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With decreasing growth in revenues, and increasing
competition [foOr scarce funds, there is an urgent need Lo
carefully access safely project priorities and improve local
traffic progr2m management. This dissertation is a response
to this important issue.

Two mathematical programming models, named the
Feasibility Assessment Technique and the Optimality Assess-
ment procedure, are developed in this dissertation to
select, analyze and allocate safely countermeasures that
result in saving more human lives and to insure that the
capital funds are used effeclively.

The OptLimality Assessment Technique develops a goal
programming model to the multi-objective decision problem of
highway funds safety allocation The model allows the deci-
sion maker to rewview critically the priority structure for
goals in view of a solution derived by the model. In addi-
tion, the proposed procedure includes a variety of computer
programming Lo aid the local, state and federal government
decision makers in analyzing and allocating financial
resources for traffic safely improvement programs.

Utilization of the proposed methodology is recom-
mended to state and local decision makers and 1is necessary
not only because substantial sums of money are involved in
safety improvement programs, but also, and more importantly,
because lives might be lost if highly effective courntermeas-
ares are underestimated as the result of <+the subjective
Judgment commonly used in local urban traffic agencies.
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THE MATHEMATICAL MACROSCOPIC OPTIMIZATION PROCEDURE FOR
TRANSPORTATION SAFETY RESOURCE ALLOCATION IN LOCAL URBAN
JURISDICTIONS

CHAPTER I
INTRODUCTION AND NEED STUDY

Background of the study:

Today’s transportation officials have exhibited con-
siderable concern for the 1loss of life and the injuries
assoclated with transportation accidents. With the enact-
ment. ©f congressional 1legislation in 1866, the problem oOf
highway safety was officially acknowledgéd as serious on a
nationwide basis (4). Vigorous programs were initiated by
the Federal and State governments and the private sector
alike to define and to better understand transportation
safely problenms.

National highway accident statistics indicate that
the annual number and rate of traffic accident deaths has
declined to its lowesL levels since mid 68/s. This, togeth-

er with the fact that annual vehicle miles o©of travel have
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generally increased throughout the same period, indicates
that positive gains are being achieved from recent highway
safely efforts.

To create a hazard-free environment, especially in
the highway system, Federal Highway Administration (FHWA)
has developed a collection of highway-safety programs that
consists of a full range of projects and types of improve-
ments for various countermeasures (115). On an aggregate
basisgs, these projects have definitely afFfected the number
. 2anqd severity of traffic accidents. However, the extent to
which 1improvement and programs have been effective, and the

application of the required system used in local areas have
not been fully investigated and documented.

In response to the FHWA, nearly all states have
developed and implemented special processes to analyze,
select and prioritize safety improvement projects. In this
regard, in 1976 about 60 percent of the states can correlate
highway inventory data with accident data for state highways
and an additional 30 percent of the states are developing
this capability. Only half the states have this correlation
capability on local roads (114). This can be attributed to
the lack of interest, inadequate funds, appropriate pro-
cedures, suitable and convenience methodology in which to
aid the local transportation agencies to identify, analyze,
implement, and more importantly, represent the needs of the
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community for safely programs wiLh a quantitative figures to
convince the slate authority to receive safety funds.
Cuarrently, most traffic safety programs that have
been designed are too complex, too advanced, and obviously
too costly and time consuming to be implemented in such lim-
ited financial areas. Such programs need a great deal of
input data, several experts, and require high expenditures
which are not practical nor efficient enough to be used .
One of the main objectives of this research study is to pro-
pose a feasible methodology which will be practical and
efficient in allocating the limited resources for improving
potential traffic-accident areas and that enables the local
government or state to quantify and estimate the real needs
for 1mproving traffic safety in their Jjurisdictions. The
methodology will help them to analyze and estimate a set of
basic needs in which wouid be used as a yardstick for allo-

cating the safety resources by higher level decision-makers.

(1-1) NEED STUDY

With decreasing growLh in revenues, and increasing
competition for scarce funds there is an urgent need to
carefully assess project priorities and improve the local
traffic program management.

A desirable technique is one that , (1) is respon-
sive to the major policy issues, (2) is8 capable of handling
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multiple objectives and community goals, (3) is inexpensive
and simple, (4) has minimal data requirement, (5) can be
applied efficiently as a manual technique for allocating the
safely resources in small-system planning but, if need be,
can be computerized to simplify complex processes for re-~
petitive or larger-system application.

In order to focus special attention on critical
traffic safety needs, the Federal Highway Administrator
annually develops a list of program emphasis areas. For
example, the following emphasis areas were included in high-
way and urban safety for fiscal year 1878 (115):

Encourage the improvement of state highway safety
program management and increased program activi-
ties in the following areas: (1) complete
processes to establish priorities and evaluate
program effectiveness, (2) accelerate installation
of appropriate warning devices at all railroad
crossings, and (3) establish method for ensuring
the safety of motorists driving through construc-
tion and maintenance zones.

The following summarizes accomplishments toward
meeting the emphasis area objectives in establishing priori-
ties and evaluat;on.effectivehess procedures by the states
and local autherities in the United States (116).

Nearly all states have developed and implemented
special processes to analyze, select and priori-
tize safety improvement projects in accordance
with FHWA regulations. About 60 percent of the
States can correlate highway inventory data with

accident data for state highways and an additional
30 percent of the states are developing this



capability. On 1local roads only half the states
have this correlation capabllity. States with sig-
nificant accomplishments in this -area include Ala-
bama, California, Florida, Michigan, and Texas.

Considering the abowe facts, local urban areas always suffer
from a lack of practical procedures to use for the estab-
lishment of project priorities and traffic resource alloca-
tion.

An effective methodology for traffic accident im-
provement is needed not only because substantial sums of
money are involved, but also, and more importantly, because
Hves wight be lost if highly =2ffeetive countermeasures are
underestimateq while relatively less effective countermeas-
ures receive substantial support. |

Thus, the principal product of this research will be
the development of a cost/effectiveness procedure that is
applicable to the analysis of the activities collectively
referred to as "resource allocation for traffic safety im-
provement programs". The proposed methodology should be
suitable for management use at all levels federal and state
Agency Administrator especially for use at the 1level of
local decision maker(s).

In summary, the primary goal of this research study
is to fulfill the needs for an applicable and effective pro-
cedure for allocating 1local resources to reduce traffic

accidents, a vital and important issue of public interest as
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well as of interest to local and state governnment.

(1-2) LOCAL JURISDICTION CHARACTERISTICS

Az mentioned, Lhe proposed methodology can be used
by any devel of government authority (local, state, and
federal) to formulate safety needs for their jurisdictions
based on the proposed optimal safety projects and safety
program according to the recommended procedure. However,
because of the complexity of the higher 1level decision-
making (usually, federal goiernment) in allocating safety
funds, and the methodology for further verification, the
proposed methodology is recommendsed as an alternative to be
considered by the federal government in allocating safety
resources. But in a 1lower level of decision-making, the
procedure is capable of being used by the local jurisdiction
as well as the states as an effective tool for their safety
improvement programs. Various steps have been recognized
and fully described in this dissertation to aid local
governments who wants to start to build a safety system

regardless of the size and government structures.

(1-2.1) TRANSPORTATICN SAFETY SYSTEM IN SMALL URBAN
JURISDICTION

A Quick Review:

Usually there are significant differences exist
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among the Jurisdictions ({under 50,000 population). These
differences are attributed to government . structure, social
values, economical and political disadvantages. Because of
this, it is very hard to systemaéic plan for their traffic
safety programs. . However, planners should be awére of these
differences when they propoge general planning tools for
transportation systems. Here, an attempt is made to demon-
strate some of these differences, especially when a traffic
safety program has to be lmplemented in a small Jjurisdic~
tion.

Formal traffic improvement programs are generally
utilized in municipalities and wurbanized counties over
50,000 population, but smaller communities (which account
for about 85 percent of the total number of 1local govern-—
ments in the United States) have been ignored or under es-
timated, since they do not have formal procedures for imple-
menting any traffic safety programs. Implementing any traff-
ic'safety_p;ogram requires a certain process and procedure
which a local agency should follow, for example, how should
the project be-finahced?; how should human and technological
resources be developed?, how should the projlect be imple-
mented?, who 13 in charge of 1its maintenance and future
ékpenses?, what Kkind of external and internal funds should
be provided?, and many other parameters which the decision

maker should seek in order to implement a certain program.
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The following paragraph addresses the first ques-
tion: what possible funding resources exist for small jur-
isdictions?.

Local governments usually obtain highway revenue

£from two basic sources as follows:

(1) Locally raised revenues,
{2) Grant—-in-aid from state and federal govern-

ment.

A 1978 survey indicates that locally raised revenue
(both urban and rural) totaled §$ 8.4 billion or about 23
percent of all highway revenue generated by all units of
government (47). Comparing this figure with local revenue
in 1870, which was about 18 percent of total revenue then,
it can be concluded that local revenue has grown faster than
the federal and state sources. The reason 1is that 1local
government relies less on road-user tax revenue than do the
states or the federal government and it is less subjected to
the uncertainty due to energy crises and more importantly,
inflation. The major part of the local revenue is from pro-
perty taxes and usually, property tax kKeeps pace with infla-
tion. Statistics show that in 19738, the 1local governments

obtained only 8 percent of tax revenue directly from users.
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(1-2.2) SOURCE OF FUNDING IN ICCAL URBAN JURISDICTION
( INTERNAL )

Source of funding for local traffic safety improve-

ment generally include: Federal 401,402 and 403 funds, auto-
"mobile associations, service ciubs, and fund from the local
Jurisdictions themselves (46). Iocal funds may be raised
through special assessment and utility districts, such as
those taxes paid to a municipality £for street 1lighting,
parking, and street improvement (47).

An interesting point is that even when funds may be
available for programs 1intended to improve traffic safety
from sources external to the small Jurisdictions, there may
a hesgitancy in accepting such a fund. A 1979 American Pub-
lic Works Assocliation {(APWA) survey questionnaire indicated
a very negative attitude by many local transportation agen-
cies in accepting such funds. They rejected such temporary
assistance, realizing that the program prcbebly will not be
continued and would be without further secured funds (49).
Thus, even though such funds can be used to support the
salary of a traffic engineer, the grant is usually available
only for a specific period of time, s0 many small Jjurisdic-
tions feel that without that support they will not be able
to maintain such a program. Some communities also doubt
their ability to use their own funds to continue to maintain

a traffic safety program that initially resulted from the
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utilization of outside funding. Sometimes, when a community

receives a federal grant assistance, it may not have enough
of 1ts own funds to implement the recommended traffic im-
provenment.

States also play a significant role 1in allocating
the resources in small urban areas, and enforcing priorities
for availabie external funding. The following example
should clarify such a state’s influence on resource alloca-
tion in the small urban areas. The basic formulation for
the traffic safety funds usually is changed according to
the state’s interest. For example, rather than 'promote and
exercise the traffic safety planning proposed by the local
jurisdiction, it may assign higher priorities to other pro-
grams or countermeasures considering the national interest
instead of the community safety needs. Thus, emphasis on
providing traffic safety improvemnant in a local community is
significantly affected by state-established priorities.

The role of state government assistance to local
government also is considered here as a significant differ-
ence which exists in small areas. Governmental assistance
to the 1ocg1 government is generally administered directly'
throdgh state agencies, such as State Highway agencies, or
the Departments of Transportation, and the Office of
Governor’s safety representative. So, the personal effec-

tiveness of the agency’s representative has a direct effect
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on the success of state-administered traffic safety pro-
grams. Thus, regardless of what the policy or legal guide-
lines may be concerning official contacts, the success of
the operation is a direct function of the people who imple-
nment the program (47, p. 38).

Sharing technologies, experts, and costs of traffic
safely programs with other neighbors can be considered as a
sound alternative for the small jurisdictions. Unfortunate-
ly, however, as the 1978 survey indicated, there may be a
hesitancy for a small urban area to share those expenses
with either a neighboring community or with any other relat-
ed agency. This again may be based on traditions or experi-
ences which have not proved fruitful. Although it could be
technically feasible to share traffic engineering resources
such as manpower, administration, ‘of experts on either a
regional, county, or multijurisdictional basis, it is infre-
quently done (47, p. 35). 4

The other importani main diffiéﬁity in implementing
any traffic safety program in small urban areas is a lack of
manpower and resources. The question of providing or imple-
mentlng any safety program involves the funding necessary
for the technical staff , capital, research, and its lo-
gistical support. Again, as the APWA survey indicated, most
communities which have undertaken any type of traffic safety
program have done 50 with the 402 funding, leaving
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unanswered the problem as to what will be done with the
staff and maintenance costs on termination of the federal
grant. Funding support available only during the specific
period of time 1leaves the local jurisdiction with a huge
problem afterward. In some cases the local government could
exercise one of two options as follows :
(a) Terminate the program at the end of the
7period,‘or
(b) Continue the program with 100 percent local
funding.
These two options, or the combination of the two, generate
a dgrealt complexity for the decision maker(s) which should
compromise the uncertainty of the situation with the logical
needs of the community.
The decision-making process in a small urban area is
a very complex and difficult task. The decision maker is
limited by so many constraints. He/she has to sometimes
ignore many "good and feasible" solutiocns because they may
be "too-good", or "too advanced", or too complicated for
immediate or short-term application. For example, this
might include the use of computers For inventories,
comprehensive origin-destination studies, major geometric
street improvements, and related technologies. In conclu-
sion the approach considered in this thesis is in a

"macro-level®". It is beyond the scope of this dissertation



_13.—

to investigate the characteristic of the small urban jurisd-
ictions, but a warning is given if the planner intends to
develop a safety program: he/she should aware of these

differences.

(1-3) UNCERTAINTY AND SAFETY PROGRAMS

It must be conceded that there are always uncertain-
ties in every transportatioh analysis, or other related sys-
tems which are dealing with the social and real world param-
eters. Uncertainties in safety planning programs which are

considered in this thesis can be classified as follows :

(1) NEEDS
(2) TECHNOLOGY
(3) GOALS AND OBJECTIVES

No matter how elaborate a needs model can be , or how accu-
rately the data can support the model, there will always be
an uncertainty about our predictions of future needs for
transportation safety or other related modeling approaches.
It 1is very hard to understand the internal dynamics of
social and economic systems which are simulated in the
modeling approaches.

In addition to the uncertainty about the safety

problems related to future needs is the uncertainty about
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technology; not only about the life or technique used in Lhe
systems, bul about the different safety devices which will
be available a few years from now.

The community’s goals and objectives are also uncer-—
tain. For example, in designing a safety device or planning
a safety program, a decision should always be made with
regard to someone’s point of view. But, whose point of
view? An individual’s or a group’s?, do they fully express
the real objectives? In fact attempts always are made o
identify the real goals and objectives, but . nevitably, the

goals are uncertain.

(1-4) SAFETY OBJECTIVES

The main purpose of this research is to consider the
safety objectives as a backbone of all computational
analysis. Safety objectives can be defined as follows:

(a) Reduction of traffic and highway accidents,
(b) Reduction of injuries resulting from traffic
accidents,

(c) Reduction of deaths due to traffic ac-
~cidents,

(a) Reduction of property losses due to traffic
accidents.
Theése main objectives are_considered as dependent variables

in all computational aspect of this thesis.



(1-5) PROBLEM STATEMENT AND OVERALL OBJECTIVES AND TASKS

Eight objectives and tasks have been estaklished in
this thesis as follows :
(i) Develop a procedure that can be used to model
the influence of different countermeasures on
accident reduction, and thereby estimate the ef-

fectiveness and cost of each countermeasure.

{(2) Design a program structure that displays al-
ternative countermeasures for each hazardous loca-

tion with cost., benefit, and effectiveness.

(3) Develop a model to allocate the local
resources for traffic improvement so that a set of

local, and state objectives are to be satisfied.

(4) Calibrate and evaluate the model under dif-
ferent budgets in a limited manner to ensure that
when the program is implemented, it will be func-

tional.

(5) Demonstrate the effectiveness of the methodol-
ogy in the analysis of typical problems and its
ability to provide desirable output.
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(6) Introduce a new optimization technique’ and
demonstrate its application in traffic safety pro-

grams.

(7) Develop a procedural manual and appropriate

compulter program.

(8) Conduct a sensitivity analysis for evaluating

the effect of factors, such as different budgets
or resources, objectives and goals, rates of re-

turn, policy issues, etc.

1-6) __MACRO APPROACH TO DEVETOP A PROCEDURE FOR A TRA
. 0] URBAN

The problem of urban accidents 1s a malti-
dimensional one involving a system comprised of man, machine
and environment as well as the complex interrelationships
that are possible ketween these variables. It 1is obvious
that there can ke no single solution. Indeed, suggested
inprovements have been numerous such as report forms, ac-
cident investigation, specific data needs, data use, metho-
dologies and modifications in system operations.

Planning and analysis for urban safety projects have
been approached in a variety of ways by state transportation

agencies. These approaches have shortcomings in the areas
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of quantitative precision, speed in turnaround, level of
detail and applicability to small and poor areas. However,
this thesis represents a mathematical procedure which a
decision maker may choose in order to present his goals and
objectives and other considerations. State-of-the-art in
transportation safely economic analysis usually suffers from
the lack of a powerful mechanism that can translate theory
into practides which can be understood by a city manager for
decision making in allocating resources for tratfic improve-
ment projects. This methodology enables the local decision
maker(s) to determine how much improvements can be accom-
plished with the available resources.

In some statewide planning procedures a group of
high-ranking professional and political officials meet an
annually to allocate highway .safety funds based upon an
intuitive, factual, or limited definition of need, geograph-
ical distribution, political infliuence and many other sub-
jective Jjudgments. 2An alternative to this largely judgmen-
tal approach is sufficiency, or adequacy rating where exist-
ing transportation facilities are scored based on some
measurable factors. Both of the above processes can not be
implemented in a small local jurisdiction, since most of the
small cities suffer from a lack of manpower and money.

_The optimization procedure presented here is a

"macro-—approach". Safety analysis is a very conplex
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problem, bult under several logical assumptions with the help
of this technique this complexity can be relieved or im-
proved.

A powerful operation research methodology has been
selected and developed to model this complex problem. Two
step mathematical programming enables the decision maker ¢to
use either or both steps depending on the complexity, scale
and structural components of the transportation agency,
safety problem and the scale of the investigation. The
first step is recommended for small urban jurisdictions and
the second step can be used by either local or state govern-
ment. In the second step, the concept of optimization tech-
nique is used with the new technique of multiple obﬁective
which is developed for traffic safety resource allocation.
The capability of the proposed model in solving the problems
having multliple orxjectives can be represented by the follow-
ing examples:

{a) Allocate limited resources, budget constraints,

(b) Minimize the accident severity by types (fatal, non-
fatal and total accidents),

(c) Maintain the "national critical accident rate" for
each location under study,

(d) Allocate the specific percentage of available
resources for any specific improvement. For example, allo-

cate 45 percent of total resources for intersection safety
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improvement projects,
(e) Impose the local and state’s priorities.

As mentioned, the model is offered as a new approach
in safety programming especially for allocation of limited
resources by local, state, or federal governments. A dual
capabllity of the proposed procedure in quantifying the
basic safety needs of a local community or state would per-
mit the higher level of decision maker to optimize the allo-

cation of safetly resources.

The accuracy and reliability of the proposed model

is dependent upon the accuracy of the input data. Usually
in-depth field 1nvestigations are needed to provide sys-
tematic identification prccedures; however a sound and ef-
fective system for investigation requires a significant
amount of investment which most small-~cities are not willing
to allocate. A powerful model covers this deficiency by
estimating the required data. Efforts also have been made
to estimate the effectiveness of many safety countermeasures
with the help of available and sound literatures. In this
regard, significant quantities of data have been gathered
from more than 120 studies which have been done around the
United States and European countries. The only local data
needed is related to the identification of high-hazard loca-
tions. This historical data may indicate common accidents

at particular locations. This should be obtained through
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local police accident records, or stalte and local transpor-

tation agencies. Nevertheless, the judament of the experi-
enced safety analyst 1is the most important ingredient in

hazard and countermeasures identification.

(1-7) TECHNIQUES DESCRIPTION

Two mathematical techniques have been used in this

dissertation as follows:

(1) Feasibility Assessment Technique,
{2) Optimality Assessment Technique.

Feasibility Assessment Technique is developed 1in
thisz dissertation to investigate the best possible (near
optimal) solution for selecting the safety projects. This
algorithm has been calibrated with the data received from
the Alabama Department of Transportation and the results are
demonstrated in Chapter Five. It is found that this pro-
cedure is powerful enough to be used in local or state level
and can be comparable with the Dynamic¢c Programming Tech-
nique. Feasibility Assessment Module (FAM) primarily has
been designed as an independently operating module. Hence
it can be applied whenever budget allocation is reqguired and
the necessary data are available.

Virtually all the optimization models developed E£for

transportation problems have focused upon the optimization
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of a single objective criteria, namely, the minimization of
total transportation costs, accident, delay, pollution, and
etc. They have generally neglected or often ignored the
multiple conflicting objectives involved 1in the problem
especially in the public projects. The priority structure
of these objectives, i.e., wvarious environmental con-
straints, unique organizational values of the transportation
agency, and bureaucratic decision structures have been un-
derestimated. However, in reality these are important fac-
tors which greatly influence the decision process of tran-
sportation safety problems. In this dissertation the
malti-objective goal programming approach is utilized and
presented for use by different 1levels of decision-making
(local, state, federal) to allow for the optimization of
nultiple conflicting goals while permitting an explicit con-
sideration of the existing decision environment. Figure

{(1-1) demonstrates how these two mathematical models commn-
icate 1in order to create a systematic evaluation procedure
in highway safety resource allocation (bottom-up planning

concept).

(1-8) PRIORITIES AND DECISION MAKING PROCESS

Because all safety program and safety countermeas-
ures are not equally important, highway safety development,

particularly as it is influenced by fund distribution,
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depends upon choice among alternatives. These choices can
involve legislators, administrators, engineers, planners,
economists, and tax authorities. Generally the final deci-
sion is made by a legislative body. This is the result of
negotiations used to achieve a compromise between the
diverse and interrelated elements that shape highway safety
program development. These negotiations are both necessary
and desirable in all levels of decision-making process. But
this appears (o0 be more complex 1in higher 1levels of
decision-making process less complex at the state level and
more simple and less sophisticated at the local level. For
this compromise to be achieved on a realistic and 1logical
baslis, the first step should be to set goals and objectives
identified in all levels of decision-making (i.e., 1local,
state, and federal), and the priorities for fund allocation
usually should ke assigned by the higher level decision mak-
ing, i.e., states for local governments, and federal for the
states government with respect to the mutually and common
interests. This should be the process in which the proposed
methodology can be operational.

It 1is noteworthy that the approach to planning and
programming of each state or local government 1is unique.
This has been given special attention in this dissertation.
The main factors which contribute to this uniguaness are (1)

a given selL of objectives, (2) the priority structure of
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these objectives, (3) various environmental constraints, (4)
unique organizational values of the agency, (S5) bureaucratic
structure in each region. The proposed methodology provides
different independent modules to be used by different locals
or states, when Lthey may use partly their own approach to
safety analyses and they may also use one of the independent
optimization modules proposed in this thesis in their
gselected methodology. So, regardless of the type of select-
ed accident or safely analysis methods, the independent
modules can be easily utilized in any procedure as soon as
the benefit (return) and cost of the different alternatives
are available.
With regard to the above statement, the overall

objectives of this dissertation are to:

(1) Provide a framework for a systematic cost-

effectiveness analysis of traffic safety projects

in a local jurisdiction,

(2) Provide decision-makers (local, state, and

federal) with a rational tool for allocating lim-

ited resources to traffic safety programs,

(3) Introduce the new multi-objective modeling

approach in highway safety allocation assessment

which can be used in all levels of government to

allocate funds based on the cost-effectiveness of

each safety program (countermeasure), but with

more emphasis on local jurisdictions.
Figures 1-2, 1-3, and 1-4 demonstrate the types of mechanism
that the procedure is demonstrating in allocating the safety
resources for different 1levels of decision-making (local,

state, and federal).
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(1-38) IMPROVEMENT BY CATEGORIES:

Improvements by categories 1is a significant and
important effort which has been made in this research study.
This effort strengthens the capability of the model to
respond Lo the different policy issues in a local jurisdic-
tion. This enables the decision maker to allocate a percen-
tage of the total resources on one specific category. The
following example should clarify the utility of such a
model capability. There is a Federal funding program esta-
Slished by congress with the objective of improving highway
safelty. As part of the requirement for this funding estab-
lishment, certain standards should be undertaken. For exam-
ple, highway safety program standard 14 indicates that
every state in cooperation with its political subdivision
shall develop and implement a program to insure the safety
of pedestrians of all ages. If the State provides the local
jurisdiction with such resources, it has to fulfill such a
requirement at the first stage. The proposed methodology
will allow the authority to formulate the model according to
the type of improvement which is required by the state or
federal government in a very quantitative manner.

As mentioned, for the sake of simplicity, four basic

categories have been selected. they are:
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1= INTERSECTION IMPROVEMENT
2= PEDESTRIAN IMPROVEMENT
3- GEOMETRIC IMPROVEMENT

4- GENERAL IMPROVEMENT

Of course the model and program can be easily con-
verted to a general approach, having as many categories as
highway standard classifications It can then be used by the
higher level decision méker or state and federal government
but at the expense of changing the different criteria and

parameters.

(1-10) DATA REQUIREMENTS

The urban traffic safety improvement program must be
built on the precept that an accident pattern is examined to
determine hazardous locations as a first step to their
corrections. Confidence in these defined problems can only
¢ galned through comprehensive and effectively operating
accident, traffic and highway data systems. For fulfillment
of such a requirement, it is necessary to establish a refer-
ence system to locate accidents and highway features, design
elements and operating features on the roads and streets
where they occur. Various techniques being used include
field mile-posting, paper mile-posting, grid systems, link-
node and physical features. It is important that such a
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system be devised and implemented which can be operated by
police and urban safety officials with a degree of accuracy
that allows correlation and analysis of data. Statistics
show that state highway systems are completely referenced in
80 percent of the states while local highway systems are
referenced in oniy 50 percent or less (46). Unfortunately,
local agencies usually lack sufficient resouréés or may not
perceive a real benefit in proportion Lo the effort.

There are several procedures or criteria for defin-
ing a hazardous location. Some of this wvariation can bke
accounted for by the differences in data systems. Traffic
volume and highway inventory data are 1less 1likely to be
available for the local road systems than for other roads.
In chapter three of this research study, a majority of
available and practical options will be discussed and the
appropriate one will be selected in order to be recommended
for identifying the hazardous locations in small urban jur-
isdictions.

Cost-effectiveness data 1is the second set of the
required input in this proposed methodology. A significant
effort has been made to ldentify and guantify the needed
data with the investigation of more than 120 literatures
from the Department of Transportation, Federal Highway
Administration, NCHRP, and many other private and federal

investigators. The result of the investigation is refined
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FIGURE (1-6) SYSTEM OVERVIEW UNDER MODEL UTILIZATION
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and analyzed. Chapter Three of this thesis (Countermeasure
Cost~Effectiveness Identification Tables) contains such
brief and useful information. Again, i1f there is real data
avallable, that can be easily used in the model. The flow-
chart in figures (1-5) and (1-6) represent Lthe systematic
operations and planning procedures which will be the result
of implementing the research methodology in a small local

Jurisdiction.

(1-11) DESCRIPTION OF DISSERTATION BY CHAPTER

This dissertation consists of seven chapters. In
Chapter One, the introduction, objectives, and needs for
such a study are given. Chapter Two provides the necessary
background for the reader to read this dissertation. The
state~of-the—-art and current practices are fully discussed
in this chapter.

Chapter Three introduces the Countermeasure Cost
Identification Tables. The most recent and updated estimat-
ed cost and countermeasure-cost—-effectiveness are derived
from different sources and interviews according to the sug-
gested approach. In chapter four the different mnethods of
identifying the high hazard location in urban areas is dis-
cussed and appropriate one is recommended.

The Eirst-step of mathematical programming is

developed in Chapter Five. In this chapter the first
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FIGURE (1~7) DISSERTATION ORGAN|ZATION
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algorithm for Feasibiliiy Assessment Model is developed and
Lhe results are compared with the powerful Dynamic Program-
ming Algorithm.

Chapter Six introduces the second-step mathematical
modeling named Optimality Assessment programming. The con-
cept of multiple-objective optimization technique is fully
developed for traffic safety resource allocation and is
recommended for local and state government resource alloca-
tion procedures. Conclusion and recommendations for future
studies are included in Chapter Seven. Figure (1-7) demon-

strates the organization of this dissertation.
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(1-12) OVERVIEW OF THE NEXT CHAPTER

In the next chapter the state-of-the-art and the
most significant methodologies for highway safety assessment
are discussed. The state-of-the-art 1s classified into four
major components for the sake of simplicity. The reader of
this dissertation is expected to gain a very brief and shoxrt
background of all available and sound techniques used in
transportation especially, in highway safety practiges. In
conclusion, the most potential and more promising techniques

are discussed.



CHAPTER II
STATE-OF-THE~ART (LITERATURE REVIEW)
{2-1) InLroduction

A comprehensive library search has been conducted to
identify the current highway safely improvement evaluation
practices, methodologies, and optimization techniques £for
budget. alleosation. The key words used in computer searches
were safely improvement, maintenance, decision—-making tech-
niques, and high hazard 1location studies. Attempls also
have been made to focus on the relationship bketween these
words and small urban jurisdictions.

As a result, four different categories have been
identified which are directly or indirectly related to our
study. These caltegories are represented as follows:

(1) Transportation priority programming,

(2) Mathematical optimization concepts used in
transportation studies,

(3) Cost-effectiveness methods,

<4) Traffic safety improvement programs.

To obtain the greatest kenefit or return from Lhe

...3'7._
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available resources, an effective programming or methodology
needs (o enable the decision maker to allocate available
resources to implement the proper project or countermeas-
ure. In this regard an effective modeling approach must pro-
vide Lhe prioritization of projects based upon need. Before
going into more detail, it is necessary to classify Lhe
numerous evaluation methodologies used by many decision mak-

ers.

(2.1) EVALUATION METHODOLOGIES

If transportation priorities are considered as the
evaluation methodology, they can be classified into five

main categories:

(1) Marginal Cost Method: Can be used (o compare
benefits from transportation improvement vs. bhene-.
fits from other types of expenditures,

{(2) Benefit-Cost analysis: A significant tool in
large water resource and transportation project
evaluations. Criticized for the way monetary
values are assigned to certain benefit,

(3) Cost-Effectiveness: Broader than B/C analysis
since it takes into account nonmonetary informa-
tion {(e.g. number of lives saved),

{(4) System BAnalysis: Designed to help decision
makers identify a preferred course of action from
among possible alternatives by specifying how men,
money . and other resources should be combined to
achieve a larger purpose,

{5) Planning: Provides the managers with (a) a
definition of available resources, (b) an evalua-
tion of priorities for allocation of available
resources, (¢) monitoring a continuous review of
on-going programs, (d) proposing reform as needed.
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(2-2) PRIORITY PROGRAMMING

There are _several approaches to priority program-
mings related Lo resource allocation in transportation stu-
dies. Benefit-cost, present worth, and rate of return cal-
culalions have Lraditionally keen used as an integral part
of Lransportation safely improvement planning programs. The
essential features of the priority programming techniques
involve development of sufficiency ratings. These have been
derived mostly from evaluation methodologies developed in
other flelds of engineering such as Industrial Engineering
or System Engineering which have been applied in transporta-
tion problems. Because budgets have always been an impor-
tant component in any evaluation used to plan a course of
action in transportation problems, priorities programming
has been used by many decision makers to evaluate and imple-
ment Lhese projecis. priority methodologies can be classi-

fied in the following secliions (79, p. 9):

(2-2.1) WEIGHTING METHODS

This method is most commonly used for ewvaluating

highway safely allernalives and is based on the following

characteristics:

(1) A sel of available alternatives wilh specific
atiributes and attribule values,
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(2) A process comparing atiributes by obtaining
numerical scalings of altiribute values,

(3) A well-specified objective function for aggre-
gating the preference into a single numbelr for
each alternative,

{(4) A rule [for choosing Lhe allernative on Lhe
basis of the highest weight.

MacCrimmon discusses nine weighting methods divided
into Lhree main subcategories as follows (78, P. 25)):

Inferred Preferences: In this category, "...the
preferences of {he decision-maker are inferred
from past choices, rather than being obtained by
direct query and are inputs to a general linear
statistical model". McFarland indicated thalt use
of one of these methods in safely evaluations
would implicitly assume that past decisions re-
garding safety have been the correct ones.

Direclly Assessed Preferences(Specialized Aggrega-
tion): 1If the decision maker explicitly stales his
preferences, then specific atiribules can be taken
Lo represent the whole alternative (a zero-end
aggregation) such as "maximin" and "maximax".
These two categories are of questionabkle use in
highway safely analysis since they do not meet Lhe
criterion of considering all attributes of alter-
native(78, P. 8).

Considering the above two categories in weighting
models, it is not believed that these meLhods are among the
betLter available procedures, bul they can be useful if they
are used in combination with other methods in determining
weights and other priorities approaches. For example,
weighils for time savings and lives saved have been developed
using the "willingness-to-pay" meLhod of analysis (31, p.

121).
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Trade-off analysis and simple additive weighting
methods can also be considered as "direclLly assessed prefer-
ences" methods which may be classified 1into other ca-
Legories such as hierarchical additive weighting, and
quasi-additive weighting(78,738,85). Trade-off analysis has
been used in highway improvement projects, but it is not
considered a powerful technique since it is difficult ¢to
use 1if tLhere are very many alternatives. Simple-additive-
weighting methods are uncomplicated and highly effective
Lechniques. In this method weights are assigned to dif-
ferent, independent altiribules of alternatives. McFarland
has indicaled (wo more subcategories of simple additive
weighting Lhat can be used in public decision making; those
Lhat use the monetary weighis and those that use nonmonetary
weights, e.g., utility(79, p. 10).

There are several methods within _Lhe monetary-
weight;ng subcalegory of simple additive methods. NCHRP
Report 162 (66) indicales some of the commonly used pro-
cedures :

{1) Benefit-cost methods: Includes Lhe benefit-
cost ratio method, and the nel benefit method, the
incremental benefit-cost method,

{2) The total-costL method,

(3) The paypack-period method,

{(4) The rate-of-return method.

These four monelLary approaches are important and actually
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have been Lhe backbone of many sound and effective applica-
ble procedures used in highway improvemeni programming; con-
sequently, an attempl has been made Lo provide a brief re-

view of these models.

(2-2.2) COST-BENEFIT ANALYSIS

The Cost-Benefit method 1is used extensively in
evalualing many Lransportation projects. In addition Lo Lhe
vast application in transportation relaled areas it also has
been used in evaluating water resource projects, land usage,
health, and education programs. According Lo Prest,
Eckstlein and Turvey (35,83), questions they emphasize as
being important to B/C analysis are:

(1) Which costs and which benefits are Lo be
included?

(2) How are they to be wvalued?

{3) AL what interest rate are they Lo be

discounted?

(4) What are the relevant constraints?

The assumption behind the B/C analysis is tLhal Lhe
relative merit of an improvement is measured by ils
benefitl/cost ratio. Butl Lhere have been different
viewpoinlLs regarding B/C analysis. Prest and Turvey in
Lheir evalualion of effectiveness of B/C analysis indicate
Lthat "...first , Jjudgment plays such an important role in

Lthe estimation of B/C ratios that little significance can be
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attached Lo the precise numerical results obtained...second,
competition, 1is likely Lo drive the agencies (competing for
limited funds) Loward increasingly opLimistic estimates; and
far from resolving Lhe organizational difficulties, computa-
tion of B/C ratios may in fact make them worse" (83, p.200).
The above stalemenl is of-course a pessimistic viewpoint,

but in the end they conclude Lhat:

the case for using B/C analysis is strengthened,
not weakened, if its limitations are openly recog-
nized and indeed emphasized. It is no good ex-
pecting this technique, at any rate in its present
form, to be of any use il a project is so large as
to alter Lhe whole complex of the relative prices
and outpuis in a country. It is no good expecting
Lhose fields in which benefits are widely dif-
fused, and in which there are manifest divergences
between accounting and economic costs or bensfits,
Lo be as cultivable as others. Nor is it realis-
tic to expect that comparisons between projects in
entirely different branches of economic activity
are likely to be as meaningful or fruitful as
Lhose between projects in the same branch. The
technique is more useful in the public utility
area Lhan in the social-services of government(7S,
p. 12, and 83, p. 203).

'Considering the application of the B/C analysis in
Lransportation related projects, the American Association of
State Highway Officials has promoted the use of B/C analysis
for project/design-level destination in their publication
commonly known as the Red Book(1), which was originally pub-
lished in 1858 and has been completely revised by Lhe Stan-
ford Research Institute (26). AASHTO stated that:

v, ...B/C analysis is not economic analysis in the
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broad sense and can not be used as such. It is an
analysis of the relation of road user benefits (o
capital (and maintenance) costs. It cannot ke
used Lo determine the worth of a proposed invest-
ment bul it can be of greal assistance in compar-
ing alternatives in location and design for a pro-
rogsed investment, and, when used with other fac-
Lors, can be of assistance in determining priori-
Lies of several proposed improvements.”
Further discussion by McFarland indicales that Lhe benefitis
considered in the Red Book are changes in road user costs,
especially reductions in travel time, wvehicle operating
costs , accidenis, and discomfort. However, a deficiency of
the Red Book is in defining different approaches of B/C; no
specific methods for predicting these reductions are given.
The 1revised Red Book which will probably be widely used for
at least the next decade in conducting B/C analysis of high-
way alternatives for wvarious cases of safety, control,
design and planning. The revised Red Book gives Lhe deci-
sion rule for selecting Lhe set of projects that yields the
grealtest nel present value (NPV), as calculated using the

following formula (79, p. 11):

(B3-C3) R
+

NPV =
=1 (1 + 1) (1 + 1)
Where:
Bj = the benefits in year j,
Cj = the costs in year jJ,

Rn = Lhe residual value at the end of vyear n,

the length of the analysis, and

e
li
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i1 = the discount rate.

Another version of of B/C analysis similar Lo that
of Lhe 1revised Red Book is the Highway Economic Evaluation
Model (HEEM), a computerized method used by California and
Texas (111). The only main deviation considered in Lhis
economic procedure is the accident rate for different: high-
way locations. The main logic of the B/C is not changed in
Lhis approach.

As research is focused mainly on safety evaluation,
here an atilempt is made to consider the application of these
approaches in safety projects. The principal weaknesses of
the B/C in both methods mentioned, i.e., revised Red Book
and HEEM for comparing highway alternatives, can be classi-
fied as follows (78, p. 14)

{1) Although the formulas for B/C 1ratios and
incremental B/C are generally correct, no algo-
rithm 1is given for efficliently comparing large
nunkers of projects. Also, further discussion of

the use of incremental beneflt-cost ratlos prob—
ably would ke helpful.

(2) Discussion of techniques for predicting
reductions in accidents is basically limited to a
presentation of statewide accident rates for major
design variations.

(3) Although different values are given for ac-
cident costs, Lhere is no detailed discussion of
the methods used to derive these different costs
or the implicit assumptions being made when dif-
ferent method are used.

{4) Increase in highway accident rate and other
motlorist costs during the reconstruction of high-
ways are ignored.
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{(5) Change in measure of effectiveness other than
travel time, vehicle operating costs, and ac-
cidents need to be considered in more detail--
especially changes in comfori and pollution lev-
els.

As mentioned, NCHRP Report 162 recommended the use
of tLhe B/C ralio method for evalualing independent alierna-
tives in whalt is called "AASHTO kbenefit-cost ratio conven-
tion". This B/C ratio is similar to that in the revised Red
Book, and the annual maintenance and operating costs are
added into the denominator instead of being subtracted from
the numeralor(66, pp. 41-42). The various aspects of this
convention are discussed by Winfrey (126, pp. 148-150) and
Fleisher (41).

