, physical con-
straints on these activities will alter DMTS guideway 
geometry and, therefore, performance. 

The urban complex generally contains distinct resi-
dential, industrial, commercial, and administrative 
areas linked by arterial highways. These major streets 
provide logical mass transit routes for access to the 
CBD and determine the selection of routes for circula-
tion and distribution within the CBD. 

Major street right-of-way characteristics include 
space for pedestrian walkways, curbside parking, four 
traffic lanes, and, often, a narrow median strip. Typ-
ical right-of-way widths for four-lane major streets in 
CBD5 range from 80 to 90 ft (24.4 to 27.4 m) A typical 
intersection is shown in Figure 3. This intersection is 
capable of handling within its right-of-way a DMTS  

guideway maximum radius of approximately 260 ft (79.2 
m), depending on guideway width. Constraints of a typ-
ical 

yp-
ical urban intersection on guideway geometry and oper-
ating speed are given below. A typical urban intersec-
tion is considered to be four intersecting traffic lanes 
with parking and pedestrian sidewalks on both sides of 
streets (Figure 3). The maximum guideway supereleva - 
tion is 0.1 ft/ft, and the maximum allowable lateral ac-
celeration is 0.1 g. 

Max Turn Max Operating 
Guideway Radius Through Speed in Curve 
Width (ft) Intersection (ft) (mph) 

8 270.5 28.5 
10 265.7 28.2 
12 260.8 28.0 
14 256.0 27.7 
16 251.2 27.4 
18 246.4 27.2 
20 241.5 26.9 

This will require the guideway to begin spiral transition 
at midblock, cross over one entire street right-of-way, 
and repeat this for the intersecting street (Figure 4). 
Guideway speeds for this radius will be limited to about 
28 mph (45 km/h) at standard lateral comfort levels, 
which appears compatible with expected maximum oper-
ating speeds for DMTS in CBD applications. Geometric 
limitations, therefore, affect overall DMTS performance 
since compensation must be made for changes in maxi-
mum allowable line speed. Shorter turn radii will, of 
course, reduce allowable operating speeds; the lower 
bound is the turn radius of the vehicle itself. A 50-ft 
(15.2-m) guideway radius will allow operating speeds as 
high as about 12 mph (19 km/h). 

Short-turn radii applications, such as in CBD areas 
that have high-density land use and at on- and off-
guideway ramps, bring about clearance problems in ad-
dition to reduced operating speeds. These turning clear-
ance problems are a direct function of vehicle design di-
mensions and maneuverability. Vehicle wheel base, 
width, body overhang, and turning radius combine to af-
fect the minimum guideway width on curved sections. 
These effects are plotted in Figure 5 to show the re-
quired increase in guideway width with decrease in turn 
radius. An additional width factor must be applied dur-
ing manual operations to allow for maneuverability. 

Increased guideway width compounds DMTS intrusive-
ness and adds to the cost of materials and construction. 
Steerable rear wheels to eliminate off-tracking and re-
duced body overhang will greatly reduce width require-
ments but, in turn, may not be cost effective. Trade-
off studies should be made to determine the desirability 
of complex vehicle design changes. Figures 6 and 7 
show the effects of vehicle design and turn radii on 
guideway intrusiveness at a typical urban intersection. 

DMTS stations feature off-line loading to avoid inter-
ference with vehicles bound for other destinations. Off-
line station lanes incorporate acceleration and decelera-
tion ramps so that vehicles may merge or diverge at line 
speed without affecting main-line traffic operations. The 
distance required to accelerate to (and decelerate from) 
line -haul speed is directly proportional to the desired 
speed. For example, the distance required to acceler-
ate to 60 mph (96.6 km/h) at a constant acceleration of 
0.15 g is 800 ft (243.8 m). If line-haul speed were re-
duced by half, to 30 mph (48.3 km/h), this distance would 
be 200 ft (61 m), a 75 percent reduction. The station 
lane length required for the 60-mph (96.6-km/h) case is 
1600 ft (487.7 m), exclusive of berths and storage areas. 
Although this length has a substantial effect on guideway 
capital costs, the availability of land in dense urban 



Figure 5. Turning radius constraints on guideway width. 
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areas where stations will be required is of more impor-
tance. Intrusiveness of stations and the main guideway 
complex is also a critical factor in public acceptance of 
the system. 

