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Forel'Vord 

R. T. Lewis and W. F. Johnson review lhe case for innovation in transportation and discuss lhe 
objectives and role of Transport Canada in developing understanding of expert system tech­
nologies and their relationship to lhe transport sector in general and lhe department in particular. 
Areas of application of expert systems in research and development (R&D) programs are 
outlined, and the paper concludes wilh a description of Transport Canada's expert system R&D 
strategy and current R&D activities. 

Edmond Chin-Ping Chang, in his first paper, discusses a prototype expert system to aid in lhe 
selection of computerized software packages currently being supported by lhe Federal Highway 
Administration. According to the aulhor, the prototype expert system reviews and analyzes lhe 
information given by the user; evaluates it with various paths of reasoning; offers a conclusion; 
and, finally, suggests potential computer programs to specify and obtain the right traffic 
engineering software for lhe requirements of n particular application. Its design is based on 
information on various traffic engineering computer programs available from or being de­
veloped by lhe Federal Highway Administration. 

Robert Shieng-I Tung and Jerry Schneider discuss how a knowledge-based expert system 
(KBES) approach can be used to solve lhe simple-mode (automobile), fixed-demand, discrete, 
multicriteria, equilibrium transportation network design problem. According to the authors, 
previous work on this problem has found lhat malhematical programming methods perform well 
on small networks with one objective. The authors stale that a solution technique is needed that 
can be used on large networks lhat have multiple, conflicting criteria with different relative 
importance weights. The KBES approach discussed in this paper represents a new way to solye 
network design problems. 

In his second paper, Edmond Chin-Ping Chang discusses expert systems for selecting left-tum 
phase treatment. Experience obtained from designing three prototype expert systems using 
artificial intelligence language and knowledge engineering tools is summarized. 

J. J. Hajek, G. J. Chong, R. C. G. Haas, and W. A. Phang state that lhe principal objective of 
their paper is to show how knowledge-based expert system technology can be used to improve 
selection and planning of pavement maintenance and rehabilitation actions. The aulhors de­
scribe a knowledge-based computer program lhat can function like an expert when selecting and 
recommending one of lhese treatments: routing and sealing of cracks in cold areas. This 
computer program was named ROSE and is a part of a larger expert system being developed for 
selection and recommendation of all common preservation treatments. 

Donald A. Bryson, Jr., and John R. Stone discuss a prototype expert system lhat recommends 
geometric modifications to improve intersection operation. M.1, a knowledge-based expert 
system development tool, was used to develop the Intersection Advisor to run on IBM or IBM­
compatible microcomputers. During an interactive conference the advisor requests information 
on intersection volumes, critical movements, geometry, and potential lanes available. It lhen 
recommends the most efficient and feasible of 448 possible intersection improvements. 

Sue McNeil and Anne Margaret Finn describe a prototype system, Bridge PAIRS (Paint 
Identification and Ranking System), constructed using an expert system building program based 
on a decision network. The system allows users to establish the facility condition, evaluate the 
need for bridge painting, identify appropriate painting strategies, and cost the strategies. 

Stephen G. Ritchie describes lhe development of an initial prototype expert system to assist in 
lhe design of the structural thickness of asphalt concrete pavement overlays. The system is 
called OVERDRIVE (OVERiay Design heuRistic adVisEr) and is a part of an ongoing research 
effort that is developing an integrated set of expert system tools for lhe analysis and design of 
highway pavement rehabilitation strategies. 

iv 
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Application of Expert Systems to 
Transportation: A Strategy for Safety and 
Productivity Gains 

R. T. LEWIS AND w. F. JOHNSON 

The purpose of this paper ls to outline what Transport Canada 
has done and intends to do to achieve applications of expert 
systems In support of Its own and broader sectoral objectives. 
Expert systems represent one of the 6rst areas of commercial 
development of new computer hardware and software derived 
from artificial Intelligence research programs. The case for 
innovation in transportation and the objectives and role of 
Transport Canada In Innovation are briefly reviewed. Within 
tbi context, the department's understanding of expert systems 
technologies and their relationship to the transport sector In 
general and the department in particular is discussed. Areas of 
application for expert systems are outlined; criteria for de­
velopment of expert systems research and development (R&D) 
programs are discussed; and Transport C11nada's expert sys­
tem R&D strategy and current R&D activities are described. 
The department's current and medium-term R&D activities In 
this field are outlined. There are two aspects to this work: first, 
to stimulate awareness of and seek agreement on applications 
of expert systems to transportation and, second, to develop 
limited applications In a number of selected areas and, In so 
doing, both realize benefits from the applications and lay the 
ba'ie for further work In this field. These first applications 
require a limited number of rules, are amenable to application 
with the existing base of skills, and are based on available 
technology. 

Jn the future, the evolution of transportation systems in Canada 
will correspond closely to market demands on both the freight 
and the passenger service sectors. As. these demands change, 
the system will have to cope with needs to expand traditional 
services or provide new ones and phase out uneconomic ser­
vice at an acceptable social cost. The economic problems of 
meeting such challenges are compounded by Canada's geogra­
phy and climate and by continuing uncertainty about the future 
direction of the economy. Aggregate forecasts, for example, of 
a 3.5 percent annual growth in demand for rail freight services, 
mask the uncertainty of the markets for Canada's raw material 
exports. Economic deregulation will pose challenges to carriers 
as they adapt to new competitive forces. Compounding these is 
the need to replace or rebuild equipment and infrastructure as 
these approach the end of their economic and technological 
lives. 

In developing an approach to these diverse challenges, two 
common themes, increased productivity and improved safety, 
have been defined. The productivity theme reflects the fact that, 
almost uniformly across all modes, transportation operating 
and maintenance (O&M) costs are rising. This both reduces the 
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funds available for new capital investment and, through its 
impact on rates or fares, limits the competitiveness of Canadian 
exporters and fuels domestic inflation. Solutions to the produc­
tivity issue must recognize that capital markets are tight and 
will continue to be tight for the next 20 years and that the 
ability of the transport sector to finance large investments will 
be constrained by competition for funds from other sectors. In 
some measure, investment in new technologies can be expected 
to reduce the investment that could otherwise be required in 
conventional technology. However, O&M costs must i.lso be 
reduced through investment in innovation. Strategies must be 
put in place to provide job enrichment opportunities for the 
transport labor force and to overcome readjustment problems 
as new technologies are introduced. 

The safety theme reflects the fact that a new product or 
system developed to increase productivity must also meet reg­
ulatory requirements for safety or, where possible, enhance 
safety. In this context, safety is defined as protection of individ­
uals and physical assets and prevention of damage to the 
environment. Justification for levels of effort and objectives in 
support of productivity increases will also have a complemen­
tary safety thrust. 

The development of artificial intelligence, which began 
some 30 years ago, represents an evolution distinct in nature 
and power from previous generations of computer develop­
ment. It is the object of multibillion dollar research programs, 
for example, Japan's Fifth Generation Computer program, the 
British Alvey program, the European Strategic Program for 
Research and Development in Information Technology 
(ESPRIT), and elements of the U.S. Defense Advanced Re­
search Projects Agency (DARPA) program. The resulting de­
velopment of expert systems or knowledge-based systems 
provides an immediate tool to resolve some of the pressing 
needs for productivity and safety enhancement in the transport 
sector. 

The Research and Development Directorate of Transport 
Canada has recognized the potential of expert systems and is 
engaged in a long-term strategy to establish the full scope of 
their potential and to identify and develop specific applications 
with short-term benefits. The progress that has been made to 
date is described here. However, the context within which 
Transport Canada's R&D strategies are evolved is complex and 
directly affects the form of the strategy. This context is briefly 
described in the next section. 
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ROLES IN AND RESPONSIBILITIES 

The National Transportation Act of 1967 and the federal gov­
ernment's new "Freedom to Move" policy proposals empha­
size that, with some exceptions, market forces will .be suffi­
ciently strong to meet the transportation expectations of 
Canadian users. Government roles include safety and economic 
regulation, provision of subsidies to pay for uneconomic but 
socially necessary services, and provision of major segments of 
infrastructure for ports, airports, roads, and urban trans­
portation. 

The federal government also acts as a facilitator to bring 
together the many members of the transport sector whose 
concerted action is required to meet the challenges of inno­
vation. 

There are a number of federal mechanisms that can be used 
to stimulate Canadian innovation generally. These include tax 
incentives, directed R&D support programs administered by 
federal departments, and the programs of the National Re­
search Council and the Natural Sciences and Engineering Rt:­
search Council. 

Transport Canada views transportation innovation activities 
in the context of 

• Research for policy development: This includes so­
cioeconomic and technical assessments to support policy deci­
sion making and as required for policy implementation. Exam­
ples include research on alternative fuels and tax incentives for 
innovation. 

• Regulatory innovation: This pertains to the assessment of 
socioeconomic and technical needs of regulation. Examples 
include studies to determine the technological specifications 
required for framing dangerous goods regulations, fuel conser­
vation standards, and regulations to govern operations in arctic 
marine environments. 

• Innovation in transport services operated by the federal 
government: The products are improved systems, equipment, 
and operating methods for federally provided services. Exam­
ples include the development of equipment for the Canadian 
Airspace Systems Plan, icebreaker design and propulsion tech­
nologies, and marine radars and other navigation aids. 

• Support for transport sector innovation: This covers inno­
vation for enhanced transportation safety, efficiency, and pro­
ductivity. Examples are federal-industry R&D programs for 
aerospace and rail freight. Other goals of this work reflect 
energy needs, industrial and regional development needs, and 
technologies for transport of the handicapped. 

This definition of the purposes of innovation provides a yard­
stick for establishing institutional roles and responsibilities that 
can be and are related to the program mandates of federal 
departments and agencies and to their strategic and operational 
objectives. Definition of these, in tum, permits establishment of 
specific innovation strategies, operational R&D plans, and 
R&D programs. This is a complex process but one that be­
comes relatively easy to implement when agreement has been 
reached on what needs to be done. 

The R&D efforts of transportation carriers vary by mode. In 
uuilar terms, 1he Canadian raiiways are the largest performers 
with their efforts apparently concentrated on short- and me­
dium-term R&D programs. The Canadian marine industry also 
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mounts significant research programs. Highway transportation 
carriers and the airiines, although they seek to upgrade their 
performance through innovation, usually do so through ac­
quisition of foreign technology. All modes are now exploring 
opportunities to meet requirements for improvements to man­
agement systems. 

The Canadian equipment manufacturing industry is strongest 
in aerospace equipment, in urban transit technology, and in 
serving Canadian railways and marine carriers. There is 
strength also in some areas of the automobile parts manufactur­
ing industry and in manufacturing buses. In these areas of 
strength, the benefits obtainable through early dialogue be­
tween carriers and manufacturers on future needs is beginning 
to be recognized, although much remains to be done. Both the 
department's proposed investments in aeronautics equipment 
and systems and the railways' proposed investment in ad­
vanced train control systems offer potentially large markets for 
Canadian equipment manufacturers. 

Academic involvement in meeting the transportation sector's 
needs for innovation is presently largely restricted to so­
cioeconomic research and systems analysis. This pattern is 
changing with, for example, the development of new working 
relationships with Memorial University related to the Marine 
Group's Arctic and East Coast Marine R&D programs. In 
addition, both the federal government and the railways have 
worked closely with the Canadian Institute for Guided Ground 
Transportation at Queens University. The department is also 
currently working with the Natural Sciences and Engineering 
Research Council to sensitize Canadian universities to the 
transport sector's need for innovation. 

The interdependent roles of government, the private sector, 
and universities in Canadian transportation affairs as well as 
resource scarcity have dictated a collective and mutually sup­
portive approach to innovation. This is not to say that a govern­
ment department or a carrier does not fund R&D independently 
in suppon of its own objectives. It does mean that a conscious 
effort to identify collective R&D objectives and priorities is 
made, and advantage is taken of opportunities for joint or 
complementary R&D programs. A variety of formal and infor­
mal linkages exists. These include formal mechanisms for 
interdepartmental cooperation on transportation R&D at the 
federal level; modal R&D advisory boards and committees that 
provide for discussion of transportation R&D among all levels 
of government, the private sector, and universities; and interna­
tional agreements, for example, the Canadian-U.S. Volpe­
Jamieson agreement. 

EXPERT SYSTEMS APPLICATION STRATEGY 

The previous sections have provided a description of the con­
text within which the department plans and programs R&D and 
of the department's roles in innovation. In cooperation with 
other members of the sector, the department continuously and 
systematically assesses the contribution that innovation can or 
should make to realizing objectives for increased safely and 
productivity. The public announcements by Japan, the United 
States, and members of the European Economic Community of 
new artificial intelligence programs triggered the development 
in Transport Canada of its current expert systems strategy. 

Broadly speaking, the regulation, operation, and mainte­
nance of modem transportation systems break down into a 
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hierarchy ·of interdependent but nonetheless discrete functions. 
Equipment and systems controls are built on a modular basis. 
Modem hardware and software pennil each module to be 
controlled by its own microprocessor wilh human intervention 
required on an exceptional rather than a continuous basis. This 
pem1its greater equipment and system productivity and safety; 
it also permits greater hwnan productivity. This latter impact 
has been perceived as a threat. On the contrary, it creates time 
for operators to enrich their working experience. lt does mean, 
however, that for the foreseeable future stra1egies for the intro­
duction of advanced computer-based technologies must 
recognize 

• The attainment of specific objectives for increased safety 
and productivity and 

• The psychological impediments to introduction of the 
powerful new technologies and, the other side of the coin, the 
need to define strategies to enrich the jobs of the users of these 
technologies. 

In this context, and as noted in the introduction, expert 
ystems are one of the first commercially applicable derivatives 

of some 30 years of research in artificial intelligence (AI). 
Other emerging product areas include natural language soft­
ware, computer-aided learning, and voice recognition. There 
are many aspects to AI research; however, it may be charac­
terized as 

• The part of computer science concerned with designing 
intelligent computer systems (i.e., systems that exhibit charac­
teristics that hwnans consider intelligent); 

• A branch of computer science the objective of which is to 
endow a machine with reasoning and perceptual capabilities; 
and 

• The area of computer science that deals with problems 
that are incomplete in nature or that have indefinite solutions. 

These definitions of Al reflect the academic nature of the work 
and mark the tremendous interest, matched by commitment of 
enormous sums of money, that has arisen in the field. The 
Japanese plan to develop a fifth-generation computing system 
with an architecture heavily dependent on a variety of tech­
nologies embodying concepts usually tenned AI. For both 
military and civilian purposes the United States and countries 
in Western Europe have mounted similar projects. 

Aside from the long-term military and civilian objectives 
that are being pursued under these programs, two applications 
of AI are now in the marketplace. The first is marked by the 
development and introduction of robots and computer-aided 
design/computer-aided manufacturing (CAD/CAM) that have 
revolutionized manufacturing processes, notably in the auto­
mobile industry. The second derives from advances in knowl­
edge representation and expert systems that are reflected in the 
variety of medical and other diagnostic systems that has re­
cently entered the marketplace. 

An expert system (ES) is a computer program that uses 
knowledge and inference procedures to solve problems that are 
so complex as to require significant human expertise for their 
solution. The knowledge necessary to perform at such a level, 
plus the inference procedures used, can be thought of as a 
model of the expertise of the best practitioners in the field. 
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There are three categories of clients for an expert system: 

• Clients who require answers to problems. These are the 
operators who will require answers in time frames dictated by 
the nature of the problem. They may range from a dispatcher 
who is controlling a demand-responsive system, to a scheduler, 
a maintenance mechanic, a maintenance manager, or a planner. 
Response time may vary from a requirement for a real-time 
solution to hours for complex problems. 

• Clients who are attempting to improve the quality of the 
system, to increase its knowledge, or to refine and hone their 
own expertise. A variant of this would be to use the system as a 
research assistant. 

• Clients who are students taking advantage of the system to 
upgrade their knowledge and skills. 

In summary, an expert system may be used as a decision aid, to 
transfer knowledge or expertise, to improve the efficiency of an 
expert's use of time, to improve the quality of an expert, or as a 
training tool. 

The definition of objectives, priorities, and strategy for ap­
plication of expert systems to transportation reflects in part the 
concepts of user need for innovative re..<iponse that are applied 
on a multirnodal and modal basis by Transport Canada's R&D 
managers. However, at an early stage, two other factors were 
recognized that have influenced Transport Canada's approach. 
The first, a scarcity of expertise and resources, requires a 
centralized focus for work until such time as expert systems 
capability has been built up in all modes. The second reflects 
the principal characteristics of expert system technology: it is a 
humanizing rather than a deskilling technology. Strategies for 
initial applications of expert systems must be oriented toward 
enhancing human capability and skills. 

In recognition of these factors and of the pragmatic need to 
build awareness and acceptance of the technology through 
successfully attaining limited objectives, the department has 
begun to evolve its expert systems R&D strategy in the context 
of applications in the following areas: 

• Vehicle crews, 
• Vehicle maintenance, 
• External control of vehicles in transit, 
• Permanent way control and operation, 
• Terminal facility control and operation,, 
• Operational planning and regulation, and 
• Strategic plarming. 

Within each of these areas, and in the two functional areas of 
administration and regulation that parallel each of these areas, 
there are classes of jobs, each of which requires its own 
expertise and each of which should or would benefit from an 
"expert" assistant. 

Preliminary assessments have been made of applications of 
ES and of some of the further work required to achieve these 
applications. For example, in the area of on-board systems for 
vehicle crews, the principal functions of the on-board crew are 
command and control. These require two main supporting 
functions, navigation and communications. Secondary func­
tions include engineering (diagnosis and repair of vehicle sys­
tems) and cargo monitoring and service. Except in military 
applications, it appears unlikely that ES will replace humans in 
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these functions in the foreseeable future. Even if it were tech­
nically feasible, it would likely be psychologically and so­
ciologically unacceptable. Expert systems will therefore be 
used to perform trouble-shooting and advisory roles in the on­
board enviromnent-roles for which they are particularly well 
suited 

This suggests that any on-board expert system to be used by 
the primary operator (captain) of a vehicle in transit will re­
quire the successful solution of two problems over and above 
the technical details of the specific application. These are 
suitable input-output mechanisms to enable the system and its 
user to communicate with each other and suitable input-output 
mechanisms by means of which the system can sense and 
directly control its environment. The human interface typically 
considers input and output separately and requires 

• A simple mechanism by means of which the operator can 
consult and direct the expert system without being distracted 
from the principal task of controlling the vehicle. A computer 
keyboard is clearly unacceptable, although a limited set of 
specific function keys may be marginally acceptable, especially 
in vehicles that require the operator to qualify via a full-time 
course of instruction. If the input mechanism requires some 
form of graphics (e.g., icon manipulation, a schematic overlay, 
or a map), some form of pointing mechanism will almost 
certainly be required. Current candidates range from digitizing 
tablets and light pens through touch screens to track-balls and 
mice. Touch screens and track-balls are probably the only 
present-day devices that could possibly be integrated into a 
vehicle operator's control environment. 

One of the most promising approaches for textual and com­
mand input at present is voice input. Systems such as the Votan 
VPC 2000 already offer continuous speech recognition of a 
trained repertoire of command words at approximately $3,500 
Canadian. Speech is the most effective vehicle for communica­
tion, and humans can readily adapt both vocabulary and speech 
patterns to match the comprehension level of their audience. 
Satisfactory interface with an expert system can almost cer­
tainly be implemented using a carefully tailored natural lan­
guage subset. 

• A simple mechanism by means of which the expert system 
can communicate with the operator. This involves a number of 
issues because some output will be textual, some will be 
nontextual (e.g., graphic, tabular, nwneric), and some may be 
direct connection to other on-board systems. In a military 
environment the Head-Up Display (HUD) has proved to be the 
most effective, albeit costly, solution. The HUD projects a 
mixture of text and graphics on the inside of the prime view­
port, allowing the operator to focus on it or look through it. The 
technology is currently too expensive to be practical in any but 
the most sophisticated of vehicles. 

An alternative approach is to provide a small display screen, 
which must be integrated into the control panel in such fashion 
that the operator is not distracted from the principal control 
operations when assimilating output from the expert system. 
Voice synthesis is useful only if the information output is 
essentially textual in nature; this is an area that requires sub­
stantial research, especially the synthesis of textual representa­
tions of nontextual data. 

The development of mechanisms for direct sensing and con­
trol of other vehicle systems, be they electronic, electrical, 
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mechanical, or any combination thereof, has until recently 
remained the province of engineers and has been largely ig­
nored by the computing community. The problem of real-time 
sensing and control has been the province of military and 
process control applications, but the manufacturing sector is 
now also starling to develop the necessary technology. Typical 
examples from the automotive industry are electronic fueJ­
injection systems; engine diagnostic systems; antiskid braking 
systems; and seat-belt, door, and light status monitoring and 
warning systems. However, there is considerable research and 
development yet to be done to investigate how best to interface 
computer systems to vehicle systems for both monitoring (in­
put to the computer system) and control (output from the 
computer system). 

These two problem areas reveal that fundamental research is 
required. The human interface problem, usually referred to as 
the man-machine interface (MMI), requires research that must 
be directed by psychologists. This will almost certainly come 
out of the university environment. The machine interface prob­
lem rcqttires development of both sensors and real-time com­
puter intcrcormection mechanisms. This is most likely to be 
driven by the manufacturing sector of indusLry, witb major 
focus provided by I.be military and aerospace sectors. 

Possible application areas for on-board expert systems 
include 

• Vehicle control, 
• Vehicle system diagnostics and trouble-shooting, 
• Navigation, 
• Communications, 
• Cargo monitoring and service, 
• Emergency advice and reaction, 
• Specialized on-board applications, and 
• Procedural and regulatory advice. 

The thrust of all of these systems will be to provide the crew 
with early warning of problems and advice on how to resolve 
them. The most difficult application area will undoubtedly be 
lhe implementation of on-board systems to cope with emer­
gency situations. Primitive systems exist, for example, fuel -low 
and brake-failure warning devices in automobiles. More com­
plex systems are in lhe early stages of development, such as 
lhose that would give an airline pilot, for example, a diagnosis 
of the highest priority problem and outline proposed action. 
Voice output from the expert system will almost certainly be 
required, as will research in behavioral psychology both to 
establish human i>erfoonancc under stress and to devise the 
most appropriate communication mechanisms. A tricky con­
ceptual problem relates to the correctness of the expert system 
response in comparison wilh what the operator "knows" is 
best. Emergencies by definition invalidate rules. Nevertheless, 
the expert system can provide an invaluable coutri.bution to 
problem diagnosis and alert the operator to U1e required pro­
cedure or take action in the evem of operator incapacity. 

The application of on-board expert systems to the provision 
of procedural or regulatory advice, or both, will be an early 
target area. Such systems could, for example, provide advice on 
procedures at border crossings- tariffs, vehicle configuration, 
am.I so on. 'Yv"nen married to central office dispatching, schedul­
ing, and routing systems, expert systems will provide an imme­
diate boost to productivity, notably for trucking operators and 
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urban logistic and paratransit fleets. Canadian work in the field 
will build on work pioneered by the Ontario government, for 
example, the Computerized Goods Transportation Information 
System. 

Systems for on- and off-board vehicle maintenance have 
similar characteristics in tbat they are required to both diagnose 
the problem and identify remedial action. Both on- and off­
board systems require an embedded system capability and a 
capacity to interface either automatically or on demand of the 
user. 

The off-board systems in particular will require presentation 
of diagrams, many of which will be extremely detailed. This 
implies a capacity for high-resolution graphic display and giga­
byte (109) storage capacity. The General Electric Diesel Elec­
tric Locomotive Troubleshooting Adviser (DELTA) uses an 
optical disk attached to a dedicated microcomputer system with 
high-resolution color graphic display. Preliminary areas se­
lected on the basis of their cliffe.rent knowledge base require­
ments include major structure (hull) maintenance, engine and 
power train maintenance; control, guidance, and communica­
tion system maintenance; auxiliary equipment maintenance, 
and procedural and regulatory advice. 

Systems for external control of vehicles in transit can be 
divided into two categories: remote control of autonomous or 
semiautonomous vehicles and control, mainly procedural, via 
communications links of crewed vehicles. Application areas 
include vehicle routing and scheduling, traffic control, emer­
gency procedures, weather forecasting, and procedural and 
regulatory advice. Applications of current computer technol­
ogy are already widespread in these areas; there is a good 
understanding of the rules and a good data base that shonld 
permit fairly fast introduction of experL systems in this field. 

The paratransit vehicle dispatch system being demonstrated 
now in Vancouver provides an example of the benefits of 
application in this field. Paul Tuan at Stanford Research In­
stitute (SRI) has pioneered a novel expert system approach to 
solving this problem by developing a powerful scheduler's 
workstation that is initially installed in an inexpert form (with 
background knowledge of the geography and vehicle fleet 
characteristics) and is capable of learning from the user by 
observation and analysis. As part of its design, the system has a 
range of optimization algorithms embedded within its basic 
mechanism. After some 6 months, the workstation will have 
gained sufficient expertise that it can handle 80 percent or more 
of the scheduling situations on its own, at which point it can be 
networked with a human scheduler. Human schedulers are 
required to handle unusual situations, which the expert system 
detects and hands on. The advantage of this approach is that the 
peculiarities and idiosyncrasies of any system can be accom­
modated and that, when the system has reached an acceptable 
level of competence, it can be replicated for the price of 
duplicating the knowledge base. 

Because scheduling is such a skilled job, and because it is 
much more an art than a hard science, it is an excellent 
candidate for expert system applications. 

Application to permanent way control and operation is fore­
seen in the following categories: scheduling and capacity plan­
ning, communications and control, facility diagnosis and main­
tenance, weather forecasting, usage accounting, emergency 
procedures, and procedural and regulatory advice. Systems for 
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operational planning and regulation would include traffic fore­
casting, financial planning and control, vehicle design planning 
and configuration, transitway planning and configuration, ter­
minal facility design plarutlng and configuration, communica­
tion and navigation system design planning and configuration, 
emergency procedure planning, and statistical regulatory ad­
vice. Applications in these latter areas will be based on the 
transportation simulation modeling techniques and capability 
already in existence. The track-train dynamics simulation mod­
els developed in Canada provide one example. Another is the 
Bay Area Rapid Transit model developed at SRI by Bjorn 
Conrad and Tony D'Esopo. This latter model has proven to be 
capable of supporting both operational decision making and 
system planning and development. These are algorithmic solu­
tions from which an ES could evolve. 

All of these applications have been designed to improve the 
performance of experts in the exercise of their daily functions. 
Because of the psychological risks, as well as the need for 
further refinement of technology, effective applications in the 
on-board vehicle category will be most difficult to achieve; 
conversely these are the areas in which public concern for 
transportation safety requires immediate action. Immediate ac­
tion means an immediate start. Immediate results mean the 
development and implementation of an initial family of "toy" 
but nonetheless worthwhile applications in the next 2 or 3 
years. In the concluding sections of the paper will be discussed 
how Transport Canada intends both to learn by doing and to 
systematically build up awareness and competence to reach the 
potential of the applications discussed here. 

APPLICATION TO TRANSPORTATION 

The results of preliminary assessments of the relevance of the 
application of ES to transportation were outlined in the pre­
vious section. In this section a methodology for evaluating the 
suitability of an application is discussed. The principal factors 
that are recognized in Transport Canada's current strategy are 
awareness, utility, feasibility, and cost. 

Awareness 

Media coverage of major research initiatives in the AI field has 
resulted in both a general understanding of the power and 
capabilities of advanced computer technologies and a more 
visceral, potentially luddite, concern about their introduction. 
Clearly both relate to broader public concerns about transporta­
tion safety, job security, and the future of Canada's economy 
and society. Although not precluding research in any area, this 
means that Transport Canada's selection of fields for applica­
tion of ES will focus on enhancement of an individual's skills. 
Another aspect of this is the need to build an understanding 
within the transport community of the power of these tech­
nologies, of the constraints to their application, of the resources 
that are required, and of the commitments that must be made to 
achieve application. 

Utility 

This requires assessment of the marketability of a given ap­
plication (that is, a user's readiness to adopt ES) and its impact 
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in traditional cost-benefit terms and in terms of the social or 
cultural impacts of a particular ES. 

Feasibility 

Some potential applications are more amenable to implementa­
tion than others on purely technical grounds. Areas in which 
ES applications currently enjoy success include medical diag­
nosis, computer system configuration, resource exploration, 
and intelligent computer-aided design. These expert systems 
tend to operate in relatively static fields, in a relatively "safe" 
environment, with limited or no external control hierarchies, 
and with relatively long decision-making time frames. To be 
applicable to transportation, hardware must be "ruggedized." 
Other advances are also required. Advances in hybrid knowl­
edge representation, distributed artificial intelligence, fault tol­
erant computing, on-line real-time and embedded AI systems, 
and knowledge acquisition will be required to permit expert 
systems to achieve optimum impacts in transportation. 

Cost 

The relative cheapness and power of modern computers permit 
the immediate application of expert systems. Depending on the 
area of application, ES can be built on a variety of computers. 
These include the PC/AT that costs less than $5,000 Canadian 
and ranges to some of the specialized hardware developed by 
Symbolics, Texas Instruments, Xerox, and others costing from 
$15,000 to $150,000 (U.S.) up to VAXen mainframes and 
supercomputers costing millions. The smallest practical system 
will probably involve some 200 to 500 rules, require at least 6 
months to develop, and involve 30 min of expert time and 8 hr 
of knowledge engineering time per rule. It was believed, until 
recently, that the lack of availability of skilled knowledge 
engineers might prove an insurmountable barrier to rapid ap­
plication of the technology (opening knowledge engineers' 
salaries are on the order of $70,000 U.S.). There is some 
evidence, however, that the skills of current computer profes­
sionals can be upgraded to a degree that will allow the problem 
to be tackled. Nonetheless, the demand on the Canadian ES 
industry already overloads its ability to produce and will con­
strain what can be achieved in the next 5 to 10 years. Of equal 
relevance is the ability of the client to assess the technology 
and fully use it. ES strategy must provide for in-house training 
and development in parallel with building of initial ES 
applications. 

TRANSPORT CANADA'S EXPERT SYSTEMS 
STRATEGY 

Four factors affect how the department has evolved its ES 
strategy since it first moved into the field some 2 years ago: 

• During the past 10 years there has been an evolution in 
transportation management and planning processes toward sys­
tems analysis and integration. As the technical limits of exist­
ing vehicles, ways, and terminals were approached, a search 
was carried out to find means to improve scheduling, com­
munication, control, and maintenance technologies and pro­
cedures. This led to the widespread introduction in transport of 
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computer technologies, to recognition of the rules governing 
efficient and effective transport operations, and to a better 
understanding of the expertise involved. 

• It was readily apparent that this evolution in transportation 
management and planning philosophy and practice was amena­
ble to application of expert systems. Indeed, adoption in air and 
railway modes of advanced computers for scheduling and con­
trol; built-in sophisticated microprocessors in automobiles, air­
craft, and locomotives; and the technologies and concepts in­
volved in the Canadian National Railroad's hump ya.rd 
improvement program reflect the state of the art of application 
of third- and fourth-generation computers. They permit assess­
ment of both the benefits and the costs of applying the next 
step, expert systems. 

• There has been an evolution of ES directly applied to or 
applicable to transportation. These include DELTA and 
SPILLS. The latter is a generic name for a set of prototype 
expert systems designed to assist in the location, assessment, 
and cleanup of hazardous spills and to train personnel who 
must deal with such matters. 

• A specific problem, one representative of many transpor­
tation problems, is the need both to make use of the volume of 
data and information being generated by research, in this case, 
by the Vehicle Weights and Dimensions program (a multimodal 
federal-provincial-private sector R&D activity designed to 
establish technical specifications for trucking in Canada), and 
to capture the expertise of highway experts in Canada. 

It is fair to state that although these four factors collectively 
motivated the department's first steps in the field, the internal 
coalescence was reinforced by growing interest throughout the 
federal government in Al and, of course, by representatives 
from the private sector and the academic community. 

The following factors shaped the department's ES strategy: 

• Applications need to be focused on improving individuals' 
skills. 

• Development of applications of ES is proceeding apace 
around the world. Regardless of any Canadian efforts in this 
field, the international nature of virtually all transport opera­
tions, equipment, and systems requires Transport Canada to 
understand what is g ing 011 an<l Lo develop an ability to amend 
its own operaLions and regulations accordingly. "Who has legal 
liability for failure of a smart car?" 

• There is acceptance at the technical level of the benefits of 
ES application, but, in order to convince senior management, 
some benefits from R&D in the field have to be demonstrated 
within the first 12 to 18 months of an ES strategy. 

• Development of a capability to fully use ES will take 6 
months to 5 years for the delivery of a "finished" AI applica­
tion. Although an individual expert will be trained as the 
system is built, there are compelling reasons to start small and 
learn by doing. 

• There is a good base of PC/AT expertise in the deparuneot 
and more broadly within the transport community on which the 
first limited applications of ES can be built. 