In the 1878 Transportation Research Board presenta-
tion, Fleischer provided an illuminating critique of NCHRP
Report 162, where he partially corrects some of the errors
mentioned previously. However, his discussion is still
lacking in several respects (78, p. 15):

{(a) He indicates that the B/C ratio "...is not a
measure of economic efficiency and should not be
used to rank alternatives. The significance of an
alternatives ratio lies in 1its relationship to
unit"(40, p. 10).

{(b) He indicates that certain costs, namely re-
curring annual costs, may be included in either
the numerator or the denominator, apparently atl
the whim of the decision-maker(40, pp. 10-11).
Whether this cost is included in the numerator or
denominator depends upon whether only initial

costs are the relevant constraint, in which case
recurring costs are included in the numerator, or
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whether present value of all highway costs appear
in the denominator. Only i1f funds a&are uncon-
strained hils conclusion correct that"...the posi-

Lion Of an economic consequence in either numera-
Lor or denominator 1s irrelevant..." (40, p. 11).

IL is worth noting that Fleischer’s conclusions are correct
given Lhe assumption of unlimited resources, which in reali-
Lty is not likely Lo occur. He further describes another
deficiency of NCHRP Report 162 when B/C method is used (o
optimize Lhe return. He 1indicated that "...one can not
determine the global optimum simply by combining local op-
timum solutions. That is, one cannot maximize the net bene-
fits on an entire investment program, with budget con-
strainls, merely by aggregating design alternatives that
appear optimal with respect to their mutually exclusive
alternatives". It is apparent that 1in operation research
techniques it 1is not always possible to obtain the global
oplLimum simply by combining locally optimum solutions. How—
ever the degree of accuracy 1in using such a procedure
depends entirely on the type of problem and the condition
which the decision maker deals with. Fleischer further
maintains that (40, p. 16), "...all combinations of pro-
grams, or ’budgat.packages’, must be identified and optimal
programs selected from Lhis set. The number of such pro-
grams can be very large. Fortunately, however, certain effi-
. ¢lent algorithms can be developed through dynamic program—
ming or linear programming ." As was also mentioned by

Fleischer, Lhe two areas of dynamic and 1linear programming
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are of special concern to be used in combination with the
B/C method. One approach of this thesis is to demonstrate
Lhe capability of linear goal programming to optimize the
program while the B/C method is considered as a local optim-
izer.

The revised Red Book further recommends the follow-

ing formula for calculating B/C ratios (1, p. C-7):

PV(AU)

B/C=
PV(AI) + PV(A M) - PV(AR)

Where :
PV = present value of the indicated amount,
AU = reduction in highway or transit user costs
due Lo the investiment,
AM = change in annual maintenance, operations, and
adninistration due to investment,
AR = change in residual value, and
AT = change in investment cost.

The above formula is recommended whenévef there is a
budget. constraint. Care also should be taken when there are
independent projecis; so that-choosing -one- project does noti-
preclude the selection of another project. In this case
arranging the projects in declining order of B/C ratio will
maximize Lhe net present value of benefits for the availabkle
resources. There is another recommendation for application
of the above another formula if projects are nonindependent,

then the formula may be used to select projects if (1, p.

Each increment of expenditure is compared wilh
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additional kenefit associated with that cost in-
crement, starting with the lowest-cost alternative
al each location, and

At each location, a lowar—-cost alternative is dis-

piaced from the accepted list whenever a higher-
cosl alternative at tLhat location is accepted.

(2-2.3) RATE-OF-~-RETURN

Hirschleifer proposes another method for calculating
the optimal project while the rate-of-return on the initial
caplital investment 1s considered (24,112). Using this
method, it should be presumed that there is an initial capi-
tal investment and there are future costs and benefits for
each project. He indicates that "... the rate of return is
thal rate which equates the initial capital cost with the
present worth of all future benefits less all future costs

plus the present worth of the salvage value.”

(2-3) NON-MONETARY WEIGHTING METHODS

These methods are conceptually similar to those with
monetary weights, the original differences being that the
non-monetary weights are assigned to various attributes of
alternatives by the decision maker, instead of being calcu-
lated from revealed preferences of consumers (73, Ppp.
18-18). NCHRP Report 162 (66, p. 43) defines one version of
such an analysis as "Cost-Effectiveness 2Analysis", which 1is
called simple additive weighting. NCHRP Report 162 has used
such a concept 1in assigning different weights to the
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different attributes such as accident types. For example he
considered Lhree types of attributes as fatal, injury, and
properly damage accidents and then assigned weight as 20, 9,
and 1 respectively. Of course such a procedure can not be
called "cosi-effectiveness analysis” since a weight has been
assigned to the attributes. This analysis was also criti-
cized by Fleischer (40, p. 16). Such a technique has been
used by many decision makers . A recent example is the use
of Lhe severity index in roadside clearance program by
Weaver (124), and other reports such as Vesper (119),
DeNeufville (31) Carter, and Burke et.al, are among the sig-
nificant studies that have been done with the help of above
procedure.

As it was mentioned by the McFarland et.al, study,
Lhe non-monetary simple-additive-methods can be used to com-
pare mutually and non-mutually exclusive alternatives if it
is assumed thal the different magnitudes of weighted values

are a clear indication of the worth of Lthe project.

(2-4) HIERARCHICAL ADDITIVE WEIGHTING PROCEDURES

This is a more sophisticated weighting method that
dis-widely used-by many-State-ageneies: A vrecent study by
Solomon, Starr, and Weingarten is a significant effort in
apprlying this method to the safety projects(103 ). another
slgnificant application of this method is in Highway Suffi-

clency Raling. These rating are an 1index for different



roadway conditions, usually consisting of three categories
as structural, functional, and safety. These gategories are
assigned weights, typically summing to 100 points. The
majority of states either now use a sufficiency rating or
have used them at some time in the past to rate roadway. Of
course the weighting of categories, and subunits within
categories, differs from state to state, but the same three
categories are used in almost all states (78, pp. 21-32).
The Traffic Control Handbook also represents an application
of this methcd under the name of "cost utility approach®
which indicates the capability of the procedure in an area
other than safety (82, pp. 474-486). Walton applied such a
method in various warranting pfocedures, and many states use
it with an acceptable level of accuracy (122 ).

In conclusion, it was found that regardless of many
good characteristics and the capability of the hierarchical
additive methods, it also has several weaknesses, indicated
by McFarland el al.(78, pp. 25-27):

(a) There often is no logical, consistent method
of determining inter- and intera-attribute
weights, and there always exists the problem of
determining which weight to use.

(b) The hierarchical structures sometimes include
as final goals elements that are intermediate
goals.

(c) Elements Lhat measure reliability of effec-
tiveness are added to those that measure degree of

effectiveness.

(d) Incremental effectiveness of alternatives is
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somelimes nol considered.

The other important type of weighting method is a
quasi-additive weighting method developed and applied in
many research studies by Vesper et. al.,(118), DeNeufville
and Kenny (31) and DeNeufville(33). it should be assumed
that the utility of multiple attributes is equal to the sum
of the utilities of each of the individual attributes, oth-
erwise as the Maccrimmon study (78) suggests "...by obtain-
ing conditional utility functions on the attributes [ where]
some of the attributes are utility independent of the oth-
ers, an overall preference assessment can be made in a

quasi-additive form."

(2-5) SEQUENTIAL ELIMINATION METHOD

This method has been widely used in most highway
agencies. It is actually a type of cost-effectiveness pro-
cedure but without weighting the attributes. McFarland et.
al in their recent study characterizes this procedure as
(78, pp. 32-34):

{1) A set of available alternatives with speci-
fied attributes and attribute wvalues,

(2) Scalings, perhaps only ordinal, or attribute
values (interattribute preferences) and in some
case an ordering across attribute,

(3) A set of constraints (but in some cases emp-—
ty) across atiribules, and

(4) A process for sequentially comparing alterna-
tives on the basis of attribute wvalues so that
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alternatives can be either eliminated or retained.

In using either of the above mentioned methods, care
should be made to define properly Lthe problem and consider
the 1limitation of each methodology. Of course, neither of
Lhe above procedures will result in an optimal answer
without the decision maker’s judgemenlL and the help of an
expert. Only then should a positive result be expected.

MATHEMATICAL OPTIMIZATION CONCEPT USED IN TRANSPORTATION
SAFETY STUDIES (AN OVERVIEW)

(2-6) Introduction:

The last several years have seen new techniques
added Lo transportation programming. Consequently, without
substantial changes in the methodologies, neither sufficien-
¢y ratings, economic analyses, nor any non-technical
methods, by themselves, are an adequate tool for priority
setting. Application of operation research techniques has
given a new dimension to the transportation safely analysis.
With the help of this technique, various approaches of safe-
ty modeling can be solved.

An alttempt has been made in this section Lo review
the most significant mathematical models thal have been used
or have a potential Lo be applied in the safety related
study. Mathematical programming methods should have the

following characteristics:
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(1) An objective function,

{(2) An algorithm to generate more preferred
points in order to converge to an optimum,

(3) An infinite, or very large, set of alterna-
tives from a set description (i.e., constraints
specified on the attribute values),

(4) A set of technological (or sometimes prefer-
ence) constraints(...).

Here, mathematical programming commonly used in

traffic safely programs is classified as follows:

{a) Linear Programming

(b) Non-linear Programming

{(C) Integer Programming

(4d) Dynamic Programming

{(e) Goal Programming

{(£) Network 2Analysis Techniques

All the above mathematical programming will be discussed in

this section and tw2ir characteristics will be compared.

(2-6.1) LINEAR PROGRAMMING

Linear programming deals with the problem of allo-
cating the 1limited resources among competing activities in
an optimal manner. This problem of allocation arises whenev-
er one nmust select the level of certain activities which

must compete for certain scarce resources necessary tLo



perform those activities. The great variety of situations
to which linear programming can be applied is indeed remark-
able. IL ranges from the allocation of production facili-
Lies Lo products o the allocation of airplane fuel to
bomber runs, from portfolio selection to the distribution of
federal money allocation and so on almost a infinitum. How-
ever, the one common ingredient in each of these situations
is the necessity for allocating resources to activities.

There have been many proposed procedures to solve
linear programming. The most ceommon method foir solving
linear programming is “simplex algorithm" suggested by
pDantzig (30). The other version of the linear prodramming is
called "dual sSimpleXx method™, proposed by Wagner (120).
However, the simplex method 1s found to be more simple than
the otLhers.

The linear programming problems or the problens
which are nominated to be solved by a linear programming
method should have Lhe following conditions (108, p. 28):

(1) Non-negativity condition for all the deci-
sion variables,

{2) The criterion for selecting the "best"”
values of the decision variables should be
described by a linear function of these wvariables,
i.e., a mathematical function inwvolving only the
first powers of the variables, with no cross pro-
ducts. The criterion function is referred to as
the "objective function.”

{3) The operating rules governing the process

{(e.g., scarcity of resources) can be expressed as
a set of linear equations or linear inequalities.
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This set 1s referred Lo as Lhe " constraint set.”

The mathematical statement of a general form of the
linear programming problem is as follows: Find x1,x2,..,xn
which maximizes the linear function,

2 = C1 X1 +C2X2+ ...+ Cn Xn subject to

the restrictions,

Ail X1 + A12 X2 + ...+A1ln Xn ¢ Bl
A21 X1 + A22 X2 +...+ Ain Xn ( B2

Ami X1 + Am2 X2 +...+ Amn Xn { Bm

X1 30, X2 )0,..., Xn >0

where the Alj, Bi, and Ci are given constants. The function
being maximized is called the objective function. The res-
trictions are alsc referred to as constraints or restraints.
The variables keing solved for are called decision variables
(101, pp. 26-66).

In the area of traffic safety, the linear program-
ming is not widely used. A significant study has been made
by Operation Research, Inc., related to the safety alloca-
tion resources. The linear programming approach was used

to allocate Federal expenditures among different safelLy
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standards (838). But linear programming has been widely used
in other areas of transportation, such as traffic control,
design, traffic flow theory, etc. There are several report
studies 1in safely areas in which the concept of linear pro-
gramming has been used such ag Estimating Long Range Highway
Improvement and Cost by Covil(25), and Highway Investment
Analysis Package(6) and other . federally funded programs
which will be discussed in the next section of the state-

of-the—-art of Lhis paper.

(2-6.2) NON-LINEAR PROGRAMMING

Non-linear programming deals with the problem of
opt.imizing an objective function in the presence of equality
and inequality constraints. If all the functions are
linear, it obviously is a linear program. The developnent
of the simplex method for linear programming and the advent
of high-speed computers have made 1linear programming an
important tool for solving problems in divers fields. How-
ever, .many realistic problems cannot be adequately
represented as a linear program owing to the nonlinearity of
the objective function and/or the nonlinearity of the con-
straints. Efforts to solve nonlinear problems efficiently
have made rapid progress during the past decades (7).

Non-linearity poses a great problem in proposed
traffic safety programming. It is very difficult to £find

the exact nonlinear function and then try to optimize such a



_58_

function; however, if such a difficulties can not be avoid-
ed, the analysis would use the Lagrangian optimization which
is a very powerful analytic tool to handle the non-linear
functions. However, difficulties will arise in using this
technique when the problem is large {(large scaled problem).
As will be discussed in more detail in chapter six, the
non-linearity in this proposed programming will be treated
with the method of "piecewise linear approximation" of non-

linear relationship with a good degree of accuracy.

(2-2.3) INTEGER PROGRAMMING

Programming problems exist in which some or all the
-.variables-are restricted to integer wvalues. These are <com-
monly referred to as mixed or pure integer prograns.
Integer programming (IP), is a valuable operation research
tool having tremendous potential in the design and analysis
of safety program systems. Recently, this powerful optimi-
zation methodology has been widely used in transportation
analysis. For example, researchers at Texas AsM University
have applied a specialized zero-one IP code to a resource
allocation problem involving 2700 constraints and 6000
decision variables to solve an integer program(108). Re-
cently, Sinha et. al., (101, 1881), applied integer program-
ming to solve the allocation problem. They still ignored
the fact that safety problems are not a single objective

having specific constraints. However, they considered IP in
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combination with a stochastic formulation which increased
the accuracy of the problem but has limited the applicabili-
Ly of the model in real world problems.

There are several algorithms proposed to solve the
IP problem. Gomory developed a very efficient algorithm
named "cutting plane” in which new linear constraints are
generated so as to obtain a derived problem whose optimum
extreme point 1is an integer (108). Young (128), Glover
(53), Land(73), Balas (3), Cook (22), Balinski (4) , Hillier
(58), and Geoffrion (52), have developed different algo-
rithms for solving the IP in which the more efficient and
commonly used 1is Balas’s algorithms. The general linear

programming problem can he described as f£ollows:

n
B= 2 CIXj
3=1
Subject to n
N Al X3 & Bi
3=1
i=1,2,..,m
integer X3j ) 0. Jj=1,2,...,n

As mentioned one version of Lthe IP is called zero-one algo—

rithm in which any general IP can be converted to such a



-60-

procedure if it 18 necessary. The following transformation
is needed for each solution variables.

K
X3= Y, 2yj= Yo + 2¥ + 4Y +...+ 2' ¥,
where: K=smallest integer such that 2 3 U +_1

U= smallest upper bound on Xj

The above tLransformation can simplify the procedure for

which available solution techniques are more efficient.

{2-6.4) DYNAMIC PROGRAMMING

Dynamic programming is a mathematical technique
designed primarily to improve the computational efficiency
of certain optimization problems. The basic 1idea of the
technique- 1is to decompose the problem into (smaller) sub-
problems which are computationally more manageable (taha).
Pigman etL al. defined such a technique as a type of optimi-
zation which transforms a multistage decision problem into a
series of one-stage decision problems. According to this
definition, the decision at each stage depends on the input
to thal stage, the feasible set of decisions at that stage,
and the oconditional set of decision from  preceding
sLages(109).

Dynamic programming has been widely used in tran-
sportation planning. As described by Pigman, Agent, Mayes,
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and Zegeer, the following Justification should be the

answer for the above statement (81):

There are three main reasons why dynamic program-
ming is needed for transportation Planning
analysis. First, dynamic programming is designed
to provide the best plan over a period of time
inasmuch as the scheduling of a project is a crit-
ical wvariable. Second, dynamic¢ prcecgramming makes
it possible to obtain the best combination of pro-
jects where some approaches are inaccurate and
trial-error methods can become an impossible task.
Third, dynamic programming can determine the op-
timal investment plan where the usual B/C, present
worth, or maximum rate of return approaches are
not practical. When the amount of money required
for a single project is a large portion of the
budget, the best set of projects does not neces-
sarily consist of those which would be chosen by
conventional means of priority selection. B/C and
rate of return methods may not provide the best
overall use of resources bkecause an efficient
implementation of results may not ke nossible. In
addition, the B/C method of -selecting optimal
alternatives does not always produce the best
results because it focuses narrowly on immediate
benefits and often precludes some future combina-
tions of alternatives which are more desirable.

Considering the above Jjustification, dynamic pro-

gramming is possibly the most comprehensive and accurate

method o©f c¢ost allocation £0r a constraint budget, but it
also has several shortcomings which will be discussed.
Bellman (8) summarized dynamic programming applicability

into three types of projects as follows:

{1) Single-Stage Dynamic Programming
(2) Multistage Dynamic Programming
{(3) Multistage Incorporating a time factor
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Funk and Tillman (50) used the systems approach to
emphasize Lhat the the costs and benefits occurring to all
parils of the system must be evaluated to establish the ef-
fecl upon a specific route. Johnson, Dare, and Skinner( 63
") presented dynamic programming as a means of selecting
highway 1mbfbﬁéhént proje;té to eliminate hazardous loca-
tions and therefore maximize the annual cost reduction bene-
f£it. They suggest that an optimal solution is assured when
several projects are being considered and construction funds
are limited. De Neufville and Mori (32) developed a pro-
cedure with the help of dynamic programming for optimal con-
struction schedule for additions over time to highways or
similar transportation networks.

Brown and Carlson (10) have developed extensive work
in developing the methods for selecting improvements £rom
among various projects. B/C, present worth, or rate of
return calculations were recommended by both for determining
which project yields the maximum differences between the
annual investment cost and the annual expected safety bene-
f£it. Lorie and Savage (77) have shown that, under a con-
strained budget, the selection of a large initial cost pro-
Ject with a high ratio of present worth to cost may preclude
the selection of several smaller projects.

The Kentucky Highway Department has experienced

several procedures for its safety improvement with the help
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-0f dynamio programming (10,11571). Pigman et. al. (91)
evaluated Lhe high-accident location spot improvement pro-
gram 1in Kentucky and it was determined that the small in-
vestment in the program had returned significant dividends.
Zegeer (130) recently completed an investigation of the
various methods for selecting high-accident locations.
Favorable results from the studies by Agent and Zegeer, con-
bined with the expansion of the spot-improvement program (as
a result of appropriations through the Federal-Aid Highway
Act of 1973) have stimulated the development of an optimal
method for allocalting funds within the safety improvement
program, and dynamic programming has been used in most
cases.

The Alabama Highway Department has also done consid-
erable work in the application of dynamic programming to the
optimization of budget allocation for the spot safety im~
provement program. It is found that the study by Pigman et.
al., 1s superior to Brown‘s study since they used the
present worth factor procedure to compute the future value

Oof the alternatives.

(2-6.5) ADVANTAGES AND SHORT-COMINGS OF DYNAMIC PROGRAMMING

There is no doubt that dynamic programming has been
"a good and reliable method in assessing highway safety im-

provement, but it also has a severe shortcoming which makes
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application of such a procedure very difficult. As men-
tioned, currently two states, Kentucky and Alabama, have
developed and implemented highway safetly spot improvement
programs that involve DP in project selection under budget
constraints, but many recent study evaluations show that "
...dynamic programming will not yield feasible results in
its present form (Alabama/Kentucky) unless budget coeffi-
cients (alternative costs) are in units of the budget incre-—
ments. Further, the current procedure will only yield op-
timal solutions if individual budget expenditures and the
budget increments are both in the same basic units..." (79,
p. 308). Dynamic programming is also a weak procedure if it
is applied to problems with many constraints. Sometimes it
is not possible to use this technique efficiently when the
budget 1s not divisible by the increment which should be
established at the keginning of the solution process.

On the other hand, the use of dynamic programming is
relatively simple. Costs and benefits are considered as the
input: for Lthis technicue; -howevers the—aceuracy of the
model 1s totally related to the input data. A prereguisite
in the use of dynamic programming for the safety improvement
program 1s an efficient method of systematically identifying
locations based on accident data. In-depth field investiga-
Lions are also needed so that only necessary improvemants

are recommended as input for the dynamic programming model.



(2.6.6) GOAL PROGRAMMING

The concept of goal programming (GP) was first sug-
gested by Charnes and Cooper (17). The details of the tech-
nique were further studied by Ijiri (61) and lee (75). Goal
programmaing i1s a powerful tool of decision-making analysis
which it draws upon the well-developed and tested linear
programming technique. Goal Programming (GP) provides a
simultaneous solution to a complex system of objectiwves. It
can handle decision problems involving multiple goals and
subgoals.

The basic concept of GP involves incorporating all
managerial goals into the model. In GP, instead of trying
to maximize or minimize the objective criterion directly,
the devialions between goals and what can be achieved within
the given set of system constraints are to be minimized.
The GP model is useful for three types of analysis (17, 60,
61, 74, 79):

(1) To determine the input (resource) requirements

to achieve a set of goals,

(2) To determine the degree of attainment of de-

fined goals with the given resources,

{3) To provide the optimum solution under the

varying inputs and priority structures of goals.
The general GP model can be mathematically expressed as
(60,75):

m

" -
MINIMIZE 2 = 9, (di + di )



2 + —
SUBJECT TO AX - Id + Id = b

4 -
X, d, d >0

Where m goals are sxpressed by an m component column vector
b(b1,b2,...,bm), A is an m . n matrix which expresses the
relationship between goals and subgoals, X represents vari-
ables involved in the subgoals (x1,X2,...,Xn) 5; and 5; are
m-component vectors for the variable representing deviations
from goals, and I is an identity matrix in m dimensions.

As the GP 1is selected Lo solve the optimization pro-
cedure in this paper, a detailed development of the model
will be given in Chapter Six.

(2-6.7) NETWORK ANALYSIS TECHNIQUES IN TRANSPORTATION
Network—analysis @A) Bkas reeceived <consgiderable

attention 1in recent years. McFarland mentioned two good
reasons for using network analysis rather than other tech-

nigques.

(1) Many real-world problems can be depicted as
network representations, and such representations
are readily acceptable by management and can be
interpreted visually.

(2) Network analysis algorithms use streamlined
and/or special-purpose basis-changing rules which
avoid normal simplex operations. Very efficlient
NA algorithms exist for solving large scale prob-—
lems; for example, trans-shipment problems with
over 10,000 nodes and 50,000 arcs have been solved
using network analysis.
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One important application of NA in transportation is
traffic control. A traffic network analysis approach named
NETSIM represents a significant effort in using such a tech-
nique 1in traffic analysis. The NETSIM network simulation
model, formerly called UTCS-1, performs a microscopic simu-
lation of urban traffic flow on an urban street network. It
1s designed (o e applied by a traffic engineer and
researchers as an operational (ool for the purpose of
evaluating alternative network control and traffic manage-
ment strategies (113). Other than the above examples, there
are numerous applications and theoretical research about the
network analysis in transportation areas. Good bibliogra-
phies and summaries of the state of the art can be found 1in
Ruiter (87), and Florian (43). Daganzo and Sheffi (27),
present an alternative formulation of stochastic disaggre-
gate path-choice models based on the network formulation.
Chan (16), Talvitie and Hasan (110), and Watanatada and
Ben-Akiva (123) are also have done significant researches in
application concepts of the network analysis in transpoxrta-
tion studies. There are no Known applications in the
current literature to highway safety and accident reduc-

tions.

(2-7) COST-EFFECTIVENESS STUDIES

Cost effectiveness is a oomparison of cost to
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achievenent- ©of a given undt of-effect. The-NCHRP report:
162(66) Justified the application of such a technique as :
Comparison of costs and benefits require the
analyst to assign a dollar value L0 human life and
injury. Although this practlice makes cost-benefit
comparison apparently more sound or explailnable in
terms of economic theory, the fact remains that
some analyst rav not wish to presume to assign
monetary value to human life. In this case, the
analyst may select the cost-effectiveness approach
which answers the question , "How much does it
cost to save one life, or prevent one injury ac-
cident, or prevent one accident?" without having
to assign dollar value to them.
So, the main objective of cost-effectiveness especially in
this report is applied as an alternative to the B/C tech-
nique to determine the cost to the agency of preventing a
single accident and then deciding whether the project cost
was justified. During the past decade cost-effectiveness
techniques have been used by most transportation agencies
since the Highway Safety Act of 1966 amended Title 23 of the
United States Code to contain a new chapter entitled " High-
way Safety"(78). In response to a request from the Highway
Administration (FHWA), a special task force was established
in 1868 to study the safety efforts of priorities of these
efforts (107, p. 23). Since that time several highway safe-
Ly programs have been implemented to determine the benefit
and cost of the different projects. The cost-effectiveness
approach has been known to be an effective technique which
is accepted by many transportation agencies.

The i1mportant component of this method 1s *the
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measure of effectiveness" which differs from one method to
the other. Solomon, et. al., (103) used six different neas-
ures of effectiveness in a weighted form. Dale (59,60)indi-
cated five different measures of effectiveness. National
Highway Safety Needs Reports (117, 125) reported five multi-
ple nmeasures of effectiveness. There is a common concept
considered by most of the studies in selecting the measures
of effecltiveness. They mostly emphasized human life saved,
injury and property damage per dollar of expenditure. Table
(2-1) gives the measures of effectiveness considered by the

respective author and agencies.

M.O0.E. Soloman(103) Dale(28,28) NCHRP(66 ,33)

Rate Of Return
Lives saved/$
Injuries saved/s
Lives saved/year
Injury saved/year
Cost/Accident forestalled *
Cost/injury forestalled : *
Cost/fatality Forestalled *

% 3 % % %

* % *

Fable 2-1) Summary Of Measures Of Effectiveness:
{compiled from reference(79, p. 56)]

In the 1881 study by Fleischer {(41,1981), he criti-

c¢lzed 3uch a procedure as having two problems:

One arises from the fact that a unique C/E value
can only be derived when there is a unique measure
of effectiveness (MOF) for the project. The
second problem——-perhaps more important than the
First--is that C/E values are useful in selecting
from among alternatives in only three very spe-
cial situations: dominance in both costs and
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effectiveness, or projects that have equal cost.
otherwise, given two or more projects with unequal
costs and effectiveness, the relative attractive-
ness of these alternatives 1is not reflected by
their respective ratios.

(2.8) REVIEW OF CURRENT STATE AND ILOCAL PRACTICES IN
TRAFFIC SAFETY PROGRAMS

All of the techniques and procedures discussed in
the previous sections are primarily directed toward safety
programs of state and local governments, especially those
Jurisdictions that have sufficient resources to consider a
large number of safely alternatives. McFarland (79, pp.
58-60) summerizes. six steps for a state or local government
thal wants to 1mplement any safetLy programs. The types of
the cost-effectiveness techniques and other mathematical
procedures which are currently used by the state and local
agencies have been documented in several surveys and
research publications. Here an attempt is made to summarize
the most sound and significant safety programs currently
implemented by state and 1local agencies in the United
States.

A comprehensive survey of state and local highway
agencies has been conducted to determine the types
of economic analysis used in 1862, 1966, and 1974.
These surveys were directed toward identifying the
methods used to compare alternative highway loca-
tions, highway designs, interchange designs, pave-
ment designs, etc. ; the 1874 survey covered safe-
ty improvements as well (55, 78, p. 59). Another
survey conducted in 1973, encompassed both state
and 1local highway agencies specifically Lo detexr-
mine the techniques used to compare highway safety
alternatives (8). Other studies have reviewed
reports of states’ comparisons of highway
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alternatives to determine the techniques used (55,
78, 116, 118].

In the 1874 survey, thirty-nine states replied to
the questionnaires. Twenty-seven conducted limited studies
{78, p.21]}. From the survey results, it was estimated that
from fifity to seventy percent of the states performed
economic analyses on a more or less regular basis ; 1t was
further estimated that this was a ten Lo twenty percent
increase over the proportion performing such analyses on a
regular basis in 1862 [73, p.21]. The survey indicated that
the Red Book still was the primary reference source used for
conducting economic analyses. Thirteen states used the ori-
ginal 1958 unit prices that were given in the 1960 Red Book,
and another twelve states used the 1960 Red Book format but
used updated cost values. In addition, five states used the
NCHRP Report 111 [127], seven used the NCHRP Report 133
[26], fourteen used Winfrey’s textbook [127], and seven oth-
er states used other references ([78, p. 24]. It goes
without saying that California was developing a computerized
B/C procedure and Oregon had a highway investment rate of
return program. An additional three states reported using
computers in their analyses.

The same survey was conducted in 1873 and reported
"in NCHRP Report 162 [66]1. This differed slightly from the
others since the objective was to determine the specific

Lypes of analyses used for safety improvement projecis
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rather than for general types of highway improvement pro-

jects. The resulis have been summerized as follows:

NUMBER OF
AGENCIES
METHODS

USED NOT USED
Benefit-Cost Ratio 32 9
Total Benefit 10 N
Rate Of Relurn 7 34
Present Worth 4 37
Incremental Benefit 1 40

Other

Table (2-2) Technique Used By Transportation Agencies
[ compiled from reference (78, p. 61) ]

In 1876 the U.S. Government Accounting Office (GAO)
report reviewed and also attempted to determine the impact
of the categorical safety funds provided by the Highway
Safety Act of 1973. The GAO reviewed highway safety pro-
grams in California, Idaho, ILouisiana, Maryland, Nevada,
Pennsylvania, Texas, and Washington. The GAO Report found
the following types of deficiencies in the states’ safetiy
programs (19, pp. 1i-iii,7 ]:

{a) Some accident data were notL being analyzed
to delermine the most hazardous locations.

(b) Safety improvement projects were not always
oR the basis of cost—effectiveness.-

{¢) = Inventories of cost-effective projects were
not being used to determine priorities. '

(d) Projects financed with federal-ald construc-
tion funds were not selected through a systematic
approach.
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(e) Federal—-aid highways under some local jur-
isdictions were not considered and did not receive
safety funds.

The GRO also reported that of the eight states re-
viewed, "...four did not use cost-effectiveness analysis and
another did not consistently use its method for selecting
safely improvement projects" [19, p. 8]. The following is a
brief review of the examples of some significant current
practices in traffic safety programs by state and local
governnment agencies.

A comprehensive approach has been developed by the
state highway agency of California for evaluating both major
highway improvement and highway safety improvenents. It
developed a computerized B/C ratio procedure that includes
consideration of travel Lime costs, vehicle operatling cosis,
and accident costs. The key ingredient to California‘s
approach was described by McFarland et. al., as Follows:

{1) Statewide accident rate studies provide a

base for evaluating new highway, major reconstruc-
tions, and safety projects.

(2) Accident costs are used together with project
costs to calculate a "safety index”, which actual-
ly 1is the project’/s benefit-cost ratio maltiplied
by 100. The costs used for accidents include
direct costs plus some indirect costs but do not
include the full societal costs.

{3) The effectiveness of accident countermeasures
usually are calculated as percentage reductions in
actual rates (if these are significantly different

from average rates) or percentage reductions in
the base rate.
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The Texas department of Highways and Public Tran-
sportation applied the Highway Economic Evaluation Model to
calculate B/C rallos for major construction , reconstruction
projects {110] and also for safety type projects.

The Highway Economic Evaluation Model applied by the
Texas Transportation Department is a computerized procedure
that-caleculates-an-economic-ratio—for- improvement—projects
The technique of incremental B/C.ratio discussed in previ-
ously was used for different alternative highway inmprove-
ments. The procedure used can obtain a local optimum but
again has Lhe deficiencies discussed before.

Recently the application of dynamic programming in
highway safety programs has been a very popular procedure.
Kentucky and Alabama Transportation Departments have applied
a very powerful technique for their highway safety programs.
The Cost/Benefit Optimization for the Reduction Of Roadway
Environment Caused Tragedies (CORRECT) is a computerized
procedure which was originally studied by the Alabama
Department of Transportation. The program was primarily
used to allocate the Section 209 funds for spot improvement
of high-hazard locations made available by the Federal-Aid
Highway Safety Act of 1873 (5). The concept of DP is used
in CORRECT Lo maximize Lhe total benefits. The procedure
has the shortcoming of Dynamic programming method since sin-
gle objectives with very limited constraints can be used

The projects selected by DP are always stbjected to review
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and possible revision by the decision-makers. In 1977, the
Alabama Highway Departiment applied CORRECT in allocation of
Section 203 (rail-highway crossings) funds which the results
were promising [20)]. The Kentucky Department of Transporta-
tion used the modified version of CORRECT for their highway
safely projects. They used the present worth of the invest-~
ment analysis in the B/C procedure, then applied the DP
technique £or optimizing the total benefits. The deficien-
cies of the Kentucky procedure are best described by McFar-
land et. al., as follows (79, p. 40):

The Kentucky study, while including the present
value of future maintenance costs in its calcula-
tion of project costs, is not clear as to the type
of budget constraint it faces. The manner in
which maintenance costs are included implies that
the budget covers future periods as well as the
current period; highway improvement budgets typi-
cally are concerned only with the allocation of
funds for the present period. The Alabama study,
on the other hand, deals with a typical, c¢learly
defined budget that is concerned only with initial
project costs that occur in the current period,
but such a treatment of costs fails to account for
future maintenance costs. Ignoring these costs in
the DP analysis optimizes project selection only
with respect to the initial projects costs.

In conclusion, both Alabama and Kentucky used the DP
concept for optimizing the total benefit, but the Kentucky
approach allows for future growth in benefits by assuming
that future benefits grow at a stipulated rate per year
[S1,p. 48]. The Alabama procedure assumes that annual
-benefits are-constant 51, -pp. 20-371: Recently; NCHRP-

Report 84 provides a more up-dated states practices in
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evaluation criteria and priority setting. This study inves-
tigates Lhe California, Florida, Illinoise, Iowa, Minnesota,
New Jersey, New York, Utah, Vermont, Washington and Wiscon-
8in practices in which some of them were discussed fully in

this section.

(2-9) SUMMARY AND CONCLUSION FOR STATE-OF-THE-ART

Review of Lhe different techniques and procedures,
especially those that are applied in safety programming,
indicates that many of the theoretical studies are non-
operational, in that they require non-existent or unreliable
data; some become unrealistic by using many simplifying
assumptions for the sake of a neat mathematical solution.
There is always a question of how comprehensively the method
tried Lo measure a given cost or the benefits received. The
answer is dependent up on the following factors:

(a) How accurate was the data?

(b) How adequate was the theory which underlay the
model ?

{c) How easily could data be fitted to the model,
if the model were Lheoretical in exposition.
These are the major conclusions on the present state of the
safetly programs evaluation procedures.

(1) Data deficiencies limit ability to make in-
formed choices among different procedures,

(2) The largest conceptual difficulty is the
identification and the measurement of the social
benefits,



-7

(3) Among the first and most important questions
Lo be considered in evaluating safety programming
systems 1s '"what shall be the long-run objec—
Lives?" and, can the model respond to Lhis issue?,

(4) Most of the current procedures for transpor-
tation safety analyses are oo complicated and
require a lot of expensive data, impractical for
use by small jurisdictions,

{(5) There seems Lo be no definitive, explicitly
formulated set of criteria for 3Jjudging capital
projects for safely improvement,

(6) If only one alternative is considered at
each accident location, then simple bkenefit-cost
ratios can be used to rank alternative safety pro-
jects, ~o

{7) Only one technique was identified in this
research study as being currently used to evaluate
large numbers of locations having mutually ex-
clusive safety projects. This technique was
dynamic programming as used 1n Alabama and Ken-
Ltucky, discussed in section (2-7).

(8) There was no attempt to consider the mualti-
Ple objectives which actually dominate all the
public projects in the current literature. The
application of cost-efficient and cost-effective
countermeasures often involve the rationalization
and compensation of conflicting objectives or
goals in safety programming. Further research in
this dissertation will be cognizant of goal pro-
gramming methodologies, and applications of this
new and powerful technique will be considered.

(8) Benefit-Cost analysis which is the backbone
of all procedures mentioned, should not be depre-
cated on grounds of fallibility; its purpose is to
lead to more informed judgments than would other-
wise be possible.

The above statements represent the overall opinion of the

author about the current deficiencies in safety programming.
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(2-10) OVERVIEW OF THE NEXT CHAPTER (CHAPTER III)

The methods and procedures which have been discussed
in Lhis chapler require a basic data input which should be
identiflied and gathered. Identification has been primarily
based on actual accident experience for each location. The
next chapter details such praclices and proposes the ap-

propriate process to be used in small urban Jjurisdictions.



CHAPTER III
COUNTERMEASURE COST AND EFFECTIVENESS IDENTIFICATION TABLES

INTRODUCTION:

A major ingredient needed to define a traffic safeLy
countermeasure is an estimate of its cost and effectiveness.
Most of the models, including the proposed methodology,
require these data as input at the first stage in order to
be operational. PFor tLhis reason, efforts have been made to
conduct an identification procedure to review, refine, and
collect most valuable and updated information about Lhe cost
and effectiveness of the various safety countermeasures
employed around the United States and in European countries.

Among several ingredients necessary to adequately
define potential traffic safety projects, the factor which
is most difficult Lo obtain is the effectiveness of tLhe
safely countermeasures in reducing death, injuries, and pro-
perty damage accidents. Frequently, effectiveness data for
specific countermeasures may nol be available for one
specific countermeasure, while for others it is hard to find
or difficult to come to a unique conclusion because the data

are -uncorrelated between different countries and even

~79~-
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between Lwo different states. Even more disturbing is the
fact that when the same countermeasure is evaluaced by dif-
ferent investigators, the resultant estimates of effective-
ness may differ significantly.

Referring to the different literatures, wvast differ-
ences in estimating countermeasure effectiveness are demon-
strated. For example, considering the automatic protective
devices at railroad grade crossing, Dale(28) indicates that
employing such a countermeasure will reduce tLhe total ac-
cidents by 28.4 percent while Roy Jorgenson(66) suggested
different figures for accident reduction with the same safe-
Ly deployment. In another conflicting case in the results
of literature review, the California Department of Transpor-
tation(14) recommends a 30 percent reduction in the accident
rate to reflectorized guide markers at horizontal curves,
while Gouneil, et. al— (24) stalted differently and 1trecom—-
mended that delineation on curves produces a 16 percent
reduction in the accldent rate(78).

These conflicting results are mostly attributed Lo
the lack of a systemalic evaluation methodology that should
be part of an on—-going process where a safety counlLermeasure
is implemented. IL is a fact that many accident counter-
measures have not been evaluated or have been poorly
evaluated. With the lack of a safety evaluation system, the

real wvalue of many countermeasures routinely employed are
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unknown, and many other estimates for countermeasure effec-
Liveness are underestimated or overestimated.

As a result of the above deficiencies, it should not
be concluded that all efforts to model a cost-effectiveness
study should be abahdoned, but that these efforts should be
increased as wéll as the parallel efforts to calibrate the
effectiveness of data 1inpul and 1implement an on-going
evaluation system for safety countermeasures that are al-
ready implenented.

Here an effort is made to gather the most reliable
information about the cost and effecliveness of the dif-
ferent.  countermeasures that are mostly summerized in
Appendix(A). Figure(3-1) demonstrates an approach that is
proposed in this dissertation for updating cost and effec-

tiveness.
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FIGURE (3-1)

APPROACH _TO _IDENTIFY AND UPDATE THE COST AND EFFECTIVENESS OF
SAFRIX _COUNIERMEASUES

COST RECORDS CATALOG PRICES CURRENT LITERATURE
(UPDATE)

' |ENGINEERING JUDGEMENT EXPERT OPINION

COST AND EFFECTIVENESS OF COUNTERMEASURES




(3-1) COST AND EFFECTIVENESS OF SAFETY COUNTERMEASURES

This sectlion contains the cost and effecliveness
dala information of the mosi valuable and available safelLy
countermeasures. Appendix(A) also represents different fig-
ures related Lo the cost and effectiveness of safetLy coun-
termeasures used by different transportalion agencies around
Lhe United States. However, emphasis have been given to the
InLersections, Pedestrians, and General countermeasures.

