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ABSTRACT 

Increasingly tighter budgets, changes in government role/function, declines in staff 

resources, and demands for increased accountability in the transportation field have 

brought unprecedented challenges for state transportation officials at all management 

levels. Systematic methodologies for effective management of a specific type of 

infrastructure (e.g., pavement and bridges) as well as for holistically managing all types 

of infrastructure assets are being developed to approach these challenges. In particular, 

the intrinsic characteristics of highway system make the use of multi-objective 

optimization techniques particularly attractive for managing highway assets. Recognizing 

the need for effective tradeoff tools and the limitations of state-of-practice analytical 

models and tools in highway asset management, the main objective of this dissertation 

was to develop a performance-based asset management framework that uses multi-

objective optimization techniques and consists of stand-alone but logically interconnected 

optimization models for different management levels.  

Based on a critical review of popular multi-objective optimization techniques and their 

applications in highway asset management, a synergistic integration of complementary 

multi-criteria optimization techniques is recommended for the development of practical 

and efficient decision-supporting tools. Accordingly, the dissertation first proposes and 

implements a probabilistic multi-objective model for performance-based pavement 

preservation programming that uses the weighting sum method and chance constraints. 

This model can handle multiple incommensurable and conflicting objectives while 

considering probabilistic constraints related to the available budget over the planning 

horizon, but is found more suitable to problems with small number of objective functions 

due to its computational intensity.  
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To enhance the above model, a hybrid model that requires less computing time and 

systematically captures the decision maker's preferences on multiple objectives is 

developed by combining the analytic hierarchy process and goal programming. This 

model is further extended to also capture the relative importance existent within 

optimization constraints to be suitable for allocations of funding across multiple districts 

for a decentralized state department of transportation. 

Finally, as a continuation of the above proposed models for the succeeding management 

level, a project selection model capable of incorporating qualitative factors (e.g. equity, 

user satisfaction) into the decision making is developed. This model combines k-means 

clustering, analytic hierarchy process and integer linear programming. 

All the models are logically interconnected in a comprehensive resource allocation 

framework. Their feasibility, practicality and potential benefits are illustrated through 

various case studies and recommendations for further developments are provided.  
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BACKGROUND 

According to the latest transportation statistics annual report (USDOT, 2006), the United 

States has approximately 2.6 million miles of paved roads (8.4 million lane miles of 

paved roads), 1.4 million miles of unpaved roads, and 0.6 million highway bridges. 

Highways and consumer motor vehicles constitute more than $3 trillion of the $4.4 

trillion of transportation capital stock (a measure of the amount of productive assets, i.e. 

buildings, structures, machinery, and equipment, in use at a particular time) that includes 

air, highway, pipelines, rail, transit and water systems.  While the highway system still 

plays a vital role in encouraging a productive and competitive national economy (GAO, 

2000), it is actually in an alarming state of deterioration and overuse that presents 

potential risks of disrupting life and economic activities, and creates serious public safety 

concerns. The recent catastrophic I-35W bridge collapse in Minneapolis is a convincing 

example. In a report card for American's infrastructure published by the American 

Society of Civil Engineers (ASCE, 2005), roads and bridges only received a grade of D 

(poor) and C (Mediocre) respectively, on the basis of condition and performance, 

capacity vs. need, and funding vs. need. 

Highway agencies in the United States have gradually shifted their focus from expansion 

to preservation because of increasingly tighter budgets, changes in government 

role/function, declines in staff resources, and demands for increased accountability. More 

challenging than ever before, state transportation officials at all management levels (state, 

district, and region) face the task of managing a wide range of assets in a rational and 

defendable way to meet public, agency, and legislative expectations with competing 

investment demands for limited funding. This has brought attention to systematic 

methodologies designed for effective management of a specific type of infrastructure 

(e.g., pavement and bridges) as well as for holistically managing all types of 

infrastructure assets. 

Highway Asset Management 

The focus on a systems approach for infrastructure management began in the mid-1960s 

with the advent of pavement management systems, followed by the framework for bridge 

management systems (Hudson et al., 1987).  These efforts showed that there are many 
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commonalties among different applications in terms of the issues addressed, analysis 

types, and the problems solved.  This realization initiated a trend toward the integration 

of individual systems that has been the genesis of asset management (FHWA, 1999; 

NCHRP, 2004).  

For a long time industry leaders have been successfully developing tailored asset 

management systems to monitor and assess the status and condition of their physical and 

financial assets (real estate, physical plants, inventories, and investments) both 

individually and collectively. Highway and road practitioners borrowed this concept of 

"asset management" to refer to the development, maintenance, operation, improvement, 

and upgrading of highway assets in a systematic manner. Asset management is a strategic 

approach that combines engineering principles with business practice and economic 

theory and is targeted to the optimal allocation of resources for the management, 

operation and preservation of transportation assets (FHWA and AASHTO, 1996; FHWA, 

1999; OECD, 2001).  

A thorough look at the asset management framework (FHWA, 1999) reveals that asset 

management is, at its core, a process of resource (e.g., budget, manpower, and facility) 

allocation and utilization involving various management levels, as shown in Figure 1.1. 

The main outcomes of highway asset management are short- and long-range plans for 

resource management and a fact-based dialogue among decision-making bodies, system 

users and other stakeholders, state government officials, and managers concerned with 

day-to-day operations (FHWA 1999). 
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Figure 1.1  Framework of resource allocations for highway asset management. 
 

The use of optimization approaches for managing highway assets has received increasing 

attention in the last few decades due to the increasing need of preserving our 

transportation systems according to the expectations of more demanding stakeholders 

with decreasing resources.  

Multi-Objective Optimization 

Single-objective optimization identifies the best feasible solution in terms of a single 

measure of value. In contrast, the multi-objective optimization (MOO) problem involves 

finding a vector of decision variables that satisfies constraints and optimizes various 

objective functions that form a mathematical description of performance criteria, which 

are usually at least in partial conflict with each other.  

A solution to a multi-objective problem is considered to be more a concept than a 

definition. In multi-objective optimization problems, what is optimal in terms of one of 

the objectives is usually non-optimal for the remaining objectives. Consequently, there is 

in general no single global solution for a multiobjective optimization problem. Hence, the 



 

5 

term "optimizing" really means finding such a solution that would analyze the trade-offs 

and give values of all the objective functions acceptable to the decision maker (Osyczka, 

1985).  

The solving of multi-objective optimization problems requires that the decision maker 

articulate preferences regarding the relative value of the various objectives. Decision 

makers can express their preferences before, after, or during the solution process 

(Goicoechea 1982; Miettinen 1999).  

Multi-Objective Optimization in Highway Asset Management  

The intrinsic characteristics of highway system that make the use of multi-objective 

optimization techniques particularly attractive for managing highway assets include the 

following: 

• To achieve sustainable transportation systems, management decisions concerning 

highway assets should be placed in a context of economic development, 

ecological sustainability, and social desirability (Richard 1999), and the solution 

must optimize these three objectives simultaneously. 

• Decisions on how to allocate resources, whether across asset categories, work 

categories or projects within a given asset class and work category, often involve 

some kind of tradeoff with multiple objectives and constraints. 

• A highway system is comprised of system objectives, highway facilities, and 

operational functions all of which interact with each other (Sinha and Fwa, 1987). 

Accordingly, the management process of this three-dimensional system can be 

viewed as a multiple-objective system that the optimization modules of the 

traditional highway management system are not designed to handle (McNeil and 

Pannapa, 2006).   

• Because of increasing public awareness and scrutiny, asset managers are finding 

that their constituents require asset conditions to be substantially better than those 

resulting from a least cost solution, while at the same time these constituents 

demand the cost associated with better conditions still be reasonably low.  
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Because of these reasons, several applications of multi-objective optimization in highway 

asset management have been reported in the literature. These include both research 

efforts and implementation projects.    

DISSERTATION OVERVIEW 

Problem Statement 

Performance measurement - a way of monitoring progress toward a result or goal - can be 

used to help track and forecast the impacts of transportation system investments, monitor 

the condition of highway features, and gauge the quality of services delivered. 

Consequently, many transportation agencies are now pursuing performance-based 

approaches to planning and programming, monitoring system performance, and 

developing more integrated data and analysis tools to evaluate tradeoffs within highway 

asset management (CS 2006). 

The current funding situation, in which demand exceeds supply in transportation 

infrastructure, has led to an urgent need for tools to assist management in utilizing and 

allocating funds effectively.  The allocation of resources at various managing levels to 

achieve different performance goals often involves some kind of tradeoff. In essence, a 

generalized tradeoff in transportation asset management asks, "given certain amount of 

resources, how much shall I allocate to A versus B?" Depending on the level of decision-

making and the criteria considered, such kind of tradeoff could be straightforward or 

quite challenging for state transportation officials. An example arises from allocation of 

funds for multidistrict highway agencies. The traditional way to solve this problem is for 

the central administration to make decisions based on predetermined criteria or formulas 

(e.g. historical fund allocation data) along with some consultation with regional districts 

or agencies. In many cases, however, the consultation process is often limited and 

ineffective as different regions tend to have different priorities and the state of 

development and situations of their respective road networks are often different. 

Applying a common formula and basis for fund allocation may not achieve the best 

results for all the regions and the entire network as a whole.  

The private sector faces similar challenges. Asset management contracts, pavement 

warranties, and performance-based asset preservation contracts are becoming popular 
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with state departments of transportation (DOTs) because they typically provide for long-

term efficiencies and better performance in the operation of public transportation 

infrastructure. To maintain a pavement network under a performance-based contract 

efficiently and cost-effectively in a long-term horizon, the private sector contractors must 

balance multiple objectives (e.g., cost minimum, performance maximum) and a wide 

range of risks and uncertainties (e.g., fluctuation of labor and material prices, long-term 

pavement behavior), which are often different from the requirements of the traditional 

asset preservation practices.  

To overcome these challenges, transportation engineers and planners are taking 

significant steps for addressing performance-based resource allocation problems in asset 

management. However, practical tools that can satisfactorily fulfill these business 

functions are still needed.  

Research Objectives 

Recognizing the need for effective tradeoff tools and the potential drawbacks of state-of-

practice analytical models in highway asset management, the main objective of this 

dissertation is to develop a performance-based asset management framework that 

includes stand-alone but logically interconnected optimization models for different 

management levels using multi-objective optimization techniques. The dissertation 

focuses on pavement management and more specifically on the following business 

functions:  

1. Network-level investment programming: Based on the network performance 

goals established by the agency, a multi-year-multi-objective programming model 

can help the central office determine how much budget and what specific amount 

of preservation work are needed for each network condition state in each year of 

the planning horizon under the predefined performance targets; 

2. Regional resource allocation: For any given year of the planning horizon, 

outputs from the multi-year multi-objective model are used as part of the 

optimization constraints of the single-year-multi-district-multi-objective model, 

which distributes the budget allocated and the amount of preservation work 

needed for each individual component district.   
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3. Project selection: Outputs from the single-year-multi-district-multi-objective 

model are adopted as part of the optimization constraints of the project selection 

model, which enables an individual district to select projects for implementation 

in that given year from a candidate list of "needs."  

The novel probabilistic multi-objective optimization models developed provide flexible 

decision support tools for multi-year, multi-district resource allocation that reflects 

agency multiple policy objectives/goals, resource limitations and performance targets. 

With the range of possible outcomes described along with a probability weighting of 

occurrence, the decision maker will be able to make an educated decision. The feasibility 

and practicality of the proposed models are illustrated through various case studies.  

Research Approach 

In order to achieve the overall objective of the investigation, the following tasks were 

completed: 

• Evaluated the feasibility and practicality of applying multi-objective optimization 

techniques in highway asset management: a critical review of popular multi-

objective optimization techniques and their applications in highway asset 

management was conducted. This review suggested that several techniques 

provide appealing alternatives for supporting many of the infrastructure 

management functions and, in particular for resource allocation at various 

working level of asset management. 

• Developed and implemented a probabilistic multi-objective model for 

performance-based pavement preservation programming that uses the weighting 

sum and chance constraints methods. The model is aimed at handling multiple 

incommensurable, completely and/or partially conflicting objectives while 

considering probabilistic constraints related to the available budget over the 

planning horizon.    

• Developed and implemented an enhanced hybrid model for the previous 

performance-based pavement preservation programming problem that requires 

less computing time and systematically captures the decision maker's preferences 

on multiple objectives by using the analytic hierarchy process. This model is 
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further extended to be suitable for allocations of funding across multiple districts 

for a decentralized state department of transportation.  

• Developed and implemented a project selection model capable of incorporating 

qualitative factors (e.g. equity, user satisfaction) into the decision making process 

using the combination of k-means clustering, analytic hierarchy process and 

integer linear programming. This model is a continuation of previously discussed 

models for the succeeding management level.  

Organization of the Dissertation 

This dissertation follows a manuscript format which includes five papers.  Each 

manuscript is used as an individual chapter of the dissertation.  They represent the main 

research work in which the author was involved at Virginia Tech during the duration of 

the doctoral studies.  The first chapter of the dissertation is this introduction, which 

provides an outline for the rest of the document.  The following five chapters are 

introduced following.  

Chapter 2:  Multi-Criteria Optimization Applications in Highway Asset Management.  

This paper presents an extensive review of the application of multi-criteria optimization 

techniques in various working levels of highway asset management.  Some of most 

promising techniques are highlighted, and relevant characteristics are summarized and 

compared.  It was found that no single multi-criteria optimization technique is superior 

and the extent of its applicability relies on several key factors. In particular, the review 

recommended that a synergistic integration of complementary techniques be given 

special consideration for the development of practical and efficient decision-supporting 

tools. 

Chapter 3: Pavement Preservation Optimization Considering Multiple Objectives and 

Budget Variability. This paper proposes a model for pavement preservation programming 

that uses the weighting sum method and chance constraints. The model can handle 

multiple incommensurable, completely/partially conflicting objectives while considering 

probabilistic constraints related to the available budget over the planning horizon. The 

feasibility and practicality of the proposed model is demonstrated by its implementation 

in a case study consisting of two conflicting objectives. 
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Chapter 4:  Using the Analytic Hierarchy Process and Goal Programming for Pavement 

Investment Programming.  Based on Chapter 3, this paper systematically incorporates the 

decision maker's preferences on multiple objectives in the decision. A two-stage 

decision-support model is proposed using the analytical hierarchy process and goal 

programming. The use of the model is illustrated through a case study with three 

incommensurable and conflicting objectives.    

Chapter 5:  A Hybrid Multi-objective Optimization Model for Regional Pavement 

Preservation Resource Allocation.  This paper, accepted for publication in the Journal of 

Transportation Research Board in 2008 (Wu et al. 2008), presents a decision-support 

model for the optimal allocation of pavement preservation funds among multiple districts. 

It uses the same optimization techniques as in Chapter 4, but the analytic hierarchy 

process was employed herein to capture the decision maker's preferences related with 

optimization constraints instead of objectives. The model is used to solve a short-term 

pavement preservation budgeting problem for a decentralized state DOT with nine 

maintenance districts.  The results revealed that the proposed model is practical for 

supporting needs-based budgeting. 

Chapter 6:  Optimal Selection of Pavement Preservation Projects.  This last paper focuses 

on the succeeding working level of asset preservation and presents a project selection 

model based on the combination of k-means clustering, analytic hierarchy process and 

integer linear programming. The model was implemented to solve a project selection 

problem with 227 candidate projects and the decision factors of "preservation 

cost/benefit," "network & local importance," and "overall condition." 

Finally, Chapter 7 summarizes the key findings and conclusions of the dissertation and 

provides recommendations for future research to further explore the potential of applying 

multi-objective optimization techniques in highway asset management. 

Results and Significance 

By examining various facets of network-level infrastructure management decisions, the 

main outcome of this dissertation is a performance-based asset preservation framework 

including stand-alone but logically interconnected multi-objective optimization models 

that make an innovative integration of weighting sum method, goal programming, 
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analytic hierarchy process, chance-constrained programming and k-means clustering 

techniques.  

The conducted research is significant because it addressed the challenging issue of 

performance-based network resource allocation from a multi-year, multi-district and 

multi-criteria perspective and can be easily integrated into the current asset management 

practices of transportation agencies. Resultantly, state transportation agencies will be able 

to make better use of available funds and users, the public, will benefit from better 

managed and maintained facilities. 

Tremendous investment is spent each year for preserving highway assets nationwide. For 

example, the Virginia Department of Transportation (VDOT)'s annual budget for Fiscal 

Year 2007-08 is $4.0 billion. Approximately 39 percent of allocations go to roadway 

maintenance (VDOT, 2007).  If this amount can be decreased by just 1% through 

implementation of these performance-based optimization models, significant savings 

(approximately $16 million/year) in direct costs could be achieved, not to mention the 

indirect benefits from the increased accountability, extension of the pavement service 

life, and reduction of user cost.  

While the investigation focuses on the pavement assets, the proposed models, with 

modest time and effort, could be extended for managing other transportation assets 

individually or integrately. They can support decisions, in which multiple objectives 

subject to multiple criteria and/or multiple analysis levels are important considerations in 

the decision-making process. 
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Multi-Criteria Optimization Applications in Highway Asset Management 
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Abstract: Optimization-based tools have been included in many engineering 

management systems for individual infrastructure asset classes such as Pavement 

Management Systems (PMS) and Bridge Management Systems (BMS). These tools 

typically include single-objective optimization analyses.  However, real-world decisions 

concerning asset preservation and renewal often involve more than one objective, 

reflecting the various goals of the agency, and need to evaluate possible alternatives 

according to multiple criteria. Traditional single-objective optimization approaches for 

handling such situations optimize a selected "most important" objective, while either 

neglecting the "less important" competing objectives or imposing them as already-known 

constraints in the optimization formulation.  This approach often does not provide truly 

"optimal" solutions.  Multi-Criteria optimization formulations have clear theoretical 

advantages but increase the complexity of the mathematical formulation. This paper 

presents a review of the application of multi-criteria optimization techniques in various 

working levels of highway asset management.  Some most promising techniques for the 

different infrastructure management functions are identified and relevant characteristics 

are summarized and compared.  Based on the applications reviewed, it can be concluded 

that multi-criteria optimization techniques provide appealing alternatives for supporting 

many infrastructure management business processes. To combine the benefits of various 

techniques, a synergistic integration of complementary techniques is recommended for 

the development of practical and efficient decision-supporting tools. 
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INTRODUCTION 

The use of optimization approaches for managing highway assets has received increasing 

attention in the last few decades due to tighter budgets, increasing demands, and stricter 

accountability in transportation investments and policy-setting decisions. Optimization-

based tools have been included in many engineering management system for individual 

infrastructure asset classes such as Pavement Management Systems (PMS) and Bridge 

Management Systems (BMS).  Without exception, the basic framework of these 

optimization approaches is the utilization of a mathematical programming technique (e.g. 

linear programming, integer programming, and nonlinear programming). Furthermore, 

these tools typically include single-objective optimization analyses.  However, in general, 

real-world decisions concerning asset preservation and renewal often involve more than 

one objective, reflecting the various goals of the agency, and need to evaluate possible 

alternatives according to multiple criteria.  The traditional approach for handling such 

situations has been through single-objective optimization analyses.  Agencies have often 

chosen to optimize the "most important" objective, while either neglecting the "less 

important" competing objectives or imposing them as already-known constraints in the 

optimization formulation. This approach exhibits at least one of the following limitations: 

(1) among the competing objectives, how to justify that the selected objective is the one 

that deserves most attention; and (2) how to determine the proper range values for those 

objectives that are not included in the objective function but instead set as constraints. 

Such limitations often do not lead to truly "optimal" solutions as compared to those 

derived directly from multi-objective considerations (Fwa et al. 2000).  