• In practice, transportation R&D planning and manage­
ment are done on a consultative and cooperative basis by all 
levels of government and the private sector. This reflects both 
joint or complementary interests in the results of R&D and the 
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scarcity of resources. In addition to developing in-house ca­
pability in ES, it is also necessary to carry out a parallel effort 
to build awareness and, where possible, engage in joint or 
complementary ES R&D with this broader community. 

STRATEGY 

The department strategic expert system goal is, by 1990, to 
achieve a capability to use ES applications effectively in sup­
port of the department's program objectives and lo stimulate 
applications of ES more broadly throughout the transport 
community. 

This strategy is to be implemented by 

• Further development and refinement of existing analyses 
of the applicability of ES to transportation and, where appropri­
ate, conduct of R&D projects to fill in gaps in understanding; 

• Development of papers and conduct of workshops to 
create awareness of ES applicability to transportation and as a 
device to both generate critical assessments of the department's 
activity and identify opportunities for joint work in the field; 

• Development of limited ES applications (200 to 500 rules) 
in each modal area of transportation and of complementary 
training and educational activities to promote effective use of 
these applications; and 

• Development of the capability and expertise to develop or 
contract for the development of more complex expert systems 
of up to 5,000 rules after 1990. 

It should be noted that although this is a Transport Canada 
strategy, directed primarily at the Canadian transport com­
munity, elements of this program are clearly international in 
scope. Its conceptualization and at least one major project 
reflect cooperation with SRI in Palo Alto, California. As Cana­
dian-U.S. cooperation on aeronautics R&D increases, joint ES 
projects with the United States may be developed. The same 
will be true for ES applications in all modes. 

The department is now well embarked on a 2-year program 
that represents the first phase of the strategy. Activities and 
their results to date follow. 

• Awareness: A 1-day workshop on applications of ES to 
transportation was held in Montreal in September 1985. The 
proceedings of this workshop are available and may be ob­
tained by contacting Transport Canada, Tower C, Place de 
Ville, Ottawa, Ontario KIA ONS, Canada. Those who attended 
included government, private-sector, and university members 
of the transport community and representatives of the Canadian 
Al community. 

• Heavy vehicle configurations: A contract has been let to 
develop a feasibility study of the applicability of ES lo the 
management of vehicle weights and dimensions data and infor­
mation. This contract also provides for development of a pro­
totype ES (200 rules). 

• Northern airspace system management: A contract has 
been let to develop an ES for this purpose. In addition, further 
work is under way to investigate the applicability of ES to 
assisting air traffic controllers. 

• MV Caribou: A contract has been let to determine the 
feasibility of an ES fuel-monitoring system on this ferry. In 
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addition, further work is under way to assess the feasibility and 
utility of developing other ESs to provide expert advisor ca­
pability for the navigation of this vessel. 

• Demand-responsive transportation: As discussed earlier in 
this paper, an ES has been developed to assist in the scheduling 
of demand-responsive transport services. It is on display at 
Expo '86. 

• Transportation of dangerous goods: An algorithmic model 
is being developed to cut down the response time and improve 
the quality of responses to requests for information telephoned 
in to Transport Canada's emergency center. This again can be 
evolved into an expert system. 

The resources committed by the department to this work in FY 
1985-1986 amounted to some $175,000 and involved commit­
ment, at varying levels of effort, of some 10 professionals. In 
1986-1987, the department expects to spend some $500,000 in 
this area, mostly for contracts with the private sector. 

SUMMARY 

The challenges that face transportation over the next decades 
and the innovation activities that are being carried out by the 
department and other members of the transport community to 
address these challenges have been discussed. 

R&D programs to address these challenges are established in 
the context of the degree to which innovation (new equipment, 
new systems, new procedures) can make a contribution to 
transportation objectives. Transport systems are both "tech­
nologically intensive" and "people dependent"; these charac­
teristics heighten the attraction of a technology, expert systems, 
that can materially increase the skills and capability of the work 
force. 

The department's strategic objective is thus to stimulate 
application of, and apply, expert systems as aids to increasing 
on-the-job safety and productivity. As in any new technology, 
advances will be required. Components will have to be made 
more rugged, and technical developments will be required 
before optimum advantage can be realized. Nonetheless, the 
promise of this family of technologies, and the success of even 
the preliminary applications, has resulted in a departmental 
commitment to "get started" and to "learn by doing." 

Applications of expert systems are foreseen on board vehi­
cles and in maintenance, external-to-the-vehicle and way­
control systems, terminal operations and planning, and regula­
tion. Eventually, applications are expected in virtually every 
aspect of a transportation operation. 

The department's current and medium-term R&D activities 
in this field have been outlined. There are two aspects to this 
work: First, to stimulate awareness of and seek agreement on 
applications of expert systems to transportation. Second, to 
develop limited applications in a number of selected areas and, 
in so doing, both realize benefits from the applications and lay 
the base for further work in this field. These first applications 
require a limited number of rules, are amenable to application 
from the existing base of skills, and are based on available 
technology. 

The department's objectives for work in this area be­
yond 1990 will in large measure depend on the lessons learned 
from this relatively low-cost venture. The impact of these 
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technologies on human resources, and the dynamism of expert 
systems technology, precludes establishment of medium- (past 
1990) and longer-term objectives in this field. Experience 
gained during the next 5 years is absolutely necessary before 
such objectives can be specified meaningfully. 

As in other fields of transportation R&D, the department is 
developing its plans and implementing R&D projects in coop­
eration with other members of the Canadian transport com­
munity. The department's operational and regulatory roles are 
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inextricably linked to other members of the transport com­
munity through technology. Scarcity of resources, particularly 
in this field, also makes cooperation, as reflected in a number of 
the expert systems projects, absolutely mandatory. 

The results of a workshop on the topic, attended by represen­
tatives of governments, the private sector, and universities, 
confirmed the department's assessment of the need to mount a 
concerted effort to achieve productivity gains and increased 
safety through application of expert systems. 
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Using Expert Systems To Select Traffic 
Analysis Software 

EDMOND CHIN-PING CHANG 

An experimental expert system was developed by the Texas 
Transportation Institute to assist users in selecting comput­
erized software packages currently being supported by the 
FHWA. This system was designed to Investigate potential ex­
pert systems applications In transportation engineering. This 
study was performed to serve three basic purposes: to test the 
feasiblllty of developing a small-scale traffic engineer knowl­
edge-based expert system using a simple knowledge engineer­
ing tool, to develop an alternative method of recommending 
computer programs for user-specified applications, and to in­
vestigate a possible approac'h for Implementing advisory ex­
pert systems to be operated In the IBM PC/XT/AT microcom­
puter environment. The development of a prototype expert 
system using a commercially available knowledge engineering 
tool developed by Level I~ive Research Incorporated is de­
scribed. INSIGHT 2+ was used to experiment with expert 
system programming in the Inexpensive microcomputer en­
vironment. This system reviews and analyzes user-Input infor­
mation, evaluates It with various reasoning paths, and offers a 
conclusion. With the proper combination of knowledge pro­
gramming tools and preidentified decision-making processes, 
Individual users can develop their applications faster than if 
they had to learn complex artlficlaJ Intelligence programming 
languages. It is recommended that the expert advisory system 
design concept of this prototype model be extended to assist 
practicing traffic engineers in selecting software packages to 
optimize traffic control strategies. With proper improvements, 
this type of expert system design can assist the user as a stand­
alone expert advice system. 

Several traffic engineering programs are currently being sup­
ported by the FHWA (1- 5). A prototype expert system was 
developed at lhe Texas Transportation Institute to assist in the 
selection of these microcomputer software packages. The in­
tent was to apply the expert systems concept to assist indivjdual 
users in selecting computer software for optimum traffic anal­
ysis (6- 10). This system was also used to (a) investigate Lhe 
potential feasibility of using expert systems in traffic engineer­
ing and (b) computerize the expert system's advice through 
artificial intelligence techniques (11-16). 

The development of a prototype expert system is described. 
This study was performed to serve Lhree basic purposes: to test 
Lhe feasibility of developing a small-scale traffic engineer 
knowledge-based expert system using a simple knowledge en­
gineering tool, to develop an alternative method of recom­
mending computer programs for user-specified applications, 
and to investigate a possible approach for implementing ad­
visory expert systems in the IBM PC/XT/AT microcomputer 

Texas Transportation Institute, Texas A&M University System, Col­
lege Station, Tex. 77843. 

environment. INSIGHT 2+, a commercially available knowl­
edge engineering tool developed by Level Five Research, Inc., 
was selected, because of Lhe simplicity of its implementation, 
to develop experimental expert systems in the IBM PC(JCT/AT 
microcomputer environment (17, 18). Normally, LISP- or 
PROLOG-based expert systems are adequate for customized 
problem solving, but k'llowledge engineering tools such as Lhe 
INSIGHT 2+ system can allow users to quickly represent 
specialized knowledge by following predetermined guidelines. 

This prototype ITl-FHWA expert system reviews and ana­
lyzes Lhe information given by the user, evaluates it with 
various paths of reasoning, then offers a conclusion for a 
particular application (19-21). The technical information was 
collected from various traffic engineering computer programs 
available from or being developed by the FHWA. For each 
program package, information is processed on the basis of the 
user's inquiry, expected performance, development status, 
hardware requirements, and the available information source. 
This study is intended to provide an advice system for recom­
mending suitable traffic engineering software. It is a stand­
alone expert advice system that uses a microcomputer. 

TRAFFIC ENGINEERING SOFTWARE 

As urban traffic demands increase, the most efficient coordina­
tion is required between existing traffic control devices and 
proper signal-timing settings. A large number of computer 
software packages have been developed to provide better traffic 
analysis. Microcomputers are increasingly available, and nu­
merous programs are available for traffic engineering applica­
tions. Without having to access a mainframe computer, a traffic 
engineer at virtually any location can routinely and efficiently 
analyze traffic engineering problems and thereby have more 
time for irmovative engineering analysis. As more traffic pro­
fessionals begin to apply these traffic engineering-oriented 
computer packages, programming development is being em­
phasized at the federal, state, and research community levels to 
enhance the problem-solving capabilities of these packages. 
However, because of the numerous enhancements being made 
in each program, it is hard to keep track of developments in 
each of these traffic analysis packages. Therefore there is an 
increasing need for an expert advice system to assist the end 
user in selecting proper tools for specific kinds of analysis. 

The traffic engineering software packages analyzed are sup­
ported and maintained by the Systems and Software Support 
Team of the FHW A. The technical information used is based on 
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MAXBAND - MAX imum BJl.ND~1idth 

LATEST AVAILABLE VERSIDN: A time-space diagram was recently added to the 
original (and, to date, only) version of the program. The program is also 
available in FORTRAN-77. 

PROGRAM DEVELOPERS: Dr. John Little and Mr. Mark Kelson, Operations Research 
Center, Massachusetts Institute of Technology. 

FUNCTION: Devel ops signal timing pl ans for arterial streets by 
maximizing the sum of the green bands (in both directions). Will optimize 
cycle length, phase sequence and offsets. Uses a linear programming approach 
which guarantees that the best possible mathematical solution is found. 

COMPUTER REQUIREMENTS: Available from FHWA only on magnetic tape for 32-bit 
systems with double prec1s1on arithmetic. Requires 400K memory when 
overlaid. A microcomputer version is commercially available. 

CONTACT FOR TECHNICAL SUPPORT: Dr. Stephen Cohen, FHWA, Office of Safety and 
Traffic Operations R&D (HSR-10), 6300 Georgetown Pike, Mclean, VA. 22101 
(703) 285-2091. 

TRAINING AVAILABILITY: None. 

FUTURE PLANS: A research study is being completed that examined ways of 
determining the proper weighting of opposing bands. A new version of the 
program with improved output formats will be released in 1986. A new User's 
Manual will be available with the new version of the program. 

FIGURE 1 Example of material used for MAXBAND model (1). 

the manual released by the FHWA in 1986. Figure 1 is an 
example of the mate.rial used in the MAXBAND program, 
Basically, these computer software packages include traffic 
signal-timing optimization programs, traffic flow simulation 
models, and other traffic engineering computer software. These 
computer programs and their parlicular areas of application fall 
under the following three categories (1 ): 

environment helps the user interact with the program to specify 
the requirements and the specialized expertise of an expert in 
the field (11-13, 19, 20). 

There are five major components of artificial intelligence 
(AI) applications in expert system (ES) designs: (a) expert 
system, (b) domain expert, (c) knowledge engineer, (d) expert 
systems building tool, and (e) end user. Figure 2 shows the 
basic AI/ES components and their relationships to each other 
(13). The domain or area expert is an articulate, knowledgeable 
person with a reputation for producing good solutions to prob­
lems in a particular field. The knowledge engineer is usually a 
person with a background in computer science and AI technol­
ogy who knows how to build expert systems. The knowledge 
engineer interviews the domain experts, organizes the knowl­
edge, decides how it should be represented in the expert sys­
tem, and may assist in development of a specific program. The 
expert systems building tool is the computer-programming 
environment and language used by the knowledge engineer or 
computer programmer to build the expert system. The user or 
the end user is the person for whom the expert system is 
developed. 

1. Signal-timing optimization programs (2, 3) 
• SOAP-Signal Operation Analysis Package 
• MAXBAND-Maximum Bandwidth Optimization 
• AAP-Arterial Analysis Package 
• TRANSYT-7F-Traffic Network Study Tool 
• SIGOP-III-Signal Optimization Model 

2. Traffic flow simulation models ( 1) 
• NETSIM-Network Simulation Model 
• TRAFLO-Macroscopic Urban Network Model 
• FRESIM-Freeway Simulation Model 
• ROADSIM-Two-lane, Two-way Rural Road Model 

3. Other traffic engineering software (10) 
• ITDS-Integrated Traffic Data System 
• IIlGHWAY CAPACITY-1985 Highway Capacity 

Manual Software 
• PPD-Platoon Progression Diagram 
• COUNTS-PC-Signal Warrants Analysis 
• LINKOD-Origin-Destination Table Synthesis 

EXPERT SYSTEMS DESIGN 

An expert system is a collection of computer programs or 
systems I.hat applies in a specialized domain. The expert system 
combines both problem-solving and knowledge-supporL com­
ponents for specific applications. The expert systems support 

As indicated in Figure 2, the user may be a traffic engineer 
debugging the expert systems building tool or language, a 
knowledge engineer refining the existing knowledge in the 
system, a domain expert adding new knowledge to the system, 
the end user relying on the system for advice, or clerical 
personnel adding more information to the knowledge engineer­
ing data base. A knowledge engineer converts a domain ex­
pert's specialized knowledge into sets of IF-AND-THEN­
ELSR n1les using instructions thG.t a cvw.puter unde1:si.a11Us. 
However, no matter what software or hardware the expert 
system has to use, the knowledge-based expert system 
ultimately has to be implemented on computer hardware in a 
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FIGURE 2 Main components of expert 
systems design. 

I 

mosl primitive machine language format. Most conventional 
programming is done in high-level languages, such as BASIC, 
COBOL, FORTRAN, PASCAL, LISP, or C. Al languages arc 
used in ES designs for processing user-input infonnation to 
derive conclusions and recommendations. Problem-solving AI 
hmguages such as LISP and PROLOG arc often used. 

Tlle evolution of AI applications is shown in Figure 3 (12). 
As indicated, a more application-oriented research trend has 
recently become evidenc. Af/ES programming development 
can be separated into three areas: expert systems tools, natural 
language queries, and AI languages. Nomully, AI program­
ming is done in LISP and PROLOG. LISP (LISt Processing) is 
particularly suited for ymbolic and numeric processing for 
decision analysis. LISP is most suirable for manipulating lists 
of symbols (i.e., strings of numbers or words, or both). For 
years, LISP has been preferred by AI engineers in the United 
States. On the other hand, PROLOG (PROgramming in 
LOGic) is preferred in Europe and Japan. PROLOG contains 
structures more suitable for writing programs that evaluate 
logical expressions, whereas LISP contains operators that facil­
itate the creation of programs that manipulate lists for repre­
senting specific expert knowledge. 

KNOWLEDGE ENGINEERING TOOLS 

Knowledge engineering shells or tools are often used to build 
cxperc systems. These tools provide all of lhc features needed 
in an expert system, such as help function , windowing ca­
pabilities, graphics support, and other funetfons, to help the 
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FIGURE 3 Evolution of AI research trend. 
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knowledge engineer add the information from the domain ex­
pert. The knowledge shell usually includes an explanation 
subsystem that describes the logical steps needed to reach a 
conclusion. The natural language interface can further help 
explain these programming development steps in ordinary En­
glish to enhance understanding of the decision-support process. 
Symbolic ES operations using LISP and PROLOG usually take 
up a lot of computing memory and thus may be executed 
slowly, particularly on microcomputers. The symbolic opera­
tions performed in LISP or PROLOG are usually implemented 
in more efficient computers using LISP as the operating 
system. 

Knowledge engineering tools allow users to develop a pro­
totype of a defined problem quickly and develop their own 
customized applications in less time than it takes an AI pro­
gramming language. However, PC-based expert system de­
velopment tools are not suitable for large-scale ES application. 
The common practice for developing expert systems is to 
obtain a commercially available LISP machine to use fast­
executing knowledge engineering tools, such as ART, KEE, 
Knowledge Craft, or EMYCIN, on a VAX-type super-mini­
computer for experimental program development (13, 14). 
Then the developed expert system can be transferred to gener­
ate ES programs for practical applications that may eventually 
be run on a personal computer in a microcomputer 
environment. 

INSIGHT 2+, developed by Level Five Research, Inc., is a 
microcomputer-based tool that allows prototype ES program­
ming (17, 18). It is used to apply knowledge, form conclusions 
from facts, and solve problems in small-scale applications. 
Unlike ordinary data base systems that merely store, organize, 
and recall information, the INSIGHT 2+ expert system reviews 
and analyzes the information given, evaluates it using various 
paths of reasoning, and offers recommendations. INSIGHT 2+ 
provides a programming environment for the design, creation, 
and use of knowledge systems. INSIGHT 2+ permits the use of 
natural language to develop knowledge data bases and to inter­
act in an IBM PC/XT/AT microcomputer environment. 

INSIGHT 2+ can be used to implement user expertise for 
developing problem-solving techniques. Because it can make 
inquiries and maintain a knowledge base, expert systems de­
veloped using INSIGHT 2+ may enhance the end user's ability 
to analyze a problem and achieve suitable solutions. For exam­
ple, by accumulating the answers and probability of success 
from the user's trial-and-error process, the expert system can 
summarize the modified solutions. During program execution, 
INSIGHT 2+ automatically questions the user for information 
for better conclusions. Using the expertise obtained from the 
user and programmed in its knowledge base, INSIGHT 2+'s 
inference engine is able to reason, even from incomplete or 
uncertain information. By asking the user to specify a confi­
dence value, INSIGHT 2+ can further evaluate the viability of 
a path of reasoning or a chain of rules depending on the 
probability of a certain line of reasoning. At any point during a 
consultation, the user can request an explanation of the current 
reasoning status or, optionally, wait until the conclusion of a 
session and obtain a complete trace report. The functional 
structure of the INSIGHT 2+ system is shown in Figure 4. 
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FIGURE 4 Functional structure of the INSIGHT 2+ system (17, 18). 

BASIC DESIGN PROCESS 

A proto!ype expert system was implemented to provide com­
puterized assistance in selecting tTaffic engineering software. ln 
this automated selection guide, three main goals or categories 
of each computer software package are evaluated. These pack­
ages include traffic signal- timing optimization, traffic fiow 
simulation, and other traffic engineering analyses. Each com­
puter package is treated as a subgoal. The knowledge engineer­
ing tool summarizes the final recommendations of the traffic 
engineering software from the user-input requirements in this 
experimental system. The relevant selective information, such 
as software functions and computer requirements, was ex­
tracted from the information source LO identify the conclusion 
of I.be production rule. It was then used to program the IN­
SIGHT 2+ production rule language (PRL). The displayed 
information and the proper conclusions were further ex.plained 
in this expert system. 

In this section is described the basic design process used in 
preparing t.'1is prototype expert ysi~m for the seiection of 
computerized traffic analysis software packages. The develop­
ment process used in this ES design can be illustrated by the 

seven steps shown in Figure 5: extracting basic information, 
designing a decision table, setting up evaluation goals, select­
ing evaluation constraints, developing a PRL, debugging the 
PRL, and completing the program recommendations. 

Extract Basic Information 

Infom1ation used to develop this prototype expert system was 
ex.tracted from three sources: (a) the second issue of the Traffic 
Software Users Awareness Report, (b) the BASIC program 
developed and demonstrated by the FHWA at the 1986 Annual 
Meeting of the Transportation Research Board, and (c) the 
working experience of the Traffic Operations Program of the 
Texas Transportation Institute. The Traffic Software Users 
Awareness Report, issued semiannually to all users who have 
received any of the FHWA's traffic engineering software, con­
tains the larest information on FHWA sofrware. The Systems 
and Soft ware Support Team in the Office of Traffic Operations 
of the FHWA is responsible for distributing all of the transpor­
tation- and traffic engineering- related computer software. 

To simplify the discussion, the traffic engineering software 
discussed here is classified in three categories. These FHWA-
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FIGURE 5 Basic design process. 

supported packages include the traffic signal-timing optimiza­
tion programs, traffic flow simulation models, and other traffic 
engineering analysis software. These traffic analysis packages 
include some of the popular traffic engineering tools, compo­
nent models of the TRAF family, step-down versions of the 
transportation planning tools, and the Highway Capacity Man­
ual software available at present. The relevant information for 
each of the traffic models was extracted from the Traffic Soft­
ware Users Awareness Report and summarized. Summaries 
were based on careful reading of the article, comparing dif­
ferent traffic engineering software, and differentiating special 
characteristics according to engineering judgment and the crite­
ria stated in the Traffic Software Users Awareness Report. On 
the basis of the results of the comparisons, the current FHWA­
supported traffic engineering software packages were divided 
into three categories: 

• Signal-timing optimization programs: Signal-timing op­
timization programs optimize the major signal-timing vari­
ables, such as cycle length, phase length, sequence, and offset. 
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The transportation facilities analyzed may include isolated in­
tersections, arterial streets, and networks. It should be noted 
that most of these computer programs, with the exception of 
MAXBAND, can also perform certain simulation functions for 
evaluating existing conditions. 

• Traffic flow simulation models: Traffic flow simulation 
models are designed to simulate different traffic control strat­
egies. These models can simulate various types of transporta­
tion facilities. Transportation facilities may include isolated 
intersections, arterial streets, networks, rural highways, and 
urban highways. 

• Other traffic engineering software: Other traffic engineer­
ing software, supported by the FHWA, may perform spe­
cialized functions, such as computerized data base manage­
ment, highway capability analysis, time-space analysis, traffic 
flow profile display, traffic signal warrant analysis, and origin­
destination travel analysis. 

After separating all of the relevant and irrelevant information 
from the available technical material, the domain expert traffic 
engineer modifies the design of the decision-making process 
according to his past experience with these models. He then 
determines what information should be emphasized for anal­
ysis and identifies factors to be used to evaluate the relative 
importance of criteria used in the practical design of the pro­
totype expert system. 

Design Decision Table 

Decision table analysis is a decision-making aid that is used in 
design and evaluation (20) . Table 1 gives a simplified version 
of the decision table used for studying two basic design ele­
ments of this particular expert system. In the decision table, the 
horizontal components represent the main goals and subgoals 
defined in the expert system. Horizontal components on the 
first level in the table are the main goals. Horizontal compo­
nents on the second level are the subgoals. The vertical compo­
nents of the decision table represent the facts and rules, such as 
design constraints and potential application areas, that could be 
investigated by each of the traffic analysis packages. 

Table 1 is an example of how the decision table was applied 
to analyze the MAXBAND program. The main goal and sub­
goal of MAXBAND are first identified by applying the back­
ward-chaining concept. Then the major constraints of MAX­
BAND are separately identified. After the goal, subgoal, and 
design constraints are summarized, the production rules are 
specified for actual program development. The major advan­
tages of using this type of decision table in the development of 
a practical expert system include the ability to 

1. Summarize the basic relationships of different con­
straints. 

2. Evaluate the requirements of independent constraints. 
3. Study the detailed interrelationships among major vari­

ables in a systematic approach. (It should be noted that the 
original table used in the actual design of this prototype expert 
system is more complex than the one presented here.) 

4. Provide the domain expert's knowledge and skill in com­
pleting the background information required in the decision­
making process. 

5. Set up evaluation goals, subgoals, and design constraints. 



TABLE 1 SIMPLJFIED DECISION TABLE ANALYSIS 

Sl5'1Al Tl"lllli Of'Tl"IZATIOll PIOGltflAS TUFF IC FLOll SllU.ATION ll>O£LS OTHER TllN'F IC EllGlllEERING Sl)'TllARE 

SOAP MXBAND MP TRANSYT-7 SIGOP-111 IUSI" TllAfLO FMESI" ROAOSI" nos CAPACITY PPO COUNTS-PC LINKOO 

I. APPLICATION AREAS 

A. SIGNAL Tl"ING PLAN I I x x x x x I I 

1. OPTl"IZATION I x x x l 

1. ISOLATED I 
b. MTERIAL x x x x 
c. llETllORK x x 

2. Sl"ULATION I x x x x x x x x 
1. ISOLATED x x x x 
b. NITERIAL x x x x x x 
c. llETllORK x x x x x 
d. FREEWAY x 
e. URBAll FREEWAY x 
f. RURAi.. FREEWAY x 

11. PROVIDED FUNCTION x x x x x x x x x x 

C. DATA llAllAGEIEllT SYSTE" x x x 
D. HIGHllAY CAPACITY AllAL YS IS x 

E. SIGNAL WARRANT AllAL YS IS x 
F. ORIGIN-DESTINATION Pl.ANNING x 

11. COflPUTEM REQUIRE~llTS 

A. llAllf"MNtE x x x x x x l x x 

B. "ICROC°"PUTER x x x x x x x x I 
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Set Up Evaluation Goals 

The basic evaluation goal for this prototype expert system, as 
described earlier, is to provide specific recommendations about 
software packages to meet user requirements. The INSIGHT 
2+ PRL program is constructed to meet this objective: 

1. Program belongs to signal-timing optimization 
programs 
1.1 Program SOAP is recommended 
1.2 Program MAXBAND is recommended 
1.3 Program AAP is recommended 
1.4 Program TRANSYT-7F is recommended 
1.5 Program SIGOP-III is recommended 

2. Program belongs to traffic flow simulation models 
2.1 Program NETSIM is recommended 
2.2 Program TRAFLO is recommended 
2.3 Program FRESIM is recommended 
2.4 Program ROADSIM is recommended 

3. Program belongs to other traffic engineering software 
3.1 Program ITDS is recommended 
3.2 Program HIGHWAY CAPACITY is recommended 
3.3 Program PPD is recommended 
3.4 Program COUNTS-PC is recommended 
3.5 Program LINK.OD is recommended 

The INSIGHT 2+ program uses a set of outline-type evaluation 
goals with different degrees of recommended action coded as 
part of the prototype expert system. In this particular system 
setup, several things are noted. First, the definition of this goal 
is identical to the functional classification given in the section 
on traffic engineering software. Second, the purpose of each 
program package is identified as part of the goal definition. 
This arrangement indirectly implies the inclusion of the pro­
gram categories as part of the decision rule. The other possible 
programming approach is to not classify these programs under 
three main goals but treat each program as a separate goal. 

Select Evaluation Constraints 

Evaluation criteria are made hard to identify by differences in 
traffic engineering evaluation constraints. The evaluation crite­
ria used for this analysis were that each transportation-related 
computer analysis software package must be unique, identifia­
ble, and classifiable. 

1. Unique: The specified constraints should be adequate to 
describe the characteristics of the computer software to be 
analyzed. 

2. Identifiable: The selection criteria should provide clearly 
defined_c,:baracteristics for decision-making support, such as 
definable application areas and confident answers. 

3. Classifiable: The common features selected in the anal­
ysis are the potential program applications, such as optimiza­
tion, simulation, and other transportation-related features. The 
major application areas of these FHWA computer software 
packages can be implemented for isolated intersections, arterial 
streets, generalized signalized networks, rural highways, urban 
highways, and freeway corridor systems. 

Develop the INSIGHT 2+ Production 
Rule Language 
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To build expert systems with INSIGHT 2+, the user must first 
specify a set of goals for decision making. INSIGHT 2+ uses 
the production rule language (PRL) to represent knowledge in 
terms of IF-AND-THEN-ELSE rules that contain factual in­
formation in the expert knowledge domain. PRL also allows 
the end user to specify procedural rules and execute dependent 
conditions to search for any unsatisfied IF conditions. Knowl­
edge bases have a variable threshold, or a minimum confidence 
acceptability level, that can be adjusted as the knowledge data 
base is executed. A numeric confidence level may also be 
assigned to each conclusion to allow the user to work with 
specialized knowledge. This applies only with the known 
simple-facts and question-answer type of query in the evalua­
tion. Knowledge bases created by INSIGHT 2+ can be ex­
ecuted quickly at a microcomputer-based work station. 

Basically, the key words of the INSIGHT 2+ PRL are com­
mand words for programming the main decision-making and 
other information-supporting functions. They are 

AND 
ARE 
OF 
CONFIDENCE 

DISPLAY 
ELSE 
END 
EXPAND 

IF 
IS 
OFF 
ON 

RULE 
THEN 
THRESHOLD 
TITLE 

In this study, the necessary constraints are selected for the 
basic facts, rules, and application areas for each of the compu­
ter packages in the analysis. First, the particular application 
groups are assembled and grouped as basic constraints. Second, 
the explicit information for designing the detailed expert system 
structure is defined with the commands TITLE, THRESHOLD, 
CONFIDENCE, and GOALS. Third, the production rules are 
set up according to the nature of the conclusions and recom­
mendations for traffic engineering management. Last, the trace 
report provided in the INSIGHT 2+ knowledge engineering 
system makes possible the study of the decision-making pro­
cess according to the specific production rule defined. An 
example follows to describe the information selection process 
in the MAXBAND program using the basic information ob­
tained from the FHWA software awareness report. It gives the 
rules coded for the MAXBAND program according to the 
required constraints extracted from Figure 1. As indicated, a set 
of natural language program statements first defines the pre­
requisite conditions for determining the function of the 
MAXBAND program in this prototype expert system. 

RULE for selecting program MAXBAND 
IF Program belongs to Signal Timing Optimization Programs 
AND Optimize signal timing Cycle Length 
OR Optimize signal timing Phase Length 
OR Optimize signal timing Offset 
AND Optimized Facility is Arterial Street 
AND Program can Not simulate Cycle Length 
AND Program should Provide plots of Time-Space 

Diagram? 
AND Computer requirement is Mainframe 
AND Type of microcomputer you use is None 
THEN Program MAXBAND is recommended 
AND DISPLAY MAXBAND 
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The INSIGHT 2+ system separates the decision rules into 
two basic categories: knowledge rules and inference rules. 
Knowledge rules include the facts about and relationships of a 
problem that are embedded in the expert's knowledge. For 
example, if the experience of the traffic engineer suggests that 
optimization of traffic signal timing is required for traffic anal­
ysis, then this element becomes the major deciding factor for 
choosing a particular signal-timing program. The inference 
mechanisms, on the other hand, can tell the computer how to 
use knowledge rules to solve a problem. Inference is a reason­
ing algorithm, not a rule, that provides the reasoning or prob­
lem-solving strategy. In a completed AI program, knowledge 
rules are usually combined with both the knowledge base and 
the inference rules in the expert system to provide better 
application. 

In operation, the INSIGHT 2+ inference engine or knowl­
edge processor of the expert system compares the decision 
rules in the knowledge base with the facts and information 
entered by users. If the user-input information is incomplete, 
the inference engine will ask the user to provide more descrip­
tions for additional analysis. It can also offer conclusions and 
explain recommended actions in a natural language interface. 
Usually, the recommendations are based on the reasoning used 
to reach final conclusions. Moreover, it can provide the user 
question-and-answer prompts in English not just output com­
puter codes. The reasoning or inferencing process will link 
related decisions supplied by the user to appropriate actions 
from the production rules in the knowledge base. These linked 
rules form knowledge chains in which the THEN statement 
may become the IF statement that can eventually lead to the 
most likely conclusion in the evaluation. 

Debug the Production Rule Language 

Program testing and debugging are essential to successful com­
puter programming and ES applications. The program support 
environment makes it relatively easy to compile and debug the 
PRL. The basic procedure for running this particular expert 
system is described in the following steps. Load the program in 
response to the MS DOS prompt command. Load the IN­
SIGHT 2+ interpreter by typing 'I2'. Next, specify the knowl­
edge base, FHWAINFO in this case, to start program execution. 
After compiling production rules, INSIGHT 2+ will flag error 
messages until the compiled knowledge base can be obtained. 
Then, run the program by using the function keys that are 
defined at the bottom of the display screen. After loading the 
compiled program in the interpreter mode, press the function 
key F3 to start the expert system for analysis. The user will 
then respond to the questions presented and select the desired 
answers. At the end, recommendations to meet the user's input 
requirements will be given. 