3-1.1 CCST THE
INTERSECTIONS

The reliable resources for estimating the cost of
intersection safety countermeasures are found to be as fol-
low:

(1) Personal contact Lo city transportation offi-
cials;

(2) Reviewing the current implemented safetLy pro-—-
jects cosis;

-£-3)Y-Contact -with-the -traffic device manufacturer
and get an eslimate.

considering Lhe number (wo option, Fleischer(20)
provides the following 1installation and maintenance costs
for five alternative means of controlling intersection

trarffic.
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ALTERNATIVE INSTALLATION MATINTENANCE

( § per vear)
4-way stop S 187 $ 364
fixed signal S 6729 S 5465
semi-act. $ 7186 $ 5820
fully-act. S 7477 $ 6148
*fully-act. $ 11682 S 6831

Table (3-1) COST OF INTERSECTION COUNTERMEASURES

Source(79, p. 62).

* Fully—actuated with left turn channelized

Dale(28) indicated an updated cost figure to
Fleischer’s estimate of the average cost of installing a
traffic signal and it was about § 5767. On the other hand,
the State of Alabama estimates the installation cost of a
traffic signal to be about § 8000. The recent and most up-
dated figure is related to the McFarland et. al., that have
been used by the most States Department of Transportation as
follow:
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SIGNAL TYPE INITIAL COST TOTAL  MAIN. COST
(Material & Equip.) (Labor) (Per Year)
[FIXED TYPE $ 7000 €10-14000 18-21000 150-225
FULLY ACTUATED 10,000 14-1900 24-29000  300-48C
5-PHASE 16,000 23-31000  39-47000 300-480
f—PHASE 17,000 24-32000  41-49000 300-480
8~PHASE 18,000 26-35000  44-53000 300-480

Data have been compiled from (79, p. 63)
Table (3-2) COST OF INTERSECTION COUNTERMEASURE
(3-1.2) ESTIMATE OF COUNTERMEASURE EFFECTIVENESS

This section provides the user with the most updated effec-
tiveness figures for different safety countermeasures. The
accident reductions that resulted from the implementation of the
given countermeasure are summerized in Tables (3-3) and (3-4).
The selected sources are also included for further information.

These data have been compiléd from DOT/FHWA/NHSTA, July 1875.
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ACCIDENT EXPERIENCE BY INTERSECTION ELEMINT

Avernge Veirly Ascidents/Interscction Knnual .
KVciage Savings in Statisticsl
Daily Injury Severity { Confidence
Study Elenent Traftic Obstru-ted Clear {3) {\)
Sight-distance £20 te
visibilicy £s,000 1.5 1.3 0.2 700 29
$,000 to 30,000 2.9 1.9 1.0 3,700
10,000 to 13,000 4.1 3.2 0.9 3,300
>15,000 1.4 6.2 5.3 19,400
’ <50 f¢
<5,000 1.4 1.3 0.02 -
$,000 to 10,000 1.2 1.9 0.3 3,100
10,000 to 15,000 4.3 2.9 1.4 $,100
>15.,000 8.2 6.0 2.2 4,100
<100 ft .
<5,000 1.4 1.3 [ 400
$.,000 to 10,000 2.1 1.9 0 700
10,000 to 35,000 4.0 2.8 1 4,400
218,000 8.7 4.3 3 14,300,
Darx
White Lettering
Lettering on Mite
on Dark Backpreund
Background {Non-
{Reflecterized) | reficctorized) & .
Street-sign <S,000 1.3 1.¢ - 99
lettering snd 5,000 to 10,000 2.3 1.7 2,200
backzround 10,000 to 20,000 4.0 3 3,300
220,000 10.4 5.3 13,700
with ¥ithout
Storage Storag~
Lancs Lanes
Intersection 1¢,003 to 35,000 5.9 3.5 8,800 99
geometry 15,000 to 20,000 7.3 $.4 8,800
Left-turn storage {220,000 16.2 10.1 22,400
ianes (exclusive
of zultlphase ..
signals)
eith xithout
Ceranic $,000 to 10,000 2.3 2.3 0.2 700 95
markers and 10,000 to 20,000 3.6 5.7 2.1 7.800
retroreflectors
Nith ¥ithout
Bus szops and [<s,000 1.4 1.4 0 - 95
Toutes S$,000 to 30,000 2.4 2.0 0.4 1,500
Loading 20nes 10,000 to0 15,000 4.4 3.5 0.9 3,300
{stops) ° 15,000 to 25,000 8.3 4.3 4.0 19,700
Along fus Ko bus
Routes Rout'e
Routas <$,000 1.2 1.3 0.1 400 95
$,000 to 10,000 2.4 1.9 0.5 1,800
10,000 to 15,000 4.3 2.7 1.6 $,900
*35,000 to 25,000 7.0 3.9 3.2 11,700
Kith M ithout
Signalization® £15,000 0.3 1.1 0.8 12,600 90
Left-turn-only Dts,000 1.8 3.0 1.2 18,900

signil phase

*Figures rclate to fatal Injury accidents only.

Source: *Mator Vehlcle Accidents In Relation to Geometric wnd Traf{fic Foatures™

DOT/FINA/NITSA, July 1975




Table (3-4)
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Estimates of Countermeasure Effectiveness

PERCENT ACCIDENT REDUCTION

COUNTERMEASURE Fatal Inj PDO Total SOURCE

Utility poles and trees:

a. Make utility poles breakaway 30.0 ~1.0 0 [48] Frye

b. Relocate utility poles 30 ft

from edge of pavement. 32.0 -~1.7 4] [48] -Frye

c. Remove utility poles. 38.0 -1.5 0 [126, 127] Winfrey

d. Remove trees. 50.0 25.0 -20.0 [48] Frye
Automatic protective devices at No

railroad grade crossings. Change ~16.3 28.4 [110] Texas's DOT
Railroad highway grade crossings

upgraded from passive to active

status:

a. Urban 12.0 [126] Winfrey

b. Rural 20.0
Pavement anti-skid rreatmens -8.0 15.7 20.6 [110] Texas's DOT
Resurfacing sections of highway:

a. Urban, more than 2 lanes (46) 42.0 [42] Fleischer

b. Rural, 2 lanes (21) 12.0 [42) Fleischer

¢. Rural, more than 2 lanes (59) 44.0 [42] Fleischer
Pavement widening (with or without

added lanes) without new median,

and shoulder widening or improve- -13.3 3.18 1 28.0 [110] Texas DOT

ment.
Widen the travel way (no dimensions)
on rural 2 lane sections of highway. (30) 38.0 [42] TFleisher

ORIGINAL SOURCES.(79, 110,126, 127)
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PERCENT ACCIDENT REDUCTION

COUNTERMEASURE Fatal In4 PDO Total SOURCE

Installing or upgrading of traffic

signs. -15.4 29,2 4,8 [110] Texas's DOT
Install/improve warning signs along

section of highway: .

a. Urban, 2 lane roads Q4) 14.0 Fleischer

b. Urban, more than 2 lane roads (26) 20.0 [42]

c. Rural, 2 lane roads (32). 36.0 fa2)]

d. Rural, more than 2 lane roads ( 3) 18.0 [42]
Install/improve warning signs on

rural curves:

a. 2 lane (71) 23.0 57.0 [42])

b. more than 2 lanes (40) 52.0 [42]
Signing: curve warning arrows. 20.0 [42]
Installation of stripping and/or 100.0 39.2 18.9 [110] Texas' DOT

delineators -
Install/improve edge marking on 2

lane sections of rural highway. 17) 14,0 [42]) Fleischer
Right edge lines . 2.0 {42] Fleischer
Install delineators on rural curves:

a. 2 lanes (16) 2.0 [{62] Fleischer

b. more than 2 lanes (-10) 61.0 46.0 [42) Fleischer
Reflectorized guide markers at

horizontal curves 30.0 [42] Fleischer
Delineation on curves 16.0 16.0 16.0 16.0 [127] Winfrey
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PERCENT ACCIDENT REDUCTION

COUNTERMEASURE Fatal In{ PDO Total SOURCE
Concrete median barrier: .
a. median width 1-12 feet 90.0 10.0 ~10.0 [48] Frye
b. median width 13-30 feet 85.0 5.0 -25.0 [48]
Installation or improvement of .
median barrier. 17.5 -8.5 -35.6 [40] Texas' DOT
Install median barriers on highway
with more than 2 lanes: .
a. Cable type (4) ~33.9 [42] Fleischer
b. Beam type (-22) -20.0 [42]
Channelization including left turn
bays 42,3  51.5 32.4 [110] Texas' DOT
Add left turn lane without signal:
a. Urban, 2 lane roads (80) 19.0 Fleischer
b. Urban, more than 2 lane roads (54) 18.0 6.0 {42) Fleischer
c. Rural, more than 2 lane roads (-1) 6.0 [42) Fleischer
Add left turn lane and signal:
a. Urban, more than 2 lane roads
b. Rural, more than 2 lane roads (1) 7.0 27.0 [42] Fleischer
Add left turn channelization at
* non-signalized intersections:
a. Curbs and/or raised’bars,
urban area. 70.0 [42]
b. Curbs and/or raised bars,
suburban area 65.0 [42] Fleischer
¢. Curbs and/or raised bars,
rural area 60.0 [42] Fleischer
d. Painted channelization, .
urban area 15.0 [42] Fleischer
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Estimates of Countermeasure Effectiveness (continued)

COUNTERMEASURE

Fatal 1Inj

New safety lightning:
a. at intersections
b. railroad crossing
¢c. bridge approach

d. underpass

Lighting:
a. Urban freeways

b. Urban interstate
interchanges and rural
primary iatersecticns

*Percent of
Night
. Accidents

50.0 20.0

50.0 50.0

PDO

14.0

50.0

Total SOURCE

75.0 [42] Fleischer

60.0 [42]) Fleischer

/50.0 [42] Fleischer

10.0 [42] .Fleischer
[127] Winfrey
[127]) Winfrey
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(3-2) PEDESTRIAN SAFETY IMPROVEMENT PROJECTS COST &
EFFECTIVENESS

This section provides brief information on the cost

and effectiveness of various types of pedestrian safety
facilities. This information éhould not be intended to sub-
stitute for the detailed analysis of cosﬁs » but rather to
provide a basis for domparison between alternative safety
Facilities with the aid of the current literature. It goes
without saying that the information presented in this sec-
tion should be periodically updated.

There are many pedestrian safety facil;ties which
have played a significant role in reducing accidents in
urban areas. Here, an attempt is made to present some of the
important safety facilities which may be considered by the
traffic engineer manager as practical and effective safety
projects. It is beyond the scope of this dissertation to
discuss the structural and design elements of the pedestrian
safety facilities, but the presented materials would help
the decision maker to estimate and quantify the safety needs
of his/her community in order to operate the feasibility and
optimality models proposed in this dissertation. ApPYOpPri—-
ate references have been provided should the user need de-
talled information about the specific =afety countermeas-

ures.
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(3-2.1) PEDESTRIAN ACCIDENT PATTERNS

Using the recent 1979 nationwide statistics, the

following figures can be found (116):

(1) 20 percent of all urban motor vehicle ac-
cidents involved pedestrians;

{(2) 30 percent of all urban fatal accidents in-
volved pedestrians;

(3) 25 percent of all fatal pedestrian accidents
involved children;

(4) 25 percent of all fatal pedestrian accidents
involved people 65 years of age or over;

(5) 70 percent of all pedestrian accidents oc-—
curred while pedestrians were crossing the street:;
{6) 40 percent of all pedestrian accidents oc-
curred while pedestrians were crossing at an in-

tersection.

Considering the above statistical facts, crossing
the street and crossing intersections have the highest pro-
bability of accident occurrence in urban areas. For this
reason four major generic pedestrian safety facilities are
considered here as follows:

- highway overpasses (pedestrian bridge)

- street and highway under-passes (pedestrian
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tunnels),
- elevated skyways,

- full and partial at-grade malls.

In addition to the costs of construction, there are
__several other type of costs that should be considered by the
decision maker. These costs include delay costs due to the
construction, 1land, excess cost of vehicle operation due to
speed reduction, and =20c¢lal and environmental costs. Refer-
ences (38,88,985,100) are found to be useful if a user re-

quires more detail informations.

(3-2.2) HIGHWAY OVERPASSES

In estimating the cost of a highway overpass, it is
very difficult to come up with a unique number because of
the differences in location, design elements, etc. However
the elemental cost information necessary to estimate the
base cost of constructing a highway overpass is shown under
the given assumption and are shown in Table (3-5) and Figure

(3-2).
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(1) UNIT COST OF ARRIAL STRULIUR

Coaventional

Materfal/ Conventional i
Construction Stecelwork (cased) Ci:cgizzﬁcaSt Concrete/Precast

Length of Clear

Span (fcct) 40 80 | 120 40| 80| 120 40 80 {120

‘Cost per Lincal 145

2 .
Foot ($) 380 |4CO | 215|245} 270 | 225 | 260 230

(2) OTHER COSTS

brainage Add $16 per lincal foot
Lighting -Add §28 per lineal foot
Pier Add §2,420 for cach pier

Median Strip .
(30' x 8') Add $1,200 for cach median

TABLE (3-5) ELEMENTAL, CONSTRUCTION COSTS FOR HIGHWAY OVERPASSES
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10

5

s

fence cover

SECTION

DIMENSIONAL PROPERTIES

highway e overpass
crossing

ASSUMPTIONS:

(1) AERIAL STRUCTURE

e 12-15 foot width overall

Varying depth edge beams/side walls
depending on span

® Protective screening (fencing cover)
provided to serve as safety covering

® Lighting and drainage are costed
separately -

® Cost varies with finishing materials,
construction and span

(2) PIERS

o 15 foot high cast-in-place concrete

e 2 foot wide at terminal of overpass

e Median strip, if required, costed
separately

(3) MEDIAN STRIP

e 30 x 8 foot median

e Concrete with curbing and guard rails

FIGURE (3-2)
ASSUMPTIONS REGARDING COSTS OF
HIGHWAY OVERPASSES

Source(100)-




-S6~

(3-2.3) STREET AND HIGHWAY UNDERPASSES

Table(3-6) represents the unit construction costs
for a pedestrian tunnel (highway underpasses). However, any
estimate for costs should always be made regarding the
necessary assumptions and these assumptions are demonstrated

in Figure (3-3).

CONDITION PER LINEAR
FOOT
(1) Cut and Cover Construction $ 780
No Restriction
(2) Cut and Cover Construction 1170
With Street decking to
Maintain Traffic Flow
(3) Tunneled Underpass, Cast-In-

Place Concrete 2040

Table (3-6) Unit Construction Costs For Highway Underpasses
All figures are in 1874 dollars.
Source(100, p. 55)
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12°
/ [lroadway
4 surface
RO [ SRS O
‘§§3 Q::Z;;;/
. OXxF:, % /6
oY B [30
Sl Yy BN Jutitities
S by r?..i'lé SECTION
| DIMENSIONAL PROPERTIES

nighway e underpass

crossing

ASSUMPTIONS :

(1) CONDITION 1 -~ BUILT IN CONJUNCTION WITH NEW
ROADWAY CONSTRUCTION
e Concrete, continuously supported
e 12-15 feet wide by 10 feet high, minimum
e Natural ventilation (for lengths < 200 feet)
e Lighting and drainage cost included
e Normal cut and fill excavation (rock and other
foundation problems will incur extra cost

(2) CONDITION 2 - BUILT UNDER EXISTING ROADWAY

e Same as condition 1 except that added costs
are incurred to remove road (street) surface
and provide decking to maintain traffic flow

(3) CONDITION 3 - TUNNEL UNDER EXISTING ROADWAY
® Same as condition 1, except costs reflect
tunnel excavation including normal shoring

and cast-in-place concrete

e Traffic flow is unimpeded

FIGURE (3-3)

ASSUMPTIONS REGARDING COSTS QF STREET

AND HIGHWAY UNDERPASSES
Source(100),
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(3-2.4) ELEVATED SKYWAYS

Elevated skyways are similar to highway overpasses
in terms of their methods of cost estimation(100,1058). The
unit cost is dependent on material, construction and span.
Table (3-7) and Figqure (3-4) demonstrate the elemental con-
struction cost and unit costs for steel trussed construction

skyways respectively.

(1) SKYWAY CiLY

Matevial/ "Conventional Conventional
Construction Steel (cased) | Concretc/Cast-in-Place
Length of Clecar - :

Span' (fect) 49 80 40 80
Cost per Lincal 2 1
Foot ($) . 220 356 . 190 215

(2) ENCLOSURE SYSTEM

(a) Covered, not

enclosed Add $60 per lincal foot-to (1)

(b) Enclosed,

heated only Add 620 per lineal foot to (1)

(¢) Enclosed, i )
heated and air Add 735 per lineal foot to (1)

conditionad
(3) PIER Add. 53,950 for each pier

TABLE (3-7) ELWMWNTAL, CONSTRUCTION COST FOR ELEVATED SKYWAY
' SYSTEMS

- CONDITION $ PER SQUARE FOOT

(1) Structure only

including decking o8

(2) Totally cnclosed and

air conditionced 170

TABLE (3-7a) UNIT COSTS FOR STEEL, TRUSSED
CONSTRUCTED SKYWAYS

SOURCE (COMPILED FROM 100).
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SECTION

DIMENSIONAL PROPERTIES

elevated e open FOR OPEN SKYWAYS
walkway

ASSUMPTIONS :
(1) AERIAL STRUCTURE

®» Cost varies by materials/construction and span
o Includes costs of lighting, drainage and handrails

& Spans are 0'-40' and 40'-~80'

(2) SUPERSTRUCTURE (PIER)
e Concrete, cast-in-place, includes footing
e 15 feet high, with 2-foot wide section
o Applies to all enclosure types

(3) ENCLOSURES .

e Sectional dimensional properties

17 e .
Hyog oo,

elevated o covered - elevated o enclosed
walkway . walkway
covered enclosed
o Bonnet is aluminum tubing . o heated only
frame with %" tinted o heated and air
plexiglass ' conditioned -
IGURE (3-4

ASSUMPTIONS REGARDING ELEVATED SKYWAY SYSTEMS
(CONVENTIONAL STEEL AND CONCRETE STRUCTURES ONLY)

Source(100).
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(3-2.5) STREET CROSSING

As mentioned before, about 70 percent of all pedes-
trians involved in accidents occurred while they were cross-
ing the street. For this reason it is necessary and impor-
tant to design a cost-effective countermeasure to reduce
these pedestrian accidents. The grade-separated facilitiles
commonly used in urban areas are considered to be an effec-
tive and comparatively low cost alternative. One 12 feet
wide, enclosed, with an eighty-foot span is considered as an
example, and the cost figures are ecstimated. Table(3-8)
indicates that the elevated walkway system built using con-
ventional construction methods  appears to be the most

economic solution.



OPTION| FACILITY HATERTAL AND NUMBER OF TERMINAL C‘é’\fgﬁgzggq
NUMBER TYPE CONSTRUCTION METHODS sPAS | PIERS | MEDIANS COMNECTORS ' cCST e
1 .Overpass Conventional Steclwork 1-80" 2 0 Stairs $ 57,554
2 " " " ' 2 0 Razps 65,094
3 " " 2-40" 4 1 Stairs 61,410
4 " " " 4 1 Raaps 68,410
5 Overpasé Conventional Cast-In-Place Concrcte 1-80' 2 0 Sgairs 47,194
6 " " " 2 0 Racps 564,294
7 " . " 2-40° 4 1 Sta?rs 50,830.
"8 " " " 4 1 Ramps 57,930
9 Overpass |Precast Concrete 1-80° 2 0 Stairs 48,554
10 " " " 2 0 Ramps 55,654
11 " " 2-40" 4 1 Stairs 53!310
12 " " " 4 1 Raops 6C,410
13 Underpass|Cut and Fill; New Road 62,240
14 " Cut.and Fill; Existing Road 93,200
15 w Tunnelling; Existing Road 163,200

TABLE (3-8) HIGHWAY CROSSING COST COMPARISON

SOURCE: COMP{LED FROM REFERENCE 100.

-101~
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(3-2.6) PEDESTRIAN BICYCLE FACILITY COST ESTIMATION

Considering a bicycle facility as a sarety counter-

nmeasure,

the following criteria should be con-

sidered(69,116):

(a) The safety of the bicyclist, pedestrians or
vehicular traffic must not be impaired;

(b) The proposed facility must be a part of and
conhnect to elements of existing or planned sys-
tens;

{(¢) The facility must be under the jurisdiction of
a public agency; and

{d) There must be sufficient existing or projected
demand to render the proposed facility cost-
effective.

Table(3-19) demonstrates an approximate cost—-estimate for

various type of bicycle safety facilities.

TABLE(3-18) BICYCLE SAFETY FACILITY COST PER MILE

TYPE OF FACILITY INITIAL COST ANNUAL MATINT. COST

BIKEWAY $ 30,000 $ 1500 (ASPHALT)
850 (CONCRETE)

PROTECTED 6,000 600

BICYCLE LANE

ON STREET

UNPROTECTED

BICYCLE LANE 3,000 300

ON STREET

BIKE ROUTE 700 100

Costs are in 1974 dollars.

Source (110)




-103-

(3-3) SUMMARY

Attributing precise accident or fatality reduction
to a particular safety improvement countermeasure is diffi-
cult and sometimes impossible. Careful research and evalua-
tion techniques can greatly reduce the margin of error, but
variations in the environment of roads and conditions from
state to state compound the problems of predicting cafety
improvement effectiveness. All the information indicated in
this chapter must be periodically updated according to the

proposed procedure mentioned in section one.

(3-4) OVERVIEW OF THE NEXT CHAPTER

Next Chapter provides guidelines for a local deci-
sion maker(s) to establish a systematic program for identi-
fying high-hazard locations. Several procedures and tech-
niques are discussed and an appropriate and more effective

one is reconmmended.



CHAPTER IV

PROCEDURES TO IDENTIFY THE HIGH-HAZARD LOCATIONS

The objective of this chapter is to provide gquide-
lines for a local decision maker to establish a systematic
program for identifying high-hazard locations. Several pro-
cedures and techniques will be discussed, and the appropri-
ate one will be suggested for use by the local Lransporta-
tion agency. AlLtempis also are made to define dJdifferent

criteria for selecting high-hazard locations.

{4-1) MOTIVATION:
Highway SafelLy Program Standard No. 8 specifies
that(116):

(a) There shall be a procedure for accurate iden-—
tification of accideni locations on all streeis
and highways to produce an inventory of high-—
accident location and 1locations where accidents
are increasing sharply.

{(b) There be a systematically organized program Lo
maintain continuing surveillance of the road net-
work for potentially high accident locations.

(e —The—-process—shall—alseo-inelude-procedures—for - -

identifying Lhe high—~hazard locations and to take
appropriate measures for reducing accidentis".

As staled akove, a systematic method of identifying problem

-104-~
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location is most important. At this point the total program
1s either enhanced or limited, based on Lthe objective of the
local safety program. A rather bdroad objective can be
achieved by setting up a broadly-based identification pro-
cedure. However, the extent of the identification procedure
i1s usually limited in small urban jurisdictions, due Lo a
lack of resources.

Two Lypes of procedures are recommended for identi-

fying Lhe high-hazard locations:

(1) Non Accident Based Evaluation Criteria,
(2) Accident Based Evaluation Criteria.
These {(wo categories can also be extended to subcategories
which can ke identified as elementé of the hazard-
identification criteria. These elements are as follows:
(a) Traffic Measure{
(b) Field Observations;
(c¢) Diagnostic Team Study;
{(d) Citizen Inputi;
{e) Enforcement Input;
(£) Use of Accident Data.

In using any of the above procedures, the local
Lransporialion agency should clearly indicate and state its
evaluation objective. The evaluation objectives should usu-
ally be stated in tLerms of the expected effects of the pro-

jecls on an accident characteristic. In chapter seven the
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proposed goal programming model can handle Lhe multiple
objectives as well as the local goals, bulL in Lhis stage of
safely programming the evalualtion objectives are limited to
Lhe four fundamenial objeclives:

(1) Total Accident Reduction;

(2) Fatal Accident Reduction;

(3) Personal Injury Reduction

(4) Properly Damage Accident Reduction.
IL -is-also-possible Lo construct Lhe local safely objective
based on Lhe several purposes. Bul only those purposes of
critical 1nlerest should be Lranslated into Lhe evaluation
objeciives.,

After 1identifying {Lhe high-hazard locations which
are subjecled Lo statistically significani reductions in at
least. one location, the economic evaluation should be per-
formed. This is Lhe subject of the chapter five of Lhis
dissertation thal represents different compuler programs for
economic evalualion of safety projecis under a limited budg-

et and can be used easily by the local decision maker.

As mentioned previously, currenl federal policy
regquires that identification of hazardous locations be based
on analysis of accidenl experience (106). In applying such a
federal requirement, it is necessary to establish "evalua-
tors" which can ke used direclLly for identifying Lhe hazar-

dous localions. Four different analysis Lechniques can be
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use Lo establish the safety evaluators as follows:
(1) Number Of Accidenis Method,
(2) Rate of Accidents Method,
(3) Number Rate Method.
(4) Rate-Quality Control Method.

Usually, when tLhe project site is located in an area where
no appreciable increase or decrease in traffic wvolume has
occurred or 1is expected, it 1s appropriate to select fre-
quency melhod as an accidenL evaluator. When traffic
volumes are expected to vary, a rate related evaluator is
recommended. In this case, the frequency value is a func-
tion of traffic exposure at tLhe project site. Exposure
units are usually expressed as either the number of vehicles
or the number‘ of vehicle-miles of (ravel depending on Lhe
type of project site location. For example, for intersec-—
tion or spot improvements, numbers of vehicles should be
used as Lhe exposure unit. On the other hand, vehicle-miles
of travel is recommended to be used for extended roadway
sections. Table (4-1) shows the highway safety project
codes used by the Federal Highway Administration with

corresponding exposure units.
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TABLE(4-1) RECOMMENDED EXPOSURE FACTORS BY FHWA

PROJECT TYPE RECOMMENDED EXPOSURE FACTOR

1. INTERSECTION PROJECTS

(a) Channelization

(b) Traffic Signals, installed or improved
{¢) Combination of a and b

(d) Sighl Distance improved

<<

2. CROSS SECTION PROJECTS

(a) Pavemenl widening, no lanes added M
(b) Lanes added, without new median v
{c¢) Highway divide, new lane v
(d) Shoulder widening

(e) Skid Treatment/Grooving

(£) SKid Treatment./Overlay

(g) Flatitening and/or clearing of side slope V or

R H

SEEEEE:

3. STRUCTURES

{(a) Widening existing bridge

(b) Replacing of bridge

(¢) Construction of new bridge

(d) Minor construction

(e) Construction of pedestrian over crossing

<<

4. ALIGNMENT PROJECTS

{(a) Horizontal alignment change vV or VM
(b) Vertical alignment change Vor
(c) Combination of a and » V or M

5. RAILROAD GRADE CROSSING PROJECTS (a) Flashing lights
replacing signs only v

(b) Elimination by relocation of highway v
(c) Automatic gates replacing active device v
(d) Signing and/or marking v
(e) Crossing surface improvement \'}

6. ROADSIDE APPURTENANCES
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(a) Installation or upgrading traffic sign
(b) Breakaway sign or lighting supports
(¢) Installation of median barrier

(d) Roadway lighting installation

(e) Impact atlenuators

vV or M
Vv or VM
vV or VM
Vv or VM
Vor M

*%% YM: VEHICLE-MILES
Source (54,118).
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(4-2) METHODS DESCRIPTIONS

Here an attempt is made to identify the appropriate
methods which can be used by a small urban jurisdiction.
Two melhods are found to be appropriate for the small Lran-
sportation systems (1) Number of Accident method and (2) the
Frequency Related Melhod.

Number of Accident Method can be used effectively
for small Ltown sltreet systems, 1local street systems in
larger cities and low volume county roads. This is the sim-
plesl and most direct approach. BAll accidents are recorded
by location and by the time period during which they oc-
curred. As Lhe number of traffre is not signifi-
cant, there will not be many accidents, and few clusters of
accidents will be found. Where clusters do appear, there
will be an objeciive basis for investigation to determine if
some elemenl of roadway facility may be contributing to the
accidents. In using this method, it is recommended Lhat an
accident spot map be used to facilitate the process.

The frequency evaluator method is also very simple
to identify high accident location. Iocations which have a
large nunker of accidents would be studied. The shortcoming
of this method is that exposure or the number of wvehicles
using tLhe facility is not considered in determining the
priority of the study locations, but still is recommended
for small urban Jurisdiction because the exposure factor

most of the time is not significant nor available.
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Traffic wvolume has a great influence on accident

frequency, so it should be considered as a measure of expo-
sure Lo hazard of an improper highway features; it could be
expected Lhat safelLy improvement payoff woul directly

related to Lhe traffic volumes. By stratifying the highway
improvement by traffic volume classification, a measure of
this influence may be seen. So, in this case when the expo-
sure factor is considered Lhe complexity of identification
procedure 1is added. Having the exposure factor, the ques-
tion of accident risk can be easiiy answered, 1i.e.,a road
location may have numerous accidents because it is heavily
traveled rather than because 1t is8 especially hazardous.
S0, risk or hazard can be expressed as an accident rate as

follow:

THE NUMBER OF ACCIDENTS AT A LOCATION

RATE =
THE NUMBER OF CARS USING THE LOCATION

This concept can be further extended for two type of loca-
tions such as intersection and rocadway. The intersection
rate is the number of involvements per million of users as

£0llow:

2 * ACC * 10%%*p

RATE( INTER. )=
T * (VI + V2 + ...+ Vn)

where;

RATE({INTER.) is the Jjunction involvement or
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accident per million vehicle entering,
ACC is Lhe number of accidents recorded in T days,
T is the period for which accidents are counted,
Vi,...Vn is average annual daily traffic on one
junction leg or approach(n is the number of ap-
proach).
The =same formula can be modified and is used £or the roadway
as the roadway sections vary in length and, therefore, give
different exposure to accidents, so, rates for road sections
mist be in terms of accidents per million vehicle miles or
100 million vehicle miles of travel.
ACC * 10 ** ¢© ACC * 10 **x 8

" RATE(ROADWAY) = or
T % Y %x I, T *V*L

where;

RATE(ROADWAY) is the seciion rate in acgident per mi;lion
vehicle miles, .

V 1s average annual daily traffic on a section,

T 13 the period for which accidents are counted,

L 1s the length of the section in miles.

A location with relatively high numbers of accidents
per mile may appear to be quite hazardous. But if the
traffic exposure is significant in the location site, the
accident rate may not be abnormal and the situation may not
be as bad as it seems to be.

For identifying the hazardous locations, if both the

number of accidents and accident rate significantly exceed
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Lthe average, there would e a strong indication that the

site is hazardous.

(4-3) RATE QUALITY CONTROL METHOD

This method is applicable to systems of all sizes
and ranges of trafficlvolumes. It assures control of the
quality of the analyses by applying a statistical test to
determine whelher a particular accident rate is unusual, as
related to the predetermined average accident rate for loca-
tions having similar characteristics (66). Care should be
made to consider that the assumption of accidents £its the
Poisson‘distribution when such a method is applied.

(4-4) CRITERIA FOR IDENTIFYING THE HIGH HAZARD LOCATION

The critical accident rate can be used as an evalua-
toxr for identifying the hazardous location. Usually, the
critical rate is determined statistically as a function of
the systemwide average accident rate f£for the section or
roadway within certain vehicle exposure Ffor different loca-
tions ( urkan or rural). NCHRP report 162 recommends the

following formuila:

Rc = Ra + K ( Ra/m) - (0.5/m)
Where:

Rec Critical accident rate

Ra = Systemwide average accident rate by highway

category ( for sections...accident per MVM) ( for
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intersection...accident per MV)

m = Vehicle exposure during study period (MV or
MVM)

K = 1s a constant for different level of confi-
dence

The values of K for wvarious levels of confidence are shown

bellow (66):
LEVEL OF CONFIDENCE K
0.885 2.576
0.85 1.64S5
0.80 1.282

As mentioned in the NCHRP Report 162, from the prac-
tical standpoint, wariations in the value of K will result
in different numbers of locations which will appear on the
hazardous 1location 1list. So if the lower value of K is
assumed , the number of hazardous 1locations will be in-
creased, but with the higher value of K those numbers will
be decreased. The following procedure can be used to iden-
tify the high hazard location by the small urban Jjurisdic-

tion Lraffic agency.
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PROCEDURE TO IDENTIFY THE HIGH-HAZARD LOCATION

compute systemwide average number of accidents

Average acc. =: (no. of accidents *10%*g)/(Sec
ADT*Period*length)

\

Identify all clusters of accidents at spots

(no. of cluster accidents)*10 **%g
Average Acc.(MV)= : (no. of cluster acec.)/(ADT at
cluster* period)

y

Determine the vehicle exposure for each location

m = ' :
(sec. ADT * period * lenglh)/(10 **g)

For spots:
m =:
(ADT * period)/(10 **G) ....(MV)

\

Compute the Rc for each location

1

Compute the actual observed accident rate at each
location

For section:
Accident/MVM =:
(no. of accidents)/(million of vehicles)
For spots:
no. of accidents
Accident/MV =

million of wvehicles

l

Compare the actual accident zrate with critical
rate at each location
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l

Prepare a 1list of hazardous location for those
locatlions whose rates exceed the critical values.

(4-5) SUMMARY

Once the safety problems are defined, accident pat-
terns may be used to suggest feasible countermeasures to
reduce or alleviate the defiged safely problemsAs men-—
tioned, the need for accurate identification of acecident
patterns has been vwvery critical Lo the overall safety
analysis and the eventual project selection. Frequency
Related Evaluator and Rate of Accident Method are quite sim-
pPle and readily adaptable to the smaller highway and street
systens especially in small urban jurisdiction. The Number
Rate Method and Rate Quality evalualors are recommended for
larger systems with higher traffic volumes. Identifying the
high hazard location and the procedures used are important
because the accuracy of the results of investigation is
vital to the 1local interest in reducing the accidents.
Before a local transportation’s safety dollars can be spent
with the realistic hope of producing a maxXimum return on
investment, it is essential that a local be able to locate
its high hazard locations and specify the reasons why tChose
locations are hazardous. Until this step is taken, further
steps will not be fruitful.

It is hoped that in the near future potential
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accident locations will have to be identified by means other
than accident records. Now, however, the accident records
provide-the best means for identifying potentially hazardous

locations.

(4-6) OVERVIEW OF THE NEXT CHAPTER
The need for ensuring that federal and local capital

funds are used effectively is becoming increasingly ap-
parenL. In this era of constraints on and close scrutiny of
public expenditures, transportation safely alEernatives must
be carefully assessed according to the way they satisfy a
locality’s safety transportation needs. An important objec-
tive of Lhe safety project selection in a local urban jur-
isdiction is to obtain a complete picture of how well Lhe
completed or planned projects are operating from the safety
standpoint. In the next chapter the economic analysis pro-—-
vides an additional perspective of the effectiveness. Dig-
ferent techniques are discussed under budget constraints,
and interactively programmed to help the local decision mak-
er in making an accurate decision for implementing the pro-
posed projects. A new improved algorithm is recommended and
utilized Lo analyze up to 60 locations, each having several

candidate alternatives.



CHAPTER V

FEASIBILITY ASSESSMENTS (SAFETY PROJECTS SELECTION)

The objective of this chapter is to introduce dif-
ferent macro techniques for selecting the traffic safety
projectis. These procedures can be easily used by any local
transportation agency. Also, in this chapter a new improved
algorithm is presented for incremental benefit-cost
analysis. All the proposed techniques are programmed in-
teractively and have been documented in Appendices (B) and
(C).

Inplementation of any local highway projects should
be an on-going process which requires careful planning. To
facilitate future planning and implementation decision,
evalualtion should be performed for Lhose types of projects
which have the highest probability of being implemented in
the future. Evaluation results may be used to Jjustify. in-
crease or reduction in expenditures for specific projects.
In all the cases the cost-effectiveness criteria 1s used for
selecling Lhe appropriate traffic safety projects.

Two different algorithms are developed and pro-

grammed for selecting the safety projects (or programs) and
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resource allocation are (1) Feasibility Assessement Model
(FA Assessment Model (OAM).

Feasibility Assessment Model is developed in this
Chapter and is recommended to be used in local urban traffic
agencies. Optimality Assessment Model will be developed in
Chapter Six, and is recommended Lo be used by either local
or state governments. Figure (5-1) demonstrates the two-
step modeling approaches along with their objectives, func-
tions and capabilities.

The Feasibility Assessment Models presented in this
chapter are mathematically sound and they present an ideal
level of sophistication. It 1is expected that the safety
system engineer be capable of applying them with a high
degree of accuracy. However, the interactive computer pro-
grams that are developed reduce the levgl of sophistication
significantly @ and make it possible for the non-
transportation engineer people to apply them with the help
of avallable documents presented in appendices.

It 18 noteworthy that before any attempt is made to
apply the proposed procedures, the local transportation pro-
fessional should establish systematic identification pro-—
cedures for high-hazard locations based on the recommended
guidelines in chapter four to construct a 1list of '"poten-~
tial" areas of accident reduction. Of course, the procedure
for constructing such a list might range in sophistication

from pure management judgement to computerized sorting of
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FIGURE (5-1) OVERALL MODELING APPROACH

Al

B,

CODELING APPROACH

: . { COST-EFFECTIVENESS SUB-MODEL
FEASIBILITY MSSESSAEUT HODEL: 2. FEASIBILITY ASSESSYENT HODULE
(FAD : ;
: 3, | OPTIMAL-1.EVEL-OF FURD ALLOCATION |
SUB- MODEL
- DESIGHED TO BE USED BY LOCAL TRAFFIC AGENCIES
- "ALLOCATE THE LIMITED SAFETY FUXDS
- IT IS EASY TO BE UTILIZED AND 10T SO SOPHISTICATED

-, CAH BE USED BY LOCAL JURISDICTION TO QUANTIFY HIS
SAFETY IIEEDS

- IT [S COMPARABLE WITH DYHAMIC PROGRA'ZMING MCDEL
= OPTIMIZE A SINGLE OBJECTIVE SAFETY SYSTEM
- CAN BE OPERATIONAL BY NON-TECHNICAL PERSOH

OPTIMALITY ASSESSMENT MODEL

- IT IS MORE SOPHISTICATED THAN FAM
~ IT IS VERY FLEXIBLE TO PERMIT A VARIETY OF GOALS
- IT PERAITS T0 ACCEPT A WIDE VARIETY OF CONSTRAINTS

- [T [S CAPABLE OF SATISFY[NG THE GOALS TO THE EXTENT
POSSIBLE BASED OW THE PRIORITIES ASSIGNED THEM
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accident records. Most of the available sound techniques
that can be used by a local transportation agency are docu-~
mented in Chapter Four if the pure mangement Jjudgment is not
adequate for identifying the high-hazard locations. There-
fore the first step in using the proposed macro techniques,
identifies the high-hazard localions and their related coun-
Lermeasures. At this level, the proposed techniques provide
a definite policy. Equipped with this policy, the local
Lransportation decision maker will be guided to Lhe particu-

lar alternative to implement at each critical area.

(5~-1) NEGATIVE UTILITY VALUE FOR HUMAN LIFE LOSS (ACCIDENT
COSTS)

In order for analyses of traffic safety improvement
Projects to be carried out, it is necessary that not only
project costs but benefits as well be used so the question
of "human-—life value" will come to light.

The literature has identified four different methods

for calculating the accident costs as follows:

(1) Accident costs includes only those costs directly
associated with an accident - property damage, medical
expenses, lost work-time from injuries, legal costs,

damage awards, and loss of vehicle use.

(2) Accident costs include both direct accident costs
and present value of future net production lost to

society as the result of an accident.

(3) Accident costs include the gross or total future
production, not net future production, of the accident

victim.
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~—4y-Aocident-costls based on the willingness -to:

avoid a fatal accident.