Multi-criteria formulations have clear theoretical advantages but increase the complexity 

of the mathematical formulation. The general multi-criteria decision making consists of 

two complementary constituents: multi-criteria optimization and multi-attribute decision 

analysis. The former, also known as multi-objective mathematical programming pertains 

to situations where a large number of feasible alternatives are available implicitly, 

through constraints in the form of mathematical functions. An optimization problem 

(typically a mathematical program) has to be solved to explicitly find the alternatives. 

Comparatively, the latter, multi-attribute decision analysis is most often applicable to 

decision problems with multiple criteria and explicitly available alternatives. As highway 
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asset management intrinsically considers multiple criteria and there are many implicit 

feasible alternatives, the objective of this paper is to review applications of multi-

objective optimization techniques at various working levels (i.e. strategic (cross-asset), 

network, and project levels) of highway asset management and to highlight the 

advantages of multi-objective optimization techniques over traditional approaches. It also 

provides a quick overview of the multi-objective optimization techniques that hold the 

most promise for the different highway asset management functions. Several references 

for each of the presented applications are provided.  

HIGHWAY ASSET MANAGEMENT 

The highway network in the United States forms the backbone of economic development 

and represents a huge investment in monetary value. This network allows for the safe and 

efficient movement of people and goods. Since 1960s, highway agencies in the United 

States have gradually moved from a focus on expansion to preservation.  Over the past 

two decades there has been a significant shift in the transportation field that has been 

fueled by increasingly tighter budgets, emphasis on preservation, changes in government 

role/function, and demands for increased accountability. This has brought attention to 

systematic methodologies for effective management of transportation assets. State 

transportation officials at all management levels (state, district, and region) face the 

challenge of managing a wide range of assets to meet public, agency, and legislative 

expectations with limited funding.  

Highway and road practitioners have adopted the concept of "asset management" 

originated from the private business practices to refer to the development, maintenance, 

operation, improvement, and upgrading of highway assets in a systematic manner. With 

tangible benefits of optimal benefit-cost maximization and long-term cost reduction, as 

well as intangible benefits such as safe, convenient, and comfortable highway systems, 

highway asset management can be used as a tool to communicate between system users, 

stakeholders, state government officials, and managers (U.S. DOT, 1999). Successful 

examples can be found not only in the United States, but also in Australia, Canada, 

England, and New Zealand, as introduced in a recent international scanning tour (Federal 

Highway Administration [FHWA] 2005).    
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The definitions of asset management adopted by FHWA (1999), the American 

Association of State Highway Transportation Officials (AASHTO) (FHWA and 

AASHTO 1996) and the Organization of Economic Co-operation and Development 

(OECD) (OECD 2001) are slightly different from one another, but share the common 

essence. That is, asset management is a strategic approach that combines engineering 

principles with business practices and economic theory and is targeted to the optimal 

allocation of resources for the management, operation and preservation of transportation 

infrastructure. Key characteristics of transportation asset management embody the 

following principles (Neumann et al. 2003; CS 2006): 

• Policy-driven, and performance-based: Decisions involving allocation of 

resources are driven by a well-defined and explicitly stated set of policy goals and 

objectives that have clear measures of system performance. These objectives 

should reflect the desired system condition and the quality of services expected by 

the customers. These are typically tied to economic, community, and 

environmental goals.   

• Analysis of options and tradeoffs at each level of decision making: Decisions 

on how to allocate resources within and across different assets and categories are 

based on understanding how the different allocations will affect the achievement 

of policy objectives and the best options to consider. The limitations posed by 

realistic funding constraints also must be reflected in the range of options and 

tradeoffs considered.   

• Long-term view: Analyses of project options should incorporate a long-term 

view of facility condition, performance, and cost. Analysis procedures combining 

engineering and economics are most effective in assessing the tradeoffs among 

different actions at different times in an asset’s life cycle. 

• Decisions based on quality information: Credible and current data, analytic 

methods, and decision criteria consistent with policy goals and objectives are 

applied to evaluate the merits of different options.  

• Monitoring to provide accountability and increase reliability: Performance 

results are monitored and reported to provide feedback on the effectiveness of 
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resource allocation and utilization, as well as accountability to management for 

work accomplished and for the effectiveness of program and service delivery. 

FUNCTIONAL FRAMEWORK FOR HIGHWAY ASSET MANAGEMENT 

A thorough look at the generic asset management framework in Figure 2.1 (FHWA 1999) 

reveals that asset management is, at its core, a process of resource (e.g., budget, 

manpower, and facility) allocation and utilization.   

 

Goals and Policies

Asset Inventory

Condition Assessment
and Performance Modeling

Alternatives Evaluation
and Program Optimization

Short- and Long-Range Plans
(project selection)

Performance Monitoring

Program Implementation

Budget/
Allocations

 

Figure 2.1  Generic asset management framework (after FHWA 1999). 

 

This process occurs at several levels of decision making, namely, across asset class level 

(e.g., pavement versus bridge), across categories of works (e.g., preservation versus 

capacity expansion), and across projects within a given asset class and work category 

(e.g., geographic region A versus geographic region B, project C versus project D). 

Figure 2.2 presents a holistic view of highway asset management.  
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Figure 2.2  Framework of resource allocations for highway asset management. 

 

In this framework, asset inventory, condition, usage, and maintenance strategies, often in 

the form of a database, constitute the foundation of the highway asset management 

system. Such information is then integrated and analyzed through a series of modular 

applications. Strategic decision-support tools allow the overall goals of system 

performance and the agency’s policies to be satisfactorily fulfilled by analyzing tradeoffs 

among competing infrastructure assets and programs.  Network- or program-level tools 

are used to assess and predict asset performance over time; identify appropriate 

investment strategies for maintenance, rehabilitation, replacement, or expansion of each 

asset; prioritize/optimize allocation of resources; and generate different kinds of work 

plans and programs. Decisions made at this level affect the entire network and involve 

tradeoffs between projects and activities. Project-level tools are employed for trade-offs 

of alternatives for specific section/project; for design, construction, material evaluation, 

and improvement, among others. The data-driven infrastructure management cycle 

continues with the feedback loops to keep its vitality. 
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In order for efficient and cost-effective preservation and operation of highway assets 

(pavements, bridges, culverts, etc.) both holistically and individually, it is necessary for 

highway asset management to incorporate relevant analytical tools for rational and 

integrated decision-making. Accordingly, specialized tools for resource allocations at 

various working levels that characterize different features are required. This paper 

reviews how multi-objective optimization techniques can be used to develop some of 

these tools. 

MULTI-OBJECTIVE OPTIMIZATION 

Single-objective optimization identifies the best feasible solution in terms of a single 

measure of value.  Decision makers are given the choice of either accepting or rejecting 

this single solution without learning anything about how the solution compares to other 

feasible solutions. However, according to our various human aspirations, it is often not 

fair to select a decision based on one evaluation criterion only. This is especially true in a 

public decision-making context (e.g., highway network management), where there is 

often more than one objective that needs to be optimized.  These multiple, often 

conflicting, objectives are often not only incommensurate but also may have significantly 

different impacts on the resulting solutions.  For example, a transportation agency may 

wish to find suitable maintenance strategies that minimize the agency cost while 

simultaneously maximizing the network performance, but any strategy that maximizes 

pavement performance would require that pavements be maintained at a high level of 

service, which in turn will increase agency cost significantly.  

In contrast to the single-objective optimization problem, the multi-objective optimization 

(MOO) problem involves finding a vector of decision variables which satisfies 

constraints and optimizes various objective functions that form a mathematical 

description of performance criteria which are usually in conflict with each other. It is 

generally true for multi-objective optimization problems that what is optimal in terms of 

one of the objectives is usually non-optimal for the remaining objectives. The 

predominant concept in defining such an optimal solution is that of Pareto optimality 

(Pareto, 1906), according to which a feasible solution to a multi-objective optimization 

problem is Pareto optimal if no other feasible solution exists which will yield an 
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improvement in one objective without causing detriment to at least one other objective. 

Hence, the term "optimizing" means finding such a solution that would analyze the trade-

offs and give the values of all the objective functions acceptable to the decision maker 

(Osyczka 1985).    

As implicit from the concept, there is no single global solution for a multi-objective 

optimization problem and mathematically all the Pareto optimal points are equally 

acceptable solutions of the multi-objective optimization problem. However, it is generally 

desirable for the decision maker to select a satisfactory solution from a set of Pareto 

optimal solutions based on his or her own judgment and value system, or specifically, 

preferences. Accordingly, with multi-objective optimization,  it is necessary for the user 

to articulate preferences in some capacity, and relevant methods can be divided into two 

basic classes depending on how the preferences of a decision maker are modeled: i) 

methods with a priori articulation of preferences ("top-down," that is, first specifying 

preferences in terms of the relative importance of the objectives or in terms of goals, then 

running the optimization algorithm), and ii) methods with a posteriori articulation of 

preferences ("bottom-up," that is, first generating the set of Pareto optimal solutions, then 

from which a satisfactory/acceptable solution will be selected). Figure 2.3 illustrates the 

general framework for solving multi-objective optimization problems. Note that some 

iteration/interactive method techniques (e.g. Tchebyche Method by Steuer [1986]) may 

lie between the two basic classes and requires the decision maker to continually provide 

input during the solution process, which is relatively efficient in terms of computational 

effort but is impractical in many real cases.  
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Multi-objective Optimization Problem
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A Pareto solution with no
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No
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generated using optimization methods
such as Genetic Algorithm, Weighting
method, Normal Constraint method and
the Multi-objective Simplex method.

Iteration
Necessary ?

Pareto optimal
solution sets
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No

Yes

 

Figure 2.3  General framework for solving multi-objective optimization problems. 

 

The application of multi-objective optimization to highway asset management is not as 

prevalent as in operations research and control theory. However, it is believed that multi-

objective optimization will be used more often when concept of optimization permeates 

into the transportation agency's decision processes and more supporting information (e.g. 

data, institutional streamlining) becomes available. Some of the intrinsic characteristics 

of highway system that make the use of multi-objective optimization techniques 

particularly attractive for managing highway assets include the following: 

1. Environmental considerations, in addition to traditional economic 

considerations, are being increasingly considered in the management of 

highway assets. Furthermore, sustainable development requires that economic 
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and environmental goals must be met, along with social goals. To achieve this 

triple bottom line (Richard 1999), management decisions concerning highway 

assets should be placed in a context of economic development, ecological 

sustainability, and social desirability, and thus the analyst should try to 

optimize these three objectives simultaneously. 

2. Decisions on how to allocate resources, whether across asset categories, work 

categories or projects within a given asset class and work category, often 

involve some kind of tradeoff. Currently, quantitative tradeoff tools that can 

handle multiple policy objectives and/or multiple managing levels are scarce, 

which was clearly emphasized in the FHWA international scanning tour 

(FHWA 2005): "In only a few cases was any effort made to conduct technical 

tradeoff assessments among asset categories, and these were heavily based on 

engineering judgment.⋅⋅⋅⋅⋅⋅ Tradeoff analysis techniques are more complex 

than simply assessing priorities in one asset category. The scan team did not 

find any case where technically-based cross-asset tradeoff tools were used. 

This is an important area for further development in the United States."   

3. A highway system can be envisioned in terms of a three-dimensional matrix 

of system objectives, highway facilities, and operational functions, all of 

which interact with each other (Sinha and Fwa 1987). From this perspective, 

the highway management process can certainly be viewed as a multiple-

objective system that the optimization modules of traditional highway 

management systems are not designed to handle (McNeil and Pannapa 2006). 

Tradeoff tools based on single objective optimization often suffer certain 

technical difficulties that may not lead to truly "optimal" solutions. 

4. The management of individual highway assets (roads, bridges, etc.) typically 

computes an (near) optimal solution based on the objective of lowest cost 

(agency cost, user cost, or both), or highest level of service. Because of 

increasing public awareness and involvement, asset managers are finding that 

their constituents require asset conditions to be substantially better than the 

conditions resulting from a least cost solution, while at the same time these 

constituents demand the cost associated with better conditions still be 
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reasonably low. Multi-objective optimization considerations can help make 

more rational, balanced, and cost-effective decisions. 

Because of these reasons, the highway management field is a fertile ground for the 

application of multi-objective optimization techniques as demonstrated by some 

applications that have been reported in the literature. Popular multi-objective 

optimization techniques that have been used in highway management with various 

degrees of success mainly include: multi-attribute utility theory, analytic hierarchy 

process, fuzzy logic systems, genetic algorithm, weighting sum method, goal 

programming, compromising programming, and ε-constraint method. Some of these 

techniques are complex specialized methods, while the others, although relatively simple, 

can also be effective if used properly. Table 2.1 lists some literature sources relevant to 

multi-objective optimization techniques applied to managing various highway asset types. 

A brief description of the most-used multi-objective optimization techniques follows.  It 

needs to be emphasized that no single multi-objective optimization technique is superior 

regarding all key factors such as computational cost, user-friendliness and information 

available (e.g., data, problem structure).  
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Table 2.1  Summary of MOO Applications in Highway Asset Management 

Techniques Reference Highway Bridge Other 
Goal programming Sinha et al. (1981)  √   
Goal programming Ravirala and Grivas (1995) √ √  
Goal programming Ravirala et al (1996)  √  
Weighting sum method Davis and Campbell (1995) √   
Hybrid: (Grey relation +Goal 
programming) Hsieh and Liu (1997)   √ 

Weighting sum method Dissanayake et al. (1999) √   
Hybrid: (Fuzzy set 
+Weighting sum method) Tonon and Bernardini (1999)   √ 

Genetic Algorithm Chan et al. (2003) √   
Multi-attribute utility theory Pesti et al. (2003)  √  
Weighting sum method Wang et al. (2003) √   
Weighting sum method Sadek et al. (2003)   √ 
Multi-attribute utility theory Li and Sinha (2004) √   
Weighting sum method Xiong and Shi (2004)  √  
Multi-attribute utility theory Gharaibeh et al. (2006)   √ 
Multi-attribute utility theory Patidar et al. (2007)  √  
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Hybrid: (Goal Programming 
+AHP) Wu et al. (2008) √   

Genetic Algorithm Liu et al. (1997)  √  
Genetic Algorithm Pilson et al. (1999)  √  
Genetic Algorithm Zheng et al. (2005)   √ 
Genetic Algorithm El-Rayes and Kandil (2005) √   
Genetic Algorithm Liu and Frangopol (2005)  √  
Weighting sum method Gabriel et al. (2006)   √ 
Genetic Algorithm Neves et al. (2006)  √  
Hybrid: (ε-constraint method 
+ Compromise Programming) Lounis and Vanier (1998)  √  

ε-constraint method Chowdhury et al. (2000) √   
Hybrid: (ε-constraint method 
+ Genetic Algorithm) Miyamoto et al. (2000)  √  

Genetic Algorithm 
+ Compromise Programming Fwa et al. (2000) √   

ε-constraint method Chowdhury and Tan (2005)  √  Po
st

er
io

r A
rti
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la
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n 
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es
 

Simple Multi Attribute 
Rating Technique Horrocks et al. (2005) √   

 

Weighting Sum Method 

The basic idea behind the weighting sum method is to combine various objective 

functions into a single-objective function by assigning positive weights to each of the 

objective functions, and parametrically varying the weights to generate the Pareto optimal 

set, as was first proposed by Zadeh (1963).  Main weaknesses of this technology include: 

(Das and Dennis 1997; Miettinen 2001; Marler and Arora 2004): (1) a priori selection of 

weights does not necessarily guarantee that the final solution will be acceptable; (2) 
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several weight sets can generate the same Pareto optimal set, and moving from one set to 

another set of weights may result in skipping a Pareto optimal point; (3) in case of non-

convexity, it may be unable to obtain the relevant Pareto optimal set; and (4) varying the 

weights consistently and continuously may not necessarily result in an even distribution 

of the Pareto optimal set. The main advantages of weighting sum method are: (1) it is an 

easy-to-understand approach that is sufficient for Pareto optimality and simple to 

implement; and (2) it is compatible with many different algorithms to incorporate 

preferences in either a priori or a posteriori process.  

Genetic Algorithm 

Genetic algorithms represent search techniques based on the mechanics of natural 

selection used for solving complex combinatorial optimization problems. These 

algorithms were developed by analogy with Darwin’s theory of evolution and the basic 

principle of "survival of the fittest." Significant contributions in the field of genetic 

algorithms were achieved by Holland (1975) and Goldberg (1989). The search is run in 

parallel from a population of solutions. New generations of solutions are generated 

through reproduction, crossover, and mutation until a prespecified stopping condition is 

satisfied (Flintsch and Chen 2004). The main advantages of this approach are: (1) it is 

very efficient in many cases in producing "good" solutions for difficult combinatorial 

optimization problems; (2) it has the potential capability to converge on the Pareto 

optimal set as a whole; (3) it can be applicable for non-convex functions; and (4) it does 

not impose requirement of gradient information, hence is effective regardless of the 

nature of the objective functions and constraints. However, it also has several 

disadvantages: (1) as with any heuristic, it may not always find the true optimal solution; 

(2) there is a relatively high computational cost; and (3) it requires high programming 

complexity. 

Goal Programming 

Goal programming, first proposed by Charnes et al. (1955), is a popular multi-objective 

method that employs a minimum-distance notion of best, meaning that an ideal solution 

would minimize the weighted sum of deviations of all objective functions from their 

respective goals. As the weight assigned to the deviation of each objective function from 
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its respective goal plays a key role in the final optimization result accordingly, goal 

programming can be categorized into two types: non-preemptive and preemptive. For a 

non-preemptive goal programming, all objectives are roughly of comparable importance. 

For preemptive goal programming, the deviations from certain objective's goal receive so 

much weight that the model will first meet that goal (if it is feasible) before considering 

the other goals. The selection of goal programming type is problem-specific: in some 

cases decision makers feel that the objectives to be optimized have comparable 

importance; while in other cases they consider one or more of the objectives prevail over 

the others to the extent that the sacrifice of the goal on those objective(s) would not be 

considered (Ignizio 1976; Charnes and Cooper 1977). The main weakness of this 

technology is that (Zeleny 1982; Lee and Olson 1999): (1) global optimality convergence 

is not guaranteed in some cases; and (2) weighted goal programming and preemptive goal 

programming can result in non-Pareto optimization solutions. The main advantages of 

goal programming are that this technique is (1) very applicable for decision maker to 

capture the essential elements of a problem and formulate these into goals and constraints; 

and (2) conceptually easy to understand and simple to implement.  

ε-Constraint Method 

The ε-constraint method treats a multi-objective problem using a scalar optimization 

approach: optimizing one arbitrarily selected objective while converting all the remaining 

objectives into constraints with specified bounds (Haimes 1971). In this way, this 

approach can alleviate the difficulties faced by the weighted sum method in solving 

problems having nonconvex solution space (Goicoechea et al. 1982). The potential 

limitations accompanied include (Miettinen 1999; Marler and Arora, 2004): (1) improper 

selection of ε (or setting the constraints) can result in a formulation with no feasible 

solution; (2) in order to ensure Pareto optimality in this method, either different problems 

(depending on the number of objective functions considered) have to be solved, or a 

unique solution that is not necessarily easy to verify has to be obtained. The main 

advantages of this method are: (1) a properly designed systematic variation of ε 

theoretically can yield a set of Pareto optimal solutions; and (2) it is conceptually easy to 

understand and simple to implement.  
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Multi-attribute Utility Theory 

Multi-attribute utility theory (MAUT) assumes that the decision maker can choose among 

the alternatives available to him or her in such a manner that the satisfaction derived from 

his or her choice is maximized, and that the preference structure of the decision maker 

can be represented in the form of a function. The MAUT approach is grounded in the 

utility theory of Neumann and Morgenstern (1947), and the specific assessment 

techniques and elicitation procedures are developed by Keeney and Raiffa (1976). It is, in 

essence, an axiomatized mathematical framework for analyzing and quantifying choices 

involving multiple competing outcomes. Typical steps for the application of multi-

attribute theory are described in Patidar et al. (2007) based on the work of Goicoechea et 

al. (1982) and include the following: 1) assumptions about the decision maker’s 

preferences are postulated; 2) an appropriate functional form is derived based on the 

assumptions; 3) appropriateness of the assumption is verified by the decision maker; 4) 

preference orders (i.e., utility functions) are constructed for each criterion; 5) single-

criterion utility functions are synthesized using the derived functional form and assessed 

relative weights; and 6) the preference order for alternatives is constructed based on the 

expected utilities. 