After the trace report has been reviewed, the production 
rules can be revised using the trial-and-error method. The 
different levels of trace reports could be used to evaluate the 
relative effectiveness of the model. Programming efforts 
should be continued until the computer program works as 
designed in the production rules. Some working experience 
obtained from debugging the INSIGHT 2+ knowledge engi­
neering tools includes revising the search sequence for each 
study goal. It was noted that the order of the goals and subgoals 
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may be used to rank their relative importance and how each 
goal is analyzed in the system. Because the system separates 
each goal according to its unique identification number and 
characters, these items are important in the initial design of the 
PRL to avoid any potential problems. Logical errors coded in 
PRL may create a lot of design problems later on. Therefore 
selection of the proper facts and constraints is important for 
successful operation of an expert system. 

COMPLETE PROGRAM DOCUMENTATION 

To complete the necessary program documentation, knowledge 
engineering tools usually provide various programming­
support functions and commands. Program documentation 
about the system should be done through the use of three 
command words in the INSIGHT 2+ system-TITLE, EX­
PAND, and DISPLAY. 

1. TITLE: This function is used to summarize the contents 
of the expert system under design and provide additional infor­
mation for program documentation and reference. For example, 
this function was used in this prototype expert system to ex­
plain the proper execution steps for instructing users how to 
execute and implement this expert system before the actual 
execution of the INSIGHT program. 

EXECUTION STEPS 
I. USER INPUT INFORMATION. 

• PROGRAM CATALOG 
• OPTIMIZATION CAPABILITY 
•CYCLE LENGTH SIMULATION 
• OPTIMIZE FACILITY 
• SIMULATE FACILITY 
• INPUT DATA PROGRAM 
• TIME-SPACE DIAGRAM 
• MAINFRAME OR MICROCOMPUTER 
• TYPE OF MICROCOMPUTER 

II. PRODUCTION RULE ANALYSIS. 
III. RECOMMEND SOLUTION ALTERNATIVE. 
IV. OPTIONAL TRACE REPORT. 

2. EXPAND additional information: The EXPAND function 
can be used to describe the questions in the production rules 
and the constraints in the query analysis. This command and 
other similar key words can also provide explanations and the 
characteristics of the problem under analysis. This function 
was used in this system to describe the question to be asked the 
user. 

EXPAND Optimized Facility is isolated intersection 

Diagram of an isolated intersection: 

~ 

---- ~ ----
~ 
~ 

3. DISPLAY supportive information: This functional com­
mand is used to expand the basic and relevant information for 
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FIGURE 6 Basic program structure. 

providing supportive suggestions about the recommended de­
sign alternatives and the question itself during the query pro­
cess. The DISPLAY function was used in this expert system to 
provide additional suggestions to obtain directions for search­
ing more information when conclusions have been reached 
through the knowledge inference process. 

DISPLAY MAXBAND (MAXimum BANDwidth) 
MAXBAND - MAXimum BANDwidth 

LATEST AVAILABLE VERSION: A time-space diagram 
was recently added to the original (and, to date, only) version 
of the program. The program is also available in 
FORTRAN-77. 

PROGRAM STRUCTURE 

The structure of the expert system, as described in this paper, is 
shown in Figure 6. The functional structure of the program 
clarifies the interrelationships among the six components: (a) 
main goal, (b) subgoal, (c) selection criteria, (d) constraints, (e) 
rules, and ([) recommendations. The prototype expert system 
program was developed to explain the main goals, relate main 
goals and subgoals using production rules, explain subgoal 
constraints, demonstrate selection criteria for the production 
rules, and recommend subgoal conclusions to main goals in the 
Al/ES analysis. 

The INSIGHT 2+ knowledge system consists of an inference 
system and a knowledge base compiler. The inference mecha­
nism executes the knowledge data base. After the user has 
selected a knowledge base on a particular topic, INSIGHT 2+ 
searches for all possible recommendations. INSIGHT 2+ pre­
sents the user with questions to answer and goals to select. The 
knowledge system formulates the goal choices, the questions, 

and the conclusions from information obtained from the do­
main expert and the end user. The knowledge base compiler 
works with the knowledge engineer's input to create the com­
piled knowledge base that INSIGHT 2+ runs. The knowledge 
engineer creates a knowledge base using PRL and a standard 
text editor processor. INSIGHT 2+ talces the knowledge base, 
translates it, and then streamlines it so the INSIGHT 2+ knowl­
edge system can run faster in execution. The INSIGHT 2+ 
tools can be best used in areas that require routine professional 
judgment. They can assist engineers and managers in designing 
procedures for implementation. They are helpful when many 
people at different locations need expert advice to do a job. 

USING INSIGHT 2+ 

The advantages of using a knowledge engineering tool such as 
INSIGHT 2+ are its easily understood programming structure 
and well-equipped support functions in a user-friendly environ­
ment. Other advantages of using a knowledge engineering tool 
such as the INSIGHT 2+ system follow. Sequencing in the 
production rule is important only for the definition of goals and 
subgoals. Although the order of the constraints in the produc­
tion rules is not important in query input, the interpreter will 
seek to optimize the execution sequence and the operation of 
the expert system. The order of evaluation constraints within 
the production rule for defining goals and subgoals will not 
influence execution of the expert system. 

The knowledge engineering tool is also easy to use. The 
information that needs to be defined is the specific constraints 
required to determine each individual goal and subgoal using 
decision table analysis. The coding of PRL is efficient within 
the knowledge engineering programming environment. Both 
forward- and backward-reasoning processes can be performed 
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in this expert system without additional computer-program­
ming efforts. This PRL program can be maintained easily using 
the built-in editing function or regular word-processing 
facilities. 

With knowledge engineering tools like INSIGHT 2+, a per­
son can develop expert systems, which accumulate knowledge 
on a subject or knowledge base, to analyze, reason, and provide 
solutions to problems that would normally require human ex­
p~.rtise. INSIGHT 2+ uses a backward- and forward-chaining 
inference mechanism. In a forward-chaining application, IN­
SIGHT 2+ can be used to acquire user input and try to recom­
mend a software package according to the information it con­
tains on a particular application or a pattern described by the 
knowledge rules. In a backward-chaining application, IN­
SIGHT 2+ begins with a specific software package and deter­
mines whether or not the preconditions justify using that 
package. 

INSIGHT 2+ does have some disadvantages. Because of the 
interconnected cause-and-effect relationships, errors in pro­
gram logic are difficult to identify. The INSIGHT 2+ system 
also limits the type of data that can be analyzed in the PRL 
system. Moreover, there are limitations on the length of a line 
to be coded in the PRL program. But perhaps one of the most 
important improvements between the INSIGHT 1 and IN­
SIGHT 2+ systems is the addition of explicit OR functions for 
eliminating duplicate definitions of each individual condition. 
This will provide the benefit of not having to specify every 
possible decision tree by using duplicate production rules. 

CONCLUSIONS AND RECOMMENDATIONS 

This study evaluates the feasibility of using expert system 
designs to aid in the selection of programs. Texas Transporta­
tion Institute researchers believe that it is cost-effective to 
develop computer software using AI techniques to assist the 
end user in optimizing traffic management strategies. The ex­
pert systems design can assist practicing traffic engineers in 
selecting proper traffic-related software for developing better 
traffic control strategies in both urban and rural areas. Further­
more, the production rules of the proposed expert systems 
design, developed with either AI languages or knowledge engi­
neering tools, can provide an alternative means for representing 
traffic engineering expertise in the decision-making process. 

AI languages and tools are generally more flexible for de­
veloping expert systems yet more difficult for programming 
than is a conventional computer language. Because of the 
complexity involved in AI/ES programming, only well-trained 
programmers can comfortably use the LISP and PROLOG 
languages to build expert systems. Knowledge engineering 
design can be done with a range of knowledge engineering 
tools for developing specialized applications. Knowledge engi­
neers often have to make decisions about the programming 
languages to be used. If portability is the primary concern, they 
will probably choose to translate their codes into conventional 
programming languages that can later be run on conventional 
operational systems. On the other hand, if more complex or 
sophisticated expert svstems are to be develoned for fnh1r" 
applications, the-tools ~ay be coded in LISP or.PROLOG ~~d 
designed to run on LISP- or PROLOG-based machines. Usu­
ally, AI languages do not have user-friendly programming 
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support for ES development as do knowledge engineering 
tools, which can be easily used on conventional computer 
systems. 

To enhance this prototype expert system, it is recommended 
that the information be stored outside the expert system to 
optimize program execution and compilation of the knowledge 
data base. To restructure this expert system, additional inves­
tigations are also needed in the following three areas (12-14): 

1. From a knowledge engineering programming 
standpoint: 
• Modify the goals, subgoals, rules, and constraints; 
• Add a debug error message in the trace report; 
• Include a logic table or logic tree in the trace report; 

and 
• Enhance the program through the INSIGHT 2+ 

system. 
2. From a domain expert applications standpoint: 

• Modify design using manual procedures, 
• Work with other knowledge engineering systems, 
• Obtain experience from teaching end users, and 
• Use other computer programs. 

3. From an end user applications standpoint: 
• Develop the expert system to interface with other 

software, such as DBASE, PASCAL, and LOTUS 
programs; 

• Expand the knowledge bases to help the end users; 
and 

• Provide determinable information, such as threshold 
settings. 

It is further recommended that expansions be enhanced to 
provide a computerized expert system for advising end users in 
the selection of proper computer programs for effective traffic 
engineering analysis. This application will be especially useful 
in the future for helping users select suitable computer software 
packages in the TRAF family as supported by the FHW A. It is 
also believed that modification of this expert system could be 
best achieved by improving AI/ES program efficiency and 
restructuring the formulation of existing programs for object­
orientcd problem-solving applications. 
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Designing Optimal Transportation 
Networks: An Expert Systems Approach 

ROBERT SHIENG-l TUNG AND JERRY B. SCHNEIDER 

A knowledge-based expert system (KDES) approacb can be 
used to solve the single-mode (automobile), fixed-demand, dis· 
crete, multlcrlterla, equlUbrlum transportation network de­
sign problem. Previous work on this problem revealed that 
mathematlcnl programming methods perform well on small 
networks wlllt only one objective. A solution technique is 
needed that can be used on large networks that have multiple, 
conflicting criteria with different weight-. of relative Impor­
tance. The KllES approach discussed In this paper represents 
a new way to solve network design problems. The development 
of an expert system Involves three major tasks: knowledge 
acquisition, knowledge representation, and testing. For knowl­
edge acquisition, a computer-alded network des.lgn and evalua­
tion model (UFO ) was developed to explore the deslgTI space. 
Tills study Investigated the problem or designing an optlmaJ 
transportation network by adding and deleting capacity incre­
ments to or from any link In the network. Three weighted 
criteria were adopted for use in evaluating each design alterna­
tive: cost, average volume-to-capacity ratio, and average travel 
time. The best nondomlnated design Is determined by a multl­
crlterla evaluation technique called concordance analysis. T.he 
research started wlth a design exerdse conducted by a group of 
students who were asked to find a series of link capacity 
changes that wouJd produce a series of successively better 
designs. The results were carefully examined and used to gen­
erate the facts and ru les that make up the knowledge base of 
the network design expert system (EXPERT-UFOS). It has two 
phases of analysis. The macrolevel analysis recommends a total 
budget using trade-off functions for each pair of criteria. The 
mkroleveJ antt lysls provides advice about how to add or delete 
capacity on each link to avoid paradoxes. Test results show 
that EXPERT-UFOS found, with fewer design cycles, designs 
that were better than any of the 76 student designs Included In 
Uie test. EXPERT-UFOS may have enough simplicity to deal 
with large networks. The results of this study, In which a 
laboratory-based knowledge acquisition method was employed 
uccessfully to generate a functional knowledge base, suggest 

that the KllES approach Is an approprlute method for dealing 
with the computational complexities of network design 
problems. 

Contemporary transportation network designers face two major 
problems. The first is computational complexity that has re­
stricted the classical solution method (mathematical program­
ming) to small problems. The second is that traditional single­
objective formulations are not well suited to dealing with 
practical multicriteria problems. A new design process that 
provides a capability for dealing with a multicriteria evaluation 
and decision-making process and is computationally feasible 
for large problems is needed. 

R. S.-i. Tung, Department of Public Works, 900 King County Admin­
istration Building, Seattle, Wash. 98104. ]. B. Schneider. Department 
of Civil Engineering, University of Washington, Seattle, Wash. 98195. 

The JimilaLinns of ttaditional mathemntical progranuning 
models for dealing with network design problems have been 
examined thoroughly by many researchers (1-3). Basically, 
any transportation network design problem encounters a com­
binatorial explosion because of the discrete nature of the at­
tributes of the transportation network. When searching for a 
unique optimwn solution, intensive calculation is required. 
Experience has shown that these models can handle only small­
to medium-sized networks witl1 currently available computers 
within a reasonable time. This computing requirement has 
limited the applicability of such techniques to small problems 
only. 

Approximation methods (i.e., machine-based heuristics or 
heuristic search and man-machine interaction or interactive 
problem solving) have shown more promise for dealing with 
large problems. Heuristic search techniques use empiricaUy 
derived rules (e.g., add, delete, interchange) to systematically 
search for near-optimal solutions. In contrast, interactive 
methods use man's intuitive capabilities and knowledge to 
guide a search of the combinatorial solution space. Both heuris­
tic search and interactive methods can reduce the size of the 
search space to some extent. Heuristic search techniques, 
which usually use a single global heuristic, can often consis­
tently find optimal solutions, but the computational require­
ments are still prohibitive for dealing with large problems (2). 
Interactive methods use more heuristics and domain knowledge 
and usually can find acceptable solutions within reasonable 
compuling times, but lhese t<:chniques lack consistency be­
cause Lhey depend heavily on human knowledge, experience, 
and perceptual skills. 

The need for a multicriteria evaluation component has added 
to the complexity of the transportation network design task. 
Only a few researchers have used optimization methods to 
tackle the multicriteria network design problem (4). The results 
indicate that such methods are generally not applicable to large 
problems because of computational difflcullies. The resuhs 
suggest again that approximate methods are likely to be most 
appropriate for large real-world problems. 

Approximate methods that include a multicriteria evaluation 
component are still under development. The purpose of an 
approximate method is to derive robust search heuristics that 
can find high-quality solutions within a reduced solution space. 
Both heuristic and interactive methods have been developed to 
achieve this objective. The diCfcrence between them is the way 
in which the search strategy and knowledge (heuristics anrl 
facts) are generated and used. Heuristic methods often emulate 
optimization algorithms. They integrate a search strategy with 
available knowledge. Heuristics can consistently find solutions 
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that are locally optimal. However, they have no pattern recog­
nition capability and cannot recognize local constraints. Inter­
active methods have separate simulation and control functions. 
The control function tends to rely more on human guidance and 
such inputs can often produce an efficient and effective search. 
Such search behavior is·usually called "intelligent search" and 
relies on man's powerful pattern recognition capabilities and 
domain expertise. However, this pattern recognition capability 
and domain expertise cannot be stored and coded in an explicit 
form, which makes system performance user dependent. Thus 
this method lacks consistency, and its reliability cannot be 
guaranteed. 

There are no conflicts between heuristic search and interac­
tive methods. An ideal system would use them both. Heuristics 
can be created by using interactive methods and then coded as 
machine-based algorithms. However, not every idea discovered 
using interactive techniques can be algorithmically defined as 
required by the traditional heuristic search method. More im­
portant, traditional heuristic search methods cannot flexibly 
handle various rules, facts, and associated domain knowledge 
while maintaining a user-friendly dialog with the designer. This 
is why the knowledge-based expert systems approach can be 
used to tackle this problem. 

The knowledge-based expert systems (KBESs) approach has 
evolved from research in artificial intelligence. In contrast with 
traditional algorithmic methods, the expert systems approach 
has separated the control strategy from the knowledge base. It 
can flexibly handle various heuristics (or rules) and facts. Also, 
it is interactive and user friendly. The expert systems approach 
has been found to be useful in many fields (5). However, most 
applications so far are diagnosis oriented. Only a few applica­
tions are in the transportation area (6). No previous research 
has attempted to deal with the multicriteria equilibrium net­
work design problem using this new approach. It is hypoth­
esized that this new method will be useful for dealing with 
design problems on large networks. 

KNOWLEDGE ACQUISITION 

To develop an expert system, normally either a human expert or 
some written expertise must exist and be available for use. 
Unfortunately, no human experts exist who can handle the 
complexity of transportation network design problems. Written 
expertise does not exist either. However, not all expertise must 
come from long experience. Design expertise can also be 
generated by using a simulation model. In dealing with com­
binatorial design problems, simulation may be the only effec­
tive way to generate such expertise. To test this fundamental 
hypothesis, a computer-aided design and evaluation model 
(UFOS) was developed. Using the UFOS model, a design 
exercise was conducted with a group of students. The results of 
this design exercise provided much valuable design knowledge 
that was then used to develop the knowledge base for a network 
design expert system. 

Network Simulation Model 

UFOS is designed to allow a user to formulate and test a wide 
variety of ideas about the design of a transportation network. It 
has the capability of performing both fixed-demand analysis 

+-------

1 
+--------------+ 

UFOS2 
Equilibrium 
Assignment 

+--------------+ 

+------

+-------------r 

I UFOSl 
Network Editor 

+---- -----------+ 

-------+--------

+------------+ 
UFOS4 

Multicriteria 
Evaluation 

+-------------+ 
FIGURE 1 Modules of UFOS. 
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and elastic-demand analysis. In this study, only fixed-demand 
analyses have been used. UFOS contains four individual mod­
ules (Figure 1). 

These four modules are linked to provide a user-friendly 
interactive design and evaluation environment. UFOS has 
built-in link attribute settings. Five roadway link types are 
available for conducting network design activities: 

Capacity Speed Cost Factor 
Type Lanes (vehicles/hr) (mph) ($/lane-mi) 

1 1 250 35 1 
2 2 800 35 1 
3 3 1,300 35 1 
4 2 2,000 60 10 
5 3 3,000 60 10 

Types 1-3 represent arterial standards. Types 4 and 5 represent 
freeway standards. These different link types have different 
construction costs, and these costs represent one of the perfor­
mance criteria used in the evaluation process. 

Design Exercise 

The network for the design exercise is defined by nine nodes 
that represent nine large zones in the eastern part of the Central 
Puget Sound region (Figure 2). These nodes are connected by 
24 roadway links. This network forms a linear urban shape that 
usually generates high congestion in its central area. An eve­
ning peak origin-destination pattern with a total trip volume of 
19,500 vehicles per hour represents the travel demand 
requirement. 

This network was used as the basis for a design problem that 
was assigned to eight graduate students enrolled in a course on 
transportation and land use models. The purpose of this ex­
ercise was to search for a network design that would produce 
an efficient loading pattern with minimal congestion, minimal 
average trip times, and the lowest possible cost. Using the 
given travel demand pattern, each student was asked to search 
for an efficient roadway network design by increasing or de­
creasing the capacity and speed on various links. The travel 
behavior of each trip maker was assumed to follow the user­
optimum principle. As a result, trip makers change their routes 
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FIGURE 2 Puget Sound test network. 

in response to various capacity allocations that produce dif­
ferent congestion patterns. The performance of each design is 
evaluated using three weighted criteria: total cost, average 
vehicle-to-capacity (V/C) ratio, and average trip time (ATT). 

Theoretically, given a travel demand (origin-destination) pat­
tern and a fixed number of link types, the possible lower-bound 
and upper-bound values of each design criterion can be calcu­
lated by simply setting all links at minimum capacity ('!ype 1) 
or at maximum capacity (Type 5). The bounding values for this 
problem are given in Table 1. 

TABLE 1 BOUNDING VALUES 

Design 999 Design 888 
(maximum (minimum 

Criterion capacity) capacity) Objective 

Cost($) 8,915.5 (UB) 356.62 (LB) Less is better 
V/C 0.56 (LB) 3.99 (UB) Less is better 
ATT (min) 29.76 (LB) 4795.04 (UB) Less is better 

NoTE: LB = lower bound and UB = upper bound. 

The best design for this problem is one of the 524 = 
59,604,644,775,380,625 possible alternatives in this design 
space. Each will have criterion values that lie somewhere 
between the bounds. Note that the design with a minimum 
capacity roadway network has the best (lowest) cost but the 
worst V /C and ATI. On the other hand, the design with all links 
set at maximum capacity has the best performance in V /C and 
ATT but is worst (highest) in cost. In reality, there are many 
conflicts like this among performance criteria. A preferred 
design is a design that can satisfy most of the objectives well, 
that is, a best-compromise design. 

The exercise started with a network in which all !irLlcs had 
been set at minimum capacity. Each student was asked to 
generate at least six designs to explore the combinatorial design 
space. The students were asked to record their link-specific 
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design decisions and design performance expectations. It was 
hoped that they would detect some cause-and-effect relation­
ships between link-type changes and performance criteria that 
might become rules that could be used to buiid the knowiedge 
base for an expert system. 

The evaluation was a two-stage process. In the first stage, the 
students evaluated their design against their own design set and 
the two given bounding designs (Designs 888 and 999). In the 
second stage, the best designs from each student were aggre­
gated and comparatively evaluated. A single weighting scheme 
was used throughout: Cost, 0.5; V/C, 0.25; and ATI, 0.25 

Design Strategy Analysis 

Given such a partially structured problem, the designer wants 
to devise a strategy that will produce a sequence of suc­
cessively better designs. Such strategies can be developed from 
the knowledge and experience of the designer (expert). Usu­
ally, the construction of a design strategy involves using both 
"deep knowledge" or "hard information" (e.g., an explicit 
model with assumptions, relationships, and constraints) and 
"surface knowledge" and "soft information" (e.g., intuitive 
constructs). Moreover, the designer's ability to implement a 
certain strategy depends on the ability to interpret the hard 
information in the results and effectively integrate it with the 
soft information. Usually, for engineering-oriented design 
problems, a clear understanding of the deep knowledge aspects 
of the problem is necessary. Thus a domain expert can usually 
perform better than a novice designer. However, given the right 
computer-based design aids, many novice designers can reach 
high performance levels rather quickly. This design exercise 
allows the student to explore the performance of certain design 
concepts quickly and easily. By observing their progress, it is 
possible to learn how effective various design strategies are in 
dealing with a partially structured problem. 

Two basic types of design strategies were used: incremental 
exploration and logic based. Each strategy has its strengths and 
weaknesses. Two criteria can be used to evaluate these strat­
egies in terms of their effectiveness and efficiency in producing 
high-performance designs. First, how consistent was the strat­
egy in finding successively better designs? Second, how effi­
cient was the search strategy used to find an optimum design? 
The following two examples are used to illustrate these points. 

• Incremental exploration design strategies: Most students 
used an incremental exploration strategy. They simply added 
some capacity to the links with the highest V /C ratios during 
each design session. They kept on driving congestion levels 
down while keeping costs as low as possible. This type of 
strategy was conservative but did produce better designs easily. 
The experiences of Student A are typical of this type of design 
behavior. Table 2 gives his experience for the six designs. The 
total capacity trends clearly show the incremental changes he 
made. Only a few of the most congested links were upgraded to 
the next level of capacity during each design cycle. Table 3 
gives the overall design performance of the six designs and 
Table 4 give~ the ranking results produced by a serit:s of 
multicriteria evaluations. As the ranking results show, this 
student found a series of designs that were, except for the last, 
successively better. In addition, his best design (005) was the 
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TABLE 2 DESIGN EXPERIENCE OF STUDENT A 

+---L~g~ --+--~:~se~~ -+~:~a~~~-F:~a~~~ -+~:~0~~~-+~:~0~~~-+~:~o~~~-+~:~ae~~+ l ___________ ________ ! _________ __ _____ 1 ________ 1 ________ 1 ________ 1 _____ __ 1 
1 250 6.2 800 2.4 800 3.8 

2 250 2.4 250 6.7 800 2.4 

3 250 6.8 800 4.1 800 4.0 

4 25() 1. 6 250 6.6 1300 1. 2 

5 250 6.7 800 4.5 800 4.1 

6 250 2.9 250 4.1 250 4.3 

7 250 5.0 250 5.2 800 2.9 

8 250 7. 7 800 1.8 800 1. 5 

9 250 3.7 250 5.5 800 2.5 

10 250 3.7 800 6.9 800 2.5 

11 250 5.6 250 2.6 800 3 .1 

12 250 2.2 250 5.1 250 1. 8 

13 250 4.6 250 4.1 800 3.2 

14 250 0.0 250 2.0 250 0.0 

15 250 4.0 250 6.2 800 3.3 

16 250 1.1 250 1. 8 250 1. 8 

17 250 3.7 250 5.5 250 5 .1 

18 250 2.0 250 3.8 250 3 .1 

19 250 1. 4 250 2.7 250 4.5 

20 250 3.1 250 4.6 250 3.3 

21 250 5.1 250 6.3 800 2.7 

22 250 4. 7 250 4.7 250 5.6 

23 250 3.7 250 6.0 800 2.5 

24 250 6.9 800 4.3 800 4.4 

second best in the class. However, an incremental strategy may 
cause paradoxical resu.lts. As the data in Table 3 indicate, 
Design ()()1 has a higher capacity than the lower-bound design 
(888), but it also has higher V /C and ATT. Paradoxes can cause 
problems in design and must be avoided. 

• Logic-based design strategy: Some students chose to try to 
develop more sophisticated design strategies. They wished to 
use mathematical principles to tackle the problem. To do this, 
they needed to develop a deeper understanding of various 
aspects of the design problem such as the design-to-perfor­
mance and node-to-link relationships. For example, they knew 
that the low-cost designs would be preferred because the 

TABLE 3 DESIGN CRITERIA MEASURES OF 
DESIGNS OF S1UDENT A 

Design Cost($) V/C ATT (min) 

888 356.62 3.94 4795.04 
999 8,915.50 0.56 29.76 
002 565.31 4.48 4881.95 
002 804.51 3.06 1404.37 
003 1,141.18 2.13 659.69 
004 1,360.78 1.68 196.10 
005 1,584.31 1.37 85.87 
006 3,351.41 1.01 47.88 

NoTE: 888 and 999 are bounding designs. 

800 3.4 1300 1.9 1300 1.6 3000 0.7 

800 2.4 800 2.2 1300 1.7 2000 1.0 

800 3.5 1300 2.4 2000 1.8 3000 0.9 

800 1.6 800 1.6 800 1.8 800 1. 3 

800 3.8 1300 2.5 2000 2.1 3000 1.5 

800 0.4 800 0. 9 800 1. 5 800 1.8 

800 2.4 800 2.0 800 1.4 800 1.4 

800 1. 3 800 1. 2 800 1. 5 800 1.2 

800 2.5 800 2.5 1300 1.5 1300 1.5 

800 2.5 1300 1.5 1300 1.5 1300 1. 5 

800 3.0 1300 1.7 1300 1.7 3000 0.9 

800 0.4 800 0. 7 800 1.1 800 1.1 

800 2.8 1300 2.0 1300 1.7 2000 1.0 

800 0.0 800 0.0 250 0.0 250 0.0 

800 2.4 800 2. 2 1300 1.6 2000 1.1 

800 0.4 800 0.2 800 0.6 800 0.3 

800 2.2 800 1. 9 800 1. 4 800 0.9 

800 1.0 800 0.8 800 0.4 800 0.3 

800 1.1 800 1. 2 800 0.4 800 0.4 

800 1. 9 800 1.6 800 1. 3 800 1.0 

800 2.8 1300 1.8 1300 1.7 3000 0.9 

800 2.5 800 2. 2 1300 1.6 3000 1.0 

800 2.5 800 2.5 1300 1.5 1300 1.5 

800 4.4 1300 2.7 2000 1.8 3000 1.2 

TABLE 4 MULTICRITERIA EVALUATION 
RANKS OF DESIGNS OF STUDENT A 

Design 

Run 888 999 002 003 004 005 006 

1 2* 2* 1 
2 3* 3* 2 1 
3 4* 4* 3 2 1 
4 5* 5* 4 3 2 
5 6* 6* 5 3 2 4 

NoTE: 1 is best. * = not above average. 

weight of "cost" is greatest (0.5). They determined that a link 
should have the highest possible capacity if it was congested in 
Design 999, in which all links had the maximum capacity 
setting. Similarly, they knew a link should be given the lowest 
capacity setting if it had no loading even in Design 888, in 
which all links had the maximum capacity setting. They de­
vised efficient strategies for adding and deleting capacity. They 
knew that a network with an average V/C ratio of around 1.0 
could produce the best combination of values for the criteria. 
Thus they simply added capacity in rough proportion to the 
V/C ratios. However, even with this knowledge, they could not 
always predict the results correctly. Student Bused this type of 
design strategy. Table 5 gives his design results for the six 
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TABLE 5 DESIGN EXPERIENCE OF STUDENT B 

+---ci~k---1----000---+--061- -- + --552---+--553---+--554---+-- 555 --- + -- 555 · -+ 

!--- -~~ ---- --~~~-~~~ - 1~~ ~- ~ ~ ~ -1~~~ -~~~ - 1~~~-~~~-1~~~-~~~-1~~~-~~~-1~~~-~ ~~ 1 
1 250 6.2 2000 1.5 2000 1.3 2000 1.2 2000 1.2 2000 1.6 2000 1.4 

2 250 2.4 1300 1.4 1300 1.2 1300 1.1 1300 1.1 1300 1.7 2000 1.0 

3 250 6.8 1300 1.4 2000 1.2 2000 1.4 2000 1. 4 2000 1.8 2000 1.2 

4 250 1.6 800 1.3 800 2.0 800 1.7 800 1.7 1300 1.8 1300 0.9 

5 250 6.7 3000 1.5 3000 1.5 3000 1.4 3000 1.4 3000 2.1 3000 1.5 

6 

7 

8 

9 

10 

250 2.9 

250 5.0 

250 7.7 

250 3.7 

250 3.7 

800 1. 6 1300 1. 2 

1300 1. 5 1300 1. 3 

800 1. 0 250 2.1 

1300 1.5 1300 1.5 

1300 1.5 1300 1.5 

1300 1.4 1300 1.3 1300 1.5 1300 1.2 

800 1.8 800 1. 7 1300 1.4 1300 1.3 

250 1. 7 250 1. 6 800 1. 5 800 1. 3 

1300 1.5 2000 1.0 1300 1.5 2000 1.0 

1300 1.5 1300 1.5 1300 1. 5 2000 1. 0 

11 250 5.6 2000 1.3 2000 1.4 2000 1.4 2000 1.5 2000 1.7 2000 1.5 

12 250 2.2 250 0.2 250 1.4 250 1.4 250 1.5 250 1.1 250 1.1 

13 250 4.6 2000 1.0 2000 1.1 2000 1.1 2000 1.1 1300 1.7 1300 1.0 

14 250 0.0 250 0.0 250 0.0 250 0.8 250 0.9 250 0.0 250 0.0 

15 250 4.0 1300 1.4 2000 1.1 2000 1.4 3000 1.0 2000 1.6 2000 1 .~ 

16 

17 

18 

19 

20 

21 

22 

250 1.1 250 1. 4 250 1. 5 250 1. 4 250 1. 4 250 0.6 800 0.6 

250 3.7 800 1.1 250 1. 8 800 1.1 800 1. 2 800 1. 4 800 1.1 

250 2.0 250 0.3 250 0.7 250 1. 4 250 1. 5 250 0.4 250 0.2 

250 1.4 250 0.9 250 1. 7 250 1. 3 250 1. 3 250 0.4 250 0.0 

250 3.1 800 1. 5 800 1. 0 250 1. 5 250 1. 6 1300 1. 3 800 1. 2 

250 5.1 2000 1.3 2000 1.4 3000 1.0 2000 1.5 1300 1.7 2000 1.3 

250 4.7 2000 1.4 2000 1.4 2000 1.3 2000 1.3 2000 1.6 2000 1.3 

23 250 3.7 1300 1.5 2000 1.0 1300 1.5 800 2.5 1300 1.5 1300 1.5 

24 250 6.9 3000 1.2 3000 1. 2 3000 1.2 3000 1.2 2000 1.8 2000 1.8 

i~~~~~~~~~~i~~::~~i~;~:~~:~i~i!~!~:~i~i~~~~:~i~~~~:::~i~~~:~~:~i~~~~~~:~i~!i 
d(lsigns. He made dramatic changes on the first design and only 
marginal changes on the rest of the designs. Table 6 gives the 
performing measures of these six designs, and Table 7 gives 

more difficult to predict the now pattem that will be produced 
by link capacity changes. Actually, a network designer can 
never precisely predict the flow pattern that will be computed 
by 1he equilibrium assigrunent algorithm, but it is ofccn possi­
ble 10 do so in general tcnns. 

· their multicriteria evaluation rankings. 
In general, the logic-based strategies produced good first 

designs but did not always produce high-performance designs 
quickly. As the data in Table 6 indicate, Student B finally 
reached his best design in the sixth design session and it was 
the best in the class. He had a good initial design (001), which 
was not very different from the best design. However, he did 
have problems making consistent progress (Table 7). The rea­
son for this is that when a design is close to the optimum it is 

TABLE 6 DESIGN CRITERIA MEASURES OF 
DESIGNS OF STUDENT B 

Design Cost($) V/C ATT (min) 

888 356.62 3.94 4795.04 
999 8,915.50 0.56 29.76 
001 2,112.38 1.20 56.57 
002 2,225.08 1.31 53.15 
003 2,345.43 1.36 55.43 
004 2,324.63 1.38 66.66 
005 1,873.64 1.25 61.73 
006 2,090.21 1.07 49.79 

NoTE: 888 and 999 are bounding designs. 

