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Foreword

The papers in this Record are concerned with procedures for identifying transportation needs,
setting priorities and developing funding mechanisms, and improving planning processes.

The first paper, by Lebo and Adams, Development of an Industrial Access Network: A
Pennsylvania Pilot Study, identifies obstructions to trucks on an agricultural and commercial/
industrial highway network. A network analysis is used to develop improvement programs that
will aid economic development.

The paper Simplified Procedures for Determining County Road Project Priorities by Shaffer
and Fricker reports on the caperiences of a couniy in seuing project needs and priorities. ‘Three
simplified ranking procedures were developed: the index method, the percentile method, and the
successive subsetting method.

“Microcomputer technology offers significant potential to help in assessing infrastructure
needs, analyzing priorities and tradeoffs, and managing maintenance programs and capital
improvement projects at the state and local levels,” according to Thompson et al. Their paper, A
Microcomputer Management System for Setting Highway Priorities and Scheduling Improve-
ments, describes the software package used in defining needs, setting priorities, and scheduling
transportation projects.

For bridge replacement projects, Saito considers several replacement ranking procedures in
his paper Application of the Analytic Hierarchy Method to Setting Prioritics on Bridge Replace-
ment Projects. The analytic hierarchy method based on the eigenvalue approach is applied to
rehabilitation and replacement projects.

In Sensitivity Analysis of Multiple-Choice Decision Methods for Transportation, Alexander
and Beimbom describe a process for funding preferred alternatives or setting priorities among a
set of projects. The paper addresses methods of standardization, aggregation of scores, and
benefit-cost elements.

Fwa and Sinha’s paper Analysis and Design of Weight-Distance Taxation sets forth the
concept of highway weight-distance taxation from a revenue-cost equity point of view. The
paper asserts that linear programming techniques can be effectively adapted for weight-distance
taxes.

The paper Minnesota Freight Access Improvement Program by Sanft and Selness presents a
highway program for developing local access to Interstate highways and other 80,000-1b (gross
vehicle weight) highway networks. The program requires a three-way match of state, private,
and road authority funds.

Miller et al. apply a sensitivity analysis to determine how project selection is affected by
failure to adjust the database for underreporting, choice of discount rate, accident cost methodol-
ogy, and percent value of future benefits. Their paper, Sensitivity of a Highway Safety Resource
Allocation Model to Variations in Benefit Computation Parameters, states that at budgets of
$300,000 to $600,000, highway safety countermeasures are overwhelmingly better than other
countermeasures.

Kane and Cooper in the paper A Preliminary Evaluation of Potential Sources of Revenue for
Highway Finance assess given revenue sources in terms of equity, economic efficiency, admin-
istrative ease, revenue potential, political and public acceptability, and purposes for which best
suited.

In Changing Roles for State Transportation Planning: The Florida Case, Reed describes the
Florida DOT’s decentralization of planning activities to district and urban offices. However, the
Florida DOT is taking a stronger role in statewide transportation planning and in setting the
balance beiween properiy access and system capacity.

v
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Development of an Industrial-Commercial
Access Network: A Pennsylvania Pilot

Study

DEeNNIs E. LEBO AND TERRY L. ADAMS

The Pennsylvania Department of Transportation (DOT) has
conducted a pilot study to identify the Industrial-Commercial
Access Network (I-CAN). This effort was undertaken in coop-
eration with a task force of government, business, and industry
representatives. The Pennsylvania DOT has previously com-
mitted to the development and enhancement of an economic
development highway system through the identification of the
Priority Commercial Network and the Agri-Access Network.
The I-CAN study took yet another step in examining the
highways that provide access to industrial parks and com-
plexes. The pilot study identified the I-CAN and obstructions
to trucks on the network, reviewed and revised all networks as
an integrated system, and evaluated the process used to de-
velop a statewide study. The I-CAN and the other priority
networks are valuable planning tools for developing transpor-
tation improvement programs linked to economic interests.

Pennsylvania’s industry is vital to the economic well-being of
the Commonwealth and all of its residents. Such important
activity should be nurtured and enhanced in the interest of
creating new jobs and protecting existing employment oppor-
tunities. In 1984, Pennsylvania ranked fifth in the nation in the
number of new industrial facilities, exceeded only by the sun-
belt states of Texas, Florida, California, and North Carolina. If
Pennsylvania is to continue this trend and become the center of
a modem American revolution designed to regain our national
and international edge, the Pennsylvania transportation system
must continue to be modernized to provide improved access to
economic centers.

Approximately two-thirds of Pennsylvania’s freight is car-
ried by the trucking industry. With increasing demand on the
transportation system, it is important that limited federal, state,
and local resources be targeted to those highway and bridge
improvements that support economic revitalization and com-
munity preservation. With the growing emphasis on our trans-
portation system, the Pennsylvania Department of Transporta-
tion (DOT) launched the Industrial-Commercial Access
Network (I-CAN) pilot study in the fall of 1985. The study was
conducted in four Pennsylvania counties.

The I-CAN pilot study was a continuation of prior initiatives
to develop a system of priority networks. Previously identified
networks were the Priority Commercial Network (PCN) and
the Agri-Access Network (AAN). The PCN includes intercity-
Interstate highways carrying heavy volumes of trucks; the

Bureau of Strategic Planning, Pennsylvania Department of Transporta-
tion, Harrisburg, Pa. 17120.

AAN consists of roadways serving rural communities and
related agribusiness activities.

The work plan for the I-CAN pilot study was developed
with four main objectives: (a) identify the essential industrial
connectors and other important state and local roadways that
are vital to the movement of raw materials and finished prod-
ucts; (b) identify roadway obstructions including weight re-
strictions and low overhead clearances that would require
trucks to detour and take a route not in the typical path of
travel; (c) undertake a network rationalization effort to review
all the priority networks in the pilot counties as a total system
rather than as stand-alone systems as they were developed; and
(d) evaluate the findings, methodology, and criteria used in the
pilot study to develop the appropriate process for a statewide
study.

BACKGROUND
Prior Initiatives

Over the past 4 years, the Pennsylvania DOT has undertaken
three major transportation initiatives that have improved Penn-
sylvania’s infrastructure by removing obstructions to the move-
ment of goods. These initiatives, which are important to com-
merce, include the Priority Commercial Network, the Agri-
Access Network, and Billion Dollar Bridge Bill 1.

Priority Commercial Network

In 1982, the Priority Commercial Network (PCN) was de-
veloped. This system of highways carries heavy volumes of
trucks and serves as the economic backbone of the Common-
wealth. The PCN represents approximately 12,000 mi of state
highways that typically carry traffic of more than 500 trucks
per day or serve as connector roads for regional industries such
as coal. Included in the PCN are the Interstate system, the
tandem-truck network, and the core coal haul network. The
PCN was identified by the Pennsylvania DOT in cooperation
with county and regional planning agencies and economic
development authorities.

Billion Dollar Bridge Bill I

By enacting Billion Dollar Bridge Bill I, also in 1982, the
Pennsylvania General Assembly and the Thornburgh Admin-
istration made a concerted effort to help resolve the Common-
wealth’s most critical bridge problems. The program includes



TABLE 1 PILOT COUNTY COMPARISON DATA
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Bedford Lycoming Mercer Montgomery Total PA

Land area (square mile) 1,017 1,237 672 486
Population 47,732 117,339 127,485 651,379 44,888,566
Percent Urban (%) 1:1 55.7 50.8 88.4 69.3
Density (pop/square mile) 46.9 94.8 198.5 1,340.2 264,8
Employment 17,800 49,000 44,400 298,600 5,252,000
Per Capita Income ($) 7,561 9,729 9,656 16,855 11,468
Highway Miles

State 865 849 818 821 43,333

Local/other 978 1,320 1,158 2,249 7k,532
Naily Vehicle Miles of 1,014,005 1,863,158 2,362,700 7,679,077 154,976,676

trave! (State Roads)
Highway Bridges

(20 feet and greater)

State 303 348 281 432 15,427

Local/other 142 115 177 251 6,822

Sources:

Pennsylvania Statistical Abstract, 1985; PA County Books, Department of Commerce;

Bureau of Employment Security, Department of Labor and Industry; Pennsylvania
Mileage Summaries and Structure Inventory Record System, Pennsylvania Department

of Transportation

979 projects at a total cost of $1.4 billion. The main funding
sources include the Pennsylvania axle tax, federal critical
bridge funds, and local funds. This is the iargest bridge restora-
tion and replacement program in the nation. As of June 30,
1986, 551 projects al a total cost of $773 million have gone to
construction or have been completed. This program is helping
to eliminate bridge impediments on our priority networks,
ultimately saving millions of dollars in transportation cost.
Elimination of weight restrictions on the PCN alone will save
the trucking industry over $200 million annually in avoided
detour costs when the program is completed. The program will
also result in operational savings to many school districts and
provide shorter and safer routes for emergency vehicles.

Agri-Access Network

In 1984, the Agri-Access Network (AAN) was developed. The
AAN includes approximately 11,800 mi of rural roads that
provide access to Pennsylvania’s agricultural areas. The net-
work includes 1,000 mi of locally owned roads. These roads
provide key links between the farming communities or agri-
business establishments and the main commercial highways of
the PCN. The AAN was identified through a cooperative effort
among transportation planners, extension agents, farmers, agri-
businesses, and local government representatives.

STUDY APPROACH
Task Force

The I-CAN task force, formed in the fall of 1985, consisted of
representatives from government, business, and industrial
organizations.

The task force was subdivided into a work committee and a
steering committee. The work committee met more frequently
throughout the study to review and comment on the technical
procedures being applied as part of the pilot study. The steering
committee concentrated on policy decisions and directed its
attention towards applying the products of the study to the
transportation decision-making process to enhance the Com-
monwealth’s economic climate.

Pilot County Selections

A pilot study approach was selected by the I-CAN steering
committee. The four pilot counties represent a mixture of
economic, geographic, and transportation characteristics. Table
1 presents selected data to show the variation among the four
counties. The location of the pilot counties is shown in
Figure 1.

Bedford County represents a rural setting with lower than
average levels of employment and per capita income. Lycom-
ing and Mercer Counties are medium counties in most com-
parison areas. Each has an urbanized area within the county.
Montgomery County, being within the Philadelphia market

" area, has a more diverse economy. It also represents a more

heavily populated area with greater amounts of traffic.

Industrial-Commercial Involvement

Each county enlisted the assistance of local committees as
appropriate for the local situation. These groups included such



FIGURE 1 I-CAN pilot counties.



organizations as chambers of commerce, manufacturers asso-
ciations, and trucking associations. The size of the groups
varied with the complexity and composition of the local
economy.

Generator Identification

One of the first tasks of the pilot study was to establish criteria
and identify major industrial-commercial users. These were
referred to as ‘‘major generators” throughout the study process.
Each pilot county developed its own criteria to identify the
major generators based upon methods or sources of informa-
tion most appropriate for each unique county situation.

Survey questionnaires were developed in Lycoming and
Montgomery Counties with the purpose of having potential
major generators supply information regarding truck traffic and
preferred routes. The survey questionnaire was distributed to
the local manufacturing associations, members of the Pennsyl-
vania Motor Truck Association, and the Pennsylvania Chamber
of Commerce. Questionnaires were also sent to small-scale
truck generators compiled from the Polk Directory and the Bell
of Pennsylvania yellow pages. It was anticipated that the ques-
tionnaire would be the primary source of data, to be supple-
mented as needed. Unfortunately, the response rate was very
low, prompting the counties to seek additional sources. These
sources included

e Aecrial photographs,

e Location maps of industrial parks and shopping centers,
and

e Staff knowledge of specific areas within the county.

Bedford and Mercer Counties developed their preliminary
list of major generators from a county industrial directory. The
list was refined with the assistance of the local work committee
in Mercer County and the staffs of the planning commission
and the department’s district office in Bedford County. Lycom-
ing County also used a local work group that assisted in the
identification of major generators.

The major generators were mapped and reviewed to deter-
mine the proximity to a previously identified priority network.
Those that were served by the PCN were dropped from the list.
The remaining list of major generators was further reviewed as
part of the I-CAN identification.
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Network Identification

A preliminary I-CAN was developed in each of the pilot
counties that included roadways that provide access from the
major generators to the PCN. Where the industrial generators
coincided with the previously identified AAN, a dual identi-
fication was established. I-CAN roadways included

e Access roads to industrial parks or corridors of industrial-
commercial activities;

e Access roads to significant mining, quarrying, and lumber
operations;
o Bypasses and in-town through routes not on the PCN or
AAN;

e Shortcuts used by truckers to minimize distance and travel
time; and

a Arroco tn AfRrn noslrn
SLCSss T CLOlT Parks.

Sample truck volumes were collected to verify the I-CAN
roadways. Field views were also conducted to refine the net-
work. The Pennsylvania DOT’s county maintenance managers
were consulted to assist in finalizing the list of major generators
and the I-CAN identification.

Roadway Obstructions

Roadway obstructions were identified, located, and mapped in
each of the pilot counties. Obstructions were considered to be
impediments that force the trucking industry to take lengthy
detours and increase their time and operating cost. Obstructions
identified included weight-restricted bridges, weight-restricted
roadways, and low clearance postings. Other roadway deficien-
cies inventoried included narrow roadways and bridges, steep
grades, and turning problems due to an acute angle. Sources of
data included the Pennsylvania DOT’s bridge and roadway
databases, field views, and local knowledge.

Network Rationalization

Approximately every 2 years since 1982, the U.S. Department
of Transportation, in cooperation with local governments, busi-
ness, and industries, has identified separate networks including
the PCN, the AAN, and the newly identified I-CAN. As part of
the I-CAN pilot study, a network rationalization task was
undertaken that included reviewing the function and interaction

TABLE 2 PILOT COUNTY NETWORK MILEAGE—BEFORE RATIONALIZATION

[-CAN DUAL Combined
County PCN AAN State Local State Local Mileage
Bedford 211 208 17 2 29 0 467
Lycoming 219 242 16 23 38 0 538
Mercer 225 301 4 2 44 0 576
Mont gomery 356 100 43 27 4 0 530
TOTALS 1,011 851 80 54 115 0 2,111




Lebo and Adams

of each of the priority networks to determine if any reclassifica-
tions, additions, or deletions should be considered. Some of the
criteria used for reclassification were

Truck volume counts,

Field observations,

Newly constructed roadways,

Local knowledge,

Functional use of the roadway, and
Roadway conditions and adjacent land use.

The task was accomplished as a joint effort of the Pennsylvania
DOT staff from the Bureau of Strategic Planning, district and
county offices, along with county and regional planning
representatives.

RESULTS
Major Generators

Major generators were the basis for the I-CAN identification.
The methods used to complete this task varied between
counties, and the results also varied. Agri-related generators
that had been previously identified as part of the agri-access
study and are served by the AAN were not considered.

The major generators identified in each of the pilot counties
included 93 in Bedford County, 70 in Lycoming County, 117 in
Mercer County, and 170 in Montgomery County. The major
generators in Bedford County, being more rural in nature,
consisted predominantly of light industry and sales and service.
In Lycoming County, the majority of the major generators were
light or medium manufacturing. In Mercer County, 70 percent
of the major generators were located in the western third of the
county, and the most prevalent type was manufacturing. In
Montgomery County, the majority of the generators identified
were industrial parks and shopping centers. Businesses and
industries were considered based on estimated truck trips or
clusters of establishments that produced a substantial aggre-
gated amount of truck traffic.

Network Identification

The network identification in the pilot counties did not account
for a large number of miles due to the nature of the roadways.
The I-CAN accounted for 48 mi in Bedford County, 77 mi in
Lycoming County, 50 mi in Mercer County, and 74 mi in
Montgomery County. The I-CAN mileage in relation to the
PCN and the AAN is presented in Table 2.

When considering the network mileage for each of the pilot
counties, some interesting comparisons can be made. Bedford,
Lycoming, and Mercer Counties are much more dependent on
agriculture than is Montgomery County. As a result, only 4 mi
of dual network were identified in Montgomery County;
whereas Bedford, Lycoming, and Mercer Counties identified
between 29 and 44 mi each. Montgomery County identified 70
mi of new I-CAN; whereas Bedford, Lycoming, and Mercer
Counties each identified between 6 and 39 mi.

Truck volumes were one of the measurements used in identi-
fying the I-CAN. As expected, truck volumes in Montgomery
County were highest. Typical volumes in Montgomery County
ranged between 150 and 500 trucks per day. In comparison,

typical truck volumes in Bedford, Lycoming, and Mercer
Counties ranged between 50 and 400 trucks per day.

Network Obstructions

Network obstructions were identified, located, and mapped.
Bridge restrictions were found to be the primary obstruction to
truck movements on the I-CAN. Throughout the four pilot
counties, 19 obstructions were identified, 10 of which were
posted bridges. Of the 10 posted bridges, 6 were currently
programmed for repair or replacement as part of the Pennsyl-
vania DOT’s bridge program. One additional bridge was pro-
grammed for engineering only. Additional obstructions identi-
fied included light low-clearance postings and one weight-
restricted roadway. The roadway obstructions identified in each
county are summarized as follows:

Weight- Weight- Low
Restricted Restricted Overhead
County Bridges Roadways Clearance
Bedford 2 1 3*
Lycoming 5 = -
Mercer 3 - 2
Montgomery — = 3
Total 10 1 8*

*Includes directional structures under I-70.

The I-CAN and other priority networks provide valuable
tools for concentrating improvement projects to benefit eco-
nomic development. Eliminating weight-restricted bridges on
priority networks was a primary goal when developing the
program of projects for Billion Dollar Bridge Bills I and II. As
shown in Table 3, there were 348 closed or weight-restricted
bridges in the four pilot counties. Only 67 of these bridges were
on priority networks. Many of these bridges were then being
designed or constructed and others were included in the re-
cently approved legislation for Billion Dollar Bridge Bill II.

Network Rationalization

The Pennsylvania DOT’s goal was to develop an integrated
system of economic development highways functioning during
development as a total system instead of stand-alone networks.
The network rationalization task included a review of each
network and appropriate reclassification, additions, deletions,
and, in some cases, total removal of a roadway from the
priority network system.