Figure 1. Headway traction relation. 
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Figure 2. Snowdrift effects. 
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EMERGENCY OPERATIONS 

Malfunctions of DMTS equipment during normal guideway 
operations may be divided into three classes Class 1 
malfunctions are those that pose a threat to the safety 
or integrity of the vehicle or system and require an im-
mediate and irrevocable stop. Class 2 malfunctions 
may affect vehicle safety, but the vehicle is mobile and 

Figure 6. 90.ft radius turn through urban 
intersection. 
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can be routed (possibly at reduced speed) to the nearest 
station and removed from service. Class 3 malfunctions 
do not require immediate action, and correction is dis-
cretionary. Class 1 malfunctions are of primary inter-
est in guideway implementation since emergency opera-
tions are required to retrieve the vehicle (and passen-
gers) from the breakdown point with speed and efficiency, 

In an urban fleet, an average transit bus will require 
road-call maintenance for all malfunction classes about 
four times a year. Thus, one breakdown of one class 
or another per weekday could be expected in a fleet size 
of only about 80 buses. One breakdown per peak hour 
of operation might be expected for a fleet of 800 buses. 
Bus maintenance data vary widely among transit prop-
erties, but such data are believed to be of the correct 
order of magnitude for comparison with dual-mode ve-
hicles even when supplied with high-quality electrical 
and mechanical components and serviced with diagnos-
tic equipment. However, it is not clear how these will 
affect breakdown rates. 

In the event of an accident during guideway operation 
(67 percent of operating time), such a vehicle collision 
with a guideway structure, associated structures, or 
another vehicle, or in the event of a safety-related sys-
tem malfunction requiring vehicle stoppage on the guide-
way or station, power should be removed where appli-
cable from that section or sections of guideway involved. 
Emergency procedures should be developed to evacuate 
passengers from the disabled vehicle or to recover the 
disabled vehicle or to do both so that there is a mini-
mum disruption of normal system operation. 

Under negligible and marginal hazard conditions, 
passengers should preferably remain in the vehicle 
until the vehicle recovery operation is complete. How-
ever, under critical or catastrophic conditions, such 
as fire, passengers should be evacuated from the guide-
way in an expeditious and safe manner. For this pur-
pose, the vehicle should be equipped with an interlock 
to interrupt guideway power whenever vehicle doors 
(normal or emergency exit) are opened on the guideway. 
In addition, each powered guideway section should be 
equipped with an adequately marked emergency exit 
located where no powered section of guideway can be 
encountered during the evacuation operation. Safe 
methods of egress from the guideway would allow 
transfer of passengers from the disabled vehicle to 
another form of ground transportation, saving as much 
as one-half the recovery waiting time. 

Depending on the degree of emergency or disable-
ment, DMTS vehicles can be recovered by manual con-
trol (driving the vehicle), remote manual control, auto-
matic operation restart, towing or pushing by another 
DMTS vehicle, towing or pushing by a guideway service 
vehicle, or hoisting from guideway. If the disabled ve-
hicle is driven, towed, pushed, or hoisted, then it must 
be accessible either along the guideway or via the street 
system surrounding the guideway. All methods will re-
quire detection and location of the disabled vehicle within 
the system, alerting and briefing of maintenance crew 
(located either centrally or at a number of stations), ac-
cess to guideway with maintenance vehicle (or direction 
on street network), travel to breakdown site, assess-
ment of the nature of the emergency, and towing or 
pushing the vehicle to the nearest station where passen-
gers may disembark. This must be accomplished in a 
reasonable period of time. 

Automatic system restart and rerouting is the most 
expedient form of recovery with the best chance of mini-
mum downtime for the system. The ability to perform 
this action, however, is least likely of the recovery 
methods. Remote manual control requires no vehicle 
access, but vehicle speeds during recovery will be nec- 

essarily low since direct observation of the disabled ve-
hicle en route may not be possible and damage or degree 
of malfunction may not be ascertainable. Manual drive - 
off is the simplest form of recovery, but requires time 
for the driver to enter and take control of the vehicle. 
After control is gained, the speed attained en route to 
the nearest station depends on the nature of the malfunc-
tion. 