Ideally, a good design strategy should contain elements from 
bolh of these approaches. An incremental exploration strategy 
may be belter for large problems because it is too difficult to do 
a sophisticated analysis before the first design action is taken. 
However, as much logic as possible should be used to reduce 
the size of the search space and to avoid paradoxes that usually 
occur when an incremental exploration strategy is used. 

TABLE 7 MULTICRITERIA EVALUATION 
RANKS OF DESIGNS OF STUDENT 13 

Design 

Run 888 999 001 002 003 004 005 006 

1 2* 2* 
2 2* 2* 2 
3 3* 3* 2 3* 
4 4* 4* 2 3* 5* 
5 5* 5* " " ' 5* l ,. J .. 
6 6* 6"' 3 4 5* 7* 2 

NoTE: 1 = btsl. * = not above average. 



Tung and Schneider 

KNOWLEDGE REPRESENTATION 

The design strategies identified in the design exercise are valu­
able for building an expert system. First, the incremental ex­
ploration strategy indicates that an incremental simulation ap­
proach is an effective way to deal with large design problems. 
A series of small improvements may be the easiest way to 
approach a good design. Second, the logic-based design strat­
egy indicates that use of some deep knowledge can produce 
rapid progress toward the best design. This deep knowledge 
can be represented as facts and rules and used to construct the 
knowledge base for an expert system. 

Expert System Shell 

An expert system shell is a convenient tool for developing 
application-oriented expert systems. The PC-based expert sys­
tem shell M.1 (7) was used in this study to provide a user­
friendly interface and the capability to link with external func­
tions. The extensive number crunching of EXPERT-UFOS was 
handled by using C-based external functions. By using these 
external functions, it is possible to maintain the transparency of 
the knowledge base while having the computational efficiency 
of a C-program. The relationship between the knowledge base 
and external functions is shown in Figure 3. 

Facts and Rules in EXPERT-UFOS 

The knowledge base of EXPERT-UFOS consists of various 
facts and rules. Facts are link specific and are represented by 
object-attribute-value (0-A-V) triplets. Objects are the specific 
links of a network. Attributes describe aspects of the network-
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related deep knowledge and form the basis for making effective 
design designs. The term "value" specifies the particular na­
ture of an attribute for a given object. The attributes are further 
divided into static and dynamic categories. Attributes that are 
fixed during the entire design process are static attributes (e.g., 
type, criticality, and length). All other attributes are dynamic 
attributes (e.g., V/C, add-priority, or delete-priority). The dy­
namic attributes have to be recalculated during each consulta­
tion with EXPERT-UFOS. The full structure of the 0-A-V 
framework is given in Table 8. 

Rules are used to implement the heuristics for finding a 
series of successively better designs. There are four basic types 
of rules in EXPERT-UFOS: 

I. Control rules: These rules control the main flow of a 
consultation. For instance, the following rule is used to deter­
mine if a best nondominated solution has been found: 

if no_more_improvement(l) is true 
then best nondominated solution is true. - -
if evaluation _rank:(CYCLE _ N) = X 
and X > 1 
then no_more_improvement(CYCLE_N) is true. 

if CYCLE M + 1 = CYCLE N 
then nextcycle to CYCLE_M = CYCLE_N. 

if nextcycle to CYCLE_M = CYCLE_N 
and no_more_improvement(CYCLE_N) is true 
then no_more_improvement(CYCLE_M) is true. 

The following rule controls the process of equilibrium 
assignment: 

+-·------··----+ +---------------+ 

Base < - - > 
Knowledge l External 

Functions 
(C-Codes) 

< ---- > 
+··-··· ·---------1 I External Files 

(Rules + Facts) +--·---- -- -- --+ 
+-------------·- +--·- - ·--·- -·+ 
FIGURE 3 Relation between knowledge base and external functions. 

TABLE 8 LINK 0-A-V 1RIPLET REPRESENTATION 

t------ ----------- -------------------- ----------- -----------Object Attribute Possible Values 

Link # +-Type 

Static 
- Cr i tica lity 

- Length 

- Capaci ty 

(production , 
attraction, 
prod~ttion-attraction, 
s1ngle- product1on, 
single-attraction, 
buffer) 

volume of free-flow 
loadings 

mil es 

(250, 
800 
1306, 
2000 or 
3000 ve hi~ l es per 

hour ! 

+- VIC real number as deri ved 

Dynamicl ~ Add-prior i ty integer rank number 
Delete - pr i ority integer ra nk number 
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if initial_ equilibrium_ assignment is true 
and do_shortest_path(ITER_N) is true 
and do_loading_assign(ITER_N) is true 
and do_fibonacci_search(ITER_N) is true 
and do_ convergence_ check(ITER _ N) is true 
then equilibrium_ assignment(ITER _ N) is true. 

2. External rules: These rules activate the external functions 
for doing extensive calculations. For example, the following 
rules check the convergence of the assignment process: 

if no of links = NARC 
and ITER N = ITER 
and extemal(eq_converg_check, [NARC, 

ITER]) = FLOW_ STD 
then eq_ convergence_ check(ITER _ N) = FLOW_ STD. 

if eq_ convergence_ check(ITER _ N) = FLOW_ STD 
and ITER N > 1 
and 1.0- FT.OW STD= X 
and convergence_ criterion = Y 
and X>Y 
then do_ convergence_ check(ITER _ N) is true. 

3. Macrorules: These rules are used to determine the design 
goal and budget limit. For example, the following rules are 
used to determine the design goal: 

if weight(cost) = X 
and X > 0.5 
then design _goal = decrease_ capacity. 

if weight(cost) = X 
and X <= 0.5 
then design _goal = increase_ capacity. 

The budget limit is determined by the following two mac­
rorules and an external rule: 

if design _goal = decrease_ capacity 
then search_ type = downward. 

if design _goal = increase_ capacity 
then search type = upward. 

if search_type =SEARCH 
and cost(CYCLE _ N) = COST 
and vc(CYCLE _ N) = VC 
and att(CYCLE_N) = ATT 
and cost_ weight = CW 
and vc _weight = VCW 
and att_ weight = ATTW 
and extemal(budget, [SEARCH,COST,VC,ATT, 

CW,VCW,ATTW]) =BUDGET 
then budget_check(CYCLE_N) =BUDGET. 

4. Microrules: These rules are used to determine which 
links should have more or less capacity and how much. Such 
decision making is based on several fact<;, such as rriority, 
higher-capacity, cost-factor, link-length, and criticality. For ex­
ample, the following rules determine whether capacity of a link 
should be increased to a higher level: 
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if design _goal = increase_ capacity 
and capacity_ check(LINK _ N) is true 
and budget_ check(LINK _ N) is true 
anu critical_check(LINK_N) is true 
then add_ action(LINK _ N) is true. 

To verify that capacity_check(LINK_N) is true, the follow­
ing two rules are used: 

if not(no _more_ capacity(LINK _ N)) 
then capacity_ check(LINK _ N) is true. 

if design _goal = increase_ capacity 
and capacity(LINK _ N) = CA 
and CA>= 3000 
then no_ more_ capacity(LINK _ N) is true. 

The following rule is used to verify that the budget_ 
check(LINK _ N) is true to ensure that the capacity im.Tease will 
not cause the budget limit to be exceeded: 

if link_ cost(LINK _ N) = X 
and budget(LINK _ N) = Y 
and X<= Y 
then budget_check(LINK_N) is true. 

The link cost is calculated by the following rule: 

if design _goal = increase_ capacity 
and capacity_ check(LINK _ N) 
and capacity(LINK _ N) = CA 
and higher_ capacity( CA) = HC 
and cost_factor(CA,HC) =CF 
and length(LINK_N) = LN 
and CF*LN=Z 
then link_ cost(LINK _ N) = Z. 

The higher-capacity and cost-factor data are provided by 
reference to the following facts: 

higher_ capacity(250) = 800. 
higher_ capacity(800) = 1300. 
higher_ capacity( 1300) = 2000. 
higher_ capacity(2000) = 3000. 

cost_f actor(250, 800) = 2.2. 
cost_factor(800, 1300) = 2.0. 
cost_factor(1300, 2000) = 14.8. 
cost_factor(2000, 3000) = 25.0 

TESTING AND CONCLUSIONS 

EXPERT-UFOS was tested by giving it the same design prob­
lem as was given to the students. The result was that EXPERT­
UFOS needed only four cycles to conclude the best nondomi­
nated design (003) siven in Table 9. Design 003 is sub tantially 
better than the three best student designs. The helter rank 
(Table 10) indicates that Design 003 is the best known non­
dominated design for the given weighting scheme. This 
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TABLE 9 CRITERIA MEASURES OF EXPERT­
UFOS DESIGN AND BEST STIJDENT DESIGNS 

Design Cost ($) V/C ATT (min) 

888 365.62 3.94 4795.04 
999 8,915.50 0.56 29.76 
003 1,525.76 1.33 126.07 
SOI 2,090.21 1.07 49.79 
S02 1,584.31 1.37 85.87 
S03 1,544.42 1.43 149.09 

Norn: SOI to S03 are the best student designs. 

TABLE 10 MULTICRITERIA EVALUATION RANKS OF THE 
DESIGN CONTEST 

Concordance Discordance 

Dominance Dominance Average Final 
Design Value Rank Value Rank Rank Rank 

888 0 2 0.97 4 3.0 3* 
999 0 2 0.97 4 3.0 3* 
003 1.5 1 -0.51 1 1.0 I 
SOI 0 2 -0.47 3 2.5 2 
S02 -0.5 3 -0.49 2 2.5 2* 
S03 -1.0 4 -0.47 3 3.5 4* 

NoTB: * = not above average. 

result indicates that EXPERT-UFOS did find a solution that is 
better than all of the 79 designs generated by the students. 
EXPERT-UFOS performed well in its first test. It needed only 
four cycles lo find its best design. Because an equilibrium 
assignment problem must be solved in each cycle, the fewer 
cycles needed, the greater the efficiency of the method. There 
can be no absolute measure of efficiency because different 
machines have different computational speeds. Because the 
equilibrium assignment algorilhm is a standard procedu.re for 
finding an optimal Oow pattern, the less execution lime needed 
to solve the assignment, the more efficient the method. 
EXPERT-UFOS quickly reduced the search space to a mini­
mum. Part of the success of EXPERT-UFOS is the result of its 
successful prevention of the design paradox. As the results 
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show, increasing cost does reduce values of V /C and ATT. As 
long as EXPERT-UFOS can avoid paradoxes, the system 
should be able to find a high-performance design quickly using 
a cyclic approach. 

Because good results were obtained in a few cycles, EXPERT­
UFOS is cost-effective. However, this does not mean that 
EXPERT-UFOS will always be superior to interactive methods. 
The design exercise discussed was conducted by novice de­
signers under loosely defined conditions. Trade-off functions 
were unknown, and all of the students were doing this design 
task for the first time. Given the trade-off functions, an experi­
enced designer might produce a design the performance of 
which was the same as or even better than that of Design 003. 
However, this might be true only for a small network. It is 
unlikely that a human could deal effectively with a large 
network using only an intuitively guided approach. On the 
other hand, because EXPERT-UFOS can efficiently reduce the 
search space and effectively avoid paradoxes, it offers a reason­
able approach for dealing with large problems. Tests of this 
type are currently under way. 
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Application of Expert Systems to 
Left-Turn Signal Treatment 

EDMOND CHIN-PING CHANG 

Left-turn treatments are essential to signal capacity and opera­
tional safety at signalized Intersections. Left-turn warrants 
and guidelines are sets of evaluatlon procedures designed to 
maximize level of service, minimize approach delay, and re.­
duce left-turn-related accidents. Currently, three left-turn 
phaslngs are used to allow vehicles to mnke left turns on a 
green arrow or a circular green lndlcatlon: permissive, exclu­
sive, and exclusive/permissive. An experimental expert system 
design for recommending alternative lt!l'l-lurn pha c selection 
on microcomputer systems was investigated. The goal of this 
study was to computerl7.e lert-turn phase selection by using 
artificial Intelligence languages and knowledge engineering. 
This tudy focuses on Investigating expert systems progrnm­
ming lL'>lng PROLOG and the INSIGHT 1 system In an IBM 
PC/XT/AT microcomputer ell\•lronment. Three experimental 
systems were developing uslng tbe PD l'ROLOG system, the 
TURDO PROLOG system, and the INSIGHT 1 knowledge 
engineering system. The background of the study, the artlficlal 
intelUgence concept, the baste system de lgn, and the practical 
experience gained are discussed. Potential advantages and dis· 
advantages of developing expert systems using different artili­
dal intelligence languages and the knowledge engineering for 
traffic engineering applications arc evfllunted. The resulL~ of 
this limited study indicate that It Is feasible to combine artifi­
cial Intelligence and traffic engineering technologies for alter· 
native traffic signal analysis. 

This study was developed by the Texas Transportation Institute 
to investigate the feasibility of applying artificial inLelligence 
(Al) teclmology and expert systems design concepts 10 a con­
fined traffic engineering problem using an IBM PC[XT/AT 
microcomputer. Prototype expert systems were experimented 
with 10 analyze user input ; evaluate it using variou. paths of 
reasoning; offer a conclusion; and, finally, suggest suirable lcft­
tum phase treatment. The guidelines applied in this study were 
developed from a paper by Jonathan E. Upchurch (1 ). 

Three prototype expert systems were developed wi1h Al 
programming tools for expert systems using PROLOG and lhe 
1NSIGHT I system in IBM PC/XT/AT-compalible microcom­
puter ys terns (2-4). Two slighlly different expert systems were 
designed using AI languages; another system was built with a 
knowledge engineering tool. These systems include the ones 
developed in the Al programming languages PD PROLOG and 
TURBO PROLOG as well as the lNSIGHT I production rule 
language (5-1 J ). All three expert ystems were completed and 
observed to perform successfully; advanliigcs and disadvan­
tages were noted for each of the expert system programming 
teclmiques. 

Texas Transportation Institute, Texas A&M University System, Col­
lege Station, Tex. 77843. 

PD PROLOG is a public-domain experimental PROLOG 
system that follows very closely the structure and syntax of an 
AI computer programming language as described by W. F. 
Clocksin and C. S. Mellish (5). This A.D.A. PROLOG inter­
preter was developed for educational and public-domain usage 
(8). TURBO PROLOG is a commercially available Al pro­
gramming language compiler developed and released in May 
1986 by Borland Incorporated (9). It follows more closely the 
function and syntax of the LISP AI programming language 
than did the original PROLOG languages, such as the PD 
PROLOG system. The major advantage of the TURBO PRO­
LOG system is its capability of compiling and generating 
object codes as quickly as the TURBO PASCAL compiler. It 
also has built-in editing and tracing functions, a knowledge 
inquiry environment, knowledge data base management sys­
tems, and programming development environments. 

INSIGHT 1, as mentioned previously, is a commercially 
available knowledge engineering tool developed by Level Five 
Research (JO, 11 ). It was used in this study to investigate the 
feasibility of designing expert systems using knowledge engi­
neering tools in an IBM PC/XT/AT-based microcomputer en­
vironment. Jn general, AI progranuning can be implemented 
through the LISP- or PROLOG-based language system with a 
minimum of difficulty. Knowledge engineering tools like the 
INSIGHT 1 system can allow noncomputer-oriented users and 
knowledge engineers to prototype a specialized problem area 
quickly. Knowledge engineering tools can assist users to de­
velop their own customized expert system applications and 
define the logical reasoning structure in less time than it would 
take any other computer-progranuning language or system. 

BACKGROUND 

Left-tum trea.Lments are essential to signal capacity and opera­
tional safely at an intersection. Left-tum guideline.s are sets of 
procedures designed to maximize level of service, minimize 
approach delay, and reduce left-turn-related accidents. Three 
lefl-tum phasings are commonly used to allow vehicles to 
make left turns on a green arrow or circular green indication: 
permissive, exclusive, and exclusive/permissive left-Lum treat­
ments (1). Selecting proper left-tum phasings involves a series 
of engineering decisions instead of an algorithmic process. The 
experience and knowledge of a traffic engineer can greatly 
improve final solutions. The design process begins with de­
s iibing iii~ iukrsecrion geometry, traffic movement , and 
available signal control equipment. Next, traffic volume data 
are investigated. When enough information has been collected, 



Chang 

the traffic engineer can propose alternatives. Then the traffic 
engineer can modify or insert new production rules based on 
his design experience. 

This left-tum phase expert system follows the guidelines 
recommended by Upchurch (1 ). Many prcidentified factors and 
rules are required to determine the logical choices among 
different design alternatives. The evaluation guidelines, as 
shown in Figure 1, recommend different phasing selections by 
considering left-tum volumes, opposing through volumes, 
number of opposing lanes, cycle length, approach speed, sight 
distance restrictions, and historical records of severe left-turn­
related accidents. This selection guideline represents the typi­
cal analysis process of (a) an algorithmic method, (b) knowl­
edge inference capabilities, and (c) the knowledge base of a 
traffic engineer. The first evaluation determines the critical 
volume cross-product calculation from the input. The forward­
chaining inference mechanism models the dependencies among 
different decision-making activities in the human reasoning 
process. The reasoning or inference process optimizes design 
objectives by starting from known information. The third pro­
cess models the domain knowledge in IF-AND-THEN-ELSE 
rules to resemble the human decision-making process. For 
example, the existence of sight distance restrictions and severe 
left-tum accidents can justify the provision of protected left­
tum signal treatments. 

These decision rules and reasoning processes are particularly 
useful for solving problems in instances that may not be cov­
ered by established guidelines. Problem-solving expert systems 
based on established guidelines can provide users with reason­
ing knowledge similar to that of a human expert constantly 

Yes 

Yes 

Input Traffic Volumes 
Throuyh mo't'ements 

Left turn movements 

Calculate Criti cal 
Volume Cr oss Produc t 

Input 1 eft turn demand 
left turn demand > 2 1 

Input opposing lanes 

No 

Is sight distance 
restr i cted ? 

No 

Can eii.c lu si ve pha se 
correct accident ? 

N~ 

Can exclusive phcHie 
correct ace i dent ? 

Yes 

No 

Is sight distance 
restrtcted ? 

No 

Can exc 1 us lve ph dS«!! 
correct accident ? 

No 

FIGURE 1 Recommended guidelines for selecting type of 
left-turn phasing (1). 
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available for assistance in the specialized area (3, 4). The 
expert system can generate solutions that resemble the tradi­
tional design and that may be used by other traffic engineers for 
determining proper traffic control. Because only a few heuristic 
decisions that might lead to the best solutions are selectively 
analyzed each time, the system is quite efficient. Most traffic 
engineering problems have characteristics similar to left-tum 
phasing selection as described in this paper. Traffic engineering 
expert systems are useful for assisting users to solve recurring 
design problems, sharing common working experience for mu­
tual learning, and providing better design alternatives in the 
future. By correctly constructing the knowledge-based expert 
system, traffic engineers can further refine their mental deci­
sion-making process to reflect experience obtained from the 
previous design process. 

ARTIFICIAL INTELLIGENCE TECHNOLOGY 

Artificial intelligence (AD technology, including knowledge­
based systems and expert systems, has promising applicability 
to engineering problems (2-4). The relationships among Al, 
knowledge-based expert systems (KBESs), and expert system 
(ES) design are shown in Figure 2. Since World War II, scien­
tists have developed computerized techniques to simulate hu­
man behavior and decision making. Behavioral scientists, me­
chanical engineers, and computer scientists are all active in Al 
research to produce programs that can solve problems that 
humans solve well. It is anticipated that the AI study will 
eventually lead to intelligent computerized applications in spe­
cialized areas. The research includes decision-making systems, 
robotic devices, and various approaches to computerized 
speech synthesizing. Today, the United States, Japan, Britain, 
and other countries of the European Economic Community are 
all implementing knowledge-based systems and expert sys­
tems. However, expert systems research in this country is 
confined to only a few university research laboratories, mainly 
those at Stanford, Carnegie-Mellon, and the Massachusetts 
Institute of Technology. 

Knowledge-Based Expert Systems 

The knowledge-based expert system (KBES) is a collection of 
AI techniques and analysis processes that enables a computer 
to assist people in analyzing specialized problems. KBESs 
were introduced to extend computer applications. A KBES 

EXPERT SYSTEMS ARE KNOWLEDGE-BASED SYSTEMS 

INTELLIGENT 
ARTIFICIAL INTELLIGENCE . HEURISTIC 

PROGRAMS APPLICATION 

KNOWLEDGE-BASED SEPERATE 
SYSTEMS . DOMAIN 

KNOWLEDGE 

EXPERT APPLY TO 
SYSTEMS REAL-WORLD 

PROBLEMS 

FIGURE 2 Artificial intelligence, knowledge 
system, and expert systems (3). 
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provides human expertise through both the knowledge engi­
neering language and the program-supporting environment (3). 
The AJ/KBES application requires development of a gener­
alized knowledge base that permits traffic engineers to interact 
with the following three components: the traffic characteristic 
data, the theoretical or simulation results, and the specific 
hypothesis for measuring the effects of traffic control system 
measures. The structured guidelines for traffic engineering 
problems are suitable for KBES applications because explicit 
algorithms do not exist and the traditional programs can 
provide only restricted problem-solving capability. A rule­
based expert system (RBES) is another knowledge-based 
mechanism available for design applications. It should be noted 
that a KBES may also be an RBES. 

Expert Systems Design 

Expert systems (ESs), as part of the AJ/KBES technology, are 
computer programs that incorporate the knowledge and think­
ing processes of experts to provide operational people the 
insights gained from years of experience. Expert systems differ 
from conventional data-processing programs. The latter rely on 
defining logical algorithms for a program. The major dif­
ferences among ESs are expert performance, symbolic reason­
ing, depth of knowledge representation, and self-knowledge for 
logical operation. Traditional programs are developed by ex­
plicitly stating all of the applicable rules and execution se­
quences. Usually, algorithmic programming states only the 
action parts of the rules. A KBES, on the other hand, uses the 
same action rules as algorithmic programs but specifies inde­
pendently all of the heuristic parts of the selection sequence. 
The rules can be programmed in symbolic relationships and 
treated ns the knowledge base. 

A practical ES includes three elements: the knowledge data 
base, the support environment, and the end user. These are 
usually specified by a knowledge engineer or Al programmer 
who specializes in ES and a domain expert who understands 
the specific problem or domain area of the designated program. 
By conducting extensive interviews with the domain expert, 
the knowledge engineer can summarize the expert's knowledge 
into commonly known facts and rule-of-thumb tricks that the 
expert has acquired from years of experience. Three modules 
are generally programmed in ES: the explanation module, the 
knowledge acquisition module, and the user interface module. 
The explanation module provides the ES with the ability to 
recommend problem-solving strategies based on the reasoning 
process. The knowledge acquisition module coded in the 
knowledge base is usually constructed in rigid format for logi­
cal processing. The knowledge interface module often uses a 
set of problem-oriented questions presented through a friendly 
interface. The interface module helps the user to monitor sys­
tem performance, supply information, request explanations, 
and redirect possible recommendations. 

The ES design combines the decision-making process and 
rule-of-thumb guidelines for specific problem solving. This 
design process combines the algorithmic method, knowledge 
inference capabilities, and the knowledge base of the traffic 
engineer. Sequential control is used to evaluate the critical 
volume cross-product from input traffic. The forward-chaining 
concept evaluates the dependencies among different activities 
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in the human reasoning process. This reasoning proce s opti­
mizes objectives by starting from known infonna1ion. In the 
decision-making process, the domain knowledge is written 
with IF-THEN-ELSE rules to resemble the human decision­
making process. For example, the existence of sight distance 
restrictions and severe left-tum accidents may justify the use of 
a protected left-tum signal treatment, which might also be 
recommended by an experienced traffic engineer. Expert sys­
tems have been applied in many disciplines. However, not all 
areas are suitable for expert system formulation (6). 

Other Representation Frameworks 

Representing knowledge in an AI program means choosing a 
set of conventions and structures for describing the objects, 
relations, and processes (4). First, a conceptual framework is 
chosen to represent the problem, either symbolically or numer­
ically. Then conventions within given computer languages are 
chosen for implementing the design. The former is difficult and 
important; the latter is less difficult and of less importance 
because good programmers can find ways of working with 
almost any concept within any kind of programming language. 
Representing knowledge in procedures is one alternative that 
domain experts in every scientific field have tried hard to avoid. 
The definition of production rules offers opporlunity for mak­
ing a knowledge base easier to understand and modify. 

Artificial Intelligence Languages 

A knowledge engineer converts an expert's knowledge into 
rules that a computer understands. Most programming is done 
in high-level languages, such as BASIC, COBOL, FORTRAN, 
PASCAL, and C. AI languages are useful in designing an ES. 
They include (a) high-level AI conventional languages, (b) 
knowledge engineering development tools, and (c) portability 
among different operating systems. Figure 3 shows Al lan­
guage development (2). AI researchers have been developing 
LISP machines that can run the .knowledge systems more 
efficiently than does conventional hardware using a standard 
operating system. If portability is the primary concern, the 
researchers will choose to translate their codes into conven­
tional languages that can be run on conventional operational 
systems. On the other hand, if more sophisticated ESs are 
needed, the tools may be coded for LISP- or PROLOG-based 
machines. 

Currently, several AI languages are available for building 
expert systems. Specifically, an ES may be implemented as part 
of the KBES using a general-purpose programming language, 
general-purpose representation language, or domain-indepen­
dent expert system framework. These high-level Al languages 
contain some special features, such as developing reasoning 
strategies. AI languages contain powerful abstract mechanisms 
that make the programming of human reasoning logic flexible 
and easy. Currently, KBESs built using LISP and PROLOG are 
popular among researchers. ES development tools or knowl­
edge engineering tools can comp.ilc these English-like rules 
into an efficic111 m~<: ·ne cod for developing production expert 
systems. 

The AT programming language normally used is LISP (LISt 
Processin~). LISP is preferred by AI engineers in the United 
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FORTRAN EXPERT 