The main advantages of MAUT are: (1) it quantifies a decision maker's preferences over 

the available alternatives to a decision; (2) it is easy to combine with other optimization 

methods to generate the optimal solution(s). Meanwhile, one of the limitations of MAUT 

is that it is difficult to construct the individual's utility function in a practical situation; for 

example, meeting the technical requirements necessary to satisfy the assumptions of the 

approach requires skill, and applications generally must be guided by specialists in the 

field. It is noted that the validity of this method is debated by Barzilai (2006), based on 

the reasoning that mathematical operations on utility functions are incorrect.   

Analytic Hierarchy Process 

Analytic hierarchy process (AHP) is a theory of measurement for dealing with 

quantifiable and/or intangible criteria that has found rich applications in decision theory 

and conflict resolution, among other fields.  This method is based on the principle that in 

decision making, experience and knowledge is at least as valuable as the data used to 
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support the decision (Vargas 1990). AHP is designed for subjective evaluation, providing 

a vector of weight expressing the relative importance of a set of alternatives based on 

multiple criteria. Decision applications of the AHP are carried out in three main phases 

(Satty 1980a,b): (1) hierarchic design that decomposes the problem complexity by 

properly accounting for the various factors involved in the decision-making process and 

showing their interrelationships; (2) pairwise comparisons that allow the user to 

systematically determine the intensities of interrelationships of various decision factors; 

and (3) synthesis of information in which lower-level priorities are weighted by higher-

level priorities until the bottom level is reached.  At this stage, the composite priorities 

are calculated and can be used as rank scales of the alternatives.    

The main advantages of this approach are that it: (1) allows for the incorporation into the 

decision-making process of subjective judgments and user intuition by producing a 

common formal and numeric basis for solution; (2) is easy to understand and simple to 

implement.  The main weakness of this technology includes: (1) in situations where a 

vast number of alternatives need to be considered, the comparison process can be lengthy 

and boring, tending to lead to inaccurate/biased outcome; (2) uncertainty about the range 

of judgments used to express preferences is difficult to handle. 

Compromise Programming 

Compromise programming belongs to a class of multi-criterion analytical methods called 

"distance based" methods. Developed by Yu and Zeleny in the early 1970s (Zeleny 1973), 

the method of compromise programming identifies solutions which are closest to the 

ideal solution as determined by some measures of distance, of which the most common 

one is the minimization of the normalized deviation from the ideal solution measured by 

the family of metrics (Zeleny 1982). Compromise programming in some ways resembles 

goal programming (Goicoechea et al. 1982). Two types of parameters are in general 

involved in compromise programming: the exponent that reflects the importance of the 

maximal deviation from the ideal value and the weights reflecting the relative importance 

of each objective. Yu and Leitmann (1976) indicate that the exponential parameter has a 

balancing effect on the utility and distance from the ideal so that increasing the 

exponential parameter reduces utility but, at the same time, reduces the distance from the 
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ideal point. Accordingly, how to properly select the exponential parameter and determine 

the importance of each objective constitutes the main limitations of this method. 

Meanwhile, the main advantages of this approach are that: (1) it results in a reduction of 

the Pareto optimal set and the procedure is easily understandable; and (2) it does not have 

to be restricted to continuous settings; it can be adapted to discrete settings as well.  

APPLICATIONS IN HIGHWAY ASSET MANAGEMENT 

Multi-objective optimization (MOO) has been utilized to allocate resources at various 

working levels of highway asset management, as discussed in the references listed in 

Table 2.1. Some of the most noteworthy implemented and potential highway asset 

management applications at the various levels are discussed in the following sections. 

Strategy Level 

Highway asset management at the strategic level is aimed to make funding allocation 

decisions across competing asset groups (e.g., pavement, bridge, and culvert) and 

programs (e.g., safety, maintenance, and expansion) and to provide executives of the state 

department of transportation with information based on integrated asset data and analysis 

across the whole department. In this working level, the main difficulty encountered when 

optimizing the maintenance strategy selection across various types of assets is "how to 

measure and compare benefits (Gharaibeh et al. 1999)?" It is in generally impossible to 

quantify the benefits received from maintenance actions across various types of assets in 

a standardized way, such as in the case of comparing agency savings, cost effectiveness 

of bridge improvement, reduction of traffic delays, and sign replacement (McNeil and 

Herabat 2006). There have been a limited number of efforts addressing this problem, and 

approaches able to provide a uniform measure of received benefits from maintenance 

actions would therefore be desirable. Multi-objective optimization techniques are 

appropriate in this regard because they are capable of formally constructing a preference 

order from the perspective of the decision maker based on various performance criteria.  

To allocate resources across different types of highway infrastructure assets, the analyst 

should evaluate the benefit generated for each dollar spent and the quality of service of 

each infrastructure type to the public (Lee and Deighton 1995). Gharaibeh et al. (2006) 
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recommended the use of "efficiency" of a particular type of highway infrastructure that 

reflects user concerns as a comparative performance measure to help measure and 

compare benefits across competing asset components. The researchers defined the 

efficiency of linear assets, such as pavements, as "the ratio of vehicle miles traveled on 

adequate infrastructure (VMTA) throughout the infrastructure life to VMTA computed 

with an unlimited fund" and the efficiency for point assets, such as bridges, as "the ratio 

of vehicles using an adequate infrastructure (VUA) throughout the infrastructure life to 

VUA computed with an unlimited fund." By linking "efficiency" with investment levels, 

a methodology for allocating funds across transportation asset classes using multi-

attribute utility theory was developed. Utility functions for each of the five studied 

highway asset classes (bridges, pavements, culverts, intersections, and signs) based on 

the risk attitude of the decision maker toward infrastructure failure or poor performance 

were developed and then combined  (Gharaibeh et al. 2006). Accordingly, this 

methodology can be used for performing trade-off analyses among asset classes where it 

is practical to consider potential shifts in funding from one asset to another. Other 

reported efforts include the integration of bridge and pavement management systems 

using goal programming for the development of annual pavement and bridge programs 

considering multiple decisions (Ravirala and Grivas 1995); and budget allocation at the 

"transportation system level" (e.g., pavements versus bridges) using weighted sum 

method (Sadek et al. 2003). In this case, a condition-budget curve was established for 

each individual asset and weights were assigned in a fashion that reflects the relative 

importance of each individual asset. 

Network Level 

Highway asset management at the network level focuses on individual asset types, e.g. 

pavements, bridge, and traffic control devices. Network-level management can be, in 

general, divided into the programming level and the project selection level (Hudson et al. 

1997).  At the programming level, decisions regarding the budgets and general resource 

allocations are made over an entire network. The project-selection level then identifies 

which projects should be carried out in each year of the programming period. There have 

been many efforts, with varying degrees of success, to apply multi-objective optimization 
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techniques to generate programs and budgets consistent with agency's performance goals 

and resource constraints in the best possible manner. Among these applications, the 

weighting sum method enjoys a wide popularity due to its simplicity in integrating 

different objective functions (Dissanayake et al. 1999; Pesti et al. 2003; Wang et al. 2003; 

Xiong and Shi 2004; Gabriel et al. 2006; Wu et al. 2007a). An improvement to the 

weighting sum method that incorporates the decision maker's imprecise and/or uncertain 

judgments on each objective function was obtained with the fuzzy-set-based weighting 

method (Tonon and Bernardini 1999). Enhancements to mitigate the random subjectivity 

involved in setting weights and to formally capture the decision maker's preferences 

include the application of multi-attribute utility theory (Davis and Campbell 1995; Li and 

Sinha 2004; Gharaibeh et al. 2006; Patidar et al. 2007) and the simple multi-attribute 

rating technique (Horrocks et al. 2005). As nontraditional techniques to arrive at optimal 

control of resources for highway facility management, genetic algorithms have also 

received wide attention from researchers due to their capability of providing "good" 

solutions regardless of whether it is a simple linear optimization problem or a difficult 

combinatorial optimization problems (Liu et al. 1997; Miyamoto et al. 2000; Fwa et al. 

2000; Chan et al. 2003; Neves et al. 2006).   

Goal programming is another useful technique for multi-objective optimization because 

of its flexibility to be integrated with other techniques (Sinha et al. 1981; Ravirala and 

Grivas 1995; Ravirala et al. 1996; Hsieh and Liu 1997; Wu and Flintsch 2007b, Wu et al. 

2008). Due to its limitation in setting the constraints, the ε-constraint method has not 

attracted as much attention as other techniques although some applications have been 

reported (Lounis and Vanier 1998; Chowdhury et al. 2000; Miyamoto et al. 2000). The 

primary differences among the various techniques being applied pertain to the 

information basis, and type and form of the objectives evaluated. Selected examples are 

summarized in Table 2.2. 

 

 

 

 



 

34 

Table 2.2  Selected MOO in Network-level Highway Asset Management 

Multi-objective 
Optimization 

Technique 

Problem 
Description 

Formulation 
Type Objectives Optimized 

Network-level 
pavement project 
selection 

Integer Linear 
Programming 

(1) Max. total M&R effectiveness; and 
(2) Min. total M&R disturbance cost 
over the planning horizon.  

Budget allocation 
for a portfolio of 
infrastructure 
projects 

0-1 Nonlinear 
Integer 
Programming 

(1) Min. expected costs; and (2) Max. 
expected value or rank of the funded 
portfolio. 

Weighting Sum 
Method 
 

Pavement 
investment 
programming 

Nonlinear 
Programming 

(1) Max. network maintenance 
effectiveness in terms of pavement 
effective life; (2) Min. percentage of 
pavement network in the lowest state, 
and (3) min. total M&R cost. 

Investment on the 
planning and 
construction of 
bridges and 
viaducts for urban 
development 

0-1, Nonlinear, 
Knapsack 
selection 
problem 

(1) Max. monetary return from the 
entire investment plan; (2) Min. idle 
resources for the entire planning 
horizon; (3) Min. delay for 
commencing the construction of all 
alternatives; and (4) Min. time 
required for completing the 
construction of all alternatives.  

Optimal ranking of 
bridge M&R 
projects 

Nonlinear 
Programming 

(1) Max. bridge condition ratings; (2) 
Min. MR&R cost; and (3) Max. 
average daily traffic affected by the 
rpogram.   

Goal programming 
 

 Allocation of 
funding for a 
decentralized state 
DOT  

Linear 
Programming 

(1) Max. M&R effectiveness in terms 
of extended service life and (2) Min. 
total M&R cost 

Network-level 
bridge decks 
rehabilitation 
planning  

Nonlinear 
Programming 

(1) Min. total rehabilitation cost and 
(2) Min. deterioration of bridge decks.  

Network level 
pavement 
maintenance 
programming 

Nonlinear 
Programming 

(1) Max. work production; (2) Min. 
total maintenance cost; and (3) Max. 
overall pavement network condition. 

Genetic Algorithm 

Allocation of 
pavement 
maintenance funds 
by the headquarter 
to regions 

Nonlinear 
Programming 

(1) Max. number of distressed road 
segments repaired in region 1; (2) 
Max. level of performance of road 
network pavements in region 2; (3) 
Max. usage of available manpower in 
region 3; and (4) Min. regional 
network pavement damage index after 
maintenance. 

ε-constraint method 
 

Highway safety 
resource allocation 

Nonlinear 
Programming 

Min. expected "loss disutility" for 
each of the competing highways 

Multi-attribute utility 
theory  

System-level 
highway project 
selection 

0-1, Nonlinear, 
Knapsack 
selection 
problem 

Max. focus gain-over-loss ratio values 
by selecting a subset from the 
candidate contract list. 
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Project Level 

At the project-level of highway asset management, decisions are made about specific 

projects, such as pavement sections, individual bridges, culverts, and road signs, in a 

desire that the actual implementation of a scheduled project is carried out in the most 

cost-effective way so that the allocated funds are used to construct, rehabilitate, or 

maintain a longer lasting highway infrastructure (Uddin 2006). Accordingly, the 

perspective of "with certain time-horizon," or further "life-cycle," is highly emphasized in 

the various steps of the project-level analysis.  

Applications of multi-objective optimization at the project-level have focused mainly on 

maintenance planning (Pilson et al. 1999; Liu and Frangopol 2005; Miyamoto et al. 2000; 

Neves et al. 2006) and construction (Zheng et al. 2005; El-Rayes and Kandil 2005).  As 

combinatorial optimization problem is the main type at this working level, genetic 

algorithms (GAs) are most frequently utilized (Pilson et al. 1999; Miyamoto et al. 2000; 

El-Rayes and Kandil 2005; Liu and Frangopol 2005; Zheng et al. 2005), sometimes 

combined with other techniques (Neves et al. 2006). For example, Pilson et al. (1999) 

described the formulation of a typical general project-level pavement management 

problem which was solved using GAs. In their research, an example of relatively large 

project-level problem involving four maintenance actions and a 25-year analysis period 

was considered. The results showed that while such a problem was not solvable by the 

authors using the general integer programming formulation on a PC version of the 

optimization software GAMS, it was quite tractable using GAs.  Liu and Frangopol 

(2005) formulated the life-cycle maintenance planning of deteriorating bridges as a multi-

objective optimization problem that treats the lifetime condition and safety levels as well 

as life-cycle maintenance cost as separate objective functions. A multi-objective GA is 

used to automatically locate a large pool of different maintenance scenarios that exhibits 

an optimized tradeoff among conflicting objectives. This tradeoff provides improved 

opportunity for bridge managers to actively select the final maintenance scenario that 

most desirably balances life-cycle maintenance cost, condition, and safety levels of 

deteriorating bridges. El-Rayes and Kandil (2005) developed a multi-objective 

optimization model to transform the traditional two-dimensional time-cost trade-off 

analysis to an advanced three-dimensional time-cost-quality trade-off analysis for 
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highway construction. The model is designed to search for optimal resource utilization 

plans that minimize construction time and cost while maximizing its quality. 

IMPLEMENTATION ISSUES 

Multi-objective optimization has been applied in the fields of engineering and science 

since the mid 1970’s (Stadler 1984). Because there are many potential advantages for 

using multi-objective optimization techniques to support highway asset management 

processes, multi-objective optimization has gradually found its way into mainstream 

infrastructure management. However, it is still in the emerging phase of application in 

this field, mainly because of reservations that transportation agencies and practitioners 

still have about implementing such techniques. These reservations usually result from one 

or more of the following: resistance to change the current practice, lack of understanding 

of some complex techniques, difficulty in integrating the principles and techniques with 

existing practices and legacy systems, lack of quantitative evidence supporting the 

benefits of using the technologies, and lack of adequate information (data) to develop 

reliable models. For example, multi-objective optimization is mathematically suited for 

the cross-asset resource allocation (e.g. how much money should be allocated to the 

pavement program versus the bridge program). However, the organizational structure at 

many agencies is such that different assets are handled by separate groups. Practically, 

the budgets available for program categories such as bridge preservation, pavement 

preservation, safety improvements, roadside improvements, expansion, and 

miscellaneous, are not transferable across each other (Li and Sinha 2004). As a result, the 

analyses of different assets are largely conducted in isolation (Guerre et al. 2007).   

SUMMARY AND CONCLUSIONS 

Real-world decisions concerning asset preservation and renewal often involve more than 

one objective, reflecting the various goals of the agency, and need to evaluate possible 

alternatives according to multiple criteria. Multi-objective optimization tools are 

particularly appropriate for supporting these types of decisions. A general framework for 

solving multi-objective optimization problems is proposed and relevant characteristics of 

some most promising techniques are summarized and compared. A review of the 
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application of multi-criteria optimization techniques in various working levels of 

highway asset management allowed drawing the following conclusions: 

 Techniques used for supporting infrastructure management functions include 

multi-attribute utility theory, analytic hierarchy process, fuzzy logic systems, 

genetic algorithm, weighting sum method, goal programming, compromising 

programming and ε-Constraint method.  

 Multi-Criteria optimization techniques provide appealing alternatives for 

supporting many infrastructure management business processes. No single multi-

criteria optimization technique is superior; rather, the extent of applicability will 

ultimately depend on the particular conditions of the infrastructure management 

decision being considered, the type of information available, and the user's 

preferences and requirements, among other factors. 

 To combine the benefits and avoid potential drawbacks of the individual 

techniques, it is recommended to consider a synergistic integration of 

complementary techniques for the development of practical and efficient 

decision-supporting tools. A favorable organizational culture and willingness to 

adopt best practices in asset management are very important for achieving the full 

benefits of multi-objective optimization. It is necessary to eliminate, preferably in 

a practical and effective way, the reservations some transportation practitioners 

may have about multi-objective optimization techniques in order for a wide 

application of these techniques. 
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Pavement Preservation Optimization Considering Multiple Objectives and Budget 

Variability 

 

Zheng Wu, S.M.ASCE1 and Gerardo W. Flintsch, P.E., M.ASCE2 

 

Abstract: Pavement preservation programming often involves multiple objective 

considerations. Traditional single-objective optimization frameworks consider one single 

objective while imposing competing objectives as constraints in the optimization 

formulation. This paper proposes an approach for pavement preservation programming 

that uses multiobjective optimization and chance constraints. The approach can handle 

multiple incommensurable and conflicting objectives while considering probabilistic 

constraints related to the available budget over the planning horizon. The implementation 

of the approach in a case study with two conflicting objectives of (i) maximizing the 

network level of service in terms of weighted average state condition and (ii) minimizing 

the total preservation cost showed that its application provides a practical and flexible 

tool to determine optimal allocation of resources for pavement preservation that reflects 

agency goals, resource limitations, and performance targets. 
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INTRODUCTION 

In a typical "top down" Pavement Management System (PMS), network level decisions 

(e.g., long-term network performance prediction and preservation programming) are 

made first, followed by project level decisions (e.g., life-cycle-cost and design of 

individual projects).  The network-level decisions include pavement preservation and 

rehabilitation programming to develop budgets and allocate resources over the entire 

network, followed by project selection to identify which projects should be carried out in 

each year of the programming period (Haas et al., 1994). These projects are further 

developed at the project level. Obviously, decisions made at the programming level have 

great impact on the effectiveness of the decisions taken at the project selection and 

project levels.  

The programming level decisions often involve multiobjective consideration and have to 

address competing objectives. For example, a transportation agency may wish to find 

suitable maintenance strategies that minimize the agency’s cost while simultaneously 

maximizing the network performance. However, any strategy that maximizes pavement 

performance would require that pavements be maintained at a high level of service, 

which in turn will increase agency cost significantly. Traditional single-objective 

optimization frameworks consider one single objective while imposing competing 

objectives as constraints in the optimization formulation (Grivas et al., 1993; Chen et al., 

1996; Liu and Wang, 1996; Li et al., 1998; Shivakoti and Soleymani, 2006).  These 

approaches exhibit at least one of the following limitations: (1) among the competing 

objectives, how to justify that the selected objective is the one that deserves most 

attention; and (2) how to determine the proper range values for those objectives that are 

not included in the objective function but instead set as constraints. Such limitations in 

some cases may lead to suboptimal solutions with respect to those derived directly from 

multiobjective considerations (Fwa et al., 2000). Moreover, while a few applications have 

made use of multiobjective optimization techniques (Fwa et al., 2000; Wang et al., 2003; 

Yoo, 2004), the constraints are often deterministic, which usually leads to a single 

deterministic result that may exclude information that could improve the decision. 