As the result of using different criteria for calculating

the adcecldent severily costs, various figures are used by

different Lransportation agencies, but recent surveys indi-

cate that NSC accident cost values, which are the second

type of accident cost described above, are Lhe mosli fre-

quently used (12,14,102,114). Table (5-1) demonstrates the

sumpary of wvarious accident severity costs by different

transportation acencies.

SUMMARY OF ESTIMATED SEVERITY COSTS BY DIFFERENT
TRANSPORTATTON AGENCTIES IN THE UNITED STATES
FATAL INJURY- PDO
(1) NATIONAL SAFETY COUNCIL $ 113500 $ 6200 $ 570 E
(2) NATIONAL HIGH. TRAN. SAFETY 287175 3188 520
(3) NORTH CAROLINA DIVISION 102380 - 585 -
(4) ALABAMA DEPARTMENT OF TRAN. 37000 —2200 360 )
25) CALIFORNIA DEPARTMENT OF TRANS. SS5000 3000 Sa0
(6)TEXAS DEPARTMENT OF TRANS. 110,050 3505_ 1000
27) KENTUCKY DEPARTMENT OF TRANS. 45,000 2700 -200
28) US. DEPARTMENT OF TRANSPORTATION 307,210 14600 650 -

TABLE (5-1).
Data are compiled from (14, 78, 91, 111, 118).
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é5-2E COMPUTERIZED APPROACH FOR SELECTING THE TRANSPORTATION

The Feasibility Assessment Model developed in this

chapter incompasses three independent sub-models:

(1) COST-EFFECTIVENESS SUB-MODEL,
(2) FEASIBILITY ASSESSMENT MODULE,
(3) OPTIMAL~LEVEL-OF-FUNDING SUB-MODEL.

Figure (5-2) demonstrates the components of the Feasibility
Assessment Model along with their objectives and functions.
It is assumed that there are multiple locations and multiple
alternatives, however an efficient computer program is
developed for when there is a single location and multiple
alternatives. This will save a tremendous amount of comput-
er time (CPU) when a decision maker deals with this situa-
tion. Appendix (B) contains several computer programs £or
single 1location, multiple alternatives as well as multiple
locations and multiple alternative safety countermeasures.
If only one alternative is considered at each location, then
simple benefit-cost ratios are recommended to be used Lo
rank alternatives and no other methods can ke considered
cheaper and easier than the B/C analysis, So it is recom~

mended f£or use by the local transportation agency to evalua-

ate Lhe different safely project at a location.
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5-2.1 FEASIBILITY ASSESSMENT MODEL__FOR MULTI-LOCATION
ﬁm D S ANALYSLIS

The cost-effective algorithm is developed in Lhis
section to find the optimal solution (best solution) for
selecting Lhe safety projects. 1In this regard, The problem
of optimum utilization of improvement fund is divided into
three distinct steps:

(1) COST-EFFECTIVENESS SUB-MODEL:

(a) Determining the benefil associated with each
proposed improvement,

(b) Determine all feasible alternatives,

{2) AFEASIBILITY ASSESSMENT MODULE:
(a) Array all feasible alternatives in an order
such that no preferable ordering of projects can
be obtained for the same level of funding,

(b) List the optimum set of projects for each
level of funding,

{(3) OPTIMAL-LEVEL-OF-FUNDING SUB-MODEL:
{(a) Recommend the optimal funding level,

(b) Allocate the optimal fund to the selected
safety program.

Figure (5-2) summerizes Lhe components of the model along
with their limitations.

The computer programs documented in Appendix(B) were
developed to calculate the various steps, the costL and bene-
fit associated with a set of proposed projects and utiliza-

Lion of the improved algorithm for incremental cost-benefit
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FIGURE (5-2) COMPONENTS OF THE FEASIBILITY ASSESSMENT MODEL

EEASIBILITY ASSESSHENT MODEL
(1) (COST-EFFECTIVENESS SUB-MODEL

(1) USES THE COST-EFFECTIVENESS MEASURES TO ASSIST
IN ESTABLISHING PROJECT PRIORITIES

(11) IT IS PRIMARILY DESIGHED TO BE AN [NPUT MCDEL

(2) EEASIBILITY ASSESSMENT MODULE
(1)" PRIMARILY HAS BEEN DESIGHED AS AN INDEPENDENTLY
OPERATING MODULE

(11) 1T PROVIDES MAXIMUA SYSTEM WIDE ACCIDENTS REDUCTION
FOR THE DOLLAR SPENT WHILE STAYING WITHIii OVERALL
FUADING COHSTRAIWTS.

(111) 1T CAN BE APPLIED WHENEVER BUDGET ALLOCATICH IS
REQUIRED AND THE COAST AND BENEFIT INFORMATIONS
ARE AVAILABLE.

(1v) THE ALGORITHM ALLOWS THE SIMULTANEOUS DETERSINATION
OF PREFERRED LOCATICHS AWD PREFERRED EXPENDITURES.

(v) TO DETERMINE THE COMBINATION OF SAFETY PROJECTS .
THAT 1S MOST COST-EFFECTIVE AS AN INTERRELATED SYSTEM

(v1) USES IMPROVED VERSION OF MARGINAL ANALYSIS APPROACH
TO DETERMINE WHAT IS’ THEORETICALLY THE BEST MIX OF
PROJECTS 70 BE INCLUDED IN THE PROGRAN

(vi1) OUTPUT

(a) LISTS ALL THE PROPOSED PROJECTS WITH THEIR
‘ COST, BENEFIT AND COST-EFFECTIVENESS

(8) LISTS ALL FEASIBLE AND INFEASIBLE ALTERNATIVES
SEPARATELY

(c) LISTS ALL OPTIMAL SET OF PROJECTS UNDER"
USLINITED COASTRAINTS

(p) PRINT ALL OPTIMAL SET OF PROJECTS UNDER
LIMITED FUNDS

() PRINT LEFT-OVER VALVE THAT MAY BE AVAILABLE
REXT PER!IQD,

(3) OPTIMAL-LEVEL-OF-FUND SUBMODEL

- IT CAN BE USED BY ARY NON TECHNICAL PERSON TO
PROCEED THIS PROCEDURE [N ORDER TO OBTAIN THE
FINAL OPTIMAL BUDGET LEVEL.

- IT MAY BE USED BY HIGHER LEVEL TRANSPORTATION
AUTHORITIES TO ESTIMATE THE OPTIMAL SAFETY HEEDS
OF A COMVURITY
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for <calculating the optimal set of projects under various
funding levels.

The annual equivalent technique is used for calcu-
lating Lhe annual cost of each alternative. The minimum
attractive rate o©f -return can e input by the-degision
maker(s). This method is preferred to the present
equivalent technique since each projecl may have different
economic lives which make it difficult to compute the actual
total present value. The following exaclt Lechnique is used
to determine the annual equivalent of first costs and

maintenance for each related alternative at each location.

AEC(K,J) = C(k,J) * CRF + MAIN (k,3)
Where:

AEC(k,]3) is the annual equivalent cost of project 3j
at location Kk,

ik, is the capital cost of project j at loca-
tion Kk,

MAIN(Kk,3j) is the annual maintenance cost of project
3 at location k,

CRF is the capital recovery factor,
CRF=[1*(1+1)**LIFE(K,3) /[ (1+i)Y**LIFE(k,J) —-1]

i is the minimum attractive rate of return
LIFE(X,J) 1s the economic life of the project jJj,
K is the location index, k=1,...,N

3 is the alternative index, Jj=1,...,M

The High-2Accident ILocation Form provided in Fig-

ure{5-2) c¢an simplify the burden of the dala input process;
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HIGH ACCIDENT LOCATION FORM (HALF)

(1) Location description
(2) Time period of accident history: Year date
(3) - Location Accident Cause
(CAUSE OF ACCIDENT) TOTAL FATAL INJURY PDO
(4) Proposed Alternatives:
(5) Number of Alternatives EFFECT ON CAUSE
' % REDUCTION
PROJECT CODE COST MAINT. |LIFE TOT] FAT INJ PDO
(a)
(b)
(c)
C))
(e)
(£)
()
(h)
(6) 1Investigator:
(7) Comment:
FIGURE (5-3) HIGH-ACCIDENT LOCATION FORM
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it also represents what Lype of data is required Ffor tLhe

compuler input. For economic computation of each project

return value, the following variables should be defined and

provided to be inputl to the computer program:

TOT(i) = FAT(i) + INJ(i) + PDO(1i)

TOT(i) is the total number of accidents for each

location,

FAT(i) is the number of fatality at each location,

INJ(1i) 1is the number of injury accidents at each

location,

PDO(1i) is the number of property accidents at each

location,

RFAT(1i,3) 1s the fatality reduction factor if safeLy

project j is implemented at location i,

RINJLL,3) is the injury reduction factor 1if safely

project j is implemented at location i,

RPDO(1,3) 15 the property accident reduction factor
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if the alternative j is implemented at location i,

LIFE(1,3) is the economic life of safety project 3J
if it is implemented at site i,

CFAT 1is the negative utilily value for fatal ac-

cident,

CINJ is the negative utility wvalue for injury ac-

cident,

CPDO 1is the negative utility wvalue for propertiy

accident.

CFAT, CINJ, and CPDO parameters can be input based
on Lhe recommendation of the previous section, or according
to the 1local decision desire, however, in case of lack of
the available data, the program will assign the default
value to each unknown parameters.

The following calculations are made to convert Lhe
magnitude to the relative value if any feasible alternative
J is implemented at location i:

For each location, compute;

SRFAT = FAT(1i) * RFAT(i,3Jj)

SRINJ(i,J) = INJ(i) * RINJ(1i,3J)

SRPDO{1,J) = PDO(i) * RPDO(1,3J)

Where; SRFAT(i,j), SRINJ(i,Jj), and SRPDO(i,j) are the saved
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fataliLy, injury and properLy damage accidenls respectively
for each location if project safety j is implemented. The
following transformations are necessary in order Lo convert

the reduction magnitude to the relative values:

CSRFAT(1,3)

SRFAT(1i,Jj) * CFAT

CSRINJ(1i,3) = SRINJ(i,J) * CINJ

~ESRPDO( 1, )--=- SRPDOL § )—%--CPDO-
where;
CBRFAT(1,J)), CSRINJ(1,)), and CSRPDO(i,Jj) are the relative
values of saved fatality, 1injury, and property accidents
respectively. The annual amount of saving for each allerna-
Live j if it is implemented at location i can be estimated

as follows:

B(i,3) = {CSRFAT(1,J)+CSRINJ(1,J)+CSRPDO(1i,3)} /YR(1)

where, the B(i,j) is the annual saving which could result
from implementing the safely project j at location i, and
YR(i) is the accident history at each location under study
and is summerized in HALF data form. Up to this stage, the
first ordering of the projects at each location can be done

based on the benefit-cost ratios as follow:

[B/C]I(1,])={ (CSRFAT(1i,J)+CSRINJ(1,J)+CSRPDO(1i,3))/(C(1i,J)*CRF
+MATN(L,J3))
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Simplifying the above equation;
(B/C1(i,3J) = B(i,J)/AEC(i,])

The next step of the programming calculation is ord-
ering the projects in a way Lhet no preferable ordering can
be oblLained. The improved incremental benefit-cost tech-
nique 1is developed at this stage. The technique can array
all the projects in an order of imporiance such that no
preferable ordering of safety projects can be obtained for
the same level of funding. In this regard, tremendous com-
puter time is saved when this technique is compared with
other optimization techniques such as Dynamic programming
and linear programming regardless of the projécts scale and
oLher limitations which will be discussed. The flow chart
represenled in Figure (5-8) demonstrates the technique’s
mechanism step by step.

The computer program, called the Feasibility Assess-—
ment Module (FAM), is developed to produce the required cost
benefit information. As mentioned the new improved incre-
mental benefit-cost technique is used to evaluate not only
the cost and benefit of each projectL, but represents the
list of all unfeasible alternatives which may be considered
in Lhe near future feasible as the resull of new Lechnology,
more accurate information, and other parameters that may
change many current established criteria.

In Chapter Six of this dissertation, a more sophis-

ticated model is developed which will account other
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parameters into the model. For the Feasibility Assessment
Technique developed in this chapter, the data related Lo the
seventeen high-accident locations in Alabama are used for
model calibration. The HALF data form for each location has
been filled and different safelLy projects which were
selected by authorities as the alternatives countermeasures
were considered. The program recommends a set of unfeasi-
ble, feasible, and optimal projects for each selected level
of funding. The entire program documentation, c¢oding, and
the sample results are included in Appendix (B). Figures
(5-4), and (5-5) demonstrate the final optimal policies for
each budget 1level along with the expected return and saved
accidents. Sample computer out put is presented 1in Figure
(5-6) and optimal sel of projecis for various funding level

" is shown in Table (5-2).

(5-3) REQUIRED ASSUMPTIONS CONCERNING THE APPLICATION OF THE
COST=-EFFECTIVENESS ALGORITHM

In order to apply the recommended procedure very
effectively, certain assumptions should be made. These
assumptions are vital when the data inputs are collected.
The following assumptions should be made if the model is
utilized.

(1) All the safety projects considered in
this model should be mutually exclusive and
non-independent within the location but
independent. between the locations.

(2) It is assumed that on a given day a pool

of potential project(s) is available ¢to
local or state authority for submission to a
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THZ DROGEAY RESONMEAND THE FCLLOWING PROJECTS AS THE OPTIMAL SELZCTION NMNDER JALINITED FUNDS
INDEX HO. DPROJ. CCDE cosT AYEPIT CUMULAT.COST CUAULAT. DFREF. HAR. S/C
1 4-1D 7%0. 14030, 750. 14030. 18.71
2 11-1L 1000. 10560. 1750. 24590. 10.56
3 1- 1A 2000. 20a02. 3750, 45392, 10.40
4 1-22 7136, 71322, 10886° 116714. 9,14
S 10-2% 2200. 16530, 13086, 133544. 7.65
6 12-1K nno. 4%90. 13886, 1338134, 5.74
7 16-12 1209. 6790. 15086. 144924. 5.66
8 17-15 - 14800. 7210. 16486, 152134, 5.15
] 5- 13 6£000. 21RS3. 22486, 173587. 3.64
10 19-3K8 3600. 21674%. 26086. 185661 . - 2,46
1 1-3a 29645, 118070. £5731. 314531, 2.11
12 %9-1J 6500a 131904, 62231, 327635, 2.02
13 2-18 £2000. 14157 70231, 341753, .77
14 9-2J 8000. 15470. 78231. 357263, 1.58
15 £- 111 100000. 136009. 178231, 433271. 1. 36
16 1-42 26781, 128380. 215012. 621652, 1.33
<I'T PROGTAY ZCCOMMEND THE FOLLOWING PROJZCTS WHICH MRS WITUIX THZ PROPOSED BUDGET
INDEX NO. PRNJ. CCDE cosT BENEFIT COMULAT. COST COMGLAT. BENZET. KAR. B/C
1 §-10 750. 150304 753. 140130, 18. 71
2 11~11L 1000. 105604 1750 34590, . 10.56
3 1-1a 20600. 200932, 3750. 45392, 10.50
4 1-22a 7136. 71322, 10836« 116714 9.84
5 10-2% 2200. 16830. 139£6- 133544, 7.85
6 17=-1% 200. 4560. 12886. 132123, S.74
7 16-12 1260. 6790. 150864 148624, 5.66
8 17-18 1400. - 7210. 16386 152134, 5.15
9 5- 11 6000. 21353 22486. 173¢87. 3.64
10 10-3K 3600. 21674, 26086. 195661 3.46
THE PLOPOSED MUPGET 1S 3 30000.
UNEXPFYUDED BUDGET IS 3  3914.00

NEXT-YEAR VALUE

FIGURE (5-6) SAMPLE OF COMPUTER OUT-PUT FOR THE BUDGET LEVEL OF 30,000 DOLLARS

CT UNTXPENDED

BUDGET

3 4187.98



TABLE (5-2)

Optimal Policy For Selecting The Budget Level For 17 High~Accident Locations
(budget level: thousand) '
100 120

10 20 30 40 50 60 70 80 90 140 160 180 200 220 240 260 280 300

I 1 1,2 1,2 1,2 1,2 1,2,3 1,2,3 1,2,3 1,2,3 1,2,3 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3 1,2,3 1,2,3,6 1,2,3,4 1,2,2,4 1,2,3,4 1,234

2 - - - - - - - 1 1 1 1 1 1 1 1 1 1 1 1 1
3 - - - - - - - - - - - - - - - - - - - -
[ T S S R 1 1 1 1 1 1 1 1 1 1 1 1 1 1
s - - 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 ] 1
6 - - - - - - - - - - - - - - - - - - - -
7 - - - - - - - - - - - - - - - - - - - -
8 - - - - - - . - - - - - - 1 1 1 1 1 1 1
9 - - - - 1,2 - 1 L2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2

0. 2,1 2,1 2,1,32,1,32,1,3 2,1,3 21,3 2,1,3 °2,1,3 2,1,3 2,1,3 2,1,3 2,1,3 2,1,3 2,1,3 2,1,3 2,1,3 2,1,3 2,1,3 2,413

111 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
12 « - - . . - - - - - - - - - - - - - - -
13 -« - e - . - - - - - - - - - - - - - - -
W - - - - . - - - - - - - - - - - - - - -
5 - - - - - - - - - - - - - - - - - - - -
6 1 1 S 1 1 1 1 1 1 1 1 1 1 1 1 1 - -
17 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

*RE 80.8 152.1 195,7 208.8 238.4 314.5 327.6 357.3 357.3 357.3 485,0 485.0 485.0 493.3 493.3 621.7 621.7 621.7 621.7 621.7
#A.C 93.5 164.9 260.9 325.9 485.9 557.3 622.3 782.) 782.3 782.3  1150.0 1150.0 1150.0 1782.0 1782.0  2156.1  2156.1 2156.1  2156.1 21%b.}

*KE ~ Return (thousand)
A.C - Actual Cost (hundred)

-9¢€1-



-137-

cost-effecltiveness model.

(3) The benefits from a given increment of
expenditure can not be realized unless pre-
vious increments are spent.

{(4) Only informations related to the
accldent-based data are included in the
algorithm. However, the independent FAM
module enables the decision maker to include
the non-accident based information into the
formulation.

{5) The model gives the best possible rank-
ing of projects with minimum cumulative
cost, but not necessarily maximum benefit (
it is actually very close to maximum).

(6) Effectiveness estimated in chapter three
which may be considered by the decision mak-
exr for various countermeasures embody most
updated results of previous research activi-
ties (up to 1881). The user may update this
informations if it is possible.

{(7) The primary focus of this methodology is
directed toward measuring only the traffic
safety-related benefits, sO, non-safety

beénefit impacts have been completely ig-
nored.

The above mentioned assumption sometimes reduces the
sensitivity of the model and sometimes strength
bility of Lhe procedures. However, the advantage and disad-
vantage of the procedure will be discussed later in this

chapter.



-~138-

FIGURE (5-7) SCHEMATIC OF ALLOCATION PRCCEDURE

(AR OVERVIER)
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FIGURE (5-8), OVERALL FEASIBILITY ASSESSMENT PROCEDURE
DEVELOPED FOR ALLOCATING THE SAFETY FUNDS
IN LOCAL JURISDICTION

COUNTERMEASURE HIGH-ACCIDENT COUNTERMEASURE
EFFECTIVENESS . LOCATION FORMS COSTS
CHAPTER 3 (HALF) CHAPTER 3

' INPUT ACCIDENT SEVERITY,
COSTS, RATE OF RETURN,
AND BUDGET LEVEL

(COST-EFFECTIVENESS)
SUB-MODEL

FOR EACH LOCATION,
COMPUTE THE ANNUAL
ACCIDENT FREQUENCY

FOR EACH LOCATION,
COMPUTE THE EXPECTED
REDUCTION IN ACCIDENTS,
IF THE PROJECT(S) ARE
IMPLEMENTED

CONVERT THE MAGNITUDES
TO RELATIVE VALUES FOR
ACCIDENT COSTS

COMPUTE THE EQUIVALENT
ANNUAL COST OF EACH
ALTERNATIVE AT EACH
LOCATION
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3

ESTIMATE THE ANNUAL
SAVINGS IF COUNTERMEASURE
(J) IS IMPLEMENTED AT
LOCATION (I)

FOR EACH LOCATION (I) AND
EACH ALTERNATIVE (J),
ASSIGN THE ANNUAL SAVING
AS A BENEFIT

FOR EACH LOCATION (I) AND
ALTERNATIVE (J) COMPUTE
THE B/C RATIO

FOR EACH LOCATION,
CALCULATE THE MARGINAL
B/C FOR ALL PROJECTS

I=1,2...,N J=1,2...,M

FOR EACH LOCATION,
DELETE ANY PROJECT
HAVING MBC(I,J) <1l

FOR EACH LOCATION,
COMPARE MBC(I,J) WITH
MBC(I,J+1), IF MBC(I,J+1)
GREATER THAN MBC(I,J),
RECOMPUTE THE MBC (I,J+1)
=B(i,j)+B(i,j+1) DIVIDED BY
c(i,j)+C(i,3j+1)

REPEAT THIS PROCESS
UNTIL ALL THE MBC(I,J)
BE GREATER THAN THE NEXT

ONE

FEASIBILITY ASSESS-
MENT SUB-MODEL
(FAM)
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¢

FOR ALL (I) AND (J), ARRAY
THEM IN DECREASING ORDER
BASED ON THE MBC(I,J)
VALUES

SELECT ALTERNATIVES IN
ORDER FROM HIGHEST TO
LOWEST MARGINAL B/C
RATIOS

IF SOME FEASIBLE

PROJECTS CAN NOT BE
ACCEPTED WITHOUT EXCEEDING
THE BUDGET LIMIT, THEN,
EXCLUDE THAT ALTERNATIVE
FROM CONSIDERATION AND

PROCEED ANOTHER ALTERNATIVE (S
IN ARRAY UNTIL NO MORE SAFETY

PROJECTS CAN BE ADDED
WITHOUT EXCEEDING THE
BUDGET LIMITS

THE PROGRAM RECOMMEND 2
SET OF OPTIONAL PROJECTS

UNDER LIMITED AND UNLIMITED

FUNDS IN A SEPARATE LIST.

REPEAT THE PROCESS FOR
ALL PROPOSED LEVEL OF
FUNDINGS

FURTHER INVESTIGATION BY
THE DECISION MAKER, THE
PROGRAM RECOMMEND THE
OPTIMAL LEVEL OF FUNDING
THE PROCESSES ARE SHOWN IN
TABLES (5-2) AND (5-3)

OPTIMAL-LEVEL-OF
FUNDING SUBMODEL
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(5=4) OPTIMAL FUNDING POLICY FOR SAFETY PROJECTS
PROGRAMMING

(OPTIMAL~LEVEL-OF-FUNDING SUB-MODEL)

The algorithm developed in Lhis chapler ensures that
a very close set of optimal projectis will be recommended
according to the given budget. However, the author hesi-
tates Lo call this approach optimal since the process allows
just. one objective and a fixed budget. In fact, most of Lhe
time the safety budget not fixed, bul sometimes Lhe "best-
possible" case may not be oblained. The algorithm allows
the simultaneous determination of preferred locations and
preferred expenditures the important concept on which many
optimization techniques are based. The procedure represenc-
ed in Table(5-3) demonstrates the final process in which the
higher dJdecision maker(s) may proceed in order to obtain the
final optimal budget level. Table(5-3) demonstrates this
process for the Alabama data. The marginal benefit-cost
technique is proposed to be used for this step, since it is
simple and easily understand by many non-technical person-
nel. The cost figures represented in Table (5-3), are de-
fined a8 actual since the left-over determined by the pro-
gram has been subtracted from the proposed budget at each
funding level. The optimal budget level may be selected
based on the trade off between marginal cost, marginal bene-
fit and the marginal B/C as was shown in Table(5-3) with the

different funding levels.
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B/C Ratio

*  Actual Cost = budget - leftover

M. Cost = Marginal Cost

M. Return = Marginal Return

M. E

TABLE (5-3)

= Marginal Benefit - Cost Ratio
OPTIMAL FUNDING LEVEL PROCEDURE

Budget Actual Cost# Return M. Costn 4. Return* M, B/C*
10,000 9350 - - - - -
20,000 16486 152134 7136 71322 9.22 9.99
30,000 26086 195661 960 6352.7 7.5 4.53
40,000 32586 208765 6500 13104 6.40 2.016
50,000 48586 238393 16000 29628 4.9 1.85
60,000 55731 314531 7145 76138 5.64 10.65
70,000 62231 327635 6500 9628 5.26. 1.481
80,000 78231 357263 10000 29628 4.56 1.85175
90,000 78231 357263 0 0 4.56 0
100,000 78231 357263 0 0 4.56 0
120,000 115012 485643 36781 128380 4.22 3.49
140,000 115012 485643 0 1] 4.22 0
160,000 115012 485643 0 o 4.22 0
180,000 178231 493271 63219 7628 2.76 0.i2
200,000 178231 493271 0 ] 2.76 0
220,000 215012 621652 36781 1283&1 2.89 3.49
240,000 215012 621652 0 ] 2.89 0
260,000 215012 621652 0 0 2.89 0
280,000 215012 6?1652 0 0 2.89 0
. 300,000 215012 621652 [ 0 2.89 1]
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(5-5) PROCEDURE CALIBRATION

Dynamic programming and conventional maximum
benefit-to-cost-ratio algorithms are developed in this stage
to be used Lo compare the numerical results of the recom-
mended procedure. This 1s shown in Figures (5-9) and
(5-10). As mentioned, the Alabama Highway Department has
experienced the application ¢of£ DP to the optimization of
budgel allocation for the safety improvement program.

Here, an attempt 1s made to demonstrate the DP
mechanism used in Lhe computer program in the Appendix(B-4)
by the following steps demonstrated in Section (5-6).
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(5-6) DYNAMIC PROGRAMMING ALGORITHM MECHANISM

Dynamic¢ Programming technique is used in this dissertation
for model calibration and comparison purposes. Here an attempt
is made to demonstrate the model mechanism step by step. The

complete computer code is provided in Appendix (B).

(step 1) DIVIDE BUDGET INTO N
EQUAL INTERVALS

v
(step 2) DETERMINE THE BEST |
ALTERNATIVE AT LOCATION ONE
TO MAXIMIZE THE RETURN USING,
J INCREMENTS I=1,2,...,N .

OPT(1,3)=RET(3J)

where OPT(i,J) 1Is TOTAL
OPTIMUM RETURN AFTER STATE J
FOR 2N INVESTMENT oF J
INCREMENTS;

RET(i,J) RETURN FROM
LOCATION i FOR AN INVESTMENT
OF 3 INCREMENTS;

SELECT(1,3) IS THE CHOSEN
ALTERNATIVE AT LOCATION i FOR
AN INVESTMENT OF J
INCREMENTS. ’

v

(step 3) REPEAT STEP 2 FOR l

EACH STAGE
RET(i,j)= MAX (RET(i,k) +
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ooe

OPT(i-1,3-k)}

i=1,2,...,N

K =1,2,..,J

Where N = NUMBER OF
LOCATIONS

OPT(i-1,j-k) IS THE TOTAL
OPTIMUM RETURN AFTER STAGE
i-1 FOR AN INVESTMENT OF 3j-k
INCREMENTS;

SELECT(1,J) REPRESENTS CHOSEN
ALTERNATIVE AT LOCATION i FOR
AN INVESTMENT OF 3

INCREMENTS.

(step 4) THE OPTIMUM
ALTERNATIVE AT EACH LOCATION
CAN NOW BE  OBTAINED BY
DETERMINING THE BEST
ALTERNATIVE FOR LOCATION M AT
STAGE M WITH N INCREMENTS.
THE REMAINING INCREMENTS CAN
NOW BE USED AT STAGE (M-1),
ETC.

ALTER(M)= SELECT(M,N),
LEAVING N  INCREMENTS AT
LOCATION M;

ALTER(M-1)=  SELECT(M-1,N1),
LEAVING N1  INCREMENTS AT
STACE M-~1;

ALTER(M-2)= SELECT(M-2,N2),
LEAVING N2 INCREMENTS AT
STAGE M-2

ALTER(1)= SELECT(1i,Ni+1);

Where Alter(i) IS THE CHOSEN
ALTERNATIVES AT i-TH
LOCATION.
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The above procedure has been computerized using Alabama com-

puter coding program Lhat is represented in Appendix (B).

(5-7) SUMMARY

In applying the procedures mentioned in this chapter
a local or in a higher level application i.e., state, would
identify a large number of potential 1location say, 50 to
1000 locations per time period. This of course varies by
the size of the local jurisdiction, and the extent of the
safely program that the authority 1likes to investigate.
However Lhese locations would be investigated based on the
procedures recommended in chapter four or other criteria.
In this stage several alternatives would be 1identified for
each location. Then based on the recommended procedure for
collecting the data input, the HALF data form can be provid-
ed for each hazardous location.

Feasibility Assessment Module (FAM) and Cost-
Effecliveness Algorithm Module (CEAM) are designed to deter-
mine projects which should be funded to obtain a maximm
return in term of reduced accidents, injuries, and fatali-
ties.

FAM module primarily has been designed as an in-
dependently operating module. Hence it can ke applied when-
ever budget allocation is required and the cost and benefit
informations are available. However, the CEAM module can be

used in combination with FAM as a complete computer
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MACRO PROCESS TO DETERMINE
THE FINAL OPTIMUN SET OF PROJECTS
AND BUDGET LEVEL

HALF

(DATA INPUT)

COST-EFFECTIVENESS
ALGORITHM

OPTIMAL SET
OF PROJI.CT FOR
THE LEVEL OF
BUDGET ONE

OPTIMAL SET
OF PROJECT
FOR THE LEVEL
OF BUDGET TWO

OPTIMAL SET
OF PROJECT
FOR BUDGET
LEVEL N-1

OPTIMAL SET
OF PROJECT ..
FOR THE LEVEL
OF BUDGET N

PROPOSED PROCEDURE
TO FIND THE OPTIMAL
FUNDING POLICY

OPTIMAL FUNDING

LEVEL

FIGURE (5-11).
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pommm=—- 1
lcoST/BENER,

L_MODEL__ !

T T T T s e e
| [
i i
| |
I i
! CosT-EFFECTIVENESS i
: SuB-MODEL :
! i
b — .. j
RANKING 1 | OTHER |
! - . IRELATED |
IMODEL _ _ _, LMODEL, !
e — ———— — ——— — — s G Qo e iy st St vt o | ae s man . o s e e - e o e e =
e S Seeaar e
j FEASIBILITY ASSESSMENT !
! MoDEL {
! i
! i
| [
| i
: OPTIMAL SET OF SAFETY :
i PROJECTS FOR DIFFERENT j
i FUNDING LEVEL (OR SCENARIO) N
U
e e
l i
i OPTIMAL-LEVEL-OF !
: FUND SUBMODEL %
i |
g !
| !
| |
g OPTIMAL-LEVEL-OF FUNDING }
i POLICY FOR THE SYSTEM i
O S P

FIGURE (5-12) FEASIBILITY ASSESSMENT SYSTEM MODEL




-163~

procedure for selecting the safety projects while the ini-
Lial 1inputs are the accidents data rather than the benefit
and cosl components.

The final decision for implementing the optimal set
of safety project and the level of funding should be made in
two sleps:

(1) finding the optimal set of projects;

(2) investigating the optimal level of funding.
The decision for finding the set. of optimal projects 1is
derived based on the proposed algorithm that determines
which combination of the alternative will result in a
highest return for various locations. The decision for
findina the optimal budget level should be based on the pro-
posed procedure indicated in the case study. This decision
usually is made by higher level of decision maker, 1i.e.,
state for 1local 3Jurisdiction. Figure (5-12) demonstrates
the Feasibility Assessment System Models proposed in this

dissertation.
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(5-8) OVERVIEW OF THE NEXT CHAPTER

The methodology described in this chapter can be
used very effectively by any iocal jurisdiction for select-
ing the optimal set of safety projects. However, the final
decision for implementing any specific safely program is
usually made by higher level transportation officials for
allocating the resources to the local jurisdiction. So, the
first step is to demonstrate the state authority that a cer-
tain safety program is cost-effective and actually will ful-
£ill the requirement of the higher 1level decision maker.
So, the problem will no longer be a single objective problem
; it is a problem that should satisfy a multi-objective cri-
teria with multi-goals and sub-goals. The methodology
developed in the next chapter provides a very quick response
to Lthis multi-interest problem. A goal programming methodol-
ogy is developed to aid the higher-level decision maker to
formulate a resource allocation model that allocates the

resources properly to the different local jurisdictions.



CHAPTER VI

MACROSC OPICOPTIMIZATION PROCEDURE FOR ALLOCATING
TRANSPORTATION SAFETY RESOURCES
Introduction:

This chapter develops the methodology for distribut-
ing local funds among the most potential countermeasures or
safely programs that their relative importance have been
recognized. The nvtimizAation procedure is designed to use
the data provided by the cost-effectiveness model to deter-
mine Lhe best mix and level of local spending on different
countermeasures, subject to financial, legal and operational
constraints which are based on a set of predefined local and
state goals and objectives. The proposed procedure is com—

posed of the following steps:

(1) Effectiveness Development,
(2) Countermeasure’s Safely Indicator Development,
(3) Optimization Formulation, -
(4) Achievement Index Development.
As--diseussed—in -Chapter-One,—alloeating-the -traffic
safety resources should be based on quectives, goals and

needs which satisfy bolh locality and stale government. A
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useful and practical safety allocation procedure mast meet
certain crileria that are discussed in this dissertation.
These crileria are the capability of Lhe procedure to handle
malliple objectives, to be able to respond Lo policy gues-
tions, and to reflect or handle state and local interest.s as
well as the demand the least for data input. Any other
model oOr procedure that does not meet these criteria might
produce badly distorted results. The objective of this
chaplter is Lo provide the user with an efficient methodology
with minimum data input, while the concept of multiple ob-
jective optimization is introduced with the help of a new

and promising tLechnique of goal programming.

(6-1) EFFECTIVENESS DEVELOPMENT

Two measures of effectiveness have been proposed in
Lthis research study: A Benefit-Cost ratio considered in
Chapter Five for FeasibilitLy Assessment, and Cost-
Effectiveness ratio for Optimality Assessment for vresource
allocation is considered in this chapter. However, the
major question posed by the initial statement of selecting
such measurements should be properly investigated. The
major argument in selecting the different cost-effectiveness
measures is the need for proper indicators which are compa-
tible with the optimization technigque and the reliability of
the selected indicators. However, the major consideration

is Lo find a proper "unit-of-measurement” with the highesl
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reliability while it would be selected to be used in the
opLimization algorithm. When B/C ratio is considered, the
"unit-of-measurement" should be commensurable, otherwise,
the benefit and cost can not be computed properly. But, when
the cost-effectiveness ratio is used, the transformation
into a quantitative value is not essential. In using this
measure, the units are generally maintained even when can-
cellation is permissible. So, the development of a cost-
effectiveness ratio can simply be regarded as the benefit to
be derived from & unit of resource expenditure, or a unit of
life, injury, or properiy damage accident which can ke saved

witih any level of expenditure. Use of this nmeasure along

with the mathematical procedure yields an optimum allocation
expressed in physical units, since the dollar terms in tLhe
denominator of the ratio and the local expenditure cancel.

The major difficulty in using such a technigue is
how to find a proper cost-effectiveness ratio for each coun-
termeasure. Such an indicator may be computed based on the
national basis. This concept would help greatly in develop-
ing Lhe technological coefficient in the proposed linear
goal programming technique which will be used in the optimi-
zation procedure.

In Chapter Three, the Countermeasure Cost Identifi-
cation Table would facilitates the process of computing the
cost-effectiveness ratio for different countermeasures.

Along wilh those data, the National Highway Safety Needs
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ReporL&NHSNR) also conducted a very significant study Lo
estimate most of the sound and proper countermeasures around
Lthe United States. In essence, the macro-allocation model
could employ the information suplied in chapter four and the
result of NHSNR research to compute the potentialilty of each
countermeasure Lo forestall accidents.

The effectiveness of a countermeasure depends on two
Ffactors: its own unique value as a deterrent (# of accidents
or severilLy) and the size of the population by its deploy-
ment. The deterrent values may be estimated on the basis of
survey data acquired by interviews with officials in 20
States and 583 local jurisdictions (117,125). Based on this
investigation, the cost of new deployment of each counter-
measure is possible. All costs were estimated in constant
1974 dollars over a 10-year - pcriod, and converted to their
present value equivalent using a 10 percent discount rate.
From Lhe result of such a significant study, the 37 counter-
measures selected and their cosi-effectiveness ratio is com-
puted and sorted in descending order as shown in Fig-
ure(6-1).

In summary, for the optimization allocation process,
it may be assumed that the 37 selected countermeasures de-
fined in this analysis are a collection of budgetary activi-
directed to the achievement of traffic accident reduc-
tion. In turn, the cost-effectiveness is directed to deter-

mining Lthe influence of Lthose countermeasures "the
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explanatory wvariable" on allocatlion process. They are as-
sumed to be independent and mutually exclusive alternatives
when they are used in the modeling procedure unless other-

wise indicated.

(6~2) COST-EFFECTIVENESS INDICATORS

Three types of indicators are developed to reflect
the effectiveness of each countermeasure. These indicators
posses all the characteristics necessary to accurately meas-
ure and estimate the local expenditure on safety programs.
They should incorporate the physical units associated with
deaths, injuries and total accidents. The bias that matters
is whether all the indicators can equally describe the true
effectiveness of each related countermeasure, and actually
which type 1is more powerful in orxder to be recommended to
Lhe local decision maker.

A fatality related indicator should always be pre-
ferred because the public, and to a lesser extenl Lhe safety
commuanity, more ¢losely can identify the traffic safety
problem as a matter of loss of life rather than an injﬁry—
property damage issue. So, the emphasis should be given to
the life saving potential of the proposed countermeasure.
The significant reason is the amount and quality of falal
accident data are markedly superior to the information on a
non-faltal indicator, making the estimate of a fatality indi-

cator more reliable than the other two (117,125). Also, the
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tracking fatality trends on a local jurisdiction can there-
fore give some indication of whether the safety problem is
improving or worsening, in addition, under the assumption
Lhal over a large population of accident data, there is a
relatively stable relationship among the frequencies of
fatalities, injuries and property damage accidents. So the
fatality indicator can provide a measure of the overall mag-
nitude of accident losses. However,e of such an

indicator in judging the relative merits of individual coun-
termeasures can be misleading if the safety concern 1is the
totLality of accident 1losses. It is recommended that for
betler and reliable computation at least two types of indi-
cator be considered. The following computations represent

three Lypes of selected indicators:

# OF FATAL ACCIDENTS FORESTALLED

FIN =
PRESENT VALUE OF PUBLIC EXPENDITURES
# OF INJURY ACCIDENTS FORESTALLED
IIN =
PRESENT VALUE OF PUBLIC EXPENDITURES
# OF TOTAL (FAT.+INJ.+PDO) FORESTALLED
TIN =

PRESENT VALUE OF PUBLIC EXPENDITURES

Where: FIN, IIN, and TIN are the cost-effectiveness indica-~
tors (cost effectiveness per unit of expenditure) in terms
of, respectively, fatality, injury and total accidents.

Figure (6-2) represents the results of calculation for the
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selecled countermeasures.