Results of the network rationalization process are included in
Table 4. A total of 155 mi were deleted from the PCN; 125
were reclassified to other networks, including 64 mi to I-CAN,
27 mi to AAN, and 34 mi to dual networks. Some of the
network changes from PCN to I-CAN resulted from the con-
struction of new bypass routes that diverted the through truck
traffic around the downtown. Additional roadways were re-
classified to the AAN or dual network due to low truck vol-
umes and their function as access routes to agribusiness. Six-
teen miles of roadway were added to the PCN and 30 mi of
PCN were dropped from all networks due to low truck volumes
or the roads not serving as an access route to a major economic
center. Seventeen miles added to the AAN reflected changing
needs to the agricultural community and provided continuity to
adjacent county lines.
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TABLE 3 WEIGHT-RESTRICTED OR CLOSED BRIDGES IN PILOT COUNTIES

Total Bridges

Wleight-Restricted/Closed Bridges

20 Ft or Greater PCN AAN [-CAN Other Total
Bedford 445 5 17 2 61 85
Lycoming 463 11 11 5 83 110
Mercer 458 0 4 3 68 75
Montgomery 683 4 5 0 69 78
Total 2,049 20 37 10 281 348
TABLE 4 PILOT COUNTY NETWORK RATIONALIZATION MILEAGE
------------- Miles - = = = = = =« = = = = =« -
Networks Bedford Lycoming Hercer HMont.aomery Totals
PCN to I-CAN 4.0 11.2 3746 11.6 64.4
PCN to DUAL 2.4 15.8 8.5 -- 26.7
PCN to AAN - 26.5 - 7.6 34.1
PCN Removal - 1.0 9.2 19.7 29.9
from all Networks
Total Reduction 6.4 54.5 55.3 38.9 155.1
in PCN
PCN Added -- -- = 15.0 16.1
New AAN 2.6 6.5 -- 745 16.6
TABLE 5 PILOT COUNTY MILEAGE—AFTER RATIONALIZATION
I-CAN DUAL Combined
County PCN AAN State Local State Local Mileage
Bedford 205 211 21 2 31 0 470
Lycoming 164 276 25 25 54 0 544
Mercer 171 301 41 2 52 0 567
Montgomery 332 115 55 27 4 0 533
TOTALS 872 903 142 56 141 0 2,114

The network rationalization effort resulted in a realignment
of the priority networks in each of the pilot counties that more
accurately reflects the function of the roadway in relation to
economic development. Table S reflects the change in mileage
on each of the priority networks resulting from the network
rationalization.

PRELIMINARY STATEWIDE NETWORK

While the Pennsylvania DOT and the four pilot counties were
engaged in the I-CAN pilot study, several other events oc-
curred that directly affected the priority network system.

The Pennsylvania DOT had engaged consulting engineers to
bring all state and local bridges into compliance with the 2-year
inspection cycle required by the National Bridge Inspection
Standards (NBIS). The NBIS requires that all state and local
bridges with a span of 20 ft or greater must be inspected

on a 2-year cycle; that load ratings must be established for
heavy vehicles; and that weight restrictions must be posted on
bridges not able to carry legal loads. At the same time that the
bridge inspections were being completed, the Pennsylvania
DOT was preparing a legislative package for Billion Dollar
Bridge Bill II. Candidates for inclusion in the legislation were
bridges on the PCN, AAN, and I-CAN, which are presently
posted or expected to be posted.

The PCN and AAN have been identified but the I-CAN
identification was in the pilot study phase. In order to facilitate
the development of Billion Dollar Bridge Bill II, the Pennsyl-
vania DOT initiated the identification of a preliminary state-
wide I-CAN. The identification was completed as a joint effort

Aiatrint ~AFR A~

- ? ata ' asmd Toannl
between the Pennsylvania DOT’s district officc staffs and local

LIS aiala ERe

planning commission staffs. The identification was completed
over a very short period and represented only a cursory review.
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Approximately 3,400 mi (2,000 mi of DUAL network) were
identified as part of the process. The identification was prelimi-
nary and needed to be further refined through a more concen-
trated process as part of a statewide study that would build on
the methodology developed as part of the pilot study.

Legislation for the bridge bill was signed into law by Gover-
nor Thomburgh on July 9, 1986. The program includes over
3,000 state and local bridges at a total cost of $1.6 billion (see
Figure 2). The importance of the priority networks is reflected
by the following numbers: 1,200 network bridges including
550 PCN bridges, 463 AAN bridges, and 187 I-CAN and
DUAL-network bridges.

OTHER STATE

OTHER LOCAL
44%

FIGURE 2 Billion Dollar Bridge Bill II, percent of
bridges by network.

Of the 1,200 network bridges, 587 currently have weight
restrictions. Additional bridges may require postings as a result
of the biannual inspections for the NBIS.

FUTURE INITIATIVES
Statewide Study

The statewide I-CAN study was initiated in July 1986. The
study was to build on the methodology and procedures de-
veloped as part of the pilot study. The preliminary I-CAN,
identified to facilitate the development of Billion Dollar Bridge
Bill IT, was to be used as a base network. The study process was
to be completed over a 1-year period. The Pennsylvania DOT’s
district offices were to serve as the lead agency in the rural
counties, and the planing commission staffs were to serve as
the lead agency in the areas where there was a metropolitan
planning organization.

The work plan for the statewide study consisted of six tasks,
including

Task 1—Establish work committee.
Task 2—Locate major generators.
Task 3—Review and develop I-CAN.
Task 4—Identify roadway obstructions.

Task 5—Rationalize all networks.
Task 6—Prepare final report.

The statewide study was to be conducted under the direction
of the pilot study task force. The knowledge and experience
gained by the work committee and the steering committee
throughout the pilot study was to be a valuable resource in
conducting and completing the study.

Transportation Improvement Programs

The Pennsylvania DOT develops a 12-year transportation pro-
gram that outlines the capital improvements to be completed
throughout the Commonwealth within the projected available
resources. The Pennsylvania DOT is required to review, revise,
adjust, and extend the program every even-numbered year. The
priority networks are used extensively in identifying candi-
dates, setting priorities, and selecting projects.

The Pennsylvania DOT also uses the networks in other
planning areas. Each district enginecer annually develops a
4-year business plan for the engineer’s area of the state. Restor-
ation and maintenance programs are developed by networks.
Activities are catered to the specific needs of each network.

The priority network system has been identified as the col-
lection of economically important roadways suitable for in-
creased truck commerce of which important economic spinoffs
are encouraged. By identifying deficiencies on these networks
and then developing strategies to resolve these deficiencies, a
transportation environment conducive to commerce is created.
In this manner, the overall economic climate of Pennsylvania is
enhanced.

The public and legislative acceptance of improvement pro-
grams is also advanced through the use of priority networks.
The involvement of agricultural, industry, and other sectors in
network identification provides for a better understanding of
business needs. The improvement programs developed through
use of priority networks are therefore more responsive to these
needs.

CONCLUSION

The study demonstrated a cooperative spirit among the local
business and industrial community, local planning agencies,
and federal and state agencies in achieving a common goal.
The study process proved to be effective in identifying those
roadways used to transport commodities between the supplier
and the consumer. Results are to be used in establishing pri-
orities for roadway and bridge improvements by the Pennsyl-
vania DOT and local governments. The pilot study has served
as a testing ground to refine the criteria and methodology for a
statewide network identification.

At the completion of the statewide network identification,
efforts to refine these planning tools are to continue. A large
investment in time and money has been made in developing
these decision-making tools, and the changing needs of the
business community must continue to be answered. The Penn-
sylvania DOT solicits the assistance of local government, busi-
ness, and industry in developing monitoring and updating pro-
cedures to maintain a current priority network system.

Publication of this paper sponsored by Committee on Transportation
Programming, Planning and Systems Evaluation.
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Simplified Procedures for Determining
County Road Project Priorities

JoserH L. SHAFFER AND JON D. FRICKER

Although more and more counties are reallzlng the value of
systematic procedures to evaluate the condition of their high-
way networks and to establish priorities for candidate road
projects, many of them are finding that they lack the data,
background, and budget to implement a more comprehensive
pavement management system (FMS). This paper reporis the
experiences of a county with a large network and a small
budget, and its desire to implement a needs and priority-
setting process that is fair, data efficient, and easy for any
interested citizen to understand. Three simplified ranking pro-
cedures were developed or adopted: the index method, percen-
tile method, and successive-subsetting method. Each method
embodied a different combination of strengths and weak-
nesses, which gave them considerable value when used as a
group. There was also remarkable agreement among the three
methods when applled to the large, actual database. Not only
are the three methods capable of working well with sparse
data, they can be and have been used to direct the data
collection efforts of a county that lacks up-to-date data. Two
more sophisticated multicriteria ranking or optimization tech-
niques were adapted to this problem for comparison with the
three simplified methods, but the results did not justify the
extra complexity of analysis. Finally, the value of the three
simplified methods as steppingstones to multiyear PMS ap-
proaches is pointed out.

It is a rare county that has a highway budget large enough to
make all the necessary road repairs and maintain its entire road
system at desired standards. Most counties must decide which
of the many needy roads are most deserving of attention,
subject to the limited road funds available. Sometimes, these
decisions are made in a black-box fashion (Figure 1), in which
the question is, ‘““Which roads should be repaired?” but the way
in which the response is determined is known only to a few
individuals. Whether the black box takes the form of a smoke-
filled room or some consultant’s mysterious computerized
model, the response does not respect the right of county offi-
cials and the public to have a full understanding of the priority-
setting process.

Whenever a large number of projects are competing for
limited resources and subjective judgments are involved, a
clearly defined system for making such decisions has several
advantages:

1. It enables highway officials to translate a large amount of
data on a variety of factors into a recommended ranking of
projects.

J. L. Shaffer, Rummel, Klepper and Kahl, 1035 N. Calvert St.. Bal-
timore, Md. 21202. J. D. Fricker, School of Civil Engineering, Purdue
University, West Lafayette, Ind. 47907.

2. It helps the decision makers to clearly define and review
the explicit bases for their decisions.

3. It enables a high degree of consistency over time and in
different locations for making decisions that may involve
strong personal opipions.

4. It provides an opportunity for conflicting viewpoints to
find a compromise by redefining the problem in terms of
specific components, principles, and criteria.

5. Tt opens up the process to public review, possibly inviting
unprecedented criticism, increased public confidence, or both.

Although sophisticated pavement management techniques
are being developed, many counties—in terms of their confi-
dence in them, the availability of data to use them, or the
budget to afford them—are not ready for them. In this paper,
the principal findings of a technology transfer (TZ) project
carried out in cooperation with a county in northern Indiana are
summarized. The project’s primary objective was to acquaint
citizens and county officials with the issues involved and the
techniques available, should a county wish to implement pri-
ority-setting procedures in house or contract with a consultant.
Among the principal findings were three priority-setting tech-
niques designed to be acceptable alternatives to a black box.
Each method allows incorporation of all important road charac-
teristics in a way that can be understood by any interested
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FIGURE 1 Black-box decision making.

official or concemed citizen. Each method could even be car-
ried out using a hand calculator, but to save time and avoid
errors, computer programs are used to do the calculations.

Since the completion of the T study, the three simplified
methods have been compared to two more sophisticated tech-
niques. These comparisons are included in this paper.

THREE SIMPLIFIED PRIORITY-SETTING METHODS

Consider Table 1, which presents 11 highway segments (Seg-
ments A through K) in a hypothetical county. Which of the
segments is most deserving of road repair funds? If road condi-
tion is the most important criterion, Segments A and J are
prime candidates. If the most heavily traveled road deserves
immediate attention, then Segment C is the most deserving. If
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TABLE 1 DATA FOR PRIORITY-SETTING EXAMPLE WITH
11 ROAD SEGMENTS

l l HAZ 1 Length r$/MILEI

Segment PCR ADT

A 1 366 0 2.3 79,000
B 3 448 0 2.5 18,000
C 2 5704 0 6.6 61,000
D 2 106 2 1.2 75,000
E 3 263 1 1.5 31,000
F 5 359 0 2.6 0
G 4 278 0 2.0 11,000
H 2 125 1 1.9 85,000
I 3 119 0 3.2 20,000
J 1 672 0 1.2 65,000
K 2 98 0 0.5 60,000

Segment : Road Segment Identifier

PCR : Pavement Condition Rating (5 = best)

ADT ¢ Average Daily Traffic

HAZ : Index of Safety Hazards (0 = safest)

Length : Road Segment Length in Miles

$/MILE : $/Mile to Remove Segment Deficiency

safety, with its associated liability insurance questions, is of
greatest concern, Segments D, E, and H rise to the top of the
projects list. If cost effectiveness (least dollars per mile to
restore a road to a prespecified standard condition) is the key
factor, then perhaps Segments G and B receive the highest
rankings. Of course, the best ranking method combines some or
all of these criteria (or factors) in a way that reflects the relative
importance placed on them by the county officials. Three
possible methods o achieve this are presented in this section.

The Index Ranking Method

The index method uses as a ranking method the proportion of
distance that a given segment’s factor value lies between the
best and worst factor values. The total distance between the
best and the worst factor values in the needs list is called the
“range.” A better value is one that would place a segment
lower in the priority list than the segment currently under
consideration. For example, a better (lower-priority) segment
with respect to the factor being evaluated would have a lower
ADT, higher pavement condition rating (PCR), lower hazard
index, or higher cost per mile to upgrade. This method is shown

(100) fw =--— Most needy segment

|

Range

F— Segment under consideration

X

(0) fb -

FIGURE 2 Index priority-setting method.

least needy segment

by Figure 2. The equations for the segment indexes are as
follows:

I; = (x/R) x 100 ¢))
and
n n
j=1 j=1
where
f» = worst value of factor for segments in needs list;

f, = best value of factor for segments in needs list;
x = difference between f, and the factor value;
R = difference between f, and f,,, the range of values
of the factor under consideration;
Ij = segment index value, based on its value for
factor j;
n = number of factors in the evaluation j=1,.. ., n;
IC = composite factor index of the segment under
consideration, including all factors; and
w; = weight for jth factor.

J

The ADT index value for Segment C, using Equation 1, is
Lipr(C) = (5,704 — 98)/5,606 x 100 = 100

Segment K will receive an index value of O because no
segment has a less needy traffic factor value than it does.
Because of Segment C’s very large ADT, the rest of the seg-
ments receive low index values, as illustrated in Table 2.

Once all the factors are evaluated individually, a composite
index value can be calculated. Each factor index value can be
weighted before calculating the total. To keep this introductory
example as simple as possible, each factor weight is set at 1.
Using Equation 2, the composite index for road Segment C,
using the first four factors in the order presented in Table 1, is

(M5x1+100x1+0x14+28x1)/(1+1+1+1)=508

The complete ranked list of segments can be seen in Table 2.

The Percentile Ranking Method

For a single factor, a road segment can be ranked as being in
worse condition or more needy than a certain percentage of the
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TABLE 2 RESULTS OF INDEX PRIORITY-SETTING METHOD

l SEG ! PCR N ADT ‘ HAZ I $/MILE I Composite i ] Final I
# Index Index Index I Index Index* l Rank
A 100 7.4 0 ) 7 28.6 9th
B 50 6.2 0 79 33.8 4th
C 75 100 0 28 50.8 Ist
D 75 0.1 100 12 46.8 2nd
E 50 2.9 50 64 41.7 3rd
F 0 4.7 I 0 100 26+2 10th
G 25 3.2 0 87 28.8 8th
H 75 0.5 50 0 31.4 7th
I 50 0.4 0 76 31.6 6th
J l 100 10.2 :[ 0 24 ‘ 33.6 5th
K [ 75 0 | 0 29 L 26 J lith

* All factor weights set to 1

segments being considered in the information set. Each seg-
ment competes with the other segments on the needs list to see
how much justification there is for allocating road funds to it.
The segment’s percentile ranking represents that proportion of
the other segments in the needs list that fail to be as deserving
of road funds as measured by the value of the factor under
consideration. For a single factor,

P = [B/(B + W)] x 100 (©))]
where

P = percentile rank of the segment,

B = number of segments with better values, and

W = number of segments with worse values.

As in the index method, a better value is one that would place a
segment lower in the priority list than the segment currently
under consideration. For simplicity, those segments having the
same factor value as the segment being ranked are excluded
from the counts of B and W. In the rare but possible case in
which all segments have the same factor value, P is set to 50
arbitrarily.

This percentile ranking is done separately for each factor,
then combined into a weighted sum 7 for each segment. The
weighted sum 7 is then divided by the sum of the weights ij
to produce the composite percentile PC.

n:)j;wjxpj @)

with w; = weight of jth factor, and

PC = n//Z W, ®)

Using Equation 3, the PCR values for Segments B, E, and I
are translated into the following percentile:

Py = Py = P, = [2/2 + 6)] x 100 = 25

Note that segments with the same factor value were excluded
from the counts of B and W in Equation 3. Segment F, with a
PCR of 5, receives a percentile of 0, as no segments have a
better factor value than Segment F does. The same procedure is
then followed for the remaining factors.

For this example, each factor will be considered equally
important. Thus the weights w; assigned to each factor are set to
1. For Segment C, using Equations 3, 4, and 5 to determine PC,
the composite percentile follows:

Ppcg = [5/(5 + 2)] x 100 = 71
Py = [11/11 + 0)] x 100 = 100

Pyaz = [0/0 + 3)] x 100 = 0

Pype = [4/(4 + 6)] x 100 = 40

T, =(1x7)+1Ax100) + (1 x0) + (1 x 40) = 211
PC=211/1+1+1+1) =528

Segment C’s composite percentile is 52.8. The composite
percentile is then computed for each remaining segment. A list

of project ranks is then compiled and printed. Table 3 presents
the results.
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TABLE 3 RESULTS OF PERCENTILE PRIORITY-SETTING METHOD

Seg. PCR ADT ‘H—AZ
# P tile P tile pTtile
A &i;A- 70—‘_ _____ 6_4
B 25 80 0
C 71 100 0
D ol 10 100
E 25 40 89
F 0 60 0
G 10 50 0
H 71 30 89
I 25 20 0
J 71 90 0
K 71 0 0

$/MILEj C—(_).mpos itz Final
PrEile P’tile* Rank
e S eaae |

10 45 7th

80 46.3 6th

40 | 52.8 3rd

20 50.3 | 4ctn

| 60 53.5 2nd
100 40 gth

90 37.5 9th

0 47 .5 5th

70 28.8 lith

30 55 lst

50 30.3 10th

* All factor weights set to 1

The Successive Subsetting Ranking Method (1)

Because much of the road segment information is collected on
a subjective or approximate basis, problems with accuracy of
particular factor values or consistency among the opinions of
individual investigators can occur. Weights assigned to the
index and percentile methods are subjective in nature, and
might imply a greater precision than is possible with the exist-
ing information. A feature of the successive subsetting method
is that the sensitivity is controlled by the order in which factors
are chosen for subsetting. There is no need for the determina-
tion of specific weights that might be difficult for a number of
decision makers to agree upon.

The successive subsetting method assumes that projects can
be only roughly lumped into subsets according to a given
factor. The members of each factor subset should have approx-
imately the same value for the factor under consideration. Each
one of these smaller sets can then be further subdivided using
subsequent evaluation criteria. In Figure 3, four ADT subsets
are distinguishable. The first subset contains only Segment C,
with an ADT of 5,704 vpd that is much larger than the second
greatest ADT value. The second subset contains only Segment
J, with an ADT of 672 vpd. Segments A, B, E, F, and G fzll into
another subset of similar ADT values, from 263 10 448 vpd.
The final subset, Segments D, H, I, and K, consists of segments
with low ADT values, from 98 to 125 vpd.