This paper proposes an approach for pavement preservation programming that uses 

multiobjective optimization and chance constraints.  The approach is applied to a sample 
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highway network and results show that its application is practical and flexible for 

supporting the management of pavement network at the programming level.   

BACKGROUND  

In a public decision making context (e.g., highway network management), there is often 

more than one objective that needs to be achieved.  These multiple, often conflicting, 

objectives are often not only incommensurate but also may have significantly different 

impacts on the resulting solutions.  Single-objective optimization identifies the best 

feasible solution in terms of a single measure of value.  Decision makers are given the 

choice of either accepting or rejecting this single solution without learning anything about 

how the solution compares to other feasible solutions (Cohon, 1978). In contrast, the 

multiobjective optimization problem involves finding a vector of decision variables 

which satisfies constraints and optimizes various objective functions.   

It is generally true for multiobjective optimization problems that what is optimal in terms 

of one of the objectives is usually non-optimal for the other objectives.  The predominant 

concept in defining such an optimal solution is that of Pareto optimality (Pareto, 1906), 

according to which a feasible solution to a multiobjective optimization problem is Pareto 

optimal if no other feasible solution exists that will yield an improvement in one 

objective without causing degradation in at least one other objective. Consequently, there 

is in general no single global solution for a multiobjective optimization problem. Hence, 

the term "optimize" means finding a solution that would make the values of all the 

objective functions acceptable to the decision maker (Osyczka, 1985). The decision 

maker has to select on a satisfactory solution from a set of Pareto optimal solutions based 

on some specific judgment and value system.  

In addition, it is not uncommon that for some of the constraints of an optimization 

formulation, the left-hand-side (LHS) coefficients of the decision variables, the right-

hand-side (RHS) coefficients, or both, could be random variables.  Resultantly, chance-

constrained programming (CCP) was proposed in the 1950s (Dantzig, 1955; Charnes and 

Cooper, 1959) to provide a means to incorporate stochastic constraints in the problem 

formulation by converting these stochastic constraints to their respective deterministic 

equivalents according to the predetermined confidence level.   
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PROPOSED MODEL FORMULATION 

The proposed approach uses multiobjective optimization and chance constraints and 

follows a "bottom-up" flow: first generating the set of Pareto optimal solutions, and then 

selecting from these solutions a satisfactory/acceptable one.  More specifically, the 

approach consists of the following four steps: (1) definition of objective functions and 

constraints; (2) reformulation of the stochastic constraints; (3) generation of the Pareto 

optimal solutions; and (4) selection of the acceptable/satisfactory solution. These steps 

are discussed in detail in the following sections. 

Definition of Objective Functions and Constraints 

The objectives to be considered in pavement preservation programming should reflect the 

true concerns of engineers and planners managing the pavement network.  Depending on 

the availability of supporting data and extent of economic and environmental 

consideration, different road agencies may have different preservation objectives, among 

which the most popular ones include, but are not limited to, maximization of the 

preservation benefit in terms of treatment effectiveness, maximization of overall network 

condition, and minimization of preservation cost. It is noted that the user costs are 

generally not included in the analysis for three reasons: (1) user costs are hard to evaluate 

precisely and impartially; (2) the preservation budgets are among the most stringent 

resources for every state department of transportation (DOT); and (3) user costs are 

generally much larger than agency costs and they tend to dominate the decision process 

(Wang et al., 2003; Golabi and Pereira, 2003). 

Constraints to be considered in pavement preservation programming should reflect 

resource limitations and performance targets of the agency.  Common constraints include 

budget limitations (e.g., the total agency costs must not exceed a maximum budget 

annually - "lump sum," over a period of years, or both), quality requirements (e.g., the 

fraction of the good pavement should be no less than a certain minimum), and project 

delivery constraints (e.g., total length of the pavement receiving some kind of treatment 

each year should be no more than a certain maximum because of factors such as 

pavement materials availability, maintenance capacity of the regional paving industry, 

and so forth). 
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However, it needs to be emphasized that objectives and constraints are not always clear-

cut, especially in the context of performance-based management. In fact, the agency must 

determine whether the performance measure should exist in the objective function, the 

constraint, or both. For example, an agency might set a target level of percentage of 

pavement in good condition as a commitment to the public. In any given timeframe, it is 

uncertain whether this objective is achievable. Nevertheless, there is an objective to 

maximize percentage of good condition, even if the target levels are not achieved. 

Reformulation of the Stochastic Constraints 

If the LHS coefficients of  a constraint in the optimization formulation are random 

variables, the stochastic constraint can often be converted to a nonlinear deterministic 

form (Vajda, 1972; Watanabe and Ellis, 1994); if both LHS and RHS coefficients are 

random variables, the converting process is usually difficult to perform, and simulated 

evolution methods such as Monte Carlo simulation or genetic algorithm are strongly 

recommended (Fogel, 1994; Iwamura, 2001), although they are computationally 

expensive.  The budget variability addressed in the proposed formulation occurs mainly 

in RHS of the budget constraint; thus, this paper focuses on the cases when only RHS 

coefficients are randomly distributed.  A typical formulation of CCP may be written as 

follows: 

 

Maximize  F(X) 

Subject to 

Pr{gi(X) ≤ βi(η)} ≥ αi            i = 1, 2, ⋅⋅⋅ m                                                                        (1) 

where: 

F(X) = objective function; 

X = decision variable vector;  

η = stochastic distribution;  

gi(X) = LHS function for ith stochastic constraint;  

βi(η) = RHS function with stochastic distribution η for ith stochastic constraint; 

αi = prescribed confidence level (or probability level) for ith stochastic constraint; 
and  
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Pr{·}  = the probability of the event {·}. 

 

Eq.(1) indicates that the probability of violation of gi(X) ≤ βi(η) must be no more than 

(1−αi) in any admissible choice of X.  The prescribed constants αi are usually interpreted 

as constraint reliabilities.  To convert the stochastic constraints to their respective 

deterministic equivalents according to the predetermined confidence level, first, rewrite 

Eq.(1) as: 

 

Pr{βi(η) ≤ gi(X)} ≤ 1- αi ,    i = 1, ⋅⋅⋅ m                                                                              (2) 

  

The deterministic equivalents of Eq.(2) can be determined if the distribution of the 

βi(η) is known. The following example assumes that βi(η) is normally distributed. 

Examples of formulations for other types of distributions are provided in Table 3.1.  

 

Table 3.1  Deterministic Equivalents of Various Stochastic Constraints 

Distribution type of βi(η) in the 
stochastic constraints 
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Given the estimated mean and standard deviation for βi(η), Eq.(2) can be converted to 
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where: 



 

52 

Eη [βi(η)] = expected value of βi(η) and 

iβσ  = standard deviation of βi(η). 

 

If βi(η) is normally distributed, the LHS of the inequality inside the probability 

expression in Eq.(3) follows the standard normal distribution (mean = 0 and standard 

deviation = 1). Therefore, the original stochastic constraint Eq.(1) is now tantamount to 

the following deterministic form: 

 

)1(
)]([)( 1

i

i

ii EXg
α

σ
ηβ

β

η −Φ≤
− −    ⇔   

iiii EXg βη σαηβ )1()]([)( 1 −Φ+≤ − ,    i = 1, ⋅⋅⋅ m        (4) 

where: 

)1(1
iα−Φ−  = inverse function of )1( iα−Φ , the standardized normal distribution 

evaluated at 1−αi. 

 

Although Eqs.(4) and (1) still share the same information, the transformation from Eq.(1) 

to Eq. (4) makes the optimization problem easier to solve. 

Generation of the Pareto Optimal Solutions 

There are many optimization methods that can be used to generate the set of Pareto 

optimal solutions; the multiobjective simplex method (Cohon, 1978), the normal 

constraint method (Messac et al., 2003), genetic algorithms (Holland, 1975), and the 

weighting sum method (Zadeh, 1963) are some of the most used ones. However, no 

single approach is, in general, superior to other methods. Rather, the selection of a 

specific method depends on the user’s preferences, the type of information provided, the 

solution requirements, and the availability of software (Marler and Arora, 2004). This 

study uses the weighting sum method as it is an approach sufficient for Pareto optimality 

and simple to implement. This method combines multiple objectives into a single 

objective by multiplying each objective by a weighting factor. Obviously, setting relative 

weights for individual objectives becomes a central issue in applying this method. As the 

weight vector for the multiple objectives often depends highly on the magnitude of each 

objective function, it is desirable to normalize those objectives to achieve roughly the 
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same scale of magnitude. A mathematical approach for the weighting sum method 

(Cohon, 1978; Zadeh, 1963) is: 

 

Maximize  F(x1, x2, ⋅⋅⋅, xn; ω1, ω2, ⋅⋅⋅, ωp) = ∑
=

⋅⋅⋅
p

k
nkk xxF

1
1 ),,(ω                                           (5) 

Subject to 

gi(x1, x2, ⋅⋅⋅, xn) ≤ 0,    i = 1, 2, ⋅⋅⋅ m                                                                                   (6) 

hj(x1, x2, ⋅⋅⋅, xn) = 0,    j = 1, 2, ⋅⋅⋅ s                                                                                    (7) 

where:  

x1, x2, ⋅⋅⋅ , xn  = decision variables; 

F(x1,x2, ⋅⋅⋅, xn; ω1, ω2, ⋅⋅⋅, ωp )  = multiobjective objective function; 

ωk = weight on kth objective, 

F1(), F2(), ⋅⋅⋅, Fp()  = p individual normalized objective functions; 

g1(), g2(), ⋅⋅⋅, gm()  = m inequality constraints;  

h1(), h2(), ⋅⋅⋅, hs()  = s equality constraints; and 

n, p, m, s = integers. 

 

The problem in Eqs.(5) through (7) is a single-objective optimization problem for which 

solution methods exist when all weights ωk are fixed.  The optimal solution to the 

weighted problem in Eq.(5) through (7) is a Pareto optimal solution for the multiobjective 

problem as long as all of the weights are nonnegative.   

Selection of the Acceptable/Satisfactory Solution 

A challenge often faced by the decision maker is how to consistently select a particular 

solution for implementation from the Pareto optimal solution set.  In this paper, the 

acceptable/satisfactory solution will be selected with no articulation of preference, based 

on the shortest normalized Euclidian distance.  By varying the weight vector (ω1, ω2, ⋅⋅⋅, 

ωp) in Eq. (5) among all extreme situations of (1, 0, ⋅⋅⋅, 0), (0, 1, 0, ⋅⋅⋅, 0), ⋅⋅⋅, and (0, 0, ⋅⋅⋅, 

1), we can obtain a range of values for the various objective functions {(F1-min, F1-max) , 

(F2-min, F2-max) , ⋅⋅⋅, (Fp-min, Fp-max) }.   
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As the ideal solution may not be achieved due to the conflicting objectives, we seek the 

acceptable/satisfactory solution that is as close as possible to the ideal point in terms of 

normalized Euclidian distance.  This can be achieved using the following process: 

1) With a selected incremental step in ωi (i =1, ⋅⋅⋅ p), assume that a total number of N 

weight vector and thus N Pareto optimal solutions will be obtained (evidently the 

smaller the incremental step, the larger N). Normalize these N Pareto optimal 

points (p-dimension for each point) over a common scale S (0-1, or 0-100):  
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where: 

Xj = vector of decision variables corresponding to a given weight vector, j = 1, 
2, ⋅⋅⋅N; 

Zj  = normalized Pareto optimal points, j =1, 2, ⋅⋅⋅N; and 

Fk(Xj)  = individual objective function, k = 1, 2, ⋅⋅⋅p, j =1, 2, ⋅⋅⋅N. 

 

2) The ideal solution in the p-dimension objective space is Z* = (Z1
*, Z2

*, ⋅⋅⋅, Zp
*), 

where Z1
*, Z2

*, ⋅⋅⋅, Zp
* being equal to either 0 or S depending on whether it is a 

minimization or a maximization objective.  Therefore, we can calculate the 

Euclidian distance Dj between each Pareto solution point Zj and the ideal solution 

point Z* using the following formula:   
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3) Identify the Pareto optimal solution that has the shortest normalized distance Dj 

from Eq. (9) as the satisfactory recommended solution.  

CASE STUDY 

The aforementioned approach was applied to determine the "optimal" budget for the 

secondary pavement network within a typical maintenance district in Virginia. The 
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sample network consists of 16,000 lane-kilometers (8,000 km) of pavement. Features of 

the network are adopted from documentation and state-of-the-practice pavement 

management in Virginia (VDOT, 2005) in addition to utilizing engineering judgment.  

Maintenance Strategies 

At the programming level, it is feasible to categorize the various treatment methods into 

categories and assign an average cost to each category based on historical maintenance 

cost data.  Different treatment methods under a particular treatment category could be 

used to correct the pavement sections that have reached a selected threshold.  The 

assumption of average cost is defensible at the programming level because some 

pavement sections will require less money than estimated while others will require more 

(AASHTO, 2001). In this case study, various preservation methods are classified into 

four general categories (VDOT, 2005): 

1) Do Nothing (DN). 

2) Preventive Maintenance (PM): including, but not limited to, minor patching (<5% 

of pavement area), crack sealing and surface treatment (chip seal, slurry seal, etc.); 

3) Corrective Maintenance (CM): including, but not limited to, moderate patching 

(<10% of pavement area; partial depth patching 2''- 4''), and 1.5'' milling and 

Asphalt Concrete (AC) overlay; 

4) Restorative Maintenance (RM): including, but not limited to, heavy patching 

(<20% of pavement area; full depth patching), and milling up to 4'' of the existing 

pavement and AC overlay. 

Performance Modeling 

Pavement performance has long been recognized as being probabilistic; in other words, 

future pavement conditions can never be predicted with certainty. Many contemporary 

methods for pavement preservation decision making hence utilize Markov decision 

processes; more specifically, model the deterioration process of the pavement using 

Markov transition probability matrices (Golabi et al., 1982; Li et al., 1998; Madanat and 

Ben-Akiva, 1994; Abaza et al., 2004). The underlying assumption is that by representing 

the facility condition with discrete states, the distribution of condition states at time t+1 

depends on the history of the facility only through the condition states at time t. 
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In this case study, conditions of the sample pavement network is categorized based on a 

critical condition index (CCI) that considers both load-based and non load-based 

distresses (McGhee, 2002) into four states: excellent, good, fair, and poor (referred to as 

state 1, state 2, state 3, and state 4, respectively).  Although age does affect the 

deterioration rate of individual pavement sections, the assumption of age-homogeneity 

within certain time frame for Markovian transition probabilities at network level is 

generally accepted because these transition probabilities represent the expected fraction 

of pavements (rather than the individual pavement) in a certain state that will deteriorate 

to another state in one time period given a selected maintenance activity, and this 

expectation is taken over the distribution of ages of the pavements in that state (Guinger 

and Madanat, 1999). 

Estimation of Markovian transition probabilities for each preservation category can be 

achieved through combination of mathematical analysis of past pavement performance 

data and practical engineering assumptions. For example, assumptions for Markovian 

transition probabilities of the maintenance strategy of doing nothing could be: 1) the 

pavement sections will not deteriorate more than one or two lower states in one transition 

period (usually one year), depending on the range each condition state covers; and 2) the 

condition of the pavement sections will not improve without any maintenance applied. 

One of the most common methods for estimation of Markovian transition probabilities 

with insufficient data is by using the family concept of grouping similar pavement 

sections, and utilizing nonlinear programming that minimizes the absolute distance 

between the actual condition rating at a certain age and the expected (predicted) condition 

for the corresponding age generated by those Markov transition probabilities (Butt et al., 

1987; Jiang et al., 1988).  

Constraints and Objectives 

Due to their large size (or high percentage) in a state's total highway network and the 

relative low volume of traffic per lane mile, the popular practice of allocating budget for 

maintaining secondary pavement network is primarily based on historical data. The 

probabilistic characteristic of annual budget variability can hence be approximately 

delineated through distribution fitting of historical data.  
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In this case study, current-year pavement conditions are 29%, 41%, 22%, and 8% of the 

whole pavement network are in excellent, good, fair, and poor states, respectively. The 

projected available budget for each year in the planning horizon is assumed to 

approximately obey a normal distribution, with an average annual budget over the 10-

year planning horizon being $20 million with a standard deviation of 10% of average 

annual value. The formulation will use a 95% confidence level at which the annual 

budget constraint must be satisfied.  

The managing agency plans to keep at least the current network level of service while 

controlling the percentage of pavements in poor condition state below a target level since 

poor condition pavements normally increase the user cost, causing more driving 

discomfort and therefore attract more of the public attentions. More specifically, the 

agency would like the annual average network level of service to be no less than the 

current one, 2.91 (29%×4+41%×3+22%×2+8%×1), and the percentage of pavements in 

poor pavements not to exceed 10% each year. To compute the "level of service" of the 

pavement, higher weights are assigned to better states; namely, States 1, 2, 3, 4 are 

assigned to weights of 4, 3, 2, and 1, respectively. For example, if pavement network 

conditions were 40%, 30%, 20%, and 10% of the whole pavement network in States 1, 2, 

3, and 4 respectively, then the weighted average state condition equals to 0.4×4 + 0.3×3 + 

0.2×2 + 0.1×1 = 3. In addition, due to program delivery constraints such as pavement 

materials availability, maintenance capacity of the regional paving industry, and so forth, 

no more than one fourth of the whole network can be treated with a strategy other than 

routine maintenance every year and no more than 15 percent of the whole network can be 

maintained with preventive maintenance.  

The two preservation objectives to be considered simultaneously by the agency include (1) 

maximizing the overall network level of service and (2) minimizing the total preservation 

cost. 

Model Formulation 

Table 3.2 lists the maintenance activities, associated costs and estimated Markovian 

transition probabilities used in model formulation.  
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Table 3.2  Preservation Treatment Characteristics and Markovian Transition Probabilities 

Preservation 
Treatment 
Categories  

Activity Cost* 
($/Lane-km) 

Markovian Transition Probabilities 
(State 1, 2, 3, and 4 represents  

excellent, good, fair, and poor respectively) 

Do Nothing 
(DN) $ 0 

 1                  2                    3                 4 
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Preventive 
Maintenance 

(PM) 
$2,182 
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Maintenance 

(RM) 
$50,373 
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     * Cost was calculated on the basis of a lane-width of 2.5 m, and only material costs were included. 
 