FIGURE(6~1)
FATALITY, INJURY AND TOTAL ACCIDENT INDICATORS FOR
SELECTED COUNTERMEASURES IN THE UNITED STATES
(Practical in State and federal levels)

{FAT.+INJ./$10000)

' (FAT./$10000)

1. MANDATORY SAFETY BELT USAGE 19.74 34.01
2. HIGHWAY CONSTRUCTION AND MAINTENANCE BT 3 .B92
3. UPGRADE BICYCLE AND PEDESTRIAN SAFETY .49 .892
4. NATIONAL 55 MPH SPEED LIMIT - .47 .6622
5. DRIVER IMPROVEMENT SCHOOLS .467 .595
6. REGULATORY AND WARNING SIGNS .284 .523
7. GUARDRAIL 2717 .483
8. PEDESTRIAN SAFETY INFORMATION AND EDUCAIION .238 .3906

. SKID RESISTANCE .217 .3636
10. BRIDE RAILS AND PARAPETS .2024 .3571
11. WRONG-WAY ENTRY AVOIDANCE TECHNIQUES .190 .2898
12. DRIVER IMPROVEMENT SCHOOLS FOR YOUNG 1 . 0992 .2197
13. MOTORCYCLE RIDERS SAFETY HELMET .086 .1883
14. MOTORCYCLE LIGHTS-ON PRACTICE .076 .1526
15. IMPACT ABSORBING ROADSIDE SAFETY DEVICES .069 .135
16. BREAKAWAY SIGN AND LIGHTING SUPPORTS .047 .07518
17. SELECTED TRAFFIC ENFORCEMENT .0439 .076
18. COMBINED ALCCOHOL SAFETY ACTION COUNTERMEASUE .D434 .0709
18. CITIZEN ASSISTANCE OF CRASH VICTIMS .0398 .0625
20. MEDIAN BARRIERS .0352 .0s813
21. PEDESTRIAN AND BICYCLE VISIBILITY ENHANCEM. .,022S .0528
22. TIRE AND BRAKING SYSTEM SAFETY CRITICAL ~ ' 0223 .0483
23. WARNING LETTERS TO PROBLEM DRIVERS .0188 .0483
24. CLEAR ROADSIDE RECOVERY AREA .016 . 0469
25. UPGRADE EDUCATION AND TRAINING FOR BEGINNING p106 .0468
26. INTERSECTION SIGHT DISTANCE .00S9 .0291
27. COMBINED EMERGENCY MEDICAL COUNTERMEASURES (0047 .0253
28. UPGRADE TRAFFIC SIGNALS AND SYSTEMS .003S .0190
28. ROADWAY LIGHTING .0034 .00179
30. TRAFFIC CHANNELIZATION .0028 .0D84
31. PERIODIC MOTOR VEHICLE INSPECTION .0028 . 0065
22. PAVEMENT MARKINGS AND DELINEATORS .00179 .0060
33. SELECTIVE ACCESS CONTROL FOR SAFETY .00126 .00St
34. BRIDGE WIDENING .00123 .0030
35. RAILROAD-HIGHWAY GRADE CROSSING PROTECTION 00114 .0029
36. PAVED OR STABILIZED SHOULDERS .00112 .00232
37. ROADWAY ALIGNMENT AND GRADIENT 00112 .0021

Data is compiled from source (117).
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(6-3) OPTIMIZATION FORMULATION

GENERAIL DESCRIPTION:

A most important but difficult area in Lhe field of
management science is "management by multiple objective”
where managers must make decisions involving conflicting
multiple objectives. The following brief discussion will be
devoted to the study of techniques which can be implemented
to solve the modeling approach.

The goal programming approach which will be used in
this paper is capable of handling any decision problems with
a single goal with multiple subgoals as well as problems
with multiple subgoals. In the conventicnal linear program-
ming meth&d, the  objeciive funqtion is undimensional -either
to maximize benefils or to minimize the costs. The GP model
"handles multiple goals in multiple himensions. Therefore,
there is no dimensional limitation of the objective func-
tion.

£

Usually, goals set by the decision makers are

achieved only at the expense of other goals. Furthermore,
these goals are incommensurable. Thus, there is a need to
establish a hierarchy of importance among these incompatible
goals so that the low order goals are considered only after
the higher order goals are satisfied or have reached Lhe
point beyond which no further improvements are desirable.
If the decision maker can provide an ordinal ranking of

goals in terms of their contributions or importance to the
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organizations, the problem can be solved by GP. In this
method, instead of trying to maximize tLhe objective cri-
terion directly, the deviations between goals and what can
be achieved within the given set of constraints are to be
minimized or maximized. In the simplex algorithm of linear
programming, such deviations are called "slack" variables.
These deviational variables take on a new significance in
GP. The deviations from each subgoal or goal, then in the
objective function become the minimization of these devia-
tions, based on the relative impsrtance or preerpitive prior-
ity weight assigned to them. The objective function, howev-
er, may also include real variables with ordinary or preemp-
tive weights in addition to the deviational variables

(17,75).

(6—-3.1) GENERAL SOLUTION FORMULATION

The primary characteristic of GP is that it allows
for an ordinal solution as was mentioned. Stated differenti-
ly, management may be unable to obtain information on the
cost or value of a goal or a subgoal, but often upper or
lower limits may be stated for each subgoal.

The general GP algorithm can be mathematically ex-

pressed as:
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MINIMIZE 2= 3¢ d; + dj)
SUBJECT TO:
AX - Idy+ Id = B
X,Ci, d; 0

Where m goals are expressed by an m component column vector
B(B1,B2,...,Bm), A is an m*n matrix which expresses the
relaltionship between goals and subgoals, X represents vari-
ables (Xt1,X2,...Xn) , 5 ,and d are m~component vectors for
Lthe variable representing deviations from goals and I is an
identity matrix in m dimensions.

In formulating the objective function, the following
"classes" would be considered as stated by Ignizio and lee :

(1) The desire (or aspiration) of Lhe decision
maker,

{2) Limited resources,
{3) Any other restrictions either explicitly or

implicitly placed on the choice of decision vari-
ables. :

Typical objectives in the first class might include

the following goals or subgoals:

(i) maximize benefits,
{(i1i1) minimize costs,
(i1i1i) minimize overtime,

{(iv) maximize the utilization of personnel or pro-
cess,
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(V) minimize the delay,
(vi) minimize the risk,

(vii) maximize the probability that a process remain
vithin certain control limits,

(viii) minimize labor turnover rate.

Objectives within the second class could include the
objective either nolt to violate, or perhaps to minimize the

violation of resources restrictions such as :

1- limited manpower,
2- limited raw material,

3

limited budget,

4- limited time.

Within the third, and final c¢lass, goals would be to
satisfy or attempt to satisfy various "legal" restrictions

such as :

{1-a) physical requirements that specifies that
varliables be nonnegative,

(1-b) a ocontractual requirement that specifies
that a variable or variables must ke equal or
exceed a certain minimum value.

The manager must analyze each one of m goals con-
sidered in the model in terms of whether over or under
achievement is acceptable; d’s can be eliminated from the

objective function. For example, if under achievement is
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satisfactory, &}should not be included in the objective
function. If Lhe exact achievement of the goal is desired,
both 5;and JEmust represent in the objective function.

The deviational variables 5; and d}must be ranked
according to their preemptive priority weights, from the
most important to the least important. In this way the low
goals are classified as k ranks, the preemptive priority
factor p(j=1,2,..,K) should be assigned to the deviational
variables,d and d . The priority factors have Lhe relation-
ship of PJ>»»)P3-1(3=1,2,...,K), which implies that the mal-
tiplication of n, however large it may be, can not make Pj-1
greater than or equal to Pj. Of course, it is possible to
refine goals even further by the means of decomposing the
deviational wvariables. To do this, additional constraints

and additional priorit.y factors are required.

(6-3.2) TECHNOLOGICAL COEFFICIENTS :

The major question posed by Lhe initial statement of
the allocation models involves the proper definition and
measurement: of technological coefficients in the optimiza-
tion approach. The cost—-effectiveness ratio has been con-
sidered here as an effective technological coefficient for
most of the constraints involved. Many other methods of
det.2zrmining the technological coefficient can also be con-
sidered such as net benefit and c¢osts,ranking methods, or

impact measure, which would be investigated to determine the
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best. suitable indicator for the allocation process. The
effectiveness coefficients will be computed for each indivi-
dual candidate countermeasure with respect to the type of
accidents{ fatal,non-fatal,PDO,or total accident). Then such
an indicator can be used in the optimization model to maxim~
ize Lhe accident reduction for the entire system. However,
Lhe comparative discussion of marginal benefit and the
cost-effecliveness ratio will be investigalted as they are
primarily focused on the questions of units of measure and
the meaning and implication of measure. Both measures of
effectiveness lend themselves to multiple objectives of the
optimization model.

The majoxr dififerences between net-benefit indicators
and cost-effectiveness indicators is related to the defini-
tion of their "unit-measurements." This 1is particularly
important when the units are not commensurable. In this
case, net benefit ratio can not be computed. Consequently,
if nel benefits are to be used the physical units associated
with deaths and injuries must be converted to a numeric,
while the cost-effectiveness indicators do not need such a
Lransformation. In using this measure, the units are gen-
erally maintained even when cancellation is permissible.
The cost-effectiveness ratio indicates the benefil to be
derived from a unit of resource expenditures. This incor-
porates the physical units associated with all types of

accidents rather than requiring transformation into
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numerical values. Such ratios actually are weighted by the
toLal countermeasure costs (cost+maintenance) to reflect the
Ltotal social burden associated with any improvement ca-

tegories.

(6-3.3) OPTIMALITY ASSESSMENT MODEL COMPONENTS

The Optimality Assessment Formulation developed in
this chapter is based on:

(1) SYSTEM OBJECTIVES and
{2) SYSTEM CONSTRAINTS.

(1) System Objectives: includes Lhe improvement of traffic
safety system condition, provision of reduction in death,
injury, and property damage accidents. However, the extent
of Lhe impacts can ke measured by the Countermeasure
Effectiveness—-Performance Impact Matrix. The elements of
this matrix is shown as EF(i,Jj,k,1l) where the matrix element
EF(i,3J,k,1l) denotes the reduction in system objective 1 due
to implementation of countermeasure j in category k at loca-
tion 1. Then, the tolal system—wide improvement objective
1, considering 3=1,2,3,...m safety countermeasures or safety

programs, and 1=1,2,3,...,n local government 1s then given

by the following expression:
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: 2 EZ EF(i,3,k,1) ) E(1l)
1=1,2,3,...0bjectives

E{(l) is the target for objective 1

In multiple objective optimization programming Lthe system
objectives are represented as constraints that have positive
and negalive deviational variables to denote over-
achievement and under—achievement of the target so the sys-

tem objectives can then be expressed as:
. _ .
E 2 EF(i,J,kK,1) * BUD(1i,3) + D(1) - D(1) = E(L)

The above expression indicates Lhal system-wide improvement
in objective 1 actually achieved may exceeds the target
E(l) if and only if D(l) > 0. or may fall short of the tar-
get if and only if D(l) > 0. In this regard the objective
function of the goal programming optimization problem is to

minimize the dewviations from the goals, i.e.:
+ -
MINIMIZE: Z2= Y, P(1) [ D(1), D(1) ]

where; P(l) is the preemptive priority for each objective

level and can be assigned by decision maker(s).
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(6=3.4) DEVELOPMENT OF THE TECHNOLOGICAL COEFFICIENTS:
COUNTERMEASURE-PERFORMANCE IMPACT MATRIX

Let us establish the following goals and objectives
for a hypothelical safety program in an urban area and then
start to formulate Lhis process according to tLhe proposed
modeling approach.

- Maximize the reduction of fatal accidents,

-~ Maximize the reduction of injuries accidents,

- Maximize the reduction of property damage accidents,

- Maximize the reduction of total accidents,

- Minimize the total expenditure,

- At most allocate 50 percent of total resources for pedes-

trian safety improvement.

The following parameters should be established :

(RACC)1iJjKkl:
where;
(RACC)13Kl is expected reduction of accident by type 1,in
location i, due to implementing the counLermeasure j, in
category k.

"i" is the location index number, i=1,...n ;

J is the reference to the implemented countermeas-

ures, j=1,..total number of alternative

K 13 the number of categories, considered to be:

1=INTERSECTION
2=RESIDENTIAL AREA GENERAL IMPROVEMENT
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3=PEDESTRIAN IMPROVEMENT
4= GEOMETRIC IMPROVEMENT

(EF)ijKl is a countermeasure indicator(technological coef-
ficient) related to the location i, countermeasure j, ca-
Ltegory kK and Lype 1 of objectives. Then this relalionship

can be represented as :
(EF)ijkl=(RACC)ijkl/(C)ijkl

where (C)ijkl 1is the estimated cost of countermeasure j at
location i,in category X which is allocated to reduce the
accident type 1. So, "TIC" 1is the expected reduction of
accident with a dollar expenditure. On Lhe other hand , EF
is the expected rate of accident reduction. Figure (6-2)
demonstrates Lhe Countermeasure-Performance Impact Matrix
for Kk caltegories, 1 objectives, i locations, and j counter-

nmeasnures.

(BUD)Yijkl : Is the optimized level of expenditure by the
local for implementing the countermeasures j at location i,
for reducing(optimizing) the accident type 1 in the category
k.

R is the total available resources
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1 2 3 4 N

19.74 19,74 19.74 . 19.74 . 19,74
0.5‘ 0.5 0.5 0.5 ] ' 0|5

0.48  0.49 0.49 0.49 . 0.49
0.47 0.47 0.47 0.47 . . 0.47
0.467 0,467  0.467 0,467 . 0.467.
0.294  0.294  0.294  0.2%4 . 0,294
0.2717  0.2717  0.2717  0.2717 . . 0.2717
0.238  0.238  0.238  0.238 . 0,238
0.00112 10,0011  0.0011  0.0011 , . 0.0011

FIGURE (6-4):

HAT10N-WIDE COUNTERMEASURE PERFORMANCE MATRIX

DeveLoPED FOR THE OBJECTIVE OF MINIMIZING FATALITY

ACCIDENTS

(UNIT oF MEASUREMENT: FATAL Per 10,000 DoLLARS)
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LOCATION (¢) ——

1 2 3 4 N-1 N
34,01 34,01 34,01 34.01 ., ,, 34,01 34,01
0.892 0.892 0.892 0.892 , ., . 0.892 0.892
0.891 0.891 0,891 0.891 ,, . 0.891 0,891
0.6622 0.6622 0.6622 0.6622 , . . 0.6622 0.6622
0.595 0.595 0.595 0,595 , ., 0.595 0,595 .
0,523 0.523 0,523 90,523 ,, . 0.523 0.523
0.483 0.483 0,485 0,483 , ., , 0.483 0,483
0.363 0:363 0,363 0.363 , 0.363 0.363
0.002 0,002 0,002 0,002 ... 0,002 0,002

‘FIGURE (6-3):

NaTionN-wIDE COUNTERMEASURE-PERFORMANCE MATRIX

DEVELOPED FOR THE OBJECTIVE OF MINIMIZING INJURY
ACCIDENTS .
(Un1iT oF MeEASUREMENT: INJURIES PER 10,000 DoLLARS)
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(E)ijkl :

The Lerm (E)ijkl represenis the relalive effectiveness of
each selected goal, i.e., Lhe maximum effecliveness levels
for deaths, injuries, or properiy damage. where Lhe maximum
has been eilher presel by the decision maker(s). These can
also be considered as Lhe expecled minimum c¢rilical ac-

cidenl( state-wide rate) for each category.

(H5-2.5) ASSEINGNING OBJECTIVES TO PRIORITY LEVELS

In Lypical linear programming only a single objec-
Live problem can be optimized. In Lerms of goal programming
definition, a "linear program"” is simply a multiple objec-
Live dJdecision model wherein all objeclives, save one, are
absolute. In the terminology of linear programming , there
is a "éingle" objective and one or more '"constrainis".
Thus, in Lhis regard, if a soluition wviolailes one o01r more
absolule objective,{(i.e., constraints) it 1is tLermed "in-
feasible". The inflexibility of Lhe 1linear programming
model serves Lo deny Lhe fact thal some, if not all, of
Lhese "constrainis" may actually not be absolulely binding.
Such a difficulty can be easily circumvented by Lhe more
flexible muliiple objectlive decision model.

When multiple objectives exisl, and Lhey often do in
all the public work projecls, care should be made Lo salLisfy
all of Lhem (if al all possible). This can be accomplished

by assigning Lhe tLop priorily Pi1, Lo Lhese absolute
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objectives. So, all Lhe absolule odbjectives should be given
a prioriLy level one Lo insure Lhat they, at least, are com-
pletely satisfied. The remaining set of nonabsolute objec-
Lives should then ke grouped according Lo Lheir respectlive
prioriLy 1levels. The assignment of priorities to these
objectives is normally decided by Lhe local decision maker
or Lhe decision maker in conjunction with the analyst.

As mentioned, only commensurable objeclLives may be
assigned to tLthe same priority level. Objectives expressed
in different measures can be assigned to the same priority
level only if they can be expressed in terms of a common

unit of measure.

(6—-3.6) PRIORITY SELECTION PROCEDURE

As mentioned in the previous section, the priority
should be established by the decision maker for different
selected countermeasures. The following procedure is recom-

nended.

Define the goals and objectives (from State and

local views), then based on that try to assign the

priority to different countermeasures with regard
ng paramelers;

(a) Cost-Effectiveness Ratios,
(b) Priority based on The NHSNR,
{c) Delphi Panel,

{d) Literature Search.

Figure (6-1) represents a priority which is calculated based

on Lhe NHSNR.
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(6-3.7) STEPS REQUIRED TO FORMULATE THE ALLOCATION MODEL

In optimizing the allocation of local resources for

Ltraffic safety improvement, the following steps are recom-
mended :

(1) Aggregate the total available budget inter-

nally and externally (local and federal funds),

(2) Sel up the main goals and objectives,

{3) Select the proper countermeasures (Chapters

Three and Five for proper procedure and computer

programs "Feasibility Assessnment"),

(4) Compute the cost-effectiveness ratio for each
countermeasure (Chapters Three and Five)

(5) Assign the priority to each countermeasure or
safely program (SecLions 6-3.5, and 6-3.6),

(6) Model the problem based on the recommendation
and guideline in Sections (6-3.5, and 6-3.9),

(7) Inpult the data Lo the computer according to
the insiruction in Appendix(C-2),

(8) Try with different possible parameters Lo
£find out the besli return under limited resources.

Figure (6-5) demonstrates the required steps need-
ed for utilizing the Optimality Assessment Model.

(6-3.8) MATHEMATICAL OPTIMIZATIOM FORMULATION FOR TRAFFIC
RESOURCE ALLOCATION IN A IO

Based on the notations described in previous sec-

Lion, the following formulations can be arranged:

SYSTEM OBJECTIVES:

(a) Maximize the reduction of fatal accidents,



-178-

FIPURE (6-5)
STEPS REQUIRED TO FORMULATE THE ALLOCATION MODEL

EXTERNAL DETERMINE THE TOTAL
FUNDS - BUDGET AVAILABLE

i

SET UP THE MAIN GOALS AND
OBJECTIVES (CHAPTERS 3 4,
AND SECTION 6-4.6)

SELECT THE PROPER COUNTER-
MEASURES (CHAPTER 3,4, AND 5)

T

COMPUTE THE COST-EFFECTIVE-
NESS RATIO FOR EACH SELECTED
COUNTERMEASURE (CHAPTERS 4,
5 AND SECTION 6-4.1, 6-4.6)

3

ASSIGN THE PRIORITY TO EACH
COUNTERMEASURE (CHAPTERS 4,
5 AND SECTION 6-4.6)

MODEL THE PROBLEM (sECTIONS

6-4.1 AND 6-4.6)
INPUT THE DATA (instructions SECOND RUN
in appendix)
FIRST RUN THE COMPUTER PROGRAM
s THE GOALS NO
CHIEVED? “] MODIFY THE
§ GOALS

COMPUTE THE ACHIEVEMENT
INDEX

RECOMMENDATION
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{c) Maximize Lhe reduction of injury accidents
and
{(d) Maximize the reduction of property damage

accidents.

SYSTEM CONSTRAINTS:

{a) At most allocate 50% of total resources for
the second category (pedestirian),

{b) Limited budget.

DECISION VARTABLES:

TARGET :

BUD(1,3) is the optimal fund allocated to coun-

termeasure J at location 1.

E(l) is the relative effectiveness of each
selected goal and it should preset by the decision

maker £or each goal.

EXPRESSION OF SYSTEM OBJECTIVES:

DI EF(i,3,k,1) * BUD(L,3) % E(1)
N >3 EF(i,3,k,2) * BUD(i,3) % E(2)

XN EF(4,3,k,3) * BUD(i,3) ¥ E(3)
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EXPRESSION OF SYSTEM CONSTRAINTS:
Y. BUD(i,Jd) & R

R is total available fund (local share and state),
> D BUD(i,3) & .50 * R

The sum of budget allocated Lo the countermeasures

in the second category,

(1-F) 22 BUD(i,3) < L(s)
Where; L(s) is the local share, G is the selL of projects or
countermeasures that are federally funded, and F is the
fraction of cost of safety countermeasure that 1is federal
funding matching grant.

F, D BUD(1i,3) < S(s)
Where; S(s) is Lhe state share.

BUD(i,3) » MIN.(3J)
Where; MIN.{(J) is the minimum required fund for deploying

counterneasure j.

Considering the above definitions, the overall formulation
including the over and under achievement variables are

as follows:
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C=[P1(D1), P2(D2), P3(D3), P4(D4,D5), PS(D6), P6(D7,D8), P7(DS)]
P1, P2, P33, P4, P5, P6, and P7 are the preemptive priori-

ties.

22 BR(I,3,K,1) * BUD(I,J) + D1 = E(1)

Zzz EF(I,J,K,2) * BUD(I,J) + D2 = E(2)

E(3)

3 S EF(I,J,K,3) * BUDI,J) + D3
ZZ. BUD(I,J) + D4 - D5 = R
S'S' BUD(I,J) -D6 = .5 * R
(=B Y BUD(I,J) -D7 = L(S)
F Y'Y BUD(I,J) -D8 = S(8)
BUD(I,J) -D9 = MIN(J)
JE€(¢1,2,3,..M)]
where P(i,3j) {i=1,...,2m,3=1,2,..,Kk) are preemptive priority
factors which were discussed previously, wilth the highest

preemplive factor being Pt and (i=1,2,...,2m) are real

numbers and ds for weighting at the same priority level.
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This was the very aggregated formulation which was
briefly described. The appearance of each deviational goal
variable in objeclive function depends on its associated
prioriLy which the decision-maker has made.

The above problem can be easily solved by the com-~
puter program indicated in Appendix (C-1). It is noteworthy
that the reduction of accidents for the second category
(pedestrian safety improvement) has been given a higher
weight than the other three categories, also, fatality
reduction is given a higher priority, but not more than

resource constraints.

6-3.9 MULTI-OBJECTIVE DECISION MAKTING FCRMULATION

“'ALLOCATING THE STATE’S SAFETY RESOURCES AMONG LOQCAT, GOVERNMENT

OR_STATE HIGHWAYS

The bkasic objective of this proposed formulation is
Lo develop an evaluation technique by which state government
can input the values and priorities of its transportation
goals into an analytical process, with the output, identify
and estlablish an allocation policy that will satisfy these
goals to a reasonable extent. It is noteworthy that, the
established policy for allocating the safety resources mast
salisfy a variety of local or community’s goals, state and
federal’s objectives, so the candidate budgeting policies

must be assessed to decide which best fits the range of these

goals.

As mentioned, highway safety funds received by the
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stales from Federal granis or from state-levied taxes, and
used for highway purposes, are either distributed to 1local
governments or spenl direclly on-state-controlled highways.
However, for the sake of simplicity and the macro nature of
Lhis research, there is no attempt Lo consider the financial
struclure of the safety resources within the local, state,
and federal governments. It is assumed that safety
resources available to Lhe local and state government com-
pose of {wo parts; federal grant—-in—aid and the local or
state share.

At a local 1level, the Feasibility Assessnment
Modules(FAM) developed in chapler five can be used for the
allocation purposes when there are a fixed budget and a sin-
gle objective. However, the FAM modules can be used as a
filter Lo select the most feasible and cost-effective coun-
termeasures if there are multi-objective criteria and many
conslraints. The output resulted from the first step pro-
gramming can be used in the second steps programming i.e.,
Oplimality Assessment modules for the final optimal results.

In this formulation, 1t is supposed that the goals
of transportation agency at the local level is Lo satisfy
the objectives of minimizing the fatal, injury, property
damage accidents, and satisfying tLhe Stale’s priorization
for safety programs. the oplLimization formula, for a "N"
local regions with "M" safety programs, Three sysiem objec-

tives and four safely improvement categories are developed
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below:

SYSTEM VARIABLES:

N local Jjurisdictions,

M safely programs,

K categories,

L objectives or subgoals,

EF safety program—-performance impact matrix,
BUD(I,J) decision variables,

E(L) standard(TARGET) aimed alL for objective L,
B(L) underachievement in objective L,

B(L) overachievement in objective L,

P(L) priority for objective 1L,

F(J,K) is the fraction of cost of safely program
(countermeasure); that is federal funding matlching
grant in category K,

S 1is the budget provision from state for one year
for all local jurisdictions,

S(s) is the stale’s share safelLy resources,
MINC(I,J,K) is the minimum idenLified resource
needed for various safely program in order to be
deployed and-can be obtained fLfrom Chapter Three
and Appendices (A-1, A-2, A-3),

Y(K) is the fraction of resources required to be

allocated to safetLy category K.
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I=1 ... MINIMIZE FATAL ACCIDENTS (FIRST PRIORITY)
L=2 ... MINIMIZE INJURY ACCIDENT (SECOND PRIORITY)
L=3 “en MINIMIZE PROPERTY ACCIDENTS (THIRD
PRIORITY) .

SYSTEM OBJECTIVES EXPRESSED AS CONSTRAINTS:

2 EF(I,K) * BUD(I,J,K) + D(K,L) - D(K,L) = E(K,L)

Where:
EF(I,K):
described

safely activities performance impact coefficient

as Accident/$ for local I and objeclive K i.e.,

EF({(1,1) is the safelLy performance impact coeffi-~
cient related to the reduction of fatal
accidenl(K=1) in local 1,

EF(2,1) 1s the safelLy performance impaclL coeffi-
cient related to the reduction of injury
accidents(K=1) in local 2,

EF(3,3) is the safety performance impact coeffi-
cient factor related to the reduction of property
accidents objective(K=3) in local 3.

E(L,K) is the standard{(tLarget) aimed at for objec-
tive L in category K,

B(L,K) is the underachievement in objective L and
category K,

B(L,K) is the overachievement in objective L and

category K,
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J=1,2,...,M (safely programs)

I=1,2,...,N (reference index for 1local govern-
menis)

=1, 2, 3 (objectLive functions) where;
L=1....fatality , L=2....injury and L=3 for pro-
perly damage related objeclLive

K=1,2,3,4 (safety calegories),

Total local or state’s share on eligible safely pro-
gram activities should nol exceed the state allocation of

federal grant, so:

ZZ [F(J,K) * BUD(I,J) ¢ S(s)

N BUXI,JI) < S
Where;
F(J,K) is the fraction of coslL of safety countermeasure J
Lhat is federal funding matching grant.
BUD(I,J) is the optimal allocation policy for safety coun-
terneasure (safely program) J at local jurisdiction I aggre-
gated for all calegories.
S(s) is tLhe budgel provision from stale for one year for all

local jurisdictions.

MINIMUM NEEDS:

To meel a minimum of the identified resources for wvarious
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safely program in order Lo be implemented i.e.;
30, BUD(I,J,K) % MIN(I,J,K)

CATEGORICAL CONSTRAINTS:
Allocatle safetLy resources ( Y percent) Lo Lhe specific safe-
Ly category;

N X BUDI,J) ) Y(K) * S

OBJECTIVE FUNCTION:
The objective function is to minimize a weighted sum
of the underachievement with respect t0 the preemptive

priorities discussed in previous sections, i.e.;

MINIMIZE : 22= 2 W(K,L) * [D(k,L), D(K,L)]
K=1,2,3, ..., # of categories
1=1,2,3, ..., # of objectives
The above formulation can be easily done by the
transporiation safeLy engineer and can be solved by the
OpLimalitLy Assessment Module(OAM) documented in Appendix
(C-1).

(6—-4) ACHIEVEMENT INDEX

The effectiveness of tLh2? final state allocation pol-
jiey ”can»bevmeasuredmbyL%he~£aet-that~whatmpropertieﬁwoffghe~

local safety systemfs 4needs are met by the recommended
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allocation policies. This can be mathematically described
by Lhe following formula:
EFF(i) = X{(i..) /7 C(i..)
in which EFF(i) is the proportion of needs mel{funded) on
local safely system i; X(i..) is the total funds allocated
to local safely system i (aggregated for all categories and
safely programs); and C(i..) is the needs of local safelLy
system 1. Allernatively if W(1i) is represented as a propor-
tion of needs nol mel, using the above equation, the measure
of achievement for the proposed funding policies can be
shown as:
W(i) = 1- X(i..) or;
W(i) =[C(i..) = (Xi..)}/ [ C(i..)] * 100
Where; W(i) is the relalive deficil in local 1i.

The above simple formulation <an ke used Lo
represeht how effective the allocation policies can reduce
or minimize Lhe value of deficit wilh modifying the goals
and objectives if 1L is possible. So, when the wvalue for
W(i) 1is zero, that means that all the needs are fulfilled
and if the value is 50 percent, that indicates that alloca-
tion policy resqlted from the implication of the model sa-
tisfies the safety needs by 50 percent. Figure(6-6)
represents Lhe percentage of needs met varsus funds avail-

able for different jurisdictions in a hypothetical example.
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(FIGURE (6-6)
PERCENTAGE OF NEEDS MET VESUS AVAILABLE FUNDS
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(6-5) TREATMENT OF NON-LINEARITY

As mentioned in chapter one, the non-linearily nay
pose Lhe greatesi problem for tLhe proposed allocation pro-
cedure since 1linear goal programming inherentlly assunmes
linearity among Lhe consiraints and objective functions.
Once a measure of effecliveness has been chosen, then, the
costL-effectiveness ratio for each safelLy category or program
can be computed. Three differenl rates would be considered
for each program, first, an average cost-effectiveness meas-
ure which can be computed by measuring the benefit increment
obtaining by increasing Lhe expenditure levels abkove tLhe
amounts that would have otherwise béen spent and dividing
Lthis increment by the corresponding increment in local
government plus private cost. Second, & marginal cost-
effecliveness ratio, by dividing the marginal benefit incre-
ment by Lhe marginal increment to the program or counter-—
measure costs. Third, the computed cost-effectiveness for
Lthe national 1level can be applied. On the theoretical
grounds, Lhe second type of cost-effectiveness ratio is more
informalive since the marginal cost-effecltiveness ratios for
all the programs or countermeasures will pinpoint the op-

Limal direction in which expenditures should be expanded.

TC = [(D2-D1)/{(1/C2)-(1/C1)}/7(C14C2)]
As illustirated in Figure (6-7), the funclion is approximated
over each expenditure 1level. For each expenditure level,

Lthe marginal benefit fIfrom expenditures on each safety
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ILLUSTRATION OF THE TECHNIQUE OF
PIECEWISE LINEAR APPROXIMATION
APPLIED IN ALLOCATION MODEL

¢ Gy

LEVEL OF LOCAL SAFETY EXPENDITURE

FIGURE (6-7)

PIECE-WISE LINEAR APPROXIMATION TECHNIQUE
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program or countermeasure is assumed Lo be a constant equal
Lo Lhe slope of Lhe cord from M Lo N. If the final alloca-
Lion is, in fact, made al level Cp, the marginal henefit per
unit of safely program or countermeasure outpul will be Lhe

slope of Lhe cord from M to N.

(6-6) RUNNING THE ALLOCATION COMPUTER PROGRAM

The decision maker should run Lhe allocation program
at least Lwo Limes as follows:
First Run:
Some of Lhe goals may nol be achieved in the firstL
run. In Lhis regard, the decision maker should
modify some of Lhe parameters if iL is possible.

Second Run:

After reviewing the first run result, the decision
maker should modify his goals Lo be more realis-
tic. The result of the firsl run may indicate
that a certain set of goals may not ke achieved
unless some changes are made. Therefore, the
decision maker should modify the goals Lo some
acceptable degree, then run Lhe program for the
second time. Table (6-4) demonsirates (he summary
of computer oul-put for Lhe hypolLhelical example
under three different scenarios and Lhree safely

programs.
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TABLE (6-4)
(SUMMARY OF COMPUTER OUT-PUT FOR OPTIMALITY ASSESSMENT)

COMPARISON OF ALTERNATIVE ALLOCATING POLICIES UNDER
DIFFERENT OBJECTIVES AND PRIORITIES (SCENARIOS)
(THOUSAND DOLLARS)

SYSTEM OBJECTIVES LOCAL(1) LOCAL (2} LOCAL (3)
AND PRIORITIES  ===m———==  ——c————=— eee——e—eee

(SCENARIO) 1 2 3 1 2 3 1 2 3
SAFETY PROGRAM 1 35 36 20 35 36 36 18 15 36
SAFETY PROGRAM 2 28 5 45 12 18 15 15 38 23
SAFETY PROGRAM 3 12 12 0 24 25 12 26 20 20

TOTAL ALLOCATED BUDGET WAS 205,000. DOLLARS

FIGURE (6-4a)

BUDGET REQUESTED BY LOCAL (i)
LOCAL(1l) $ 115,000.
LOCAL(2) §$ 135,000.
LOCAL(3) $ 128,000.

FIGURE (6-4b)

OVERALL ACHIEVEMENT INDEX

- . s e Bt D — . — . T — o t—— — — ———

SCENARIO
1 2 3

—— o — v — — —— - — o —— - - —— .~ - ——

LOCAL(l) .625 .460 .565
LOCAL(2) .488 .585 .466
LOCAL(3) .460 .570 .593
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(6~7) TWO-SYSTEM MODEL COMMUNICATION

In Lhis dissertalion Lwo malthematical models were
developed namely, Feasibilily Assessment Model in Chapler
Five and OpLimalily Assessmenlt Model in Lhis chapler. These
Lwo system models are able {» oommunicale wilh each oLher in
order Lo produce a powerful systemalic allocalion procedure
Lo allocale local, slLate, o1 federal resources Lo different
political jurisdictions.

The safely needs of each polilical Jjurisdiction
{subdivision) can bhe investigaled and quantified by utiliz-
ing Lhe Feasibilily Assessmenlt Model proposed In ChaplLer
Five. Then Optimality Assessment Procedure can be utilized
Ly highexr-level decision maker Lo allocale Lhe safely
resources Lo different political subdivision while maintain-
ing Lhe national and local governmenl inleresis. Figure
{(6-8) 1is demonsirating how Lhis communication is Laking

place belween slale and local jurisdictions.

(6~8) BASIC ASSUMPTIONS CONSIDERED IN THE MODELING APPROACH

In order Lo demonstirale Lhe applicabilily of MOBSI
in Lhe analysis of an urban safety allocation problem wilh
multiple conflicling goals, a series of assumptLions should
be made as follows:

{1) The CoslL-Effecliveness Ratios (CER) indicale

Lthe bbenefil Lo be derived Lfrom a unit of resource
expenditures. For example, if Lhe CER associated
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UTILIZATION OF FIRST STEP ALGORITHM
(Feas1BILITY AsSESSMENT MoODEL)
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ith injuries for a particular safely measure were
.001, an expenditure of § 1,000 would decrease
injuries by one,

(2) Effectiveness estimates for various counter-
measures emkody most up-dated results of previous
research activities, (3) It may be possible that,
additional technological advances will occur dur-
ing or after Lhe Lime period for which allocations
are projected, but they should be assumed having
the same pattern that has prevailed over the re-
cent past,

{4) The primary focus of this study id directed
measuring only Lhe traffic safely related bene-
fits. S0, non-safely benefils are not considered
in Lhis research study,

(5) Bolh c¢osts and bkbenefits are assumed Lo be
linearly additive,

(6) The question of at what point should the
measurement. be Laken because Lhe ratio may change
as the level of expenditure may change can ke
answered by the-using Lhe technigue described in-
Section (6-5). This problem actually is minimized
in the case of decreasing return to factor by
emphasizing the piecewise approximation technigue
for each category.

(6-8) IMPROVEMENT BY CATEGORIES:

Improvement by categories is a very significant and
unique effort which has been made in Lhis research study.
This effort strengthens Lhe capability of the model Lo
respond to the different policy issues in a local jurisdic-
Lion. This enables Lhe decision maker Lo allocate a percen-
Ltage of t+the LotLal resources on one specific category in
which he has received federal aid. The following example
should clarify Lhe usefulness of such a model capability.

There is a federal funding program established by congress
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with Lhe objeclive of improving highway safely. As part of
the requirement for Lhis funding establishment, certain
standards should e undertaken. For example, highway safely
program standard 14 which indicates every sitate in coopera-
tion with 1iis political subdivision shall develop and imple-
nment a program Lo insure Lhe safely of pedesirians of all
ages. If Lhe state provides Lhe local wilh such a resources,
he has Lo allocate as much money Lo fulfill such a require-
ment. at the first step. The proposed Lechnique will allow
him Lo formulate the model according Lo Lhe Lype of improve-
menl. which is required and respond Lo Lhe policy issues in a
very quantitative manner.

For the sake of simplicity only four categories have

been selected:

1= INTERSECTION IMPROVEMENT
2= PEDESTRIAN IMPROVEMENT
3- GEOMETRIC IMPROVEMENT

4- GENERAL IMPROVEMENT

Of course the model and program can be easily converted Lo a
general approach, having as many categories as desired. I
can Lhen be used by the higher level decision maker or state
and federal government, but at Lhe expense of changing Lhe

different criteria and parameters.
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6-10 IgﬁgﬁggEION OF _RECOMMENDED PROCEDURE _AND _THE

IL 1is expected that Lhe proposed technique would

assist the local decision maker Lo allocate Lhe available
resources for Lraffic safety improvement and selection of
Lhe proper countermeasure for future implementation. It 1is
hoped Lhat the maximum reduction of accidenls will be
achieved wilh limited resources while a set of 1local and
stale objectives is salisfied. However, to achieve Lhe best
solulion requires ileralive interaction between the [feasi-
bilily assessment mcodel in chapter five , the zllocation
model in Chapter Six, analyst, and the decision maker.
Stated somewhat negatively , blind reliance on the "optimal"
properties of any model including the proposed methodology,
in Lthe absence of sophisticated understanding of its operat-
ing characteristics, could result in an incredibly poor

resull.



CHAPTER VII
CONCLUSION AND RECOMMENDATIONS

A major challenge Lo Lhe local, state, and federal
governments is allocation of safely funds in Lhe face of
competing needs for public money, increasing costs, and inf-
lationary affects. Therefore, there is a serious need Lo
develop a general methodology that can be used by all Lhree
levels of government to allocate limited financial resources
for traffic safety improvement projects(programs) based on
the potentiality and effectiveness of the safety
projects{programs) to save more lives and the basic needs of
a community for this safety program.

This dissertation has discussed the development of
the two-step allocation models including Lhe Feasibility
Assessment. and Oplimality Assessment Techniques to be used
by local, state, and federal decision-makers in allocating
the safety resources. In addition, the thesis recommends a
systemalic procedure to identify, analyze, and selecl safely
c§untermeasures suitable for small urban jurisdictions that

want to build such a safety system for the first time. The

=199~
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recommended  procedure enables the decision-maker(s) to
selecl Lhe best possible safely project(programs) alterna-
tives under limited financial resources.

The Feasibility Assessment Technique proposed 1in
this dissertation 1is simple and easy to implement in any
local jurisdiction, and most of the time, Lthe solution ob-
tained from this algorithm is very near the optimal. The
interactive computer programs developed in this dissertation
enable the decision-makers in a small local jurisdiction to
apply them very easily and effectively. The importance of
the Feasibility Assessment Technique in local jurisdiction
is to aid the decision—maker to quantify his/her community’s
needs for safety resources. Based on these quantitative
figures received by states from their 1local Jurisdictions,
the formulation f£or safely resource apportionment can be
made.