The next factor to be considered is the PCR. (Any method of
characterizing pavement condition is acceptable. In this exam-
ple, a subjective rating of the pavement surface is used, with
1 = worst and 5 = best.) Segments C and J remain at the top of
the list, because they are the only segments in their respective

subsets. The third initial subset can be divided into four new
subsets, Segment A, with the lowest PCR value of 1 will form
an individual subset, because no other segments in the initial
subset have as needy a PCR value. The second new PCR subset
contains Segments B and E, with PCR values of 3. The PCR of
Scgments B and E makes them less needy than Segment A, so
they are ranked below Segment A. Segments G and F, with
PCR values of 4 and 5, respectively, form the final two least
needy subsets from the third initial subset. Segment I forms a
new subset ranked below the fourth original subset, because
segment I has a less needy PCR value than Segments D, H,
and K.

The hazard rating HAZ further divides the six subsets. Three
segments, D, E, and H, have hazard ratings greater than zero,
and form new individual subsets. Segment K forms an individ-
ual subset, ranked below the subset containing Segment H.

The final factor to be used for subsetting is the cost per mile
($/MILE) to correct the segments’ deficiencies. Because the
segments are already in individual subsets, the $/MILE factor
is not needed for further subsetting. If $/MILE is used, a
segment with a lower cost per mile would be ranked above a
segment with a higher cost per mile.

All road segments are now ranked in individual subsets,
according to the order of priorities ADT, PCR, HAZ, and
$/MILE. The most needy road segments could be selected for
funding.

Using the successive subsetting method, a large number of
road segments can be ranked in a small number of steps from
information that need not be precise. Because only a limited
amount of information has to be collected, savings in acquisi-
tion costs result.
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FIGURE 3 Use of successive-subsetting method.

For the successive subsetting method to be effective,
however, decision makers must clearly understand their
priorities. In fact, this method requires that the factors be
ranked in order of importance; equal weighting of factors as
used in the index and percentile examples is not possible.
Because the first subsetting step has the greatest effect on the
final ranking, the most important factor must be chosen with
great care.

Summary of Priority Ranks

The results of the three small examples are instructive. There is
a certain amount of agreement between the index and percen-
tile methods—Segments C, D, and E rank near the top and
Segments F, G, and K near the bottom in both cases—but there
are also noticeable differences. For example, Segment I is
ranked 6th by the index method and 11th out of 11 by the
percentile method. Of course, because the subsetting rankings
are based on unequal factor weights, they cannot be compared
directly with the index and percentile results. The choice of
ranking method can bc based on whichever vnes the decision
makers feel comfortable with, but some rules of thumb are

1. If factor values are accurate and up-to-date, the index
method offers the best combination of precision and simul-
taneous consideration of the factors.

2. If the factors are approximate or subjective, but the simul-
taneous consideration feature is retained, the percentile method
is a good choice.

3. If factor values are approximate or subjective, and simul-
taneous consideration of multiple factors is not important, the
successive subsetting method is appropriate. In fact, prelimi-
nary results (2) indicate that this method most closely dupli-
cates the rankings made intuitively by individuals. It involves a
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sequential rather than a simultaneous consideration of the fac-
tors, from most important to least important.

However, the best strategy would be to use all three methods
and look for results that reinforce one other, because no method
is inherently better than the others and all three are so easy to
implement.

Advice on Weights

Equations 2, 4, and 5 have involved the use of the weights w;. A
common tendency is lo select such a large w; value for the most
important factor that the least important factors have no influ-
ence and could have been excluded, except to break ties. If this
happens, the ability to incorporate all chosen factors into the
ranking has been lost. Experience to date (2) indicates that the
ratio of the highesi o lowest w; vaiues should not exceed the
following values:

Index Percentile
Rating Method Method
PCR 2 3
ADT 3 3
HAZ 2 3

A good procedure is to set the lowest w; = 1, set the highest
w;to a value within the bounds shown in the preceding table,
and sel any remaining w; to values between the high and the

low. Noninteger values (e.g., 1.5, 1.67, etc.) are acceptable.

ALTERNATIVE PRIORITY-SETTING METHODS

More sophisticated priority-setting methods are examined to
determine what is being sacrificed for the sake of simplicity
before proceeding to a large-scale problem. Two such methods
have been carefully considered for their compatibility with the
objectives of the county-level project. The strengths and weak-
nesses of each method are introduced briefly in this section,
followed by a comment as to their usefulness for county
rankings.

The Analytic Hierarchy Technique

The analytic hierarchy (AH) technique was developed by Saaty
(3) as a scaling procedure for measuring priorities “in complex
situations in which an implicit objective criterion is multi-
dimensional and perhaps only vaguely realized.” Although this
method has the potential to capture the detail and subtleties—
and reconcile the inconsistencies—inherent in an individual’s
or a group's ranking process (according to a paper by M. Saito
in this Record), there are drawbacks. The principal disadvan-
tage is that the input requirements are more extensive and less
intuitive than the three simplified methods. Furthermore, sev-
eral of its computational procedures cannot be easily replicated
by hand. A computer is a necessity for even small cases.

Goal Programming

Goal programming (GP) (4) is not strictly a priority-setting or
ranking technique, but it can generate the optimal bundle of
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segments that maximizes benefits or minimizes penalties, sub-
ject to multiple goals, weights, penalties, and budget con-
straints established by the user. Although it is somewhat more
straightforward to use than the analytic hierarchy method, there
are still sufficient difficulties in problem formulation and re-
finement that keep GP from being considered a simplified
method. In GP, there must be a budget constraint, and this
requires knowledge of all $/MILE values in the segment list. In
a county with hundreds of segments, these values would be
very tedious to determine. It is also the most elusive factor
value, because $/MILE estimates depend on the type of project
and site-specific characteristics. In the priority-setting methods
previously introduced, the inclusion of a particular factor is left
to the user, not dictated by the method.

There is also the problem of scaling the factor values. If a GP
formulation of the 11-segment problem is not properly modi-
fied, a unit of improvement in HAZ is considered equal to one
extra vehicle per day of ADT. This situation leads to severely
distorted solutions, but it is not clear what a proper modifica-
tion is. After a reasonable modification was tried, the GP
method produced a list of eight segments that represented the
best use of available county road funds. But which of these
eight projects was most deserving of implementation? An opti-
mization procedure such as GP cannot answer directly. Further-
more, the GP solution is valid for only one budget level. A
major change in the budget changes how far down the ranked
list a county can afford to go and necessitates a completely new
GP solution.

It should also be pointed out that the GP method gets consid-
erably more cumbersome as problem size in number of road
segments grows. Whereas the 11-segment example in this
paper would have only 11 X variables (1 per segment) in each
goal equation, typical counties have hundreds of segments—
meaning hundreds of X variables in each goal equation. A
separate computer program could be written to transform the
segment data files into input files with the proper format for the
GP package to use, but the process lacks the desired simplicity.

Comments on the Alternatives

It was hoped that using these altemative methods to rank the 11
segments might produce a pattern or other insight indicating a
superior method. Instead, the most that can be said is that the
GP method is responsible for the greatest departure from any
semblance of consensus in the rankings. What is clear,
however, is that the AH and GP methods do not justify their
considerable extra complexity and effort in the context of this
study. What remains to be done is to evaluate the performance
of the three simplified methods for a county-size network
database.

PRIORITY SETTING ON A LARGE DATASET

LaPorte County has 1,025 mi of county roads, making it the
sixth largest network among Indiana’s 92 counties. However,
12 counties have more vehicle registrations and 11 counties
have higher populations, making LaPorte County’s resources
proportionally low. At the time the simplified priority-setting
techniques were applied to the county’s road list, it contained
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668 segments. Of these, 220 were in good enough condition to
move to a routine maintenance list. The remaining road list
contained ADT values from 19 to 3,786 vpd, some roads with
subjectively assessed hazardous conditions, and pavement con-
dition rating values of 1 < PCR < 4. The three simplified
techniques were applied using the following factor weights w;:
2.0 for HAZ, 1.5 for PCR, and 1.0 for ADT. Members of the
citizens task force involved in the project requested that these
weights be reversed in the second run: 2.0 for ADT, 1.5 for
PCR, and 1.0 for HAZ. The top 20 (most needy) segments
resulting from the use of the percentile ranking method and the
second factor weighting scheme are listed in Table 4. This is
actually the top portion of one of the full segment priority
listings provided to LaPorte County.

Table S provides a summary of the rankings from the three
runs for each weighting scheme. What is remarkable about
these rankings is the degree of consistency among them. It was
expected that the high number of segments would mean that
any slight change in factor values or ranking method would
cause large differences in a segment’s rank. Instead, even with
a reversal of the weighting scheme, a number of segments
ramained near the very top of the list of 448 road segments.
Thirty-six different segments appear in the six columns of
Table 5. Three segments appear in all six columns, 10 appear in
five columns, and 6 more in four columns. All of the 8 seg-
ments that appear in only one column do so in either Column 3
or 6—the columns produced by the subsetting technique.

It is normally not good practice to compare results obtained
from different weighting schemes, but some conclusions are
interesting. The degree of consistency observed in Table 5 isn’t
because the ratio of factor weights (2:1) is too low (2). The
worst roads in a list of 448 segments have such a bad combina-
tion of factor values that they remain at the top for any reason-
able weight ratios. This conclusion is verified by the ap-
pearance of many segments in at least one subset column and in
other columns with implied ratios that are much larger than
those of other segments.

Most of the few inconsistencies in a segment’s placing in-
volve the subsetting technique, when an otherwise needy seg-
ment gets caught on the wrong side of an early subset and
cannot rise above a certain level thereafter. A good example is
Segment 178. It ranks in the top nine in five columns of Table 5
because of its low PCR value (2.0) and relatively high HAZ
value (1.0). However, its low ADT of 268 vpd puts it on the
wrong side of the first subset when ADT is the first priority, and
its ultimate ranking in Column 6 is 139th. However, the subset-
ting method’s simplicity, ability to handle vague data, close
similarity to human ranking methods (2), and general consis-
tency with the other two methods make it worthy of retention.

The full output on which Tables 4 and 5 are based was made
available to the citizens task force and county officials for
inspection. First, with roads identified only by a number that
had no meaning to the inspectors, the validity of any road’s
rank, given its particular set of factor values, was confirmed.
Then, with the road segments’ real identities revealed to the
inspectors, the data factor values were checked for correctness.
Most important, there was no dispute over the road segments
that were ranked as most needy and those that appeared lower
on the list. With an issue that is typically intensely emotional



TABLE 4 PROJECT RANKS BY WEIGHTED-AVERAGE PERCENTILE METHOD

SEG# PCR ADT HAZ COST AVGpct $CUMUL
347. 1.00 811.00 1.00 -7.00 96.03 -7.00
169. 2.00 606 .00 1.00 -7.00 84.23 ~-16.80
612. 1.00 4249.00 0. -7.00 77.49 46.20
348. 2.00 381.00 1.00 ~-7.00 75.69 7.70
20. 1.00 927.00 0. -7.00 74.40 -4.90
163. 1.00 788 .00 0. -7.00 73.61 -92.40
155. 1.00 782.00 0. -7.00 73.51 -116.90
648. 1.00 637.00 0. -7.00 7271 -120.40
178. 2.00 286.00 1.00 -7.00 72.64 -127.40
93. 1.00 524.00 0. -7.00 72.22 -157.50
154. 1.00 521.00 0. ~7.00 72.12 -161.00
527. 1.00 444,00 0. -7.00 70.73 -178.50
283. 2.00 187.00 1.00 -7.00 68.04 -182.00
565. 2.00 5704 .00 0. -7.00 66.99 -228.20
42, 2.00 3312.00 0. ~7.00 66.69 -253.40
208. 2.00 2515.25 0. -7.00 66 .39 -261.80
58. 2.00 2117.00 0. -7.00 65.80 -268.80
148. 2.00 1501.00 0. -7.00 65..30 -275.80
656. 1.00 416.00 0. -7.00 65.06 -279.30
620. 2.00 1404.00 0. -7.00 65.00 -286.30
Nortes: The next 428 segments are not shown in this table. The factor weights are as follows:
Factor Input Weight Norm Weight
PCR 1.5 333
ADT 2.0 44.4
HAZ 1.0 222
COST 0.0 0.0
TABLE 5 COMPARISON OF PROJECT RANKS, BY METHOD AND FACTOR
WEIGHTING
PRIORITY e e m e mmes ||| e e e ——————
RANK INDEX P TILE SUBSET INDEX P TILE SUBSET
1 347. 347. 347. 347. 347. 347.
2 169. 169. 169. 662. 169. 169.
3 348. 348. 348. 612. 612. 348.
4 178. 178. 178, 565. 348. 163.
5 283. 283. 283. 169. 20. 155.
6 528. 528. 528. 348. 163. 648.
7 346. 346. 657. 178. 155. 93.
8 476. 657. 346. 283. 648, 154.
9 612. 612, 565. 476. 178. 527.
10 657. 20. 612, 528. 93. 656.
11 565. 163, 42, 346, 154. 603.
12 662. 155. 208. 42. 527. 500.
13 20. 648. 58. 20. 283. 626,
14 163. 93. 148. 163. 565. 223,
15 155. 154, 620. 155. 42, 267.
16 648. 527. 129. 648. 208. 42,
17 93. 656. 303. 93. 58. 208.
18 154, 603. 171. 154, 148. 58.
19 527. 500. 72. 527. 656. 89.
20 656. 331. 20, 208. 620. 265.

Note: Factor weights for the first method are HAZ = 2.0, PCR = 1.5, and ADT = 1.0; for the

second method, HAZ = 1.0, PCR = 1.5, and ADT = 2.0.
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and political, the endorsement given the results by the task
force and county officials is a strong vindication of the philoso-
phy followed in this project based on simplicity, openness, and
ease of inspection.

A STEP-BY-STEP OVERVIEW

The three simplified ranking methods having been described
and advice on selecting values of the factor weights w; having
been offered, the suggested sequence of steps that make up the
overall needs-priority process may be described:

1. Identify the factors to be used to describe the highway
segments. Examples are measurements of safety, pavement
condition, traffic volume, and cost to repair. Select as many as
necessary to fully distinguish one road segment from another,
but remember that the costs of acquiring, maintaining, and
manipulating the data increase with each new factor added.

2. Create a complete list of the highway segments in your
jurisdiction. Each segment should be homogeneous, that is,
have similar characteristics along its length. If pavement condi-
tion or traffic volumes within a segment change significantly,
that segment should be broken up into two or more homoge-
neous segments.

3. Determine factor values for each segment. If these values
are not immediately available and new data collection is not
practical within the available time or budget, some estimates
can be used temporarily. One example is to use synthetic traffic
volumes on segments that do not have valid or current volume
counts (5). To do this, assign each road in the jurisdiction to
one of three volume levels—high, medium, or low—using best
judgment. Find the average of the actual traffic volumes for
those roads in each level that have valid counts. Assign the
high-level average to each road segment believed to have a
high volume for all roads in each level that lack a current count.

4. Putroad segments that are in good condition (e.g., PCR >
4 and HAZ = 0) into a routine maintenance list. This reduces
the number of segments that enter into the priority-setting
calculations for road repair work as needy segments.

5. Apply one or more of the available ranking methods—
index, percentile, subsetting, and any others that may de-
velop—to the needy segments.

6. Check the results for road segments that appear to have
an illogically high or low ranking. This can be evidence of
errors in data entry. If any such errors are found, correct them
and repeat Step 5.

7. Estimate how many of the top-ranked projects could be
undertaken, given the available budget. If any of these seg-
ments have synthetic traffic volume values (see Step 3) or other
temporary approximate factor values, obtain actual volume
counts and more precise values for the other factors. This
procedure focuses the often-costly or time-consuming data
collection efforts on those segments that are the most likely
candidates for road repair. Data collection to replace the tempo-
rary values determines whether the segments really are deserv-
ing of their high ranking. Then repeat Step 5. If all the top-
ranked projects have valid actual factor values, proceed to
Step 8.

8. If cost-effectiveness is desired as an additional criterion,
develop improved cost estimates for each road project ranked

15

highly after Step 7. Lower-ranking road segments could receive
rough estimates of $/MILE values (perhaps based on a function
of PCR, HAZ, and ADT) as a temporary factor value, much
like the synthetic traffic volumes in Step 3. Return to Step 5,
unless the priority list at least as far down as the budget limits
contains only segments with valid actual factor values. In this
case, proceed to Step 9.

9. Use the rankings as the starting point for developing the
road repair work plan for the next planning period. Efficient use
of personnel and equipment and equity among the various
regions of the county are examples of considerations that may
justify minor modifications to the rankings.

It must be emphasized that these methods are intended to be
a key ingredient in the county highway priority-setting process,
but not a replacement for good management decisions. The
rankings produced by these methods should be carefully re-
viewed for logic, accuracy of input data, and practicality of
implementation. Correctly used, the methods constitute a valu-
able starting point and frame of reference for decisions that are
better informed and easier to justify. There are two additional
benefits: (a) the county becomes accustomed to collecting and
updating data on a regular basis because the data are needed to
implement the priority-setting methods; (b) this procedure in
turn prepares the county for the next step—implementation of a
PMS. Counties that, primarily due to lack of data and a sys-
tematic way to apply them, operate in a black-box fashion can
make better decisions. These decisions will extend beyond the
ranking of next year’s projects. Evaluation of consultants’
services for data collection and priority setting, acquisition of
microcomputer hardware and software, and adoption of more
sophisticated PMS techniques are natural sequels to the first
step, the use of simplified priority-setting procedures.
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A Microcomputer Management System for
Setting Highway Priorities and Scheduling

Improvements

PauL D. THoMPsoN, LANCE A. NEUMANN, AND THoMAs F. HUMPHREY

Microcomputer technology offers significant potential to help
in assessing infrastructure needs, analyzing priorities and
tradeoffs, and managing maintenance programs and capital
improvement projects at state and local levels. Illustrating this
potential is a system now being used by the Metropolitan
District Commission (MDC), a state agency responsible for 153
mi of commuter parkways and recreational roads in the
Boston area. Operating on IBM personal computers with a
commercial database manager, the system stores and manages
data on pavement condition, traffic volume, bridges, signals,
street lighting, sidewalks, curbing, and other roadside features.
A single menu- and screen-oriented framework gives easy
access to all of this information for viewing and updating, and
for retrieval through standardized reports. Program develop-
ment capabilities are provided for defining capital improve-
ment projects, estimating their costs, setting priorities, and
scheduling. The speed and flexibility of off-the-shelf hardware
and software has made the initial system design and subse-
quent enhancements very efficient and responsive to MDC
needs. By developing the system through many successive pro-
totypes, evolving from the first quick-and-dirty demonstration
up to the current polished production system, it has been
possible for MDC staff to become comfortable with computers
while simultaneously becoming informed participants on the
design team. This development has led to a more satisfactory
and useful final product.