The chance-constrained multi-objective optimization model is constructed as follows: 
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0.10 ≤≤ itkx        ∀ i = 1, 2, 3, 4; t = 1, 2, ⋅⋅⋅10; k = 1, 2, 3, 4                                        (20) 

where: 

L = Total length of the pavement network (in lane-km), 16,000; 

i, j  = State indices of the pavement network, i, j = 1, 2, 3, 4; 

t = Index for a year in the planning horizon; 

k = maintenance category, k = 1, 2, 3, 4 represents do nothing, 
preventive maintenance, corrective maintenance, and restorative 
maintenance, respectively; 

Rit = Percentage of pavement network in state i at the end of year t; In 
the case of t = 0, Ri0 being current percentage of pavement network 
in state i at the beginning of the planning horizon; 

xitk = Fraction of pavement network in state i treated at year t with 
maintenance category k; 

Tijk = Transition probabilities representing fraction of pavement network 
transferring from state i to state j under maintenance category k. 
The sum of transition probabilities from state i to all states under 
maintenance category k equals 100%;  

Ck = Average maintenance activity cost per lane-km for maintenance 
category k; 

Bt = Annual budget available for year t in the planning horizon; 

tBμ  = Mean of Bt, $20 million; 
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tBσ  = Standard deviation of Bt, herein 10%×
tBμ =$2 million; 

αt = Prescribed confidence level, herein 95%; 

)1(1
tα−Φ−  = Inverse function of standardized normal distribution evaluated at 

probability 1−αt; 

it
R

lim4  = Target level for pavement network allowed being in poor state 
annually, 10%; 

M = Target level for network level of service annually, 2.91; 

P = Percentage of the whole network that can be maintained each year, 
25%; 

Q = Percentage of the whole network that can be maintained with 
preventive maintenance each year, 15%; 

 

Eq.(10) is the objective function aiming to maximize the network level of service in 

terms of weighted average state condition. Eq.(11) is the objective function aiming to 

minimize the total preservation cost. These two objectives essentially conflict with each 

other because more funding is needed if we want to improve the network level of service 

and in contrast, less funding money will be required if a lower level of service is to be 

achieved. To avoid the potential effects of the magnitude of each objective function on 

weight vector, objective Z2 is expressed in units of $10 million so that these two 

objectives achieve roughly the same scale of magnitude.  

Eq.(12) represents the projected percentage of pavement network in state j at the end of 

year t. Herein pavements in state i at the end of year t-1 may choose more than one type 

of maintenance category to bring them from state i to state j in the next year. As the 

probabilistic constraints related to the available budget over the planning horizon 

approximately obey a normal distribution, according to Table 1, Eq.(13) gives the 

deterministic equivalents of the stochastic annual budget constraint. Eq.(14) requires the 

sum of percentage of pavement network in all states at the end of any given year t to 

equal 100%. Eq. (15) requires the sum of percentage of pavement network in state i 

treated at year t in all maintenance categories to equal 100%.  

Eq.(16) represents the agency’s performance target of percent poor pavements annually 

should not exceed 10%. Eq.(17) requires that the annual network level of service over the 

planning horizon be no less than the current network level of service. Eq.(18) controls 

that no more than one fourth of the whole network can be maintained each year. Eq.(19) 
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controls that no more than 15 percent of the whole network can be maintained with 

preventive maintenance each year. Eq.(20) is the non-negativity constraint of decision 

variable xitk, which is not allowed to exceed 100%. 

The weighting sum method was applied for solving the formulated model. The 

maximization of the first objective is changed to minimization by adding a negative sign 

to the original objective. Eq.(20) shows the converted objective function.  

 

Maximize Z1 and Minimize Z2 → Minimize Z = ω1(-Z1) + ω2Z2                                                           (20) 

where  

ω1, ω2 > 0; and without loss of generality, assume that ω1+ω2 = 1. 

 

For example, the set of weights ω1=1 and ω2 =0, or (1, 0), means that objective Z1 is the 

most important, and that objective Z2 is not important at all.  By varying the weighting 

ratio ω1 and ω2 among the two extreme situations of (1, 0), and (0, 1), the solutions to this 

problem are automatically Pareto optimal solutions. 

Results 

The aforementioned nonlinear model was solved with both Lingo and the MATLAB 

optimization tool box, and same optimal results (within tolerance range) were obtained. 

Figure 3.1 plots the Pareto optimal set of solutions in the objective space approximated 

by varying the weights through a grid of values from 0 to 1 in an increment step of 0.01.  
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Figure 3.1  Pareto optimal set in two-dimensional objective spaces: original. 

 

Three things need to be emphasized here: 

1. Although the objective functions have similar magnitudes, they were not 

transformed to have the exact same range. Accordingly, the setting of weights 

herein not only indicates the importance of an objective, but also compensates, to 

some extent, for differences in objective function magnitudes. It is noted that the 

weight values assigned to objectives only indicate the relative importance, but not 

necessarily the quantitative importance, placed on those objectives. For example, 

objectives Z1 and Z2 are assigned weight values of 0.25 and 0.75, respectively; 

this indicates that relatively more importance is put on objective Z2, but it does 

not necessarily mean that objective Z2 is 3 times as important as objective Z1 

because these two objective functions have different ranges.  

2. Varying two weights through a grid of values from 0 to 1 in an increment step of 

0.01 produces 101 combinations of weights, accordingly there shall be 101 Pareto 

optimal points in the resulting objective space; however, in fact there are much 

less, as shown in Figure 3.1. Hence, each set of weights maps to a solution point 

in the objective space, but the reverse may not be true because the objective 
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functions are not linear. In addition, varying the weights arithmatically may not 

necessarily result in an even spread of points on the Pareto curve. If the increment 

step were 0.005 or even smaller, some of the missing points in Figure 1 may be 

depicted. The number of the Pareto optimal sets that can be detected is mainly 

determined by the increment step size while varying the weights. As long as the 

step size is small enough to derive a reasonable solution, it is up to the decision 

maker to make the tradeoff between computing time and solution precision. In 

this regard, the weighted sum method seems more applicable to problems with 

small number of objective functions. 

3. By utilizing the previously discussed method on the selection from the Pareto 

optimal solution set, the acceptable/satisfactory solution is identified, as shown in 

Figure 3.2. In general, there is no perfect way to select the "optimal" solution and 

every method is based on certain assumption(s), as in this example the use of 

shortest normalized Euclidian distance. The final best-compromise solution is 

always up to the decision maker.  Table 3.3 summarizes the near-global optimal 

solution results for the Pareto optimal point identified in Figure 3.2.  
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Figure 3.2  Pareto optimal set in two-dimensional objective spaces: normalized. 

 

Ideal Solution Point 

"Shortest 
Euclidian  
Distance" (ω1 = .75~.81,  

 ω2 = .25~.19) 
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Table 3.3  Recommended "Optimal" Solution for Decision Variable xitk 

State Maintenance 
Category 

Year 
t = 1 

Year 
t = 2 

Year 
t = 3 

Year 
t = 4 

Year 
t = 5 

Year 
t = 6 

Year 
t = 7 

Year 
t = 8 

Year 
t = 9 

Year 
t = 10 

K=1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
K=2 - - - - - - - - - - 
K=3 - - - - - - - - - - i = 1 

K=4 - - - - - - - - - - 
K=1 0.634 0.510 0.393 0.286 0.199 0.138 0.104 0.091 0.108 1.000 
K=2 0.366 0.490 0.607 0.714 0.801 0.862 0.896 0.909 0.892 - 
K=3 - - - - - - - - - - i = 2 

K=4 - - - - - - - - - - 
K=1 0.866 0.969 0.980 0.984 0.982 0.978 0.971 1.000 1.000 0.265 
K=2 - - - - - - - - - 0.735 
K=3 0.134 0.031 0.020 0.016 0.018 0.022 0.029 - - - i = 3 

K=4 - - - - - - - - - - 
K=1 0.941 0.725 0.703 0.696 0.698 0.707 0.721 0.657 0.708 1.000 
K=2 - - - - - - - - - - 
K=3 0.059 0.275 0.297 0.304 0.302 0.293 0.279 0.343 0.292 - i = 4 

K=4 - - - - - - - - - - 
 

Figure 3.3 shows the length of road that would receive maintenance in different years 

over the planning horizon for this solution.  The solution recommends a length of 2400 

lane-km for preventive maintenance each year, which exactly reaches the 15% upper 

bound limit (16000×15% = 2400). This is because preventive maintenance provides the 

most improvement in average network condition per dollar invested. The solution also 

programmed enough corrective maintenance each year to reach the established 

performance targets. Although the total length of preservation treatment each year during 

the first eight years and the total length of preventive maintenance each year over the 

planning horizon are the same, the amount of preventive maintenance and/or corrective 

maintenance goes to each condition state in each year is different, as shown in Table 3.3.  
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Figure 3.3  Outcomes of the recommended solution: lane-km of roads maintained. 

 

Figure 3.4 shows the preservation cost and the projected pavement network condition at 

the end of each year over the planning horizon. This solution improved the overall 

condition of the network by increasing the percentage of roads in excellent condition as it 

contributes more to the overall condition than the other condition states. Meanwhile, the 

percentage of roads in poor condition is kept below the target level of 10%. In general, 

this solution produces a stable "cash flow" except for the last year of the planning horizon. 

This is because the percentage in poor condition in year 9 is 9.3%, and there is still some 

"room" for it to degrade to 10%. Hence, the solution focuses only on preventive 

maintenance and tradeoffs the reduction in condition with the significant saving of 

preservation cost, while still being able to satisfy all performance targets and keep the 

network level of service in the last year above the initial network level of service (3.02 vs. 

2.91).  This would probably change if a longer period of time were considered.  
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Figure 3.4  Outcomes of the recommended solution: preservation cost and network 
condition. 

 

Discussion 

Comparison with the Single Objective Solutions 

Figure 3.5 and Figure 3.6 present the outcomes of two extreme scenarios that are 

frequently considered by the managing agency: maximizing the network level of service 

only (Z1) and minimizing the total preservation cost only (Z2).   
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Figure 3.5  Outcomes of the single objective optimization scenario Max. Z1 only. 
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Figure 3.6  Outcomes of the single objective optimization scenario Min. Z2 only. 
 

A constant year-by-year "cash flow" (that utilizes all the available funding) and a 

continuing increase of network condition can be observed in Figure 3.5. In contrast, 

Figure 3.6 shows a variable annual "cash flow" and a consequent oscillation in the 
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network condition over the planning horizon. The planned activities and the impact on 

the network condition for the three scenarios are compared in Figure 3.7.  
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Figure 3.7  Comparison of outcomes from different scenarios. 
 

As we can see, the "Recommended" solution is really a compromise between the two 

extreme scenarios. Compared to the "Max. Z1" scenario, there is no obvious difference 

between them until year 9, savings are then achieved at the expense of a drop of network 

level of service. Compared to the "Min. Z2" scenario, there is a consistent improvement 

of network condition due to more preservation spending. Unlike the "Min. Z2" scenario 

that brings the network level of service back to the initial value, the network level of 

service in the "Recommended" scenario drops only in the last year and is still higher than 

that of the initial year at the end of the analysis period. Considering the whole planning 

horizon, the scenario "Max. Z1" costs $22.6 million more than the scenario "Min. Z2" and 

provides a 0.69 increase in network level of service. Comparatively, the "Recommended" 

results in a $8.7 million additional cost and a 0.49 increase in network level of service 

with respect to the scenario "Min. Z2." Therefore, the recommended solution would 

probably be cost-effective considering the cost needed per unit increase of network level 

of service.  
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As optimization of an individual objective is only the extreme scenario in the multi-

objective optimization formulations, the multi-objective optimization provides the 

decision maker with more complete information for making an educated decision. More 

importantly, with the increasing public awareness, it is more and more important for the 

decision maker to take a proactive view in managing highway assets. Instead of knowing 

"with this amount of budget, what is the best level of service that can be achieved?" the 

decision maker is expected to know "if this exact type of level of service is to be achieved, 

then this amount of budget needs to be secured." In this regard, the multi-objective 

optimization provides a relatively straightforward way of handling such challenges. 

Stabilizing the year-by-year "cash flow" 

The big "drop" of preservation cost and network level of service from year 9 to year 10 in 

Figure 3.4 is typically not desirable. Such a huge oscillation is predictable from a 

mathematical point of view, but may not be acceptable from an engineering point of view. 

As a result, certain additional constraint may be necessary. An additional constraint, as 

given in Eq.(21), that requires at least (1-a%) of annual available budget must be used is 

considered herein, which usually originates from the public financing policy of "use the 

budget or lose it" for a given fiscal-year. The setting of percentage a% is flexible and 

agency-dependent.    
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Figure 3.8 plots the Pareto optimal set of solutions using a 20% tolerance and all other 

constraints exactly the same as previous formulation. A more evenly distributed set of 

Pareto optimal solutions is obtained. Figure 3.9 shows the relevant preservation costs and 

the projected pavement network condition at the end of each year over the planning 

horizon for the "minimum distance" solution for this revised formulation.  
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Figure 3.8  Pareto optimal set in two-dimensional objective spaces (added constraint). 
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Figure 3.9  Recommended solution: preservation cost and network condition (added 
constraint).   

 

As expected, this solution, compared with that of Figure 3.4, flattens the peak of network 

level of service curve and successfully stabilizes the year-by-year "cash flow". In fact, the 

solution in Figure 3.4 produces over the 10-year planning horizon a total preservation 
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cost of $153.1 million and an average network level of service of 3.06; in contrast, the 

relevant values from Figure 3.9 are $153.8 million and 3.05 respectively. With a small 

increase of total cost and a small decrease of network level of service, the newly 

recommended optimization solution becomes much more practical by adding an 

additional annual spending constraint.    

Advantages of the Chance Constrained Programming Formulation 

The assumption of a fixed yearly budget in practice means no budget variability, or in 

this case 
tBσ being 0.  Accordingly, there would be only a 50-50 chance of achieving the 

objectives without violating the constraint.  The budget constraint in Eq.(13) therefore 

becomes: 
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tBμ  ∀ t = 1, 2, ⋅⋅⋅10                                                                       (22) 

 

Because this constraint is not as tight as the one in Eq.(13), it will cause in some cases an 

overoptimistic estimation for overall condition of the pavement network.  Figure 3.10 

shows how the network condition would change due to budget variability (all other 

constraints being same).  As we can see, for the case of 
tBσ = 0%, the agency could have 

set a more strict yearly performance requirement, for example, percentage of pavements 

in poor pavements not to exceed 8% each year, that could not have been reached in the 

case of 
tBσ = 10%. To this end, considering the chance constraint of budget is actually 

tantamount to quantifying the influence of funding variability.  
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Figure 3.10  Change of pavement network condition due to budget variability. 

 

Although the probabilistic considerations were only applied to the budgetary constraints 

in this case, the concept could be easily applied to any of the other constraints used in the 

model formulation.  In addition, the objectives and constraints presented are just 

examples of the plethora of available possibilities.  Other objective functions and 

constraints can be added to reflect the objectives and goals of the agency.  Finally, as in 

any optimization problem, some of the constraints can become objectives and vice-versa. 

CONCLUSIONS 

Pavement network programming decisions often involves multiple objective 

considerations.  Traditional optimization frameworks consider one single objective while 

imposing all other competing objectives as constraints in the formulation. This paper 

proposed an approach that is capable of handling multiple objectives simultaneously 

while being simple to understand and easy to implement, and applies this approach for 

developing a pavement preservation program for a hypothetical secondary pavement 

network.   

With the range of possible outcomes described along with a probability weighting of 

occurrence, the decision maker will know not only the full range of possible values, but 

also the relative probability of any particular outcome actually occurring, which 

favorably leads to an educated decision.  The proposed approach is practical, flexible, and 
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easy to implement.  Objectives and constraints can be established based on specified 

agency requirements and analysis processes can be done automatically by computer. 

While the case study focuses on a secondary pavement network, the approach proposed is 

applicable to any transportation infrastructure network (e.g., bridge network, interstate 

highway network) where multiple objectives and constraint variability are important 

considerations in the decision-making process. 
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Using the Analytic Hierarchy Process and Goal Programming for Pavement 

Investment Programming 

 

Zheng Wu, S.M.ASCE1 and Gerardo W. Flintsch, P.E., M.ASCE2 

 

Abstract: This paper proposes a two-stage decision-support method for pavement 

preservation programming that considers multiple objectives. In the first stage, a pairwise 

evaluation matrix that may include judgment uncertainty of the decision maker is 

constructed to establish the relative importance of the multiple objectives using the 

analytical hierarchy process (AHP). In the second stage, investments are optimized using 

goal programming (GP) and the AHP-determined weights generated in stage one to seek 

a single Pareto optimal solution that satisfies as many goals as possible rather than 

optimizing a single goal. The hybrid AHP/GP approach benefits from the advantages of 

both techniques. The practicality of the approach is illustrated through an example with 

three incommensurable and partially conflicting objectives. The results showed that the 

application of the AHP/GP method is practical for supporting asset management and it 

provides a flexible tool for optimal allocation of pavement preservation resources.  
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INTRODUCTION 

Increasing demands, shrinking financial and human resources, and accelerated 

infrastructure deterioration have made the task of maintaining our highway network more 

challenging than ever before. Under these circumstances, decision makers are faced with 

competing investment demands and must distribute limited resources so that the highway 

systems are maintained in the best possible condition. Pavement investment 

programming deals with the development of budgets and allocation of resources over the 

entire network, providing the basis for identification of projects to be carried out in each 

year of the programming period. Practically, the programming level decisions often 

involve multi-objective consideration and have to address competing objectives that 

reflect the performance goals of the agency. For example, a transportation agency may 

wish to find suitable maintenance strategies that minimize the agency’s cost while 

simultaneously maximizing the network performance. However, any strategy that 

maximizes pavement performance would require that pavements be maintained at a high 

level of service, which in turn will increase agency cost significantly.  

This paper proposes a two-stage decision-support method for pavement preservation 

programming that considers multiple objectives. As a popular multi-objective 

optimization method, one of the main challenges associated with goal programming (GP) 

is the assignment of weighting factors to the objectives within the same priority level. 

Conversely, the analytical hierarchy process (AHP) provides an ideal ranking process for 

setting the relative importance of different objectives, but it does not consider underlying 

constraints, such as budgetary limitations and available facilities and resources, which 

exist in the decision environment and do impact the result of decision-making. Therefore, 

a hybrid optimization model that combines AHP and GP can take advantages of both 

techniques and enhance the handling of multi-objective optimization problems in the area 

of transportation asset management.  

In the first stage of the proposed method, a pairwise evaluation matrix is constructed to 

establish the relative importance of multiple objectives using the AHP. In the second 

stage, investments are optimized using GP and the AHP-determined weights generated in 

stage one to seek a single Pareto optimal solution that satisfies as many goals as possible 

rather than optimizing a single goal. The proposed approach herein is an improvement 
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compared to the previously proposed by the authors (Wu et al, 2007) in that it requires 

less computing efforts and is capable of incorporating the decision maker's preferences 

into the generation of the Pareto optimal set in a formal and efficient way, thus 

facilitating the resolution of multi-objective optimization problems.  

BACKGROUND  

Goal programming employs a minimum-distance notion of best, meaning that an ideal 

solution would minimize the weighted sum of deviations of all objective functions from 

their respective goals (Charnes and Cooper, 1961; Ignizio, 1976). As the weight assigned 

to the deviation of each objective function from its respective goal plays a key role in the 

final optimization result, accordingly, goal programming can be categorized into two 

types: non-preemptive and preemptive. For a non-preemptive goal programming, all 

objectives are of roughly comparable importance. For preemptive goal programming, the 

deviations from certain objective's goal receive so much weight that the model will first 

meet that goal (if it is feasible) before considering the other goals. The selection of goal 

programming type is problem-specific: in some cases decision makers feel that the 

objectives to be optimized have comparable importance to each other; while in other 

cases they consider one or more of the objectives prevail over the others to the extent that 

the sacrifice of the goal on those objective(s) would not be considered (Ignizio, 1976; 

Charnes and Cooper, 1977). 