The Optimality Assessment Technique provided in this
thesis develops a goal programming technique to the nulti-
objective decision problem of highway safety allocation.
The multiple-objective technique has been found to be a very
effective mathematical tool that can be used for highway
safety allocation resources. It is noteworthy at this con-
clusion that each state’s or local’s approach to planning
and programming is unique. This was considered in this

dissertation when the maltiple-objective optimization
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technique was developed. Experience indicates that in a
given set of objectives for different target areas, Lhe
priority structure of these objectives, various environmen-
tal constraints, unique organizational values of the dif-
ferent transportaticn agencies, and the bureaucratic struc-~
Lture in each target area is different and so a powerful
optimization model should be developed Lo handle Lhe safety
allocation process;

During the 1982 Transportation Research Board con-
vention at Washington D.C., the author visited with many top
transportation professionals and scientists who had earlier
received a rough draft of this technique. From these inter-
views and their responses, the experience of the author in
developing such a mathematical procedure for allocating the
safety funds has been encouraged and confirmed at that con-
vention. It is believed that the recommended procedure will
be more effective and powerful if it is used at local and
state levels. Applying such a macro-technique in a higher
level of decision—-making (federal) received 1less attention
since the model requires more verification due to the com-
plexity of the allocation process at the federal level, but,
the procedure was considered as a potential mathematical
methodology that may be considered by higher level
decision-makers.

It is kelieved that the recommended procedure be



-202-

used as a& design allocalion aid and not as a substitule for
making a final decisions since the proposed technique 1is in
macro level. This subservient role for the model was well
received at the different interviews and communications with
transportation agencies throughoulL the country. Many had
feared that quantifying the priorities, unique organization-
al structures of dirfferent transportation agencies and pos-
sible interactions between safely countermeasures have al-
ready created uncertainties which may disrupt the optimality
nature of the procedure in recommending the set of optimal
policies for safety allocation. 1In a state level applica-
tion, the need for professional Jjudgment in preparation of
data, establishing goals and objectives, and in analysis of
the results has also become apparent.

Considering the application of the proposed pro-
cedure in the local level it is believed that the Feasibili-
ty Assessment Technigque will be able to handle the problem
of safety allocation resources for different countermeasure
alternatives with a good degree of accuracy. This model was
conpared with the powerful DP model and the results were
very close to DP but with a tremendous saved compuet time.
If a local government applies this procedure, then there
would be no need to apply the second algorithms if the given
results were confirmed by the local decision-maker(s).

It 1is believed that the methodology presented in
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this dissertation will provide the highway-safety profession
with a wvaluable tool that, when widely used, will signifi-
cantly advance the highway-safety resource allocation pro-
cess 1in all 1levels of government. For the procedure to
obtain ils widest use, professionéls must be ecposed to and
trained in its application.

Finally, it is hoped that the maximum reduction of
accidents will be achieved with limited resources while a
sel of local and state government objectives are satisfied
1£ the proposed methodology 1s considered and implemented by
the decision-maker(s). However, to achieve the best solu-
tion requires iterative interaction between the Feasibility
Assessnpent Model in Chapter Five, the Optimality Assessment
and allocation model 1in Chapter Six, analyst, and the

decision makers.

(7-2) RECOMMENDATION FOR FUTURE STUDY

This study suggests the following areas for further study.
(1) Consideration should be given Lo the develop-
ment of an effective procedure to identify the
interactions between the grouping of safely coun-
termeasures. Such an effort will help many
mathematical models in which they require the

countermeasures’s effectiveness data.
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(2) Development of a practical, effective and
efficient evaluation system for accident counter-
measure as a subsystem for small urban jurisdic-
tion is necessary and will increase the effec-
tiveness of any highway safety allocation models.
Such a system should provide an on-going process

to evaluate the existing safety countermeasures.

(3) Multi-objective goal programming technique
utilized in this thesis is a very effective op-
timization methodology, but utilizing such a
powerful technique requires a proper technologi-
cal coefficient which should be compatible with
the avallable data. Cost-effectiveness ratios

developed in this dissertation was one version in

which was selected among several potential alter-
natives. With proper definition of "unit-of-
measurement"” for the safety system, a more effec-

tive indicator may be developed.

(4) This dissertation develops a  cost-
effectiveness algorithm based on the accident-
based data. However, the independent designed
computer modules will enable the decision

maker({s) to have a variety of options for
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' selecting and implementing other methodology or
sub-systems. But future study may integrate the
accident and non-accident based data 1into one
computer module, In tLhis case, the complexity
and expemnse of data gathering 'wili be substan-
tially increased, but 1t is hoped that in the
future more systematic data will be available at
a lower cost. In this regard, while the enhance-
ment of highway safety is retained as a primary
criterion 1in the future methodological process,

the following parameters would be considered:

(a) importance of projects to the overall tran-

sportation network,

(b) improvement in air quality

(c) reduction in fuel consumption,
{(d) impacts on other modes

(e) improvement in maintenance and service fac-

tor,

(f) and finally, future studies would be designed
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and conducted with ample input from interested
parties; substitute sLatisLicél analyses For
value judgement and combine the best features of
the incremental cost/benefit, and optimization
techniques to result in the best possiblg output.
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APPENDIX (A-1)

(@]
Q
Q.

-l ol o o o B
OPOWN-=O

6D
6E
6F
G

23

SA

o

60
98E
9F
8G
84
1}

SERVICE LIVES
Description

ED

Irtersection Prajects
Channeli2ation, left-turn bay
TraHic signals
Combinstion of 10 and 11
Sight distance improved
Qther intersection, except structures
Combinationof 10 and 19
Combination of 11, 13, 19, 65
Cross Section Projects .
Pavement widening, no lanes added
Lanes added without new median
Highway divided, new median sdded
Shoulder widening or improvement
Combination of 20-23
Skid treatment - grooving
Skid treatment - overiay
Flattening, clearing side slopes -
Other cross section or combinations of 20-27
Combinstion of 20 and 26
Structures

Wideningbbridge or major structure
Replace bridge or major structure
New bridge or major structure (except 34 and 51)
Minor structure
Pedestrian over- or under<rossing
Other sttucture  *
Alianment Projects
Horizontal alignment changes (except S«
Vertical alignment changas
Combination of 40 and 41 -
Other alignments
Railrosd Grade Crossing Projacts
rlashing light: replacing signs .
Elimination by rew o reconszructed grade separation
Elimination by relocstion of highway or railroad

Hlumination : .
Flashing lights replacing active devices
Automatic gates replacing signs
Automatic gates replacing active devices
Signing, marking .
Crossing surfsce improvement
Other RR grade cosing
Any combination of 50, 54, 55, 56, §7, B3

Roadside Appurtenances
V ratfic signs . :
Breakaway sign or luminaire supports
Road edge guardrail
Median barrier
Markings, delineators
Lighting .
Improve drainsge structures
Fencing
Impact attenuators
Other rosdside
Combinstion of 60-64
Combination ot 64 and 83
Combination of &0 and §2
Combination of 60 and &4
Combination of 62 and 63
Combination of 62, 65 and 69
Combination of 50 and 63

Other Safety Improvemenss
Safety provisions for rosdside festures and appurtenances
All projects not otherwise cassriadle
Combinstion of 11, 26, 69
Combination of 26, and 66
Combination of 27, 30, €2 and 89
Combination of 11 and 50
Combinstion of 11 and 64
Combinstion of 23, 26, and 62
Combination of 27,61, 62,64
Combinstion of 22, 39, 65
Combination ot 23, 61, 62, 64, 65, 66

SOTRC* (118)

SAFETY IMPROVEMENT PROJECT CSSDES, DESCRIFTIOP\;S, AND

Sarvice Life (Year
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APPENDIX (A-2).

RANKING OF HIGHWAY SAFETY
IMPROVEMENTS BY BENEFITLY

TO COST RATIO

Rank Description (Code) Ratiod/ Rank Description (Code) { Ratiod’
1 Tratic Signs {60} 9.30 19 Combination Cross Section
2 | Otner Roadside impr. (69) 5.92 Improvemsnts (29) _ 1.26
3 Minor Structural Impr. {33) 5.71 20 Lanes Adged - No Median (21) 115
4 intersection Sight Distance {13) 5.33 21 Railroad Automatic Gates
s Replacing Signs (55) 1.15
5 O:ner Intersection Imor. (19) 4.38 .
. 22 Pavement Overizy (Skid
] Rcad £dge Guardrail (82) 3.80 Treatment)(26) 1.12
7 Pavement Grooving (25) 3.78 23 Horizontal Alignment {40} 1.00
3 Highwsay Divided - New 24 Other Structural Impr. (39) 0.79
Median (22) . 3.52 .
. 25 Replace Bridg= {31) 0.27
9 Safety Provisions for Roadside . . -
Feazure and Appurtenance (S0) 321 26 Railrcad Grade Separation {51) 0.13
10 Markings and Delineators (64) 290 27 5h°ul§ef. Bfeak'away .Sn.g.'?s,
: o Guardrail, Marking, Lighting,
11 Pavement Widening 2nd : and Drainage Structure {91} 0.08
Shouiger Improvement (24) 233 . 3
. ) 28 New Bridae {32) 1 INCR.&
12 Iniersection Channelizasion {10) 231 . : L.
. 29 Shoulder Widening or {mp:. (23) INCR.
13 Pavement Widening - No Lanes . ‘
Added (20) 228 30 Ve.mcal and Horizontal
- . Alignment (42) INCR.
%, Signs and Guardrail {(6C) 2.13 S
. . . 3 Pavement Widening and
15 Intersection Traffic Signals (11} 2.2 Overlay (2A) INCR.
- All Improvements 1.76 32 Sideslopes, Widen Bridge,
16 * Raitrozag Flashing Lights Guardrail, Misc. {9C) INCR.
Reolacing Signs 174" | 33 | Lighting (65) INCR.
1?7 Median Barrier (63) 1.72 24 Guardrail, Drainage
18 latersestion Channehization and . Structures, Misc. (6F) INCR.
Tratfic Signals (12) 1.66

SOURCE (118).

L Benefits are reductions in sccident costs using DOT “Societal Costs™

Z’Annunl safery benelits 10 annusl construction cost

] . .
"-'lm:r. - Incregse in scciaent costs
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SIGNIFICANTY RZDUCTIONS IN FATAL AND INJURY ACCIDENTS
BY SAFETY ILPROVEMENTS'

Annual Nos. Annual Co:t2/
of Per
Code Description Fatal & Injury F&] Reduced
Accs Reduced (S1,000)
INTERSECTION
10 Channelization 858 218
1 Trattic Signals 2442 9.1
‘12 Channelization and Signals 257.6 7.9
13 Sight Disiance Improvements 19.1 6.4
12 | Other ' 70.6 5.4
CROSS SECTION .
1 Lanes Added - No Median 427 32.7
28 Pavement Overlay - Skid Treatment . 2028 11.8
23 Combination Cross Section -138.2 29.7
STRUCTURES
23 | Minor Structure 15.4 6.7
RAILROAD GRADE CROSSING
50 Flashing Lights Replacing Signs 243 43.7
81 Elimination by Separation 6.1 27.8
53 Automatic Gates Replacing Signs 25.1 72.4
S8 Automatic Gates Replacing Active
Devices : 21.3 65.1
ROADSIDE APPURTENANCES
63 | Median Barrier ' 97.0 21.3
69 Other Roadside improvements 50.8 21.0
6C 4ns and Guardrail . 1120 K-
OTHER
90 Safety Provisions {or Roasside
Features and Appurtenanzes 53.7 29.8
A"‘z/ Safety improvement 1..524.1 28.2

SOURCE(117)
REPORTED

J¢ Signiticant at .05 level with one ceszee of Freedom - Chi Square

- Annual Construcuon Cost
2’ Nat a total includes all reporied cata




APPENDIX (B-1) COMPUER PROGRAM FOR SINGLE LOCATION, MULTIPLE ALTERNATIVES

HOHAMAD SEYED-HCSSEIN

PHD DISSERTATION DECEMBER 10, 1981

FE2ASIBILITY ASSESSEMENT HMODULE

BECONNZNDED POR A LCCATION WITH MULTIPLE ALTERNATIVES

wee DOCOMENTATION...

THIS PROGPAM WILL EVALUATE SEVERAL IMVYESTMEIT :
OPPORTUNITIES AND RANK THEM IN OKDER OF PAXINOM RETOURN.
THE IXCERMENTAL COST/BENEFIT ALGORITHYM IAS BEEN DEVELOPZD
IN THIS PROGRAM THAT INTERACTIVELY ALLOCATE 7hZ GIVEN
BUDGET TO SELECT THE DEST POSSIBLE SAFETY ‘ALTERNATIVE.

wse VARIABLE DEPINITION...

FOOM: PRINT FORMAT

CHOICE: PROGRAM REPEAT VARIAELE
¥: NOMBER OF ALTERWATIVES

1,3,K: LOOP INDEXES

O: ALTERNATIVE NHOMBERING ARRAY
P: PRICE ARRAY

C: CAPITAL COST ARRAY

¥: MAINTEHANCE COST ARRAY

B: USER COST ARRAY

H: H+C

BC: BC RATIO ARRAY

DEP: DEPENDING ALTERNATIVE ARRAY
BCI: INCREMESTAL BC EATIC

BUD: BUDGET POR PROJECTS

Q: NONBER OF ALTERNATIVES DESIRED
MAIN: BASIC MAINTENANCE COST
USER: BASIC USER CCST

LK K B 3R % B K BE 2R B B AR B N JE W B IR N BUIK N B RRR K RPN NN

vee VARIABLE DECLARATION...
CHAEACTER®*S CHOICE ,ALTER{1:40)

CHABACTEE*40 FPORN, FORN2, FORHM3

INTEGZR R, I, J, K, O{3:40) ,LIFZ (1:40)

BEAL P(1:40), C(1:40), 4(1:40), R2(1:40), H(1:40)

REAL BC{1:40), BCI(1:80), EOD, CRF(1:40)

REAL MAIN, OSER, S(1:30)

BEAL APR,SUM, INT

IXTEGER Y, DEF (1:80), COST{1:40)

PARAMETER (¥CRM = '(A,710,A,121,A,735,A,TS0,A,T65,AT75,4)")
PARAKETE R (FORM2= ¥ (TS, A,T20,A,TU0,A, TS0, A) ")

PARAKETER (FORN3= * (T5,I4,T20,A,735,P10.0,T50,F8.3) ")

* -

s weaINPOT...
PRINT® (T20,A)*, fPROGRAM TO CALCULATE TREZ BEST ALTFRNATIVE'
PEIKT %, ¢ —== e -——- ————mt

PLINT*,'THIS PRCGRAN IS DEVELODED TO EVALUATE UP 7O 40 SAFETY!
PRINT*,' PROJECTS OR PROGRAMS AND GIVEIS THE GPTTNAL 2GLICY ®oz!
PRINT®, 'IYPLEXEKTING THE PROJECTS. TWO DIFFEENT ALGCRITUHS'
PRINT®,'IS USED TO COMPUTE THE OPTIMAL ANSWER, Ii THE FIEST'
PRINT®, 'STEP EEGULAF B/C ANALYSIS IS USED A3D IN TUE SICCKD!
PRINT®*, ! STEPS THE INCRZMENTAL B/C ANALYSIS IS APPLIED. THE'
PRINT®, 'USER WILL BE ABLE TC COUSIDEIR ALL POSSIELE ALTIZRNATIVES®
PAINT*,'TOAT IS RECCMMENDED BY TRE PRCGSAM WITH RESPECT TO HIS!
PRINT®, *AVAILABE GUDJET. AT TE2 END AFTER THE PROPOSED OPTIMAL!
_PRINT#*,'PROJECTS ARE PAID, THZ PRUGRAN RECONMEND HOW MUCR YOUEY'
PRINT®,'WILL BE AVAILABLE FOR TUE NEXY PERIOD!
PRINT®*
PRINT *
PRINT#,' 'FIRST IKPUT THE TOTAL NOMBER OF ALTERNATIVES IN FREE FORMAT'
PRINT#*

1 READ®, W
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IF (N .GT. 40) THEN
PRINTe®,*LESS THAN 40, PLEASE!
5070 1
ENDIF
5 PalNTe,! PLEASE ENTER TVN DPROJECT CODE, REGUILED INVESTMEUT
- PRINT®,' SALVAGEZ, MAINTZINANCZ, USER COSTS AND LIFE '

. ALTERNAT IVE AS INDICATED LELOwW, IN FaZE FCRMAT, TilZ FROJECT CODL
PRINT®,' 1THE PRUJZCT COCE SHLULD EB L2SS THAN 7 CHALACTZIES AND®
DPRINT*,*' AND BE LOCATED BETWEEZN OQUTES®
PRINT ., te==csancma3sSSrrE=SSESSEnNaSsScIsusaRwF==asaszzecseussex?
Du 10 I=1,N .

READ®, ALTEA(I), P(I), S(I}), 8(I), B(I), LIFZ(I)

10 COHTINUZ .
PRINT®,' NOW ENTEK THE YEARLY INTERZST YOU WISH TO USE'
BEAD®,APR

30 DATA O, BC , 4070, 80* 0.0/

PRINT*,* NO¥ ENTER THE BASIC MAINTENANCE AND USER COSTS (BEFJRE)*
READ®, HAIN, USER
PRINT*,"' NOW ENTER YOUR MAXIAONM BUDJEZI POR THEZ PROJECTS'
READ®, BOD

* —————— e e

- eeeCALCULATIONS AND OUTPUT...
INT=APR/100
DO 16 I=1,N
CEF (I)=((INT* (1+INT) ®sLIPE(X))/ ((1¢IUT)*¢LIFE(L)-1))

16 CONTINUZ .
DO 15 I=1,N
C({I) = P(I) * CRP(I)

15 CONTINOZ
CALL SORT (¥, P, O, BC, C, H, R, S, ALTER)
PRINT*

PRINT®*

PRINT®,*'THIS IS THE LIST OF ALL P20POSZD paO0JICIS FPOR IMPROVEMENT?®
PRIKT‘,'======================================--===3=============='
PRINTS
PEINT FORAy *PROJECT®, 'PROJECT®,*INVESTACUT' ,'SALVAGE® ,*ARNUAL',

5 "MAINT', ' USER!
PRIKT PORE, *NUNBZR','CODEY,' (CAPITAL)','VALUZ','COST®,'COST®,*COST"
PRINT®, Vmmmccc s e s r e e e e —c e e e — e e -

DC 20 I=1,N
0(I)=I
H{I)=C (I) +¥ (I)
BC (1) = (USSR=R (1)) /(H (I)=%ATY)
PRINTS (I3,T8,A,T20,F7.0,T35,F7.0,750,F7.0,762,P7.0,T74,P7.0)",
& O(1),ALTEBR(X),P(I),S(1),C(I),4(I),b (1)
20 CONTINUZ
CaLL SORT (N, BC, G, P, C, B, R, S, ALTER)
PRINT*
PRINTS, " mmm e cm e e e e e e e e s e e
[ o e m e e e e §
PRIKT®
PRIKNT®
PRINT®,"THE FOLLOWING PEOJECTS HAVE A B/C EATIO LESS THAN ONE'
PRINTS, ' AND ARZ CONSIDERED TG BZ ONSUITAELE FOR INVESTMEWT!
PAINT PORM2,'NOMDEE','PRCJECT COLE','INVESTHENT', 'B/C*
PRINT®,* - ——at
II=0
DO 40 I=1,¥
IF ((BC(I)) .LT. 1) TH2N

II=II+1
PRINTFORZ3, II, ALTER(I), P(I), BC(I)
ENDIF
40 CORTINOE
PRINT®, ¥ ===mm — - ——— ——

PRINT®
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PHINT®, ' s o TR NN ACE S NN ANNSACCSIISIITITITIITIRIIsITTIIAv===
PRINTS®

PLIUT®

PRINT®, 'APTER THESE PIOJLCTS(S) ARE PAID YOU WILL [LAVE A?

PRIET®, " LEFT~OVER THAT YOU CAK USE IT HEXT Y2AR AS:?

PRINT® (A,F7.0) ', 'LEFT-QVER Is 3°', YtY
PRINT' (A, F4.0)*, 'INTERZST RAUE COUSIDERED TO BZ %', ADPR
PRISNT ., ' RS rSaR SIS ECRS SR ESEES SIS SSSERESCIEISSXEESSSRS=SI=sSSc?
PRINT®*
PRINT®,'IF YOU WANT TC RETORN TNIS PEQGRAY WITRA TUHE®
PRINIT*, *SAME PROJECTS, JUST TYPE ™ RZPIATI"?
2RINT*,*IF YOU WANT TO CHANGE THE PRUJZICTS, JUST TIPE "CHANGE" °
PRINT®,"IF YOU WAND TO END THE PLROGRAN, JUST TYPE "STOP"™ °
R2ZAD® (A) ',CHOICE
IF (CHOUICE .EC. "REPEAT') GO TO 1
IP(CHOICE .EC. 'CHANGE') GO T0 S
PRINT®, ¥SO LONG FOR NOR?®
ST0P
END
SUBROUTI BE SORT (8, PRINE, A, B, €, D, E, P, G)
INTEGER Kk, A(1:%)
CHABACTEF *5 TIHPT8, G(1:%)
REAL PRLME(1:%), B(1:¢), C(1:*), D(1:#*), E(1:9)
ILTEGZR I,J, TENP2 :
REALZ TEMP1,TEUP3,TENPA, TERPS,TENP6
REAL TE4P7, F(1:9)
bo 200 I=1,u-1
D0 250 J=1, K-I
IF (PRIMEZ(J) .GT7. PRINE(J+1)) THZH
TEMP1=PRINE (J)
PRIME(J) =PRINE (J+1)
PIIME (J+1)=TEHP)
TENP2=A (J)
A(3)=A(J+1)
A(J+1) =TENP2
TEMP3=B (J)
B(J) =B (J+1)
B(J+1)=TERP3
TENPU=C (J)
C (J)=C{I+1)
C(J+1) =TENPA
TEBPS=D (J)
D(J)=D(3+1)
D (J+1)=TEMPS
TEXP6=E (J)
B (J)=E {J+ 1)
B(J+1)=TENPE
TEND7=F (J)
P{J)=P(J+1)
F {J+1)=TENP7
TEMPT8=G (J)
G (J) =G (J+ 1)
G (J+1)=TENPTS
ENDIF
CONTINUE
CORTINUZ
END
SUBROUTINE SORT2 (BB,CC,ALL,KL)
REAL BB (1:¢), CC(1:%)
CHABACTER*S ALL (1:¢), TT
DO 203 I=1,KL~1
R Do 202 J=1,KL-I
IF(BB(3) .LT. BB(J+1)) THEN
T1=BB {J)
BB(J) =B3 (J+ 1)
BB{J#1)=T1
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CallL SORT (¥,ec,0,?,C,M,R,S,ALTER)
PRINT®, *THESE PRCJEZCTS ARE CONSIDERED SUILTABLEI.!
PAINT FORM2,'NOMIER', 'PRCJECT CUJE',' INVISTHERT!, *3/C*
PRINT®, ! === mwmm e O . AP A ———— ——————
JI=0
D060 J=1,¥
IF ((BC(J)) .GT. 1} THEN
JI=JIe 1
PRINT PORN3,JJ,ALTER(J), P {J),BC{I)
ENDIP
60 CONTINOL
CALL SORT (M, P, O, BC, C, N, R, S, ALIER}
DU 80 J=1,H .
DEP (J) =1
po 70 I=2,¥
1P (3 .GT. 1) THEN
DO 65 K=1,3-1
IP (I .BQ. DEP(K))GOT0 70

5 CONTINUE
. ENDIF
Y=DEF (J)
BCI (I)= (R (Y)-R(I})/((C(I)+a (L))~ (C(Y)+N(N})
IF (BCI(I) .GT7.1) THEN
DEP(J)= I
ENDIP
70 CONTINYZ
a0 CUNTINUE
PRINT®
PEIHT‘, e ssas s e R ST s R A S S T R R SRR s s e RuRz== a2 Y
PRINT®
PRINT®
PRIATS
PRINTS®, 'THE PROGRAM RECOMMEND THZ POLLOVING FROJECTS AFTER'
PRINT®,' IKCREMENTAL ANALYSIS ARE IXZCUTED IN Z1IS CRDER'
CALL SORT (M,8C3,C,0,?,%,8,S,ALTCR)
PRIKT FORH2, *PANK'*, 'PEOJECT CCODE® ,"INVESTMENT','B/C'
POIUHTE, oo o e e e . o 0 1 e o e e e e e
un=0.

DO 90 KX=1,8
K=H+1=KK

IF (BCI (K) .GT. 1) THEZR

PRINT FORM3,KK,ALTER (), 2 (K) ,BCI (K)

HE=MN Y
ENDIF
S0 CONTINDE
CALL SORT2 (BCI,P,ALTER,N)
su8=0
L=0

DG 68 J=1,HH
SUN=508+D (J)
IF(BUD-SUX) 102,103,838

88 L=L+)
IF(L .EJ. KM) GO TO 103
68 COHTINUE

102 SUH=SUK-P (J)
103 EXTRA=BUD-SUN

YY=EXTRA® (1+4INT)

PEINT®

PRINT®

PRINT®

PRINT®,'THIS CORPILATION OF PSOJESCTS IS WITHIN YOUR BUDJECT'

PRINT®, ! s m o e e v e e e e o m e e e ————— [

PRINT PORM2,'RANR','PROJECT CODE','REQ.INVEST.','E/C'
: DO 110 KKK=1,L
PRI NT FORH3,XKK,ALTER (KKK), P(XKK),BCI (KKK)
110  CCNTINDE
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T2=CC(J)

CC (J) =CE (4 1)
CC{Jey=T2
TT=ALL (J)

ALL (3) =ALL (3+1)
ALL (J¢1) =1T
ENDIP

CONTINUZ
CCNTINUE

EHD
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<03 PROGEAY RLIOMAZND TIE FCLLOVING 220JECTS AS THZ ODTIMAL SELZICTION MNDER USLIMITED FUKDS

INDEX N0. PPOJ. CCOE cosT BANEPIT COMILAT.COST CUXOLAT. BFRIf. HA. 3/C
1 4= 1D 7%0. 14£030. 750. 14030. 18.71
2 11-1L 1000. 10560. 1750. 24590. 10,56
3 1= 1A 20G0. 200802. 3750. 453%92. 10.40
g 1=2A7 ’ 7136. 71322. 10836" 116714. : 9.184
S 10-2% 2200. 16230, 13G686. 133544. 7.65
6 10-1K 100. 8590« 13886. 138134. S 7%
7 16~13 © o 1209. 6790. : 15086. 144924. : 5.66
8 17-15 1400. 7210. 16486, 152134. S.15
9 5- 12 6700. 21853, 22486. 173387. 3. 64

10 10~3K 36C0. 21674. 26086. 185661, 3.u6
11 1- 32 29¢€45., 118870, £5731. 314531, 2. 11
2 9-1J 6930. 13104, 62231. 327635, 2.02
13 2- 1B £000. 18157. 70231. 3417S3. .77
14 9-22 8000, 15470. 73231. 357263. . 158
15 &- 1 100000. 136009. 173231, 483271, 1«36
16 1=-8A 36781 128380. 215012. 621652. 133

T PROGLAN DICOMMEND THE FOLLOXING PROJZCTS WHICH A3E RITRIN THZ PROPOSSD BEDGET

INDEX NO. P3nJ. CCDE cosT EWEFIT COMULAT. COST COMJLAT. BENZT. KAR. B/C
1 4=1D 750. 14030. 75G. 14030. 18.71
2 11-1L : 10n0. 10560. 1750 24590. 10.56
3 1~ 1A 2000. 20802, 3750 45392. . 10.40
4 1-22 7136. 71322, 10236 116714, 9.84
S 10-2% 2200. 16830. 139¢6. " 133544, 7.85
6 19-1K £200. 4550. 13306. 13313%. 5.74
N - 16-12 1200. 6790. 15336 184924, : 5.66
8 17-18 1400. 7210. 1€886. 132134. i 5«15
q 5= 1% 6£000. 21353. 224R6. 173¢€87. 3.64
10 10-3K 3600. 21€74. 26086. 195661. 3.46
THE PLOTOSED PUDGET 1S 3 30000.

UNEXPFUDED BUDGET IS 3 3914.00
NEXT~YSAR VALUZ GF UNEXPENDED DUDGET S 4187.98
SAMPLE OF COMPUTER OUT-PUT FOR THE‘EUDGET LEVEL OF 30,000 DOLLARS
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APPENDIX (B-2) COMPUTER PROGRAM FOR FEASIBILITY ASSESSMENT MODEL
(COST-EFFECTIVENESS SUB~MODEL AND FEASIBILITY ASSESSMENT
SUB-MODEL)

NOTE¥ FOR LARGE SCALE PROBLEMS, THE DIMENSIONS SHOULD BE MODIFIED.

S. M. SEYED-HOSSEIN, FEASIBILITY ASSESSEMENT PROGRAMMING
INCLUDE FEASIBILITY ASSESSEMENT AND COST-~EFFECTIVENESS MODULES
THE UMIVERSITY OF OKLAHOMA

SPRING 1982

ECN, PDP 11/70 COMPUTER: UNIX, VERSION 7: FORTRAN, F77
_PROGRAM STATEMENT:

THIS PROGRAM IS A PART OF PHD DISSERTATION NAMED
"MACRO-OPTIMIZATION PROCEDURE FOR ALLOCATING THE
SAFETY RESOURCES IN LOCAL JURISDICTION" THAT IS
SUPERVISED BY PROFESSOR LEONARD WEST FROM CIVIL
ENGINEERING DEPARTMENT AT THE UNIVESITY OF OKLAHOMA
IN SPRING 18982.

All THE DOCUMENTATIONS ARE AVAILABLE IN APPENDIXES
WITH SOME RECOM/JENDATION FOR DATA INPUT AND OTHER POSSIBLE
ADVANTAGE THAT THIS COMPUTER PROGRAM OFFZRS IN COMBINATION WITH
OTHER MODULES. .THE PROGRAM CAN BE AVAILELE TO THE PUBLIC
WITH A WRITTEN REQUEST TO PROFEZSSOR LEONARD WEST AT THE
UNIVERSITY OF CKLAHOMA (DEPARTMENT OF CIVIL ENGINEZRING)

... VARIABLE USED:
APT: INTEREST RATE

% % % M % o % % % 2% % O M % M K M % M % O M X M M % X X 2% M O M X M X X M X X X X

AL(T ): # OF ALTERNATIVES AT EACH LOCATION I
BB(I ): TRANFORMATION FOR BENEFIT AT LOCATION I
BBC(I ): TRANSFORMATION FOR BENEFIT/COST
BC(I,J ): MARGINAL BEUNEFIT
c(I1,J ): COST OF PROQJECT J AT LOCATICN I
CC(I,T ): TRANSFORMATION FOR COST VARIABLES
CLASS: ESTIMATED ACCIDENT COST FOR EACH SEVERITY
CcoD(I ): TRAMSFORMATION FOR PROJECT’S CODE
CODE(I,J): CODE OF PROJECT J AT LOCATION I
S C(1,3J): ESTIMATED ANNUAL COST OF ALTER. J AT LOCATION I
FAT(1): FATALITY COST
F1 FIX FORMAT FOR QUT PUT TITLE
INJ(I): INJURY COST
INT: INTEREST RATE
LIFE(I,J): ECONOMIC LIFE OF PROJECT J AT LOCATION I
MAINCI,J): ANNUAL MAITENANCE COST
MMB(I): TRANSFER FOR MARGINAL COST
MMC(I): TRANSFER FOR MARGINAL COST
N: NUMBER OF ALTERNATIVES

NL: NUMBER OF FEASIBLE ALTERNATIVES
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PDO(I): COST OF PROPERTY ACCIDENT
RFAT(I,J): FATALITY REDUCTION RATE
RINJ(I,J): INJURY REDUCTION RATE

RPDO(I,J): PROPERTY ACCIDENT REDUCTION RATE
RTOT(I,J): TOTAL ACCIDENT REDUCTION FACTOR
T1: FIXED FORMAT STAEMENT FOR OUT PUT

real ¢€(20,10), MC(20,10),B(20,10),BC(20,10), MB(20,10)
real YR(20), TOT(20), FAT(20), INJ(20), PDO(20)

real COST(20,10), MAIN(20,10), LIFE(20,10), RTOT(20,10)
real RFAT(20,10), RINJ(20,10), RPDO(20,10)

real CC(30), BB(30), MMC(30), MMB(30), BBC(30)

real Ci1(20,10), BC1(20,10)

character*xs50 class

character*10 COD(30)

characterxi2 CODE(20,10)

character Ti1*60, F1*S0

parameter (F1=’(a,t10,a,t28,a,t33,a,t48,a,t61,a,t82,a)’)
parameter (Ti=’(i5,t11,a,t24,£10.0,t37,f10.0,t48,£10.0,

&t62,£10.0,t76,£10.2)’)

INTEGER AL(30), r

DATA MC,BC,MB /200%*0.,200%0.,200%0./

printx,’ PLEASE INPUT THE NUMBER OF LCCATIONS’

seadx,N

print;,’PLEASE INPUT THE NUMBER OF ALTERNATIVES FOR EACH

&LOCATION

readx,(AL(1), i=1,N)

print*,;/PLEASE INPUT THE INTEREST RATE’

readx,int

printx,/PLEASE INPUT THE ACCIDENT SEVERITY COSTS, I.E.,~
print*,/FATALITY, INJURY, AND PROPERTY DAMAGE ACCIDENT COSTS‘
print¥,’...BUT, YOU HAVE THE OPTION OF SELECTING ONE OF THE’
print*,/FOLLOWING NATIONAL ESTIMATION CURRENTLY USED IN‘

printx,’DIFFERENT HIGHWAY SAFETY PROGRAMS

printx,’ RECOMMENDED AGENCY FAT. INJ. PDO.
printx,’

print*,’ (1) NATIONAL SAFETY COUNCIL 113500 6200 5§70 ¢
printx,’ (2) NHTSA 287175 3185 520 ¢
print*,’ (3) ALABAMA . 37000 3185 360
print*:’ (4) CALIFORNIA 85000 3000 =10
print¥,’ (5) TEXAS 110000 3500 1000
printx,’ (6) KENTUKY 45000 27000 400
print*,’ (7) DOT 307210 14600 650 /
printx,’ (8) NEITHER ONE “/

printx,’
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print¥,’ IF YOU WANT TO SELECT ONE OF THE AEQVE FIGURES PLEASE’
printx,/JUST TYPE THE ASSOCIATED NUMBER FOR EACH FIGURE, FOR EXAMPLE’
print*,’IF YOU TYPE A 2, THAAT MEANS THAT YOU SELECTED THE’
printx,’THE NHTSA ACCIDENT SEVERITY COSTS ESTIMATION’
readx, select
1f(select .eq. 1) then
CFAT=113500
CINJ=6200
CPDO=570
else 1£( select .eq. 2) then
. CFAT=287175
* CINJ=3185
CPDO=520
class=’NATIONAL HIGHWAY TRANSPORTATION SAFETY AGENCY’
else 1f( select .eq. 3) then
CFAT=37000
CINJ=2200
CPDO=360
class=/ALABAMA RECOMMENDATION’
else if (select .eq. 4) then
CFAT=95000
CINJ=3000 -
CPDO=900
class=/CALIFORNIA RECOMMENDATION’
else if(select :eq. 5) then
CFAT=110000
CINJI=3500
CPDO=1000
class=’TEXAS RECOMMENDATION’
else if ( select .eq. 6) then
CFAT=45000
CINJ=27000
CPDO=400
class=/KENTUKY RECOMMENDATION’
else if (select .eq. 7) then
CFAT=307210
CINJ=14600
CPDO=65S0
class=/DOT RECOMMENDATION’
else if (select .eq. 8) then
printx,’OK....IN THIS CASE PLEASE INPUT YOUR DESIED’
print*,’ACCIDENT SEVERITY COSTS’
readx ,CFAT, CINJ, CPDO
Class=/LOCAL ACCIDENT SEVERITY COSTS CONSIDERED/
Else .
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print*, /xx%xx**ERROR IN SELECTING THE ACCIDENT SEVERITY COSTS’
printx,/THE DEFULT VALUE IS COSIDERED (NSC RECOMMENDATION)...’
printx,/PROCESS IS CONTINUING’

CFAT=113500

CINJ=6200

CPDO=570

Endif

print*,/PLEASE INPUT TOTAL ACCIDENT, INJURY, PDO AND ACCIDENT‘
print*,/HISTORY FOR EACH LOCATION SEPARATED EY COMMA, THEN PROJECT /
print*,/CODE AND EACH PROJECT COST, MAINTENANE, LIFE, TOTAL REDUCTION‘
printx,’FATAL REDUCTION, AND PROPERTY DAMAGE ACCIDENT REDUCTION FOR
print*,/EACH ALTERNATIVE ACCORDING TO THE APPEARANCE IN THE /
print¥*,/RECOMMENDED FORMAT‘

do 300 i=1,N

read*,TOT(i),FAT(i),INJ(i),PDO(i),YR(i)

do 299 J=1,AL(1i)

read'(a)',CODE(i 3

read*, COST(4,3),MAIN(i,3),LIFE(i,3), RTOT(1,3),RINJ(1,3) RPDO(i.J)
continue

continue

%, . .computation

rate=real(int)/100.

do 303 i=1,N

do 302 )=1,AL(1)

crf=((1+rate)**LIFE(i,J) -1)/(ratex(i+rate)**LIFE(1i,3))
C(1,3)=COST(i,3)*crf + MAIN(i,3) -

B(i,3)=(FAT(1)*RFAT(1, j)*CFAT+INJ(1)*RINJ(i 3Y*CINT+

& PDO(i)*RPDO(l,3)*CPDO)/YR(1)

302
303

print’(2£10.2)/,C¢(i,3),B(1,3)

continue

continue

printx,/PLEASE INPUT THE PROPOSED BUDGET’
read*,bud

printx,”

=t

print*, /LOCATION NO. PROJECT CODE COosT
BENEFIT/ .