The Metropolitan District Commission (MDC) is a state
agency responsible for a wide-ranging system of parks, water-
ways, recreational facilities, beaches, and parkways in the
metropolitan Boston area. Initially developed to provide access
to this system for residents of the area, the 153-mi parkway
network was designed to complement the park system, with
roadways different in character from other streets and highway
systems in and around the Boston area. The parkways are tree
lined and landscaped, and they provide a visual relief for the
motorist accustomed to commercial surroundings and purely
functional facilities.

Over the years, the parkway system has also become an
integral part of the regional highway network, including some
of the area’s busiest commuter routes. This integration has
resulted in the need for the MDC to take on the added respon-
sibility of maintaining a physically sound and functionally safe
system in addition to providing aesthetic and environmental
relief for the area.

P. D. Thompson and L. A. Neumann, Cambridge Systematics, Inc.,
222 Third St., Cambridge, Mass. 02142. T. F. Humphrey, Department
of Civil Engineering, Massachusetts Institute of Technology,
Cambridge, Mass. 02139.

Because a substantial capital investment has been made in
the construction of parkways, the MDC has recognized that it is
essential to expend the necessary resources to maintain and
rehabilitate those capital assets in order to avoid their deteriora-
tion to the point where complete reconstruction or replacement
is necessary. As a result, the MDC felt that it needed to improve
the data available to assess funding needs and to develop
procedures to evaluate alternative strategies for preserving the
system in the most cost-effective manner over the long run.

To develop a systematic process and the necessary data to
produce a priority program and schedule of improvements, the
MDC has developed and implemented a parkway management
system (PMS). The purpose of the PMS is to provide the
technical and management tools needed to

e Develop a systematic approach to the management of the
parkway system,

e Document the needs of the system in a format that will
support the MDC objective to fund needed improvements over
both the short and long terms,

o Use the available funds in the most cost-effective manner
possible and schedule projects consistent with MDC priorities
and resource constraints, and

e Provide measures of improvements and progress made in
the implementation of the program.

In addition to developing the data and procedures necessary
to accomplish these tasks, the PMS also provides the basis for a
cycle of activities that can be followed to update the database
and capital program every 2 years. That updating cycle, whose
timing must be consistent with the state’s biennial highway
bonding program, will ensure that the MDC has all the data
necessary to support funding requests for future years and to
adequately track and document its progress toward a better
parkway system. In this paper, the pavement rehabilitation and
roadside features portion of the PMS is emphasized, but the
system also includes databases for bridges, traffic signals, and
street lighting. A long-term objective is to extend the capital
programming process described here to include these addi-
tional elements of the parkway system.

The PMS supports a computer-aided decision-making proc-
ess. Capital programming decisions in this process are made by
the informed judgments of managers and engineers, using their
experience and familiarity with the parkway network, the input
of elected officials and the general public, and computerized
data and analytical aids. An effective programming
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process should fully use all of these resources in order to make
the best possible programming decisions. However, in this
paper the microcomputer system developed to support this
broader program decision-making process is emphasized.

OVERVIEW OF THE SYSTEM

Implemented on an IBM personal computer, the PMS takes
advantage of the power and user friendliness of microcomputer
software to store and retrieve parkway-related data in a simple,
fast, and secure manner. The decision to use a microcomputer
was made early in the process; in fact, trying to implement a
system of this kind on a more expensive machine would be
quite impractical for an agency this small. Although many
different personal computer models are available that have the
technical capability needed for this application, the IBM sys-
tem was chosen to maintain compatibility with other machines
already owned by the MDC. To augment the storage capacity
of the machine, it has been upgraded to 640 kilobytes of
internal memory and a 40-megabyte hard disk, of which about
half is used for the PMS and half is used for other, unrelated
applications.
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The SMART data manager was chosen as the application
development environment for the system, to provide the neces-
sary user interface and database management capabilities. The
wide range of SMART features and its ability to generate
turnkey systems have made possible implementation of the
entire PMS within this one environment, making the system
efficient and flexible. Although the system speed might have
been improved by the use of a more traditional high-level
language, the performance of SMART has been more than
acceptable for this application.

To the end user, the PMS appears as a tree or hierarchy of
menus (Figure 1), the first of which appears on the screen
whenever the computer is turned on. The PMS is part of a
larger hierarchy that includes databases (not described in this
paper) for traffic signals, bridges, street lighting, and landscap-
ing. Within the PMS, there is a complete inventory of parkway
features and pavement condition, a separate file for potential
pavement rehabilitation projects, and a set of analytical aids for
program development.

In its mechanical aspects, the system has a simple, uniform
set of rules that govern all menu selections and activities.
Figure 2 shows a typical menu. It takes only a few keystrokes

Parkways

A. Condition & Inventory
B. Project File

C. Program Development

B. Create or update
C. Print a report
D. Delete

Conditlon & Project File Program Development

favenigry A. Assign segments to A. Priority setting report

A. Browse parkway projects B. Pro'ecyt Screegninp )
segments B. Create the project file C' ) 9

C. Browse projects
D. Update the project file
E. Print a repont

. Perform automatic
scheduling

. Update imp!. schedule

. Impl. schedule reports

mo

Browse Segments

1 A. Pavement condition form
B. Inventory form

Print a Report

A. Project data sheets
B. Priority selting reports
C. Parkway names and

D. Computed treatment info
E. Distress information

endpoints

Create or Update

— A. Pavement condition form
B. Invenlory form

Print a Report

_‘ A. Condition/accidents aggr.
B. Segment condition

C. Segment data shests

D. Parkway summaries

E. Parkway features

F. Do-it-yourself report

FIGURE 1 PMS menu structure.
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Parkways
Parkway Conditions and Inventory
Print a report

Segment condition
Segment data sheets
Parkway summaries
Parkway features

(DI I o B I Bl o o I ]

then press the Enter key.

. Pavement condition and accidents aggregation

Do-it-yourself report
Go to Parkway Conditions and Inventory Menu

Please press the spacebar to move the cursor to your selection,

05/23/86 11:26:06 =]

FIGURE 2 Example of a menu.

to move upward or downward through the menu tree. Upon
selection of any leaf of the tree, the PMS presents a screen,
such as the one shown in Figure 3, describing what the selec-
tion does and asking for more information on what action is
desired. With these features, a beginning user can quickly and
easily take a tour of the PMS to learn about its capabilities.
Even people with no previous computer experience have found
that it takes no more than 1 hr to 1 day to become comfortable
with navigating through the system and requesting reports.

The parkway inventory and pavement condition database
contains a large amount of information on pavement defects,
traffic volume, accident rates, geometrics, and roadside features

on all 655 segments of the parkway network. The following is a
complete listing of the items available:

IDENTIFIER INFORMATION
MDC parkway number
MDC segment number
Traffic direction
Parkway name
From street
To street
Auto route number

conditions,

like the report sorted.
highlight your choice,
key.

SEGMENT CONDITION REPORT

This command prints a report on parkway segment
with the data items shown at right.

Please choose the data item on which you would
Use the spacebar to
then press the Enter

Sort by:

Cangcel
Parkway Number
Parkway Name

Segment Miles
ADT
Function_Class
PCR
Condition_Type
PSI

Accidents
Project Number

FIGURE 3 Example of an input screen.
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DIMENSIONS
Station number (beginning and end)
Segment length
Traveled way width
Number of lanes
Square yards
Lane miles
Centerline miles

JURISDICTION
City or town
County
MDC division
MDC district
MDC region
MDC police district
MDPW road number
MDPW district number
Federal aid system class
Federal aid route number
Legislative district
Project number

TRAFFIC
Functional class
Street operation
Average daily traffic (ADT)

Year of latest traffic count
Truck percent of ADT
Vehicle miles traveled
ADT per lane

Posted speed limit

Truck and bus exclusion

ACCIDENTS
Count (fatal, injury, other)

Rate (fatal and injury, total)

ROADWAY FEATURES AND CHARACTERISTICS
Ramps (length, width, area in square yards)
Shoulders (material, width)

Parking lane width

Adjacent parking (material, length, width, area in
square yards)

Curb reveal

Number of signalized locations

Designated bike route

Number of undercrossings and overcrossings

Minimum posted vertical clearance

Number of railroad crossings at-grade

Tangent or curved

Terrain type

Culvert (height, width)

Special pavement features

ROADSIDE FEATURES
Sidewalk (material, location, condition, width)
Guard rail (material, length)

Curbing (type, condition, curb cuts, reveal)
Traffic islands

Median (width, material)

Sign count (warning, regulatory, guide)

LIGHTING, SIGNALS, DRAINAGE, UTILITIES
Lighting (occurrence, pole material)
Drainage type
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Overhead utilities
Underground utilities
PAVEMENT CONDITION INDICES
Deduct points for each distress
Total deduct points (load-related, non-load-related)
Pavement condition rating (PCR)
Condition type
Present serviceability index (PSI)
LAND USE AND TREES
Primary adjacent land usc
Bodies of water within 100 ft
Trees (type, density)
PAVEMENT DISTRESSES
Alligator cracking (severity, extent)
Longitudinal cracking (severity, frequency, extent, whether
sealed)
Transverse cracking (width, number, whether sealed)
Block cracking (width, extent, whether sealed)
Rutting (depth, extent)
Rippling, shoving, and corrugation (severity, extent)
Raveling (severity, extent)
Bleeding (severity, extent)
Patching (condition, extent)
Crown type
Number of potholes
Apparent drainage problems
Edge damage (severity, extent)
OTHER INFORMATION
Date updated (condition, inventory)
Prepared by whom (condition, inventory)
Comments (condition, inventory)

Because of its unique dual role of serving recreational and
commuter traffic, MDC data needs and priorities are different
from those of most highway agencies, placing particular em-
phasis on landscaping, roadside features, environmental con-
cerns, and the individual demands of the 30 cities and towns
served by the network.

All data entry and editing in the PMS is performed on easy-
to-use data entry screens, with extensive error-trapping and
consistency checks. The entire database is designed to be
updated once every 2 years, and individual parkway segments
can be updated at any time in this cycle as rehabilitation
projects are completed. A complete set of organizational pro-
cedures has been established to ensure accurate and timely data
flow from the various sources within the MDC to a central
PMS coordinator, who regulates the quality of data, enters
them into the computer, and takes whatever actions are neces-
sary lo keep the biennial updating cycle on schedule.

SYSTEM DESIGN PROCESS

Before developing the PMS, MDC had no previous experience
with computer support of its capital programming process, and
many engineers who needed to use the system had little com-
puter expericnce. As a result, the system design process was a
unique opportunity both to demystify the computer system and
to provide ongoing staff training. A flexible design process was
needed that could serve to educate MDC managers and engi-
neers while simultaneously allowing them to participate fully
in the design of the system.
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The solution to this dilemma—and the key to the ultimate
usefulness and acceptability of the final system—was an incre-
mental design process featuring a succession of prototypes,
starting with an initial quick-and-dirty demonstration and con-
verging on the current polished production system. In all, three
completely new formal prototypes and at least five informal
upgrades were produced over the 12-month design period.
Using traditional management information system design tools
and methodologies would make such a process inefficient and
expensive; but with the power and flexibility of the microcom-
puter database manager, even major changes to the system
could be made on short notice.

Availability of prototypes early in the process had a number
of unusual but beneficial effects. It meant that the training
phase of the project had to begin even before the agency owned
the computer on which the PMS was eventually implemented.
It also meant that several working prototypes were available
before most of the data were collected. The early availability of
training allowed several MDC staff members to learn to use the
software application development environment, giving them
the knowledge and confidence to participate in major design
decisions. Finally, for both management and staff, the ability to
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react to something workable and concrete early in the process
reduced the anxiety that often accompanies the introduction of
new computer systems.

ANALYSIS CAPABILITIES

The analysis capabilities developed as part of the PMS were
designed to support a computer-aided decision-making process.
Specific capabilities focused on the analysis of existing condi-
tions, the development and evaluation of proposed pavement
rehabilitation projects and the development of short- and long-
run investment programs.

Figure 4 shows schematically the cycle of activities included
in the capital programming process. Al the beginning of the
cycle is a data collection effort that includes a wide range of
information on

e Physical data, mostly computerized, including pavement
condition, roadside features, geometrics, traffic volumes, and
most of the other data items described in the listing for the
PMS.

Obtain and store data
to establish programs

 JENNEE 2

r v+ v ¢

Environ-

mental Sately

Physical

Funding

— ——

Local Public
Values Policy

K

Analysis of the data

s

Current
conditions

Future

conditions Coordination within

MDC and with other
agencies

Establish criteria to
develop programs

R v

improvement class

By type of I

By functional

By time
period

[

Prepare a program for
each category

Recycle the
program

FIGURE 4 Basic elements of the programming process.
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e Environmental data such as trees, land use, and roadside
features, as well as noncomputerized information on future
MDC plans for parkland development.

e Safety data, most notably accident rates, which are com-
piled by the metropolitan police and entered from there into the
PMS once every 2 years.

o Assessment of funding availability that, because of the
absence of hard funding limitations, consists of strategies and
subjective information on ways of justifying budget requests to
the state legislature and assuring steady future flows of ade-
quate funding.

e Local values, especially data that can analyze the alloca-
tion of resources among communities and the degree to which
parkway standards fit into the surrounding neighborhoods.

e Public policy considerations, a catch-all category that in-
cludes the relationships among projects of different agencies,
as well as a knowledge of legislative concerns that govern the
acceptability of any proposed bond authorization package.

With this information in hand, it is possible to analyze the
existing conditions of the parkway network, to assess the prog-
ress made since the previous 2-year cycle and to formulate a
strategy for the next biennium. The first of these actions is
especially important to provide a quantitative indication of the
impact of previous capital program decisions. For instance, the
PMS contains a pavement condition rating (an indicator of
visible pavement defects) and a present serviceability index (an

TRANSPORTATION RESEARCH RECORD 1124

indicator of road roughness or ride quality) that can be tracked
over time to show whether a steady increase in average pave-
ment condition has taken place.

An assessment of existing conditions can also help in de-
veloping criteria or guidelines for the next capital program, by
pointing out the types of deficiencies that currently exist in the
system. For instance, the PMS can produce standard reports
that show the distribution of pavement condition, traffic vol-
umes, or accident rates by city or town, by functional class, and
by maintenance district. Other standard reports are available
that show detail about individual parkways or parkway seg-
ments, including free-form commentary describing complaints
that have been received from the general public or elected
officials, or field inspections performed by staff engineers.
These features of the computer system help to cut through the
vast quantities of data available, bringing out clearly and effec-
iively the conciusions that are most interesting and relevant to
decision makers.

The culmination of each biennial cycle, and the most time-
critical element of the process, is the preparation of a bond
authorization request, which requires the explicit definition of
projects and explicit decisions about priorities. Although the
program of projects for the 2-year cycle is the most urgent
product of this effort, it is also convenient and important to
develop at the same time a tentative program for the following
4 years, to act as a guide—not a commitment—for future
internal planning efforts. This program would help to ensure

Project Development
Slart

y

—

Segment Grouping

Combining adjacent parkway segments with
similar characteristics into projects of

appropriate size for construction contracts

—b

Initial Treatment Selection

For each project, the PMS prepares a default
treatment recommendation with cost
estimates based on simple decision rules

\

« Functional class

» Pavement condition (PCR, PSI)
= Accident rate

« Judgemental faclors

Project Screening

The size of the project list is reduced by
eliminating from further consideration any
projects which are in such good condition that
no work will be required in the next six years

« Field Inspections

= Engineeiing judgement

« Roadside features, environment

- Diagnosis of drainage problems
and other local deficiencies

FIGURE 5 Project development.

)

Project Review

Discussion with district and design
engineers to review and finalize
treatments, cost estimates, and
screening status of each project

Screened Project List

List of projects for programming,
wilh agreed-upon treatment
actions and cost estimates

Fulure Projects

Projects which do not survive
the screening process are set
aside until the next budget
cycle (though they can slill be
resur rected at any time by
management)
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that the MDC stays on course toward its long-range objectives,
and sets aside enough resources to accomplish those objectives.

Figures 5 and 6 present the analysis framework used to
prepare the 2- and 6-year capital programs. This framework is
meant to be a flexible guide to the decision-making process, to
keep it on track and to reduce the immense volume of data and
objectives into specific final products. The data files and ana-
Iytical capabilities of the computerized PMS have been de-
signed to aid this process wherever possible.

The framework consists of two phases:

® Project development, where potential construction proj-
ects are defined and costs are estimated; and

e Program development, where priorities are set and imple-
mentation schedules are developed.

To some extent, the distinction between these two phases is
blurred by the fact that, during the program development phase,
it is still possible to modify the definitions of projects and their
cost estimates. However, in the interest of keeping the process
orderly and on schedule, it is desirable that as much of the
project development phase as possible be completed before the
program development phase begins.

Project Development

For data collection purposes, the 153-mi metropolitan parkway
network is divided into 655 separate road segments, in order to
faithfully reflect the true variation of parkway characteristics
and conditions in the system. For the purpose of capital pro-
gramming, however, these segments must first be aggregated
into larger units suitable for construction contracts. The PMS
supports this activity by producing reports that show adjacent
parkway segments and the indicators of pavement condition
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and traffic that might be relevant for grouping segments to-
gether. A manual procedure makes the final decisions about
segment grouping by assigning project identification numbers
to each segment. The PMS then uses these segment-to-project
assignments to build a project file, listing 150 to 200 candidate
projects. It is this project file that is then used for all further
program development activities.

For these candidate projects, the PMS computes initial de-
fault treatment recommendations and cost estimates, based on
simple engineering decision rules. The recommendation comes
in the form of a general strategy, with a typical cost per square
yard for each strategy, as shown on the sample project review
sheet in Figure 7. Because these decision rules take into ac-
count only the most common types of pavement deficiencies, it
is possible for their recommendations to be off the mark in
specific cases. However, the default recommendations are usu-
ally adequate as ballpark estimates, suitable for estimating
overall funding needs and for suggesting strategies for particu-
lar projects in the absence of field inspections or more detailed
analysis.

The program development phase can be simplified if the
project list is reduced to the smallest size possible. There are
many parkways that have recently been rehabilitated, or that
are still in such good condition that they need not be given
further consideration for the 6-year program. This list includes
projects that are currently under construction, or those whose
funding has already been allocated. The PMS includes a
screening capability that makes it easy to exclude such projects
from the process. This screening is conducted in two stages: an
automatic stage that locates projects with high values of the
pavement condition indicators; and a manual stage that allows
manual adjustment of each project’s screening status based on
judgmental factors or knowledge outside of the database. With
this procedure, the project list can be reduced to fewer than
50 projects—a convenient size for decision makers and
legislators.