Towing or pushing by another DMTS vehicle requires 
either remote manual operation and safety system over-
ride or guideway access and manual driver operation. 
This, of course, ties up two carloads of passengers. 
For expedience, guideway service vehicles and mainte-
nance crews must be strategically located at station or 
guideway vantage points. 

A typical vehicle recovery problem involves a vehicle 
breakdown somewhere between service vehicle locations 
along the guideway (Figure 8). Suppose several vehicles 
are backed up behind the disabled vehicles blocking re-
covery by the upstream recovery vehicle (RV-1). Fur-
ther suppose that a guideway intersection is downstream 
of the blocked vehicle, between it and the downstream re-
covery vehicle (RV-2). It may not be possible to reverse 
the backed-up vehicles past the position of RV-1 because 
of the upstream traffic. Then, the downstream portion 
of the guideway and intersection (initially unaffected by 
the blockage) will have to be shut off or degraded so that 
RV-2 can backtrack for recovery. Towing operations 
may require the recovery vehicle to back up during one-
half of the trip, a difficult maneuver for a driver on a 
narrow guideway. 

Hoisting the vehicle from the guideway as a standard 
recovery technique is prohibitive in terms of time and 
passenger safety. It is doubtful that a DMTS will have 
the required equipment for this operation at each main-
tenance area. 

Recovery methods are rated by time and person-
hours as follows: 

Recovery Person-Hours 
Recovery Technique Time Required 

Driver manual 3 3 
Remote manual 2 1 
Automatic restart 1 1 
Towing or pushing by DMTS vehicle 4 1 or 2 
Towing or pushing by service vehicle 5 2 
Hoisting from guideway 6 4 

Type of recovery is, of course, related to the class of 
malfunction. All DMTS systems should have the capa-
bility for automatic restart or remote manual control 
after class 2 malfunctions. Therefore, the various 
methods of towing, pushing, or hoisting become com-
petitive for class 1 malfunctions. 

Users of the system should be afforded adequate 
fire, medical, and security protection services through 
provision of special fire-fighting and ambulance vehicles 
and security forces if necessary. Local public services 
(fire department, hospital, police) should receive spe-
cial training for emergency access to the system and 
coordination of emergency and system operations. 

FAIL-SAFE DESIGN 

The principle of fail-safe design states that, whenever 
an equipment failure, external influence, or human 
error affects the proper operation of an element of the 
system, that element shall revert to a state known to 
be safe. This implies that any such failure of a transit 
system component will not be catastrophic to passengers 
dependent on that component for conveyance. 

In reality, it is not expedient or economical to design 
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Table 1. Comparison of impact-attenuation devices. 

Impact Attenuation 
Device 	 Configuration 	 Cost 	 Remarks 

Barrel nest 50-gal drums arranged in clusters; Relatively 
successive crushing of barrels inexpensive 
applies tolerable stopping forces 

Sand containers Plastic barrels filled with varying Relatively 
amounts of sand; vehicle energy is inexpensive 
attenuated by displacement of sand 

Sand bumper Sand pile poured on guideway; energy Inexpensive 
absorption by sand compression 
and shear 

Shock absorber type Mechanical truss with hydraulic or Expensive 
pneumatic shock absorber 

Note: 1 gal = 3.8 dn 3. 

systems entirely to this principle. Most systems, 
therefore, are examined for "high risk" components, 
and these are designed to be fail-safe. There is, then, 
a group of low-probability failures that can occur with 
possible catastrophic circumstances. In some of these 
areas, it is possible to design for certain "last-ditch" 
efforts that will reduce the effects of these low-
probability failures. 

One of the more serious problems of automatic trans-
portation systems is impact with guideway intersection 
gore areas (switch frogs). Another, less likely, event 
is overrunning stub-ended guideway segments. Both of 
these situations represent probable head -on collision 
between the DMTS vehicle and guideway civil structures. 
Therefore, some form of impact attenuation is required 
to reduce impact loads on vehicle structure and passen-
gers to within tolerable limits. 

