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PREFACE

This is the third report forthcoming from Research Study 3-8-81-307,
"Implementation of a Pavement Management System for Texas." The long-range
goal of this project is to assist the Texas State Department of Highways and
Public Transportation in developing a rational pavement management system
(pMs) for all pavement types and to provide for updating the system with
continued input of the latest research findings.

This report summarizes PMS development and implementation to date in
Texas. Many people have contributed significantly to this work, and the
authors are deeply grateful to them all. In particular, we would like to
thank the members of the SDHPT PMS Task Force, the staff of the Center for
Transportation Research, and, especially, Dr. Chhote Saraf, Lyn Gabbert, and

Art Frakes, for their valuable assistance.

Hosin Lee

W. Ronald Hudson
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Report No. 307-1, "Development of an Initial Pavement Management System for
Texas," by W. Ronald Hudson, R. D. Pedigo, and E. G. Fernando, describes
current PMS experience, presents a recommended structure for the Texas PMS
Release 1.0, and suggests areas for future improvement.

Report No. 307-2, "Development of a Prioritization Procedure for the Network
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experience and presents the stochastic decision process as applied to
pavement rehabilitation at the program level.






ABSTRACT

With much of the highway network system completed, pavement management
becomes more and more important. The complex nature of highway pavements
suggests that this management should be carried out by considering the total
pavement system at the statewide program level. A Pavement Management System
(PMS) methodology is described herein which may assist the Texas State
Deprtment of Highways and Public Transportation (SDHPT) in effectively
allocating pavement budgets., The framework and essential characteristics of
an ideal PMS and subsystems are reviewed, and the stochastic decision
process to be applied in Texas is discussed.

The material reported herein primarily documents efforts made to develop
the program level PMS using a method that will lead to a more realistic and
efficient way of making decisions concerning pavement rehabilitation at the
program level. The methodology presented is based on the Markovian decision
process which has been applied in Arizona, and involves a set of performance
variables, such as roughness, cracking, and rutting. The development and
practical application of this stochastic decision process using a policy-
iteration algorithm is discussed, together with the results obtained. It is
believed that the method which uses a probability concept may provide a

better way to make decisions, based on the probability concept.

KEYWORDS: Pavement Management System, pavement management, pavement
evaluation, rehabilitation and maintenance, stochastic decision
process, Markovian Decision Process, Markov Processes, policy-

iteration algorithm.
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SUMMARY

Pavement management 1s a broadly based process which encompasses all the
activities required to provide and maintain pavements. The process of
pavement management has been developed to respond to certain needs and

issues. At the program level,

(1) pavements represent a substantial investment in transportation,

(2) substantial annual expenditures are required to preserve and
maintain this investment, and

(3) funds available for investments in pavements, and for maintenance,

are generally limited.

There is a strong need for an objective procedure for distributing
rehabilitation and maintenance funds efficiently and for measuring the
effectiveness of the money spent on the overall highway network. The
establishment of this procedure 1is essential to the development of a valid
program level PMS., In connection with this need, a stochastic decision
model is worthy of studying as a program level PMS in Texas. The objective
of this model is to determine a statewide rehabilitation policy that
achieves and maintains specified performance standards for the entire highway
network with minimum cost.

This stochastic decision model is based on the Markovian decision
process, and involves the following decision variables: (1) roughness, (2)
cracking, (3) rutting, (4) traffic, and (5) environmental factors. The
practical application of this stochastic decision model to determine a near
optimal policy of pavement rehabilitation is presented. Numerous pavement
engineers were consulted in the development of this method. A computer
program has been developed using a policy-iteration algorithm to solve a

practical situation. The computer output is included in this report and the

ix



results are discussed. It is recommended that this procedure be tested using
field pavement data collected within a long-term pavement monitoring system

using the guidelines given in this report.



IMPLEMENTATION STATEMENT

This report describes the development of a program level pavement
management system which can be used to determine the optimal statewide
rehabilitation policy in Texas. A computer program has been developed to
accept the engineering inputs and to generate the optimal solution to
practical pavement rehabilitation problems. A trial implementation of the

program level PMS is recommended.
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CHAPTER 1. INTRODUCTION

A Pavement Management System (PMS) is an organized procedure intended to
assist decision-makers in determining optimum strategies for providing and
maintaining pavements in a serviceable condition over a given life or time
period. It involves an integrated and coordinated treatment of many phases
of pavement related activities and is a dynamic process which incorporates
feedback regarding the various attributes, criteria, and constraints
involved in the optimization or prioritization procedure. In Research Report
307-1 (Ref 8), recommendations were made using the result of a PMS workshop
held with the Texas State Department of Highways and Public Transportation
(SDHPT) in February 1981 and two PMS task force meetings involving field and
central office personnel in 1981-82. A significant outcome of the February
1981 workshop was the identification of the benefits and needs of a pavement
management system in the State of Texas.

There was general agreement that a PMS could help the Department get
more funds for the preservation of pavements and roads in the state highway
network. In addition, it was recommended that the initial working system be
kept as simple and flexible as possible in order to allow for the
incorporation of suitable improvements in the future. Finally, it was
emphasized that a PMS is a tool to assist decision makers in the management
of the roads under their jurisdiction. The recommendations resulting from
the 1981 workshop formed the basis of the discussions for the PMS task force
meetings which then led to the implementation of the existing Pavement
Evaluation System (PES) for the state. Minor modifications were originally
needed to make the PES compatible with the stated requirements of the Texas
State Department of Highways and Public Transportation. These included (1)
the removal of skid in the calculation of the overall pavement performance
scorej; (2) revision of the PES to accommodate statistical sampling; and (3)
addition of analysis techniques for identifying consequences of different

funding levels.
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Subsequently the PES has been expanded to its second year but no major
efforts have yet been made to upgrade the PES to fulfill the broader PMS
needs of the Texas State Department of Highway and Public Transportation
(SDHPT). The purpose of this report is to examine the current situation and

to recommend a course of action for continued improvement.

BACKGROUND

Roads and highways are the primary assets of the Texas State Department
of Highways and Public Transportation (SDHPT) and are major assets of the
state of Texas, with an estimated current worth of $20-50 billion. The
pavements form a key portion of these existing assets. The complex nature of
highway pavements and the ever-increasing demands placed on them in the face
of inflating costs and shrinking purchasing power make efficient, rational
management of these assets a necessity. Good pavement management requires
careful analysis of the many factors involved, including examination of the
total pavement network using systems analysis techniques. These concepts
were first applied to pavements through NCHRP Project 1-10, in 1966 (Ref 1),
although the application of general systems methods is widespread in
industry and the military.