DO 35 I=1,N

prxnt* ’

DO 30 J=1,AL(I)
print’(tS, i5, t20, a ,t35, £10.0, t50, £10.0)/, I, CODE(I,J)
, C(I,3), B(I,J) :

CONTINUE
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35 continue
NN=1

S CRLL SORT (C,B,MC,MB,BC,CODE,NN,AL)
IF (NN .GE. N) GO TO 8
NN=NN+1
GO TO S

8 _printx,’

L========/
do 50 I=1,N
MB(I,1)=B(I,1)
MC(I,1)=C(I,t)
BC(I,1)=MB(I,1)/MC(I,1)
i1f (AL(Li) .eq. 1) go to SO
do 55 J=2,AL(I)
MC(I,J)=C(I,J)-C(I,3-1)
MB(I,J)=B(I,J)-B(I,J~1)
BC(I,J)=MB(I,J)/MC(I1,J)
PRINT*

55 CONTINUE

S0 continue
do 65 1i=1,N
PRINT*
PRINT*,

4]

print‘(t38,a,is)’,‘LOCATION NUMBER ‘,I

PrINE’(£38,8) 37 ciinenennacsansnnancan 4

printx

print*,/10C. NO. PROJECT CODE COST BENEFIT
& INCRE. COST INCRE. BENEF. B/C ¢

printx,’/

’

4]

do 60 j=1,AL(1)
print‘/(is,t15,a,t30,£10.0,t42,£10.0,t55,£10.0,t70,£10.0,t81,£10.2)”/,1
&, CODE(1,3), C(1,3), B(1,3), MC(1i,)), MB(1i,)), BC(i,))
- 80 continue
65 continue
print¥
print»
printx
print*,/THE FOLLOWING PROJECTS ARE CONSIDERED TO BE UNSUITABLE’
printx,’

4

print F1,/LOC. NO.’,’PROJ. CODE’,‘COST’,’BENEFIT’,
&’INCRE. COST’,/INCRE. BENEF.’,’B/C’,’
do 200 i=1,N

£
&



-232-

do 180 J=1,AL(1)
1£(BC(1,3) .lt. 1) then
Print T1,i, CODE(1,3),C(1,3),B(L,3),MC(1,3),MB(1,3),BC(1,3)

endif
190 continue
200 continue
printx
printx .

print*,’THE FOLLOWING PROJECTS ARE CONSIDERED TO BE FEASIBLE
& AND IF FUNDS ARE NOT LIMITED, WOULD BE SELECTED’
. print F1,/10C. NO’,’PROJ. CODE’,’COST’,’BENEFIT/,’
&INCRE. COST’,’INCRE. BENEF.’,’B/C’,’ ¢
printx,’

7’

do 220 i=1,N

r=0

do 210 3=1,AL(1i)
1£(BC(1,3) -ge. 1) then
r=r+il

C(i,r)=C(1,3)
B(1,r)=B(1,))
CODE(i,r)=CODE(1,3)
MC(1,r)=MC(1,3)
MB(1i,r)=MB(1,3)

endif
210 continue

AL(i)=r
220 continue

printx

do 212 i=1,N
if (AL(1) .ge. 2) then
do 211 J)=2,AL(1)
1£(BC(i,)) .gt. BC(i,J-1)) then
BC(1i,3)=(MB(1,3)+MB(1,3-1))/7(MC(1,I)+MC(1,I-1))
BC1(1,3)=BC(1,])
C1(41,3)=C(1,3)
endif
1£( AL(i) .gt. 3) then
i£(BC(1,)+1) .gt. BC(4i,3)) then
zz=MB(1i,3-1)+MB(1,J)+MB(1i,J)+1)
yy=MC(1,3-1)+MC(1,j)+MC(1,j+1)
BC(i,3+1)==2z/yy
C1{i,3+1)=C(i,3+1)
BC1(1i,3+1)=BC(i,3+1)
endif
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Endif
211 continue
Endif
212 continue
printx
printx
do 47 i=1,N

do 46 3=1,AL(1)
print T1,1,CODE(1,3),C(1,3),B(1,3),MC(1,3),MB(1,)),BC(1,3)
46 continue :
47 continue
printx*
print*
print*,THE PROGRAM RECOMMEND THE FOLLOWING PROJECTS AS
& THE OPTIMAL SELECTION UNDER UNLIMITED FUNDS‘
printx,’ -
& 4
nl=0
do 45 i=1,N
ni=nl+AL(1i)
4S continue
kk=1
JI=1.
KKk=AL(1)
do 14 i=1,N
do 12 k=kk,kkk
MMB(K)=MB(i,3
MMC(k)=MC(1,)
BB(K)=B(1,3J)
»J
i
)

BBC(k)=BC(1i
COD(k )=CODE(
CC(K)=C(1,9)
33=3i1
12 continue
kk=kkk+1
kkk=KKR+AL(1+1)-1
3=
14 continue
call sort2 (BBC,MVC,MvB,BB,CC,COD,nl)
print F1,/INDEX NO.’,’PROJ. CODE’,’COST’,’BENEFIT/,
&’INCRE. COST’,’INCRE. BENEF./,’B/C’,” ¢
printx,’
& g - ’
do 19 i=1,nl
print T1,i, COD(1i), CC(1), BB(i), MMC(i), MMB(1i), BBC(i)




19
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continue

printx

printx*

praint*,’/THE PROGRAM RECOMMEND THE FOLLOWING PROJECTS

& WHICH ARE WITHIN THE PROPOSED BUDGET’

print F1,/INDEX NO.’,’PROJ. CODE’,’COST’,’BENEFIT/,

& “INCRE. COST/,’INCRE. BENEF./,’B/C’

&

sun=0
printx,

88

68
102
103

sum1=0

1=0

do 68 3Jj=1,nl

sum=sam+CC( 3 )

suml=sumi+BB(J)
i1f(bud-sum) 102,103,88
1=1+1

print T1,3j, COD(1), CC(3),BB(3),sum, sumi,BBC())
1£( 1 .eq. nl) go to 103

continue

sum=sun~CC(3)

extra=bud-sunm

yy=extra*x(1+.07)

printx

printx

print‘(a,£10.0)’/,THE PROPOSED BUDGET IS $,bud

printx,”

’

print’{(a,£10.2)’,/UNEXPENDED BUDGET I§ §’,extra
print*
print’(a,£10.2)/,’/NEXT-YEAR VALUE OF UNEXPENDED BUDGET $/,vyy
STOP
END .
SUBROUTINE SORT (AA,BB,CC,DD,EE,FF,NN,AL)
REAL AA(20,10),BB(20,10),0C(20,10),DD(20,10),EE(20,10)
INTEGER AL(10)
CHARACTER*12 FF(20,10), TEMPTS
REAL TEMPTO,TEMPT1,TEMPT2,TEMPT3,TEMPT4
KKK=AL(NN)
DO 100 K=1 ,KKK-1
DO 99 KK=1,KKK~k
IF(AA(NN,KK) .GT.AA(NN,KK+1)) THEN
TEMPTO=AA(NN,KK)
AA(NN,KK)=AA(NN,KK+1)
AA (NN, KK+1 )=TEMPTD
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TEMPT1=BB(NN,KK)
BB(MNN,KK)=BB(MN,KK+1)
BB(NN,KK+1)=TEMPT1
TEMPT2=CC (NN, KK)
CC(NN, KK)=CC(NN,KK+1)
CC(NN,KK+1)=TEMPT2
TEMPT3=DD(NN,KK)
DD(NN,KK)=DD(NN, KK+1)
DD(NN, KK+1 )=TEMPT3
TEMPT4=EE (NN, KK)
EE(NN,KK)=EE(NN,KK+1)
EE(NN, KK+1 )=TEMPT4
TEMPTS=FF(NN,KK)
FF(NN,KK)=FF (NN, KK+1)
FF (NN, KK+1 )=TEMPTS

ENDIF .
99 CONTINUE
100 CONTINUE
end :

subroutine sort2 (aa,bb,cc,dd,ee,ff,nn)
real aa(l:%), bb(1:%*), cc(1:%*),dd(1:%), ee(1:%)
characterx10 ££(30), tté6

do 18 i=1,nn=-1

m=nn-1i

do 17 3=1,m

1£( aa()) .1lt. aa(ji+1)) then
tti=aa(j)

aa(jl=aa(j+i)

aa(j+1)=te1

tt2=bb(3j)

bb(J)=bb(j+1)

bb(J+1)=tt2

te3=cec(I3)

ce(J)=ce(I+1)

ce(3+1)=tt3

££4=d4(3j)

dd(Jj)=dd(3+1)

dd(3+1)=ttq

ttS=ee(3)

ee())=ee(j+1)

ee(j+1)=tts

tt6=££(3)

££(3)=E££(J+1)

££(3+1)=tte6

endif
17 continue
18 continue

end
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APPENDIX (B-3) FEASIBILITY ASSESSMENT MODULE ( INDEPENDENT MODULE)
ARERARRTAKE AR TAR AR EAREAARA TN AR KA AR AN KRR KKEX KKK AR AR KAKK KKK KKK
* S. M. SEYED-HOSSEIN, FEASIBILITY ASSESSEMENT MODULE *
THIS IS AN INDEPENDENT COMPUTER PROGRAM MODULE THAT CAN BE *
USED BY STATE OR LOCAL GOVERNMENT TO ALLOCATE THE SAFETY . *
FUNDS TO SELECT THE BEST SET OF SAFETY COUNTERMEASURE. THE *
DOCUMENTATION CAN BE FOUND IN CHAPTER FIVE AND SIX OF kol
THIS DISSERTATION. THE PROGRAM CAN BE OBTAINED THROUGH A *
WRITTEN REQUEST TO THE PROFESSOR L. WEST AT THE UNIVERSITY *
OF OKLAHOMA, DEPARTMENT OF CIVIL ENGINEERING. *
Ly R L R T e e Y e e s e R e e e e s ety
THE UNIVERSITY OF OKLAHOMA

SPRING 1982

ECN, PDP 11/70 COMPUTER: UNIX, VERSION 7: FORTRAN, F77
PROGRAM STATEMENT:

THIS PROGRAM IS A PART OF PHD DISSERTATION NAMED
"MACRO~-OPTIMIZATION PROCEDURE FOR ALLOCATING THE
SAFETY RESOURCES IN LOCAL JURISDICTION" THAT IS
SUPERVISED BY PROFESSOR LEONARD WEST FROM CIVIL
ENGINEERING DEPARTMENT AT THE UNIVESITY OF OKLAHOMA
IN SPRING 1982.
. All THE DOCUMENTATIONS ARE AVAILABLE 1IN APPENDICES

* WITH SOME RECOMMENDATION FOR DATA INPUT AND OTHER FOSSIBLE
ADVANTAGE THAT THIS COMPUTER PROGRAM OFFERS IN COMBINATION WITH
OTHER MODULE AS INDICATED IN CHAPTER FIVE.

* % o N % %

.. VARIABLE USED:
APT: INTEREST RATE

AL(I ): # OF ALTERNATIVES AT EACH LOCATION I
BB(I ): TRANFORMATION FOR BENEFIT AT LOCATION I
BBC(I ): TRANSFORMATION FOR BENEFIT/COST
BC(I,J ): MARGINAL BENEFIT

C(I,J ): COST OF PROJECT J AT LOCATION I
CC(I,J ): TRANSFORMATION FOR COST VARIABLES
COD(I ): TRANSFORMATION FOR PROJECT’S CODE
CODE(I,J): CODE OF PROJECT J AT LOCATION I

F1 FIX FORMAT FOR OUT PUT TITLE

INT: INTEREST RATE

MMB(I): . TRANSFER FOR MARGINAL COST

MMC(I): TRANSFER FOR MARGINAL COST

N: NUMBER OF ALTERNATIVES

NL: NUMBER OF FEASIBLE ALTERNATIVES

Ti: FIXED FORMAT STAEMENT FOR OUT PUT



~237-

real C(20,10), MC(20,10),B(20,10),BC{20,10), MB(20,10)
real CC(30), BB(30), MMC(30), MMB(30), BBC(30)
real C1(20,10), BC1(20,10)
character*x10 COD(30)
integer AL(20), ¢
character Ti1*60, F1*50
character T1*60, F1*x50
parameter (Fi= ’(a ti10,a,t28,a3,t33%,a,t48,a,t62,a,t80,a)’)
parameter (Ti1=’(1i5, t11,«,;24 £10.0,t37, £10 0, t48 £10 0,
&t62,£10.0,t76,£10.2)7)
DATA MC,BC,MB /200%0.,200%0.,200%0./
PRINTx*,/PLEASE INPUT THE NUMBER OF LOCATIONS‘
READ*,N
PRINT*,/INPUT THE NUMBER OF ALTERNATIVES CANDIDATED FOR EACH
&LOCATION/

READX*, (AL(I), I=1,N) -
PRINT*, /INPUT PROJECT CODE, COST, BENEFIT/

DO 20 I=1,N

DO 15 J=1,AL(I)
READ*,CODE(I J),C(X,J),B(I,T)

1S CONTINUE
20 CONTINUE
printx,’
& ________
print*,/LOCATION NO. PROJECT CODE CcoSsT
& BENEFIT/ ’
DO 35 I=1,N
print* 4
& _________

DO 30 J=1,AL(I)
: print/(ts, 15, t20, a ,t35, £10.0, t50, £10.0)’, I, CODE(I,J)
& » C(I,J), B(I,J)
30 CONTINUE
35 continue
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BC(I,1)=MB(I,1)/MC(I,1)
1f (AL(1) .eq. 1) go to SO
do 55 J=2,AL(I)
MC(I,J)=C(I,J)~C(I,J-1)
MB(I,J)=B(I,J)~-B(I,J-1)
BC(I,J)=MB(I,J)/MC(I,J)
PRINTx*

S5 CONTINUE

S0 continue
do 65 i=1,N
PRINTx*
PRINT~,

print’/(t38,a,15)’,/I0CATION NUMBER /,I

PrInt/ (t38,a) 3/ ceiecninnnnnnn tescenne ’

printx

printx*,/ILOC. NO. PROJECT CODE CoSsT BENEFIT
& INCRE. COST INCRE. BENEF.  B/C ,

print*,”’

do 60 3=1,AL(1i)
Print/(1s,t15,a,t30,£10.0,t42,£10.0,t55,£10.0,t70,£10.0,t81,£10.2)“,
&, CODE(1,3), C(1,3), B(i,l), MC(1,3), MB(1,3), BC(i,3)
60 continue
65 continue
printx
printx
printx )
printx,/THE PFOLLOWING PROJECTS ARE CONSIDERED TO BE UNSUITABLE’
printx,”

['d

4

"

’
print F1,/10C. NO./,/PROJ. CODE’,’COST’,/BENMEFIT/,
&/INCRE. COST’,”INCRE. BENEF.’, B/C’,’
do 200 i=1,N
do 190 J)=1,AL(1)
1£(BC(i,3) .1t. 1) then
Print T1,1i, CODE(1,3),C(1,)),B(1,]),MC(1,3),MB(1,3),BC(1,3)

£
-

endif
190 continue
200 continue

printx

print*,/THE FOLLOWING PROJECTS ARE CONSIDERED TO BE FEASIBLE
& AND IF FUNDS ARE NOT LIMITED, WOULD BE SELECTED’

print F1,/10C. NO’,’PROJ. CODE’,’COST’,’BENEFIT/,’
&INCRE. COST’/,/INCRE. BENEF.’,’B/C’,’ “
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printx,’ ———=
do 220 i=1,N

r=0

do 210 I=1,AL(1)
1£(BC(i,3) .ge. 1) then
r=r+l

C(1,r)=C(41,3)
B(1,r)=B(1,3)
CODE(1,r)=CODE(1,3)
MC(1,r)=MC(1,3)
MB(1,r)=MB(1,3)

N

endif
210 continue

AL(1i)=r
220 continue

printx

do 212 i=1,N
if (AL(1) .ge. 2) then
do 211 3=2,AL(1i)
1€£(BC(1,3) .gt. BC(i,j-1)) then
BC(1,))=(MB(1,73)+MB(1,3-1))/(MC(1,3)+MC(1,3~1))
: BC1(1,3)=BC(1,3)
C1(1,3)=C(1,3)
endif
1£( AL(1) .ge. 3) then
i£(BC(1,3+1) .gt. BC(i,J)) then
22=MB(1i,3-1)+MB(1i,3)+MB(1,3+1)
yy=MC(1,J~1)+MC(1,3)+MC(1,3+1)
BC(1i,3+1)=22/yy
C1(i,3+1)=C(1,3+1)
BC1(1i,3+1)=BC(1i,3+1)

endif
Endif
211 continue
Endif
212 continue
printx
print* -
do 47 i=1,N

do 46 j=1,AL(1)

print T1,i,CODE(i,J),C(i,3),B(1,3),MC(1,3),MB(1,3),BC(1,3)
46 continue
47 continue

printx
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printx,/PLEASE INPUT THE PROPOSED BUDGET’

readx,bud

printx*

printx,’THE PROGRAM RECOMMEND THE FOLLCWING PROJECTS AS

& THE OPTIMAL SELECTION UNDER UNLIMITED FUNDS*

printx,’

’

P
o

45

12

14

nl=0

do 45 i=1,i
nl=nl+aL(1i)
continue

kk=1

33=1

kKK=AL(1)

do 14 i=1,N

do 12 k=kk,kkk
MMB(k)=MB(1.jj)
MMC(K)=MC(1,33)
BB(k)=B(i,jj)_
BBC(k)=BC(1i,33)
COD(k)=CODE(1i,33)
CC(K)=C(1,33)
33=33+1

continue

KK=KKKk+1
KKkk=kKk+AL(1i+1)-1
3=

continue

call sort2 (BBC,MMC,MMB,BB,CC,COD,nl)
print F1,/INDEX NO.‘’,’PROJ. CCDE’,’COST’,/BENEFIT/,

&/CUMULAT.COST’ , ‘CUMULAT. BENEF.’,’MAR. B/C“

printx,”

7

n

19

& WHICH

do 19 i=1,nl

print T1,i, COD(i), CC(i), BB(1i), MMC(1i), MMB(i), BBC(1)
continue

printx

printx

printx,/THE PROGRAM RECOMMEND THE FOLLOWING PROJECTS
ARE WITHIN THE PROPOSED BUDGET’

print Fi1,/INDEX NO.’,/PROJ. CODE’,’COST’,/BENEFIT/,

&/ COMULAT. COST’,’COMULAT. BENEF.’,’MAR. B/C’

sum=0
printx,’
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sumi1=0
=0
do 68 j=t,nl
sun=sum+CC(3J)
sumi=sumi+BB(3)
if(bud-sum) 102,103,88

102 sum =sum - CC(3)
sumi=sumi-BB(J)
go to &8
88 1=1+1
print T1,1, COD(3), CC(J),BB(J),sum, sumi,BBC(J)
68 continue
103 extra=bud-sun
yy=extra*(1+.07)
printx
printx
print’(a,£10.0)/,/THE PROPOSED BUDGET IS $’ ,bud
printx,’
[ o4 /,
300 continue
print’(a,fIO.Z)','UNEX?ENDED BUDGET IS §’,extra
printx
print‘(a,£10.2)‘,/NEXT-YEAR VALUE OF UNEXPENDED BUDGET $7,yy
printx, /\£f”/
print*,/ IF YOU WANT TO TRY ANOTHER BUDGET LEVEL, ENTER 1/
read*,nnn
if (nnn .eq. 1) go to 222
STOP :
END

SUBROUTINE SORT (AA,BB,CC,DD,EE,FF,NN,AL)
REAL AA(20C,10),BB(20,10),CC(20,10),DD(20,10) ,EE(20,10)
INTEGER AL(10)
CHARACTER*12 FF(20,10), TEMPTS
REAL TEMPTO,TEMPT1,TEMPT2,TEMPT3,TEMPT4
KKK=AL(NN)
DO 100 K=1,KKK~-1
DO 93 KK=1,KKK~k
IF(AA(NN,KK) .GT . AACNN,KK+1)) THEN
TEMPTO=AA(MN,KK)

- AA(NN,KK)=AA(NN,KK+1)

* AA(MN,KK+1 Y=TEMPTO
TEMPT{=BB(NN,KK)
BB(NN, KK )=BB( NN, KK+1)
BB(NN, KK+1 )=TEMPT1
TEMPT2=CC(NN, KK)
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CC(NN, KK)=CC(NN,KK+1)
CC(NN,KK+1 )=TEMPT?2
TEMPT3=DD(NN, KK)
DD(NN,KK)=DD(MNN,KK+1)
DD(NN,KK+1 )=TEMPT3
TEMPTA4=EE(NN, KK)
EE(NN,KK)=EE(NN,KK+1)
EE(NN,KK+1 )=TEMPT4
TEMPTS=FF (NN, KK)
FF(NN,KK)=FF(NN,KK+1)
FF (NN, KK+1 )=TEMPTS
ENDIF

CONTINUE

CONTINUE

end .

subroutine sort2 (aa,bb,c¢,dd,ee,£f£f,nn)
real aa(t:*), bb(1:%), cc(1:*),dd(1:*), ee(1:x)
characterxi10 ££(30), tté

do 18 i=1,nn-1

m=nn-i

do 17 J=1,m

1£( aa(l3) .lt. aa(3i+1)) then
tti=aa(3)

aa(j)=aa(j+i)

aa(j+1)=tti1

tt2=bb(3J)

bb(3)=bb(j+1)

bb(3+1)=tt2

tt3=ce(l) : e
cc(l)=ce(I+1) .
cc(I+1)=tt3 ’
ttd=dd(3)

dd(Jj)=dd(3+1)

dd(j+1)=tt4

ttS=ee(3j)

ee(J)=ee(i+l1)

ee(Jj+1)=tts

tt6=££(3)

££(I)=££(3+1)

££(Jj+1)=tte6

endif

continue

continue

end
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APPENDIX (B-4) DYNAMIC PROCRAMMING COMPUTER CODE FOR RESOURCE ALLOCATION

/*tag

usr=(sseyedho,rije)

//seye 3jo0b »’ seyed ’/,class=3 time=(2,30)
/*jobparm d=rmt1

// exec watfiv

//5ysin dd %

[o Moo Ny NoNe

won N b

100

301
15

200
201

202
203

KAXKEKKKKAKKEKLEKEEARKEKKAKKEEKA AR ERKKAA AR AR A KEAARKAAAAAKAREAKAXKAKRARXNAAR

* THIS PROGRAM DEVELOPES THE DYNAMIC PROGRAMMING TECHNIQUE  *
* TO BE USED FOR THE COMPARISON PURPOSE AND MODEL.CALIBRATION*
* THE ALABAMA DEPARTMENT OF TRANSPORTATION COMPUTER CODE HAS *
* BEEN MODIFIED AND USED IN THIS DISSERTATION. *
L e e T s e L e T L L e L e 2
DIMENSION ORET(S0,301),0DEC(50,301),NIN(50),NDE(51)
DIMENSION NOD(S0,301),C(S50,31),R(31),C0(30),R0(30)
DIMENSION CX(S0,31),RX(31),XNO1(S0)
CONTINUE
IST=0
VRET=0.0
READ(S5,4) NSTG,NBJ,XINC,K1,K2,XN0O2,IPUNCH
FORMAT(2I4,F6.0,2I4,F10.0,I2)
IF(NSTG) 2,999,2
CONTINUE
DO § I=1,NSTG
NINCI)=301
FORMAT(20I4)
* WRITE(6,101)
DO 1§ I=1,NSTG
C(I,1)=0.
READ(S5,100) NDEC,(CX(I,IC),IC=1,NDEC),XNO1(I)
FORMAT(I3,7F10.0/8F10.0/8F10.0)
NDE(I)=NDEC
DO 301 IC=1,NDEC
ICP1=IC+H1
C(I,ICP1)=CX(I,IC)
CONTINUE
CONTINUE
WRITE(6,200) XNO2
FORMAT(8X,/DPM RUN CODE‘,F6.0//)
WRITE(6,201)NSTG,NBJ,XINC,K1 ,K2
FORMAT( SX, / STAGES~---MAXIMUM---~INCREMENT--~-LIMIT---ULIMIT/
t,/,21I9,F13.2,219,//,’--——-STAGE = INPUTS----DECISIONS’)
DO 203 I=t1,NSTG
WRITE(6,202)I,NIN(I),NDE(I)
FORMAT(I9,I8,I10)
CONTINUE
WRITE(6,101)
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WRITE(6,200) XNO2
WRITE(6,204)
204 FORMAT (1H,” STAGE DECISION COST RETURN REF NO‘,
4 COST/BEN’)
IPAP=0
NSP1=NSTG+1
NDE(NSP1)=0
DO 10 I=1,NSTG
R(1)=0.
READ(S5,100) NDEC, (RX(IC),IC=1,NDEC),XNO1(I)
DO 302 IC=1,NDEC
ICP1=ICHi
R(ICP1)=RX(IC)
302 CONTINUE
NDEC=NDE(I)+1
DO 206 IC=1,NDEC
IX=IC-1
RECB=R(IC)
IF(R(IC).EQ.0.0) RECB=t
CBEN=C(I,IC)/RECB
WRITE(6,208) I,IX,C(I,IC),R(IC),XNOI(I) ,CBEN
205 FORMAT(I16,I9,F11.0,F11.0,F7.0,F10.4)
206 CONTINUE
IPAP=IPAP+NDEC
IP1=I+1
IPC=IPAP+NDE(IP1)
IF(IPC.LT.S0) GO TO 303
WRITE(6,101)
WRITE(6,200) XNO2
WRITE(6,204)
IPAP=0
303 CONTINUE
NINP=NIN(I)
DO 20 J=1,NINP
XIN=(J-1)*XINC
DUM=-10000000000.*NBJ
NDEC=NDE(X)+1
DO 30 X=1,NDEC
CALL XOUT(I,IST,XIN,K,TDEC,KICK,XINC,C)
IF(KICK) 801,901,902
902 GO TO 30
901 CONTINUE
VRET=R(K)
I¥(xI-1y 7,7,8
7 TEST=VRET



8
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13

12
29
30
20
10

16

67
18

45
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GO TO 11
TEST=VRET+ORET(I-1,IST)
GO TO 11
IF(NBJ*(DUM-TEST)) 13,12,12
DUM=TEST

ODEC(I,J)=TDEC
ORET(I,J)=DUM

NOD(I,J)=K

GO TO 29

CONTINUE

CONTINUE

CONTINUE

CONTINIE

NINP=NIN(NSTG)
NOPC=40/NSTG

KKK=NOPC

ICORO=0

DO 40 M=K1 ,NINP,K2
ICORO=ICORO+1

J=M

XIN=(J~1)*XINC
IF(KKK.NE.NOPC) GO TO 67
WRITE(6,101)
WRITE(6,200) XNO2
WRITE(6,16)

FORMAT(” 7, SX,”/BUDGET LOCATION ‘,4X,‘ALT-NUM‘,

. :5X,/COST’ ,5X, ‘RETURN" )

KKK=0

KKK=KKK+1

WRITE(6,18) XIN

FORMAT(’0’ ,1X,F12.2)

CO(ICORO)=XIN

DO 45 L=1,NSTG

I=NSTG+1-L

XIN=(J-1)*XINC

TDEC=0DEC(I,J)

KK=(NOD(I,J)-1)

NO1=XNO1(I)

WRITE(6,17) I,NO1,KK,0DEC(I,J),O0RET(I,J)

FORMAT(’ “/,12%¥,I13,1X,I14,6X,I4,2F12.0,F10.4)
=NOD(I,J)

CALL XOUT(I,IST,XIN,K,TDEC,KICK,XINC,C)

J=IST

CONTINUE

RO(ICORO)=ORET(NSTG,M)
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40 CONTINUE
IIX=30
IF(IPUNCH.EQ.0) GO TO 998
WRITE(7,100) IIX,(CO(I),I=1,30),XNO2
WRITE(7,100),IIX,(RO(I),I=1,30),XNO2
9398 WRITE(6,101)
101 FORMAT(/1/)
GO TO 1
8ss STOP
END
SUBROUTINE XOUT(I,IST,XIN,K,TDEC,KICK,XINC,C)
DIMENSION C(S0,31)
TDEC=C(I,K)
QUT=XIN-TDEC
IF(OUT) 10,20,20
KICK=1
GO TO 30
KICK=0
IST=(QUT/XINC) +1.5
RETURN
END

Qo

N
w O =
o o

1 1000 11 10 9000
200. 7136. 29645S. 36781.
800cC.
100000. . -
750. 800.
6000. -t
100000.
$000.
100000.
6500. 8000.
800. 2200. 3600.
1000.
2200.
5000. 35000.
4500, 14700.
2800.
1200.
1400.
20802. 71322, 118870. 128380.
14157.
34398,
14030, §393.
21853.

0"
-‘N—l—l&—l—l—l“”-—l—lw”—l—l—l-ﬂn-‘—l“—lg
~
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APPENDIX (B-4) DYNAMIC PROGRAMMING COMPUTER CODE FOR RESOURCE ALLOCATION

/*tag usr=(sseyedho,rje)

//seye Job ,’ seyed ’,class=3 time=(2,30)
/*jobparm d=rmt1

// exec watfiv

//7s8ysin dd %

c FHAHKKHKHKKHHHHHREHHIEEKHEEHHREEEHAKHHKHHRHHEKHKEHREHAKHKK ALK,
c * THIS PROGRAM DEVELOPES THE DYNAMIC PROGRAMMING TECHNIQUE  *
c * TO BE USED FOR THE COMPARISON PURPOSE AND MODEL CALIBRATION
c * THE ALABAMA DEPARTMENT OF TRANSPORTATION COMPUTER CODE HAS *
c * BEEN MODIFIED AND USED IN THIS DISSERTATION. *
c JRT KK KKK H KK KK T KKK KKK KA TH K KT IA KA KT T KK KA KK KA KA A A ALK
DIMENSION ORET(S50,301),0DEC(S0,301),NIN(S0),NDE(S1)
DIMENSION NOD(S0,301) C(SD 31) R(31),C0(30),RO(30)
DIMENSION CX(S0, 31) RX(31) » XNO1(S0)
1 CONTINUE
IST=0
VRET=0.0
READ(S,4) NSTG,NBJ,XINC,K1,K2,XN0O2,IPUNCH
4 FORMAT(2I4,F6.0,2I4,F10.0,I2)
IF(NSTG) 2, 999 2
2 CONTINUE
DO § I=1,NSTG
S NIN(I)=301
3 FORMAT(20I4)
WRITE(6,101)
DO 15 1I=1,NSTG
C(I,1)=0.

READ(S,100) NDEC,(CX(I,IC),IC=1,NDEC),XNO1(I)
100 FORMAT(I3,7F10.0/8F10.0/8F10.0)
NDE(I)=NDEC
DO 301 IC=1,NDEC
ICP1=IC+1
C(I,ICP1)=CX(I,IC)
301 CONTINUE
15 CONTINUE
WRITE(6,200) XNO2
200 FORMAT(8X,“DPM RUN CODE’,F6.0//)
WRITE(6,201 )NSTG,NBJ, XINC,K1 ,K2
201 FORMAT( 5X, / STAGES-~--MAXIMUM---INCREMENT-~-LIMIT--~ULIMIT"
:22/,219,F13.2,219,//,/----STAGE INPUTS-~--DECISIONS’)
-DO 203 I=1 ,NSTG
WRITE(6,202)I,NIN(I),NDE(I)
202 FORMAT(IS,I8,I10)
203 CONTINUE
: WRITE(6,101)
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WRITE(6,200) XNO2
WRITE(6,204)
204 FORMAT (1H,’ STAGE DECISION COSsT RETURN REF NO’/,
14 COST/BEN’)
IPAP=0
NSP1=NSTG+1
NDE(NSP1 )=0
DO 10 I=1,NSTG
R(1)=0.
READ(S,100) NDEC,(RX(IC),IC=1,NDEC),XNOI1(I)
DO 302 IC=1,NDEC .
ICP1=IC+1
R(ICP1)=RX(IC)
302 CONTINUE
' NDEC=NDE(I)+1
DO 206 IC=1,NDEC
IX=IC-1
RECB=R(IC)
IF(R(IC).EQ.0.0) RECB=1
CBEN=C(I,IC)/RECB
WRITE(6,205) I,IX,C(I,IC),R(IC),XNO1(I) ,CBEN
205 FORMAT(I6,IS,F11.0,F11.0,F7.0,F10.4)
206 CONTINUE
IPAP=IPAP+NDEC
IP1=I+1 :
IPC=IPAP+NDE(IP1)
IF(IPC.1LT.50) GO TO 303
WRITE(6,101)
WRITE(6,200) XNO2
WRITE(6,204)
. IPAP=0
303 CONTINUE
NINP=NIN(I)
DO 20 J=1,NINP
XIN=(J-1)*XINC ’
DUM=-10000000000.*NBJ
NDEC=NDE(I)+1
DO 30 K=1,NDEC
CALL XOUT(I IsT,XIN,K,TDEC, KICK XINC,C)
JIF(KICK) 901,901 902
902 GO TO 230
901 CONTINUE
VRET=R(K)
IF(I-1) 7,7,8
7 TEST=VRET
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67
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GO TO 11
TEST=VRET+ORET(I-1,IST)

GO TO 11

IF(NBJ* (DUM-TEST)) 13,12,12
DUM=TEST

ODEC(I,J)=TDEC
ORET(I,J)=DUM

NOD(I ,J)=K

GO TO 29

CONTINUE

CONTINUE

CONTINUE

CONTINUE

NINP=NIN(NSTG)
NOPC=40/NSTG

KKK=NOPC

ICORO=0 -

DO 40 M=K1 ,NINP,K2
ICORO=ICORO+1

J=M

XIN=(J-1)*XINC
IF(KKK.NE.NOPC) GO TO &7
WRITE(6,101)

WRITE(6,200) XNO2
WRITE(6,16) - .
FORMAT(’ “, SX,’BUDGET LOCATION ‘,4X,’ALT-NUM-,

:5X,/COST/ ,5X, /RETURN/ )

KKK=0

KKK=KKK+1

WRITE(6,18) XIN

FORMAT( /0’ ,1X,F12.2)

CO( ICORO)=XIN

DO 45 L=1,NSTG

I=NSTG+1-L

XIN=(J-1)*XINC

TDEC=ODEC(I,J)

KK=(NOD(I,J)~1)

NO1=XNO1(I)

WRITE(6,17) I,NO1,KK,0DEC(I,J),0RET(I,J)
FORMAT( - /,12X,13,1X,I4,6X,I4,2F12.0,F10.4)
K=NOD(I,J)

CALL XOUT(I,IST,XIN,K,TDEC,KICK,XINC,C)
J=1ST

CONTINUE

RO( ICORO)=ORET(NSTG, M)
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40 CONTINUE
IIX=30
IF(IPUNCH.EQ.0) GO TO 998
WRITE(7;100) IIX,(CO(I),I=1,30),XNO2
WRITE(7,100),IIX,(RO(I),I=1,30),XNO2
998 WRITE(6,101)
101 FORMAT(“17)
GO TO 1
999 STOP

END :
SUBROUTINE XOUT(I,IST,XIN,K,TDEC,KICK,XINC,C)
DIMENSION C(S0,31)
TDEC=C(I,K)
QUT=XIN-TDEC
IFr(ouT) 10,20,20
10 KICK=1
GO TO 30

Qo

- 20 KICK=0

IST=(OUT/XINC) +1.5
30 RETURN
END

1 1000 11 10. 9000
200. 7136. 2964S. 36781.
8000.
100000.
750. 800.
6000.
100000.
5000.
100000.
6500. 8000.
800. 2200. 3600.
1000.
2200.
5000. 35000.
4500. 14700.
2800.
1200.
1400.
20802.  71322. 118870.  128380.
14157.
34395.
14030. 5393.
21853.

"
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/*eof

20238.
600.

© 136008.

13104.
4530.
10560.
1296.
2496.
3450.
1512.
6790.
7210.

15470.
16830.

7680.
8050.

-251-

21674.
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APPENDIX (C-1) OPTIMALITY ASSESSMENT COMPUTER PROGRAM
##ANOTE  FOR LARGE-SCALE PROBLEMS THE DIMENSIONS SHOULD BE MODIFIED.

000 0000C 02200 R 00000000 QOQOCIRIINEPRECEOT R ItaaERdetneeesses
S. M. SIYEC-AGSECIY, OPTIMALITY ASSESSEAZNT NODULE
MAY 1982, OUIVZISSITY OF OKLAJOYA, SUPERVISED BY PROFESSOR
L. ¥EST, AT CIVZL ZNGINZTRINS DETARIAZNT.
TUIS IS AK IMDSPISNEZNT COFMDUTER M0DILS THAT CAll BE USED BY
PEDERAL, STATE, AND LOCAL GOVIiYMENT TO SOLVE THEIR
MULTI-OPJSCTIYE SAPETY PROCLINS. THIS PRCGIAN IS A SLIGHTLY
MODIPIED VELSICE OF “LINEAR GOAL DPRCGRAMMING PACKAGE®
MRITTIN BY PAULA S. DEFSHALZIR AT PENNSYLVANIA STATS
ONIVEZSITY. TAS DROCISS FCi SAFETY FOENULATICH CAN 3E FOUKD
I¥ CRADTER SIX OF THDS DISSIRTATICN.
THE PICGPAM KAS DZZH RITTEN AUD INTEPACTIVELY GUIDES THE
U522 TO INPUT THZ SZQUIRED DATA. HOWZVER, ONDERSTAKDIND
TBE FURMULATICN PRCCSSS IS NXCESSA2Y BETORE USING THIS
PROGRA.
POR LARGE SCALE PROBLZAS, THE DINENTIONS PFOR ARBAY SROULD
BB INCRTASED

SOCSO0OSPEVIEIEREOENINCEEOEIEOENOAIENRIENL GOS0 ISIIPIBROSOSSSEOS
consox TL(20,10), TT(10,30}, <TB(20,30), TI(19,30),
1 TB(20) , 7a (10), JcoL(30,2), JROS(20,2),
2 %08J, EPRI, ¥vag, EcoL,
3 ¥EO¥, INSK
DATA InAX/200/
DATA BPRB,0/

SRITE (6,200)
200 FCRHUAT(' T2IS PROGSAY IS A SLIGHTLY RODIFIED VERSIOS OF*/
T9TLINEAR GOAL PROGRANNING PACKAGE®® KRITTEN BY'/
YPAULA S. BESSHADER WHILE AT THE PENNSYLVANIA STATE'/
YUNIVERSITY =t 197S. <=dH2 READ FORNATS HAVE BEEX'/"
YCHAHGED 70 ALLOW ZASIER INPUT OF DATA.') .

WRITZ (6,101)
101 PORMAT(' $00S800cntetateeeattenttsittersosestscistessessteesint/

1080008040000 30080009598000000IRCEOETPRESTERESISORSREI )
1008808008 00000EE0T0CR0EITIIRINENETREBEIENsseeesestsnsl /
TOLISESCATEEL0EL0ERS04ECINES0000CIPIETRTINSAIRERSRGY,)
P850 000CE0T000000000BONNTANTININEREININERSOESETSRIIINY)
¥RITE (6,202) :
202 FORMAT(*ENTER THE FOLLOWING VALUES ON R SINGLE LINE '/
*SEPARATED BY CONMAS: TOTAL JUUMBIE OF DBJICTIVES,'/
* NUMSER OF PRIORITIES, NOUMBER OP DECISIDON VARIABLES,.t'/
*NOABER OF TEGRAS IN THE ACHIZVERNENT FONITIOR, 1 FORY/
*PURE INTIGER SOLUTICN OR C FOR NORMAL L.G.P..')
25 READ (5,30,FEND=80,SR&=21) NOBJ,NPRI,NVAR,YTAP, lNSH
IP (NODJ .LT. 1 .OR. NP3IXI .L7. 1 .OR. NVAR .LZ. 1) GO TO 22
IF (X033 «GT. 20 .OR. EPRI .GT. 10 .03. RVAR .GI. 10) GO TO 22
KCOL = HCBJ ¢ ANVAR °
DO 1 ¥V = 1,XVAR
JCOL {4v,1) = 2
1 JCOL(%V,2) = NV
.00 2 NO = 1,N00J
* UC = MO ¢ NVAR
JCOL(NC,1) = 3
JCOL {NC,2) = NO
JRO4 (HO,1) = &
2 JROV(NO,2) = NO
WLITE (6,102)
102 FORBAT (1000000000 000080000000000000000000000000000000080000Y)

aanNNAMOANANOOON

[ XX EEEXNREEN NN NN
Saaasae

(4]
SwWwN 8 WwN -
®* A

8B WwN -a

te0e ecsesery
2 tee seseeni
3 0080000000001 0000008¢0TEI00000ES000000RERROROEROCTINY)
WRITE(6,204) .
208 FORMAT (*MEXT ENTIR TNE COEFFICIENTS OF THE JIR DECISIONY VARIABLE'/

1 "IN THE ITH ORJECTIVE. ZSNTER THESE VALUES 04 A SINGLE'Y



103

206

108

208

aYruawn
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*LINE SECABATED BY CONMAS. DO ROT INCLUDE THE COrPFI-*/
*CIZNTS CP THS DEVIATIUN VARIAJLIS. FOR EXAnPLE:*/
X1 ¢ QX2 ¢ N1 =~ P1 = 6%/
X1 = 2X2 ¢ ¥2 = P2 w 4y
13X1 ¢ 6X2 ¢ K3 = P3 = 9ty
*THE VLLDZS SOULD BE KEYZ2D INH AS FOLLCUS:'/
*1,8,1,-2,3,6')

2EAD (S,31,EHD=20,ZRRA21) ((TZ(HO,HV),B'-1 BVAR),40=1,508J)
. DO 3 WOR = 1,N03J

D0 3 20
HOC = NG + HVAR

s 1,NG2J

72 (KOR,¥0C) = 0
IF (NO .Zi. MOE) T2 (SOR,¥0C) = =1

3 COMTINUE

W

SN WNa

WLITE (6,103)

’oau"(‘ sessseesscessesentsenaten Gt eesacvestsvecetaeRenet )y

16868000008 000080 ¢ ...."..‘...O..“..".‘.‘.‘O‘..l,

WRITE (6,206)

PURNMAT (* HNEXT ENTE2B TH® EIGAT HAUD SIDE VALJES FOR EXCAY/

*OBJECTIVE. . ENTZP THEZ VALUES ON A SIKGLE LINE?/
YSEPARATED BY COAMAS. POGR EXAMPLE CONSIDZR:*/
' X1 4 UX2 ¢ 41 = P1 =60
VX1 =2X2 ¢ N2 ~ D2 w 81/
13%1 ¢ 6X2 ¢ N - P3 = 9/
'TAE VALOZS VILL BE KEYED IN AS:?/
'6,5,9%)

READ (S,31,END=20,ERR=21) (TB (¥0),EO=1,40BJ)
DO 6 ¥P = 1,NPRI
DO 4 8O = 1,H0BJ
8 TL(EO NP) = 0
DO

uc = 1,NCOL .