LISP KEE 

PROLOG M.1 H1gh-L"'81 
Al Languages 

~~~-~-~.:: ........ ~.~.·ron--me•n•t----------'~ 
. PROLOG 

FIGURE 3 Development of artificial intelllgence languages 
(3). 

States whereas a similar language, PROLOG (PROgramming 
in LOGic), is preferred in Europe and Japan. PROLOG con­
tains structures suitable for programs that manipulate logical 
expression, whereas LISP contains operators that facilitate the 
creation of programs that manipulate lists. These structures are 
useful for developing symbolic computing programs for nu­
merical programming. LISP has been used for AI programming 
and ES design for nearly two decades (3, 4). It is a symbolic 
manipulation language with structures based on the number of 
constructs or statements. LISP was created by John McCarthy 
in 1958. Of all the major programming languages still in use, 
only FORTRAN is older. LISP is highly recursive, and both 
data and programs can be represented as lists. The lists can be 
nested like a Chinese "puzzle box." LISP is a "function 
application" language that uses a set of simple functions, such 
as (Plus 2 2). PROLOG, in contrast, was initially developed as 
a symbolic programming language in 1972 by A. Colmerauer 
and P. Roussel at the University of Marseilles (5, 8, 9). This 
programming language implements a simplified predicate cal­
culus as a true logical language. PROLOG is a "declarative 
query" AI language that uses simple relations among fact, rule, 
and query. 

Neither LISP nor PROLOG is an algorithm or a procedure to 
be executed in fixed sequence, but both program languages can 
represent the human inference process. In general, AI lan­
guages are more flexible and difficult to use in prototype expert 
system development. Knowledge engineering tools can help an 
engineer design an ES. 

DESIGN PROCESS 

Evaluation and design procedures are needed to develop a 
practical expert system application. The basic design process 
used to implement this left-tum phase selection ES is shown in 
Figure 4. The design process implemented includes six dif­
ferent steps: extracting basic information, defining the deter­
mining factors, defining the goals and objectives, determining 
the analysis constraints, developing the program, and finishing 
program documentation. 

EXTRACT BASIC INFORMATION 
FROM 1986 TRB PAPER 

UE SIGN UECISION TABLE 

SET UP EVALUATION GOALS 
ANO SUB-liUALS 

SELECT EVALUATION CONSTRAINTS, 
FACTS, AND RULES 

COMPLETE 
PROGRAM 

CUMPL£TE UUC!Jo!ENT 

FIGURE 4 Basic design process. 

Basic Design Process 

Extracting Basic Information 

DEVELOP 
PRUUUCT ION RULE LANGUAGE 

PROGRAM 

The first step is to describe the characteristics of the problem. 
The description was first extracted from the design procedure 
recommended by Upchurch (1). This information contains the 
analytical format for optimizing the selection of left-tum signal 
treatments. Basically, it can be classified into main goals, 
subgoals, facts, rules, and constraints. This basic functional 
relationship is used in the later analysis. The functional rela­
tionship of this particular ES application can be illustrated as 
follows: 
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• Study objective: Provide computerized left-tum phase se­
lection process. 

• Main goal: Recommend left-tum treatments 
1. Permissive left-tum phase, 
2. Exclusive lefHurn phase, and 
3. Exclusive/permissive left-tum phase. 

• Subgoal: Different variations of the main goals. 
• Fact: Part of the preselected necessary condition. 
• Rule: Set of prerequisite conditions to describe each of the 

subgoals as defined earlier. 
• Constraint: Each of the selected prerequisite conditions. 

Defining Determining Factors 

On the basis of the guidelines recommended for optimizing the 
left-tum signal treatment process, a decision table was ex­
tracted to study the relationships among all of the goals, sub­
goals, facts, rules, and constraints. As indicated in Figure l, 
there are six major constraints or user inputs needed in the 
decision-making process to determine proper left-turn signal 
treatments. The constraints, as defined, are the common traffic 
input information. These user inputs include amount of left­
turn demand, number of opposing through lanes, volume cross­
product of the conflicting left-tum and through movement 
pairs, opposing travel speed, sight distance restriction, and 
possibility of severe left-tum accidents. 

Defining Goals and Objectives 

From the evaluation procedure recommended in Upchurch's 
paper, the decision-making process was simplified into three 
main goals to illustrate this important study result of left-tum 
treatments. Because the major purpose of this ES is to comput­
erize left-tum phase selection, the study objective is to recom­
mend the phase sequence to be used on the basis of user input. 
As recommended in Upchurch's guidelines, the goals of this 
ES design are to recommend exclusive phase, permissive 
phase, or exclusive/permissive phase treatment as described 
earlier. To clarify the basic relationship among the outcomes of 
different data input, these main goals were further divided into 
16 different subgoals to accommodate various possible cases 
involved in the logical design. These conditions or subgoals 
were separately described as Conditions A through P, depend­
ing on their probabilities of occurrence. 

Defining Analysis Constraints 

The basic analysis constraints are the major factors that can be 
used to define and describe the goal and subgoal needed in the 
analysis. Design constraints, facts, and rules were then evalu­
ated according to decision table analysis. The constraints used 
in this ES include the following user-input variables: 

1. Amount of left-tum demand greater than or less than two 
per cycle, 

2. Number of opposing lanes equal to two or three, 
3. Volume of cross-product value, 
4. Opposing speed greater than or less than 45 mph, 
5. Sight distance with or without restriction, and 
6. Existence of severe left-tum accidents. 
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As indicated, some of the questions require numerical data 
input and other questions need logical data input for expanding 
the constraints as well as the answer for the object-answer or 
the simple-facts type of query. Each subgoal or condition is 
described by the preselected conditions from the user input. 
Their probability of occurrence depends on the fulfillment of 
each preselected condition in the actual execution. It should 
also be noted that the execution sequence of the ES is not 
predefined but results from evaluating the user's input in­
formation. 

Developing the Program 

After the program was designed, the computer codes were 
developed using PD PROLOG, TURBO PROLOG, and the 
INSIGHT 1 production rule languages. It should be noted that 
these programming tools were selected to implement this ES in 
the microcomputer environment. The left-tum signal phase 
selection expert systems were programmed for each goal and 
subgoal by using the constraints, rules, and facts defined pre­
viously. For each expert system, a prototype program was 
developed, coded, and debugged, and the basic program code 
was completed. As indicated earlier, Al/ES programming is 
different from conventional programming because greater em­
phasis is placed on description of the solution itself than on the 
solution process. Because most Al/ES programming tools are 
equipped with a programming-support environment, program 
development can be completed efficiently. 

Finishing Program Documentation 

All of the necessary program documentation was implemented 
inside the ES program to provide information for each of the 
expert systems. It was also noted that the structured syntax and 
program code of the AI languages and knowledge engineering 
tools was useful for internal program documentation. 

Decision Table Analysis 

A decision table can assist in the evaluation of the major study 
factors and their corresponding relationships as the different 
goals, subgoals, and constraints apply in the design process. 
Table 1 is a simplified decision table to illustrate how an action 
is represented in the evaluation. In this case, if one of the 
conditions is not satisfied, no action will be recommended. As 

TABLE 1 EXAMPLE OF A 
SIMPLE DECISION TABLE 

CONDITIONS CHOICE 
(TRUE OR FALSE) 

LEFT TURN OEMANO 
> 2 PER CYCLE TRUE ELSE 

ARE THERE T\10 
OPPOS !HG LANES 1 TRUE ELSE 

IS VOLll4E CROSS 
PRODUCT > 100, 000 TRUE ELSE 

ACT I OHS 

1. SUGGEST USING 
E'.l:CL!.!S!'!E ~H.A.S£ ~ 

2. CHECK OTHER 
INPIJT VAR!A8LE x 
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TABLE 2 DECISION TABLE DESIGN 

LEFT TURN SIGNAL PERM I SS I VE 
TREATMENTS PHASE 

CONDITIONS A 0 P 

LEFT TURN DEMAND 

o DEMAND > 2 x x 

o DEMAND <= 2 x 

OPPOS ING THROUGH LANES 

o OPPOSING LANES = 2 x 

o OPPOSING LANES = 3 x 

VOLUME CROSS PRODUC T 

0 > 144 ,000 

0 <= 144,000 x 

0 > 100,000 

0 <= 100,000 x 

OPPOSING SPEED 

0 > 45 

0 <= 45 x x 

SIGHT DISTANCE 

o W/ RES TR JCT ION 

o NO RES TR ! CT ION x x 

SEVERE LEFT ACCIDENT 

o COULD BE CORRECTED 
BY EXCLUSIVE PHASE 

o COULD NOT BE CORRECTED x x x 
BY EXCLUS! VE PHASE 

indicated, satisfying only one condition in Table 1 may indicate 
that other input data are needed in the decision process. 

Table 2 is the detailed decision table used in this prototype 
expert system. The vertical column of the decision table lists all 
of the major decision factors and their constraints. In this 
particular example, there are six major determining factors. 
These factors include left-tum demand > 2 or < 1, opposing 
lanes = 2 or= 3, volume cross-product > 144,000 or S 144,000 
or> 100,000 or S 100,000, opposing speed> 45 or S 45 mph, 
sight distance with restriction or no restriction, and the pos­
sibility of correcting severe left-tum accidents by exclusive 
phase. 

In the decision table, the first horizontal row lists all of the 
main goals (i.e., permissive phase, exclusive phase, and exclu­
sive/permissive phase). The second horizontal row lists all of 
the possible subgoals ranging from Conditions A through P. In 
each column, X represents the requirements for fulfilling a 
certain decision condition. For example, in Condition A under 
the selection of the permissive phase, there are two Xs, one 
representing left-tum demand S 2 and the other the severe left­
turn accidents that cannot be corrected by using exclusive left­
turn phasing. The existence of these two conditions causes the 
permitted left-tum phase treatment to be recommended. 

This basic decision table structure can also be transformed 
into the pseudocode shown in Figure 5. Two different mecha­
nisms, using either flowcharts or decision tables, are used to 
illustrate both decision analysis by domain experts and expert 
systems programming by knowledge engineers. A program 
flowchart can help the domain expert trace a path in the pro­
gram and the knowledge engineer or programmer develop 

EXCLUSIVE E/P 
PHASE PHASE 

c D E G H 1 J K L M B F 

x x x x x x x x x x x 

x 

x x x x x x x 

x x x x 

x x x x 

x x x 

x 

x x x 

x x x 

x x x x x x x 

x x x 

x x x x 

x x x x 

x 

the Al program. On the other hand, the detailed decision table 
can also be used to identify the requirements for each condition 
and the desired goals from the available information. By using 
results from the decision table, an efficient pseudocode for later 

l. Define dec1slon rules, 
2. In put 4 Mter1a l NEMA tratf1c movement s: 2, 5, 6, J. 
3. Weturn the maxlmLm amony the volume cross produet s of 2 • 1 and 5 • 6. 
4. Input lefl turn demand s and 5iljhl distance rt!stn c tion. 
5. ( rr (Jett turn demand (:: 2) then 

("Can exclusive µhase correct accidents.!" and 
EchO printouts ano 
(If can then output "Exclusive phase - suyye sted".) or 
(If ca nnot then output "Perm1ssive phdse - suygested",))) or 

( [I se Input oppos i ny I ane and 

/ 

(If (the mu1murn product <= 144000 ; oppos1ny lane= 2) then 
(If (opposing ldne = J, maximum product > 100000) then 

(Output "Exclusive phase - suyyested".) or 
(Else Input opposing speed and 

(If (oµposiny sµeed > 45) then 
(Output "Exclusive phi!Se - sugyested"'.) or 

(E l se "ls sight distt1nce restricted?'" and 
(If signt distance is restn c. tea then 

(Echo µrintouts dnd 
Output "Exclusive phase - suyyested".) or 

(Else "Can exclusive phase correct accidents'/" and 
Echo printouts and 

( Ir can then 
(Output "Exclusive phase - suygested ... ) or 

(Else 
(Output "Permissive pnase -suyyested".) 

)))))))))). 

(Else input opµos1ny speed and 
( If (opposing speed > 4S) then 

(Output "Exclusive µnHe - suyyested".) or 
(£1se "Is si<Jhl distance restncted.!" and 

(If Slyht distance restricted then 
[cno printouts and 

(Output "Exclusive phdse - suggested",) or 
(Else "Can exclu sive phase correct accidents?" and 

Echo printouts and 
(If can then 

(Output "Exclusive phase - suggested".) or 
(Else 

(Outµut "Exclus1ve/Permiss1Ye phase - s.uyyested" , ) 
))))))). 

FIGURES Program pseudocode. 
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programming can be developed. In summary, the basic advan­
tages of using the decision table include definition of all con­
straints individually for each goal and subgoal, presentation of 
all information clearly and systematically, and provision of 
more efficient program structure. 

Program Structure 

As indicated in Figure 4, this logical structure was imple­
mented in three expert systems. They were programmed with 
the PD PROLOG and TURBO PROLOG computer languages 
and the INSIGHT I knowledge engineering tool (8-11 ). 

PD PROLOG Program 

A PD PROLOG program is defined with the IF-THEN-OR­
AND-ELSE rule (8). There are two major advantages to this 
programming language. First, it uses the OR function that can 
greatly reduce redundant rules in programming. Second, it is 
quite similar to the pseudocode, as illustrat<.>.d, for internal 
program docwnentation. These advantages make PD PROLOG 
programs easier to understand. However, this programming 
approach also has two major disadvantages: (a) the program is 
hard to trace for program execution and (b) it cannot trace 
backward to provide backward-chaining analysis for evaluating 
a specific subgoal in this ES design. 

TURBO PROLOG Program 

A TURBO PROLOG program consists of four basic program­
ming blocks that include definitions of the domains, predicates, 
goals, and clauses (9). The domain and predicate blocks iden­
tify all of the variables, types, and functions . The goal block 
declares the desired destinations or recommendations of 
searching. The clause block properly defines all of the facts, 
rules, functions, and procedures. The major advantages of 
TURBO PROLOG are that it is easy to understand, easy to 
debug, suitable for modular programming, able to generate 
execution files, linkable with other language programs, and 
equipped with editing and tracing functions. The major draw­
back to TURBO PROLOG is its incapability of using the OR 
function in the production rule. This drawback means duplicate 
production rules are needed to define specific conditions for 
each similar alternative in the expert systems design. 

INSIGHT 1 Production Rule Language 

INSIGHT I programs contain two basic parts (10, 11). The 
first declares the goals and subgoals; the second defines all of 
the rules and facts. In this study, the first part of the INSIGHT I 
program describes the goals and subgoals of the left-tum signal 
treatments, such as different left-tum treatments and Condi­
tions A through P. The second part of the INSIGHT I program 
summarizes the interrelationships of the prerequisite rules for 
fulfilling the conditions in the evaluation process. 

There are two ways to program an INSIGHT I rule with 
knowledge engineering tools. The first is to separate the pro­
gramming into two separate but coordinated moduies. One 
module deals with the definition of the goals and subgoals. The 
other module declares the individual rules, facts, and functions 
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for each definable case in the decision-making process. In this 
approach, the user can search for each individual goal or 
subgoal as a separate entity. The second approach mixes the 
goals with the facts and rules. That is, the main goals or 
subgoals are defined again as separate facts and rules to be 
included in the decision evaluation process. In either case, the 
user is required to supply only the necessary information re­
lated to the query; the expert system will search for certain 
main goals and decide which alternative is most suitable ac­
cording to the user's choice for generating the optimum solu­
tion. The user may prefer the second approach that mixes the 
goals and rules. However, from the programmer's point of 
view, the first approach of separating the goals and rules is 
much easier to use to develop and debug the INSIGHT I 
program codes. 

CONCLUSIONS AND RECOMMENDATIONS 

This study investigates the feasibility of applying AI technol­
ogy to the development of a prototype expert system in trans­
portation engineering for microcomputer application. The basic 
procedure for generalized expert systems design generated 
from established guidelines has been summarized. Three 
slightly different expert systems were developed using the PD 
PROLOG and TURBO PROLOG languages and the INSIGHT 
I knowledge engineering tool. Table 3 gives a comparison of 
the advantages and disadvantages of the three prototype expert 
systems. In this table is summarized some of the design experi­
ence gained from programming this simplified traffic engineer­
ing analysis for application in the IBM PC/XT/AT microcom­
puter environment. This investigation is focused on knowledge 
acquisition, knowledge representation, system programming, 
and future applications. However, it is believed that this pro­
totype expert system still requires some improvements before 
any practical applications can be made. 

Conclusions 

The following conclusions were reached in the course of de­
signing the prototype system to optimize left-tum signal 
analysis: 

1. Expert systems are appropriate for preidentified problem 
solving, 

2. Al languages and knowledge-based engineering tools 
have advantages and disadvantages, and 

3. The ES programming approach may be tailored for prac­
tical applications. 

It was concluded that knowledge engineering tools, such as 
INSIGHT 1, do indeed have some advantages over conven­
tional AI languages. The major advantages are their easy-to­
read-and-write programs, the user-friendly menus supported by 
the programming environment, and the clearly defined goals 
and subgoals. Built-in functions are available for explaining 
questions in the knowledge engineering programming environ­
ment. For program debugging, a trace report is provided to 
study program execution and the knowiedge inference process. 
The program-supported windows and functions are also useful 
for easy program development and operation. Most of ali, both 
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TABLE 3 COMPARISONS OF TIJRBO PROLOG, PD PROLOG, 
AND INSIGHT 1 

TURSO PROLOG 

DECLARATION CJ' YES 
VAR 1 ABLES, (DOMAINS) 
OBJECTS. 

DECLARATION CJ' YES 
FUNCT 10115 ( PREO I CATES) 

OR RE LAT 10115. 

DECLARE THE YES 
SEARCHING ROUTE (GOAL) 

SET UP HULES, DEFINE INSIDE 
FACTS, 6 FUNCTIONS. CLAUSES BLOCK 

READAB 1 L lT Y VERY EASY 

PRO GRAHM 1 NG 
O!FF I CUL TY EASY 

CAN GENERATE 
.OBJ FILE YES 
.EXE F !LE 

IHTERPRETEH NOOE YES 

TRACE FUNCT 10~ YES 

STRUCTURED PROGRAM YES 

USE CJ' PARENTHESE NO 

USE CJ' OR FUNCTION NO 

CAN LINK WITH OTHER YES 
COMPUTER PROGRAM 

ADD EXPLANAT !ON BY PHINT CO~ANO 
FOR EACH GOALS 6 NEED TO OIF !NE 

SUBGOALS FORMAT 

DEBUGGING OlfF ICULTY VERY EASY 

SELf PROVIDE MENU, NO 
WINDOW, 6 FUNCTION NEED DEF !NED BY 

KEYS PROGRAMMER 

DO MATH OPEHAT !ON YES 

WORK FORWARD 6 HO 
BACKWAAD NEED TO l«JO!F Y 

THE PROGRAM 

BUILT-IN ED!T!OR YES 

the forward- and backward-chaining capabilities are available 
in the INSIGHT 1 system to (a) check whether goals or sub­
goals fit the input (forward chaining) and (b) check the input 
for the fulfillment of specific goals or subgoals in the analysis 
(backward chaining). 

Recommendations 

It is recommended that future expansions and improvements be 
made to develop large-scale expert systems for practical traffic 
management and engineering applications. Four points were 
ignored in this prototype expert systems design. These were the 
abilities to 

1. Provide input data checking in the query process, 
2. Return to previous steps to make changes during the 

search process, 
3. Abandon the current searching process without losing 

input data, and 
4. Change the data base at any time. 

At present, AI researchers are trying to develop large-scale 
expert systems for production usage. They have devoted a lot 
of effort to making the expert systems design more flexible and 

PO PROLOG 11151GKT l 

NO NO 

NO NO 

NO YES 
(GOALS 6 SUBGOALS) 

DEFINE INSIDE USE RULE FUNCTION 
THE PROGRAM TO DO THE JOB 

EASY VERY EASY 

EASY VERY EASY 

NO NO 

YES YES 

NO YES. (GENERATE 
TRACE RE PC RT) 

YES YES 

YES NO 

YES NO 

NO NO 

BY PR 1 NT COMMAND BY EXPAND FUNCTIO~ 
NEED TO O!F !NE VERY HANDY TO USE 

FORMAT 

NOT EASY EASY 

NO YES 
NEED DEFINED BY 

PROGRAMMER 

YES NO 

NO YES 
NEED TO l«JO!F Y 

THE PROGRAM 

NO YES 

understandable for general applications. The stylized condi­
tion-action knowledge representation provides many advan­
tages because of its simplicity and restricted syntax in the 
natural language interface mechanism. Similarly, explanations 
and reasoning are also simplified because the convenient back­
ward-chaining structure dynamically links the knowledge rules 
for logical reasoning from both directions. 

Because expert systems represent a relatively new technol­
ogy, there are two challenges that face most Al/ES applications 
today. One is how to define and represent knowledge for 
intelligent application by computers. The other is to develop 
heller ways to use expert knowledge for intelligent problem 
solving. Although new knowledge representations in Al/ES 
designs have not been fully developed, Al experts are still 
experimenting with various knowledge representations in dif­
ferent discipline areas. Specialists in many fields are encounter­
ing difficulty in encoding field expert knowledge. Many refine­
ments to the design process are still needed to satisfy demands 
for expert problem solving. These efforts include the modifica­
tion of production rules for future reasoning in a detailed and 
ill-structured domain environment. 

An expert system is best suited to applications in which the 
subject is highly detailed but tightly defined, such as practical 
traffic engineering applications. In the Al/ES design, the 
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requirements of each goal or subgoal may be displayed to allow 
the user to understand the decision-making process. Because 
both forward- and backward-chaining capabilities are pro­
vided, users can refine their expertise by evaluating in both 
directions to search for a specified goal or subgoal. The Al/ES 
approach has a dual function. On the one hand, it provides an 
approach to computerizing decision analysis based on expert 
knowledge. On the other hand, Al/ES development presents a 
new opportunity for domain experts in many fields to review 
their expertise systcmali.cally through Al techniques. Therefore 
the development of specialized problem-solving tools can also 
contribute to refinement of the reasoning logic of particular 
applications. 

A recommended Al/ES approach is shown in Figure 6. As 
indicated, the user's decision-making process can be us~ to 
construct the basic decision table. Then sets of knowledge 
engineering tools can be used to refine the logical reasoning 
from the knowledge representation and acquisition process 
during the construction of the production expert system. If 
more user-oriented applications are needed in the future, the 
expert system can later be translated into programs using AI 
languages for Jase execution. ln this way, the domain expert and 
user may cooperate more quickly to develop productive expert 
systems for their specialized applications. 

DECISION 
TABLE 

USER 

PRODUCTION 
EXPERT 
SYSTEM 

FIGURE 6 Recommended AI/ES 
programming approach. 
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Knowledge-Based Expert System 
Technology Can Benefit Pavement 
Maintenance 

J. J. HAJEK, G. J. CHONG, R. c. G. HAAS, AND w. A. PHANG 

Timely and judicious selection of pavement maintenance treat­
ments can significantly extend pavement life. To facilitate this 
task, an expert system for recommending routing and sealing 
(ROSE) or asphalt concrete pavements ln cold areas was de­
veloped. The system Incorporates data transmitted by 41 vari­
ables, such as pavement servlceabiHty, age, and types of pave­
ment surface distl'ess, and encodes expertise derived from 
recent research and development studies and from experience. 
It contains about 360 rules. The system recommendutlons are 
given as a desirability of routing and sealing on a scale from 0 
to 10. The intenctive version of ROSE was developed and 
calibrated using an expert system development shell. This 
resulted In significant savings In programming, testing, and 
calibration. An automatic version of ROSE was Implemented 
In FORTRAN and successfully applied to about 900 pavement 
sections, representing about 7200 km of highway. This applica­
tion makes It possible to quantify fundb1g requirements for 
different routing and sealing policies. 

There are many maintenance and rehabilitation treatments that 
a pavement engineer can use to preserve or improve the way in 
which asphalt concrete pavements serve the traveling public. 
Described in this paper is a knowledge-based computer pro­
gram that can function like an expert when selecting and 
recommending routing and sealing (R&S) of cracks in cold 
areas. This computer program, or knowledge-based expert sys­
tem, was named ROSE. It is a part of a larger knowledge-based 
expert system for the selection and recommendation of all 
common pavement preservation treatments (1). 

Using R&S as an example, the principal objective of this 
paper is to show how knowledge-based expert system technol­
ogy can be used to improve the selection and planning of 
pavement maintenance and rehabilitation actions. 

ROSE was designed specifically for the Ontario Ministry of 
Transportation and Communications (MTC). It is based on 
MTC pavement monitoring and evaluation procedures, inter­
acts with the existing pavement management information data 
bank, and contains the MTC knowledge base (i.e., decision 
logic for when to rout and seal). Although the direct application 
of ROSE in other jurisdictions may be difficult or even inadvis­
able, it is hoped that the methodology and programming ap­
proach described herein will have general applicability in other 
jurisdictions and to other problems. 

J. J. Hajek and G. J. Chong, Research and Development Branch, 
Ontario Ministry of Transportation and Communications, 1201 Wilson 
Avenue, Downsview, Ontario M3M 118, Canada. R. C. G. Haas and 
W. A. Phang, Department of Civil Engineering, University of Water­
loo, Waterloo, Ontario N2L 3Gl, Canada. 

An overview of expert systems, including their position in 
the field of artificial intelligence and description of their archi­
tecture and existing applications, can be found elsewhere 
(2, 3). 

ROSE was developed to satisfy the following specific 
objectives: 

• Capture and encode expertise. Readily available knowl­
edge associated with the selection of the routing and sealing 
treatment, as well as with the selection of other pavement 
preservation treatments, is not detailed enough to be suitable 
for direct use. Much of this knowledge is heuristic, un­
published, and dispersed among many users. Gathering and 
encoding this knowledge within an expert system structure 
should be especially valuable for organizations that want to 
capture and effectively use the expertise of senior pavement 
design and maintenance engineers today and for many years 
after their retirement. Encoding and computerizing knowledge 
also forces engineers to carefully organize knowledge by for­
mulating detailed R&S guidelines. 

• Provide means for consistent application of R&S 
guidelines. 

• Provide a decision support system for preparation of pre­
servation plans for individual pavement sections. 

• Support network-level pavement management decisi~ns. 
The MTC, and many other agencies, has developed a pavement 
management data bank that contains section-specific, detailed 
technical data for hundreds of pavement sections that make up 
the highway network. This wealth of data should be used to 
improve management decisions involving the total network. 

ROUTING AND SEALING 

The objective of R&S is to prevent surface water, particularly 
water containing deicing salts, from entering and damaging the 
pavement structure. Routing, usually done with a carbide­
tipped circular cutter, opens up a crack to a width of from 20 to 
40 mm and a depth of about 10 mm. This opening, cleaned and 
dried by hot compressed air, is required to accommodate 
enough sealant (hot-poured rubberized or polymerized asphalt 
cement) to provide an effective seal even after the pavement 
contracts at low temperatures (4). Because of continuing im­
provements in sealants and in routing and sealing technology, it 
is difficult to estimate the benefits of R&S on the basis of past 
experience. However, it appears that R&S, if timed and ex­
ecuted properly, can prolong pavement life by about 30 percent 
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(5 years). This estimate is based on continual obseIVation of 
seven pavement test secLions routed and sealed in 198 J, on 
Highway 17 east of Ouawa, and on long-1.enn observation of 
many other sealed and unsealed sections. 

The MTC has been intermittently routing and sealing asphalt 
concrete pavements for many years. DlLring the lasL 2 years, for 
example, R&S work averaged abouL $1.5 million in cost. 
However, I.he MTC does not have any finn policy for R&S, and 
opinions differ among MTC personnel regarding its implemen­
tation and usefulness. 

The economic significance of the R&S treatment should not 
be judged by its past funding or even required funding. The 
true economic significance emerges if the benefits of the treal­
menl in prolonging pavement life and its cosL are con idcred. 
Although A typical cosL ofR&S for a two-Jane highway is about 
$1,000/km, a typical resurfacing cost is about $40,000/km. 

To fully realize !:he significant benefits of this treatment, (a) 
the pavement sections must be selected judiciously for cost­
effectiveness and (b) R&S applications musL be timely and well 
executed. ROSE was designed to help pavement engineers with 
the first part of the task-selecting sections that would most 
benefit from R&S. 

DEVELOPMENT OF ROUTING AND 
SEALING GUIDELINES 

The first step in the development of ROSE was formulation of 
detailed R&S guidelines. The objective was to capture the best 
available experience and expertise, not just a general consensus 
among different practitioners, to be encoded in the system. The 
developed guidelines arc thought to be the best available, but 
they arc not yet official MTC R&S guidelines. Such guidelines 
may be issued after Lite results of long-term monitoring of an 
extensive 1986 experimental R&S program are known. The 
following brief description is included to outline the main 
features of the problem solved by the system. The conceptual 
objective is to demonstrate that, given any guidelines of this 
natllre, expert system technology Cllll play a key role in their 
implementation. 

The guidelines were developed in two stages that correspond 
to two levels of detail: a macro level and a micro level. 

Macrolevel Guidelines 

The macrolevel guidelines describe an overall philosophy of 
R&S and were formulated by studying available literature (4) 
and the performance of existing R&S experimental pavement 
sections, by interviewing and working closely with one MTC 
research engineer, and by consulting two other MTC experts. 
During the interviews, the experts were individually asked 
whether or not !:hey would recommend R&S for a variety of 
different pavement sections, with what degree of confidence, 
and for what reasons. Although some interviews were done in 
the field, the majority of the interviews was done indoors using 
pavement deterioration data on existing sections. The mac­
rolcvel guidelines made possible construction of a prototype of 
ROSE. 

In general, it is recommended that R&S be used as a preven­
tive pavement maintenance treatment. That is, R&S should be 
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done before the initially formed single pavement cracks deteri­
orate (ravel; branch out into multiple cracks; or, in the case of 
transverse cracks, become stepped). On the other hand, it is not 
always practical to R&S hairline cracks. Also, if there are only 
a few cracks suitable for R&S, the operation may not be 
economically viable. Conversely, if cracking is quite extensive, 
it is usually better to resurface the entire pavement than to rout 
and seal it. 

R&S decisions depend on the following factors in addition to 
the amount and width of cracks. 

• Crack type. It is usually important to rout and seal trans­
verse cracks that follow a course approximately at right angles 
to the pavement centerline. Transverse cracks directly affect 
riding quality of the pavement and there is some evidence that 
R&S may prevent or retard their stepping. As a preventive 
maintenance treatment, pavement edge cracks may not be rou­
ted and sealed and alligator cracks should never be. 

• Pavement serviceability. Pavements with low (deterio­
rated) pavement serviceability should not be routed and sealed. 
Pavement serviceability was measured using !:he Pavement 
Condition Index (PCI) on a scale from 0 to 10 (5). 

• Pavement structure. It is particularly important to R&S 
asphalt concrete overlays placed over portland cement concrete 
(PCC) pavements. Pavement condiLion, such as srepping, be­
fore overlay placement also affects R&S decisions. 

• Presence of pavement distress. Pavement distress, such as 
raveling, flushing, and rutting, that reaches certain critical lev­
els affects routing and sealing decisions. For example, a pave­
ment section with severe raveling on most of its length should 
not be routed and sealed. 

• Existence of pavement maintenance treatments. The pres­
ence of some maintenance treatments, such as spray patching 
or manual patching, usually makes R&S inadvisable. 

Microlevel Guidelines 

Microlevel guidelines were developed during the calibration 
and testing phase wilh only limited input from experts. The 
guidelines deal in detail with the influence of all variables and 
factors affecting R&S decisions. For example, a macrolevel 
guideline may state that the presence of manual patching re­
duces chances for cost-effective R&S. The corresponding mi­
crolevel guideline quantifies this statement by taking into ac­
count all (five) possible density levels used to describe the 
frequency of manual patching (few, intermittent, frequent, ex­
tensive, and throughout). 

INTEGRATION AND COMPATIDILITY WITH 
PMS DATA BASE 

Knowledge-based expert systems must be integrated with ex­
isting pavement management systems. The pavement evalua­
tion procedure, together with the pavement information data 
bank, represents a significant investment. This investment is 
not just in software and data bases but, more important, in 
personnel knowledge, acceptance of the system, and training. 
For ROSE to be a useful decision-making tool, it must be 
integrated and made fully compatible with pavement manage­
ment processes, including terminology, pavement evaluation 



TABLE 1 GUIDE FOR DESCRIBING SEVERI'IY OF PAVEMENT DIS1RESS (5) 

DISTRESS Single & Multiple Cracks Alligator 
TYPE Cracking 

~ 
1 2 3 4 5 6. Longitudinal 10-11 

Ravelllng Flushlng Rippling Wheel Distortion Wheel Track 1 2. Transverse 7. Longitudinal Pavement Edge 
and Coarse and Track 8. Centreline (half, full and Wheel Track Cracking 
Aggregate Shoving Rutting ~ 4. Meander and multiple} 9. Centreline 

Loss Mid lane 13. Transverse SEVERITY ~ 5. Random 

1 Barely Very faint Barely Barely Noticeable Crack width < 2 mm Crack width < 2 mm Alligator pattern Single longitudinal or 
Noticeable colouring noticeable noticeable swaying motion forming single wave-formation 

Hairline Full and partial 
Very (<6mm) cracks Depression < 12 mm 

Slight 

2 Noticeable Colouring Noticeable 6 to 12 mm Good control 2 to 12 mm width 2 to 12 mm width Alligator pattern Multiple parallel 
visible of car still established with longitudinal or 

present Single cracks Single full-width corners fracturing wave-formation less 
Slight cracks than 0.5 m from 

Depression > 12 mm pavement edge 

3 Pock-marks Distinctive Rough ride 12 to 19 mm Fair control of 12 to 19 mm width 12 to 19 mm width Alligator pattern Progressive multiple 
well-spaced, appearance car 

Single full cracks with 
established with cracks extend over 

open texture with free Washboard Multiple cracks Multiple cracks spalling of blocks 0.5 m but less than 
Moderate asphalt appearance may be starting starting slight cupping or 1 m from edge. 

lipping or Depression > 19 mm Crack begins to braid. 
multiple cracks starting 

4 Pock marks Free asphalt Very rough 19 to 25 mm Poor control 19 to 25 mm width 19 to 25 mm width Blocks begin to lift, Progressive multiple 

closely-spaced, on surface. ride of car patching required. cracks extend over 

disintegration, has wet look 
Pronounced MaYt include 

Multiple cracks, Single full cracks with 1 . 0 m but less than 
Severe 

small pot holes mu tiple longi- spalling begins to moderate cupping or Depression > 25 mm 1.5 m from edge, 
washboard 
appearance tudinal cracks develop lipping, or 

multiple cracks Begins to alligator. 

5 Disintegrated Wet look with May cause Rutting>25mm Continuous Width >25mm Width >25mm Complete Progressive multiple 
with large tire noise like loss of control distortion, may disintegration of cracks extend over 
pot holes wet pavement of vehide May indude be dangerous Multiple cracks with Severe cupping or affected area, pot 1.5 m from edge. 

Very surface multiple longi- at speeds > 60 spalling developed. lipping, multiple holes from missing 
Severe tudinal cracks km/h May begin to alligator. cracks with spalling. block. Outermost area near 

May begin to alligator. edge is alligatored. 
Depression > 50 mm 
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methodology, operating practices, and existing computer hard­
ware and software. 

The cornerstone of ROSE is the method MTC uses for 
evaluating and rating pavement surface distress (5). Fifteen 
types of typical pavement surface distress, given in Table 1, are 