During the period 1968-1975, a comprehensive flexible pavement design
system (FPS) was developed for use by the Texas State Department of Highways
and Public Transportation (SDHPT) (Ref 2). This system has been implemented
and used by the Design Division and in some Districts for individual project
level, pavement design decision making. Additional work has been done in
Texas, by Lytton et al on rehabilitation (RAMS) (Ref 3). More recently, the
Texas State Department of Highways and Public Transportation (SDHPT) has
embarked on development of a PMS to assist in evaluating pavement information
for planning and making investment decisions covering the highway network

which emphasize rehabilitation and maintenance.
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OBJECTIVES AND SCOPE

A PMS task group within the Texas State Department of Highways and
Public Transportation (SDHPT) has outlined several general objectives for
activities concerning the development of such a PMS. The purpose of this
report is to describe how certain aspects of those general objectives have
been fulfilled, to clarify other objectives, and to recommend modifications
or revisions of existing programs and procedures that could be implemented
in the near future.

The original list of objectives considered is as follows:

(1) To establish the framework and essential characteristics for an
ideal PMS.

(2) To review the current state-of-the-art concerning PMS development
in Texas and throughout the United States.

(3) To ideuntify the needs and benefits associated with the development
of such a PMS for Texas highways and to investigate the cost of
implementing a suitable PMS in relation to the resources curreatly
available within the Texas State Department of Highways and Public
Transportation (SDHPT).

(4) To recommend a simplified, skeleton PMS suitable for use in the
Texas State Department of Highways and Public Transportation
(SDHPT) and to establish how RAMS (a candidate system being
developed at TTI) would fit such a system.

(5) To recommend a schedule for the implementation of PMS by the Texas

State Department of Highways and Public Transportation (SDHPT).

SPECIFIC GOALS AND OBJECTIVES
The loung-range goal of this project is to assist the Texas State

Department of Highways and Public Transportation (SDHPT) in developing a

rational pavement management system for all pavement types and, further, to
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provide for updating the system with continued input of the latest research
developments and findings.

Accordingly, the objective of this report is to further outline the
development of a PMS methodology that will assist the Texas State Department
of Highways and Public Transportation (SDHPT) in allocating its resources for
the maintenance, rehabilitation, and design of pavements in an efficient
manner.

The early work on a network level PMS in the Texas State Department of
Highways and Public Transportation (SDHPT) and in this project outlined a
plan of attack for pavement management centered on the Pavement Evaluation
System (PES) approach. The following goals for such activities were

outlined in Ref 8:

(1) accelerate implementation of a PMS in a logical progression within
the Department;

(2) develop a single system for managing the pavement resources for
(a) legislative requirements,
(b) administrative and Commission requirements,
(¢c) maintenance activities,
(d) RRR activities,
(e) design criteria for the necessary feedback data system, and
(f) pavement materials evaluation;

(3) maximize utilization of previous research efforts;

(4) maximize utilization of existing data bases in SDHPT;

(5) integrate with the SDHPT Transportation Network Data Base;

(6) place primary emphasis on a network level PMS; and

(7) promote cooperative efforts of research agencies.

While these remain important objectives, the experience gained in the
past two years suggests some needed revisions in the concepts. The PES has
been accepted as a first phase routine PMS and is now being implemented in a
second annual phase by the Maintenance Division and District personnel. This

second round will include the evaluation of the entire Interstate mileage in
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Texas and an evaluation of one third of the remaining mileage on the Texas
network.

Extensive work has been done to include rigid pavement evaluation
techniques in the basic PES method and close coordination is being maintained
between projects in rigid pavement evaluation at The University of Texas
Center for Transportation Research and the Pavement Management Unit of the
Maintenance Division of the Texas State Department of Highways and Public
Transportation (SDHPT).

The sheer size of the Texas network has limited the possibility of
applying one complete overriding PMS concept for all purposes. Based on
numerous efforts, meetings, and discussions in the past two years the
following modified objectives are recommended as the most feasible next step
in improving pavement management in the Texas State Department of Highways

and Public Transportation (SDHPT).

(1) 1Intensify coordination of pavement management between the pavement
group in D-18 and the pavement design group in D-8. This can
perhaps best be accomplished by moving the D-18 group to the
LaCosta office complex.

(2) Establish a formalized data collection and retention activity for
the wide variety of research and experimental sections which have
been constructed and observed on the Texas highway system during
the past 10 to 20 years. This activity can be carried out through
the Center for Transportation Research and the Texas Transportation
Institute, as research arms of the Texas State Department of
Highways and Public Transportation (SDHPT).

(3) In conjunction with the activities outlined in item 2 above
establish a statistically sound sampling activity to permit
collection of data and information on a factorial of Texas highways
covering a wide range of design, materials, environmental, and
traffic variables. This data base will provide Texas State

Department of Highways and Public Transportation (SDHPT) with
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(4)

(5)

(6)

RR307-3/01

information which can be used to produce a wide variety of
essential models.

Continue on-going research activities so that the data obtained
above will be available for use in improving models, design
methods, maintenance cost estimates, rehabilitation benefits and
other related input needs for future PMS improvements.

Establish a framework for continued input from Texas State
Department of Highways and Public Transportation (SDHPT) field and
central office personnel. This should be accomplished by renewing
the semiannual meetings of the PMS Task Force or by establishing a
new subgroup under the auspices of the Design Division or the
Pavement Research Advisory Committee.

Continue research on an improved network optimization concept for
PMS use at the true network level in Texas State Department of

Highways and Public Transportation (SDHPT).



CHAPTER 2. APPLICATIONS OF PAVEMENT MANAGEMENT

BACKGROUND

The process of pavement management has been developed to respond to

several needs and issues:

(1) pavements represent a substantial investment in transportation, and
any investment of this magnitude deserves good management,

(2) substantial expenditures are required each year to preserve and
maintain this investment, and, because this involves a large number
of technical and economic factors, good management 1is needed to
efficiently coordinate and carry out the work and at the same time
ensure economical results, and

(3) available funds for investments in pavements, and for maintenance,
are generally limited, and good management is essential to obtain

maximum value for these limited dollars.

Pavement management is a broadly based process which incorporates the
set of all activities required to provide and maintain pavements. These
activities range from the initial planning and programming of investments to
design, construction, in-service monitoring, evaluation, maintenance, and
research. The basic objective of pavement management is to obtain the best
value possible for public funds expended on pavements. This can be
accomplished by systematic coordination of methods and procedures and using
existing technology as efficiently as possible (Refs 4 and 8).

This chapter addresses (1) the historical development of pavement
management (2) some of the critical issues and questions which still face us,
and (3) the definition of pavement management as a logical and sequential
process within which further developments and improvements can be

accomplished,

RR307-3/02 7



PMS DOES NOT MAKE DECISIONS -- ADMINISTRATORS DO

It will never be possible to wuse quantitative criteria exclusively in
applying decision rules to engineering projects, including pavements. It
will always be necessary to use qualitative judgement in systems involving
human input, and, thus, it is emphasized that the system or the computer
used on the system does not make decisions but, rather,- processes
information for use by the administrator or decision-making team.

In the 1970's it became more apparent that other aspects of pavement
management were at least as important as improved pavement design. While
consideration of budgeting and cost benefit analyses at the project level
were important, it became clear to many people that greater savings were to
be gained by applying a type of pavement management at the network level.
This involves consideration of the relative importance of pavement
investments, not on a specific project but among a variety of projects, to
see that funds are applied in the most beneficial way in order to gain the

greatest benefits for the taxpayers and highway users.