Program Development
Start

-

« Functional class, ADT

« Pavement condition (PCR, PSI)
* Accident rate

« Cost-effectiveness ratio

« Judgemental factors

Identifying Critical Projects

A small number of most critical projects
are identified, and the remainder are
placed in rough priority categories

Automatic Scheduling
The PMS prepares an initial implementation
schedule based on rough budget constraints
and the identified priority categories

Two-Year Program

» Community values, equity
+» Environmental concerns
« Long-term strategy

« Other public policy issues
« Manpower availability

Schedule Review
MDC management reviews and modifies
the schedule to ensure that it reflects their
priorities and strategies, and is
practical and equitable

For submission to DPW
and the Legislature

Six-Year Program
For MDC internal

FIGURE 6 Program development.

planning
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METRO PARKS & ENGINEERING MANAGEMENT SYSTEM

Project Review Sheet l0-pec-86

Project Number: 149 Contract Number:

Project Name:

BIRMINGHAM PY City/Town: BOS

GENERAL INFORMATION (office use only)

Pkwy Names/Endpts: BIRMINGHAM PY from ARSENAT, ST BR to LINCOLN ST
MDC District: CH Average Daily Traffic (ADT): 20593 Pavement Condition Rating (PCR): 45
Legislative Dist: 18S Centerline Miles: 0.18 Present Serviceability Index (PSI): 2.4
Functional Class: 3 Lane Miles: 0.76 Fatal+Injury Accidents per 100M VMT: 90
TREATMENT AND COST INFORMATION Engineer's Initials: PMS Date of Recommendation: 08/15/86
Engineer's Treatment Recommendation: Type (A B C D E): B Description: Surface Replacement
Ccost Estimate (unfunded): pesign: [¢] Roadway Square Yyards: 8471 Years Life Gained: 15
($OOO) construction: 118 Ramp Square Yards: 0 Est PCR Resultinqg: 100
Ad]j Pkg Square vards: 0 Cost-Eff Index: 0,577
COMMENTS Prepared by: PMS pate Last Updated: 08/15/86
516011: - SEVERE ALLIGATOR CRACKING € CENTOLA ST, HIGH POTENTIAL FOR POT HOLE DEVELOPMENT - SUNKEN CB'S

(PSI IS ESTIMATED) 516010: - DEPRESSED CB'S.

INBOUND SIDE-~DISTRICT ENGR REPORTS A HISTORY OF MANY DEEP

POTHOLES TO SUBGRADE EACR WINTER--STRUCTURAL REPLACEMENT RECOMMENDED.

FIGURE 7 Example of a project review sheet.

The project development phase is primarily an engineering
activity, though the participation of top management is impor-
tant, specially during the screening procedure. Engincering
judgment and fiexibility are essential ingredients at every step.
To ensure that the final list of candidate projects ready for
prioritization and scheduling is acceptable to all concerned, a
project review process is included as the key milestone signal-
ing the end of the project development phase. In this process,
project data sheets for all projects are prepared by the PMS,
based on the analysis performed so far, and distributed to
engineers in the central and district offices for their comments
and corrections. These changes are then entered into the com-
puter to produce the final screened project list.

Completion of the project review signals the beginning of
the program development phase. With a compact, agreed-upon
project list in place, what remains is to set priorities and
schedules, and to prepare a persuasive 2-year bond authoriza-
tion request for state the legislature.

Program Development

With the many objectives and many evaluation criteria that
must be considered in order to produce a realistic capital
program, it is difficult to order the potential projects into any
strict priority sequence. What is needed is a process that is less
mechanical and more judgmental, but that still produces deci-
sions that can be justified by hard evidence. The data that have
been gathered in the project file, along with the discussions that
happen over the course of the 2-year period among manage-
ment, engineers, and other agencies, provide the key informa-
tion required to establish a program. The PMS helps to keep
this process organized, and it analyzes and reports on the
results; but it does not attempt to set priorities.

One straightforward way to attack an unstructured decision
such as capital programming is to divide and conquer, and this
is the approach supported by the PMS. Already, the project list
has been divided by ruling out projects that have high condition
indicators or that are already funded. Next, it is helpful to
single out the projects that are clearly of highest priority.
Management is already aware of many of the most critical
projects. These may be projects about which many complaints
have been received, or projects that are already partially
funded. The PMS can produce a number of different types of
reports that point out critical deficiencies. In particular, it can
spotlight opportunities for preventive maintenance and rela-
tively inexpensive overlay and surface replacement projects
that represent opportunities to prevent the need for much more
expensive reconstruction.

In the PMS, a provision is made for manually entering a
project ranking to indicate rough priorities. These rankings can
be based on engineering judgment or one or more of the
technical criteria calculated by the PMS, such as pavement
condition indices or accident rates. A ranking of 1 is assigned
to the projects considered most urgent; a ranking of 2 is then
assigned to the next-most-urgent projects, those that are ap-
proximately equal to one another in importance but of less
urgency than Rank 1 projects. Similarly, successively lower-
urgency groups of projects are given lower ranks. There is no
particular constraint on the number of projects that fall into
cach rank category, or on the total number of rank categorics.
The ranking can be used, if desired, as a way of sorting projects
in reports to show relative priorities. It can also be used as input
to an autornatic scheduling procedure provided by the PMS as a
way to generate a first-cut implementation schedule.

All that remains to produce a final capital program is to make
adjustments to the implementation schedule until management
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is satisfied with it, in a schedule review process. The PMS has
capabilities to aid this evaluation. For instance, it can show
projects grouped by treatment type to give an indication of the
types of manpower that will be required each year, showing
whether a steady program of preventive maintenance and re-
habilitation has been included. It can also group projects by
functional class or location (such as municipality or administra-
tive district) to shed light on the equity implications of the
program. By printing the project implementation schedule
sorted by various pavement condition and traffic indicators, the
PMS can show whether the priorities implicit in the schedule
are consistent with actual conditions. Schedule changes in the
PMS can be made as often as needed, and the reports reprinted.
Considerable managerial judgment is required: the schedule
may go through several iterations of review by MDC manage-
ment and the MDC before it is finalized, and their comments
may involve not only the rescheduling but also the downscop-
ing and phasing of projects. All such changes can be readily
accommodated by the system, whose reports then chronicle the
convergence of the process onto a final capital program.

COSTS AND APPLICABILITY TO OTHER
AGENCIES

Although the methodologies used in the PMS are general in
nature, the specifics of the system are highly customized to
MDC needs. Few highway agencies would require exactly the
same data items as those listed for the PMS, for instance: most
would want less information, but some might even require
more. The choice of data items to collect and store in the
system depends on the specific responsibilities of the organiza-
tional units that operate the PMS, as well as on the manage-
ment priorities in effect at the time that the system is de-
veloped. In the MDC'’s case, for instance, a managerial concern
for the setting of standards for roadside features such as curb-
ing, sidewalk, and guard rail has led to the inclusion in the
database of a comprehensive inventory of these features. The
program development features are also customized to match
the budgeting process and funding mechanisms unique to the
MDC. Because the information needs of management change
over time, the PMS must also be able to change. This flexibility
is aided by the use of a commercial database manager as the
backbone of the PMS, accompanied by thorough documenta-
tion of the system, so MDC information systems staff can
modify data definitions and reports in the future.

Collection of such a large amount of information brings with
it the cost of keeping the data up-to-date. At the MDC, a
complete cycle of updating is expected to be completed every 2
years, at a cost of about 6 person-months per cycle. In addition,
project engineers, al the completion of each construction proj-
ect, are expected to update the road segments affected by the
project as a part of the close-out procedure. Including the costs
of analysis and report production and computer and software
maintenance, the total cost of the new PMS is estimated to be
the equivalent of one full-time staff professional. Compared
with this ongoing cost of the PMS, the start-up costs of micro-
computer implementation are quite small. A personal computer
and database manager can be purchased for less than $5,000,
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and development of customized data files and reports, includ-
ing complete documentation and training, require 3 to 12 per-
son-months, depending on the complexity of the system. Of
this startup cost, at least two-thirds is devoted to user-friendli-
ness features such as menus and data-entry screens, documen-
tation, and training. All of these costs are small compared with
the amount of money to be saved by more effective decision
making.

The IBM personal computer and 40-megabyte hard disk
used in the MDC system offer more than adequate performance
for this application. It is estimated that a road network six times
the size of the 153-mi MDC network could be accommodated
on the hard disk with adequate room left over for overhead
requirements and other applications. For a system that large,
however, it would be wise to use a faster computer, such as an
IBM PC-AT or compatible, to keep running times reasonable.
Still, for most PMS reports, printer speed is the limiting factor
in system performance.

Inexpensive microcomputers and user-friendly database
management software have changed the economics of software
acquisition in many ways. It is now efficient and desirable to
customize systems to fit an agency’s unique needs, instead of
relying on canned approaches to a problem. The ability to use
standard personal computers and software in system design
makes maintenance of the system less costly and more reliable.
As a result, pavement management systems can be imple-
mented in a more cost-effective way than ever before.

CONCLUSIONS

The programming procedures and analysis methodology de-
veloped and implemented for Boston’s MDC have provided an
effective tool for the agency to use in establishing pavement
rehabilitation capital programs. Using microcomputer technol-
ogy, it has been possible to improve MDC’s access to hard,
quantitative data for decision making without greatly increas-
ing management’s workload or sacrificing its flexibility. The
design process for the computer system has proven that it is
now possible and practical for small agencies with little pre-
vious computer experience to gain knowledge and confidence
with computers while simultaneously participating actively in
the design of a customized system. Based on this experience, it
is clear that microcomputers offer great potential to improve
the decision-making capability of smaller city and county high-
way agencies, who previously have not been able to fully
exploit the data available to them.
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Application of the Analytic Hierarchy
Method to Setting Priorities on Bridge

Replacement Projects

MITSURU SAITO

The bridge rehabilitation and replacement project ranking
procedures currently available can be grouped into three
types: sufficiency rating, level-of-service deficiency rating, and
cost-effectiveness rating. These procedures help, to some ex-
tent, to set priorities on bridges that may be eligible for fund-
ing and hence for implementation. However, most of the cur-
rently available procedures do not incorporate possible
subjectivity, fuzziness, or personal preferences of the decision
makers involved in the bridge programming process. The ana-
Iytic hierarchy method, based on the eigenvalue approach,
provides a decision-making method that allows transformation
of subjective judgments into quantitative values for ranking
alternatives. This method also provides an opportunity for
decision makers to discuss the issue, clarify relationships
among criteria, and reach a consensus about the resulting
judgments. The procedure for using the analytic hierarchy
method in decision making is described and illustrated in an
example using a simple, three-strata hlerarchy pertaining to
the ranking of bridge replacement projects. In the example,
the analytic hierarchy method was modified by incorporating
utility curves so that the method could be applied to a large-
scale problem. This example shows that the analytic hierarchy
method can be effectively used for setting priorities on re-
habilitation and replacement projects.

In recent years there has been a growing concem about the
safely of existing bridges. This concern is shared by highway
agencies at all levels of government (). The FHWA rated
about 45 percent of the existing bridges in the United States as
either functionally or structurally deficient (). In an effort to
alleviate the nation’s bridge safety problem, a federally man-
dated system for bridge inspection, evaluation, and reporting
was established (2). Data collected by this system became a
valuable source for assessing levels of federal funding for
deficient bridges.

As a bridge-ranking index, FHWA developed the sufficiency
rating, which ranges from 0 to 100 points. This index is com-
puted using structural condition ratings of bridge components
and other information such as serviceability and essentiality of
bridges (2). A bridge is considered structurally deficient (SD) if
its deck, superstructure, or substructure has weakened or deteri-
orated to the point that the bridge is inadequate to support all
types of traffic (7). A bridge is considered functionally obsolete
(FO) if deck geometry, load-carrying capacity, clearance, or
approach roadway alignment no longer meets the usual criteria
for the system of which it is a part (1). An SD or FO bridge
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with a sufficiency rating of less than 50 is eligible for federal
bridge funds for replacement. An SD or FO bridge with a
sufficiency rating beiween 50 and 80 is eligibie for federal
bridge funds for rehabilitation. FHWA, however, provides the
states and other bridge owners flexibility in selecting bridges.
Such procedures should reflect state needs and local input to
ensure a fair and equitable distribution of funds throughout the
state because these funds are limited, despite the growing need
for bridge improvements.

Evaluating bridge rehabilitation and replacement alternatives
is one of the major tasks in the field of highway improvement
programming because bridges play a strategically important
role for the well-being of the entire highway network.
However, decision makers who decide on the allocation of
funds must often rely on subjective judgments, namely condi-
tion ratings, to determine the comparative effectiveness of
alternative bridge projects to meet the goals of bridge condi-
tions in the state. Besides the structural condition, other factors
such as traffic safety, average daily traffic (ADT), and costs
need to be included for ranking consideration. Setting priorities
on bridge-related projects can be a typical multiattribute deci-
sion-making problem that requires the decision maker to simul-
taneously evaluate several decision factors. Therefore, a sys-
tematic evaluation procedure is needed that can not only
quantify subjective judgments, but also incorporate values of
different units into a single decision-making scale. The pro-
cedure must also be a flexible one that reflects the opinions and
the preferences of decision makers of the agencies involved.

Most priority-setting procedures available today for bridge
project ranking do not have a mechanism to allow for a
weighted consideration of many important measures of effec-
tiveness that decision makers want to include. Therefore, there
is a need for a methodology that can help decision makers
reach the best trade-off solutions that will meet their desired
goals.

In this paper, a multiattribute bridge evaluation methodology
using the analytic hierarchy method developed by Saaty (3) is
discussed and used to evaluate sample bridge replacement
projects. Development of weight normalization methods, utility
curves, and the use of weights to represent the relative impor-
tance of different criteria are illustrated. The result of this
method is compared with the result of the successive subsetting
method, which was originally used to solve this sample re-
placement problem (4). The main objective of this paper is to
develop and test a systematic methodology for evaluating
bridge rehabilitation and replacement projects for the equitable
allocation of available funds.
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The bridge rehabilitation and replacement project ranking pro-
cedures currently available and known to the author can be
grouped into three types: sufficiency rating, level-of-service
(LOS) deficiency rating, and cost-effectiveness rating. The
sufficiency rating approach (2) is often used as a reference at
the state level of bridge management. The LOS approach was
developed first in North Carolina (5), based on an idea that
priorities must be determined by the degree to which a bridge is
deficient in meeting public needs. Major indices used by this
method include single-vehicle load capacity, clear bridge deck
width, vertical clearance, and remaining service life. In Penn-
sylvania, this LOS technique was modified so that structural
condition elements were incorporated into the ranking process
(6). A type of bridge project ranking procedure based on life-
cycle cost analysis was developed in Wisconsin and used in an
actual highway programming process (7). This procedure is
based primarily on the cost-effectiveness approach that was
also used as part of the bridge management system in Pennsyl-
vania (8).

These procedures become a stepping stone to advance tech-
niques of bridge management systems. However, these pro-
cedures do not fully incorporate the subjective judgments or
preferences of the decision makers, from inspectors to plan-
ners, into the priority setting process. An evaluation procedure
needs to take into consideration the different perspectives of all
the relevant decision makers at different levels of management
so that final decisions can be consistent among the agencies.

Decision-making science has recently developed signifi-
cantly, and techniques that deal with multiattribute problems
have become widely accepted. Keeney and Raiffa’s utility
theory (9), which has been used in transportation-related prob-
lems, has appeared to be effectively incorporated into decision
making (9, 10). This technique has been theoretically proven,;
however, it is considered to be the most complex among the
multiattribute decision-making techniques available (11).

Nijkamp’s .concordance analysis (12) is another technique
that has been used to solve transportation problems. Jan-
arthanan and Schneider (13) used it for selecting the best transit
improvement alternative; Shiraishi, Furuta, and Hashimoto
(14) used it in a bridge evaluation problem. This technique is
based on a series of pairwise comparisons across a set of
criteria. Concordance analysis seems to work for a small set of
alternatives; however, it may be inefficient for a large-scale
problem in which there are several hundred alternatives, be-
cause matrices of pairwise comparisons become extremely
large and pairwise comparisons become time consuming.

Srinivasan and Shocker developed a multiattribute problem-
solving process using linear programming techniques (15).
This method was also based on pairwise comparisons and was
theoretically proven; however, like concordance analysis, the
number of pairwise judgments increases as n(n — 1)/2, where n
is the number of alternatives, when the number of alternatives
increases. Moreover, the decision maker must consider all
included criteria simultaneously when making pairwise judg-
ments. The weights of the criteria are unknown to the decision
maker by this method, but the decisions must be determined by
paired alternatives. The outcome of this method is a set of
weights for the alternatives.

After the flexibility in reflecting the decision maker’s judg-
ments at any level of the hierarchy of desired criteria and the
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applicability to a large-scale problem were considered, the
analytic hierarchy (AH) method (3) was chosen for this paper
to develop an effective bridge priority-setting procedure. This
method has been used in many areas for which subjective
judgments can be the only way to scale the importance of
criteria and alternatives involved. It allows the decision maker
to stratify criteria into several clusters. The essence of this
method is discussed in the following section.

THE AH METHOD

The AH method was developed by Saaty (3) to solve a wide
variety of allocation and strategic planning problems for corpo-
rate and international organizations. Its approach is to *‘sys-
tematize the assessment of judgments in complex situations in
which an implicit objective criterion is multidimensional and
perhaps only vaguely realized.” The AH method reduces the
study of intricate systems 1o a sequence of pairwise com-
parisons of properly identified components.

Hierarchies

Hierarchies are basic to the human way of breaking reality into
clusters and subclusters. When priorities are set, first objects or
ideas and relations among them are identified. That is, the
complexity encountered is decomposed. Then, relations dis-
covered among components are synthesized. This effort men-
tally simulates a decision-making system that is an abstract
model for a real-life decision structure. A hierarchy is this
abstraction of the structure of a system to study the functional
interaction of its components and their impacts.

The goal of a hierarchical approach is to seek understanding
of a decision problem at the highest level from interactions of
the various levels of hierarchy rather than directly from the
elements of the levels (3). Two components must be considered
in the hierarchical structuring of systems: structuring functions
of a system hierarchically and measuring the impacts of any
element in the hierarchy (3). For the first component, a careful
abstraction of the structure needs to be made so that the strata
in the hierarchy can be as independent as possible. For the
second component, a mathematical theory of hierarchies was
developed for evaluating the impact of a level on an adjacent
upper level from the composition of the relative contribution
(priorities) of the elements in that level with respect to each
element of the adjacent upper level. That is, elements within a
stratum are evaluated by pairwise comparisons with respect to
the characteristics in the immediate higher stratum. Saaty (3)
includes a detailed description of the mathematical develop-
ment of this method.