evaluated. Each type of distress is evaluated separately on a 
severity scale and on a density scale ranging from 0 to 5. The 
severity and density of distress are assigned using the guides in 
Tables 1 and 2, respectively, considering the entire length of the 
section. The average section length is about 10 km. 

Pavement distress data are stored in a pavement management 
data bank on a mainframe computer. The bank is also designed 
to store all other pavement-related data that influence R&S 
decisions, such as pavement age; PCI; and type, extent, and 
cost of existing pavement maintenance treatments as well as 
pavement structural characteristics. 

SYSTEM ARCHITECTURE 

Traditionally, pavement preservation decisions have been made 
either at a project level or at a network level. Project-level 
decisions are based on detailed technical information about a 
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specific pavement section. Network-level decisions are based 
on summary condition information about the entire highway 
network. Knowledge-based expert systems have the potential 
to use detailed site-specific data for network-level decisions by 
operating in two modes (1 ): 

• An interactive mode that queries the user for required 
input data and is intended to process one pavement section at a 
time and 

• An automatic mode that is designed to interact only with 
other computer files and programs and is able to process many 
sections at the same time. 

The overall architecture of the two operating modes for ROSE 
is shown in Figure 1. 

Interactive Mode 

The interactive mode was developed first using an EXSYS 
expert system development package (6) that runs on IBM­
compatible microcomputers. This type of hardware is r.eadily 
available to the intended users. 

Selection of EXSYS was based on a detailed evaluation of 
several expert system development shells and programming 

TABLE 2 GUIDE FOR DESCRIJ3ING DENSITY OF PAVEMENT DISTRESS (5) 

For all 
Class Distresses 

or Description Except For Transverse 
Code Transverse Cracking Only 

Cracking a 

Cracks (full and/or half 

Few < 10% 
cracks) are more than 

1 about : 

40 m apart 

No set pattern. Cracks 

2 Intermittent 10 - 20% 
(full and/or haH) are 
about: 

30 to 40 m apart 

A set pattern. Cracks 

3 Frequent 20 - 50% 
(full and/or haH) are 
about: 

20 to 30 m apart 

Rather regular pattern. 

4 Extensive 50 - 80% 
Cracks (full and/or haH) 
are about : 

1 o to 20 m apart 

Regular pattern. Cracks 

5 Throughout 80 - 100% (full and/or half) are less 
than about: 

10 m apart 

a Based on percent of surface area within the section affected by distress. 
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Interactive Mode 

Hardware: IBM-PC 
Software: EXSYS3.0 

OOS31' 

EX SYS i 
User Interlace 

Input data supplied by user 
when prompted by system. 

Input data obtained from 
the Data Bank, Pavement 
Condition Evaluation Form, 
or on-site observation. 

Knowledge I Inference 
Base Engine 

EXSYS code processes 
one pavement section . 

User Interlace 

R&S recommendations 
for one section 

• Disc Operating Syslem 
•• Time Sharing Option 

} 

t User data are slored in FOCUS liles 

INPUT DATA 

KNOWLEDGE 
BASE AND 
DECISION 

LOGIC 

OUTPVT 
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Automatic Mode 

Hardware: IBM mainframe 
Sottware: FOCUS, SAS, 

VS FORTRAN, TSO'' 

I Pavement Management Information 
Data Bankt 

• I 

SAS program exlracting relevant inpul data 
Creation of input data set 

\ 
+ 

{ 
FORTRAN code processes many sections. 
Creation of a raw output data set containing 
R&S recommendations and section identi-
fications tor many pavement sections 

Ir 

{ SAS program(s) sorting and graphing data 
contained in the raw data output sel 

Creation of the presentation-ready results 

FOCUS is software for information retrieval and data management 

FIGURE 1 Overall architecture of ROSE. 

languages (1 ). EXSYS was selected mainly because of its 
simple, rule-oriented language and powerful editing ca­
pabilities. It has a user-friendly interface that can be used to 
emulate the interaction a user might have with an expert to 
solve a problem. It may be also noted that EXSYS has been 
used previously for a similar problem (7). 

EXSYS provides a suitable programming environment for 
the development, calibration, testing, and running of expert 
systems for solving structured selection problems. The objec­
tive of such problems is a knowledgeable selection from a finite 
set of possible solutions. In this case, the problem was fomm­
lated as the selection from a set of numbers, 0, 1, 2, 3, . .. 10 
that were used to indicate the desirability of routing and seal­
ing. For example, definite rejection of R&S is indicated by 0, 5 
may be interpreted as "maybe," and 10 means that R&S is 
highly desirable and is recommended with total confidence as a 
cost-effective treaLment. 

The programming was done with "if-then" rules that were 
used to represent knowledge about R&S. For example, if PCI is 
60 or less, then do not R&S. The rules were interpreted by the 
EXSYS inference engine using backward chaining (1 ). Pro­
totype development and rule fonnulation and coding were 
greatly assiited by the EXSYS editing program and inference 
mechanism. 

Automatic Mode 

The interactive version of ROSE (programmed in EXSYS) is 
incompatible with the existing mainframe-based pavement 
management data bank. To achieve direct access to the data 

bank, the EXSYS rules were translated into F ORTRAN using, 
again, tl1e " if-tl1en" format used oy EXSYS. The recoding 
made possible high-speed processing of sections, direct access 
to the data bank, and subsequent statistical analysis of R&S 
recommendations obiained for hundreds of sections using SAS 
programs (8). The purpose and sequence of programming steps 
are shown in Figure I . 

The bulk of the program development work was data ver­
ification and transfer, file access, system integration, and plan­
ning. The translation from EXSYS to FORTRAN alone was 
relatively easy, mainly because the rules in the EXSYS code 
had already been fonnulated and arranged to obtain a correct 
solution (1 ). 

DECISION LOGIC 

The major challenge in the development of knowledge-based 
rules for ROSE was to take into account the influence of 15 
types of surface distress in a systematic, quantifiable manner 
because each of the 15 types can occur at five levels of severity 
(Table 1) and five levels of density (Table 2) for a total of 375 
(15 x 25) diCferent conditions. Each condition may have a 
slightly different influence on R&S decisions. 

In addition to the 15 distress varjables, the desirability of 
R&S is also influenced by another 11 variables (Table 3) for 
which data are stored in the data bank. The total number of 
variables or factors considered by ROSE is 41. Of these, 39 are 
numerical variables-measured on at least ordinal scales. The 
task was to use the values of these 41 variables and convert 
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TABLE 3 QUANTIFICATION OF KNOWLEDGE-BASED PARAMETERS 

VARIABLE OR FACTOR EXTENT OR RANGE 

Range, PCI 0-59 60-65 66-69 70- 74 75 and up 

PCI 
CCM 0 0.2 0.5 0.9 1.0 

Range, yr_ 1 - 8 9 -12 13 -15 16 and up 
AGE 

CCM 1.0 0.9 0.8 0.7 

MAINTENANCE TREAT. Extent,% <10 10 - 20 20 - 50 50- 80 80-100 

Manual Patching 0.9 0.5 0.1 0 0 

Machine Patching 1.0 0.7 0.3 0 0 

Spray Patching CCM 0.9 0.5 0.1 0 0 

Rout and Seal Cracks 1.1 1.0 0.9 0.8 0.7 

Chip Seal 0.9 0.5 0.1 0 0 

Range, km 0 -10 10 - 15 >15 
SECTION LENGTH 

CCM 1.0 1.05 1.1 

Pavement Structural Characteristics 

TOTAL THICKNESS Range, mm <50 50- 70 70- 90 90 - 100 >100 

OF 
ASPHALT CONCRETE 

CCM 0 0.5 0.8 0.9 1.0 

PCC BASE OR PC Range, ASP 0 1 2-4 5-6 7-9 
TREATED BASE PM 5 7 8 9 10 

OVERLAY OF 
ASPH. CONC. PAV. Range, ASP 1 2-3 4-5 6-7 8-9 
WITH STEPPED 
TRANSVERSE PM 2 4 6 8 10 
CRACKS 

Legend: CCM - Cracking Condition Modifier. Multiplication Coefficient 
for R&S Desirability. 

RSD - Routing and Sealing Desirability. 
PM - Adjusts R&S Desirability according to pavement structural data. 

them (using heuristic rules based on the previously outlined 
R&S guidelines) into one variable: desirability of R&S. 

The conversion was done by developing (and calibrating) 
micro guidelines (based on the macro guidelines) and express­
ing them as rules. Moreover, to analyze fiscal consequences of 
R&S decisions, it was also necessary to estimate the amount of 
R&S for any given section. The inevitable result is a data­
intensive solution procedure containing about 360 rules. The 
following description of the solution procedure and decision 
logic is abbreviated and includes only the main features. 

A general decision model is shown in Figure 2. The model 
follows the reasoning an expert is likely to use to solve the 
problem. ROSE considers first the condition of (half, full, and 
multiple) transverse cracking in terms of severity and density 
using the variable BASE (as defined in the figure) . Values of 

this variable, for all possible conditions of transverse cracking, 
are given in Table 4. (All values in Table 4 are based on 
engineering judgment.) If the condition of transverse cracking 
is judged to be the deciding factor (BASE 2: 5), the left side of 
the decision tree of Figure 2 is used, and a preliminary conclu­
sion regarding the desirability of R&S (MODIFIED BASE in 
Figure 2) is made by including two additional considerations: 

• Influence of all of the remaining (14) types of distress. To 
provide a graduated relationship between the state of the 14 
types of distress and R&S desirability, cracking distress modi­
fiers (CDMs) given in Table 4 were established. If more than 
one of the remaining 14 types of distress were present, a final 
value of CDM was obtained by multiplying CDM-values for 
individual types of distress (CDMs are multiplicands). 
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Evaluale Severily Evaluate Extent of 
and Denslly of Sealable Cracks 

Transverse Cracks 
l:EXTENT 

BABE "llOUNT • f (l:EXTENn 

! ! 
i 

Governed by Decide ii R & S Recommendation is Govornod by Othor 
Transverse Cracks I+-- Governed by Transverse Cracks or by .....__ Soalable Cracks 

TRIGGER: Olher Sealable Cracks TRIGGER: 
8"SE > 5 BASE c 5 

Adjust Transverse 
Decide if There are too Many or Cracks by Considering 

Other Pavement Surface I '00 "" '"""'"' ''""' Dlslresses (Table 4) and TRIGGER 

Factors (Table 3) 

I MODIFIED BASE • 

BASE • CCII • COii Too Many Too [ow 

l Determine Extent ol 

Sealable Cracks 

Adjust Transverse Cracks 
Adjust Transverse Cracks EXTENT BASE • f (l:EXTENT) 

for the Presence of Other by Considering Other 
" Sealable Cracks Pavement Surface 

Distresses and Factors Adjusl Suilabilily of A & S 
Considering Other Distresses 

FINAL BASE• MODIFIED BASE • and Factors 
f (llODtFIED BASE, 

l:EXTENT) BASE • CCII • COM MODIFIED BASE • EXTENT BASE · 

l 
CCII· COM 

• 
Consider Pavement Base (PM) 

Cons ider Pavement Base Consider Pavement Base 
(PM) (PM) 

Assign A & S Deairablllty 3 

Assign A & S Assign A & S Ensuring that 

Deslrablllty 1 Deslrablllty 2 Deslrab. 1 ~ Desirab. 3 

RSD • f (FINAL BASE) RSD • f (llODtFtED BASE) FINAL BASE > MODIFIED BASE 

RSD • f (FINU BASE) 

FIGURE 2 General decision model for ROSE. 

• Influence of PCI, age, existing maintenance treatments, 
section length, and thickness of asphalt concrete. The influence 
of these variables was captured using cracking condition modi­
fiers (CCMs) given in Table 3. For example, if pavement 
serviceability, measured in terms of the PCI, was below 60, 
R&S was not recommended (CCM = 0). If the PCI was in the 
range of 60 to 65, CCM = 0.2. CCMs for pavement age were 
used to capture a heuristic rule that old pavements with good 
performance in the past without R&S are not prime candidates 
for R&S in the future. An analogous approach was used to 
incorporate the influence of the remaining variables. CCMs 
were estimated using engineering judgment; operationally, 
CCMs are also multiplicands. 

Next, the desirability of R&S was adjusted (to yield FINAL 
BASE in Figure 2) by considering the total amount of cracks 
suitable for R&S (IBXTENT) obtained by adding the values of 
the variable EXTENT (Table 4) estimated for individual types 
of distress. For example, if an exceedingly large amount of 
cracks suitable for R&S was detected, the desirability of R&S 
was reduced. The variable :EEXTENT was also used to esti­
mate the amount of R&S. 

Finally, the influence of pavement structure on R&S recom­
mendations was modeled using PM factors (Table 3). 

For example, if a pavement section with an asphalt concrete 
layer was placed over an existing asphalt concrete pavement 
with distinctly stepped transverse cracks (rather than over an 
unstepped pavement or over a granular base), its R&S desir­
ability, which was up to this point in the range of, say 8 to 9, 
was increased to 10. 

Returning to the top of Figure 2, if the condition of (half, 
full, and multiple) transverse cracking was not considered a 
deciding factor for R&S (BASE < 5), it was assumed that this 
condition existed because there were either too many or too 
few transverse cracks. If there were too few transverse cracks 
(right side of Figure 2), the total amount of cracks suitable for 
R&S (:EEXTENT) was considered to assign a preliminary R&S 
desirability (EXTENT BASE). The preliminary R&S desir­
ability was again adjusted by considering 

• The presence of the remaining 14 types of distress (using 
CDMs of Table 4); 

• The influence of PCI, age, and other variables (CCMs, 
Table 3); 

• The influence of pavement base (PMs, Table 3); and 
• R&S desirability based only on the condition of transverse 

cracks. 



TABLE 4 QUANTIF1CATION OF KNOWLEDGE-BASED PARAMETERS FOR PAVEMENT SURFACE DISTRESS 

DISTRESS CONDITION, SEVERITY AND DENSITY 
PAVEMENT DISTRESS MANIFESTATION 

1 VERY SLIGHT 2 SLIGHT 3. M:)()ERATE 4 SEVERE 

NAME PARA~TER FEW INT, FREQ. EXT THR FEW INT FREQ. EXT. THR. FEW INT, FREQ EXT. THR. FEW INT FREQ. EXT THR. 

BAS Et 0 1 1 2 3 1 3 7 10 8 7 8 6 
Hall, Full and TRIGGER 

Transverse 
Mul ti ple 

EXTENT 0 0.S 1 2 3 1 2 4 6 8 2 4 5 

Alligator WM 0.9 0 . 4 0.1 0 0 0.8 0 . 3 0 0 0 0.7 0 0 

Single WM 1 1 1 1 1 1 1 1 1 1 1 0.9 0 . 8 
and 

Longltudlnal Multiple EXTENT 0 o.s 1 2 3 1 2 4 6 8 2 4 s Wheel Track 

Al l iga tor WM 0.9 0 . 4 0.1 0 0 0 . 8 0 . 3 0 0 0 0. 7 0 0 

Single WM 1 1 1 1 1 1 1 1 1 1 1 1 0 . 9 

~ 
and 

8 
Centerline Mu ltiple EXTENT 0 0 . S 1 1 2 O.s 1 2 4 5 1 2 s 

~ Alligator WM 1 0.7 0.4 0.2 0 . 1 0.9 0.6 0 . 3 0.2 0.1 0.9 0.4 0 .1 (.) 

Long It ud Ina I Meander WM 1 1 1 1 1 1 1 1 1 1 1 0 . 9 0 . 8 

and Mldlane 
EXTENT 0 o.s 1 1 2 o.s 1 2 4 5 1 2 4 . S 

WM 
1 1 1 1 1 1 1 1 1 1 1 0.9 0.8 

Random 

EXTENT 0 o.s 1 1 2 o.s 1 2 4 5 1 2 3.S 

WM 1 1 ·1 1 1 1 1 1 1 1 1 1 0 . 9 
Single 

Pavam•nt and 

Edge Multiple EXTENT 0 0 0 5 1 1.5 0 . 5 1 2 3 4 1 2 3.5 

Alligator WM 1 0 . 7 0 4 0 . 2 0.1 0.9 0 . 6 0.3 0.2 0 , 1 0.9 0.4 0.1 

Ravelling and C. Agg. Loss WM 1 1 1 1 1 1 1 1 1 1 1 1 1 

Flushing, Ripping and Shoving , 
Wheel Track Rutting, and a:>M 1 1 -1 1 1 1 1 1 0.9 0.9 0 . 9 0.8 0 4 
Distortion 

Legend: Indicates suitability of transverse half, full & multiple cracks for R&S. 
Approximate rela tive extent of transverse half, full & multiple cracks. 

s 3 4 2 1 

6 8 3 0 0 

0 0 0.6 0 0 

0. 7 0.6 0.9 0 . 6 0.4 

s 7 2 0 0 

0 0 0.6 0 0 

0.8 0.7 0.9 0. 7 0.6 

7 9 1 0 0 

0 0 0.8 0.3 0.1 

0. 7 0 . 6 0 . 9 0.6 0.4 

s 7 2 0 0 

0.7 0 . 6 0.9 0.6 0.4 

3 4 1 0 0 

0.8 0. 7 0.9 0 . 7 0.6 

3 4 1 0 0 

0 0 0.8 0.3 0. 1 

1 1 1 0 . 6 0 . 1 

0 , 1 0 0.9 0 . 7 0 

BASE 
EXTENT 
TRIGGER· 
COM 
EXTENT 

Determines if R&S desirability is governed by transverse cracks or by other sealable cracks. 
Cracking Distress Modifier. Multiplication coefficient for R&S desirability. 
Approximate relative extent of sealable cracks. 

1 0 

0 0 

0 0 

0.1 0 

0 0 

0 0 

0 . 3 0 

0 0 

0 0 

0.1 0 

0 0 

0.1 0 

0 0 

0.3 0 

0 0 

0 0 

0 . 1 0 

0 0 

5. VERY SEVERE 

FEW INT. FREQ EXT THR, 

1 0 0 0 0 

0 0 0 0 0 

0.6 0 0 0 0 

0 . 7 0.3 0.1 0 0 

0 0 0 0 0 

0 . 6 0 0 0 0 

0.7 0.4 0.1 0 0 

0 D 0 0 0 

0.6 0.2 0 0 0 

0 . 7 0 . 3 0.1 0 0 

0 0 0 0 0 

0.7 0.3 0 .1 0 0 

0 0 0 0 0 

0.7 0.4 0.1 0 0 

0 0 0 0 0 

0.6 0.2 0 0 0 

0.4 0.2 0 . 1 0 0 

0.6 0.2 0 0 0 
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Last, in the case in which too many transverse cracks were 
deemed to exist to justify R&S, the situation was duly noted as 
a basic section characteristic and an R&S desirability, however 
small, was also established. 

APPLICATION 

The input to ROSE is the present pavement condition. The 
outputs are R&S recommendations that are considered valid for 
up to 1 year. This should be acceptable in practice because 
R&S treatments are not usually planned more than 1 year in 
advance and any changes in pavement performance during this 
period are often too small to be measured. Also, the experts 
interviewed during the development of R&S guidelines worked 
on the assumption that although their R&S recommendations 
cannot be implemented immediately, they should be before the 
end of the next construction season. 

In addition to assigning R&S desirability, ROSE also esti­
mates for each section the total amount of cracks recommended 
for R&S in terms of meter per kilometer of two-lane highway. 
Further, ROSE classifies each section in one of the following 
three categories: 

1. Sections with too few sealable cracks to warrant R&S 
next year but that may require R&S in the future, 

2. Sections that may require R&S within 1 year, and 
3. Sections that already have too many cracks to benefit 

from R&S. 

ROSE was designed to fully use all available surface distress 
data, and other data stored in the data bank, without any 
unnecessary assumptions or simplifications. It would be possi­
ble to significantly reduce the number of rules (360) by asking 
the user to input more global data. For example, by asking 
questions such as "what is the approximate amount of sealable 
cracks in meters per kilometer?" instead of inputting detailed 
data and expecting ROSE to calculate the amount. 

Both the interactive and the automatic versions of ROSE use 
identical knowledge base, input data, and decision logic. The 
exceptions are input data and relations concerning pavement 
structural characteristics (last part of Table 3). The data bank 
does not yet contain detailed pavement structural data for all 
pavement management sections. For this reason, the automatic 
version assumes that asphalt concrete thickness is about 100 
mm or more and that it was placed over a granular base or 
asphalt concrete base without distinctly stepped transverse 
cracks. These assumptions are usually met, and in many MTC 
districts the degree of compliance is about 95 percent. 

ROSE was calibrated and tested on about 100 pavement 
sections, located in different parts of Ontario, until a satisfac­
tory level of system reliability and accuracy was achieved. The 
calibration was done by using ROSE in the interactive mode 
and taking advantage of the editing features and the inference 
engine supplied by EXSYS. 

Field verification of the results indicates that the main limita­
tion on the reliability and accuracy of ROSE is the correctness 
of input distress data obtained from the data bank. This should 
be overcome with time when it is realized how the use of 
distress data has been expanded by ROSE. 
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RESULTS 

Interactive Mode 

In interactive mode, ROSE can be used as a decision-making or 
a decision-support system. It performs at the level of a pave­
ment maintenance professional who is roughly in agreement 
with the R&S methodology embedded in the system and ap­
plies this methodology consistently. This assumes that the input 
data used are the routinely available data taken from the data 
bank or directly from a field evaluation form (5). However, 
ROSE does not outperform an expert because the expert, if he 
or she so chooses, can benefit from evaluating the pavement in 
situ and obtaining specific, up-to-date pavement deterioration 
data for the sole purpose of recommending R&S. 

Analysis of one pavement section on an IBM XT microcom­
puter, including supplying data for up to 40 variables, takes 
about 4 min. ROSE operates as any other well-designed inter­
active program. In addition, it contains several enhancements. 
For example, 

• The user, when prompted by ROSE for input data, can ask 
"Why?" ROSE answers why the data are needed. This is done 
by displaying, on-screen, the first applicable rule for which the 
data are needed. 

• The change and rerun option and the editing program 
enable the user to easily review and change any input data, or 
part of the EXSYS code, and rerun the program. 

An example of an R&S problem, solved by ROSE in the 
interactive mode, is shown in Figure 3. 

Automatic Mode 

ROSE's performance in the automatic mode is excellent. As­
suming that an expert cannot visit hundreds of sections and 
uses the same information as that available to ROSE, ROSE's 
accuracy is similar to that of a patient and consistent expert and 
the results are available more or less instantaneously. 

The desirability of R&S treatments was evaluated by ROSE 
for two MTC regions, Southwestern Region and Northern 
Region, using the most recent pavement deterioration data. In 
all, 488 sections were evaluated in the Southwestern Region 
and 396 sections in the Northern Region. The highway net­
works of the two regions are roughly equal in size and, to­
gether, comprise about 7200 centerline kilometers (about 40 
percent of the total provincial highway network). An example 
output listing is given in Table 5. The listing identifies 10 
pavement sections in the Southwestern Region that would most 
benefit from R&S. The sections on the list should be consid­
ered prime candidates for R&S in 1987. The distribution of the 
desirabilities with which the sections were recommended for 
R&S in the two regions is shown in Figure 4. 

ROSE can also be used to evaluate the funding consequences 
of different R&S strategies. For example, assuming that the 
cost of R&S is $1 per meter, the R&S cost for all sealable 
cracks in the Southwestern Region was estimated to be $2.6 
million (Figure 5), and the cost for the sections recommended 
for R&S next year with a desirability of 7 or more was esti­
mated to be $1.2 million. 



Given: 

A two-lane, 9-km-long, 10-year-old pavement section. It has an 80-mm-thick original asphalt concrete layer placed over a 
granular base. Its PCI is equal to 70, and the section has only three surface distresses (unusual but simple): 

a) Transverse cracking (half, full, and multiple), which is rated as slight and occurring extensively. 
b) Centerline cracking (single and multiple) rated as slight and frequent. 
c) Wheel track rutting considered to be slight and extensive. 

In addition, there are also few manual patches. 

Task: 

Estimate R&S desirability for this section and the approximate cost of R&S. 

Solution by ROSE: 

1. Considering transverse cracking, BASE value is 10 (fable 4) and R&S desirability is governed by transverse cracking 
(Figure 2). EXTENT/fRIGGER is 6. 

2. Considering centerline cracking, CDM is l, and EXTENT is 2 (fable 4). 
3. Considering wheel track rutting, CDM is 0.9. (fhere is no EXTENT because rutting is not a sealable distress.) 
4. PCI has the corresponding CCM equal to 0.9 (fable 3), CCM for age is 0.9, CCM for a few manual patches is 0.9, CCM 

for length is equal to 1, and CCM for total thickness of asphalt concrete is 0.8. 
5. MODIFIED BASE = 10 x 1 x 0.9 x 0.9 x 0.9 x 0.9 x 1 x 0.8 = 5.2 (based on equation in Figure 2). 
6. l:.EXTENT = 6 + 2 = 8. 
7. MODIFIED BASE is adjusted by a multiplication coefficient of 0.9 (the amount of cracks for R&S is considered to be 

somewhat on the low side) resulting in 4.7 (5 .2 x 0.9). 
8. The amount of cracks for R&S (AMOUNT) is estimated to be 663 m/km. The estimate is done using the heuristic equation 

AMOUNT = 104 x l:.EXTENT - 165, where AMOUNT> 0. 

Report by ROSE: 

1. Desirability of R&S: 5 (rounded from 4.7). 
2. Amount of sealable cracks: 663 m/km. 

Conclusions: 

1. The section may still benefit from R&S. However, do not R&S before considering first sections with R&S desirability 
higher than 5. 

2. Assuming R&S cost of $1 per meter, the total cost is estimated to be $6,000. 

FIGURE 3 Example of R&S solution by ROSE. 

TABLE 5 LISTING OF ALL PAVEMENT MANAGEMENT SECTIONS IN SOUTHWESTERN REGION WITH 
R&S DESIRABILITY OF 9 

OBS RSD LHRS Offset Length DIST PCI Age BASE RSCG Amount Total 

479 9 12170 10.0 16.0 90 2 10 20 663 10,608.0 
480 9 23930 0.6 17.0 85 4 8 20 1,183 20,111.0 
481 9 29210 4.0 2.9 88 4 10 20 559 1,621.1 
482 9 47920 0.0 24.0 78 5 8 20 923 22,152.0 
483 9 29168 0.0 14.0 80 6 10 20 455 6,370.0 

484 9 11840 0.0 5.5 2 90 6 8 20 1,027 5,648.5 
485 9 16190 1.3 16.0 3 91 1 10 20 559 8,944.0 
486 9 24070 1.6 18.0 3 86 5 8 20 923 16,614.0 
487 9 38400 0.6 23.0 3 75 7 8 20 1,079 24,817.0 
488 9 24510 0.0 25.0 3 75 8 8 20 1,547 38,675.0 

Norn: RSD = routing and sealing desirability; OBS = section number (sections are sorted according to RSD; the total number of 
sections analyzed was 488); LHRS and Offset = section identification parameters used by location referencing system; Length = 
section length in km; DIST = MTC district number; PCI = pavement condition index; Age = pavement age in years; BASE = 
defined in Table 4; RSCG = R&S classification category (20 indicates that the section should be routed and sealed within 1 year); 
Amount = estimated amount of cracks to be routed and sealed in m per km for a two-lane highway; and Total = total estimated 
amount of cracks to be routed and sealed in rn per section. 
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CONCLUSIONS AND RECOMMENDATIONS 

Expert system technology can improve the design, planning, 
and programming of pavement preservation treatments. This 
can be achieved by efficient and consistent application of the 
encoded-1mowledge and experience of many pavement engi­
neers. At a project level, knowledge-based expert systems can 
recommend routine preservation treatments enabling experts to 
concentrate on more difficult tasks. At a network level, these 
systems can quantify the consequences of pavement preserva­
tion policy decisions for planning and programming. 

The development, testing, and calibration of a prototype 
version of ROSE were made much easier and more efficient by 
using the inference engine and editing features of the EXSYS 
expert system development shell (and, of course, the interactive 
mode of ROSE runs under EXSYS and uses its user interface). 
It is thus possible to realize significant productivity advantages 
in developing prototype expert systems, or other computer 
programs, using artificial intelligence techniques (for example, 
mechanical interpretation of the knowledge base by an in­
ference engine), even though the finished expert systems or 
computer programs may not employ any artificial intelligence 
techniques (9). 
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ROSE, a knowledge-based expert system for recommending 
routing and sealing of asphalt concrete pavements in cold 
areas, can quickly and reliably analyze and rank pavement 
sections in terms of their suitability for routing and sealing. The 
routing and sealing recommendations given by ROSE and their 
correctness are governed by the preliminary routing and sealing 
guidelines. Any future changes in the guidelines should be 
incorporated in ROSE. 

Because of huge investments in existing pavement manage­
ment systems, knowledge-based expert system technology 
must be integrated and made fully compatible with the existing 
pavement management processes. 

EXSYS, in common with most existing rule-based expert 
system software, has many advantages, but it does not yet 
represent an "ideal" programming environment. For example, 
it requires use of domain rules to create contextual assertions 
that control the application of other rules. 

Because of their potential for increasing effectiveness 
through improvement of pavement management information, 
the development of knowledge-based expert systems should 
continue. 
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Intersection Advisor: An Expert System for 
Intersection Design 

DONALD A. BRYSON, JR., AND JOHN R. STONE 

The Intersection Advisor is a prototype expert system that 
recommends geometric modifications to improve intersection 
operation. It complements existing microcomputer programs 
that consider the other two aspects of int~rsectlon design, 
volumes and signalization. Intersection Advisor Is Intended for 
eventual Incorporation In a comprehensive, Interactive Inter­
section design package. M.1, a knowledge-based expert system 
development tool, was used to develop the Intersection Advisor 
!o run on IBM or IBM-compatible microcomputers. During an 
mteractlve consultation the advisor requests information on 
the Intersection volumes, critical movements, geometry, and 
constraints on approach improvement. It then recommends 
the most efficient Improvements for each approach by generat­
ing one of nearly 600 possible reports. Recommendations are 
arrived at by determining an "Ideal" lane configuration for 
the given traffic flows. The ideal design Is checked against the 
improvement constraints, and a next-best design Is selected, if 
necessary. The best feasible design is then compared with the 
existing design, and the user is Informed of any modifications 
required. Intersection designs produced with the advisor com­
pare well with those produced using the guidelines of the 1985 
Highway Capacity Manual. 

The operational characteristics of a signalized intersection are 
determined by the interactions of three basic components: traf­
fic flows, geometry, and signalization. Intersection design in­
volves the manipulation of geometry and signalization with 
respect to traffic flows in order to maximize operating effi­
ciency (Figure 1). Optimization is difficult to achieve, however, 
because of the high degree of interdependence among the 
design parameters and the variety of constraints commonly 
encountered. Even experienced engineers cannot always deter­
mine the optimum design for a complex intersection, although 
their initial solution to a given problem is usually remarkably 
close. New engineers proceed by trial-and-error, gradually de­
veloping a "feel" for appropriate solutions. Obviously, there is 
systematic, reproducible reasoning involved-a combination 
of acquired factual knowledge and problem-solving tech­
niques-that can be defined as expertise. 

Computer techniques have had a significant impact on the 
design and analysis of signalized intersections. Capacity anal­
ysis programs (MCTRANS, CAPSSI, SIGNAL, CMA) have 
been available for some time, and the publication of the new 
Highway Capacity Manual (HCM) (1) has generated a number 
of new programs (SICA, NCAP, HCS) based on its metho­
dology. Signal optimization programs, such as SOAP and 
INTERCALC, have also proven useful (2). 
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process. 

Existing programs are algorithmic in nature and deal with 
the numerical components of intersection design, such as vol­
ume-to-capacity calculations and signal optimization. These 
programs enhance the design process by increasing the speed 
and accuracy of calculation-intensive tasks. These procedural 
programs cannot, however, assure that the options being ana­
lyzed are necessarily reasonable, nor can they assure that the 
best alternative will be seiected. They offer little guidance in 
deciding the best way to improve the operation of a deficient 
intersection. An engineer's experience and judgment are the 
most useful aids in solving this aspect of the design problem­
in determining, for example, whether to add a tum lane or 
revise a signal plan, or both. Whe~ the engineer has chosen a 
design alternative, he must then determine the operating 
characteristics of the intersection either manually or by com­
puter. The process is repeated until an acceptable design is 
achieved. 

To provide an integrated, interactive environment for select­
ing and analyzing intersection designs, it is necessary to de­
velo~ software tools that incorporate professional experience 
and judgment. These tools must be able to perform the kind of 
heuristic reasoning required to efficiently generate and evaluate 
options for improving a design. Such a system has the potential 
to greatly improve the existing design process by combining 
tasks that are currently performed manually or with various 
isolated programs (Figure 2). An essential component of this 
system is software that can handle the various aspects of 
geometric design. 
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The purpose of this paper is to demonstrate the applicability 
of knowledge-based expert system (KBES) technology to sig­
nalized intersection design, and to approach geometry in par­
ticular. The Intersection Advisor is a functional KBES pro­
totype that recommends geometric modifications to improve 
the operation of signalized intersections. Like other knowl­
edge-based systems, the advisor reproduces knowledge typ­
ically possessed by an expert in a particular field and reaches 
conclusions that lead to the solution of a problem by sys­
tematically applying appropriate reasoning techniques (rules) 
to its knowledge of the problem area (facts). Experience with 
the Intersection Advisor suggests that such a system has practi­
cal applications in making decisions concerning the geometric 
design of signalized intersections. 

The geometric design problem and the objectives for the 
development of the Intersection Advisor are discussed. Asam­
ple problem is presented to familiarize the reader with the 
operation of the advisor and to lay the groundwork for an 
explanation of the solution strategy and its implementation in 
the knowledge base. The paper concludes with a discussion of 
results and their influence on the direction of future develop­
ment of the Intersection Advisor. 

INTERSECTION ADVISOR 

Geometric Design Problem 

Of the three design components described earlier (traffic flows, 
geometry, and signalization), only one, the geometric element, 
includes design variables essential for planning, design, and 
analysis. Of the parameters that the engineer can readily con­
trol, those with the greatest direct impact on intersection perfor­
mance are the number of lanes per approach and the move­
ments permitted from each lane. This was the specific area 
chosen to test the feasibility of applying KBES technology to 
intersection design. 
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The problem of determining the most efficient lane config­
uration for a given set or sets of turning movements is represen­
tative of the intersection design process as a whole. It incorpo­
rates both the generation of solutions (How can operations be 
improved?) and their evaluation (Which solution is best?). The 
lane geometry problem is narrow enough to provide a reason­
ably simple prototype yet complex enough to be challenging 
and realistic. The representational logic required to relate geo­
metric features and traffic flows transfers directly to signaliza­
tion and other problems. It offers a suitable foundation for the 
eventual development of a comprehensive intersection design 
system. 

Guidelines for Development 

Two major objectives guided the development of the Intersec­
tion Advisor. The first objective was to define a set of rules and 
facts for identifying the most efficient lane configuration for a 
given set of turning movements. This body of knowledge 
corresponds to the "expertise" of an experienced traffic engi­
neer and reproduces the reasoning process he employs in de­
veloping an appropriate design. These rules are transferable to 
any KBES for intersection design. 

The second objective was to define a logical system for 
representing the physical and operational relationships among 
approach legs, individual lanes, and turning movements. This 
representation scheme provides a framework for implementing 
the reasoning processes identified previously. The second ob­
jective is essential to an efficient interactive environment and 
applies directly to other aspects of intersection design. Suc­
cessfully achieving these two objectives helps assure that the 
Intersection Advisor can be easily expanded from a prototype 
to a functional system, regardless of changes in the problem 
domain or in the implementation environment. 

Several secondary objectives were also established: (a) Rec­
ommendations should be presented as incremental changes to 
an existing design rather than as a complete intersection. The 
use of an incremental approach as opposed to an absolute 
approach models typical intersection improvement projects and 
facilitates the evaluation of various alternatives, as in a cost­
benefit analysis. (b) The user must be able to constrain the set 
of potential design solutions to reflect considerations such as 
limitations in right-of-way availability. (c) To provide max­
imum flexibility and ease of use, the user should be able to 
analyze individual components of an intersection without ana­
lyzing the intersection as a whole. (d) Recommendations 
should include an explanation of the anticipated impacts of the 
proposed modifications on intersection performance. (e) Input 
requirements must be simple, rational, and consistent with 
standard practice. 

Simplifying Assumptions 

It was decided to make the Intersection Advisor consistent 
with, and complementary to, the planning analysis methodol­
ogy described in Chapter 9 of the Highway Capacity Manual. 
The advisor would address all of the parameters included in the 
plalliling method, with the goal of identifying the lane config­
uration that would most economically result in a sum of critical 
movements of fewer than 1,200 vehicles per hour. The set of 
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intersections to be analyzed was limited to standard four-way 
intersections with no more than four lanes per approach (no 
severe skewing or offsets and no one-way streets). The solution 
set was limited to approaches with fewer than eight lanes (a 
maximum of three through lanes with dual tum lanes in each 
direction). The expertise incorporated in the Intersection Ad­
visor was obtained from Chapter 9 of the HCM and from the 
authors' own experience in teaching and performing intersec­
tion analysis and design. 

Using the Intersection Advisor 

A consultation with the Intersection Advisor combines knowl­
edge from two different sources-the user and the program 
itself. The user supplies his knowledge of a particular intersec­
tion in response to questions based on generalized facts and 
rules pertaining to efficient relationships between turning 