CRITICAL ISSUES AND QUESTIONS

Pavement management has now progressed to a working process. In
addition, many agencies are implementing their own pavement management
systems. Some are already well underway in Idaho, Arizona, Washington, and
other states.

However, because pavement management is still in a state of development
and considerable implementation experience is still required, a number of
critical issues and questions exist. These differ in focus and scope,
depending on the government, the agency (i.e., Federal, State, City, or
County), or the management level involved. These questions and issues can be
conveniently categorized in terms of three basic levels of interest:
legislative, administrative, and technical, as illustrated in Fig 2.l1. The

following paragraphs provide examples under these three categories.
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QUESTIONS Legislative Level

AND Administrative Level

ISSUES Technical Level

Fig 2.1. A categorization of pavement management issues and questions.
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Legis

lative Level

The issues and questions at the legislative level are fairly broad in

scope but

have to be recognized by the administrative and technical levels.

They include the following:

(L)

(2)

(3)

(4)

(5)

RR307-3/02

Justification of Budget Requests. Legislators are faced with a

variety of competing demands and those that "make the case" in a
clear, properly supported manner are likely to receive more
favorable consideration.

Effects of Less Capital and/or Maintenance Funding. Legislators

may well ask what the short and long-term effects are of less
funds, perhaps of even a zero capital budget, and should be able to
get answers as to deterioration of serviceability, extra
maintenance costs, eventual replacement costs, effects on users,
etc.

Effects of Deferring Work or Lowering Standards. The question

related to lower funding is that of deferring maintenance and
rehabilitation, or lowering the standards. Again, the same answer
as that above should be available from a good pavement management
system.,

Effect of Budget Request on Future Status of the Network. Even if

a funding level matching the budget request is approved, a key
question relates to the effect that will have on the status of the
network. Will the average serviceability or condition of the
pavement worsen, improve, or stay the same? Alternatively, there
may be a question as to the level of funding required to keep
the network in its present state.

Effects of Increased Load Limits. This is an example of the type

of issue facing many legislative bodies. Obviously a good pavement
management system should be able to supply the technical and

economic answers.
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Administrative Level

The administrative and planning people responsible for developing
capital spending and maintenance programs (i.e., state highway
administrators, division heads for planning, maintenance, etc.) need to
recognize explicitly and respond to legislative level issues, and they
require certain answers from the technical level, in addition to facing
questions at their own level, In other words, there is overlap in both

directions at this level. Some issues and questions, for example, are

(1) An objectively based priority program to provide justification for
budget requests.

(2) A summary assessment of the current status of the network, in
graphical and tabular forms, based on inventory measurements.

(3) The means for quantitatively determining the effects of the lower
budget levels and/or the budget level required to keep the network
in its present state.

(4) The means for quantitatively demonstrating the effects of
deferring ma'ntenance or rehabilitation.

(5) Estimates of the future status of the network (in terms of average
serviceability, condition, safety, etc.) for the expected funding.

(6) Benefits of a pavement management system, its major features or
"deliverables", etc.

(7) Costs of pavement management implementation, including (1)
inventory, (2) assignment of responsibility, (3) manpower
requirements, and (4) implementation staging and scheduling, etc.

(8) Implementation experience of others; documentation of such
experience.

(9) Relationship between pavement management and any existing
maintenance management system.

(10) Interfacing a pavement management system with highway management in

general.

RR307-3/02
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Technical Level

From

number of

a technical perspective, pavement management involves a large

issues and questions. In addition, the questions and issues faced

at the administrative and legislative levels must be appreciated if technical

activities

are to be meaningful.

The following is a listing of some of the key .questions for this level,

involving

(1)
(2)
(3)

(4)

(5)
(6)
(7N

(8)
(9)
(10)

(11)
(12)
(13)

(14)

(15)
(16)

RR307-3/02

both network and project considerations:

Inventory data base design and operation.

Methods for and adequacy of inventory data base.

Models for predicting traffic, performance, distress, skid, etc. --
their reliability, consistency, reasonableness, deficiencies, etc.
Criteria for minimum serviceability, minimum skid, maximum
distress, minimum structural adequacy —-- reasonableness, effects of
changes in criteria, etc.

Models for priority analysis and/or network optimization.
Verification of models.

Relating project optimization or sub-optimization to network
optimization.

Methods for characterizing materials and using results.

Sensitivity of model analysis results to variations in factors.
Relationships between vehicle operating costs and pavement
characteristics.

Construction quality control.

Effects of construction and maintenance on pavement performance.
Communication between design, construction and maintenance, within
existing administrative structure.

Guidelines for pavement management implementation.

Relating pavement management to maintenance management.

Improving the technology of pavement management and making use of

implementation projects for this purpose.



CHAPTER 3. REORGANIZING THE PMS CONCEPT

INTRODUCTION

The Texas State Department of Highways and Public Transportation (SDHPT)
has been developing parts of a good pavement management system (PMS) since
1970 and currently has the evaluation portion of a working system, called
Pavement Evaluation System (PES). The recent discussions within the
SDHPT administration in December 1983 reflected continued interest in
pavement management and support for continued development and
implementation. A strong commitment by Texas SDHPT top management 1is
necessary for the successful development of an improved pavement management
system (PMS).

The objectives of this review are to assist the Texas SDHPT in
identifying the current problem areas and existing weaknesses 1in pavement
management practices and to promote the improvement of pavement management
practices in Texas. First, in this report, we will discuss an ideal PMS and
compare it with the current status of PMS in the Texas SDHPT. Then we will
discuss overall direction with specific recommendations for improving and
implementing an improved system department-wide as various elements became

operational.

THE IDEAL PMS

A system can be defined among other ways as "a collection of mutually
interacting components that are affected by some exogenous inputs." 1In a
pavement system the mutually interacting components are usually a surface
layer, including a traffic lane and shoulder, a base layer, a subbase layer,
and a subgrade. The outside inputs which affect the pavement
characteristics are environment, traffic, and maintenance. The maintenance

inputs keep the pavement system from deteriorating from the negative impacts
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of traffic and environmental inputs to the pavement. Such a pavement system
is shown in Fig 3.1.

The pavement management system (Fig 3.2) consists of such mutually
interacting components as planning, design, construction, and maintenance.
Some of the exogenous inputs affecting a pavement management system's
characteristics are budgets, necessary data or information, and non-
quantifiable administrative policies. Figures 3.1 and 3.2 are structured
according to the definition of the system, but emphasize differences
between a pavement system and a pavement management system.

An ideal pavement management system yields the best possible value for
the available funds while providing and operating smooth, safe, and
economical pavements. The minimum requirements of such a system include
(1) adaptability, (2) systematic operation, (3) practical application, (4)
quantitative decision making, and (5) feedback information. It may be
obvious, but no single PMS 1is best for all agencies. Every agency presents
a unique situation and has specific needs. Therefore the Texas SDHPT must

define very carefully what it wants from a pavement management system.