Measurement of Importance

A simple example of setting priorities on three bridges is used
to describe how their importances, or weights, are measured. In
this example, the ranking of three bridges A, B, and C was
analyzed. Figure 1 shows the employment of a simple three-
strata hierarchy system. The first stratum (highest level in the
hierarchy) was the ranking of the three bridges. In the second



28

TRANSPORTATION RESEARCH RECORD 1124

® /st Stratum of
Hierarchy

{Objective)

[ Ranking of Bridge Replacement Projects l

® Second Stratum of
Hierarchy

(Evaluation
Criteria)

Structural Remaining Average Daily
Condition Service Life Traffic

® Third Straturm of
Hierarchy

{Individual Projects)

Bridge A

Bridge B

Bridge C

FIGURE 1 A sample hierarchy system for ranking three bridge

replacement projects.

stratum, three evaluation criteria were used for comparison:
structure rating, remaining service life, and ADT. The third
stratum consisted of the three bridges. Data for these three
bridges were as follows:

Bridges
Criterion A B (o
Structure rating 3 4 5
Remaining service life 15 15 20
ADT 2,000 3,000 10,000

Pairwise judgments were first made among individual proj-
ects with respect to each evaluation criterion in the next highest
stratum by using a 1-10-9 scaling system, presented in Table 1.
This scaling system is based on the psychological limit (7 + 2)
of humans in simultaneously comparing multiple alternatives
(3). Results of pairwise comparisons were entered into a re-
ciprocal matrix, for which only the cells in the top half-triangle
were filled, the cells in the lower half-triangle containing their
reciprocals. Pairwise judgments were transformed into a set of
scaling values by using the eigenvalue approach (3). The eigen-
value approach for pairwise comparisons provides a way for
calibrating a numerical scale for cases for which measurements
and quantitative comparisons do not exist,

Pairwise comparisons of the three evaluation criteria with
respect to the ranking of the bridges for A, = 3.065, CI =
0.033, CR = 0.06, and eigenvector = (0.73, 0.19, 0.08) follow:

Remaining
Structure Service
Criterion Rating Life ADT
Structure rating 1 5 7
Remaining service life  1/5 1 3
ADT 177 13 1

Pairwise comparison tables for the three bridge projects with
respect to the three evaluation criteria follow. For A, = 3.094,
CI=0.047, CR = 0.08, and eigenvector = (1.00, 0.27, 0.09), the
comparison table is

Structure Rating (S)

Bridge A B C
A 1 5 8
B 1/5 1 4
C 1/8 1/4 1

For Ap. = 3.000, CI = 0.00, CR = 0.00, and eigenvector =
(1.00, 1.00, 0.25), the comparison table is

Remaining Service Life (R)

Bridge A B c
A 1 1 4
B 1 1 4
C 1/4 1/4 1

For Ay, = 3.065, CI = 0.03, CR = 0.06, and eigenvector =
(1.00, 2.33, 9.02), the comparison table is

ADT (T)
Bridge A B C
A 1 173 177
B 3 1 1/5
C 7 5 1

Structure rating was believed to be strongly more important
than remaining service life; therefore a scale value of 5 was
entered. A reason for the difference was that structure rating
reflected physical distresses observed by inspectors, whereas
remaining service life was simply an estimate made by inspec-
tors. Similarly, when structure rating was compared with ADT,
the former was strongly more important than ADT; therefore, a
scale value of 7 was inserted. A reason [or this value was that
deficient bridges should be repaired first and ADT should be a
secondary factor. When remaining service life and ADT were
compared, it was believed that remaining life was weakly more
important than ADT; hence, a scale value of 3 was inserted.
The reciprocal matrix was then constructed by setting a; =
1/a;. Similarly, reciprocal matrices for comparing the three
bridge projects with respect to the evaluation criteria were
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TABLE 1 IMPORTANCE OF ALTERNATIVE SCALE (3)
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Intensity of

Importance Definition Explanation
1 Equal Importance Two activities contribute equally to the objective
3 Weak importance of one Experience and judgment slightly favour one
over another activity over another
5 Essential or strong Experience and judgment strongly favor one
importance activity over another
b Very strong or demon- An activity 1s favoured very strongly over
strated importance another; its dominance demonstrated in
practice
9 Absolute importance The evidence favoring one activity over another
is of the highest possible order of affirmation
2,4,6,8 Intermediate values between When compromise 18 needed
adjacent scale values
Reciprocals If activity 1 has one A reasonable assumption
of above of the above nonzero
nonzero numbers assigned to it
when compared with
activity j, then j has the
reciprocal value when
compared with 1
Rationals Ratios arising from the If consistency were to be forced by

scale

obtaining n numerical values to span the

matrix

constructed. Attention should be paid to the orientation of each
question. For instance, the traffic on Bridge A was less than
that on Bridge C and was also less than the difference in traffic
between the two bridges. In this comparison, Bridge C was
demonstrably more important than Bridge A; therefore, a scale
value of 1/7 was entered for Bridge A with a reciprocal value of
e

After values of eigenvectors were normalized, a matrix for
bridges versus criteria was constructed. When this matrix mul-
tiplied a transposed normalized column eigenvector of the
criteria, the values in the product column vector became the
weights of the three bridge projects.

0.73 044 0.08 0.73 (S) 0.62 (A)
020 044 0.19 019(R) | = 0.27 (B)
0.07 0.11 073 0.08 (T') 0.13 (C)

Consistency Check

Consistency in the AH method means not only the traditional
requirement of the transitivity of preferences, but the actual
intensity with which the preference is expressed (3). If a re-
ciprocal matrix is perfectly consistent, its rank is unity and the
sum of the eigenvalues is the trace Xa; = n. The largest
eigenvalue is A,, and all other eigenvalues become zero. In
general, however, a reciprocal pairwise comparison matrix
does not yield a consistent matrix. However, it is known that

the largest eigenvalue would remain near n and the remaining
eigenvalues are near zero, although the consistency is per-
turbed (3).

The results of weight determination become more consistent
the closer A, is to n. Saaty (3) proposed that consistency of
pairwise judgments be measured by the consistency index CI,
defined as (Ap,, — 7)/(n — 1). The CI in question is compared
with the consistency index of a randomly generated reciprocal
matrix, on a scale of 1to 9, called the random index R/ (3). The
ratio of CI to average R/ for the same order matrix is called the
consistency ratio CR. A CR of 0.10 or less is considered
acceptable and the corresponding matrix is considered to be
consistent (3).

In the simple example, pairwise judgments were all consis-
tent, as indicated in the tables. When the ratio matrix (recipro-
cal matrix) is not consistent and the CI is sufficiently large,
judgmental revision is warranted (3). However, judgments
should not be forced to be consistent, because such restrictions
would distort results.

Setting Priorities on Bridge Replacement Projects

The AH method was used to set priorities on a set of 22
proposed bridge replacement projects used in a previous study
(4). The same sample set was used to compare the result by the
AH method and the successive subsetting (SS) method used in
the previous study (4). The SS method is a subjective partition-
ing of candidate bridges into clusters according to a given set
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of criteria. No scaling is involved in the method. No numerical
values are assigned to the alternatives.

Exactly the same criteria were used to make the decision
under the same environment. These criteria as listed in Table 2
include physical condition of the bridge structure, remaining
service life, curb-to-curb deck width, road narrowing, approach
alignment, and the ratio between ADT and the state’s share of
construction cost. The ranking shown in Table 2 does not
necessarily mean dominant preference of one criterion over
another. A weak preference may exist between the adjacent two
criteria.

In actual bridge improvement programming, many decision
makers are usually involved. This group may include bridge
inspectors, bridge designers, highway improvement planners,
maintenance engineers, planners, and academicians. In this
sample application, the author acted as the sole representative
of the decision-making group. It is necessary that decision
makers be familiar with bridges and their performance. The
eigenvalues and eigenvectors of ratio matrices were obtained
by using the EIGRF routine available in the IMSL library (16).
This routine provides eigenvalues and eigenvectors of a real
general matrix.

Introduction of Utillty Curves

First, a simple, three-strata hierarchy similar to the one shown
in Figure 1 was considered. However, many bridges with the
same condition ratings should be given the same weights. Also,
filling a large reciprocal matrix is extremely tedious and may
confuse decision makers. For instance, filling a 22 x 22 matrix
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required 231 pairwise comparisons. For six criteria, this meant
1,386 comparisons. Because eigenvalues exist to any n-rowed
square matrix, regardless of whether or not the matrix is singu-
lar or nonsingular (17), it would be necessary that a reciprocal
matrix be checked carefully before eigenvalues are obtained. It
is highly recommended that the size of a rcciprocal matrix be
small, say of dimension 10 x 10 to 15 X 15, to ensure accurate
pairwise judgments.

Therefore, this three-strata hierarchy system was modified,
as shown in Figure 2, and a concept of utility curve was
introduced. The minimum and maximum values of each crite-
rion were first set and the range between these two extreme
points was divided into proper segments. For instance, if the
maximum and minimum values of structure condition rating of
candidate bridges were 7 and 3, respectively, the range was
divided by ratings between the two values, that is, 4, 5, and 6.
Instead of making pairwise comparisons of bridge candidates
with respect to six criteria, the levels of each criterion measure
were compared pairwise using the eigenvalue approach with
respect to the objective, that is, ranking of bridge replacement
projects. The utility curve for an evaluation criterion was
drawn using the eigenvector corresponding to A,,. Although
the inclusion of utility curves in the algorithm deviates from
Saaty’s original method (3), such modification would be more
practical for a large-scale problem because the decision maker
could spend more time evaluating the importance of the criteria
themselves than simply comparing paired alternatives. When a
reciprocal matrix became inconsistent, adjusting the values of
entries of the matrix by trial and error was repeated until the
consistency ratio of the matrix became less than 0.10. By this
method, all pairwise comparisons were reviewed and

TABLE 2 PRIORITY EVALUATION CRITERIA FOR THE SELECTION OF

BRIDGE REPLACEMENT PROJECTS (4)

Impact Category Rank Evaluation Criteria
Structural Condition 1 Minimum of Superstructure
Condition and Substructure
Condition
2 Estimated Rewmaining Service
Life in Years
Traffic Safety 3 Curb-to~Curb Deck Width
4 Road Narrowing on Bridge
6 Approach Alignment
Service and Righway 5 ADT (Average Daily Traffic)/

Department Cost

State Share of Construction
Cost

Note:

The rank shown above does not necessarily mean a

a dominant preference of one over another. A weak
preference may exist between the adjacent two

criteria.
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FIGURE 2

pairwise relationships were restructured. Saaty (3) provides
alternative methods to review previously made judgments.

Weights of candidate bridges with respect to each evaluation
criterion were computed by normalizing values obtained from
its utility curve. Weights of the six evaluation criteria were
determined by an ordinary eigenvalue computation method.
After the weights of the elements of the second and the third
strata were generated, they were synthesized for each alterna-
tive in the same manner as that used for the simple example,
and final weights were obtained. Bridge projects were then
sorted in descending order of synthesized final weights. The
selection of projects for implementation was made using the
final weights.

RESULTS

The six criteria were first compared pairwise according to their
relative dominance in contributing to the overall priority of
individual bridges. Table 3 presents the reciprocal matrix for
the six criteria. Note that structural condition is strongly domi-
nant over approach condition and therefore the latter cell re-
ceived a 6. Another example is the deck width cell and the road
narrowing cell. The latter criterion received a 2 compared with
the former criterion, implying that the deck width was judged
to be only slightly more important than the road narrowing.

The last column of Table 3 gives the values of the eigen-
vector. The normalized values of the eigenvector for the six
criteria are also given in Table 3. They show that the structural
condition was placed as most important, followed by the re-
maining service life. Criteria related to traffic safety received
relatively large weights. However, the service/cost quotient
criterion had a relatively insignificant weight.

In this pairwise comparison of the criteria, the judgments
were highly consistent, as presented in Table 3. The consis-
tency index CI became 0.024, which was small compared with
its numerically determined expected value of 1.24 (RI in

Hierarchy system for bridge replacement problem.

Table 3) from a randomly generated matrix of the same order
(3). The consistency ratio (CR) for this case was therefore 0.02,
indicating the pairwise judgments were consistent.

Comparisons among the levels within each criterion were
then made in a similar manner. Table 4 presents a pairwise
comparison mafrix in which the condition rating is defined as
the minimum of the condition ratings for the superstructure and
substructure. Utility curves of these criteria were drawn using
their eigenvectors. Figure 3 shows a utility curve for condition
rating that was developed based on the eigenvector of the
matrix. The utility curve graphically shows how much utility
would be assigned to a project when a bridge is replaced at a
certain rating.

In this pairwise comparison, Condition Rating 3 was given
the highest utility, three times higher than Condition Rating 4.
In the condition rating scale, a bridge with Rating 3 is consid-
ered to be in poor condition, and would require immediate
repair or rehabilitation (2). However, at 4, this bridge is still ata
marginal condition. The potential exists for major repair or
rehabilitation, but it is not as serious as the bridge at Rating 3.
Ratings 3 and 4 are actually key decision-making points for
selecting bridges for rehabilitation based on condition rating.
Therefore, it seems this utility curve translates closely the
decision maker’s judgment about the impact of structure rating
on priority setting.

Another example of the utility curve for the service/cost
quotient criterion is shown in Figure 4. This curve became
S-shaped like the logistic curve or the choice probability curve,
which are frequently used for modeling the consumer’s choice
behavior (18). A utility curve of this shape implies that the
decision maker is indifferent to a change in the level of cost-
related evaluation measure near the upper and lower limits;
however, between the limits the decision maker becomes sensi-
tive. This tendency appears to reflect a reasonable attitude for
making decisions on economic matters.
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TABLE 3 RECIPROCAL MATRIX, EIGENVALUE, AND EIGENVECTOR FOR SIX ATTRIBUTES

] Attributes
Eigenvector
Structural Remaining Deck Road Service/ Approach
Condition Service Life Width Narrowing Cost Condition
Structural
Condition 1 2 3 4 5 6 1.0000
Remaining .
Sarvips LifE i/2 1 2 3 4 5 0.6546
Deck
Width 1/3 1/2 1 2 3 4 0.4172
Road
Narrowing 1/4 1/3 1/2 1 2 3 0.2631
Service/
Cost 1/5 1/4 1/3 1/2 1 2 0.1675
Approach 1/6 1/5 1/4 1/3 1/2 1 0.1119
Condition .
Xmax (Eigenvalue) = 6.12 C.I. = 0.024 R.1I. = 1.24 C.R. = 0.02 < 0.10
Normalized Weights of Six Attributes
Structure Condition = 0.38251 Road Narrowing = 0.10064
Remaining Service Life = 0.25039 Service/Cost = 0.06417
Bridge Deck Width = 0.15958 Approach Condition = 0.04280

TABLE 4 PAIRWISE COMPARISON MATRIX FOR
CONDITION RATING = MIN (SUPERSTRUCTURE,
SUBSTRUCTURE)

Condition Rating

Condition

Rating 3 4 5 6 7 Eigenvector
3 1 5 7 8 9 1.0000

4 1/5 1 3 4 5 03375

5 17 18 i 3 4 0.1850

6 18 14 183 1 3 0.1035

1 1 15 14 13 1 0.0597

Note: A,..=535.CI=0.09.RI=1.12, CR =

..........

o Values of Eigenvector

: N
.2 \
.0 L\\‘

2 3 4 S 6 T 8

Minimum of Superstructure and Substructure Condition Rating

FIGURE 3 Utllity curve for condition rating in terms of
the eigenvector.

Using these and other utility curves, a matrix of normalized
weights of bridge projects was generated for the six criteria.
This matrix was then multiplied by a column vector of weights
of the six criteria in a fashion similar to that described for the
trivial problem to obtain the final weights of the 22 bridge
replacement projects.

The final weights were then sorted in descending order and
presented in Table S. Project costs and the available budget
presented in Table 5 were exactly the same as used in the
sample problem of Hamess and Sinha (4). Table 4 shows how
subjective judgments could be expressed quantitatively. Ac-
cording to this ranking, bridges were implemented up to the
seventh rank. For the remaining $190,000, rather than simply
following the original ranking, the rank could be reordered to
effectively use the available funds. Because the final weights of
Projects 143, 56, 2867, 888, 147, and 878 were close, switching
ranks would not change the effectiveness of the overall pro-
gram implementation. Further investigation could be made at

the site and proper projects could be selected.

projects

COMPARISON WITH THE SUCCESSIVE
SUBSETTING METHOD

Results of the priority setting by the AH method were com-
pared with the results of the successive subsetting (SS) method.
The S8S method is based on an assumption that impacts of
highway improvements cannot be measured precisely, and if
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they could be, their limits of accuracy would be quite large (4).
Projects are first grouped into the desired number of small
groups, or subsets, using the criteria of highest hierarchy. Each
subset of projects is then clustered into groups using criteria of
the next important hierarchy. This process is repeated until each
subset has only one project; that is, until it is ranked (4). The SS
method is basically a graphical approach to priority setting and
no numerical values are generated for comparison.

Table 6 presents a comparison of priority setting of the
sample projects by the AH and SS methods. The two methods
produced similar rankings. However, the AH method provided
several improvements to the SS method. First, the AH method
allowed the incorporation of nonlinear utility functions to eval-
vate the levels of each criterion. It is difficult to incorporate
nonlinearity of utility into the SS method because there can be
no information to assume what type of utility curve can be
appropriate. Therefore, in the SS method the utility functions of
criteria were usually assumed to be linear.

Second, computerization of the SS method becomes ex-
tremely difficult, if not impossible, when there is more than one
criterion at one stratum of hierarchy. This graphical method can
be adequate for a small-scale problem, but it cannot be applied
to a large-scale bridge priority-setting problem. By the AH

TABLE 5 FINAL RANKING AND PROJECT CHOICES FOR IMPLEMENTATION BY THE AH METHOD FOR THE SAMPLE
BRIDGE REPLACEMENT PROBLEM

Rank Project No. Total Weight Project Cost Available Budget Overall Condition
(Normalized) (1,000 dollars) (1,000 dollars) Estimate
1 15 0.1139 136 1,025 (not done)
2 166 0.0936 166 889 very poor
3 8 0.0889 45 723 poor
4 1549 0.0887 19 678 poor
5 59 0.0685 302 659 poor
6 844 0.0561 57 357 poor
7 2862 0.0479 110 300 (not done)
8 143 0.0449 253 190 fair
9 56 0.0445 237 poor
10 2867 0.0445 39 (not done)
11 888 0.0435 73 poor
12 147 0.0426 57 fair
13 878 0.0423 122 poor
14 91 0.0328 fair
15 1 0.0321 fair
16 5 0.0263 fair
17 2860 0.0233 poor (Subjective
rating error)
18 852 0.0232 fair
19 2861 0.0189 good
20 167 0.0177 good
21 2859 0.0114 good
22 889 0.0098 very good

(not done) - Field observation to determine overall condition
estimate was not done for these bridges.
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TABLE 6 COMPARISON OF RANKING BY THE AH AND SS METHODS

Project Number

. AH SS by Manual SS by K-Means
Method Technique Clustering
i | 15 15 166
2 166 166 8
3 8 1549 15
4 1549 8 1549
5 59 59 56
6 844 844 844
7 2862 56 878
8 143 878 888
9 56 888 59
10 2867 147 147
11 888 1 91
12 147 91 1
13 878 5 5
14 91 2862 852
15 1 2867 2860
16 5 2860 2867
17 2860 143 143
18 852 852 2862
19 2861 167 2861
20 167 2861 2859
21 2859 2859 167
22 889 889 889

method, the computerization of the ranking process is straight-
forward as long as the weights of elements in each hierarchical
stratum are established upon a consensus of a group of decision
makers.