movements and lane geometry (Figure 3). For each intersection 
approach being analyzed, the advisor also asks the user to 
provide intersection volumes, critical movements, and the ex­
isting geometry. Turning movements and critical movements 
can be obtained from the simple manual planning analysis 
calculations described in Chapter 9 of the HCM or from other 
microcomputer programs [3 and work by S. Gayle and J. 
Papaleo on Signalized Intersection Capacity Analysis (SICA) 
Using the 1985 Highway Capacity Manual, 1986]. 

User-supplied geometric information is determined from 
Figure 3 and input to the advisor in response to prompts. The 
combination of eight basic approach types and two critical 
movement conditions enables the user to choose from 16 dif­
ferent approach cases for a given set of turning movement 
volumes. 
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Finally, the advisor asks the user to specify the maximum 
number of lanes available for improving the approach. This 
allows the user to account for physical or right-of-way 
restrictions. 

Sample Problem 

To demonstrate how the Intersection Advisor is used, a con­
sultation was run based on Sample Calculation 5 in Chapter 9 
of the HCM. Figure 4 shows the geometry and lane volumes of 
the HCM problem. The existing intersection operates with an 
overcapacity critical movement summation of 1,415 vehicles 
per hour, and the HCM advises that "separate left-tum lanes 
might be considered for each approach, subject to physical 
constraints.,. This recommendation leads to a new critical su.111 .. 
mation of 1,135 vehicles per hour and improved intersection 
operation. 

The Intersection Advisor, on the other hand, recommends 
the addition of separate left-tum lanes to only two approaches 
(Figure 5), a design improvement that, like the HCM approach, 
leads to a critical movement summation of 1,135 vehicles per 
hour. The advisor's recommendation, therefore, provides an 
equivalent improvement at half the cost. An argument for the 
HCM recommendation might be made, however, on the basis 
of symmetry. This type of policy issue will be addressed in 
future versions of the Intersection Advisor and is discussed in 
more detail later in this paper. 

An excerpt from the consultation session follows. 

Do you wish to consider improvements to the southbound 
approach? 

>>yes. 
Enter the number of southbound vehicles turning left during the 
design hour. 

> > 120. 
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Enter the number of southbound vehicles turning right during 
the design hour. 

> > 170. 
Enter the number of southbound vehicles going straight during 
the design hour. 

> > 230. 
Are left-turn or through movements the critical movements on 
the southbound approach? Enter "left" or "thru." 

> > thru. 
Enter the code number (1-8) of the basic lane configuration 
corresponding to the existing southbound approach. 

> > 1. 
Enter the maximum number of lanes desired for the south­
bound approach. 

>>4. 
Enter the maximum number of through lanes desired for the 
southbound approach. 

> > 2. 
Recommendations for southbound approach: Providing an ex­
clusive left-tum lane (Lane Configuration 2) will significantly 
improve the critical through movement on this approach. 

Four consultations of this type result in Figure 5. 
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FIGURE 5 Solution recommended by Intersection 
Advisor. 

KNOWLEDGE BASE 

Solution Strategy 

Appendix I to Chapter 9 of the HCM describes some general 
rules-of-thumb traffic engineers use to help determine a suit­
able lane configuration for a given set of traffic flows. These 
heuristic "suggestions" address such factors as the capacity of 
a given type of lane and the volumes and types of movements 
occurring in adjacent lanes. One such guideline states, "As a 
general suggestion, an exclusive right-tum should be consid­
ered when the right-tum volume exceeds 300 vph and the 
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adjacent main-lane volume also exceeds 300 vphpl" (p. 9-64). 
The expert uses heuristic reasoning of this type along with 
pertinent standards and policy guidelines and the results of the 
planning analysis methodology to determine what, if any, mod­
ifications need to be made to the existing design. This is the 
body of knowledge required to meet the first objective in 
developing the Intersection Advisor, the capturing of expertise. 

Before this knowledge could be incorporated into an expert 
system, however, it was necessary to meet the second objec­
tive, the development of an efficient representational schema. 
This objective was achieved by defining the configuration of 
lanes in a given approach as the basic logical unit in the 
knowledge base. Identifying the entire approach as a single 
entity eliminates the need to explicitly define the properties of 
each of the six lane types typically used in four-way intersec­
tions. This is a significant simplification because the properties 
of a given type of lane are often influenced by an adjacent lane. 
These interactions (such as the shifting of traffic between two 
lanes or the blocking of one movement by another) are implicit 
in the definition of each approach configuration. Furthermore, 
it is no longer necessary to prevent the occurrence of illogical 
lane configurations (such as a right-tum lane to the left of a left­
turn lane). Assuming a maximum cross section of seven lanes, 
there are more than 300,000 ways of arranging the six different 
lane types. The incorporation of rules to eliminate all of the 
illogical and impractical solutions would involve considerable 
overhead, even in the simple problem domain of the Intersec­
tion Advisor. 

Because the number of feasible configurations makes up a 
small fraction of the total number of possible configurations, 
the solution set and overhead are greatly reduced by predefin­
ing the acceptable approach configurations. The Intersection 
Advisor requires only eight basic lane configurations (Figure 
3). Each one has specific properties that determine how it will 
handle various ranges and combinations of tum volumes. For a 
given set of traffic flows, one of these configurations will 
provide the most efficient service, based on the heuristic strat­
egy implemented. 

KBES Development Tool 

Conceptually, traf!ic flows can be thought of as operands, and 
the basic lane configurations as operators, each of which has an 
associated cost. The result of an operation is a level of service. 
Thus the geometric design problem becomes one of selecting 
for a given operator the operand that provides a result above 
some minimum value at the lowest cost. Although this analogy 
is somewhat oversimplified, it serves to demonstrate how the 
geometric design process can be represented as a structured 
selection problem. StrucLLtred selection problems are generally 
appropriate for solution by knowledge-based sysiems. In par­
ticular, M.1 is well suited for solving this type of problem. 

The luter cclion Advisor was developed using M. l, a knowl­
edge engineering software tool intended for the design and 
implcmemation of stand-alone expert systems on IBM personal 
computers or compatibles (4 ). Although M. l has limitations as 
a practical application tool, it docs allow the rapid development 
of pro101ype systems and is useful for validating concepts and 
logic before rntcnsivc software development is undertaken. 

An M. l system consists of a knowledge base, a cache, and 
an inference engine. The knowledge base contains facts and 
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rules pertaining to a specific application. The cache is the 
storage area for all intem1ediate and final conclusions, as well 
as all user input. The inference engine is the mechanism by 
which M.1 systematically searches for needed values in order 
to reach a particular goal. This search mechanism obtains 
values from the cache, from the knowledge base, or from the 
user. Figure 6 shows how the system architecture relates to the 
intersection design process in the Intersection Advisor. 

USER CACHE KNOWLEDGE 
BASE 

TURNING GEOMETRIC 
MOVEMENTS RULES 

GEOMETRIC CONSTRAINT RULES 

CONS1RAINTS GEOME1RIC FACTS 

INITIAL GEOME1RY RECOMME OA TlON RULES 

CRITICAL MOVEMENTS IMPROVEMENT FACTS 

REPORT 
SPECIAL 
RULES 

FIGURE 6 Organization of a consultation. 

Implementation 

The Intersection Advisor uses a set of mutually exclusive 
geometric rules to reach its first subgoal: selection of an initial 
"ideal" approach configuration that most efficiently accommo­
dates the given turning movements. These rules involve a 
series of comparisons between the turning movement volumes 
and the capacity characteristics of the eight basic lane config­
urations (Table 1). Because there is always one ideal basic 
configuration for a given set of turning movements, as soon as 
a ge.ometric mle has fired, the advisor proceeds to the next 
subgoal. 
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When the ideal basic configuration has been established, a 
set of constraint rules ensures that this design does not violate 
any restrictions, caused by physical constraints or limits in 
right-of-way availability, the user may have placed on ap­
proach expansion. The goal of these rules is to identify the best 
of the allowable basic lane configurations (the "recom­
mended" configuration). If the constraint rules reject the ideal 
configuration, the advisor generates the next-best alternative by 
comparing the ideal design with the available approach cross 
section defined by the user. The properties inherent in the 
definition of each of the basic lane configurations supply 
enough information for the advisor to select the next-best 
configuration directly. It is not an iterative process. The recom­
mended design is the one that most closely matches demand 
volumes without exceeding lane limitations. 

The next subgoal is to determine the differences between the 
recommended and the existing design. These differences are 
defined in terms of improvements to the existing design. The 
Intersection Advisor uses a set of relational improvement facts 
and recommendation rules to describe the geometric and opera­
tional differences between logical combinations of existing and 
recommended designs. By combining knowledge of the inher­
ent characteristics of the recommended configuration with the 
geometric and operational data provided by the user, the rec­
ommendation rules identify a specific set of modifications to 
improve the intersection approach. Together, these modifica­
tion descriptions define every feasible transition from one basic 
approach configuration to another. The elimination of infeas­
ible solutions from the solution set, combined with the ap­
proach-based representational scheme, means that only 56 
modification descriptions are needed. This is a significant re­
duction, considering the total number of combinations of lanes 
that is mathematically possible. The Intersection Advisor 
provides a brief description of the nature and magnitude of the 
benefits expected if its recommendations are implemented, and 
it recognizes when the suggested improvements will require 
widening the opposite leg of the intersection. 

Finally, there is a set of special rules that generates recom­
mendations related to multiple tum lanes and very high through 
volumes. The three independent special rules complement the 
eight basic approach configurations and provide a total of 64 
ultimate designs. In all, nearly 600 unique reports for feasible 
recommendations are possible for each approach analyzed be­
cause of the various combinations of ideal designs, recom­
mended designs, modification descriptions, and special 
recommendations. 

DISCUSSION OF RESULTS 

Evaluation Strategy 

Validating a knowledge-based expert system is not as straight­
forward as validating an algorithmic program. The nature of 
the problem is often such that there is no single solution that 
can be proven "best." Two experts can come up with different 
solutions to the same problem, both of which are acceptable 
and completely defensible, but neither of which is necessarily 
optimum. These differences can usually be attributed to varia­
tions in the policies or practices being followed. Most expert 
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systems are derived from the knowledge of a single expert (or 
at most a small number of experts). They therefore reflect the 
policies and practices preferred by that expert. In evaluating the 
performance of expert systems, it is important to consider two 
questions. First, does the system accurately and consistently 
reproduce an accepted approach to the problem? And second, 
can the system be modified to reflect other valid policies and 
practices? 

The design policy implemented in the Intersection Advisor is 
a conservative one. It encourages balanced volume-to-capacity 
ratios for all lanes and is intended to provide a basis for a signal 
plan that will offer a high level of service. The advisor concen­
trates on improving the operation of the entire intersection by 
increasing the capacity of each approach. This policy gives 
some consideration to critical movements, but otherwise it is 
not very sensitive to interactions between approaches. This is 
not a major limitation, however, because approach capacity is 
primarily a function of lane geometry, whereas conflicts and 
other interactions between approaches are highly dependent on 
signalization. 

The results of dozens of test cases are consistent with this 
policy and with the guidelines and examples contained in 
Chapter 9 of the HCM. The test cases include simple design 
problems like Sample Calculation 5 in the HCM, intersections 
with severe improvement constraints, and those with volumes 
requiring up to seven lanes in each direction. A typical con­
sultation lasts about 5 min, and most users find the advisor easy 
to run and understand. 

In no case has it been possible to significantly improve the 
operation of an intersection by making improvements in addi­
tion to, or instead of, those recommended by the advisor. It 
should be noted that the advisor does not recommend the 
removal of existing lanes that are unnecessary because this 
would not typically be practical. The advisor will, however, 
suggest that existing lane uses be redefined if warranted. The 
advisor does have a tendency to overdesign in certain cases 
because it seeks to achieve a target volume-to-capacity ratio for 
each lane and does not consider signalization. The advisor also 
ignores intersection symmetry in making its recommendations. 
All of these traits are consistent with the planning method and 
with the advisor's design policy. 

Not only can the Intersection Advisor accurately and consis­
tently implement a specific design policy, its policy can be 
changed relatively easily. Constants in the geometric rules can 
be increased to reflect a lower acceptable level of service. 
Other modifications can be made to reflect a policy of more 
liberal warrants for exclusive left-tum lanes. Approach symme­
try can be assured by adding several simple rules and modify­
ing a few more. The ability of a simple prototype like this to 
reflect various policies and practices is significant. It empha­
sizes the potential of expert systems as practical transportation 
engineering tools. It also suggests a completely new applica­
tion for the Intersection Advisor and related systems: as tools 
for evaluating various policies or changes to existing policies. 
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CONCLUSIONS 

As a prototype system, the main purpose of the Intersection 
Advisor is to test the feasibility of a concept and to identify 
areas for future development. The advisor has demonstrated the 
feasibility of using a knowledge-based system to solve geo­
metric problems in intersection design. Although the advisor in 
its present form may not be considered a useful design aid in 
terms of time savings or increased accuracy, it does make 
valuable contributions to the devclopmenl of an integrated, 
interactive system for the design of signalized intersections. 
Continued progress in this area is the focus of further develop­
ment of the Intersection Advisor. 

Several improvemenrs LO the advi or arc necessary if it is to 
become a more useful tool. The use of code nwnbers to repre­
sent lane configurations is inconvenient, so an icon-based 
graphics interface is planned. The problem domain must be 
expanded and generalized ro contain lhe wide range of prob­
lems confronted in actual practice, including one-way streets 
and multilcg and T~intersections. Parking conditions, pedes­
trian activity, alld lane width need Lo be considered. The user 
should be able to specify a minimum desired level of service. 
The advisor should be able to select a design based on more 
than one set of turning movements (a .m. and p.m. peak hour 
volumes, for instance), and it should be able to determine 
critical movements from the information provided. Sensitivity 
to the interactions among approaches and to the performance of 
the intersection as a whole must be increased. 

The enhancement that appears to be the most difficult to 
implement is generalization of the problem domain, par­
ticulru:ly the inclusion of a graphic interface. The other im­
provements can be achieved through the addition of rules and 
facts to the knowledge base and by introducing a cyclic format 
to the solution strategy. The cyclic format would not be itera­
tive but would allow the advisor to consider the intersection as 
a whole, including the influence of signalization, before mak­
ing individual recommendations. A major decision about the 
future of the Intersection Advisor involves selecting the most 
appropriate hardware and software environment for its de­
velopment. M.1 does not have the power and flexibility needed 
for the implementation of the larger design system. Neverthe­
less, it did provide a suitable environment for gaining a belier 
understanding of the nature of the geometric design problem 
and (or developing and testing a knowledge base and solution 
strategy that will be the basis for future efforts. 
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Expert System To Cost Feasible 
Bridge-Painting Strategies 

SuE McNEIL AND ANNE MARGARET FINN 

Knowledge-based expert systems have been developed for 
many civil engineering applications Including bridge deck con­
dition assessment, selection of optimal strategies for bridge 
deck rehabilitation, and traffic signal setting. Sud1 expert ys­
tems incorporate both lleurlstlc knowledge and algorithmic 
approaches to problem solving. Identification of bridge-paint­
ing strategies Is perfectly suited to such an approach. 13ridge­
palntlng dedslons are ba.sed on measurement of condition; 
qualitative assessment of deterioration; and heuristic describ­
ing the lncompatibllltles among different types of steel, paint, 
and surface preparation. Further, uncertainty plays a crucial 
role because urface treatment, paint application, and bridge 
condition are nonuniform. Optimization or current ap­
proaches to decision making are unable to effectively Include 
all of H1ese variables. A prototype system, Bridge J'IAR 
(Paint Identification and Ranking ystem), constructed using 
an expert system building program Is based on a decision 
network. The stem allows the user to establish the facility 
condition, evaluate the need for bridge painllng, Identify ap­
propriate painting strategies, and cost the strategies. The ·ys­
tem and jL<; operatfon are described, and severaJ areas for 
research to extend and enhance Ille system are Identified. 

More than 45 percent of the bridges in the nation's bridge 
inventory (1) are structurally obsolete or funcLionally deficient. 
The mag1utude and extent of the bridge problem have spurred 
additiona! funding for bridge maintenance and rehabilitation, 
the development of innovative repair and rehabilitation 
methods, and lhe application of computer techniques to bridge 
management sy terns (2). Such bridge management systems, 
based on lhe National Bridge Inventory (NBI), are used or 
proposed for use in Kansas, Maryland, Mi1mesota, New York, 
North Carolina, and Pennsylvania and are under development 
in an NCHRP research project. These approaches are struc­
tured within traditional algorithmic computer-programming 
frameworks. In comparison, Seymour (2) has conceptualized a 
bridge management system based on rule-based expert system 
application modules. One suggested module i a bridge-paint­
ing managemeru system that includes establi bing the facility 
condition and the need for repair and selecting an appropriate 
compatible and economic paint system. 

A bridge-painting management system is designed to protect 
the investment in the bridge. Steel bridges are coated to prevent 
corrosion, which leads to loss of section and ultimately struc­
tural deficiency. Coatings include paint, galvanizing, and the 
oxidized steel formed on weathering steel or a combination of 
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burgh, Pa. 15213. 

these. These coatings deteriorate as a result of exposure and the 
application of deicing salts, which necessitates their replace­
ment from lime to time. The impact of this practice on the 
lifetime costs of a bridge must be evaluated to select an appro­
p.riate time interval between paintings, the thickness and num­
ber of coats of paint, and a system for application. 

The solution to this problem has been formulated and com­
puterized in the Bridge Corrosion Cost (BCC) model de­
veloped by Frondistou-Yannis (3). The model is based on 
·imulations of the deterioration and coaling co ts over the life 
of the bridge. Because the model is programmed, with respect 
to the choice of painting systems, using a traditional al­
gorithmic program, many judgment are left to the exper:ienced 
coatu1g and maintenance engineers. A knowledge-based expert 
system (KBES) that identifies bridge-painting stTategies and 
their costs is described in this paper. 

BRIDGE-PAINTING SYSTEMS 

Coatings are used to prevent steel bridges from corroding. 
Paints are the most conunonly used protection, but galvanizing, 
lhe application of a zinc coating to steel usu.ally through hot 
clipping, and the use of weathering steel (A588) are other forms 
of protection. Paints are not used exclusively on low-carbon 
steel; they may also be used as additional coatings on gal­
vanized and weathering steel. 

Paints are applied using a brush, roller, or spray in several 
coats each a few mils thick (1mil=0.025 mm). The first coat is 
the primer, followed by intermediate coats and then top coats. 
Paint types include 

• Oil-based paints with or without alkyd resins; 
• Zinc-rich primers with organic top coats; and 
• Vinyls, epoxies, and polyurethanes known as high-perfor­

mance paints. 

Good paint performance requires a good bond between the 
metal surface and the paint. The best bonds are achieved when 
the metal surface is properly prepared. Typical surface prepara­
tion pecifications are de.fined by the Steel Structures Painting 
Council (SSPC) specifications (4). Different paints have mini­
mal surface preparation requirements. For example, zinc-rich 
primers require blast cleaning. Therefore paints hou\d not be 
considered in isolation but as a paint system consisting of 

• Types of prime, intermediate, and top coats and 
• Surface preparation. 

This expert system uses two sets of painting systems. The 
first set of systems is based on those defined by Frondistou-
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Yannis (3) and information in Hare (5). This set includes 12 
paint systems of which 4 are defined for low-carbon steel, 3 for 
galvanized steel, and 5 for weathering steel. The systems are 
based on common practice, paint compatibilities, system per­
formance, and minimum surface preparation requirements. The 
12 systems are summarized in Table 1. The second set is based 
on the SSPC systems (4). Three other conclusions may be 
reached for any bridge: 

13. Painting is not required, 
14. More information is required or information is out of 

date, 
15. Painting should be deferred because of other work pend­

ing or possible reconstruction of the bridge. 

Several factors influence the choice of a painting system. 
These include the environment, the bridge condition, the coat­
ing condition, the existing paint, and some of the limitations of 
various types of painting systems. To describe environments 
effectively, yet avoid detailed measurements, the following 
four environments, in descending order of severity, are used by 
ASTM and the SSPC: 

• Industrial or urban, 
• Marine, 
• Rural, and 
• Desert. 

In this study the desert environment was ignored. Definitions of 
environments can be confusing because of windbome ocean 
spray and pollutants, acid rain, and deicing salts. The most 
severe environment for a bridge is assumed to ensure minimum 
performance. For example, ocean spray or deicing salt classi­
fies a rural bridge as being in a marine environment. 

The performance of a coating system is measured using a 
grade from 0 to 10 as defined in ASTM D 610 and summarized 
in Table 2, Each grade is associated with a percentage of rust. 

This performance measure is somewhat unsatisfactory be­
cause areas near the edges of members may have a rating of 0 
when other areas have a rating of 10. Also given in Table 2 for 
each rating is the percentage of the bridge that needs to be 
painted. These values are derived in Frondistou-Yannis (3). 
When 30 percent of the bridge shows rusting or the grade 

TABLE 2 CORROSION PERFORMANCE RATING 
ACCORDING TO ASTM D 610 

Rating Description 

IO No rusting or less than 0.01 % of surface 
rusted 

9 Minute rusting, less than 0.03% of surface 
rusted 

8 Few isolated rust spots, less than 0.1 % of 
surface rusted 

7 Less than 0.3% of surface rusted 
6 Extensive rust spots but less than 1% of 

surface rusted 
5 Rusting to the extent of 3% of surface 

rusted 
4 Rusting to the extent of 10% of surface 

rusted 
3 Approximately 1/o of surface rusted 
2 Approximately 1/3 of surface rusted 
1 Approximately 1/2 of surface rusted 
0 Approximately 100% of surface rusted 
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Area to be 
Painted (%) 

0 

0 

0 

0 
8 

18 

40 

60 
100 
100 
100 

declines to 2 it is assumed that the complete bridge will be 
repainted. 

The existing paint and thickness and the year last painted 
influence the choice of a system: 

• The system to be applied should be the same as the 
existing paint to ensure compatibility between the paint applied 
and the existing system, unless the complete bridge is to be 
blasted (Systems 3, 4, 11, and 12). 

• The type of existing paint together with its age may also 
be used as an indicator to check 1he condition as represented by 
the grade described in Table 2. Frondistou-Yannis (3) gives 
performance curves for each painting system and environment 
as well as empirical adjustment factors for the type of bridge 
and thickness of existing paint. 

Other variables and considerations that affect the selection of 
a paint system are summarized in Table 3 for each of the 
systems. 

The cost of applying any bridge painting system varies with 

• The system, 
• The condition of the surface of the structure, 

TABLE 1 PAINT SYSTEMS FOR HIGHWAY S1RUCTURAL STEEL [modified from Frondistou-Yannis (3)] 

Protection Method 

Low-Carbon Steel 

1. Paint System I 
2. Paint System II 
3. Paint System III 
4. Paint System IV 

Galvanized Steel 

5. Zinc coating 
6. Alkyds 
7. High performance 

Weathering Steel 

8. S tee! surface 
9. Paint System I 

10. Paint System II 
11. Paint System III 
12. Paint System IV 

Paint 

Olcoresinous paints (oils and alkyds) 
Same as above 
High-performance paints 
Zinc-rich primers and organic top coats 

None 
Zinc dust or zinc oxide alkyd paints 
High-performance paints 

None 
O!eoresinous paints (oils and alkyds) 
Same as above 
High-performance paints 
Zinc-rich primers and organic top coats 

Surface Preparation 

Hand cleaned 
Commercial blast 
Near-white metal or commercial blast 
Near-white metal 

None 
Wash with soap then rinse 
Hand cleaning 

None 
Hand cleaned 
Commercial blast 
Near-white metal or commercial blast 
Same as above 
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TABLE 3 FACTORS THAT INFLUENCE PAINT SYSTEM SELECTION [modified from Frondistou-Yannis (3) and Hare (5)] 

System Advantages/Uses Disadvantages/Limitations 

1 
2 
3 
4 
5 
6 
7 

Suitable for use on existing oil/alkyd paints 
Suitable for use on ex.isling oil/alkyd paints 
Good system when existing lead paint removed 
Good system when existing lead paint removed 

Difficult to apply on complex designs: requires skilled contractors 
Difficult to apply on complex designs; must be sprayed 
Unsuitable in induslrial or marine environments 
Must be sprayed; use on unpainted or similar ex.isling system 
Difficult to apply on complex designs: use on unpainted or similar 

existing system 
8 
9 

10 
11 
12 

Suitable for use on existing oil/alkyd paints 
Suitable for use on existing oil/alkyd paints 
Good system when existing lead paint removed 
Good system when ex.isling lead paint removed 

Unsuitable in industrial or marine environment 
Use on unpainted or similar existing systems 
Use on unpainted or similar existing systems 
Difficult to apply on complex designs; requires skilled operators 
Difficult to apply on complex designs; must be sprayed 

• The number and thickness of coats, and 
• Local conditions. 

The BCC model (3) provides unit costs for estimating the total 
cost of applying a painting system. Similar costs are also 
provided by the SSPC (4 ). 

KNOWLEDGE-BASED EXPERT SYSTEMS 

Knowledge-based expert systems (KBESs) are a major area of 
research in artificial intelligence. They are interactive computer 
systems based on lhe facts, rules of lhumb, and approaches 
used by human experts to solve a problem. KBESs provide a 
practical alternative to conventional programs when lhe prob­
lem is ill-structured and solution algorithms do not exist or do 
not provide a complete solution (6-8). The organization of 
KBESs, comparisons with conventional programs, applica­
tions, and the development of KBESs are described in deiail 
elsewhere (6, 8). 

The success of MYCIN (6), a large KBES developed in Lhe 
mid-1970s for medical diagnosis, has led to development of 
small-scale KBESs for many different applications. In civil 
engineering, examples include traffic signal setting (9), prelim­
inary design of high-rise buildings (10), and selection of bridge 
deck rehabilitation strategies (2). These applications in civil 
engineering arc often characterized by the integration of al­
gorithmic programming, which typically identifies conven­
tional programs, wilh heuristics and symbolic manipulation , 
which commonly identify KBESs. The rcsuJt is a more com­
plete and correct solution that no longer functions as a "black 
box" lhat is unable to explain or easily change the solution 
procedure used. 

A KBES has four basic components: 

• Knowledge base--<:ontains all knowledge and rules used 
in solving the problem. 

• Comcxt---<:ontains information that is specific to the prob­
lem currently being solved. 

• Inference mechanism- links the knowledge base and con­
text. The object of the inference mechanism is to reach a goal 
or conclusion and solve lhe problem. 

• User interface-allows the user to interact with the system 
just as olhers confer and interact with an expert. 

Although these elements are common to all KBESs, they may 
also include the ability to explain their reasoning and acquire 
knowledge. 

The success of a system is dependent on whelher an expert 's 
melhod of problem solving, knowledge, and experience can be 
conveyed to t:he knowledge engineer. A number of language 
tools ranging from high-level languages to problem-specific 
tools and environments are available to implemenl lhe knowl­
edge and problem-solving process (6). 

The knowledge acquisition component of lhe bridge-paint­
ing problem is described in the following section. 

BRIDGE-PAINTING PROBLEM 

Like other areas of bridge maintenance, bridge painting is often 
deferred because of financial constraints. For example, in Mas­
sachuscus for many years the budget for lhe Massachusetts 
Department of Public Works for bridge painting was on lhe 
order of $500,000. The department aims to paint bridge· every 
7 years, but wilh lhis budget limitation it is significantly behind 
schedule. To begin lo correct Lhis shortfall, the bridge-painting 
budget for fiscal year 1986 in Massachusetts is $5 million. The 
allocation of eilher a large or a small budget to particular 
bridges requires trade-offs. Furlhennore, lack of trained inspec­
tors and poor information on Lhe condition of exi ting bridge 
paint make planning difficult. 

In developing a bridge-painting program an agency often 
makes decisions hierarchically. Al the uppermost level, a 
bridge-paincing budget is set. Al lhe next level, decisions about 
which bridge has lo be painted are required. At lhe lower 
levels, type, thickness, and number of coats of paint; melhod of 
application; and amount of cleaning are decision variables. 
Because of problems with paint compatibility, local environ­
ment, and environmental conditions, lhere is usually a small 
subset of all possible painting systems lhat is feasible for a 
panicular bridge. Identification of th.is feasible set of strategies 
is based on heuristics and qualitative data on lhe bridge, exist­
ing paint, environment, and local preferences. 

The BCC model (3) seeks a strategy that minimizes the 
discounted costs of bridge painting over Lhe life of the bridge. 
The optimal strategy for any one bridge is found by simulation. 
The simulation simply calculates the discounted bridge paint­
ing over the life of lhe bridge, for a range of reasonable 
thicknesses and for each possible value of lhe frequency of 
repainting until a minimum cost is observed. The process is 
repeated for each system lhat is appropriate for that cype of 
steel. The minimum cost of all of lhe systems is identified as 
the optimal strategy. This approach fails to explicitly recognize 
that some systems may not be feasible for reasons of paint 
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compatibility or local conditions. The expert system described 
in this paper interactively queries the decision maker to ensure 
that all available information is included in the identification of 
feasible strategies. The system heavily depends on the relation­
ships and empirical data of the BCC model (5) to identify 
optimal strategies that are feasible. 

The bridge-painting problem is ideally suited to the utiliza­
tion of a KBES (7, 9) because 

• The problem is well defined and has a relatively narrow 
problem domain, 

• Experts exist and can describe their methods, 
• The task does not requfre--conunon sense but heuristic 

solution, and 
• Expertise takes time to acquire and experts are in rela­

tively short supply. 

The knowledge base captures information from experts in 
the field and structures it in the form of an expert system to 
derive appropriate actions. The knowledge base is accessed for 
the identification of feasible painting strategies and determina­
tion of costs. 

To isolate the engineer from the computer science-related 
details of building an expert system, tools to include problem­
solving knowledge, allow the user and system to communicate, 
and complete problem solving are used. These tools, which are 
described in the following section, allow the knowledge engi­
neer to focus on knowledge acquisition and inclusion. 

BRIDGE-PAINTING IDENTIFICATION 
AND RANKING SYSTEM 

The knowledge-based expert system Bridge PIARS (Bridge 
Painting Identification and Ranking System) is written in 
GEPSE (General Engineering Problem Solving Environment), 
a set of knowledge-based expert system building tools written 
by Chebayeb and Connor (11). GEPSE is written in the C 
programming language and provides users with the flexibility 
to incorporate knowledge as rules and algorithmic procedures, 
but it also includes a predefined rule-based inference engine 
(forward chaining), interpreter, and mechanisms for the inclu­
sion and alteration of objects, goals, and rules. 

Bridge PIARS has two parts. The first part identifies feasible 
paint systems and the second part costs all feasible strategies 
for the bridge. Bridge PIARS defines objects such as a bridge 
or paint, which have attributes such as percentage corrosion. 
Relationships between objects and attributes are defined as 
rules. For example, if the attribute percentage corrosion of 
object bridge has a value of 10 percent, the attribute grade is set 
to 4. The inference engine fires rules until a goal is reached. In 
Bridge PIARS goals are reached at the end of the first phase. 
Functions are defined throughout the program to perform cal­
culations, input, and output. For example, expected deteriora­
tion is calculated and compared with observed deterioration. 
The second part calculates the cost of each feasible painting 
system. The cost calculations of the second part can be re­
peated to perform a number of simulations and produce an 
optimal strategy similar to the BCC model (3). 

The first part of Bridge PIARS identifies feasible bridge­
painting systems by asking the user a series of questions about 
the bridge and the existing paint. Alternatively, the program 
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could query a data base if the appropriate data were available. 
The National Bridge Inventory as it now exists includes no 
information on the condition of bridge paint. The basic ques­
tions used to identify the most feasible system are 

• Ql: What is the bridge made of? 
• Q2: What type of steel is the bridge made of? 
• Q3: What is the bridge painted with? 
• Q4: What environment is the bridge in? 
• Q5: Do environment regulations permit spraying? 
• Q6: Is the bridge a truss or does it have complicated 

geometry? 
• Q7: What is the bridge grade according to ASTM D 610? 
• Q8: Are skilled operators available? 

All questions are not necessarily asked for every bridge be­
cause a strategy may be decided on without asking all ques­
tions. In addition to asking the questions listed here, the system 
also queries the user about the painting history of the bridge. It 
then calculates the expected condition and compares this with 
the actual condition. If the conditions differ, the user is given 
the option of choosing the forecast or the observed condition or 
aborting the session. 

The general relationships between questions and goals and 
objects are depicted in the decision network shown in Figures 
1-4. Figure 1 shows the part of the decision tree common to all 
three types of steel considered by the system and the deter­