INFLUENCE LEVELS OF PMS SUBSYSTEMS

In conventional terms, four subsystems (planning, design, comstructionm,
and maintenance including rehabilitation) have equal shares in the total
PMS. In some cases, the planning subsystem may be emphasized more than the
others in terms of the "level-of-influence" concept which shows how the
effect on the total life-cycle cost of a project decreases as the project
evolves. This concept is not new and has been used in sectors of industry,
such as manufacturing and heavy-industrial construction (Ref 14).

Figure 3.3 illustrates essential features of the ''level-of-influence"
concept. The lower portion of the figure presents a simplified picture of
the life of a pavement in a bar chart for four subsystem activities. The
upper portion includes plots of increasing expenditures and decreasing
influence. The bar chart and both curves are plotted against the same

abscissa: time or traffic as related to the pavement life. Expenditures
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during the planning phase are relatively small compared with the total
cost. Similarly, the capital costs for construction are but a fraction of
the operating and maintenance costs associated with a pavement life cycle.
However, the decisions and commitments made during the early phases of a
project have far greater relative influence on later required expenditures
than some of the later activities.

At the beginning of a project, a highway agency controls all (100
percent influence) factors 1in determining future expenditures. The question
is: To build or not to build? A decision not to build requires no future
expenditure for the project. A decision to build requires more decision
making, but initially at a very broad level. For example, shall they build a
flexible pavement or a rigid pavement, and, if rigid, with joints or
continuously reinforced? How thick should they make it and with what kind of
materials? Once decisions are firm and commitments are made, the further
level of influence of future actions on the future project costs will
decrease.

In the same manner, decisions made during construction, even within the
remaining level of influence, can greatly impact the costs of maintaining or
rehabilitating the pavement. Lack of quality control in the construction
phase or substitution of inferior materials may save a few dollars in
congstruction costs, but costs resulting from the extra maintenance that will
be required, and from the traffic delays to users due to more frequent
maintenance activities, will consume those savings many times over.

With construction of the highway completed, attention is now given to
maintaining the existing pavement at a satisfactory level to satisfy the
public. The level-of-influence concept can also be applied to the subsystems
of a maintenance management system (MMS). Expenditures during the planning
phase of rehabilitation are relatively small compared to the total
maintenance cost. However, the decisions and commitments made during early
phases of a rehabilitation project have far greater relative influence on

what other maintenance expenditures and user costs will be required later.
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PMS DECISION LEVELS

Conventionally, the decision making process of the pavement management
system is divided into two levels: (1) the network level and (2) the project
level. The network level traditionally includes programming, budgeting, and
planning activities, while the project level includes design, construction,
and maintenance activities. The so-called network level should be further
divided into two levels, (1) the project selection level and (2) the program
level. The project selection level involves a prioritization procedure
concerning one or more groups of projects. The program level involves an
overall budgeting process and general fund allocations over an entire
network.

This three-level concept is not new, but the two levels mentioned
earlier have been used interchangeably in many papers and reports. For
example, in some papers when "project level", is mentioned, the "project
selection level" actually may be meant. In other cases when the '"network"
level is mentioned, what it actually meant is the 'program" level.

Decisions at three different levels must interface with one another. A
total PMS functions at all decision levels from the project level to the
program level. For example, the interaction between project selection level
and program level is evident if one considers that, a good estimate of the
budget to be used at the program level requires information on the candidate
projects for rehabilitation. The decisions at the project selection level
are influenced by the decisions at the program and project level, and vice
versa.

This three-level concept is illustrated in Fig 3.4. The lower-left
triangle is an unreliable area because too little information is available
for models at the project level, and the upper-right triangle is an area
infeasible for modelling due to the size and complexity of the required
models. As the size of the model increases, the detail of information should
decrease and vice versa. Three levels of PMS are shown in the diagram,
according to the previous definition. The boundaries of the three levels are

not clearly delineated of course and need not be at this point.
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PMS MODELS AT THREE DECISION LEVELS

In the previous section, the PMS process was divided into three decision
making levels: (1) project level, (2) project selection level, and (3)
program level. Several computer programs are currently available for use at
one or more of the PMS decision levels. Some that are closely associated with
the Texas State Department of Highways and Public Transportation (SDHPT) are

discussed here:

Project Level

The PMS models at the project level deal with technical management
concerns, such as detailed design decisions, regarding an individual project.
The models require detailed information on an individual section of pavement,
as described in Fig 3.4.

The inputs for project level models include load, environmental factors,
materials characteristics, construction and maintenance variables, and costs.
The specific information needed varies depending on the models in the system.
The typical output from the models would be a set of design strategies that
minimize total costs, including construction, maintenance, and user costs,
while satisfying physical and administrative constraints, such as performance
requirements and fund availability.

Example pavement design models include: Flexible Pavement Design System
(FPS) (Ref 18) is one of the first major working PMS models developed at the
project level. This FPS computer program may or may not be the best
available PMS model, but it was the first available fully automated pavement
design system. Rigid Pavement Design System (RPS) (Ref 16) was the first and
may be the only currently available working PMS model relating to rigid
pavements at the project level. System Analysis Method for Pavements (SAMP)
(Ref 1) has a broader application than most existing working pavement system
at the project level. It is widely applicable and relatively simple to
apply. The SAMP series illustrates how a simple working system, once

developed, can be extended and improved. Any of these three system models
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will be wuseful guides to setting up a pavement management system at the

project level.

Project Selection Level

The project selection level involves programming decisions or selecting
sections for funding from groups of projects as oppbsed to the program level
which involves information and general bpudget allocation decisions for an
entire highway network. The models employed at the project selection level
are geared to less detailed data for a set of projects under consideration
than ones at the project level, as described in Fig 3.4. The models at the
project selection level can be categorized into two groups: prioritization
models and optimization models. Currently most highway agencies are mainly
interested in models at the project selection level. The two types of model
formulations at the project selection level are discussed in the following
paragraphs with concentration on their differences.

Prioritization Models. A prioritization model is used to select

candidate projects for action (maintenance or rehabilitation) by the ranking
method. In order to select projects for pavement rehabilitation several
highway agencies have developed pavement rating systems to quantify the
condition of each segment separately. Using these quantifiable attributes of
pavement condition, prioritization models (or prioritization indices) are
developed without consideration of maintenance (rehabilitation) strategies.
In Texas, the deduct point system has been used to derive a utility function
for calculating pavement scores in order to prioritize the candidate projects
in the Pavement Evaluation System (PES) (Ref 7).

Optimization Models. Optimization is maximization or minimization of an
T

objective function subject to a set of constraints, Optimization models are
popularly used for analyzing complex systems problems in industry or
government. An optimization model in the context of pavement management is a
mathematical description or algorithm designed to compare alternative
strategies and to identify the relative merits of each maintenance strategy
according to assigned decision criteria, such as safety, cost, etc.

Optimization models at the project selection level deal with a selected set
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of pavement sections instead of the entire highway network. In Texas, the
Rehabilitation and Maintenance System (RAMS) (Ref 6) has been developed as an
optimization model at the project selection level. The RAMS model is now
being reviewed by the Texas State Department of Highways and Public

Transportation (SDHPT) for possible use as a project selection level model.