Third, the SS method provides ranking, but does not give the
final weights to the projects. Therefore, when some projects
have close relative weights, there is no way to logically com-
pare them. The AH method, however, provides final weights
and intermediate weights, if necessary, to find out what criteria
are affecting the final weights. This information gives direc-
tions for further investigations in order to set the final ranking
and effectively use available funds.

By introducing MacQueen’s K-Means clustering method
(19) the SS method was modified so that it could be used for a
large-scale problem. The method minimizes the Euclidean dis-
tance between the cases and the centers of the clusters given the
desired number of clusters (19). This technique was used by
Garber and Bayat-Mokhtari (20) for clustering highway links
for traffic counting. The K-Means clustering routine available
through the BMDP statistical analysis package (19) was used.

In the example used for the SS method by Harness and Sinha
(4), projects were clustered into eight groups. Therefore, the
same number of groups was used for this modified SS method.
From this point, whenever there were more than two projects
within one group, the K-Means routine was run until each
cluster had less than or equal to two bridges. In this example,
cluster centers and distances were computed from the raw data
and weights were not given to the criteria because criteria
weights were not used in the Harness and Sinha (4) example.

The final ranking of projects by the modified SS method is
presented in Table S. Although there is a slight perturbation in
the ranking, this ranking resembles the rankings produced by
the other two methods. Note that this modified technique still
requires manual operations at each level of hierarchy. Never-
theless, it is an improvement to the original SS method.

CONCLUSIONS AND RECOMMENDATIONS

Setting priorities on bridge rehabilitation and replacement proj-
ects is a typical multiattribute decision-making problem. In this
paper, an application of the analytic hierarchy method to set
priorities on bridges for replacement is discussed. This method
reflects the decision maker’s tendency to have relative pairwise
judgments and their natures to organize complex goal struc-
tures in hierarchical clusters. The method is advantageous in
cases for which subjective judgments can be the only way to
solve problems and the evaluation process needs to be based on
fuzzy and unstructured criteria measures. This type of evalua-
tion often takes place in bridge project programming processes,
because bridges are usually rehabilitated or replaced before
they structurally fail.

The AH method can incorporate various groups of decision
makers related to bridge improvement programming and can
synthesize their judgments and preferences. The AH method
also allows quantitative ranking of alternatives. Once weights
are generated for the elements of each hierarchical stratum, the
project-ranking process can be computerized for a large-scale
problem. The eigenvector approach allows the comparison of
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different criteria to be measured in different units with different
importance to decision makers. The example given here shows
that the AH method can be effectively applied to bridge re-
habilitation and replacement problems.

However, in order to apply this method to a large-scale
programming process in a real situation, improvements are
required. First, a method that aggregates judgments and prefer-
ences of several decision makers needs to be developed be-
cause a group of decision makers exists at several levels of
highway agencies. The utility curves and weights given in this
paper represent the judgment and preference of one decision
maker. Second, utility curves were incorporated into the AH
method. Such a modification was necessary in order to deal
with actual bridge programming problems in which probably
more than 100 bridges needed to be selected from each district
in the state and assessed as to their eligibility for funding;
however, this is not a feature of the AH method. Validity of this
modification, therefore, needs to be tested.
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Sensitivity Analysis of Multiple-Choice
Decision Methods for Transportation

ERNEST R. ALEXANDER AND EDWARD A. BEIMBORN

Multiple-objective decision-making (MODM) processes are
used to rafe alternative plans and projects in order to find a
preferred alternative or to set priorities among a set of proj-
ects. In this paper, the sensitivity of project raukings to various
assumptions in calculation procedures used to rank alternative
highway projects is tested. Issues addressed included methods
of standardization, aggregation of welghts and scores, and
inclusion of a benefit-cost element. Results of the work indicate
that project rankings arrived at through MODM techniques
can be sensitive to computational assumptions. Failure to use
standardization can have a major effect, whereas differences in
standardization have some effect, and differences in weighting
techniques have a moderate effect. The selection of criteria and
their arrangement in a hierarchy are also critical; Improper
utilization can have significant unintended consequences. Un-
expected turbulence and sensitivity of applied MODM models
may be the result of their size and complexity, suggesting the
need to reduce the numbers of criteria and alternatives.

The use of multiple-objective decision-making (MODM) tech-
niques for transportation and highway problems is a commonly
accepted approach for dealing with complex problems. These
techniques are used to select preferred alternatives and to
determine priorities for implementation among a set of proj-
ects. Although many attempts have been made to perform such
analysis in a systematic way, no single technique has received
widespread acceptance as an effective means to carry on this
process (1-3).

In this paper, some aspects of MODM methods are explored
and a framework for applying MODM in transportation deci-
sion making is suggested. MODM presents a way to combine
various performance measures of transportation projects into
an overall indicator of the worth of a particular project. Each
alternative project receives a score for its performance on 2
particular criterion. These scores are combined into a limited
number of measures (often, one) that determine the selection of
plans or projects. Examples of such techniques are the follow-
ing: weighted sums, in which all criteria are standardized to
one scale; rank-based techniques, which use ordinal ranking of
scores and criteria rather than cardinal numbers; goal program-
ming, which requires expression of trade-off values between
criteria; and benefii-cost analysis, in which performance mea-
sures and impacts are reduced to dollar terms. These techniques
have been used to sclect the best project or plan from a given
set of options or to rank alternatives in order of priority for
investment over time (4-7).

This paper addresses a number of issues in the MODM
process, including technical issues related to alternative com-

University of Wisconsin—Milwaukee; Milwaukee, Wis. 53201.

putational procedures and general issues related to the selection
and use of criteria. Sensitivity analyses are used to determine
how results of a MODM are sensitive to the assumptions made
in the computational process. The application and meaning of
several sensitivity indicators developed for this purpose are
explained.

This work is based on a study conducted for the Wisconsin
Department of Transportation (WisDOT), examining pro-
cedures developed and applied in 1984 for major highway
project prioritization (MHPP) (8). Multiple-objective decision-
making techniques were used to rank 38 possible projects using
36 criteria. Criteria were given in the following three groups:
deficiencies in volume/capacity ratio, critical accident ratio,
and no passing zones and road width; intangibles, including
physical, traffic, route continuity, and positive and negative
impacts; and benefit-cost, consisting of B/C ratio and net pres-
ent value. Criteria were combined in stages using limited stan-
dardization and exponential weights. The result of the exercise
was a recommended list of 15 projects to be considered by a
committee of state legislators and citizens for implementation.
The Wisconsin 1984 MHPP served as the basis for comparing
different methods and techniques for multiple-objective deci-
sion-making.

ISSUES

Several reviews of different MODM models and techniques
conclude that there is no one best or correct method (9, 10).
The present approach is 1o use a number of different MODM
techniques to see how they affect the final results of an evalua-
tion. Sensitivity analyses are conducted to measure how much
impact a change in technique has on the outcome of a method.
By comparing different methods of ranking alternatives, the
difference in outcome between methods can be measured.

Four basic questions will be explored in this paper: (a)
conceptualizing the decision issue, (b) standardizing scores, (c)
combining weights with scores, and (d) examining the way in
which the inclusion or omission of certain criteria (e.g., benefit-
cost) affects the final ontcome.

Problem Conceptualization

Correct conceptualization of the problem is perhaps the most
critical step in MODM. What is the issue? What are the goals,
objectives, and allributes related to the decision in question?
What are the alternative courses of action? In the Wisconsin
1984 MHPP example, the goal was to invest the state’s
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resources in that set of projects that were most effective in
achieving a set of relevant objectives, at minimum cost. In the
Wisconsin 1984 MHPP, three elements were used: deficiencies,
benefit-cost, and intangibles. It is unclear, however, what the
objectives were that these elements reflected. Accident reduc-
tion and a component of benefit-cost, for example, were in-
cluded in the deficiency element.

This example illusirates two problems that often complicate
analysis: dependence of objectives and double counting.
MODM methods assume independence of criteria. As a result,
criteria and attributes must be identified so that they are, in fact,
independent. Thus, the presence of two elements, supposedly
reflecting different and independent objectives, which both
include the same attribute in different forms (e.g., one, the
accident ratio, the other, the dollar benefits of accident reduc-
tion), is questionable.

Problem conceptualization should be undertaken interac-
tively between technical staff and decision makers. A useful
framework is the goals, objectives, and attributes hierarchy
(11). Such a hierarchy has an advantage in being useful for
assigning weights to a large number of attributes. This can be
done by assigning weights first among goals, then separately
among the objectives related to each goal, and finally among
the attributes or criteria related to each objective. In this man-
ner, even if the total number of criteria is quite large, the
number of comparisons is considerably reduced, and weights
can be derived from pairwise comparisons between goals,
subsets of objectives, and sub-subsets of criteria (12—14).

Standardization

Standardization of attributes of alternatives (e.g., volume-
capacity ratio) and scores (e.g., experts’ ratings of prospective
disruption potential during construction) is usual, but various
standardization methods exist. Sensitivity analysis can examine
whether the adoption of a different standardization technique
such as standardization on a range versus standardization
around the mean significantly alters the final ranking of
alternatives.

Standardization on a range is done by converting raw values
for weights or scores to a uniform scale such as from 0 to 1,
using the range of raw values as the basis. Thus the lowest raw
value is assigned a value of zero, the highest a 1, and values in
between are given as decimals. This works fine as long as the
raw values are reasonably distributed between the ranges. If
there are some unusual values at the extremes of the range,
standardization by range may result in some distortion of the
standardized results. Another method is to standardize around
the mean. In this case the standardized values are set to match
the mean and standard deviation of the raw scores. Thus, with
standardization on a scale of 0 to 1, the mean value of the raw
data would be set as 0.5 and remaining values would be set to
match their deviations from the mean in the raw data.

Aggregation

The choice of a method for aggregation of scores and criterion
weights has not been resolved in the literature. A common
approach is to aggregate by multiplying weights and scores and
adding up values. An alternative approach suggested by Yager
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(11) involves using weights as exponents. Exponential weights
express relative priorities of criteria more clearly, because they
diminish low scores and magnify high ones. The resulting
nonlinear preference function is perhaps more consistent with
intuitive preferences than the linear function produced by a
product, but there is no support for the inference that it is an
exponential function that accurately expresses the preferences.

SENSITIVITY INDICATORS

In order to determine how sensitive the outcomes of MODM
applications are to the factors discussed, several indicators of
the degree of change in rankings of alternatives were de-
veloped. These indicators were Alexander’s A, Beimborn’s B,
Patton’s P, and Witzling’s W (3).

Alexander’s A indicator is the sum of the squared differences
in ranks expressed as a fraction of the maximum possible. Thus
0 represents no change, and 1 represents a complete reversal in
ranks. Alexander’s A, because it is a rank-order correlation
measure similar to Spearman’s r, has a known distribution,
namely from O for a perfect positive correlation, through 0.5 for
a random relationship, to 1.0 for a perfect negative correlation.
Alexander’s measure of sensitivity for method j is given by the
expression '

5 )
L (= %1
A = i=1
J N .
LZ (x,',j - x,',j_l) ]
=1 max
where
x;,; = rank of alternative i for
method j,

(x;; — x;,;-1) = difference in rank for
alternative i computed in
two different runs j and
i=1

[g * ; x‘-,j-_])z} = maximum possible sum for
i=1 max all alternatives of the

differences between two
method ranks squared, and
number of alternatives.

Witzling’s W indicator is the percentage of alternatives that
exhibited a change in rank greater than or equal to 10 percent of
the total number of altematives. In this application, 10 percent
is 3.8, so any alternative whose rank changes 4 or more is
counted. The random value of Witzling’s W (which is also
standardized for any number of altematives) is 0.828. Thalt is,
82.8 percent of the alternatives would be expected to change by
4 or more ranks if the project prioritization were completely
random. This result is surprisingly high, suggesting that the
indicator is extremely sensitive to minor perturbations, perhaps
limiting its usefulness. On the other hand, if even small dif-
ferences in outcomes are significant in assessing differences
between methods, Witzling’s W may be a valuable indicator.

Witzling’s measure of sensitivity for method j is given by the
expression
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W; is the number of alternatives for method j with a change in
rank greater than or equal to 10 percent of the number of
alternatives.

Beimbom’s B indicator is the average change in rank for
each alternative. Beimbom'’s B shows the average difference in
rank but because it is related to the total number of alternatives,
it tends to increase as the number of ranks grows larger. Here
its minimum is 0 and its maximum is 18.42, and it has a
random value of 12.76 (i.e., alternatives would change in rank
an average of 12.76 places out of 38 if the rankings were done
randomly). The position of its random value on this scale also
suggests a heightened sensitivity to small changes, so it may be
subject to the same qualifications as Witzling’s W.

TABLE 1 SENSITIVITY ANALYSIS
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Beimborn’s measure of sensitivity for method j is given by
the expression

Tids

it

(o5 — % j-1
By e

Patton’s P indicator is the number of alternatives that move
to either side of a presct cutoff point on the list of alternative
projects. This point should be related to the specific decision
problem. For the MHPP sensitivity analysis, P was defined as
the number of projects that switched places with the top 15
projects on the final priority ranking. Patton’s P indicates the
net effect of a specific change in the MODM process on project
selection. For example, if only the top 15 altemnatives are
selected, Patton’s P indicates how the analytic procedure being
tested affects the group of projects chosen.

Patton’s P indicator varies depending on the number of
alternatives and the chosen cutoff line. In the example, Patton’s
P ranged from 0 to 15; a value of 0 meant that the same set of
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projects remained in the top 15 with perhaps different ranks,
whereas a value of 15 meant that a totally different set of
projects had moved into the acceptable groups as a result of the
factor being tested. The random value for Patton’s P in this case
was 8.95, or about 60 percent of its maximum value. That is, if
ranks were set randomly, an average of 9 alternatives would
switch into and out of the top 185.

APPLICATION AND FINDINGS

The 1984 Wisconsin MHPP was used to test the sensitivity of
various MODM techniques. WisDOT ranked 38 possible high-
way projects using 36 criteria to be considered by a committee
of state legislators and citizens for implementation. The model
for this process used limited standardization of scores, expo-
nential weights, and several intermediate steps to combine
criteria. The criteria were combined in a series of modules. For
example, one of these was the benefit-cost module that com-
bined a benefit-cost ratio with a net present value to produce a
composite score. These values were combined with others in a
series of steps to develop a priority ranking for all the projects.
Approximately the top third of the proposals were then recom-
mended for implementation to the Wisconsin State Transporta-
tion Projects Commission.

For this analysis, the process used in the 1984 Wisconsin
MHPP was systematically modified 11 times and tested to see
how the use of different techniques affected the final ranking of
alternatives. Project priorities resulting from each application
are presented in Table 1. Here, for example, Alternative 1 was
ranked 28 using Method O (the 1984 Wisconsin MHPP), but
ranked 12 using Method 1, and so forth. Each application
method represented a different combination of standardization
technique, weighting aggregation, and other factors.

These rankings were compared using the four sensitivity
indicators developed for this purpose. The sensitivity measures
of paired comparisons of these methods are of interest in
estimating the effects of changes in standardization methods,
aggregation of weights and scores, and problem conceptualiza-
tion. The findings of this sensitivity analysis (8) are presented
in Table 2.

Standardization

For all four sensitivity measures, use of standardization pro-
duced significant changes in project rankings. Relative to the
existing WisDOT model, roughly two-thirds of the rankings
changed more than three ranks and the average change in rank
was roughly eight. Seven projects in the original top 15 were
replaced by 7 others.

Sensitivity measures remained at roughly the same levels
whether scores were combined with coefficient or exponent
weights. Use of standardization appears to account for more
impact on rankings than differences in how standardization
techniques or weights are applied.

It is interesting to compare standardization around a mean
and standardization on a range with different aggregation tech-
niques. With exponential weights (Methods 1 versus 8), both
standardization techniques have similarly high impacts. When
coefficients are used (Methods 3 versus 9), standardization
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based on ranges has a greater additional impact than standard-
ization around the mean. In other words, standardization
around the mean when compared with standardization based on
the range is more likely to change rankings in the same direc-
tion as the use of coefficients.

Clearly, the two tested techniques for standardization have
significant impacts on the final outcome. Although their im-
pacts differ, the difference is minimized when the standardiza-
tion techniques are combined with the options for other ag-
gregation algorithms.

The choice between the two techniques should rest on an
understanding of their conceptual differences. Standardization
around the mean converts the set of numbers into a new set of
positive numbers that approach a mean of 50.0. Thus all cate-
gories are on an equal footing. However, standardization
around the mean shifts the relative value of numbers within a
category depending on the amount of variation as measured by
the standard deviation.

Both techniques recognize relative values and make them
comparable across categories. Standardization around the mean
is mathematically more complex, but it maintains consistency
across categories.

Weights—Exponential or Multiplicative Coefficients

The literature review did not provide any clear resolution of the
question whether weights should be exponents or multipliers.
The majority of researchers appeared to favor weights as multi-
plicative coefficients. The argument for exponential weights
rests more on the possibility of nonlinear preferences than on
any demonstration that such preferences are in fact exponential
in form.

Wisconsin’s 1984 application of MODM to a major highway
project prioritization used exponential weights, and this be-
came the basis of the present comparison with alternative
approaches. Exponential weights were used in Methods 1, 4, 6,
and 8, whereas coefficient weights were used in Methods 2, 3,
5,7, 9, 10, and 11. None of the applications appeared sensitive
to differences in weighting, according to all indicators. There
appeared to be some moderate effects from the different
weighting approaches. When scores were not standardized, 39
percent of the alternatives changed rank by 10 percent or more,
the average change in rank was 3, and only 1 project dropped
out of the top 15, because of the change of weights from
multiplicative coefficients to exponents. When scores were
standardized around the mean, sensitivity was even lower; A
was only 0.01, W only 34 percent, and the average difference in
rank only 2. Again, only 1 project in the top 15 was switched.