During recent years there has been considerable in-
terest and activity promoted by the Federal Highway 
Administration toward the development of impact-
attenuation or energy-absorption systems. These sys-
tems are to be placed in proximity to fixed objects along 
the Interstate highway system to reduce accidental im-
pact deceleration forces to within human tolerance 
levels. These devices have definite applicability to 
DMTS guideway gore areas and open-ended guideway 
segments. 

This impact attenuator is the final safety device that 
will retain or restrain the vehicle on the guideway in 
the event of failure combinations, such as service and 
emergency brake failure or switching and emergency 
brake failure. Therefore, attenuators should be de-
signed to arrest a vehicle moving at system speed. 

FHWA currently permits an average vehicle decel-
eration limit for attenuation devices of 12 g. This 
greatly exceeds the deceleration rate of an automobile 
in an emergency stop (0.6 g) and would be catastrophic 
to mass transit standees, whose instability limit is 
about 0.5 g. Because of the nature of double failures 
necessary to cause high-speed impact, some compro-
mise between normal deceleration limits and the FHWA 
criterion should be chosen for the design criterion. 

Several types of reusable and sacrificial attenuation 
devices are available with widely varying characteris-
tics and costs. Some applicable devices are given in 
Table 1. 

CONCLUSION 

Dual-mode transit system guideway design and imple-
mentation are heavily dependent on the knowledge and 
experience gained through the development of highways 
and motor vehicles. However, a need clearly exists 
for fresh thinking about design, operation, and main- 

Sacrificial; must be replaced after maximum inpact; minimum control of 
initial deceleration level; step function based on number of barrels in 
first row of barrier 

Sacrificial; plastic containers must be replaced; sand reusable; fair con-
trol of initial deceleration by placement of smaller containers first; 
heavy (equal to vehicle weight) 

Reusable; good control of initial deceleration through sand tapering; ve-
hicle transfers kinetic energy to potential energy by riding up on sand 
pile and may become unstable; heavy; subject to moisture absorption 
changing deceleration levels 

Reusable; high initial deceleration; substantial damage expected to 
vehicle 

tenance problems specific to DMTS deployment. Solu-
tions to some of these problems, such as materials, en-
vironment, operations, and safety, will directly affect the 
shape and performance of DMTS and the course of its de-
velopment. 
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Richard D. Wright, Transportation Systems Center, 
U.S. Department of Transportation 

The paper is the result of continuing efforts to under-
stand the safe-headway trade -off S for personal rapid 
transit (PRT) and dual-mode systems (DMS). It adds 
a new dimension to the traditional interactions among 
control complexity, safety, and acceleration constraints. 
The new dimension is the possibility of greatly reducing 
or, in some cases, eliminating the ramps leading into 
and out of stations. Conclusions reached for point-
follower systems are as follows. 

The acceleration ramp out of an off-line PRT or 
DMS station can usually be eliminated with no reduction 
in safety or increase in main guideway headway. Most, 
if not all, of the acceleration can take place on the main 
guideway. 

Conclusion 1 appears to be relatively independent 
of system parameters and the resolution of the control 
and failure detection systems. 

Appreciable portions of the deceleration ramps 
can be eliminated if headway is only moderately greater 
than that required on the main guideway, since there is 
a rapid initial decrease in ramp length with increasing 
headway. 

The headway required for deceleration is invari-
ably greater than that required on the main guideway. 
Assuming that main guideway headway must be equal to 
the headway required for deceleration so that successive 
cars can enter a station, deceleration ramps only have 
to be about 20 percent of the deceleration distance. 

Conclusion 4 is valid with regard to reduced res-
olution in the control and failure detection systems. 

At this writing, results for the vehicle-follower sys-
tems are incomplete. The following conclusions are 
based on preliminary results. 

Ramp length in vehicle-follower systems, unlike 
that in point-follower systems, is reflected by a dis-
turbance of through traffic. A vehicle-follower system 
whose follower law is safe will never be made less safe 
by the use of shorter ramps. 

The degree of disturbances in a vehicle -follower 
system varies inversely with ramp length. In addition, 
the disturbance is disproportionally large when ramp 
length is short. 

Shortening of deceleration ramps is more disturb-
ing to the system than shortening of acceleration ramps. 