mination of the existing coating system. The intermediate steps 
required to reach a goal are shown in Figures 2-4 for gal­
vanized, weathering, and low-carbon steels, respectively. The 
nodes on the network represent the questions listed previously. 
At each node identified as Q7 the system asks the user "what is 
the grade of the bridge?" At this node the user is also asked 
additional questions about the painting history of the bridge. 
This ensures that the actual deterioration is consistent with the 
deterioration predicted since the bridge was last painted. Each 
branch on the decision tree terminates when a goal is reached. 
The goals are depicted in Figures 1-4 as squares with numbers 
corresponding to the paint systems defined in Table 1 and the 
conclusion that painting should not be done. 

The second part of Bridge PIARS estimates the painting 
costs. It uses the feasible paint systems derived in the first 
phase of the program. The user is asked to specify thickness. 
The calculation is repeated for each system and different thick­
nesses can be specified as shown in Figure 5. The program has 
a simple data base of unit costs and correction factors that the 
user can modify if necessary. It is this area of the knowledge 
base that could benefit most from further refinement. 

Both parts of the program are interactive and ask the user for 
input for the particular problem to be solved. The user is given 
a menu of possible answers as shown in Figure 6. This question 
is one of several used to establish the painting history of the 
bridge to permit comparison of actual deterioration with pre­
dicted deterioration. The question and menu appear on the 
screen when a rule is fired. The user's choice is then assigned to 
an attribute through the rule. For example, the rule in Figure 7 
asks the user "what type of steel is the bridge made of?" and 
assigns the answer to the auribute type of the object steel. The 
rule base includes approximately 80 such rules. 
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See 
Figure 2 

See 
Figure 3 

See 
Figure 4 

FIGURE 1 Decision tree for identifying feasible bridge-painting 
strategies. 

To provide some preliminary testing of the program, Bridge 
PIARS was used to evaluate and cost bridge-painting strategies 
for two bridges that were recently contracted out for painting 
by -the Massachusetts Department of Public Works. Both 

FIGURE 2 Decision tree for 
Identifying strategies for galvanized 
coatings. 

FIGURE 3 Decision tree for 
Identifying strategies for weathering 
steel. 

bridges were painted with the same painting system. Bridge 
PIARS identified three feasible painting strategies for each 
bridge including the one used. Table 4 gives a summary of the 
test results for the three bridges. For the actual painting system 
Bridge PIARS was within 12 percent of the lowest bid whereas 
office estimates tended to be around 30 percent under the 
lowest bid. The preliminary testing highlighted the role of the 

13 

FIGURE 4 Decision tree for identifying 
strategies for low-carbon steel. 

Paint 
System 

Unit 
Costs 

-- Knowledge base 
------ From Phase I 

Overhead 
Adjustments 

Size of 
Bridge 

Paint 
Thickness 

No of 
Coats 

FIGURE 5 Determinants of painting costs. 

Local 
Conditions 



McNeil and Finn 

"GEPSE •• 

How was your bridge cleaned before 

the last time It was painted? 

USE .i AND t TO MOVE MARKER. PRESS (RETURN) TO SELECT CHOICE 

hand cleaned • 

commercial blast 

other 

FIGURE 6 Typical user query. 

(make-rule "typing" 

(is? type - of steel nil) 

(set type-of •teel 

(menu 1 

"What is the type or steel?" 

galvanized 

low - carbon 

weathering))) 

FIGURE 7 Rules for finding 
type of steel. 

TABLE 4 RESULTS OF PRELIMINARY TESTING OF 
BRIDGE PIARS 

Systems 
Proposed Office 
by Bridge System Estimate Lowest 

Bridge PIARS Cost($) Used ($) Bid ($) 

1 2 50,000 4 63,000 94,000 
3 65,000 
4 89,000 

2 2 593,000 4 800,000 1,174,000 
3 779,000 
4 1,056,000 

current version of Bridge PIARS as an aid and the importance 
of life-cycle costs in paint selection. 

CONCLUSIONS 

Bridge PIARS, as a demonstration prototype, shows the use of 
KBESs for solving engineering problems. The system shows 
sufficient potential that several enhancements are warranted. 
Improvements to the problem-solving approach include 

• Determining the optimal painting system using optimiza­
tion methods that incorporate budget constraints rather than 
using simulations, 

• Accounting for the uncertainty and variability of the infor­
mation provided by the user and the performance of coating 
systems, and 

• Including the time-varying properties of paint reliability. 
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These features demonstrate the importance of an integrated 
approach to problem solving that permits users to include 
algorithmic approaches within a KBES. Other enhancements 
will be to the user interface and include refinements to qualita­
tive questions about paint condition and the geometry of the 
bridge and the addition of an explanation facility and interfaces 
to a data base for historical information that is typically un­
available in the field. 

To be completely robust, the system also requires some 
refinement of the deterioration relationships that are used to 
check condition, unit cost estimates, the use of multiple and 
alternative paint systems, and the ability to update cost infor­
mation and alternative approaches for assessing paint con­
dition. 

Bridge PIARS has demonstrated the ability of KBESs to 

• Provide friendlier user interfaces than have been common 
in algorithmic program solutions to similar problems, 

• Integrate qualitative and quantitative information process­
ing, and 

• Present a more complete solution to a problem than is 
convenient in an algorithmic program environment. 

The resultant system can assist in making decisions by con­
sistently accounting for all the variables. However, the system 
is only as powerful as the knowledge base. The flexibility 
needed for the user to update the knowledge base and query the 
system is not included in the present problem-solving environ­
ment but may be an appropriate enhancement. However, the 
KBES approach to this problem allows the knowledge engineer 
to easily update the knowledge base to reflect new technologies 
in coatings, applications methods, and paint removal as well as 
changes in costs over time. 
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A Knowledge-Based Approach to 
Pavement Overlay Design 

STEPHEN G. RITCHIE 

Described is the development of an initial prototype expert 
system to assist local engineers In designing the structural 
thickness of asphalt concrete pavement overlays. The system is 
called OVERDRIVE (OVERiay Design heuRistic adVisEr) 
and is part of ongoing research at the University of California, 
Irvine, that is developing an Integrated set of expert system 
tools for the analysis and design of highway pavement re­
habilitation strategies. The paper provides an overview of 
expert systems concepts and overlay thickness design methods. 
A discussion of the OVERDRIVE system follows, Including the 
main components of the first prototype, Version 1.1. It is 
concluded that a knowledge-based approach to pavement over­
lay design Is feasible and, even in prototype form, OVER­
DRIVE is a potentially useful tool for local highway englneers. 
Ongoing research wlJI refine and expand the knowledge base 
and user Interface of OVERDRIVE to enhance its perfor­
mance as an expert design tool. 

In recent years, asphalt concrete pavement overlays have be­
come the principal treatment used in the United States for 
rehabilitating deteriorated pavements subjected to moderate or 
heavy traffic. Highway agencies in the United States spend 
billions of dollars annually on such overlays, which comprise 
relatively thick layers of bituminous-bound aggregate placed 
over the existing pavement. An overlay can level out a dis­
torted or rough road surface that is providing poor ride quality 
and high operating costs to users. It can also increase the 
structural capacity and service life of an existing pavement. 
The design life of an asphalt concrete overlay is typically 10 
years, and sometimes it is as long as 20 years. Properly de­
signed, an overlay can be a cost-effective means of correcting 
pavement deficiencies for a substantial period of time. 

Three-quarters of the highway mileage in the United States 
is contained within local highway systems (1), which are the 
responsibility of tens of thousands of cities, counties, and other 
local jurisdictions. Successful and cost-effective pavement re­
habilitation strategies are generally developed by pavement 
engineering specialists who use their judgment and experience 
as well as empirically based design procedures. Typically, these 
experts are only to be found within federal and state agencies, 
universities, and private firms. In addition, although conven­
tional computer tools are useful in the overlay design process, 
their role is limited because the tasks involved tend to be 
complex and ill-defined so engineering judgment must be re­
lied on. The difficulties facing local highway agencies na­
tionally. are therefore not only financial but include the avail­
ability of, and access to, specialized human resources and 
expertise. 
Department of Civil Engineering and Institute of Transportation Stud­
ies, University of California, Irvine, Calif., 92717. 

The nature of this problem suggests that a new technological 
approach, involving knowledge-based or expert systems, could 
be especially useful (2). Such systems are basically interactive 
computer programs that emulate the knowledge of a human 
expert to provide advice and guidance to local users. 

In this paper is described the development of an initial 
prototype expert system to assist local engineers in designing 
the structural thickness of asphalt concrete pavement overlays. 
The system is called OVERDRIVE (OVERiay Design heuRls­
tic adVisEr) and is part of ongoing research at the University of 
California, Irvine, that is developing an integrated set of expert 
system tools for the analysis and design of highway pavement 
rehabilitation strategies. The paper provides an overview of 
expert systems concepts and overlay thickness design methods. 
A discussion of the OVERDRIVE system follows, including 
the main components of the first prototype, Version 1.1. It is 
concluded that a knowledge-based approach to pavement over­
lay design is feasible and, even in prototype form, OVER­
DRIVE is a potentially useful tool for local highway engineers. 
Ongoing research will refine and expand the knowledge base 
and user interface of OVERDRIVE to enhance its performance 
as an expert design tool. 

EXPERT SYSTEMS 

Knowledge-based expert systems are computer programs that 
have recently emerged from decades of research on artificial 
intelligence (Al). In general, AI is the study of how to make 
computers perform tasks that, currently, people perform better 
(3). Such tasks include natural language processing, speech 
recognition, vision, and expert problem solving. 

Expert systems are designed to emulate the performance of 
an expert, or group of experts, in a particular problem domain 
(such as pavement overlay design) through the use of symbolic 
reasoning. Expert systems therefore address "ill-structured" 
problems for which a numerical algorithmic solution is not 
available or is impractical; such problems are solved using 
expert knowledge, skill, judgment, and heuristics. 

A review of potential applications of expert systems in 
transportation is reported by Yeh et al. (4), and a state-of-the-art 
review of expert systems in transportation engineering is pre­
sented by Ritchie (5). A recent symposium also elaborated on 
expert systems in civ.il engineering (6). There are also several 
more general and comprehensive guides to expert systems 
(7, 8). 

An expert system is fundamentally different from a conven­
tional computer program. One of the principal differences is the 
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separation of domain knowledge and the inference or control 
mechanism. This distinction identifies two of the main compo­
nents of an expert system, the knowledge base and the in­
ference engine. The knowledge base is the power of an expert 
system in the sense that it contains all of the empirical and 
factual information for the problem domain. The inference 
engine decides how to apply the knowledge in the knowledge 
base in order to infer new knowledge. It is the control mecha­
nism for the system that attempts to progressively solve each 
subgoal and thus the entire problem. 

There are various ways to represent the knowledge in the 
knowledge base. The most common is by means of production 
rules, expressed as IF-THEN statements (e.g., IF surface 
course is asphalt concrete AND condition is excellent THEN 
conversion factor = 1.0). When the IF portion or premise of a 
rule is satisfied by the facts, the action specified by the THEN 
portion is performed. The rule is then said to "fire." There are 
two ways in which rules are accessed in a rule-based system: 
forward chaining and backward chaining. Forward chaining is 
an inference method that proceeds from information on the left 
side of the rules to derive information on the right. In other 
words, rules are matched against facts to establish new facts. 
Backward chaining involves starting with a conclusion or hy­
pothesis on the right side of one or more rules and trying to 
establish the facts that would verify that hypothesis. Only rules 
that are relevant to establishing the hypothesis are executed. 
Backward chaining therefore proceeds from information on the 
right side to establish information on the left. 

To build an expert system, a symbol manipulation language, 
such as LISP or PROLOG, can be used. These have been 
designed specially for AI applications. A variety of dialects 
exist, including increasingly powerful versions for microcom­
puters. In addition, a large number of shells or knowledge 
engineering tool kits are now available for microcomputers. 
These offer a faster route to expert system development but 
often involve some sacrifice in flexibility. In either case, the 
system developer (knowledge engineer) must acquire the ex­
pertise and knowledge of the expert or experts and encode it 
into the knowledge base. An iterative process of testing and 
refinement then ensues to ensure that the system reaches the 
desired level of performance. 

Finally, it is important. to note that although virtually all 
expert systems are knowledge based, the converse is not neces­
sarily true. In other words, knowledge-based systems are a 
subset of AI programs, and expert systems are a subset of 
knowledge systems. A truly "expert" system implies the use of 
"expert" knowledge to attain high levels of performance in the 
problem domain. The iterative development process referred to 
earlier typically involves the successive refinement of an initial 
knowledge system to produce an expert system that performs at 
a level comparable to that of recognized human experts. Of 
course, not all knowledge-based systems need to perform at 
such a high level to be useful. The nature of real-world prob­
lems, and experience, indicates that a spectrum of knowledge­
based tools is appropriate, including assistant, colleague, and 
expert knowledge-based systems. 

OVERLAY DESIGN METHODS 

Pavements with bituminous surfaces are often called flexible, 
in contrast with rigid pavements of portland cement concrete. 
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The initial version of OVERDRIVE described in this paper 
focuses on the design of flexible asphalt concrete overlays on 
existing flexible pavement. The term asphalt concrete denotes a 
dense-graded road surface made of hot mineral aggregates 
plant mixed with hot asphalt. This is the highest type of dense­
graded bituminous pavement and is suitable for even the most 
heavily traveled roads (1). 

The two most commonly used design methods for asphalt 
concrete overlays are component analysis and deflection anal­
ysis. These methods reflect empirically based design pro­
cedures developed during the last several decades for new 
pavements. In practice, effective application of the methods 
requires considerable engineering judgment. 

The component analysis overlay design method involves a 
comparison of the existing pavement structure and a new pave­
ment design for site-specific service conditions. The evaluation 
of the existing structure requires identification of each of the 
pavement layers (components) such as the surface course, base, 
and subbase (if any), as shown in Figure 1. The type, thickness, 
and condition of each layer must then be determined. Evalua­
tion of the condition of each layer involves selection of a 
conversion factor that reflects the layer's structural adequacy. 
Even if the results of sampling and testing in-place materials 
are available, substantial judgment is required to effectively 
select the value of each factor. The factors apply reductions of 
up to 100 percent to the structural adequacy of each layer and 
can therefore have a major impact on determining the need for 
an overlay and its design thickness. Further, if either or both 
site-specific traffic data or subgrade soil strength are not avail­
able, judgment must be used to select appropriate design 
values. 

SURFACE COURSE 

BASE 

SUBBASE 

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ 
SUBGRADE 

FIGURE 1 Cross section of typical 
pavement structure. 

Deflection analysis design methods involve nondestructive 
testing of the pavement to yield measured surface deflection 
caused by a standard load. Although this method does not 
generally consider individual pavement layers, it directly re­
flects the effective strength and response of the in situ pave­
ment structure to traffic levels and types. If the measured 
deflection is greater than an acceptable value, an overlay is 
required. 

Component analysis is a traditional design method that has 
been used in various forms for many years. More recently, 
deflection-based procedures have begun to gain wide accep­
tance, particularly among state departments of transportation. 
Standard design guidelines, such as those of the Asphalt In­
stitute (9), suggest that it may sometimes be desirable to use 
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both methods before making a final decision based on engi­
neering judgment. However, a majority of local highway agen­
cies in the United States do not own the equipment necessary to 
perform deflection tests. Many of the smaller agencies also do 
not have laboratory equipment or personnel and rely either on 
standardized pavement designs that have worked well in the 
past or on other judgmental or rule-of-thumb methods. 

In building OVERDRIVE 1.1, the first priority was to build a 
knowledge-based system for overlay design using a component 
analysis design method. This method provides an improved 
and more rational overlay design procedure for many users. 
When implemented using a knowledge-based approach, a 
powerful design tool results. 

DESCRIPTION OF OVERDRIVE 

OVERDRIVE 1.1 is an initial prototype of a knowledge-based 
system to provide interactive expert advice and guidance on the 
detailed design of asphalt concrete pavement overlays to local 
highway engineers. OVERDRIVE is a part of a more extensive 
system named PARADIGM (PAvement Rehabilitation Anal­
ysis and DesIGn Mentor), a proposed integrated set of expert 
systems, now under development, for local highway agencies 
(2). 

The first expert system developed as part of the PARADIGM 
project was SCEPTRE (Surface Condition Expert for Pave­
menT REhabilitation). This system is described elsewhere 
(JO, 11). SCEPTRE evaluates project-level pavement surface 
distress and other user inputs to recommend feasible rehabilita­
tion strategies for subsequent detailed analysis and design by 
OVERDRIVE. The two systems have been designed so that 
many of the inputs to SCEPTRE can also be used by OVER­
DRIVE. SCEPTRE has been developed using the knowledge 
engineering shell EXSYS (12) on a Compaq portable micro­
computer (and runs on any MS-DOS-compatible PC). The 
system is rule based and uses a backward-chaining inference 
method. The knowledge base in Version 1.4 contains about 140 
complex rules, derived from the combined expertise of two 
pavement specialists. SCEPTRE 1.4 currently addresses state­
maintained flexible pavements in Washington State and has 
been made available for field testing in district offices of the 
Washington State Department of Transportation (WSDOT). 
Ongoing research will refine and adapt the knowledge base for 
local agencies. 

Like SCEPTRE, OVERDRIVE is a microcomputer-based 
production rule system. OVERDRIVE 1.1 accesses its rules 
using a forward-chaining inference method and has been im­
plemented using EXSYS. The system also interfaces with an 
external program to pass and receive values of design 
parameters. 

The knowledge base of OVERDRIVE 1.1 is the result of 
knowledge engineering efforts with a pavement specialist com­
bined with a synthesis of state-of-the-art and other reports, 
papers, and manuals relating to the Asphalt Institute overlay 
design method for asphalt concrete overlays on flexible pave­
ment, (1, 9, 13-15). The knowledge base contains more than 
100 rules. It is expected that successive versions of OVER­
DRIVE will incorporate additional knowledge acquired from 
pavement engineering specialists. The natural evolution of the 
system's performance will be toward that of a human pavement 
expert, which is the ultimate objective. 
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OVERDRIVE is implemented as an interactive microcom­
puter program to make it accessible to a broad range of poten­
tial users and to permit relatively fast determination of overlay 
structural thickness requirements. This also allows quick as­
sessment of the impact or impacts of varying assumptions and 
input values for design parameters. 

Several major tasks are addressed by OVERDRIVE in for­
mulating a recommendation for the structural thickness of a 
new overlay. These include determining the effective thickness 
of the existing pavement structure, determining a new full­
depth asphalt concrete construction thickness, and assessing 
the consequent need for an overlay. Each of these tasks is 
discussed in more detail in subsequent sections. 

EFFECTIVE THICKNESS 

OVERDRIVE 1.1 is applicable to existing pavement structures 
containing up to three layers, excluding the subgrade, as shown 
in Figure 1. To design the structural thickness of an overlay 
using a component analysis method such as that of the Asphalt 
Institute (9 ), the effective thickness of the existing pavement 
structure must be determined. The effective thickness of the 
structure is the sum of the effective thicknesses of each layer. 
Effective thicknesses are found by multiplying the actual layer 
thicknesses by appropriate conversion factors. Each effective 
thickness represents an equivalent depth of new asphalt con­
crete. To perform this analysis requires assessment of the fol­
lowing items for each individual structure: 

• Number of layers (e.g., surface course only; surface 
course and base; surface course, base, and subbase); 

• Thickness of each layer; 
• Layer material type; and 
• Layer condition. 

Pavement segments in OVERDRIVE 1.1 are user defined 
and should be homogeneous with respect to geometry and 
features. A conversion factor based on the layer material type 
and condition is selected. This determination may be assisted 
by past records of design, construction, or maintenance; by 
field inspection; and if possible by at least limited sampling and 
laboratory testing of in-place materials (OVERDRIVE 1.1 does 
not provide guidance for such sampling and testing). Ul­
timately, however, the selection of each conversion factor in­
volves engineering judgment. For example, asphalt concrete 
that is in very good condition with little cracking or rutting may 
be assigned a conversion factor of 0.9 to 1.0. Asphalt concrete 
exhibiting greater distress should be assigned a conversion 
factor in the range 0.5 to 0.8. Granular bases and subbases may 
be assigned values of 0.2, and so on. The effective thickness for 
the structure is then determined as follows: 

Effective thickness= (Tl) (Sl) + (T2) (S2) + (T3) (S3) (1) 

where Tl, T2, and T3 are the actual layer thickness for surface 
course, base, and subbase, respectively, and S 1, S2, and S3 are 
conversion factors for each layer. 

OVERDRIVE 1.1 includes three possible surface course 
layer types, eight base course layer types, and five subbase 
course layer types. The number of condition levels available 
for each layer varies between 1 and 28 depending on the layer 
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and material. For example, the condition level, and hence 
conversion factor, for each surface course layer type is depen­
dent on the extent and severity of alligator cracking in com­
bination with the severity of rutting. Twenty-one possible con­
dition levels result for a given surface course layer type. 

To illustrate the rule-based knowledge representation relat­
ing to effective thickness determination in OVERDRIVE, con­
sider the partial inference net in Figure 2. An inference net 
portrays all of the possible inference chains that can be gener­
ated by a set of rules. An inference chain indicates how the 
system uses the rules to infer a result and is formed by match­
ing the IF portions of rules to the facts. The rules corresponding 
to the inference net in Figure 2 are shown in Figure 3. These 
rules are contained in OVERDRIVE's knowledge base and 
were created using the EXSYS editor. As a result of the first 
rule firing, the user is requested to enter the thickness of the 
existing surface course layer, in inches, because the numeric 
variable [SURFACE THICKNESS] has not yet been assigned a 
value. For the second rule to fire, the user is queried about the 
material type in the surface layer (this query is in the form of a 
multiple choice question), and the user indicates that there is an 
asphalt concrete surface layer. Finally, as a result of the user 
indicating that there is no alligator cracking or rutting present 
(in response to further queries by the system), the third rule 
would fire and a conversion factor of 1.0 would be selected. In 
response to a system query, the user can enter WHY, and the 
system will respond with the rule or rules it is attempting to 
verify, thereby revealing its reasoning. 

Figure 4 shows two of the rules that are used to analyze the 
next possible layer in the existing structure, the base course. 
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As a result of the first rule firing, OVERDRIVE attempts to 
apply the second rule and queries the user about the existence 
of a base layer. If such a layer exists, its thickness is determined 
and the system proceeds to establish the effective thickness of 
that layer, and then of the subbase layer (if one exists). If a base 
course layer does not exist because, for example, the existing 
structure is full-depth asphalt concrete, the appropriate conver­
sion factors and thicknesses are deduced as shown in the ELSE 
part of the rule in Figure 4. 

NEW FULL-DEPTH THICKNESS 

Determination of the new full-depth construction thickness 
involves developing a new design for a full-depth asphalt 
concn.:Le pavement over the existing subgrade. The procedures 
incorporated in OVERDRIVE 1.1 are based on the elastic 
layered theory approach of the Asphalt Institute. This approach 
assumes that the subgrade is infinite in the vertical direction 
and that all layers are infinite in the horizontal direction. It 
includes consideration of limiting strains, material properties, 
environmental considerations (temperature and frost effects), 
and traffic. The basic activities of OVERDRIVE in this overall 
task include: 

• Subgrade assessment, 
• Traffic analysis, and 
• Design of new full-depth thickness. 

The sequence of these activities is shown in Figure 5. 

Start 

Need to de t e rm i ne effect ive thickness of existing pavement structure 

Surface course layer thickness is input by user 

Surface course l aye r thickness is determined 

Need to determine surface course type 

Surface course layer type is asphalt concrete 

Need to determine condition of asphalt concrete surface course 

The % length of both wheel paths alligator cracked is O\ 

The severity of rutting is 0 inches 

Surface c ourse conversion factor - 1 . 0 

Surface course conversion factor is determined 

FIGURE 2 Partial inference net for surface course analysis. 
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RULE NUMBER: 1 

IF: 
NEED TO DETERMINE EFFECTIVE THICKNESS OF EXISTING PAVEM~NT 

THEN: 
[Tl] IS GIVEN THE VALUE (SURFACE THICKNESS] 

and SURFACE COURSE THICKNESS IS DETERMINED 
and NEED TO DETERMINE SURFACE COURSE TYPE 

RULE NUMBER: 2 

IF: 
NEED TO DETERMINE SURFACE COURSE TYPE 

and SURFACE COURSE LAYER TYPE IS ASPHALT CONCRETE 

THEN : 
NEED TO DETERMINE CONDITION OF ASPHALT CONCRETE SURFACE COURSE 

RULE NUMBER : 3 

IF: 
NEED TO DETERMINE CONDITION OF ASPHALT CONCRETE SURFACE COURSE 

and THE i LENGTH OF BOTH WHEEL PATHS ALLIGATOR CRACKED IS 0% 
and THE SEVERITY OF RUTTING IS 0 INCHES 

THEN : 
(Sl] IS GIVEN THE VALUE 1 . 0 

and : SURFACE COURSE CONVERSION FACTOR IS DETERMINED 

FIGURE 3 Rules corresponding to inference net. 

IF : 
SURFACE COURSE CONVERSION FACTOR IS DETERMINED 

THEN : 
NEED TO DETERMINE IF A BASE COURSE LAYER EXISTS 

IF : 
NEED TO DETERMINE IF A BASE COURSE LAYER EXISTS 

and IN THE EXISTING PAVEMENT STRUCTURE, A BASE COURSE LAYER EXISTS 

THEN: 
(T2] IS GIVEN THE VALUE (BASE THICKNESS] 

and BASE THICKNESS IS DETERMINED 
and NEED TO DETERMINE BASE COURSE TYPE 

ELSE : 
(BASE THICKNESS] IS GIVEN THE VALUE OF 0.0 

and (S2] IS GIVEN THE VALUE 0 . 0 
and (SUBBASE THICKNESS] IS GIVEN THE VALUE 0.0 
and (S3) IS GIVEN THE VALUE 0 . 0 
and BASE COURSE CONVERSION FACTOR IS DETERMINED 
and BASE THICKNESS IS DETERMINED 
and SUBBASE COURSE CONVERSION FACTOR IS DETERMINED 
and SUBBASE THICKNESS IS DETERMINED 

FIGURE 4 Example rules for base course analysis. 

The two basic design parameters that OVERDRIVE at­
tempts to determine in this phase are the subgrade modulus and 
the number of equivalent 18,000-lb single-axle loads [18-kip 
equivalent axle loads (EALs)] due to truck traffic during the 
user-specified design period. 

Sampling and laboratory testing of subgrade materials are 
encouraged even if original design records are available. The 

results of this testing can provide an indication of the subgrade 
resilient modulus. However, when this is not available, as may 
be the case for many smaller local agencies, OVERDRIVE allows 
for a more su!jjective characterization of subgrade strength. 
Rules in the knowledge base allow the user to classify the 
subgrade into three categories for design purposes on the basis 
of subgrade characteristics. A summary of this is given in Table 1. 
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\ 
Is subgrade resilient modulus available from sampling and testing program of I in-place materials? 

NO YES 

\ 

Use judgment to classify subgrade 

1 and infer design strength 

l Is site-specific truck and traffic information available? I 

NO YES 

I Use judgment to classify road 

\ into loading classes 

\ 
Estimate equivalent 18,000-lb single-axle-loads (18 KEAL) for design period I 

1 
I Determine equivalent new full-depth construction thickness I 

FIGURE S Sequence of activities for determining new construction thlckness. 

TABLE 1 SUBGRADE CLASSES FOR DESIGN PURPOSES 
(9, 14) 

Soil 
Class 

Poor 

Medium 

Good 

Characteristics 

Soft and plastic when wet, generally 
composed of silts and clays (CBR = 3) 

Includes loams, silty sands, and sand-gravels 
that contain moderate amounts of clay and 
silt; can be expected to lose only a 
moderate amount of strengih when wei 
(CBR = 8) 

Expected to retain substantial amount of 
strength when wet; includes clean sands 
and sand-gravels (CBR = 17) 

Norn: CBR = California bearing ratio. 

Design 
Modulus 
(psi) 

4,500 

12,000 

25,000 

For the estimation of 18-kip EALs for the design period, 
several methods are provided in OVERDRIVE depending on 
the availability of site-specific truck and traffic information. If 
site-specific data are not available, OVERDRIVE queries the 
user to determine the appropriate traffic class (Table 2) with its 
associated estimate of 18-kip EALs. If site-specific data are 
available, several more detailed procedures are available to 
determine 18-kip EALs for the design period. The exact pro­
cedures and rules that are applied depend on the level of 
disaggregation of the data (e.g., ranging from average annual 
daily traffic and percentage trucks at one extreme to whether 
truck volumes can be estimated for single and multiple units by 
axle class). OVERDRIVE also provides for traffic growth 
factors over the design period, if the user so desires. 

TABLE 2 ASPHALT INSTITUTE TRAFFIC CLASSIFICATIONS 
(9, 14) 

Type of Street or Highway 

1. Parking lots 
2. Lightly trafficked residential streets 

and farm roads 

1. Residential streets 
2. Rural farm and residential roads 

1. Urban aJld n1ral rr.inor collectors 

1. Urban minor arterial and light 
industrial streets 

2. Rural major collector and minor 
arterial highways 

Traffic 
Class 

II 

III 

IV 

1. Urban freeways and other principal V 
arterial highways 

2. Rural Interstate and other principal 
arterial highways 

1. Urban Interstate highways VI 
2. Some industrial roads 

Estimated 
18-kip EALs 

5,000 

10,000 

100,000 

1,000,000 

3,000,000 

10,000,000 

Having established both subgrade and traffic design param­
eters, OVERDRIVE then determines the new full-depth asphalt 
concrete construction thickness using the design chart shown in 
Figure 6. This chart is for a mean annual air temperature of 
60°F with frost action possible. Design charts for other condi­
tions can also be readily incorporated. In OVERDRIVE 1.1 the 
determination of new full-depth thickness is carried out by a 
conventional external program that is called by rules within the 
knowledge base. The design parameter values are passed out to 
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this program, which essentially uses the look-up table repre­
sentations of Figure 6, and the new design thickness is returned 
to OVERDRIVE to be used in determining the need for an 
overlay. 

NEED FOR OVERLAY 

Given the effective thickness and new full-depth construction 
thickness, it is a simple calculation to determine the structural 
design thickness of any required asphalt concrete overlay for 
the given service conditions. OVERDRIVE determines the 
overlay design thickness as 

Design thickness = (New full-depth thickness) 
- (Effective thickness) (2) 

In practice, the design thickness must obviously be nonnega­
tive. If the full-depth thickness is less than the effective thick­
ness, this simply indicates that the existing pavement is struc­
turally adequate for the specified service conditions. In this 
case OVERDRIVE informs the user that an overlay is not 
required to enhance structural capacity of the section. 

It is important to realize that, even if the existing pavement 
structure is structurally adequate, there may be deficiencies 
related to the pavement's functional performance in terms of 
ride quality and safety, for which an overlay would be an 
appropriate or necessary solution. OVERDRIVE can provide 
qualitative advice to the user in such situations. For example, if 
a section of pavement has unacceptable skid resistance or 
hydroplaning potential, but is otherwise structurally adequate, 
it may be necessary to overlay the pavement or apply some 
type of corrective surface treatment. If rutting of the pavement 
is also present, an overlay may be the only appropriate solution. 

The overlay design thickness recommended by OVER­
DRIVE 1.1 is rounded to the nearest 0.5 in. for the sake of 
practicality (0.5 in. is also the minimum recommended overlay 
thickness), However, a quick calculation demonstrates the po­
tential impact on an agency's budget of putting down overlays 
that are even 0.5 in. too thick. At a cost of about $10,000 per 
inch per lane-mile for asphalt (material only), the additional 
cost associated with an overlay that is 0.5 in. too thick, for a 
two-lane highway with paved shoulders, is about $12,500/mi. 
hl just 100 mi, this misallocation is well over $1 miiiion, which 
is a substantial amount compared with the maintenance and 
rehabilitation budgets of many local highway agencies. This 
underscores the substantial benefits that can be derived from 
development of improved design tools, especially knowledge­
based tools such as OVERDRIVE, in this domain. 

Finally, a powerful feature that is exploited in OVERDRIVE 
is the ability of the user, at the end of a design session, to view 
and then change any of the inputs for that session and have 
OVERDRIVE automatically redesign the structural thickness 
of an overlay. If, because of the user's changes, OVERDRIVE 
requires further information, this will be requested from the 
user. However, it is not necessary for the user to reenter all of 
the inputs. This feature is invaluable in investigating the impact 
of design inputs and assumptions (e.g., in the characterization 
of existing pavement layers or the subgrade). 

CONCLUSIONS 

The development of an initial knowledge-based system for 
assisting local engineers in designing the structural thickness of 
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of asphalt concrete pavement overlays has been discussed. The 
prototype version of this system, OVERDRIVE 1.1, has been 
implemented as an interactive microcomputer-based tool. The 
user can query the system for its reasoning, and the system 
allows the user to selectively modify input values or assump­
tions and to quickly assess the impacts of such changes on the 
structural thickness of overlay required. 

In general, the potential for knowledge-based systems to 
become useful engineering tools in this domain is thought to be 
high. 

Future research and development of OVERDRIVE will in­
volve expanding and refining the knowledge base, incorporat­
ing additional knowledge acquired from pavement engineering 
specialists, providing a life-cycle cost analysis of each design 
thickness, and addressing the issue of uncertainty inherent in 
system inputs and conclusions. 

On the basis of research to date with OVERDRIVE, it is 
concluded that a knowledge-based approach to pavement over­
lay design is feasible and, even in its present prototype form, 
OVERDRIVE is a potentially useful tool for local highway 
engineers. 
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