S !T(x?,\C) =0

6 CONTINDE
WaITE (6,104)

WN

VIRUNLCOAIRELUN=

FORMAT (' 990 000800000000004020900C088000080000000s00S00essaly

1000092802980 80030204RctsPICTESEERICEEPISRNEIRROGEtSORl)

7888030 RTE 000200 ESEISHRELEUIEELPOsEPINECE l.“.‘.‘.')

BRITE (6, 2C8) . °
PORNAT (503 ENTER THZ PRIORITY LEVELS FOK THE ASSOCIATID'/

DEVIATION VARIABLES, ¢ OR -~ TIMCS TRE SUBSCRIPT OFPt/
*THE ASSOCIATED DEVIATION VARIADLE. (IE ¢ FOR N, =/
*POR P.), AND WEIGHTING FACTOR PGL THE ASSOCIATID'/
$DEVIATION VARIARLE. YOU NUST OSE ONE LINE FOR EACA*/
SDEVIATION VARIABLE APPEARING IN THEZ ACHIEVEHENT'/
*PUHCTION. FOR EXANMPLE:'/
'WIs A > { {221 ¢ 3P2), (R3) 1Y/

¢ X1 ¢ 4x2 ¢ NV ~ Pt = 60y

¢ X1~ 2X2 ¢ N2 - P2 = QY

$3X1 ¢ 6X2 ¢ NJ ~ P3 = Gy
¢TBZ INPOT SOULD DE: 'y

v1,+1,2%

® v1,¢2,3%
12,-3,1%)

DO 7 NT = 1,NTAP
READ (5,32 ,'YDﬂ’O ERR=21) IPRI,ISOB,WITP
CALL PLACE (IPRX, ISUB, WUT?)

7 CONTINUE
NPRD = XPRB ¢ 1

BRITE (6,34) NPBB

RCPL = O

BPRT = 0
8 JROW = 0

IVAL = 0



10

11

W -

~254-

ZP (MROW .EC. HPRI) CO 70 11
NROU w Niov & 1
CALL CINDX (0)
CALL TEST (NZ¥C, NDVE)
1VAL = IVAL ¢ 1 .
TP (IVAL .GE. INAX) GO TO 19
IF (UEVC .LE. 0) GO TO 9
CALL PERE (NEVC,NJVE)
GO TO 10
CALL INTST (IS¥)
IP ¥Sd .E2. 0) CALL POOT (NPRT,ICPI)
CALL ALIST (lPRT, NCPL)
IP (KPRT .KE. 0) GO. 70 25
CALL FCPL [ISK)
IF (ISY .IQ. 0) GO TO 25
NCPL = XCPL * 1
GO 10 8
§RITE (6,38) ImAX
GO 10 25
¥RITE (6,35)
G0 <0 80
YRITE (6,36)
GO0 70.50
¥RITE (6,37}
PORNAT (SIS)
PORHAT (8P10.0)
FORIAT (21I5,F10.0)
POREAT (18%,////,tPECOLER?,IQ," RIAD IN SUCCESSFULLY®)
FOREAT (//,'®*DATA STR?TAZ ERRCR~-AISSING DATA CARDS®e?)
POBYAT (//,'DATA STREAN ERLOR = UNBEADABLE DATA CARDee?)
FORNAT (//, ***IHRUT YARIABLE EXCSEDS ALLOWABLE CINE¥SION RANGE®®?)
FORYAT (//, * ** ALGOSITERN DID NOT FPINISE *,15, * ITERATIONS se4)
CONTINOE .
sToP
28D
SUDROCTINE PLACE (IPRI, ISUB, WHTP)
connoy . 1L (20,10), TT(10,30), TE(20,30), <TI{10,30),
TB(20) , TA(10; . JCOL{30,2), JROW(20,2),
¥OBJ, RPRI, XVAR, ucoLr,
XBoW, INSE
I? (IPRI .LT. 1 .CR. IPRI .GT. NPRI) GO 20 2
Ir (ISUB .EG. O .OR. IABS(ISOE) .GI. NOBJ) GO T0 2
I? (ISOB .GT. 0) GO TO 1
ISU3 = -ISUB
IF (TL(IS3ID,IPRI) .NE. 0).Go TO 3
TL (ISUB,IPRI) = WKHTP
REBIURK
ICOL = ISUB + HVAR
I¥ (TT(IPFI,ICOL) .NE. 0) GO 10 3

. TT{(IPRI,ICOL1) = WHTIF

b N

BETURK
WRITE (6,05)
GO T0 6
WRITE (6,5)
FORNAT (//,'**SUBSCRIPT ODT~-OP-RANGE WHILE READISC SUBSCRIPTIS*®')
YORKAT (//,'®*OVERHRITE ATTENPTED IN A STUBe )
sT02 :
END
SUBROUTINE CINDX (ISd)
connoy TL{20,10y, TT(10,30), T=®{20,30), TI(10,30},
1 TB(20), TAC10), JCOL(30,2 ., JRO¥ (20,2},
2 nOBJ, ¥PRI, RVAR, NCOL,
3 uROW, Iusu
I=1

IP (ISV .NE. 1) I = §ROW
Do 3 ¥P = I,NROV



N O -

1

2

TA(NP) = 0

0o 1 %0 = 1,500J

TA(NP) = TA (YD) ¢ TB(NO) & TL (NO,NP)

DO 2 HC = 1,MCOL

TI(HP,HC) » ~TT(NP,HC)

DO 2 HO = 1,HONJ

TI(KP,NC) = TX (NP,ZC) + TZ(¥O,SC) & TL{NO,XP)

CONTINIE
CONTINI®
RETURN
END
SODROUTINE T®ST (HEVC,5DVR) .
connon oL(20,10),. <7(10,30), <TE(20,30), TI(10,30),
1 TB(20), TA{10), JecL(20,3, JROU(20,2),
2 HOBJ, . npez, BVAR, acoL,
3 xeoW, IXs¥
AEYC = O
IF (TA(5ROS) .LE. 0) BETURE
VEYC = 0
WRAW = HROW ~ 1
DO 3 BC = 1,NCOL .
1?7 (TI(NEOS,NC) .LE. 0) GO TO.3
IF (NROW .EC. 1) GO TO 2 -

DO 1 ¥ = 1,xanw
IF (TI(N,5C) .1T. 0) GO TO 3
COBTINOE ]
IF (TI[HROL,BC) .LEZ. VEVC) GO 70 3
MEVC = RC
YEVC = TI(NKOW,KC)
costIuue
IF (¥2VC .2Q. 0) RETURN
HDYR = O
DO 7 BR = 1,N0BJ
Ir (TE(YR,NEVC) .LE. 0) GO %0 7
¥ = TB{NR) /TE(5],HEVC)
IP {(8DVR .E2. 0) GO =0 6
IF (Y-YDVR)6,4,7
DO 5 ¥DP = 1,5PBI
IP (TL(NR,4P) - TL(NDVR,%P)) 7,5,6
CONTINIE
YDVR = ¥
HDVR = NR
COSTIXIE
IP (NDVR .GE. 1) BEZTURN
ERITE (6, 8) . :
POREAT (//,'#¢DPROGRAN TERMINATED-FAILED PIVOT-CCIPUTATION®S® )

sT0P )

2D

SOBROOTIRE PERN (NEVC,S5DVR)

connox T1(20,10), T7(10,30), TE(20,30), TI(10,30),
1D (20), TA{10), JCoL (30,2, JFOW(20,2),

2 ¥coJd, APRI, AVAR, xcoL,

3 ROV, & 1ESY

PO 1 I = 1,2
J = JCOL (NEVC,I)
JCOL(NEVC,I) = JROW (NDVR,I)
JROW(NDVR,X) = J
DO 2 NP = 1,NPRI
TEN? = TL({NDVR,ND)
TL (HOVR,NP) = TT (NP, NEVC)
TT(NP,HEVC) = TRERP
PIV = TT(NDVR,NEVC)
PIB = TN (NDVR)
PO 31 N0 = 1,HOBJ
I? (MO .EQ. NDVR) GO Ta 31
PIX = TE(NO,HNEVC)/21Y
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TH(UO) = FIX(TD(NO) =~ PIX ® PIB)

DO ) #C = 1,3COL

IP (MC .B2. HIVC) GO %0 3

CE{LO,NC) = FIX[TE(NO,HNC) = TP{NDVE,MC) ® PIX)
conziNge .
CONTI XJE

DO 4 NC = 1,8COL .

TE (SDVR,¥C) = FIX (TE(USVR,XC)/PIV)

D0 5 NO = 1,¥0DJ
TE{LOLNEVC) = FIX (=75 (¥0,8LVC)/P1Y)
TB(SDYR) = FIX (T (NOVA)/PIV)
22 (LDVR ,KTVC) = PIL(1/21V)
CALL CINDX(Y)
BRETUR Y
D
FOECTION rIXx (Z)
= 1

z
DO 1M = 1,3
IP (¥ -HE. 1) X = 10 # X
Psxe z

K
IF (ABS (P-G) - .005) 2,2,1
CONTINGE
?IX = Z
RETIORY
rix = G/X-
RETURY ¢
130]
SUBLOUTINE FCPL ([ISV)
connoy TL(20,10), TT(10,30), TE{20,30),
TB(20), TA(10), JCOL(30,2) .

1
2 1037, ¥PRY, BY1R,

¥RCH, IRsY

3
IP (WOBJ .ZJ. 20) GO TO 10

s N -

o g0 »w

CALL INTST (NSV)
IF (NSU .EQ. 0) GG TO 11
ISy = 1
HOBJ = KQRJ ¢ 1
DO A BC = 1,4COL
I = TE(HSW,HC)
I=X
Yy =3
Ir (rix(x-y)) 1,2,3
TE(LOBJ,HC) = 1. ¢ X~T
GO To &
TE (XODJ,NC) = 0 Col ..
GO TO &
TE {i0BJ,BC) = X~Y
CONTINGE
L = TB(HSW)
I=X
Y »2X
I? (PIX(X-Y)) 5,12,6
TB{NQBI} = 1. + X~Y
GO0 70 7
TB(NOBJ) = I-Y
HCOL = XYCOL ¢ 1
DO 8 KO = 1,NCBJ
T2 |10,NCOL) = O
TE(NOBI,NCOL) = -1
DO 9 NP = 3,4PRI
TT(UP,NCOL) = O
L (KOBJ A7) = O

*£I(10,20),
JR0W (20,2),
¥COL,



10
7
12
13

e

11
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TL(N00J, ) = 1
JEOW (NODJ,1) = &
JROK(N3DJ,2) = NOBJ
JCOL(NCOL,1) =
JCOL({NCOL,2) =
G0 70 14
VEITE (6,15)
GO 70 13
SRITE (6,16)
6o 10 13

NOBJ = NCBS =~ 1
YRITE (6,17)
¥DITE (6,18)

¥=0

CALL POOT(H,5)

ISE = 0
RETURN
FORNAT (/,® PCPL PAILIEZ ~ DIZZHSION EXCEEDED °)
FORAAT (/,' FPCPL PAILUAZ - ILLIGAL PATAHY) .
FOBSAT (/,* FCPL FAILIRE'- ABKORNAL VALUE®)
FOSXAT (/,' VALUES AT THE TINE OP FAILURE POLLOW')
1)
SUBLOUTINE ALTST (¥PRT, ¥C2L)

HOBJ

coNnoY T1(20,10), =7(10,30), TE(20,30), <TI(10,30),
1 TB(20) ., A {10) , Jcor(30,2), JR08(20,2),
2 ¥0BJ, EPRI, NYAR, ¥colL,

k] aRoW, INSY

DO 4 ¥C = 1,HCOL

DO 1 NP = 1,NPRY

TP (TI(KP,HC) .NE. 0) GO TO &
CORTINUE

DO 3 ¥O = 1,408

I?(TE(NO,NC) .LZ. 0) GO TO 3
I? (TB(%0) .LE. 0) GO =0 3
CALL 2ERN (LC,NC)

DO 5 KB = 1,NCDJ

I¥ (T3(NB) .LT. 0) GO 10 6
CCHTINUE

CALL INZTST (NSW)

IF (NS4 .EQ. 0) CALL POOT (NPRT,NCPL)

CALL PERN (NC,HO)

CONTINGE

COSTINUE

RETURY

znD

SUBEOUTINE PODT (NPRT,NCPL)

coanol TL{20,10), <+(10,30), <TE(20,30), TI (10,30},
1 T8(20), TA(10), JcoL(30,2, JROW(20,2),
2 ¥opJ, MPRI, ¥VAR, NCOL,

E] ¥ROW, 1458
DIKENSION ¥ 01T (20, 8)
KPRT = HPRT + 1
I? (MPRT .HEZ. 1) WRITE (6,31) NPRT
IF (NCPL .NE. O .AND. NPRT .EQ. 1} WRITE. (6,32) NCPL
PO 12 I = 1,20
DO 12 J = 1,3

12 800T{I,J) = 0

- 13

DO 13 NP = 1,HPRI
BOOT(HP, 1} = FIX(TA (NP)}
DO 18 ¥O = 1,%03J

IC = JEOW (%O, 1)

IR ‘= JSO0W (¥0,2)

14 WOOT(IR,IC) = FIX (T3{%0))

BRITE (G6,33) NPRI, KVAR, KOBJ, NOBJ
I = MAXO (NPBI,NTYAR,K0BJ)
DO 20 K = 1,I
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27 (K .CT. XPRI) GO TO 16
IF (K .GT. LVAE) GO TO 15
§RITE ztg.lﬂ) K, (SOUT(X,J), J=1,d)

GO0 TO

15 SEITE gg,:s; X, WOUT(K,1), (WODT(K,J ,J=3,3)

GO T0

16 I¥_ (K .GT. L¥A3) CO 70 17
WRITE (6,36) K, (¥OUT(K,J),J=2,4)
20

GO <0

17 9RIZE (6,37) K, (WOGT (K,J) ,d=3,4)
20 CONTINUE

31 FOANAT (/,®' ALTERMATZ SOLUTICYU XKUNBEP *,I3)
32 PORKAT (/,' MNNNBEL OF CUTTING 2LANES OSED = *,IJ)
33 FOBHAT (/,"' SIBSCRIPT',I6,' TBRAS ASTAR',I6,

1 ' TERMS XSTAR',I6,° TERNS PSTAR',16,' TEZRNS NSTAR'/)
38 FOBEAT (I16,4TF18.4)
35 yoRHMAT (16,F18.8,13X,2r18.8)
36 PORMAT (I6,18X,3P18.4)
37 FCAmMAT (I6,36X,2P18.8)

RETURYH

EXD -

SODEOOUTINE INTST (NSW) ’

coaxon TL(20,10), TT(10,30), TE (20,30), TI(10,30),

1 TH (20), TA(10), JCoL (30,2, JROW({20,2),

2 ¥OBJ, PRI, NVAR, ¥coL,

3 ¥BOW, INSSH

¥s9 = ¢

1y (INSY .EQ. 0) RETURN

DO 2 NO = 1,003

Ir (JOOW(NO,1) .HE. 2) GO 20 2

I = TE(NO)
J=s1 -2

DO 1K= 1,3

G

= J + K

IF(ABS(ZB(NO) ~GC)-.0001) 2,2,1
1 CONTINCE

GO T0 3

2 CONTINUE

RETUDNH
BSW¥
EZTIORE
5D

s N0
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APPENDIX (C-1) OPTIMALITY ASSESSMENT COMFUTER PROGRAM

*¥*¥NOTE  FOR LARGE-SCALE PROBLEMS THE DIMENSIONS SHOULD BE MODIFIED.

SUE20 4020 0C0B20 60600300200
S. M. SZYED-HOSSEIM, OPTINM .
RAY 1982, ONIVZRSITY OF OKLAIOMA, SUPEGVISED EY PREOFESSOR .
L. WEST, AT CIVIL ZNGINZERING DETARTATUNT. .
THIS IS AN INDENPERDINT CONMPUTER MODULD THAT CAN SE USED RBY @

.

.«

L N Y P Y T R Y N Y]
LITY ASSZSSSFEMENT MODULE

PEDERAL, STATE, AND LOCAL GOVILNMEUT TO SCLVZ THEIR
HNULTI-ORJECTIVE SATETY PRCIDLIMNS. THIS PROGHAM IS A SLIGW;LY
HODIFIED VEI SICH OF "LINEAR GOAL JRCGRAUMING PAFYRGL"
WRITTZN BY PAUL AN S. DEFSHACZR AT PENNSYLVANIA STAT .
CGNIVEESITY. TilE DPROCEZSS FOIt SAFETY FORMULATICH CAN 3E FoukD®
IN CRADPTER 51X OF THIS DISSERTATICH. .
THE PRGGPAM HAS DEEN &RITTEN AUD INTEPACTIVELY GUIDES THZ 4
USZR TO INPUT TIHZ REQUIRED DATA. HGWZIVEER, CNDEFSTALDIND .
THE FORMULATICON PRCCESS IS NECESSARY BETORE OSING THIS .
PROGRAY. .
FOR LARGE SCALE 2ROBLENS, THE DIMENTICKS FCR ARRAY SHOULD :
.

OnonNOnnONNNACOON
LRI IR A NN N R RN

BE INCREASED
I XA R T R TR TR R T R AR A2 SR RIS L TR RN NI ANREAREIRRR 21N R
comdon TL(20,10), TT(10,30), TE(20,30), TI(10,30),
1 TR(20) , TA (10) , JCCL (30,2), JRCR (20,2),
2 NOBJ, KPRI, NVAR, scoL,
3 HEOW, INSH
DATA INAX/200/
DATA NPRB O/
WRITZ (6,200)
200 FCKMAT(' TEIS PROGRASN IS A SLIGHTLY MODIFIED VERSIOK OF'/
*1¢LINZAR GOAL PROSEAMMING PACXAGE'' WRITTEN BY'/
"PAULA S. BERSHADER WHILE AT THE PEKNSYLVANIA STATE'/
TUNIVERSITY I 1975. ©~il2 FEAD FORNATS HAVE BEEN'/
*CHAKGED 7O ALLOW ZASIER INPUT OF DATA.') .

WRITE (6,101)
101 PORMAT (! #oo #4220 60 200 S 00U ERIIIRREEIREORIOSETOIICAERIOOTOEEITELERT /

1 888 3200 ¢S EEEREPSEREPINTE ..."U..'3‘5‘20"'1’.“"“..|/
IET IR I3 TS R RS NI R RN RN SRR RSS2 2 014 l/
(BT 2222 RSTS RIS R RN NTRPISS FREALE S ."t.“.-..'./
P2 ONEE RN LR EEELSES BSOS E RN S S LS CESEEINNGORNGU RS SREIEES l)
VRITE (6,202)
202 FORMAT (* ENTER THE FOLLOWING VALUES ON A SINGLE LINE '/
*SEPARATED BY COMMAS: TCTAL JUMBZIR OF DEJSCTIVES, '/
' YUXBER OF PRIORITIES, NUYBER OPF DECISIDK VAFIABLES, '/
*NOMBER OF TEFRNS IN <HE ACHIZVEIMEXT FUNCTION, 1 FOR'/
*PURE ILTTGER SOLUTICN OR O FOR SOEMAL L.3.P..')
25 READ (5,30,FND=40,ERR=21) NOBJ,NPRI,NVAR,UTAP,INS
IF (8033 .LT. 1 .0R. BPRI .LT. 1 .OR. HVAR .LT. 1) GO 70 22
IF (NOBJ .6T. 20 .0R. LPEI .GT. 10 .0R. HVAR .GI. 10) GO TG 22
KCOL = HNCBJ ¢ NVAR
DO 1 8V = 1,NVAR
JCOL(NV,1) = 2
1 JCOL(HV,2) = MV
DO 2 ¥O = 1,NOBJ
HC = NO + HVAR

SFWwNa W=

EWN -

JCOL(NC,1) = 3

JCOL(NC,2) = NO

JROY(HO,1) = &
2 JROV(NO,2) = NO

WiITE (6,102)
102 FORBAT (P 6000 aat et dnaessasanssuvsstataettosssoretstennsstsant/
(R IEL R AT RIS 22 222 S N2 A RS ARSI LA RS2t AV
2 CEBEAEEEREIBASFE R A BERAS NG FANERBOSRE NSO S K SRS tt“.t'/
3 L ‘.‘““‘i‘tﬁ“.“‘.‘tt'..“‘..‘..“‘““""‘.‘.tl“')
SRITE (6,204)
204 FORMAT (' HEXT ZHTER THE CCEFFICIENTS OF THE JTH DECISION VARIABLE'/
1 *IN THE ITH QBJECTIVZ. ENTIR THESE VALUES ON A SINGLEZ'y
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*LINE SEPARATED BY COMMAS. DO NOT INCLUDE THE CORFFI-*/
*CIENTS OF THE DEVIATIUN VARIADLZS. FOR EXANPLE:?
*X1 ¢ UX2 ¢ N1 - PT = 6%/
*X1 - 2X2 ¢ H2 -~ P2 = 4ty
'3X1 ¢ 6X2 ¢ N3 - P3 = 9V,
*THE VALUES WOULD BE KEYED IN AS FOLLCWS:'/
11,4,1,-2,3,0%)

READ (5,31,END=20,ZRRE=21) ({TE(NO,KV) ,NV=1,NVAR) ,H0=1,8003)

DO 3 HOR = 1,H033

DO 3 NO = 1,NCHJ .

NOC = 5O + NVAR
TS (NOR,HQOC) = O
IF (KO .Ey. KOE) TE(NOR,NOC) = -1
3 CONTINOE
WLITE (6,103)

103 FORMAT (1 %00 2000 080800080888 0000000000¢80800000000 000000001,
TA0E0UIEIITINICEISEIDINERIEIUIIITRLIGIENIIOECRIERTY )
TSSO OEEINNIRISEIRIEI00S0000adtserscOtORILESl )
TESSES0NOETIPES0ES0IFEISISLA00000 4200020408000 0Y)

. WRITE (6, 206)

206 PORMAT (* HEXT ENTER THE RIGAT HAND SIDE VALUFES FGR EXACHY/
*OBJECTIVE. ENTEE THE VALUES ON A SINKGLEZ LINEYy
*SEPARATED BY COAMAS. FOR EXAMPLE COUSIDIR:'/

X1+ AX2 ¢ HY - DY = 61y
*X1 ~2X2 ¢ N2 - P2 = 4ty
¥3X1 ¢ 6X2 ¢ N3 - P) = 9V,
*THYE VALUES WILL BE KEYBD IN AS:'/
‘6,u,9%)

READ (5,31,END=20,ERR=21) (7B (NO),NO=1,%08J)

DO 6 NP = 1,NPRI

DO 4 NO = 1,N0BJ

& TL(NO,NP) = 0
DO 5 HC = 1,NCOL
5 TT(NP,NC) =0
6 CONTINUE
WaITZ {6,108)

108 FORMAT (P #9854 20 200200855080 000 0543820458080 0800 200028000 Rt/
THSNIIRE IR NGO INRANERRISEIREINTP ST EENRIREEANE ORI/
T84SR AP SECEIE IR PR RENCHS RIS E LSS EAESHIRERNT )
!ntt‘ttttttto‘cto-non..c--.tntooonatttocttot‘o..o-‘q

WRITE (6, 208)

208 FORMAT (*KHOX ENTER THZ PRIORITY LEVELS FGR THE ASSOCIATZD'/

[- RS ¥. WL R ¥ XY NY

WH o

N wNa

W

1 *DEVIATION VARIABLES, + OR - TIMES TRHE SUBSCRIPT OP'/
2 *THE ASSOCIATED DEVIATION VARIABLE. (IE ¢+ FCR K, -'/

3 *POR P.), AND WEIGHTING FACTOR FGF THE ASSOCIATZID'/

[} *DEVIATION VARIARLE. YOU MUST U3E ONE LINE FOR EACH'/
5 *DEVIATION VARIABLZ APREARING IN THE ACHIEVENENT'/

6 YPUNCTION. FOR EXAMPLE:'/

7 TMIN A = [(2P1 + 392),(“3)] /

9 X1 « 4X2 ¢+ N1 6t/

9 ' X1 - 2X2 + N2 - PZ = 4y

1 *3X1 + 6X2 ¢ N3 - P3 = 9V

2 *THE INPUT WOOLD BE:'/

3 11,41,2%,

4 ¢ 11,+2,3%

5 *2,-3,1")

DO 7 HT = 1,NTAP
READ (5,32,EHD"0 ERR=21) IPRI,ISUB,VHTF
CALL PLACE (IPRI, ISUZ, RUTP)
7 CONTINUE
NPRB = NPRB + 1
HRITE {€,34) NPBRB
NCPL = 0
KPRT = ©
8 NROW = ¢
IVAL = 0
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IF (NROW .EC. ¥PRI} GO TO 11
NROW = NaOW + 1
CALL CINDX (0)
CALL TEST (NZIVC, NDVR)
IVAL = IVAL ¢
IFf (IVAL .GE. INAX) GO TO 19
IF (NEVC .LE. 0) GO TO 9
CALL PERE (KEVC,UDVE)
GO TO 10
CALL IKTST (i5%)
IF (NS4 .£2. 0) CALL POUT (NPRT,HCPL)
CALL ALTST (HPRT, NCPL)
IF (EPRT .HE. 0) GO. TO 25
CALL FCPL (IS¥)
IF (IS4 .EQ. 0) GO TO 25
NCPL = KCPL + 1
GO 10 8
WRITE (6,38) INAX
GO 10 25
SRITE (6,35)
GO <0 40
WRITE (6,36)
GO TO %0
4RITE {5, 37)
PORHYAT (SIS5)
POR4AT (8710.0)
FORYAT (2I5,F10.0)
POEZAT (101,////,'PEOBLEN',IG,% RZIAD IN SUCCESSFULLY')
FOREAT (//,'**DATA STRZAM ERRCR--HISSING DATA CARDS®e)
PORYAT (//,'DATA STREAN ERLOR == UNGZEADABLE DATA CARD®**')
FORNAT (//, ' $#TN2UT VARTABLE EXCEZEDS ALLOWABLE DIN:EINSIOGN RANGE®#T)

FOARYAT (//, ' ®* ALGORITHM DID NOT FINISH ',I5, ' ITERATIONS ¢#1)
CONTINOE .
sTop
EiD
SUBROUTINE PLACE (IPRI, ISUB, WHTF)
CoHMON TL(20,10), ©T(10,30), TE(20,30), 7TI(10,30),
1 TB(20) , TA (10}, JCOL(30,2), JROW(20,2),
2 ¥OBJ, NPRI, HVAR, NcoL,
3 HROW, INSE

IP (IPRI .LT. 1 .CR. IPRI .GT. NPRI) GO TO 2
IF (ISOB ,EC. O .OR. IABS(ISOE) .GT. NOBJ) GO TO 2
IF (ISUB .GT. 0) GO TO 1
ISUB = ~ISUB
IF (TL(ISUB,IPRI) .NE. 0) GO TO 3
TL (ISOB,IPRI) = WHTP
RETURN
ICOL = ISUB + NVAR
IF (TT(IPFI,ICOL) .NE. 0) GO 10 3
TT(IPRI,ICOL) = WHIF

RETURK

WRITE (6,8}

GO TO &

WRITE (6,5)

FORMAT (//.'**SUBSCRIPT OUT-OF-RANGE WHILE READING SUDBSCRIPTS*¢')

FORNAT {//.'#*OVERWRITE ATTENPTED IR A STUB®e?)

ToP .

END

SUBROUTINES CINDX (ISW)

COHNON TL(20,10), TT(10,30), TE{20,30), TI(1C,b30),
1 TB(20), TA(10) . 3CoL(30,2), JROW(20,2),
2 NOBJ, NPRI, NVAR, Ncor,

3 NROW, INSE
I =1

IP (ISW .N¥E. 1) I = NROW
DO 3 NP = I,NROW
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TA{NP) = O

DO 1 NO = 1,40DBJ

TA(SP) = TA(uDP) + TB(NO)} & TL (NO,ND)

DO 2 NC = 1,NCOL

TI(UP,KC) = -TT(NP,UC)

DO 2 SO = 1,NODJ

TI(KP,NC) = TI(NP,EC) ¢ TE{NO,NC) ¢ TL(NO,NP)

CONTINIE

CONTINIT

RETURN

END

SOBROUTINE TEST (NEVC,NDVR)

couton T1(20,10), TT(10,30), TE(20,30), TI (10,30},
T8(20), TA(10), JCccL(30.2, JPGW(20,2),
HOBJ, HPRI, NVAR, RcoL,
BnOW, INSH

Wrr -

NEVC = 0
IF (TA(NRCW) .LE. 0) RETORN
VEVC = 0
NOMW = HROW = 1
DG 3 NC = 1,NCOL ‘
IF (TI(NEUS,NC) .LE. 0) GO TO 3
IF (¥ROW .E2. 1) GO TO 2
DG 1 N = 1,538W
IF (TI(¥,%C) .1T. 0) GO TO 3
CONTINGE
IF (TI(NROK,NC) .LE. VEVC) GO 710 3
NEVC = NC
VEVC = TI(NKOW,NC)
CONTINUE
IF (NEVC .EQ. 0) RETURN
NDVR = 0
DO 7 ER = 1,%08J
IF (TE(NR,NEVC) .LEB. 0) GO 7O 7
¥ = TH(KR)/TE{HR,NEVC)
IF (NDYR .E2. 0) GO TO 6
IF (V-UYDVL)6,4,7
DO 5 ¥P = 1,KPRI
IP (TL{NR,HDP) =- TL(NDVR,KP)) 7,5,6
CONTINJE
VDVR =
NDVR =
CONTINUE
IP (NDVE
¥RITE (6,8)
FPORZAT (//,'#*DPROGRAM TERMINATED~-FAILED PIVOT-CCYPUTATION®#')
STOP
ZND
SUBROOTINE PERNM (NEVC,SDVR)
COMKON <L(20,10), T7(10,30), TE(20,30), TI(10,30),
| TB(20), TA(10), JCoL (30,2, Jrow(20,2),
2 HCBJ, HPRI, NVAR, NCOL,
3 RROW, INSW
POl I =1,2
J = JCOL (NEVC,I)
JCOL{¥EVC, I} = JROR (NDVR,I)
JROW (KDVR,I) = J
DO 2 NP = 1,¥PRI
TEXP = TIL(¥DVR,NT)
TL (NDVE,NP) = TT (UP,NEVC)
TT (8P,NEVC) = TRHP
PIV = TE(NDVR,NEVC)
PIB = TB(EDVR)
DO 31 ¥0 = 1,NOBJ
IF (NO .EQ. NDVR) GO Ta 31
PIX = TE(NO,KEVC)/PIV

v
NR
«G

E. 1) RETORN
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TE(UO) = FIX(TD(NO) - PIX ¢ PIE)
DO 3 NC a 1,HCOL
IP (NC .EQ. UZ¥C) GO TO 3
TE(LO,NC) = FIX(TE(NO,NC) = TE(NDVR,HC) ® PIX}
CONTINOE
CONTI NUE
DO 4 NC = {,NcCOL .
TE (NDVR,NC) = FIX(TE(NDVR,NC)/PIV)
DO 5 NO = 1,§0RJ
TE{KO,NEVC) = FIX (=T (¥0,NCVC)/PIV)
TB(NDVR) = FIX (T8 (NDVR)/PIV)
TE (WDVR,NTVC) = FIX (1/71IV)
CALL CINDX (1)
BRETURY
END
PUKCTIOR FIX (2)

=1
po 18 = 1,3
IP (§ .NE. 1) X = 10 * X

Px=xX* 2

I b4
J I-2
1 4

po1x=1,3

G=J+ K
IF {ABS (F-G) ~ ,005) 2,2,1
CONTINUE

BETURN  °
END
SUBGOUTINE FCPL (ISW)
conxon TL(20,10), TT(10,20), TE(20,30),
TB (20), Ta(10), JCOL (30,2) ,
50DJ, NPRI, NVAR,
NRCH, INSY
IF (NOBJ .EQ. 20) GO T0 10
CALL INTST (NSW)
IF (NSW .EQ. 0) GC TO 11
ISR = 1
NOBJ = KOBJ + 1
DO 4 HC = 1,NCOL
X = TE(NSW,NC)
I=1x
T =1
IP (FIX({X-Y)) 1,2,3
TE(LOBJ,NC) = 1. + X-Y
GO TO 4
TE (KOBJ,NC) = 0
GO TO &4
TE (WOBJ,NC) = X-Y
CONTINUE
X = TB(NSW)
I=x
Y=1I
IP (PIX{X-¥))} 5,12,6 ¢
TB(LOBJ) = 1. + ¥-¥
6o 70 7
TE(NOBJ) = X-Y
NCOL = HCOL + 1
DO 8 ¥O = 1,NOBJ
TE (lO,NCOL) = O
TE(NOBJ,NCOL)
PO 9 NP = 1,K
TT(UP,NCOL) =
TL (NOBJ,NP) =

WN

‘TI(10,30),
JROW (20, 2),
¥coL,
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TL(NDDJ, 1) =
JROW (NODJ, 1)
JEOK (NDBJ, 2)
JCOL(NCOL, 1)
JCOL(NCOL, 2) =
GO 70 14
WFITE (6,15)
GO 70 13
KRITE (6,16)
G0 10 13

NOBJ = ¥GBJ
WRITE (6,17)

NoBJ

HOBJ

13 WARITE (6,18)
H=0
CALL POUT(4,N)
Is¥ =2 0
14 BRETURN
15 FORHAT (/,' PCPL PAILIRE - DIMZNSION EXCZEDED ')
16 FORAAT (/,' FCPL FAILURE - ILLEGAL PATH')
17 POBXAT ({/,*' FCPL FAILORE - ABHORMAL VALUE')
18 FOREAT (/,' VALOUES AT THE TINME OF FAILJRE FOLLOW®')
END
SUBROUTINE ALTST (NPRT, KCOL)
couuoN 1L (20,10), 77(10,30), 1E(20,30),
1 TB(20), TA (10}, JcoL(30,2),
2 NOBJ, NPRI, NVAR,
3 NRCH, INSY
00 4 NC = 1,NCOL
D0 1 NP = 1,NPRI
IF (TI(NP,NC) .NE. 0) GO TO &
1 CONTINUE
DO 3 KO = 1,40BJ

Ewen

1
12
13

14

IF(TE(NO,HNC) .LE. 0) GO 7O 3

IF (TB(%0) .LE. 0) GO 70 3

CALL 2BaM (KC,NO)

Do 5 ¥B = 1,NCBJ

IP (T3(NB) .LT.

CCNTINGE

CALL INTST (NSW)

IF (NS4 .EQ. 0) CALL POUT (NPRT,NCPL)

CALL PERN (NC,NO)

CONTINDE

CONTINOE

RETURN

END

SUBLOUTINE POUT (N2RT,NCPL)

coMNON TL(20,10), TT (10,30},
TB(20), TA{10),
NOBJ, NPRI,
NROW, INSW
§0TT (20, 4)

NPRT + 1

1) WRITE (6,31) HPRT

-AND. NPRT .EQ.

0) GO TO 6

TE (20,30),
1 JCoL(30,2 ,
2 NVAR,

3

DIMENSION
NPRT =
(NPRT . HE.
IF (NCPL .HE. 0
DC 12 I = 1,20
DO 12 J = 1,8
WOUT(I,J) = O

DO 13 NP = 1, NPRI

ROUT(NP,1) = FIX(TA (NP))

DO 14 NO = 1,NOBJ

IC = JROW (NO,1)

IR = JROW (¥0,2)
WOUT(IR,IC) = FIX (TD(40))
WEITE (6,33) NPRI, NVAD, KOBJ,

I = NAXO(NPRI,NVAR,NOBJ)
1,1

1r

NOBJ

DO 20 K

1(10,30),
JECK (20,2} .
¥col,

1T (10,30},
JROW (20,2),
KCOL,

1) WRITE (6,32) NCPL



IF (K .GT.
IF (K .GT.
WRITE
GO TO
WEITE
GO To
IF (K
WRITE
Go =0 20
WRITE (6,37)
CaNTIRUE
FCRUAT (/.
FOREAT (/,'
FORHAT (/,°'
*

(16 ,4F18.4)

NPRI) GO TO 16
LVAF) GO TO 15

«GT. KVAZ) GO TO 17
(6,36) K,

K,

FOBRMAT
FORMAT
FORGAT
PCEMAT
RETURN
END

SUDROUTINE INTST (NSW)

(I6,18X,3P18.4)
(I6,36X,2F18.4)

CONHOR TL{20,10),
1 TB {20},
2 NOBJ,
3 NROW,
NsW = 0
IF (I¥S¥ .ZQ. 0) RETURN
DO 2 HO = 1,%0DJ
IF (JLOW(NO,1) .NE. 2) GO
I = TE(NO)
J=1-2
D0 1K = 1,3
G = J+
IF (ABS(TD(NO) =G)-.0001)
CONTINGE
60 70 3
CONTINUE
RETURN
NSW = NO
RETUR Y

END

ALTERNATE SCOLUTICH
NOMEEE OF CUT
SUBSCRIPT',I6,'
TERAS XSTAR',

(I6,F18.8,13X,2F18.
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_58.301 K, (WOOT(K,J), J=1,4)
;6,35) K, WOUT(K,1), (WOUT(K,d) ,J=3,4)
0

(¥OUT (K,d) ,J=2,4)

{VOUT {K,3) ,J=3,4)

NUMBEL *,I13)
TING PLANES USED =
TERMS ASTAR',I6,
I6,' TERMS PSTAR',I6,'

',13)
TERNS NSTAR'/)

4)

7T(10,30), TE(20,30), TI(10,30),

TA(10), JcoL (30,2, JROW (2C,2),
NPRI, NVAR, NcoL,

INSYH

70 2

2,2,1
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APPENDIX (C-2) 'PROCEDURE FOR [NPUT DATA
PROCEDURE FOR DATA INPUT (OPTIMALITY ASSESSMENT MODULE)

LINES (CARDS) VARIABLES USED & LOCATIONS

& (ALL VARIABLES IN FREE FORMATS)

1 NOBJ NPRI NTAF INSW

2 C(I,J)...COEFFICIENTS OF THE JTH DECISION VARIABLE IN

THE ITH OBJECTIVE

. ( NOT MORE THAN 8 VARIABLES IN A ROW )
a (th) card or line

a+i1 B(I) ... RIGHT-HAND SIDE VALUE FOR EACH OBJECTIVE
(GOALS)

b+1 IPRI ... PRIORITY-LEVEL FOR  ASSOCIATED DEVIATION
VARTABLE

c+1 ISUB + OR - TIMES THE SUBSCRIPT OF THE ASSOCIATED
DEVIATION

d+1 WHTF ... WEIGHTING FACTOR FOR THE ASSOCIATED DEVIATION
VARIABLE :



* NPRI
* NVAR
* NTAF
* ISw

*
DESIRABLE.
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TOTAL NUMBER OF OBJECTIVES

NUMBER OF PRIORITIES

NUMBER OF DECISION VARIABLE

NUMBER OF TERMS IN ACHIEVEMENT FUNCTION

ONE, IF PURE INTEGER SOLUTION DESIRABLE
i_ZERO, IF NORMAL LINEAR GOAL PROGRAMMILIG
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EXAMPLE FOR DEMONSTRATING THE INPUT DATA PROCESS

MINIMIZE: 22= { 2 D1 + 3D2, D3, D4}
BUD1 + BUD2 -D1 =10
BUD1 -D2 = 4

5 BUD1 + 3 BUD2 + D3 = 56

BUD1 + BUD2 + D4 = 12

The following data can be provided and located according to the
previous instruction in free format.

LINES (CARDS)

(1) 4 ;" 2 4 0.
(2) 1 5 3 1 1
(3) 10 4 56 12

(4) 1 +1 2

(S) 1 +2 3

(6) 2 -3 1

(7 3 -4 1