GUIDEWAY DESIGN FOR DUAL-MODE 
TRANSIT SYSTEM OF GENERAL 
MOTORS CORPORATION 

Neil H. Trifler and Leslie Robertson, Transportation 
Systems Division, General Motors Corporation 

The differences in guideway requirements of an automated 
dual-mode transit system (DMTS) and conventional high-
ways are such as to require specific design effort based 
on those requirements. The paper discusses some of 
the specific requirements of the General Motors DMTS 
and their effects on the guideway design. Most of these 
requirements permit the design variables (e.g., vehicle 
speed, vehicle type, lateral wander) to be narrowed and 
offer considerable potential for cost reduction relative 
to conventional highways. Unique aspects of guideway 
geometry are discussed; and the constraints that these 
geometric factors impose on network configuration are 
examined. Important conclusions of the structural 
analyses are presented from the viewpoint of the trans-
portation planner. Finally, descriptions of the preferred 
guideway designs are presented. 

The guideway design concept discussed in the paper 
evolved mainly from engineering analysis and approaches; 
major attention is focused on compatibility with system 
functional requirements, system economics, and safety. 
However, throughout the process, guidance and review 
were provided by the architectural member of the DMTS 
team. The architectural inputs included an aesthetic 
evaluation of the elevated guideway design. 

The approach was to start with the basic guideway, 
which was considered to be a relatively unlovely thing, 
and to upgrade it aesthetically by degrees of cost. The 
first stage of upgrading includes a change to the guard-
rail, smoothing the center slot, and consolidation of 
utility plumbing. These refinements add negligible cost 
to the basic design. 

The next stage of upgrading changes the structural 
concept. Key features include the solid curved sidewall 
blending into flat panels covering the underside and a 
deep center girder. The lower cover panels add an es-
timated 10 percent to the basic guideway cost and the 
curvilinear geometry adds another 7 percent. Another 
variation of this concept replaces the curved geometry 
with long straight lines and planes. This variation is 
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estimated to add about 12 percent to the basic guideway 
cost. 

With the certain knowledge that evaluation of a visual 
impact requires a picture, a series of photomontages was 
made. Care was taken to faithfully represent the scale 
of the guideway relative to the surrounding cityscape. 
There are some problems with the pictures; specifically, 
in some the columns are too closely spaced, and in 
others the columns are not adequately protected. How-
ever, the photomontages do provide a fair preview of 
the visual impact of the elevated guideway. The viewer 
must decide whether it is good or bad. The DMTS team 
recognizes that much work is left to do in this area but 
is not dissatisfied with these early indications. 

SOCIAL AND ENVIRONMENTAL 
IMPACTS OF DUAL-MODE 
TRANSIT SYSTEMS 

Craig A. Murawski and Frank L. Ventura, Transporta-
tion and Urban Analysis Department, General Motors 
Corporation 

The paper examines a set of attitudes of 461 urban resi-
dents toward locational and financial aspects of a dual-
mode transportation system and the social and environ-
mental impacts that might result from implementation 
of such a system. Perceptions of the impacts are from 
both neighborhood and citywide points of view. The 
responses are statistically described and summarized 
through factor analysis, and homogeneous population 
groups are then obtained through bivariate contingency 
tables examining these attitudes in relation to the socio-
economic characteristics and the geographic location of 
the respondents. 

Ninety percent of the Detroit sample indicated that 
they favored building the dual-mode transportation sys-
tem. Although they favored construction, 96 percent of 
the same sample stated that it was important that the 
system not increase local taxes. A combination of user 
fees and federal funds was the most popular method of 
financing the system. When asked about the possibility 
of displacements caused by the construction of the sys-
tem, the vast majority indicated that it is important to 
them that displacements not occur. Concern over nega-
tive impacts is well distributed throughout the population. 
Possible trade-offs were indicated since the removal of 
rundown buildings, a positive displacement of the sys-
tem, was considered important by 94 percent of the re-
spondents. Citywide impacts were considered more im-
portant than neighborhood impacts by the majority of the 
sample, and providing accessibility for nonusers was 
positively evaluated. These positive benefits and con-
cern for the city as a whole indicate that public accept-
ance of innovative systems is possible. - 
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