The analytic hierarchy process, introduced by Satty (1977), is a theory of measurement 

for dealing with quantifiable and/or intangible criteria that has found rich applications in 

decision theory and conflict resolution, among other fields.  This method is based on the 

principle that in decision making, experience and knowledge is at least as valuable as the 

data used to support the decision (Vargas, 1990). The AHP is designed for subjective 

evaluation, providing a vector of weight expressing the relative importance of a set of 

alternatives based on multiple criteria. Decision applications of the AHP are carried out 

in three main phases (Saaty 1980a, 1980b):  

1. Hierarchic design that decomposes the problem complexity by properly accounting 

for the various factors involved in the decision-making process and showing their 

interrelationships; 
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2. Pairwise comparisons that allow the user to systematically determine the intensities 

of interrelationships of various decision factors; and  

3. Synthesis of information in which lower-level priorities are weighted by higher-

level priorities until the bottom level is reached.  At this stage, the composite 

priorities are calculated and can be used as rank scales of the alternatives.    

PROPOSED AHP/GP METHOD 

Consider the following generalized multi-objective optimization problem, Eqs.(1)-(3), 

with n decision variables, p objectives, m inequality constraints and q equality constraints. 

Note that maximization problem is interchangeable with minimization problem in that 

'Min. = - Max.' 

 

Find: X = [x1, x2,⋅⋅⋅ , xn]T 

to maximize:  Z(X) = [Z1(X), Z2(X), ⋅⋅⋅ , Zp(X)]T                                                                 (1) 

subject to:       gk(X) ≤ 0, k = 1, 2, ⋅⋅⋅ m                                                                               (2) 

hl(X) = 0, l = 1, 2, ⋅⋅⋅ q                                                                                                        (3) 

Where: 

x1, x2, ⋅⋅⋅ , xn = decision variables;  

X = vector of scalar design variables xi, i = 1, 2, ⋅⋅⋅ n 

Zj(X)  = jth objective function, j = 1, 2, ⋅⋅⋅ p 

Z(X) = vector of scalar objective functions Zj(X), j = 1, 2, ⋅⋅⋅ p 

gk(X) = kth inequality constraints, k = 1, 2, ⋅⋅⋅ m; 

hl(X) = lth equality constraints, l = 1, 2, ⋅⋅⋅ q; 

m, n, p, q = positive integers 

 

As there is in general no single global solution for a multiobjective optimization problem, 

the solution of a multi-objective optimization problem requires the decision maker to 

articulate preferences in some capacity. As shown in Figure 4.1 in the context of 

transportation infrastructure management, the proposed method consists of two key steps: 

(1) pairwise comparisons via AHP, and (2) generation of the Pareto optimal solution. 
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Goal Programming (GP) is used to
integrate all objective functions into
a single function

Analytic Hierarchy Process
(AHP) is used to model the
preferences of the decision
maker(s) on all objectives

Enumeration method or Monte
Carlo simulation method is used

to handle the uncertainty

Agency requirements
(Budget, Performance, Facility, etc.)

The Pareto optimal
solution is generated

Policies Objectives

No

Weights for all
objectives are
generated

Is uncertainty
of judgments
considered?

Yes

Inequality and/or equality constraints
that can be either deterministic or
probabilistic are included

 

Figure 4.1  Framework for the proposed AHP/GP method. 

 

Pairwise Comparisons via AHP 

The pairwise comparison method is perhaps the cornerstone of the entire AHP 

philosophy, as it allows the user to systematically determine the intensities of 

interrelationships of various decision factors. Herein, a p×p matrix A = (Zij) where i, j = 

1, 2,⋅⋅⋅ p, is established for evaluation of objectives. Each objective, Zi, is compared with 

another objective, Zj. When comparing two objectives, the following questions must be 

determined: (a) which objective is more important or has greater influence on the 

optimization problem in consideration, and (b) what is the intensity of that importance 

according to a predetermined scale given in Table 4.1. 
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Table 4.1  Numerical Ratings for Pairwise Comparisons [modified after Saaty (1980a)] 

Intensity of  
importance Definition Explanation 

1 Equal importance Two activities contribute equally to the problem 

2 Moderate importance 
Experience and judgment moderately 

favor one activity over another 

3 Obvious importance 
Experience and judgments strongly 

favor one activity over another 

4 Strong importance 
An activity is favored very strongly over another; 

its dominance demonstrated in practice 

5 Extreme importance 
The evidence favoring one activity over another 

is of the highest possible order of affirmation 

Reciprocals 
of above 

If activity i has one of the above numbers assigned to it, when compared 
with activity j, then j has the reciprocal value when compared with i 

 

All entries in the matrix are positive and by definition satisfy the condition for a 

reciprocal matrix, Zij = 1/ Zji, hence a total of p(p-1)/2 comparisons are needed. The 

comparison matrices are evaluated to establish priority vectors, i.e., eigen vector 

corresponding to maximum eigen values and is normalized so that the sum of entries 

within that eigenvector becomes 1. It is important that consistency be maintained during 

the pairwise comparisons, that is, Zik ≈ ZijZjk where i, j, k = 1, 2,⋅⋅⋅ p. For example, if 

comparing A, B, and C, it was found that A is four times as important as B and twice as 

important as C, then while comparing B and C, C should be approximately twice as 

important as B. Importantly, AHP does allow for reasonable deviations in consistent 

comparison and does not require the consistency to be exact mathematical proportions 

(Saaty 1980b). 

Uncertainty treatment in Pairwise Comparisons  

In general, AHP requires decision-makers to convert vague judgements to single numeric 

preferences in order to estimate the pairwise comparisons of all pairs of objectives and 

decision alternatives. However, it is not uncommon that the decision maker is uncertain 

about his or her preferences in terms of the intensity of importance of one objective over 

the other. To capture the uncertainty in making pairwise comparisons, an interval of 

numerical values (minimum lower bound value can be 1/5, maximum upper bound value 
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can be 5, according to Table 4.1) may in this case be associated with each judgment in 

the AHP pairwise comparison matrix. This interval of numerical values may represent 

two different but related situations: 1) there is only one decision maker and he/she is 

uncertain about his/her preferences in terms of the intensity of importance when 

comparing some objective to the other individually; or 2) there is a group of decision 

makers and they may not be in agreement with each other regarding the intensity of 

importance when comparing some objective to another.  

Practically, the chance that an individual value in an interval judgment is selected by a 

decision maker can be uniform or not, especially in the context of group decision. Take 

an interval judgment of [3, 5] when comparing A to B for example, in the case of only 

one decision maker, (s)he may think that each individual value 3, 4, and 5 has one third 

chance to be selected; (s)he may also feel that 50% of chance he would select the value 

judgment of 4, and 25% of chance he would select the value judgments of 3 and 5 

respectively; while in the case of group decision making, it could be that 50% percent of 

the group members select the value judgment of 4, and 25% select the value judgment of 

3 and 5, respectively. Accordingly, an enumeration method or Monte Carlo simulation 

may be utilized under relevant circumstances to manage uncertainty in the judgments.  

Depending on the length of the interval judgments (assumed to be L), the maximum 

possible combinations of pairwise evaluation matrix for the enumeration method can be 

as large as Lp(p-1)/2. However, several points need to be emphasized herein: (1) the number 

of objectives to be optimized simultaneously in the area of transportation infrastructure 

management is in general quite small, most probably less than 6; (2) large ambiguity in 

the judgments can render ranking a useless pursuit. It is therefore reasonable to assume 

the length of the interval judgments be relatively small, e.g. range from equal importance 

to noticeable importance when comparing two alternatives; (3) the decision maker(s) may 

feel uncertain about some of the pairwise comparisons depending on his experience and 

the amount of information available, but unlikely all of the pairwise comparisons; and (4) 

each possible combination of pairwise evaluation matrix may or may not pass the 

consistency check. As a result, it is computationally feasible to consider all possible sets 

of AHP weights in the optimization formulation. More importantly, the generated subset 
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of the broader set of potential solutions given by the most common weighting sum 

method truly reflects the decision maker's preferences among objectives.   

Some analysts may argue that the exhaustion of all possible pairwise combinations is not 

realistic in certain cases as it goes up combinatorially. This is true when there are several 

levels in the AHP hierarchy and the matrix size in each level is big, an example could be 

the pavement preservation project selection problem where there are many candidate 

projects and multiple criteria need to be considered. However, as discussed previously, 

the scenario in this paper is quite different. Nevertheless, the enumeration method may 

not be appropriate if the selection of a value from an interval judgment is found to be 

probabilistic, regardless continuous or discrete. Monte Carlo simulation, in this case, 

provides an appealing alternative.  

For both the enumeration method and the Monte Carlo simulation, more than one set of 

weights for objective functions will be obtained. Since it is desirable to finally choose 

only one set of weight for the optimization formulation to generate the Pareto optimal 

solution, one possible way of selection could be based on the mean value of all generated 

sets of weights.  

Generation of the Pareto Optimal Solution 

The objectives considered in the multi-objective optimization formulation often have 

different units and sometimes significantly different orders of magnitude, making 

comparisons difficult if not impossible. Furthermore, when directly combining all of the 

objective functions into a single scalar function, a single objective function with 

relatively large values may dominate the aggregated objective function, thus nullifying 

the effort to consider multiple objectives (Marler 2004). Consequently, it is necessary to 

transform the objective functions such that they have similar orders of magnitude. This 

can be achieved by normalizing all the individual objective functions using the minimum 

and maximum values as depicted in Table 4.2.  
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Table 4.2  A Payoff Table for an Optimization Problem with p Objectives 

Scenarios G1 G2 ⋅⋅⋅ Gp 

Max.G1 = Z1(X) 

subject to:  Eqs.(2)-(3) 
Optimal value 

Non-optimal 

value 
⋅⋅⋅ 

Non-optimal 

value 

Max.G2 = Z2(X) 

subject to:  Eqs.(2)-(3) 

Non-optimal 

value 
Optimal value ⋅⋅⋅ 

Non-optimal 

value 

⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ 

Max.Gp = Zp(X) 

subject to:  Eqs.(2)-(3) 

Non-optimal 

value 

Non-optimal 

value 
⋅⋅⋅ Optimal value 

Range value of the ideal solution [G1-min, G1-max] [G2-min, G2-max] ⋅⋅⋅ [Gp-min, Gp-max] 

 

Using goal programming to combine weights generated in previous step and range value 

of goals generated in Table 4.2, the final integrated objective function, Eq.(4), takes the 

form of a weighted function with a [0,1] range for each goal: 

 

minimize        Z = ∑
−
+

= −−

+−p

i ii

iii

GG
dd

1 minmax

)(ω                                                                                      (4) 

 subject to:      

 Eqs.(2)-(3) 

Zi(X) max−
+− =−+ iii Gdd  or min−iG ,  i = 1, 2, ⋅⋅⋅ p                                                                  (5) 

 xj ≥ 0,  j = 1, 2, ⋅⋅⋅  n                                                                                                         (6) 

iω , −

id , +
id ≥ 0,  i = 1, 2, ⋅⋅⋅ p                                                                                            (7) 

where:  

Z = combination of weighted deviations from goals 

X = vector of scalar design variables xj, j = 1, 2, ⋅⋅⋅ n 

ωi  = the AHP determined weight on the ith objective, representing its 
relative importance among all objectives; 

Gi-max, Gi-min = upper bound and lower bound of the ideal solution range (or goal) 
for ith objective;  

−

id , +
id  = the negative and positive deviation variables for the ideal solution 

(or goal) of ith objective. 
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EXAMPLE 

In order to examine the applicability of the proposed method, it was applied to manage a 

hypothetic pavement network at the programming level.  

Background 

A secondary pavement network of 4,000 lane-km (2,000 km) was considered.  Features 

of the network build upon the example used by Wu et al (2007) with some modifications. 

The following paragraphs briefly describe the model inputs.  

Given the uncertainty and variability of factors, such as traffic and weather conditions, 

that affect the deterioration of pavement condition, stochastic model tends to be an 

appealing method of modeling pavement deterioration (Madanat and Ben-Akiva 1994; Li 

et al 1998; Abaza et al 2004). At the programming level, a pavement section loses its 

individuality and can be simply divided into categories. In this example, the secondary 

pavement network is categorized into four states: excellent, good, fair, and poor, referred 

to as State 1, State 2, State 3, and State 4 respectively, based on the performance indicator 

or condition index. The critical condition index (CCI) is a composite index considering 

both load-based and nonload-based distresses measured on a scale of 0 to 100, with 100 

representing pavements in perfect condition and 0 representing pavements in the worst 

possible condition (McGhee 2002). Furthermore, the probability of deterioration is 

approximated as age-homogeneous and the probability of increasing by more than one 

state in one transition period (e.g. one year) is considered negligible. 

Various treatment methods for secondary pavements are categorized into four treatment 

categories: do nothing (DN), preventive maintenance (PM), corrective maintenance (CM), 

and restorative maintenance (RM). Average costs and treatment effective lives based on 

historical data are assigned to each treatment category, as shown in Table 4.3. 

Furthermore, pavement sections in State 1 do not require any maintenance and pavement 

sections in State 2, State 3, and State 4, if treated, are only treated with preventive 

maintenance, corrective maintenance, and restorative maintenance, respectively. 

 

 

 



 

87 

Table 4.3  Summary of the Data Used in the Numerical Example 

Maintenance 
Activity Category 

CCI Trigger 
Value Range 

Applicable 
State 

Maintenance Activity 
Cost* 

($/lane-km) 

Treatment 
Effective Life 

(Years) 

Do Nothing  

(DN) 
> 75 1 - Excellent N/A N/A 

Preventive 
Maintenance (PM) 61 - 75 2 - Good $2,182 

2 - 5 

average 3 

Corrective 
Maintenance (CM) 51 - 60 3 - Fair $20,876 

7 - 10 

average 8 

Restorative 
Maintenance (RM) ≤ 50 4 - Poor $50,373 

8 - 15 

average 12 

    *Cost was calculated based on a lane-width of 2.5m, and only material costs were included. 
 

The current pavement conditions at the beginning of the planning horizon were 34%, 

30%, 12% and 24% of pavement network in excellent, good, fair and poor state, 

respectively. The network-level Markovian transition probabilities depicting the 

transition of various condition states in one year under different maintenance actions are 

given in Table 4.4. 

 

Table 4.4  Markovian Transition Probabilities   

 

 

 

Do Nothing (DN) 

 

 

State          1                 2                  3                 4 
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Preventive Maintenance 
(PM) 

 
State 1 2 3 4 

2 T21 = 0.85 T22 = 0.15 0 0 

Corrective Maintenance 
(CM) 

 
State 1 2 3 4 

3 T31 = 1.0 T32 = 0 T33 = 0 0 

Restorative Maintenance 
(RM) 

 
State 1 2 3 4 

4 T41 = 1.0 T42 = 0 T43 = 0 T44 = 0 
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A planning horizon of 10 years and a total budget of $40 million are considered. Agency 

requirements include:  

a. The annual fraction of pavement network being in condition state equal or better 

than the 'good' condition state should not be less than 65%;  

b. Due to limitations on annual asphalt production and paving equipment availability, 

and to avoid excessive variation in paving quantities from year to year, no more 

than 30 percent of the whole network can be maintained every year and no more 

than half of the 30 percent can be maintained with preventive maintenance;  

c. To ensure relatively stable year to year cash flows and also to reduce financing 

costs, the variability of year-to-year available budget cannot exceed ±20%. 

Model Formulation 

In this example, three preservation objectives are considered simultaneously: 

(a) maximize the total extended service life over planning horizon (Objective Z1); (b) 

minimize the total length of pavement in 'poor' state over planning horizon (Objective Z2); 

and (c) minimize the total preservation cost over planning horizon (Objective Z3). The 

formulation of these objectives is simply based on the available information and only for 

illustration purpose. 

In summary, the mathematical formulation for the numerical example is the following: 

 

Maximize Z1 = LExR
t i

iitti∑∑
= =
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where: 

L = Total length of the pavement network, in this example 4000 lane-km; 

i, j  = State indices of the pavement network condition; 

T = Length of planning horizon (year); 

t = Index for a year in the planning horizon; 

Rit = Fraction of pavement network in state i at the end of year t, t = 0, 1, 2, 
⋅⋅⋅ T; 

xit = Fraction of pavement network in state i treated at year t with 
maintenance category specifically assigned to state i (i.e., if i = 1 then 
do nothing, if i = 2 then preventive maintenance, if i = 3 then 
corrective maintenance, and if i = 4 then restorative maintenance is 
applied); 

Pjk = Transition probabilities representing fraction of pavement network 
transferring from state j to state k under do nothing activity; 

Tji = Transition probabilities representing fraction of pavement network 
transferring from state j to state i under maintenance activity for state j; 

Ci = Maintenance activity cost per lane km for state i;  

Ei = Effectiveness of maintenance activity in state i, represented herein by 
extended effective life; 

μB = Lump sum budget over the planning horizon, herein equals to $40 
million; 

a% = Fraction range reflects the variability of year-to-year available budget, 
20%; and  



 

90 

M, P, Q = Agency requirements and limitations, herein M = 65%, P = 30%, and 
Q = 15%. 

 

The objective function in Eq.(10), from the perspective of network preservation, aims to 

maximize the maintenance effectiveness in terms of total extended service life. In Eq.(11), 

the objective function, from the perspective of the driving public, aims to minimize the 

total length of pavement network in 'poor' state. In Eq.(12), the objective function, from 

the perspective of agency cost, aims to minimize the total preservation cost. Noticeably, 

these three objectives are incommensurable and in conflict (Z1 & Z2 vs. Z3) or partially in 

conflict (Z1 vs. Z2) with each other. Eq.(13) represents the projected fraction of pavement 

network in state i at the end of year t.  

Eq.(14) is the cost constraint that require the total budget to be less than or equal to the 

total allowable budget over the planning horizon. Eq.(15) is the cost constraint that 

ensures relatively stable year to year cash flows; the annual budget is allowed to vary in a 

range of 20%. Eq.(16) requires the sum of fraction of pavement network in all states at 

the end of any given year t to equal 100%.  

Eqs.(17)-(19) are constraints that represent the agency performance requirements. Eq.(17) 

reflects one of the agency's preservation policies, requiring the annual fraction of 

pavement network being in 'excellent' and 'good' condition state should not be less than 

65%.  Eq.(18) and Eq.(19) reflect agency's limitations on annual asphalt production and 

paving equipment availability: the former controls that no more than 30 percent of the 

whole network can be maintained every year; while the latter restricts that no more than 

15 percent (half of the 30 percent) can be maintained with preventive maintenance. 

Eq.(20) is the non-negativity constraint of decision variable xit, which, as a fraction, is not 

allowed to exceed 100%. 

Model Solution 

Establish by pairwise comparisons via AHP the weights.  

In this example, uncertainty of the decision maker in pairwise comparisons is considered. 

More specifically, the scenario assumed herein is that the decision maker knows that one 

objective is at least as important as the another, but is unsure of the intensity of 

importance. The pairwise comparison matrix is shown in Figure 4.2. As only the integers 
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or reciprocals of the integers between the two bounds are considered in Figure 4.2, there 

are in total 12 (3×2×2) possible combinations of matrices, as shown in Table 4.5.  

 

   C11=1       C12=[1, 3]      C13=[1, 2]

                      C22=1         C23=[1/2, 1]

                                         C33=1

C1 = max. total extended service life (network preservation)
C2 = Min. total length of pavement network in 'poor' state (user expectation)
C3 = Min. total M&R cost (agency cost)

To develop the most appropriate pavement preservation program, what is
the intensity of importance for one objective compared to the other?

                    1                 2                 3                 4                 5

                   Equal                            Obvious                         Extreme

   C1                C2                 C3

C1

C2

C3
 

Figure 4.2  Comparison matrices for analyzing the sample network.   