The Benefit-Cost Element

In the case study, some aspects of the decision model appeared
problematic. The use of the benefit-cost element, which com-
bined benefit-cost ratio and net present value (NPV) for each
alternative into an aggregate score, raised questions of double
counting and decision relevance. The inclusion of attributes
such as accident reduction elsewhere (as a critical accident
ratio under the deficiency module, and as monetary benefits in
the benefit-cost ratio and NPV under the benefit-cost module)
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Indicator

Comparison A W B P
Standardization vs.
No standardization
with exponential weights 0.28 0.74 8.63 7
with coefficient weights 0.24 0.71 8.42 8
Standardization by mean vs.
Standardization by range
with exponential weights 0.27 0.21 1.26 0
with coefficient weights 0.01 9.05 1.26 1
Exponential weights vs.
Coefficient weights
with no standardization 9.03 2.39 3.00 1
with standardization by range 0.02 3.47 2:63 2
with standardization by mean 2.01 .34 2.00 1
Benefit-cost omitted vs.
Benefit-cost included
with exponential weights 0.924 .66 3.36 2
with coefficient weights,
standardized by range 2.93 g.34 2:37 2
with coefficient weights,
standardized by mean @.05 3.42 3.47 2
Random values g.50 .83 12.76 9

also may be a double counting. The hypothesis that, because of
low weights assigned by the experts consulted, the benefit-cost
element was no longer decision relevant also should be tested.
The results would be significant because the benefit-cost ele-
ment was the only element in which project cost appeared as a
relevant factor.

Omission of the benefit-cost element proved to have a mod-
erate effect on the ranking of alternatives. When judged by
Alexander’s A, the sensitivity of this factor was low, ranging
from 0.03 to 0.05 depending on other techniques applied. For
Witzling's W, Beimborn’s B, and Patton’s P, the sensitivity
values were also well within the sensitivity ranges displayed by
purely technical variations in standardization and aggregation
methods, This outcome, probably unintended on the part of
participating decision makers, may be the direct result of the
relatively low weight many of them gave to the benefit-cost
moduie, not realizing, perhaps, that this would lead to cost
becoming an unimportant, indeed almost irrelevant, factor in
the final choice among projects. It may also be the result of the
large number of criteria that may lead to cach factor’s receiving
a rather small weight if they are not carefully arrayed in a goal-
related hierarchy.

The practical meaning of these findings hinges on the inter-
pretation of the sensitivity indices. Alexander’s A indicator
measures the aggregate effect of a factor on the correlation
between two sets of rankings, and the sensitivity to the various
factors measured in our tests according to this measure was
relatively low. But if absolute changes in rank of specific
alternatives are of interest, then even small values of Witzling's
W, Beimborn’s B, or Patton’s P are significant. By this stan-
dard, any varialion in approach produces considerable tur-
bulence, and the model appears to be sensitive to combinations
of factors that are inexplicable and may, indeed, be random.

Conceptual Model and Selection of Criteria

The observed effects of the benefit-cost module on the process
and its outcomes raise questions about the appropriate criteria
and how they are combined. The choice and arrangement of
criteria to be used for decision-making is perhaps one of the
most critical phases of the evaluation process. Criteria should
be selected according to the following general rules:

1. Goal orientation. Criteria should be selected so that they
directly relate to the goals involved in the decision process.
Criteria are meant to be indicators of how well goals are being
met and should be carefully examined to see that they reflect
the goals of an agency or project.

2. Decision relevance. Criteria should be used to measure
significant differences between alternatives. Only criteria with
significant differences beiween ailernatives shouid be used for
decision-making.

3. Independence. Criteria should be independent of each
other insofar as possible. Criteria should be examined to avoid
double counting of the same information. If criteria appear to
measure the same things, they should be combined into com-
posite measures. As pointed out in Rule 1, a good structure of
goals helps to avoid double counting.

4. Predictiveness. The final rule relating to criteria is that
they are used to predict how well a given alternative will do in
meeling goals. Criteria should measure the net change in per-
formance that is expected if an alternative is implemented.

5. Robustness. Although robustness is not a criterion for the
selection and organization of decision-related factors, it is a
criterion for a decision-making model as a whole. To be useful,
a decision-making model must be sufficiently robust for
choices to be unaffected by irrelevant factors or by random
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relationships or interactions between variables or elements of
the model.

The decision factors in a MODM method should be arrayed
in a hierarchy of goals, objectives, and decision criteria. An
example of applying these principles in such a hierarchy is
shown in Figure 1. The basic goals are to improve the quality
of service, maximize positive and minimize negative impacts,
and minimize cost. Those criteria that relate to the quality of
service of an alternative (its effectiveness) are placed together
under separate objective categories: reduction of deficiencies,
traffic flow, route continuity, and safety. Criteria that relate to
impacts are grouped together under economics, community,
and environmental impacts. Finally, cost is kept separate in
order to permit comparisons on a cost-effective basis. This
framework does not use the benefit-cost relationship as a sepa-
rate criterion because the benefit-cost ratio has cost as only one
of its components and also leads to double counting of benefits
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assessed elsewhere, such as safety and user time savings. The
overall framework proposed here is intended to identify trade-
offs between quality of service, impacts, and costs.

Review of the complexity and scope of MODM applications
is desirable in nearly all cases. There is no substitute for clear
thinking about the decision, its trade-offs, and the implications
of various steps in reaching a conclusion. This conclusion is
demonstrated in the MHPP application by signs of oversen-
sitivity and perhaps even random turbulence, the results of the
large number of alternatives and decision variables involved,
and the process used. If the user agency is concerned with the
sensitivity of the MODM model and the likelihood with which
one alternative may shift from one side to another of the budget
cutoff line, with only minor variations in procedure or for no
accountable reason at all, then serious consideration should be
given to reducing the scope of the model.

The easiest way to reduce the scope of the model is to reduce
the number of alternatives that are systematically evaluated in

GOALS OBJECTIVES ATTRIBUTES
*Road width
Eliminate or Long grades
— reduce physic - . ’
3 p’ ysical Unsound structural conditions (not rideability)
deficiencies
Narrow bridges/underpasses
[~ Inconvenience 10 cross traffic
- +- Conflicting travel demands/short vs long Lrips
Eliminate or g i
e s reduce traffic- +~ Extreme peak travel volumes
Improve related —j— Conlinuous high traffic volumes
uality of ienci o :
q, Y deficiencics - Adjoining urban street congestion
highway
services L. *Volume/capacity ratio
- Complete freeway link
- Ensure route I- Complete partially completed project
continuity - Creale direct route between important arterials
- Improve connection of new route
L *Travel ume savings
*Critical accident ratio
Inadequale stopping sight distances
L Promote safcty ) :
Roadside obstacles/access points
Other hazardous conditions
*Percent no passing
Economic Downtown revilalization/delerioralion
— development I~ Other community economic development impacts
Impacls - Serves/disturbs facility/plant
L Promoles/inhibits tourism
Maximize ~ Alleviates/promotes disruption to built-up areas:
positive, Residential/business
m“"i“_"ze - Displaces businesses/households
ne 1V z
X gative s Communlly |_ Promoltes inefficient land-use
impacts impacls Development/extended infrastructure
I~ Salisfies/contradicls local desires
| Provides/climinates needed transporlation
Facilities: pedestrian, bicycle, parking, etc.
— Increases/reduces noise pollution
Environmental t- Increases/reduces air/water pollution
= impacts
p [= Increascs/reduces energy consumption (non-tralfic)
Minimize L. Improves/detracls visual quality of environment
Cost

*Quantitative measure; others, qualitalive assessmenis.

*NPV (capital cost + mainlenance cost)

FIGURE 1 [Illustrative goals, objectives, and attributes hierarchy for MHPP.
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each run. This reduction can be accomplished in several ways,
including subgrouping (i.e., ranking the top, middle, and lower
thirds separately, where each subgroup is previously deter-
mined), iterative subgrouping and sensitivity analysis (i.e.,
using a simplified MODM model to allocate projects to sub-
groups, and then to rank in subgroups, with each iteration
tested by sensitivity analysis), and focusing on a limited num-
ber of projects around the budget breakpoint.

A conceptual hierarchy for which decision factors are clearly
differentiated and independent also enables sensitivity testing
of decision variables. This procedure can be used in an iterative
and interactive process with participating decision makers
effectively to reduce the weights of relatively marginal indica-
tors to zero, thus eliminating them and simplifying the model.
Reduction of the number of decision variables in this fashion
could make a significant contribution towards developing
robust and effective MODM models.

CONCLUSIONS

Computational and conceptual assumptions can have major
effects on the outcome of a MODM process. In this paper, the
ways in which assumptions made regarding standardization of
input data, aggregation of data, inclusion or omission of certain
criteria, and the overall arrangement of criteria affect the out-
come of an evaluation exercise have been examined. The
investigation was performed through a sensitivity analysis of
the 1984 Wisconsin MHPP, The following conclusions could
be drawn:

1. The failure to standardize data on a common scale can
have a major effect on projcct ranking and prioritization. Proj-
ect rankings shifted an average of approximately 8 places with
over 70 percent of the projects shifting places by 10 percent or
more from the effect of standardization. The method of stan-
dardization had a small effect. Standardization on a range or
standardization on a mean led only to an average change in
rank of 1.5, or only approximately 20 percent of the alterna-
tives shifted rank by 10 percent or more.

2. The use of various methods for aggregation has a moder-
ate effect on project results. Rankings changed an average of 2
to 3 places with 34 to 47 percent of the alternatives shifting by
10 percent or more in their position due to changing the method
of aggregation from weighting by multiplicative coefficients to
weighting by exponents.

3. Information can easily get lost in a MODM process.
Elimination of benefit-cost as a criterion (therefore ignoring
project cost) in the valuation had little effect on the final
outcome. In an MODM process, special care to understand how
criteria and alternatives interact must be taken to ensure that
results are logical and relate o inteniions.

4. There is a need to carefully examine the hierarchy of
goals, objectives, and criteria. A general framework that clearly
separates criteria is needed to avoid double counting and lead
to logical combinations of criteria.

5. Finally, this paper has demonstrated the need for care in
application of MODM techniques. It is important to conduct
sensitivity analysis on a process to ensure that computational
assumptions or conceptual flaws do not bias the results. There
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is no substitute for sound judgement in decision making.
MODM techniques can be an aid, but should not be used
without a great deal of care and skepticism.
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Analysis and Design of Weight-

Distance Taxation

TieN-FANG FwA AND KUMARES C. SINHA

In this paper, the concept of highway weight-distance taxa-
tion is discussed from the revenue-cost equity point of view.
This discussion is followed by an analysis of a number of
welght-distance taxation schemes using a linear programming
technique. It is demonstrated that this linear programming
technique can be effectively adopted for the design of rate
schedules for a weight-distance tax. Full-scale analyses based
on the actual data of a state highway cost allocation study are
presented for illustrative purposes.

Most states today are still adhering to the traditional two-tier
highway user tax system first enacted in the early 1920s. This
two-tier system consists of a first structure of vehicle registra-
tion fees and a second structure of fuel taxes. Unfortunately, as
revealed by cost allocation studies conducted in many states,
the two-tier system is not an equitable tax structure because it
does not impose tax charges on different vehicle classes ac-
cording to their respective cost responsibilities.

The inefficiency and inadequacy of the two-tier system be-
comes more obvious as the problem of raising sufficient funds
to meet highway needs becomes increasingly critical at all
levels of government. A number of studies (1—3) have revealed
that, although fuel consumption increases with vehicle size and
weight, it does not increase proportionately to cost respon-
sibility. Fuel taxes therefore do not adequately reflect the cost
responsibility of vehicles of different sizes and weights. In
addition, it also creates inequity between high-fuel-efficient
and low-fuel-efficient vehicles of the same weight. Vehicle
registration fees, on the other hand, fail to produce equity be-
tween low-annual-mileage and high-annual-mileage vehicles.

Recognizing the inherent weaknesses of the traditional two-
tier tax system, it is not surprising to find that the net result of
equity analysis on such taxing schemes typically is one that
shows large combination trucks being heavily subsidized by
light trucks and passenger cars. As an illustration, Table 1
presents the results of some recently conducted cost allocation
studies.

In the search for an equitable tax structure that would relate
more closely to the cost responsibilities of various vehicle
classes, an increasing number of states are now considering
imposing a weight-distance tax on heavy trucks. In this paper, a
mathematical programming approach to examine how a
weight-distance tax could improve the equity of a highway user
tax structure is described. It is also shown that the technique

T.-F. Fwa, National University of Singapore, Kent Ridge, Singapore.
K. C. Sinha, Purdue University, West Lafayette, Ind. 47907.

can be used effectively to design the rate schedule of a weight-
distance tax.

THEORY OF WEIGHT-DISTANCE TAXATION

The term weight-distance tax is not uniquely defined in the
literature. It is generally referred to as a tax levied on a vehicle
on the basis of its gross weight and the distance it travels within
a given state over a given period of time.

An equitable highway user tax structure should accordingly
reflect the costs of a highway program that are caused by each
individual vehicle class. The basis of a weight-distance tax is
that many highway expenditures are related to vehicle-miles of
travel (VMT), and many others are related to operating axle
weights. By varying user tax charges in direct proportion to
VMT, inequity between low- and high-annual-mileage vehicles
can be avoided. In addition, inequity between light and heavy
vehicles could be reduced by having tax rates graduated in
accordance with vehicle or axle weights.

Mathematically, the weight-distance tax relationship may be
expressed as the following general equation:

Tl'j = R,I(WU)M',I (l = 1, 2, 5wy nj; j = 1, 2, s s o6 N) (1)
where
T; = required tax payment in dollars per annum
by vehicle i of vehicle class j;
W = weight of vehicle i of vehicle class j;
R(W;) = tax schedule rate in cents per vehicle mile
of travel for vehicle class j, expressed as a
function of W,-j,'
M;; = annual VMT by vehicle i of vehicle class
J;
N = total number of vehicle classes; and
n; = number of weight groups in vehicle

class j.

As can be seen from the expression in Equation 1, the
determination of the rate schedule relationship R;(W;)) is the
most important aspect of weight-distance tax design. It has a
direct bearing on whether a weight-distance rate schedule
would yield an equitable tax structure. Before the relationship
R;(W;;) could be derived, two important factors must first be
defined. These two factors are the vehicle weight W;; and
vehicle classification represented by the variables n; and N. A
discussion of the significance of these two factors follows.
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TABLE 1 RESULTS OF SOME RECENT COST ALLOCATION STUDIES (4)

(USER REVENUE/COST-RESPONSIBILITY) RATIOS

Cost Allocation Passenger Single Unit Combination
Study Cars Trucks Trucks
Florida (1979) 1.04 0.91 0.51(%*)
Georgia (1979) 1703 0.66 0.44(%)
Oregon (1980) 1.00 1:25 0.92
Colorado (1981) 1.22 1.24 0.56
Kentucky (1982) 1,57 - 0.57(*%*)
Maryland (1982) 1.17 0.83 0.56
Connecticut (1982) 1.11 1.61 0.63
Ohio (1982) 0.90 2.25 0.35
Wisconsin (1982) 0.94 1.40 0.89
Maine (1982) 1.02 1.16 0.97

N. Carolina (1983) 0.96 2.14 0.78
Federal (1982) 1.10 1.50 0.60
Indiana (1984) 1.24 I.13 00 6:2
T(*)  for trucks with 5 or more axles

for all trucks

The Weight Factor W

It is a fundamental fact that in highway cost allocation, vehicle
responsibilities of pavement costs, including construction,
maintenance, rehabilitation, and reconstruction costs, are
closely related to the actual vehicle axle loads applied on the
pavements. It is therefore obvious that the most equitable
weight to be used in the weight-distance relationship in Equa-
tion 1 is the operating weight of the vehicle concemed.

In reality, a given vehicle would carry different loads in
different trips. Ideally, a vehicle { of vehicle class j should make

a tax payment computed in the following manner:

k
= ‘gl Rj(Wij)t(Ml'j)f 05 12000 n;;
j=1,2,...,N) (2)

where

total number of time periods in a year,
assuming the weight carried by vehicle ¢
during each period is constant;

(W), = operating weight of vehicle ¢ during time
period f; and
(M), miles traveled by vehicle i of vehicle class j
in time period ¢.
u’ R; ( ) n;, and N are as defined in Equation 1.

Unfortunately, it is impractical to document such detailed
records for every vehicle on the road. As a result, virtually all
weight-distance taxation schemes that are in operation in
various states today are based on gross registered vehicle
weights. In other words, the tax charges in these taxation
schemes are calculated by the following equation:

--—R(W)M (i=1,2,...,nj;
=12,...,N) 3
wherc
ij = registered gross vehicle weight of vehicle ¢

of vehicle class j; and

R;(W,’-j) = tax schedule rate in cents per vehicle-mile
of travel for vehicle class j, expressed as a
function of W,
TU’ M,j, .'!l, and N arc as defined in uquauun 1.

Theoretically, the relationship in Equation 3 would be valid
if there existed an exact transformation between operating
vehicle weight W and registered gross vehicle weight W’,
Symbolically, this means that Equation 3 is true if the following
relationships hold:

=fW) )

and
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R'(W) = R(W) (5

Both the 1984 Indiana (4) and the 1983 Wisconsin (5) cost
allocation studies attempted to develop the relationship in
Equation 4 by means of establishing correspondence matrices
relating vehicle registered weights and operating weights. The
results of these two studies indicated that there was a definite
relationship between the two weights, although it was not a
one-to-one correspondence relationship as depicted sche-
matically in Figure 1.

LEGEND:

Wq = Vehicle dead weight
| PERCENTAGE
Wy = Registared vehicle
weight
Distribution curve for
Wm= Mean opsrating

operating vehicle weight vehicle weight

\

Wy Wm Wr

VEHICLE WEIGHT

FIGURE 1 Schematic diagram showing the
relationship between registered gross vehicle weight
and operating vehicle weight.

Because of the variability of operating weights for a given
registered vehicle weight, R’'(W’) is only an approximation of
the true relationship R(W). This approximation introduces an
inequity between heavily loaded and lightly loaded vehicles
within a registered vehicle class. This inequity may in fact be
quite small if the average load per vehicle-mile carried by each
vehicle in the vehicle class does not vary over a wide range. A
vehicle registration system with a detailed vehicle classification
based on vehicle axle configuration and size would also help to
reduce such inequity.

Vehicle Classification Factors n; and N

The expression in Equation 1 assumes a discrete stepwise
relationship for rate schedule R(W). A continuous R(W) func-
tion, as shown in Figure 2(a), is a more accurate representation
of its true relationship. Figure 2(b) shows the discretized form
of rate schedule function R(W) commonly adopted in practice.
The number of weight groups »; in each vehicle class should be
sufficiently large to avoid creating objectionable inequity be-
tween vehicles of different weights. A common range of weight
increment is between 2,000 to 5,000 lb.

There are two features in Figure 2(a) that deserve to be
mentioned. First, for a given vehicle operating weight, there
can be N numbers of tax rate depending on the axle configura-
tion of the vehicle concerned. In general, the higher the ESAL
value of the vehicle, the higher the rate. This is simply a
reflection of the results of a typical cost allocation study.

Second, the greater the value of the number N, the more
equitable the taxation scheme would be. This is a logical
conclusion because, if vehicle classes 1 and 2 in Figure 2(a) are
combined into one vehicle class, the resulting rate schedule
would not equitably represent the true responsibilities of two
vehicles originally classified under Classes 1 and 2. The net
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