Program Level

The program level involves making policy decisions regarding pavement
rehabilitation for the entire highway network as a whole. At the program
level allocation of budgets is the major concern, and the models should be
designed to optimize the use of funds allocated to pavement rehabilitation.
At the program level, the entire network should be considered, rather than
individual projects.

Data is needed to determine the existing condition of the network as a
whole. This includes traffic data and other condition data such as cracking
and roughness, and the processing of the data, all directed toward providing
the basic foundation for conducting the program level analysis. These data
will be used to select rehabilitation policies such as the goals and
standards for different classes of roads in the network. The initial program
can be set up based on the random sample data over the entire network as a
start to know what the current condition of the network is.

As described in Fig 3.4, due to the size of the network and the
complexity of the modelling process, two approaches can be used at the
program level. One is to set up a program using random sample data over the
entire network as an estimate of the current condition of the network.
Obviously such data cannot be used to define each section individually but
accurate estimates of the network are possible., The other approach is to
categorize all pavements in the network into different strata using simple,
and quantifiable pavement attributes such as functional class,
serviceability, or cracking. Optimization models then use the strata, which
are less than the number of individual sections in the network, to develop a

systematic or near optimal rehabilitation policy. These policies will
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achieve desired performance standards on various classes of roads in the
network with near minimum cost.

An optimization model has been developed and applied in the State of
Arizona for use in a program level PMS (Ref 5). It is based on the
formulation of the problem as a Markovian decision process and a linear
programming technique was used to solve the problem. The objective of that
model is to determine the rehabilitation policy that achieves and maintains
specified performance standards for the statewide highway network within
minimum cost. The model was developed based on an overall proportion of the
total network instead of specific individual pavement sections. Based on
these general results, individual projects must be selected at the project

selection level.

THE CURRENT STATUS OF THE TEXAS PMS

The Texas SDHPT currently has in service a pavement evaluation system
(PES) as its first network level PMS. The primary objectives of PES are to
monitor, obtain, and use pavement condition data on a consistent basis to
determine the statewide "current" condition of the pavement network. A first
round of evaluation of a portion of the Texas pavement network for ride
quality and pavement distress for flexible pavements was begun in October
1982 and completed in January 1983.

A second round of pavement evaluation was begun in October 1983 and is
now complete. As of 1 March 1984, in the second round of evaluation, the
Texas SDHPT reviewed the pavement distresses used in the analysis process and
simplified the surveys by eliminating ravelling and flushing data from PES.
They also evaluated sampling techniques and changed the sampling procedures
and amount. While there were a few problems in the segmentation of the
system data collection and data processing, the first round of implementation
was congsidered highly successful by the SDHPT. Currently the SDHPT is
adapting an evaluation system for rigid pavements into the PES program.

The Rehabilitation and Maintenance System (RAMS) developed by Texas

Transportation Institute (Ref 6) is now being tested as a method for
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optimizing the effectiveness of rehabilitation activities subject to given
resource constraints. The RAMS-District Optimization (DO-1) model is being
reviewed for implementation. This model provides an estimate of
rehabilitation needs for a one-~year planning horizon. Efforts are being made
to improve and expand PES into a pavement management system. Directions and
specific recommendations for improving the PES are addressed in the next

chapter.
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CHAPTER 4. IMPROVING PAVEMENT MANAGEMENT IN TEXAS

ORGANIZATION

The Texas SDHPT is interested in developing an improved pavement
management system, as evidenced by the meetings held in December 1983 to
assure the highway administration's support for continued PMS development.

What are the pavement management related responsibilities, and which
Divisions or Sections are charged with these responsibilities? Does the
Texas SDHPT establish a formal pavement coordinating group or a special
pavement management office? Figure 4.1 is a <chart of the Texas SDHPT
organization as of December 1984 with a special pavement management office
added under the Safety and Maintenance QOperation Division. Pavement
Management is such a broad concept that it can be related to most sections of
the Department.

The Texas SDHPT established a PMS Task Force but it has not been active
since 1983. Does this committee provide direction to the development of an
improved PMS in a straightforward, and logical fashion? 1In view of Texas

SDHPT activities to date a few recommendations need to be addressed.

(1) Strong input from the PMS Task Force and strong leadership are
needed in order that the current PES activities can continue toward
the development and implementation of an improved PMS.

(2) As shown in Fig 4.1, a special pavement management office has been
established under the Safety and Maintenance Operation Division, in
order to speed up PMS activities. This office will concentrate on
leading the PMS process effectively, through vertical and
horizontal communications among all the related groups.

(3) The responsibilities of individuals or groups related to PMS
activities need to be spelled out for clear understanding.

(4) The establishment of the pavement management office will facilitate

the flow of information among district engineers on a horizontal
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level. This office will help the SDHPT headquarters to interact
with district personnel more effectively as the pavement management

system is being developed and improved.

PAVEMENT EVALUATION SYSTEM (PES)

As mentioned in previous sections, the Texas SDHPT currently has in
service a Pavement Evaluation system (PES) as its first network level PMS.
Two rounds of pavement evaluation have been completed. Even though the first
implementation of the PES is considered successful by the SDHPT, there are
still a number of problems and limitations in the segmentation of the highway
system, training, data consistency, etc.

The PES is still in the early stage of development and use; the first
output reports were available in February 1983. [In order to improve the
current PES, first, there should be continuous interaction between SDHPT
headquarters and Districts to ensure that the PES inputs are collected and
that the PES outputs are used effectively.< Second, further improvements to
the computer programs and the models, such as the utility functions, will
help alleviate current problems. Third, a method is needed that identifies
a rehabilitation strategy to correct the pavement deficiencies and estimates
rehabilitation costs to determine the minimum budget levels required to
maintain alternative levels of pavement condition. Recommendations to

improve the PES are further discussed below.

(1) The PES should not only provide pavement condition treands by
geographical area, broad-based highway system, and functional
class, but it should also indicate trends of individual pavement
condition for a given section of highway. The trend of each
pavement section's performance history is a wuseful tool for
predicting the future behavior and life of the pavement. In 1984~
85, the SDHPT is collecting condition data in Texas for all the

interstate highway mileage, 50 percent of U.S. and State highways,
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20 percent of FM roads. Under these constraints we might have
to wait several years to get adequate trend information about
pavement performance of primary and secondary roads. However, it
is important to know how rapidly each type of individual pavement
section deteriorates in terms of ride quality and distress under
different levels or categories of traffic and environmental
conditions. In order to accomplish this, data must be collected
from the same pavement sections every year,

(2) With the current records of PES data, it is impossible to know what
kinds of rehabilitation actions have been taken on the pavement
between any two rounds of evaluation. However, pavement
performance history data are also very useful in measuring the
effectiveness of different rehabilitation actions. Therefore it is
recommended that rehabilitation action data be added to the ride
quality and that distress evaluation be recorded upon completion of
a rehabilitation. However, justification of data collection and
storage cost may be made more difficult in light of the fact that
most pavement rehabilitation efforts will mask visual distress data
for some period of time; perhaps six months or more should elapse
prior to collection. Transfering construction files including ride
data upon completion of construction to the PES should be an
automated process.