 
Table 4.5  AHP Results   

C12 C13 C23 
Weight for C1 

(WC1) 

Weight for C2 

(WC2) 

Weight for C3 

(WC3) 

1 1 ½ 0.327 0.260 0.413 
1 1 1 0.333 0.333 0.333 
1 2 ½ Does not pass consistency check 

1 2 1 0.413 0.327 0.260 
2 1 ½ 0.400 0.200 0.400 
2 1 1 0.413 0.260 0.327 
2 2 ½ 0.493 0.196 0.311 
2 2 1 0.500 0.250 0.250 
3 1 ½ 0.443 0.169 0.387 
3 1 1 Does not pass consistency check 

3 2 ½ 0.540 0.163 0.297 
3 2 1 0.550 0.210 0.240 

Mean Value 0.441 0.237 0.322 
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Not surprisingly, when a decision maker is uncertain about his preferences, the effect of 

this uncertainty may change the rank of the objectives. Whatever rank is finally derived, 

it always reflects the specific judgments the decision maker has made and thus is worthy 

of further consideration in the optimization formulation.  

For the same example in Figure 4.2, within the AHP philosophy, the acceptable values 

for the interval judgment [1, 3] in previous analysis would be {1, 2, 3}, each of which is 

equally likely. To demonstrate as well the Monte Carlo simulation method in this case 

study, each value is assumed herein to be related with a probability, and a discrete 

distribution is considered. For illustration purpose, the interval sets in Figure 4.2 are 

assumed to follow a discrete triangular distribution if there are three values and a discrete 

uniform if two values, as shown in Figure 4.3. The Monte Carlo simulation (2000 

iterations) was analyzed and plotted using @risk simulation software (Palisade, 2005). 

 

 

 

 

 

 

 
Figure 4.3  Sample probabilistic distribution for interval sets.   

 

Figure 4.4 shows the probability distribution of priorities for C1, C2, and C3. A summary 

of the statistic analysis of the results is given in Table 4.6. Since the values are discrete 

and the ranges relatively narrow, many of the iterations result in the same set of weights. 

If the probabilistic distribution for each interval set can be obtained and is reliable, the 

Monte Carlo simulation has the advantage over traditional deterministic method in that it 

provides a more systematic approach that addresses managerial/soft aspects, therefore 

more effective capture of preferences and consequently more reliable results for the 

integrated optimization formulation.     
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Figure 4.4  Probabilistic distribution for priorities of C1, C2 and C3.     
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Table 4.6  Summary Statistics   

AHP Weight 
# of iterations WC1 WC2 WC3 

119 0.328 0.261 0.411 
139 0.333 0.333 0.333 
251 0.400 0.200 0.400 
218 0.411 0.261 0.328 
147 0.411 0.328 0.261 
126 0.443 0.170 0.387 
228 0.490 0.198 0.312 
268 0.500 0.250 0.250 
120 0.539 0.164 0.297 

All generated 
combinations 
(1750 out of 
2000 valid) 

134 0.548 0.211 0.241 
Minimum 0.328 0.164 0.241 
Maximum 0.548 0.333 0.411 

Mean 0.443 0.237 0.320 
Standard Deviation 0.068 0.052 0.058 

Variance 0.005 0.003 0.003 
Skewness -0.118 0.530 0.185 
Kurtosis 1.967 2.285 1.710 

Mode 0.411 0.261 0.250 
 

Generation of the Pareto Optimal Solution  

A payoff table is first established as given in Table 4.7. Considering Eqs.(10)-(12) 

simultaneously is now tantamount to the following formulation. The Pareto optimal 

solutions can then be easily generated by using typical optimization software such as 

LINGO, CPLEX, or the MATLAB Optimization Toolbox, among others. 

 

Table 4.7  Payoff Table   

Scenarios G1 (year lane km) G2 (km) G3 ($million) 

Max.G1 = Z1(X)  subject to:  Eqs.(13) -(20) 26300 9135 40 

Min.G2 = Z2(X)  subject to:  Eqs.(13) -(20) 21464 9013 40 

Min.G3 = Z3(X)  subject to:  Eqs.(13) -(20) 20521 10451 33.2 

Range value of the ideal solution [20521, 26300] [9013, 10451] [33.2, 40] 

 

The complete formulation for this example is constructed as follows: 

Minimize  Z = 
2.33409013104512052126300

332211

−
×

+
−
×

+
−
× ++− dWdWdW CCC                                                  (21) 

subject to     

Eqs. (13)-(20) 
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Z1
−+ 1d  = 26300                                                                                                              (22) 

Z2
+− 2d  = 9013                                                                                                                (23) 

Z3
+− 3d  = 33.2                                                                                                                 (24) 

−
1d , +

2d , +
3d ≥ 0                                                                                                              (25) 

Where: 

Z1, Z2, Z3 are given in Eqs.(10)-(12); 
−

1d , +
2d , +

3d are the absolute values of the negative and positive deviations of the 

respective objective from its goal.  

 

In terms of the set of weights WC1, WC2, and WC3 for Objectives Z1, Z2, and Z3 

respectively, the mean value obtained from the enumeration method are very close to that 

from the Monte Carlo simulation method, as shown in Tables 4.5 and 4.6. Herein the set 

of weight WC1 = 0.441, WC2 = 0.237, and WC3 = 0.322 is adopted for illustration purpose.  

Results 

The results for the recommended Pareto optimal solution are presented in Figure 4.5 and 

Figure 4.6. Figure 4.5 shows the length of pavement that would receive maintenance in 

different years over the planning horizon. As we expect, the solution generates quite 

uniform cash flows that are very important for the agency and a steady improvement on 

the conditions of the roads. Not surprisingly, preventive maintenance is favored since it 

provides the least cost per year of extended service life gained compared to the other 

maintenance categories: preventive maintenance (2182/3 = $727/year lane mile), 

corrective maintenance (20876/8 = $2610/year lane mile), and restorative maintenance 

(50373/12 = $4198/year lane mile). In fact, the same length of 600 lane-km for 

preventive maintenance in each year is derived from the constraint Eq.(19) that says "no 

more than half of the 30 percent can be maintained with preventive maintenance, which 

equals to 600 (4000×30%×1/2)." Had not been for this constraint, the length of pavement 

receiving preventive maintenance would have been even higher. In this regard, it is very 

important that the agency collects as accurate as possible the costs of various 
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maintenance activities and their respective treatment effective lives in order to have an 

objective assessment of the cost-effectiveness of the maintenance activities. 
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Figure 4.5  The optimal solution: lane-km of roads maintained.   
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Figure 4.6  The optimal solution: network condition.   
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The solution also programmed enough corrective maintenance and restorative 

maintenance to reach the established performance targets. This is reflected in Figure 4.6, 

which shows the projected pavement network condition at the end of different years over 

the planning horizon. Compared to the initial network condition of 'excellent' (0.34), 

'good' (0.30), 'fair' (0.12), and 'poor' (0.24), this solution successfully meets all 

performance requirements and at the same time improves the overall condition of the 

network by increasing significantly the percentage of roads in 'excellent' condition and 

slightly reducing the percentage of roads in 'poor' condition.  It is noted that the 

exhaustion of roads in fair condition progresses fairly quickly over the contract period, 

which is understandable because it is more cost effective to improve the roads in 'fair' 

condition than those in 'poor condition'.  In addition, although the amounts of cash flow 

from year 4 to year 10 are same, there is a noticeable difference in terms of the 

maintenance categories being applied and the associated road length to ensure the 

satisfaction of performance requirements throughout the planning horizon. 

Figure 4.7 presents the objective function values (normalized to 0-100) and trade-offs 

between single-objective and multi-objective scenarios. If only single-objective scenarios 

are considered, it can be found that "Maximize Z1 only" is better than the other two 

scenarios in that it achieves a solution very closely to the optimization of one competing 

objective (Z2) in addition to 100% fulfilling the "Maximize Z1." As expected, the 

proposed multi-objective model generates a solution that lies within the range of all 

single-objective optimization scenarios and clearly reflects the decision maker's trade-

offs among the three objectives. The multi-objective solution provides a rational 

compromise. 
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Figure 4.7  Objective function values of different optimization scenarios.   

 

Discussion 

Table 4.6 shows that the uncertainty in pairwise comparison judgment does impact the 

rank order of alternatives. While such kind of rank fluctuation is a big concern for the 

pure ranking problems such as project selection, it is trivial in this case because on one 

hand the AHP determined weights are used only as a numerical representation of the 

decision maker's preferences on the various objectives; and on the other, relevant 

constraints, such as budgetary limitations and available facilities and resources, are also 

considered in the decision environment. It is the combination of both, preferences and 

constraints, that finally impact the result of decision-making. 

Because of their nature, multi-objective optimization problems often do not have one 

solution which is best with respect to all objectives. In most cases, it is both technically 

and computationally difficult, if not impossible, to produce the complete set (sometimes 

it can be infinite) of Pareto optimal solutions. For this reason, determination in advance 

of a computationally efficient and technically sound subset of those Pareto optimal 

solutions is of great value for the decision maker since he/she has to select in some way, 

preferably as transparent and consistent as possible, a single solution for implementation 
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from the complete Pareto optimal set. In this regard, the proposed method is able to 

incorporate the decision maker's preferences into the generation of the Pareto optimal set 

in a formal and efficient way, thus facilitating the resolution of multi-objective 

optimization problems.  

The mean value of all derived sets of AHP weights was used in this paper to represent the 

preference of the decision maker. There are many other ways for selecting the set of 

weight, an example could be the selection based on the mode instead of the mean value in 

the case of Monte Carlo simulation.    

Further, as shown in Figure 4.1, probabilistic constraints related to budget limitations, 

materials availability, etc., could be applied to the optimization formulation to embody a 

wider consideration of risk in the multi-objective decision making, as given in an 

example by Wu and Flintsch (2008).   

CONCLUSIONS 

Real-world decisions concerning pavement preservation programming often involve 

more than one objective, reflecting the various goals and performance targets of the 

agency.  This paper proposes a hybrid AHP/GP approach that takes advantages of the 

benefits of these two complementary techniques. By incorporating the decision maker's 

preferences into the generation of Pareto optimal set, this approach is well suited for 

handling multiple incommensurable and conflicting objectives while exploring various 

preservation policies.  

To test its applicability, the proposed approach was applied for a pavement network 

where three objectives were considered simultaneously: (i) maximize the total extended 

service life over planning horizon; (ii) minimize the total length of pavement in 'poor' 

state over planning horizon; and (iii) minimize the total preservation cost over planning 

horizon.  Results from the example revealed that the proposed approach is practical in 

determining optimal allocation of resources for pavement preservation that reflects 

agency goals, resource limitations, and performance targets. 
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A Hybrid Multi-objective Optimization Model for Regional Pavement Preservation 

Resource Allocation 

 

Zheng Wu1, Gerardo W. Flintsch2 and Tanveer Chowdhury3 
 

Abstract: Due to the lack of reliable performance prediction models, many state 

departments of transportation (DOTs) use a needs-based budgeting process, namely, 

annual budget requests. Allocations of funding across maintenance activities and districts 

are developed based on pavement maintenance needs derived from pavement inventory 

and annual/biannual condition data.  This allocation of funding across maintenance 

activities and districts is challenging and often involves negotiation and balancing.  This 

paper proposes a decision-support model for the optimization of short-term pavement 

preservation budgeting based on two proven operations research techniques: goal 

programming for handling multiple objectives, and analytic hierarchy process for 

priority-setting under multiple criteria.  Two incommensurable and conflicting objectives, 

maximization of the preservation effectiveness in terms of extended service life and 

minimization of the total preservation cost, are considered simultaneously. Application of 

the model is demonstrated with a short-term pavement preservation budgeting problem 

for a decentralized state DOT with nine maintenance districts.  The illustrative example 

revealed that the proposed model is practical for supporting needs-based budgeting. 

 

 

 

                                                                                                                                                 
1 Ph.D. Candidate, The Charles Via, Jr. Department of Civil and Environmental Engineering, Virginia 
Tech, Blacksburg, VA 24061. E-mail: wuz@vt.edu 
2  Director, Center for Sustainable Transportation Infrastructure, Virginia Tech Transportation Institute and 
Associate Professor, The Charles Via, Jr. Department of Civil and Environmental Engineering, Virginia 
Tech, Blacksburg, VA 24061. E-mail: flintsch@vt.edu 
3 Assistant Director for Infrastructure Systems Management, Asset Management Division, Virginia 
Department of Transportation, Richmond, VA 23230. Email: Tanveer.Chowdhury@vdot.virginia.gov  



 

104 

INTRODUCTION 

The development trend for the pavement budgeting process within a state department of 

transportation (DOT) is to progress from the historical allocations (how much funding 

has already been allocated to each district, residency, or area headquarters by their 

preceding authorities) to needs-based allocations, and finally evolved into performance-

based allocations. How far a state DOT can achieve in this direction relies on several key 

factors including, but not limited to, availability and reliability of pavement performance 

prediction models (network level and/or project level), appropriate decision policies, and 

an efficient organizational structure that promotes effective communication between 

upper- and lower-level maintenance entities in the department.  

State-wide pavement repair planning often involves programming decisions to develop 

budgets and allocate financial resources over the entire network, with the planning period 

being either short-term (1 to 2 years), medium-term (up to 10 years), or long-term (more 

than 10 years). Although efforts are being made toward a performance-based long-term 

repair solution, many state DOTs, with limited or inconsistent historical records of 

pavement condition data, still use a needs-based budgeting process that does not require 

the incorporation of pavement performance prediction models. Accordingly, budget 

requests and allocations are developed based on identified annual/biannual pavement 

preservation needs from all component maintenance districts. A typical procedure to 

identify the pavement preservation needs includes four general steps (AASHTO 2001): 

1. Collect pavement condition data in terms of certain performance indices 

(Pavement Condition Index (PCI), International Roughness Index (IRI), etc.) 

annually or biannually through either windshield survey or automated equipment 

collection;  

2. Prescreen the "in need" pavement sections using a decision tree, often in 

combination with maintenance engineers' local knowledge;  

3. Calculate the costs and benefits associated with the pre-selected preservation 

treatment for each of the "in need" highway sections; and  

4. Rank all the sections in descending order based on certain criteria, such as the 

cost-effectiveness ratio.  
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Disadvantages accompanying this procedure when used for state-wide short-term 

preservation budgeting may include: 1) some of the individual districts tend to exaggerate 

their true needs for preservation, and 2) the resulting state-wide budget request is often 

not linked directly to the optimal benefit of the overall pavement network.  

The allocation of funding across districts is a challenging task: with a tight budget, it is 

not possible to satisfy the preservation needs from all competing districts. A typical 

method of funds allocation under this circumstance is to rely on certain fixed criteria (e.g., 

total road length and traffic volume) that are applied to all districts. As the service 

conditions of their respective road networks are unlikely uniform, different districts tend 

to have different preservation needs and goals.  Thus, the use of fixed criteria, though 

convenient and easy to apply from the standpoint of the central administration, would not 

lead to optimal usage of funds and resources.  Applying a common fund allocation 

formula to all cannot meet the various needs and goals of different districts (Chan et al. 

2003). Therefore, an allocation method capable of negotiating and balancing within the 

competing component districts in a formal/documented way and with necessary 

optimization considerations would be very helpful in conducting the needs-based 

budgeting process.  

OBJECTIVE 

The paper explores an alternative method for the central administration to set the short-

term pavement preservation budgeting under a wider information context, linking budget 

allocation to multiple criteria and performance targets through structured procedure and 

interactive communication. The result is a practical decision-support model that enables 

the central administration in a decentralized state DOT: 

• To identify optimal maintenance actions and budget allocations across the 

component districts that are consistent with the agency needs and resource 

limitations; 

• To understand the tradeoff between the preservation cost and the associated 

network benefit.   

The implementation of the model in an illustrative example shows its potential 

application for supporting the needs-based budgeting. 
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BACKGROUND 

Goal programming is a popular multi-objective method that employs a minimum-distance 

notion of best, meaning that an ideal solution would minimize the weighted sum of 

deviations of all objective functions from their respective goals. The weight assigned to 

the deviation of each objective function from its respective goal plays a key role in the 

final optimization result; accordingly, goal programming can be categorized into two 

types: non-preemptive and preemptive.  

For a non-preemptive goal programming, all objectives are of roughly comparable 

importance. For preemptive goal programming, the deviations from certain objective's 

goal receive so much weight that the model will first meet that goal (if it is feasible) 

before considering the other goals. It needs to be noted that the selection of goal 

programming type is problem-specific: in some cases decision makers feel that the 

objectives to be optimized have comparable importance to each other; while in other 

cases they consider one or more of the objectives prevail over the others to the extent that 

the sacrifice of the goal on those objective(s) would not be considered (Ignizio 1976; 

Charnes and Cooper 1977). 

The analytic hierarchy process (AHP) is a theory of measurement for dealing with 

quantifiable and/or intangible criteria that has found rich applications in decision theory 

and conflict resolution, among other fields.  This method is based on the principle that in 

decision making, experience and knowledge is at least as valuable as the data used to 

support the decision (Vargas 1990). The AHP is designed for subjective evaluation, 

providing a vector of weight expressing the relative importance of a set of alternatives 

based on multiple criteria. Decision applications of the AHP are carried out in three main 

phases (Saaty 1980a, 1980b):  

1. Hierarchic design that decomposes the problem complexity by properly 

accounting for the various factors involved in the decision-making process and 

showing their interrelationships;  

2. Pairwise comparisons that allow the user to systematically determine the 

intensities of interrelationships of various decision factors; and  
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3. Synthesis of information in which lower-level priorities are weighted by higher-

level priorities until the bottom level is reached.  At this stage, the composite 

priorities are calculated and can be used as rank scales of the alternatives.    

METHODOLOGY 

Pavement preservation budgeting occurs at the programming level, which develops 

budget and allocates resources over the entire network.  This type of analysis does not 

require the extent of detail necessary for the life-cycle-cost analysis and design of 

individual projects. Therefore, a macroscopic optimization model in which decision 

variables are related to the lengths/proportions of pavement classes instead of individual 

pavement sections is generally recommended to reduce unnecessary model complexity. 

The proposed optimization model aims to address simultaneously the issues of short-term 

budget request and funds allocation that would have been handled separately in a 

traditional needs-based budgeting process. Applicability of the model will be most 

appropriate to state DOTs that are maintenance-decentralized and do not currently 

possess extensive historical records of pavement condition data to develop reliable 

pavement performance prediction models. 

Model Formulation 

The proposed fund allocation model uses goal programming for handling multiple 

objectives and the analytic hierarchy process for establishing the relative importance of 

multiple criteria whithin some of the optimization constraints. More specifically, the 

model formulation consists of the following steps: 

Determination of Decision Variables 

Common pavement management practices in state DOTs at the programming level 

include evaluating pavement conditions with discrete condition states based on certain 

performance index (e.g., PCI 90-100 means pavement is in excellent condition), 

classifying various treatment methods into maintenance categories (e.g., preventive 

maintenance includes minor patching, crack sealing, and surface treatment) and assigning 

an average cost to each category based on historical maintenance cost data for simplicity.   
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In a maintenance-decentralized state DOT, the central administration responsible for 

pavement preservation budgeting would expect the outcome from needs-based budgeting 

process to include: the amount of funds allocated to each of the component districts, and 

the relevant benefits proposed to the overall network. Therefore, the recommended 

decision variable in the proposed model is "length (lane-miles) of pavement in district i in 

condition state j that will be treated by some treatment method from maintenance 

category k," which leads directly to the quantification of both costs and benefits.   

Selection of Objective Functions 

The objective(s) to be considered in an optimization formulation should reflect the true 

concerns of engineers and planners managing the pavement network. Modeling the 

pavement management problem has been typically addressed using two different 

approaches (Abaza 2007): the first approach aims to maximize the preservation benefit 

subjected to budget constraints, while the second approach aims to minimize the total 

preservation cost subjected to certain pavement-condition improvement constraints. The 

main reason for cost minimization and benefit maximization being considered separately 

is due to their inherent conflict under limited resources. However, optimizing only one of 

the objectives may not provide the most appropriate solution since both of them are major 

concerns for the pavement management agency. Therefore, a multi-objective 

optimization model, as proposed in this paper, is established to address both objectives 

simultaneously and provide insights into the possible tradeoff. 