(3) Detailed physical maintenance and cost data are not now recorded
in a usable format. Maintenance costs are available only by major
category of work and are not tied to or recorded in accordance with
the mile post system. As a result, the utility functions used in
PES neglect operational maintenance cost, It is recommended that
SDHPT begin collecting maintenance cost data for a number of the
PES pavement sections in order to obtain a history of relative
project related maintenance costs. It should be recommended to the

administration.
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PREDICTION AS PART OF THE TEXAS PMS ACTIVITIES

Management is important to mankind. It is concerned with the beneficial
employment of scarce resources to achieve objectives =-— the means by which
ends are achieved in all social organizations. Prediction is likely to be
more effective if it is regarded as a means for achieving an organization's
objectives rather than as an end in itself, As illustrated in Fig 4.2,
pavement performance predictions need to be tailored so that they serve an
SDHPT pavement management system effectively. Pavement performance
predictions play an important role in the total PMS, contributing to better
planning and design activities.

Much confusion can result from the failure to distinguish between

predicting and planning. The two are described as follows:

(1) Predicting tells an engineer what he can achieve if policy remains
unchanged.
(2) Planning enables an engineer to take action to change a

prediction.

The distinction between predicting and planning can be explained with a
pavement example. The pavement‘may deteriorate more rapidly than predicted
under higher traffic volumes and more severe weather conditions than
estimated. This has implications for the use of past pavement condition data
for predicting future pavement performance since such predictions may be
misleading if the effects of traffic changes and weather conditions are not
included in the historical data.

Budgets are frequently a prediction based on past performance. Indeed,
most highway agencies base their budget plans for pavement rehabilitation
on an extrapolation of past trends without considering pavement condition
changes.

Figure 4.3 amplifies the relationship between prediction and decision-
making, A distinction is made in the figure between policy variables, such
as minimum performance requirements, which are generally under the control of

SDHPT, and external variables, such as enviromnmental and traffic changes,
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which also influence the variables being predicted but are not under the
control of the SDHPT.
The following are some guidelines for the development and use of a

prediction system (Ref 10):

(1) Define predictions needed to serve the decision making system.

(2) Develop a conceptual model describing mechanisms influencing
predictions,

(3) Develop a method for generating predictions.

(4) Conduct experiments to assess the accuracy of predictions and the
nethods.

(5) Determine how judgements are to be incorporated into predictions.

(6) Implement the prediction system.

(7) Appraise its effectiveness.

Figure 4.4 shows how a pavement performance prediction system could be

implemented in an overall pavement management organization in the SDHPT.

NEED FOR HISTORICAL DATA

Each highway agency needs to develop a long-term history of pavement
performance data oriented toward pavement management objectives. Long-term
and continuous monitoring of roadway deterioration is needed to determine the
relative damage attributable to traffic and environmental factors and to
predict pavement performance behavior. The National Highway Cost Allocation
Study (completed in 1982) examined the data available for determining causal
relationships among traffic use, the environment, and maintenance costs. The
FHWA Long-Term Monitoring Program (LIM) was established in an attempt to
assess the problems of building a national data base that can develop
improved pavement damage relationships (Ref 17).

The purpose for developing this Thistorical data base in Texas is to
monitor pavement performance closely in order to develop for Texas a wide

variety of models and relationships which can be used to improve our ability
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to design, maintain, and manage our pavement resources. The scope of this
study is concentrated on the state of Texas in order to produce meaningful
long-term observation. The data base will be used to verify <current
prediction models and develop improved pavement performance models including
maintenance cost relationships with pavement conditions.

A detailed study of data and sampling concepts should be made before
any long-term data collection is started. The data should include, as a
minimum; (1) test section identifications and (2) pavement type and highway
functional class. It will also be beneficial to reconstruct and record the
past history of the pavement section before the monitoring starts. This

past history should include

(1) estimated accumulated past traffic and axle-load data,
(2) estimated total accumulated cost and details of construction and
maintenance to date, and

(3) pavement condition and serviceability index to date.

The data are required Dbefore beginning the monitoring period for any
existing pavement.

Routine monitoring data should include

(1) condition surveys,

(2) roughness measurements,

(3) deflection measurements,

(4) traffic and axle load data,

(5) detailed environmental factors, including inches of rainfall and
number of cycles of freezing and thawing or temperature,

(6) routine maintenance actions and expenditures, and

(7) rehabilitation actions and expenditures.
These data may be collected on a regular basis, annually seasonally, or

monthly, and after major rehabilitation and maintenance activities in order

to capture any major costs and changes in condition. The sampling plans for
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test sections will be based on available budgets and cooperation from the
local Districts. This historical data base will be used for developing
relationships among (1) distress, (2) roughness, (3) deflection, (4) traffic,
(5) axle loads, (6) age, (7) environment, (8) maintenance cost, and (9)
rehabilitation cost.

An appropriate sampling base should be selected (1) among available
rigid, flexible, and composite pavements, (2) at various functional classes,
(3) under various environmental and geographic conditions, and (4) for varied
traffic conditions. Figure 4.5 is a simplified diagram which illustrates the
hierarchical data base structure for a long-term pavement performance

monitoring system.
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CHAPTER 5. STOCHASTIC DECISION PROCESSES AND APPLICATION
IN PAVEMENT MANAGEMENT

INTRODUCTION

Highway engineers are often faced with the need to devise models for
operational systems, for example, pavement management systems. The systems
generally contain both probabilistic and decision~making features, so the
models can become quite complex and analytically intractable. This chapter
presents a structure for a decision making system that is quite general and
computationally feasible. It is based on the Markov process and uses a
"policy iteration" technique as its optimization model.

In this chapter basic concepts in the Markovian decision process are
defined, 1including "a policy" using a pavement rehabilitation example. When
the number of policies is large (as is the case in practice), it is apparent
that direct enumeration is not computationally feasible and a simple
algorithm for finding the optimal policy is desirable.

First, the algorithm for finding an optimal policy is given by a linear
programmning technique, The linear programming technique has an important
advantage since it can solve very large-scale problems using commercially
available computer program packages. This technique has already been
implemented in the state of Arizona (Ref 5). A second algorithm is given by
a policy-iteration technique. The policy iteration algorithm to be presented
is useful in that it often leads to finding the optimal policy quickly and
is applicable for more general conditions than previously specified;
e.g., under certain assumptions, the time between transitions is random.
It is interesting to explore computational methods for solving discrete-time
and finite-state problems using this algorithm. A computer program was
developed in the project for solving a fairly large-scale problem in

practice.
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AN EXAMPLE DECISION MODEL IN PAVEMENTS

In this example a highway network includes a section of pavement which
is deteriorating rapidly under heavy traffic and severe environmental
conditions, which is evaluated periodically, say, at the end of each year.
After evaluation (i.e., roughness measurement), the condition of the pavement
sections can be classified into one of five possible states in terms of

serviceability index (SI):

o T ————— A " ey

State Condition
1 3.5 < sI
2 3.0 < s8I < 3.5
3 2.5 < sI < 3.0
4 2.0 < 8SI < 2.5
5 SI < 2.0

— e - —— - e e e -

SI = Serviceability Index

The performance prediction of the pavement can be specified through
transition probabilities. A transition probability Pij specifies the
likelihood that a pavement section in state i moves to state j in unit time
(e.g., one year). The transition probability is assumed to depend only on
the present condition state i and not on how the specific pavement section
reached the condition i. This assumption could impose a limitation on the
feasibility of the Markovian decision model application in pavements.
However, it is necessary to develop an analytically tractable model, and for
obtaining analytical results. A convenient notation for representing these
transition probabilities is the matrix form shown in Table 5.1. A sample
transition probability matrix was developed based on a highway engineer's
subjective opinion for this example decision model. It is shown in
Table 5.1.

A corresponding transition diagram of the system illustrating the states

and transition probabilities is in Fig 5.l1. From the transition matrix in
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TABLE 5.1, TRANSITION PROBABILITY MATRIX

(A) TRANSITION PROBABILITIES IN THE MATRIX FORM

State 1 _E_ 3 4 5
1 v P P3P Big
2 Pap Py Py Py By
3 P3p B3y B33 By Pyg
4 Par Par B3 R s
> Psp Psp Py P5, Py

(B) A SAMPLE TRANSITION MATRIX FOR THE EXAMPLE DECISION MODEL

State 1 2 3 4 5
1 0.88 0.08 0.04 0.0 0.0
2 0.0 0.85 0.12 0.03 0.0
3 0.0 0.0 0.8 0.15 0.05
4 0.0 0.0 0.0 0.75 0.25
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Table 5.1 and the diagram in Fig 5.1 it becomes evident that once the
pavement reaches the worst condition (SI < 2.0, state 5), it remains in
the worst condition. Therefore, the analysis of this stochastic process is
not of interest because state 5 is an "absorbing state" and eventually the
pavement will enter this state and just remain there unless repaired.

Clearly, from a practical point of view this model is infeasible
because a pavement cannot continue to remain in the highway network in the
worst condition: it should be rehabilitated, replaced, or abandoned. The
action of rehabilitation alters the behavior of the system, so that the
system now evolves over time according to the joint effect of the
probabilistic laws of motion and the action of rehabilitating a pavement in
bad condition. The action of reconstructing a pavement in state 5 can be
thought of as establishing a rehabilitation policy.

When a pavement reaches 1its worst condition and is reconstructed, the
pavement is renewed, 1i.e., the pavement moves back to state 1 prior tothe
next condition survey. The costs incurred include several components.
When the pavement section is in state 1, 2, 3, 4, or 5, costs of keeping the
pavement section in that state, such as user costs and routine maintenance
cost, will be incurred during the next year. However, user costs are very
difficult to determine, and, therefore, in this example the expected costs

are given only by maintenance cost. Examples are:

———— . —— e . b - - - —

Expected
Routine Maintenance
Cost in State.

State (2-Mile Lane)
1 $ 500
2 $ 1,000
3 $ 2,000
4 $ 3,500
5 $ 7,000
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If the pavement is reconstructed, a reconstruction cost of, say,
$15,000 is incurred, and the routine maintenance cost is $500. Hence, the
cost incurred after the system is in state 5 is $15,500.

The stochastic process resulting from the system under the
aforementioned rehabilitation policy, i.e., reconstructing a pavement in
state 5, is described by the transition matrix now given in Table 5.2. A
corresponding transition diagram of the system with the transition
probability matrix in Table 5.2 is shown in Fig 5.2.

Now, it is necessary to compute the cost of this "rehabilitation policy"
to be used for finding a minimum cost optimal solution among numerous
rehabilitation policies. The steady-state equation can be written as
(Ref 11)

Ty, = 0.8 Ty + Tg
m, = 0.08 T; + 0.8 T,
Ty = 0.04 T) + 0.12 T, + 0.8 T,
T, = 0.03 7T, + 0.15 T4 + 0.75 T,
Tg = 0.05 T3 + 0.25 T,

1 = “1 + ﬂz + ﬂ3 + ﬂ4 + ﬂ5

th

™ = the probability that the system occupies the i~ state after a

long period of time.

The simultaneous solution is

Ty = 0.39
T, = 0.21
Ty = 0.20
T, = 0.15
Mg = 0.05
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TABLE 5.2. TRANSITION PROBABILITY MATRIX FOR THE POLICY OF
RECONSTRUCTING PAVEMENT SECTIONS IN STATE 5.

State 1 2 3 4 5
1 0.88 0.08 0.04 0.0 0.0
2 0.0 0.85 0.12 0.03 0.0
3 0.0 0.0 0.8 0.15 0.05
4 0.0 0.0 0.0 0.75 0.25
5 1.0 0.0 0.0 0.0 0.0
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Hence the long-run expected average cost per year is given by

500 T, 41,000 T, + 2,000 T + 3,500 T, + 15,500 T = $2105

and this represents the cost of this rehabilitation policy, that is the
policy to reconstruct pavements in state 5, and do routine maintenance only

in other condition states (states 1, 2, 3, or 4).

A SUCCESSFUL APPLICATION IN ARIZONA (REF 5)

The pavement management system used for the state of Arizona is based on
this Markovian Decision Process concept using a linear programming technique
as a solution algorithm as described in the previous section, It is termed
the Network Optimization System (NOS). Two functions of the NOS are (1)
determination of the rehabilitation policies that achieves prescribed
performance standards at a minimum cost, and (2) by iteration, determination
of the highest standards that can be maintained with a fixed budget. The
main steps involved in the NOS are (1) generation of feasible alternative
rehabilitation policies, (2) prediction of future performance of the highway
network and the total cost under alternative policies, and (3) determination
of the minimum cost policy.

As applied to the Arizona Highway Network Optimization System, one
interesting concept has been presented. Highway engineers are interested not
only in making minimum cost decisions about pavement rehabilitation but also
in keeping the highway network in good condition to satisfy the public. The
constraints that arise out of the specification of performance standards can
be added as important constraints to the system. The performance standards

may state the minimum proportion of the network that must be in acceptable
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condition

states and the maximum proportion of the network allowed to be in

unacceptable condition states.

The potential advantages of implementing the NOS include the following:

(D

(2)

(3)

(4)

(5)

The NOS will permit the efficient use of limited funds in
maintaining desired performance standards.

The NOS will help maintain a uniform and consistent rehabilitation
policy over a long period of time.

In the NOS, decisions about rehabilitation actions are based on the
most current information about the condition of various pavements
in the network.

The NOS will permit monitoring of the predicted system performance
and cost against the observed performance and cost.

The NOS will enable the Arizona DOT management to estimate
consequences of significant changes in pavement rehabilitation

budgets.

POLICY ITERATION SOLUTION TECHNIQUE TO MARKOVIAN DECISION PROCESSES

Consi

matrix an

der an M-state Markov process described by a transition-probability

d a cost matrix. Suppose that the process is allowed to make

transitions for a very long time and that we are interested in the cost of

the process. A useful quantity is the average cost of the process per unit

time. It

RR307-3/05

is called the cost of the process, and can be defined as

M
c = I m, oq,.
=1 7

= the probability that the system is in state i after a large
number of moves,
= the expected cost in the next transition out of i, and

= the cost of the system.
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I1f we have several such processes and we should like to know which would
be the least costly process on a long-time basis, we could find the cost of
each and then select the one with minimum cost.

Selection of the policy can be defined as the set of decisions for all
states thus determines the Markov Process that will describe the operations
of the system. An optimal policy is defined as a policy that minimizes the
cost or the average cost per transition (say one year if the transition
occurs every year).

The policy-iteration method that will be described cam find the optimal
policy in a small number of iterations. It is composed of two parts, the
value~determination operation and the policy-improvement routine (Ref 12).

Step 1 Value Determination. The algorithm begins by choosing an

arbitrary policy R; and calculates the values of ¢ (Ry), v; (Ry), ...

V-1 (Ry) [vy (Ry) is chosen equal to zero] using the value determination

equation
M
c + v, = q, + LI P, 6 v i =1, 2, M
i i ij ]
i=1
where
c = the cost of the system,
vi = the effect on the total expected cost due to starting in state
i,
q = the expected immediate cost in state i, and
Pij = a probability that a system which now occupies state i will

occupy state j after its next transition.

We have now obtained a set of M linear simultaneous equations that

relate the quantities v; and c to the probability and cost structure of the

process (the derivation of the equation is omitted). However, it has M + 1
unknowns with M equations, so that the absolute value of the v; cannot be

determined by the equations. But if we set one of the v; equal to zero (say,
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VM) then only M unknowns are present, and the equations may be solved for ¢
and the remaining vi. The v; produced by the solution of the value
determination equations will be the relative values of the policy.

Step 2 Policy Improvement. Using the current values of v; (R;) computed

for policy Ry, find the alternative policy R, that would choose the

alternative k, for each state 1i, that minimizes

using the relative values determined under the old policy. A new policy has
been determined when this procedure has been performed for every state. The

basic iteration cycle may be diagrammed as shown in Fig 5.3.

THE PAVEMENT REHABILITATION EXAMPLE PROBLEM

Now we turn Lo a concrete example of how the policy—-iteration technique
may be applied to practical problems. The pavement rehabilitation example
problem that was discussed in the previous section will be again used.

Given a 2-mile long pavement section which is deteriorating over time,
we must decide (1) when to rehabilitate the pavement section and (2) what
rehabilitation strategy to use. To frame the problem more precisely, we are
to conduct condition surveys at regular intervals, say one year; at these
times we decide either to leave the pavement section for another period or
to rehabilitate it with a best strategy. Each possible decision gives rise
to an expected cost for the upcoming period; the objective is to minimize the
expected cost of the total highway network per period over the long run.

Having formulated the pavement rehabilitation problem as a Markovian
Decision Model, we are now in a position to implement the policy iteration
algorithm to find the optimal solution for given specifications, such as
maintenance costs, rehabilitation costs, transition probabilities. The
number of states is 5, and the number of decisions is 2 (routine

maintenance only, and reconstruction). The problem is too small to serve as
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Value-Determination Operation

Use Pij and 4y for a given policy to solve
M
c+v, = q, + jzl Pij vj i=1,2...M

for all relative values vi and c by setting Vi to zero.

Until the policies on two successive
iterations are identical

Policy Improvement Routine

For each state i, find the alternative k that minimizes

M k
qik + I Pi' v;
=1 M
using the relative values v, of the previous policy.

Then k becomes the new decision in the ith state,

q k becomes q,, and P,,k becomes P, ..
i ij ij

Fig 5.3. 1Iteration cycle (Ref 12).
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a real-life example but it is simple enough to analyze the operations and
results. In order to solve the pavement rehabilitation problem using the
policy-iteration algorithm, a computer program has been written in Fortran;
the sample output is reproduced in Fig 5.4.

The computer program uses the input data described in the previous
section. According to the optimal policy in Fig 5.4, we shall do routine
maintenance only when it is in state 1l or 2 and reconmstruct it when it is in
state 3, 4, or 5. If you compare answers in iteration 3 and iteration 4,
you will realize that the two policies are different only as to whether we
shall do routine maintenance only or reconstruct it when the pavement stays
in state 3. This comparison leads to an interesting result. If we
reconstruct the pavement when it is in state 3 instead of doing routine
maintenance only, we will not only save about $60/section/year but will also
keep more pavement sections in better condition.

If we follow this optimal policy over a long period of time, then 60
percent of the highway network would stay in state 1, 32 percent would be in
state 2, 6 percent in state 3, 1 percent in state 4, and none of the pavement
sections would be in state 5, as seen in the last column of the printed
results. This optimum proportion of the total highway network with the right
action applied in each state will lead to the minimum cost rehabilitation

policy with annual average cost of $1750 per pavement section.
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ITERATION 1

COST = -7000.00
LIMITIKG STATE

STATE JECISION VALUE PROPGRY JOMNS

1 1 113467 it

2 1 7120C. «0002

3 1 35500« p]

4 1 14000C. «0C0Y

5 1 n 10003

ITERATIDN 2

COST = =-2107.14
LIRITING STATE
STATE JECISION VALUE PROPORT IONS
1 1 13393 «8%7%
2 2 0 0714
3 2 0 oNIEST
L} 2 9 o
S 2 0 -800¢C
ITERATION 3
COST = -1809.82
LINYTING STATE
STATE JECISION VALUE PROPORTTONS
1 1 13690. «8£01
2 1 463R. 2454
3 1 =951 . e2373
4 2 Je 04232
5 2 o «0178
ITERATIDON 2
COSVT = -1750.08
LIKITING STATD
STATE DECISION VALUE PROPORYIONS
1 1 13750. «60482
2 1 50900, «3226
3 ? 0. «fB620
L 2 “0e «06937
5 Z a «0020

a+ OPTIMAL SOLUTION HAS PEEN FOUND®«

Optimal solution of a pavement rehabilitation problem on a
small scale.

Fig 5.4.






CHAPTER 6. IMPLEMENTATION OF THE STOCHASTIC DECISION
PROCESS IN TEXAS AT THE PROGRAM LEVEL

INTRODUCTION

The concept of the Markovian Decision Process has been explained in the
previous chapters. The objective of the study is to determine the
rehabilitation policy that selects the best strategy for each pavement
condition state with minimum cost. Performance standards could be considered
in terms of the minimum proportion of the network required or desired to be
in acceptable condition states and the maximum proportion of the network
allowed to be in unacceptable condition states.

The main steps involved in the implementation of the stochastic decision

model are

(1) Define condition states,

(2) Define road categories,

(3) Select rehabilitation actions,
(4) Develop a cost 