There are many parameters to characterize the preservation benefits, including 

preservation treatment effectiveness (the area between before- and after-treatment 

pavement performance curves multiplied by traffic and pavement length) and average 

increase of pavement condition score (Haas et al. 1994; Hudson et al. 1997).  In general, 

the selection of the parameters to use is mainly determined by the availability and 

reliability of relevant data. In this paper, the total expected age gain (extended service life 

with unit "year lane mile") for the network is selected to characterize the preservation 

benefit.  The main reasons for the selection are two: 1) the expected service life for a 

repair action is readily available: either estimated from engineers' experience or obtained 

by looking up in maintenance or design files; and 2) expected service life is a simple but 
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effective long-term measure of pavement-condition improvement, especially for agencies 

with no access to pavement performance prediction models (Abaza 2007).  

In summary, two incommensurable and conflicting optimization objectives, 

maximization of the preservation benefit in terms of extended service life and 

minimization of the total preservation cost, are considered in the proposed model, as 

shown in Eqs.(1) and (2) respectively. 

 

Maximize Z1 = ∑∑∑
= = =

m

i

n

j

s

k
kijk Ax

1 1 1

                                                                                       (1) 

Minimize Z2 = ∑∑∑
= = =

m

i

n

j

s

k
kijkCx

1 1 1

                                                                                        (2) 

where: 

Z1 = total network gain of extended service life (year lane mile);  

Z2   = Z2 = total preservation cost (dollar);  

xijk  

 

= length (lane mile) of pavement in district i in condition state j that will be 
treated by some treatment method from maintenance category k;  

Ak  =  expected average age (years) associated with the kth maintenance category;  

Ck =  average repair cost associated with the kth maintenance category;  

m = number of districts; 

n = number of condition state, the larger the value, the worse the condition; and 

k = number of maintenance category. 

 

Setting up constraints 

Constraints to be considered in state-level pavement preservation programming should 

reflect resource limitations and performance targets of the agency. As the proposed 

model aims to generate the optimal budget request and fund allocations simultaneously, 

various possible sets of constraints from the central administration, the districts, and the 

decision variables themselves may be considered.   

Most state DOTs are under intense scrutiny to set up performance targets and report on 

how well those targets are met for pavements and other infrastructure assets. Therefore, 

the performance targets or goals need to be understood by the legislation. In this regard, a 
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macroscopic quantifiable target is in general preferred. For example, the performance 

target for pavements in Virginia is "no more than 18 percent of interstate and primary 

pavements are rated as deficient (condition state being poor and very poor based on 

critical condition index)" (VDOT 2006a).  The performance target that specifies the 

agency requirements on the overall condition of pavement network can be expressed as in 

Eq.(3 ). 
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where: 

Lij  =  length (lane mile) of pavement in district i and condition state j;  

T = performance target at the state level, usually in decimal form; and  

u, v = integer values ( a subset of [1, n] ) for various condition states.  

 

The second set of constraints is the cost constraint set which represents the preservation 

cost, either in total or for each district, associated with the repair plan of the entire 

pavement network. More specifically, the total preservation cost is required to be less 

than or equal to the allowable total network budget B, as provided in Eq.(4).  In addition, 

to ensure a relatively equitable budget allocation across districts, ratio of the respective 

preservation cost between any two districts is required to be proportion to the respective 

length of "maintenance-needed" pavement but within certain percentage range (±a%), as 

provided in Eq.(5). The setting of percentage range a% is flexible and requires an 

interactive communication between the central administration and the districts.  
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where: 

Mi and Mu = length (lane-miles) of "maintenance-needed" pavement in districts i and u. 

 

The third set of constraints is related with the funding allocation across districts. The 

application of certain fixed criteria (e.g., based upon total road length under its 

jurisdiction) to all component districts may not lead to optimal usage of funds. Practically, 

more than one criterion (quantifiable and/or intangible) often needs to be considered 

before the final allocation is made. AHP, in this regard, provides a formal/documented 

way to help differentiate funds allocation across districts based on multiple criteria. 

Given any district, the extent of pavement network condition improvement directly 

relates to the amount of funding it receives. Therefore, a set of constraints can be set up 

through AHP, as provided in Eq.(6), that imposes variable system condition improvement 

across districts to reflect the relative importance for each district in receiving funds.  
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where: 

 wi = AHP-determined weights across districts that reflect the relative importance for 

each district in receiving funds, and sum of wi over all districts equals to 100 percent.  

 

The fourth set of constraints represents the different districts' preservation needs, as 

provided in Eqs.(7) and (8). For example, some districts may want to achieve within their 

network a condition state above the state performance target, while other districts may 

only be able to handle certain amount of pavement length in a year due to manpower 

and/or facility restrictions. 
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where: 

Ti  = preservation requirements at the district level, usually in decimal form;  

Q = percentage amount, which controls that the sum of pavement length selected 

for treatment in each district, regardless of condition state and maintenance 

category, do not exceed certain percentage of the total pavement length in that 

district. It is determined based on factors such as pavement materials 

availability, maintenance capacity of the regional paving industry, and so forth. 

 

The fifth set of constraints place limits on the decision variables as indicated by Eqs.(9) 

and (10). Eq.(9) assures that the sum of pavement length within given district and 

condition states to be treated do not exceed the corresponding total pavement length.  

Eq.(10) is the non-negativity constraints placed on all decision variables.  
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 0≥ijkx ,  ∀ i = 1, 2, ⋅⋅⋅ m; j = 1, 2, ⋅⋅⋅ n; k = 1, 2, ⋅⋅⋅ s                                                       (10) 

Model Solution 

As the two objectives addressed in the optimization formulation are assumed to be of 

similar importance to the decision maker, non-preemptive goal programming is therefore 

used to solve the multi-objective optimization problem.  The process consists of the 

following two steps: 

1. Solve two individual maximization (minimization) problems in Eqs.(1) and (2) 

subject to the same set of constraints to find the optimal solution for each of the 

two objectives, thus obtaining a range of values for the two objective functions 

(Table 5.1).  

2. For the maximization (minimization) problem, the upper bound (lower bound) of 

the range value of the ideal solution will be considered as the relevant goal. As the 

goals often represent different units and have different orders of magnitude, to 

avoid comparing "apples to oranges" (Romero et al. 1985) and also to avoid 

unacceptable deviations from goals, the final integrated objective function, 
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Eq.(11), takes the form of a linear scale function with the range of [0, 1] for each 

goal:   
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Subject to    

Eqs. (3)-(10) 
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−
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where: 

Z1, Z2 are defined in Eqs.(1)-(2); 

−
ud , +

ud (u = 1, 2) are positive and negative deviations, respectively, of uth objective from 

its goal.   

 

Table 5.1  A Payoff Table for An Optimization Problem with Two Objectives   

Scenarios Objective Z1 (year lane mile) Objective Z2 (dollar) 
Maximize Z1       subject to   Eqs.(3)-(10) Optimal value: 

max1Z  Upper bound value: 
ub

Z2  

Minimize Z2       subject to   Eqs.(3)-(10) Lower bound value: 
lb

Z1  Optimal value: 
min2Z  

Range value of the ideal solution  [
lb

Z1 ,
max1Z ] [

min2Z ,
ub

Z2 ] 

 

IMPLEMENTATION 

The aforementioned model was applied to determine the optimal pavement preservation 

budget across districts for the interstate and primary flexible pavement network. Features 

of the network are adopted from documentation and state-of-the-practice pavement 

management in Virginia (VDOT 2005; VDOT 2006a; VDOT 2006b).  
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Inputs  

A composite index called Critical Condition Index (CCI), on a scale of 0 to 100, was 

employed to evaluate the condition of the pavements. A CCI of 100 represents a 

pavement in perfect condition, and a 0 representing pavements in the worst possible 

condition (McGhee 2002). A CCI-based breakdown of interstate and primary flexible 

pavements by condition states and districts in year 2006 is given in Table 5.2. At the 

programming level, it is feasible to categorize the various treatment methods into 

categories and assign an average cost to each category based on historical maintenance 

cost data.  Different treatment methods under a particular treatment category could be 

used to correct the pavement sections that have reached a selected threshold and which 

specific treatment to choose for a given pavement section is up to each individual district. 

The maintenance activities, corresponding costs, and expected service life are listed in 

Table 5.3.  

 

Table 5.2  CCI-based Breakdowns of District Interstate and Primary Flexible Pavements 
(VDOT 2006b)   

        IS & PS 
System 

Condition 
States 

District 
1 

District 
2 

District 
3 

District 
4 

District 
5 

District 
6 

District 
7 

District 
8 

District 
9 

Excellent 
(CCI ≥ 90) 399.7 421.0 878.2 936.3 572.3 516.8 638.5 988.2 498.8 

Good 
(CCI: 70 - 89) 1664.1 1537.5 956.6 1678.8 866.5 928.8 880.5 1255.9 826.4 

Fair 
(CCI: 60 - 69) 789.0 552.0 618.8 928.2 401.8 570.4 340.1 638.2 466.3 

Poor 
(CCI: 50 - 59) 330.7 442.8 183.8 431.8 99.4 282.8 196.1 377.5 273.3 

Very Poor 
(CCI: ≤ 49) 261.8 165.3 64.9 60.5 89.3 139.0 31.3 171.6 104.1 

Sum lane miles 
for each district 3445.3 3118.6 2702.3 4035.6 2029.3 2437.8 2086.6 3431.4 2168.9 

Percentage of 
deficient ("poor" 
and "very 
poor" ) 

17.2% 19.5% 9.2% 12.2% 9.3% 17.3% 10.9% 16.0% 17.4% 

 

 

 

 



 

115 

Table 5.3  Maintenance Characteristics for Interstate and Primary Flexible Pavements 
(VDOT 2005)   

Maintenance Activity Category *Activity Cost  
($/Lane Mile) 

**Expected 
Life (Years) 

Do Nothing 
(DN) N/A N/A N/A 

1. Minor Patching (<5% of pavement area; Surface Patching; 
Depth 2") 

2. Crack Sealing  

Preventive 
Maintenance 

(PM) 3. Surface Treatment (chip seal, slurry seal, Latex, etc.) 

$4,547 2-5 
Average 3 

1. Moderate Patching (<10% of pavement area; Partial Depth 
Patching; Depth 6") 

2. Partial Depth Patching (<10% of pavement area; Depth 4"-
6") and Surface treatment 

3. Partial Depth Patching (<10% of pavement area; Depth 4"-
6") and Thin (≤ 2") AC Overlay 

Corrective 
Maintenance 

(CM) 

4. ≤ 2" Milling and ≤ 2" AC Overlay 

$51,867 7-10 
Average 8 

1. Heavy Patching (<20% of pavement area; Full Depth 
Patching; Depth 12") 

2. ≤ 4" Milling and Replace with ≤ 4" AC Overlay 
Restorative 

Maintenance 
(RM) 3. Full Depth Patching (<20% of pavement area; Full Depth 

Patching; Depth 9"-12") and 4" AC Overlay 

$133,261 8-12 
Average 10 

1. Mill, Break and Seat and 9"-12" AC Overlay Rehabilitation/
Reconstruction 

(RC) 2. Reconstruction 
$362,043 15+ 

Average 20 

* average value of most likely cost for interstate and primary pavements, calculated on the basis of a lane-width of 12 ft 
and only material costs included. ** use average value 
 

Assumptions  

Due to the difficulty in obtaining accurate data for some of the model inputs, it was 

necessary to utilize some engineering judgment in this hypothetical example. However, 

this does not reduce the realism of the model application.  The following assumptions are 

only for illustration purpose in the paper; different agencies may modify these 

assumptions based on their respective network condition and agency requirements: 

1. System condition improvement across districts will be determined based on 

multiple criteria to reflect the relative importance for each district in receiving 

funds. 

2. In Table 5.2, a 14.6 percent of total state lane miles are rated as deficient 

(pavements classified as poor and very poor), which is within the established state 

level target to keep the percent of deficient pavements below 18 percent (VDOT 

2006a). Herein, a target of 12 percent is assumed so that the objective of 

minimization of total preservation cost makes more sense in this example.  
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3. According to the FY2006-2007 annual budget report, the total preservation cost 

for the interstate and primary flexible pavement network is around 185 million 

(VDOT 2007), which is assumed to be the allowable total network budget in this 

example. 

4. The districts that currently do not meet state performance target (districts 1, 2, 4, 6, 

8, and 9 in this case) should be improved to meet that target.  In addition, to 

ensure a relatively rational and equitable budget allocation, each district will be 

allocated at least 50 percent of the budget based only on its percentage of 

deficient pavement over the entire network.   

5.  There are no maintenance needs for "excellent" pavements. Pavements in 

condition j (j from 2~5 corresponding to condition "good ~ very poor" 

respectively) can only select, if to be treated, one from the maintenance category k 

(k from 2~5 corresponding to category "PM~ RC" respectively) that is equal to or 

higher than j. For example, if pavements in "fair" condition are to be treated, then 

only maintenance categories CM, RM and RC are candidate choices since DN 

and PM do not help address effectively the problems in "fair" condition from the 

perspective of pavement life cycle performance. 

6. Due to limitations on annual asphalt production and paving equipment availability, 

and to avoid excessive variation in paving quantities from year to year, it is 

assumed that no more than 30 percent of each district's network can be maintained 

every year and no more than half of the 30 percent can be maintained with 

preventive maintenance. 

Multi-Criteria Consideration in Funds Allocation 

The criteria adopted to help allocate funds across districts are preferred to be concrete and 

objective.  In this example, three criteria are chosen to help differentiate current-year 

funds allocation across districts.  More specifically,  

1. Need: "district current-year preservation needs," which can be obtained based on 

the assessment of current-year conditions by aggregating prioritized maintenance 

strategies proposed by component residencies. 
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2. Usage: "district interstate and primary system vehicle miles," which can be 

obtained through multiplying the total system mileage by the average daily traffic 

the system serves. Both data are readily available from the state Pavement 

Management System or Asset Management System.  

3. History: "previous budget allocation per maintenance-need mile across districts," 

which can be obtained through dividing the allocated budget to each district by 

the maintenance-need mileage in that district. Both data are also readily available 

from the state Pavement Management System or Asset Management System.  

The AHP is used herein to systematically consider these three criteria.  As the extent of 

pavement network condition improvement is directly linked to the funding allocated, the 

outcome from AHP will be weighted associated with system condition improvement for 

all districts to reflect their relative importance in receiving funds. Expert Choice, a 

decision support software package, can be used to construct the AHP model and perform 

the underlying mathematics (EC 2007). Alternatively, this may also be done using 

Microsoft Excel. A detailed description of the procedure is provided following: 

Hierarchy construction 

A three-level hierarchy is considered, as shown in Figure 5.1. Level 1 represents the 

overall goal: determine the ranking of importance across districts in receiving the funding. 

Level 2 contains three criteria that influence the goal. At Level 3, we have nine elements, 

the districts, which influence Level 2.  

 

 
Level 1

Goal

Level 2
Criteria

Level 3
Alternatives District 4 District 5 District 6 District 7 District 8 District 9District 1 District 2 District 3

District interstate and primary
system vehicle miles

District current-year
M&R needs

Previous budget allocation
per maintenance-need mile
across districts

Ranking of districts

 
 

Figure 5.1  Hierarchy for analyzing the sample network.   
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Pairwise comparisons and consistency check 

When comparing the importance of any two elements at same level, the question asked of 

the decision maker would be:"(a) which attribute is more important or has greater 

influence on the attribute one level higher in the hierarchy and (b) what is the intensity of 

that importance according to a predetermined scale, where 1, 3, 5, 7, 9 represent 'equal 

importance,' 'moderate importance,' 'strong importance,' 'very strong importance,' and 

'extreme importance,' respectively and 2, 4, 6, 8 represent the intermediate values 

between adjacent scale values (Saaty 1980a)." It is important that consistency be 

maintained during the pairwise comparisons, although AHP does allow for reasonable 

deviations in consistent comparison and does not require the consistency to be exact 

mathematical proportions (Saaty 1980b). The detailed pairwise comparisons procedure is 

illustrated in Figure 5.2.  
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Figure 5.2  Comparison matrices for analyzing the sample network.   
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Synthesis of information  

Once priorities on weights are established for the entire pairwise comparison matrices, 

the process of synthesis can proceed. Lower-level priorities are weighted by higher-level 

priorities until the bottom level is reached. At this stage, the composite priorities (i.e., the 

overall relative weights of the alternatives, where these weights sum to one) are 

calculated and can be used as rank scales for overall relative importance: 

District 1: w1= 0.309*(0.180) + 0.581*(0.145) + 0.110*(0.110) = 0.152 

District 2: w2= 0.309*(0.122) + 0.581*(0.207) + 0.110*(0.157) = 0.176 

District 3: w3= 0.309*(0.079) + 0.581*(0.034) + 0.110*(0.038) = 0.048 

District 4: w4= 0.309*(0.270) + 0.581*(0.061) + 0.110*(0.257) = 0.147 

District 5: w5= 0.309*(0.046) + 0.581*(0.039) + 0.110*(0.141) = 0.052 

District 6: w6= 0.309*(0.062) + 0.581*(0.159) + 0.110*(0.041) = 0.116 

District 7: w7= 0.309*(0.041) + 0.581*(0.055) + 0.110*(0.028) = 0.048 

District 8: w8= 0.309*(0.157) + 0.581*(0.137) + 0.110*(0.082) = 0.137 

District 9: w9= 0.309*(0.043) + 0.581*(0.163) + 0.110*(0.146) = 0.124 

As we can see, the priority order of alternatives is sequentially District 2, District 1, 

District 4, District 8, District 9, District 6, District 5, District 3, and District 7. 

Model Formulation 

In this example, two objective functions were considered simultaneously: (a) Objective 

Z1: maximization of the preservation benefit in terms of total system age gain (extended 

service life in 'year lane mile'), and (b) Objective Z2: minimization of the total 

preservation cost in 'dollars'.  In summary, the complete formulation for the case study is 

constructed as follows: 
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 0≥ijkx , ∀ i = 1, 2, ⋅⋅⋅ 9; j = 2, ⋅⋅⋅ 5; k = 2, ⋅⋅⋅ 5                                       (26) 

where  
xijk = Decision variable, length (lane mile) of pavement in district i in condition state 

j that will be treated with some treatment method from maintenance category k; 

Ak = expected average age (years) associated with the kth maintenance category, use 
the average value in the third column of Table 3;  

Ck = average repair cost associated with the kth maintenance category, use the data in 
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the second column of Table 3; 

Lij = length (lane mile) of pavement in district i and condition state j;  

T = established state-level target to keep the percent of deficient pavements below 
certain percentage, herein use 12%;  

B = the allowable total network budget, herein use $185 million; 

wi = AHP-determined weights associated with average system condition 
improvement for all districts that reflect their relative importance in receiving 
funds given the above three criteria, as given in Figure 2.   

M, P, Q = District-level requirements, herein M=50%, P = 12%, and Q = 30%. 

 

Eq.(17) is the performance target that specifies the agency requirements on the overall 

condition of pavement network.  Eq.(18) is the cost constraint that required to be less 

than or equal to the allowable total network budget. Eq.(19) is the cost constraint that 

ensures a relatively fair budget allocation.  The selection of percentage M often requires 

an interactive communication between the central administration and the districts.  Eq.(20) 

is the set of constraints that imposes variable system condition improvement across 

districts to reflect the relative importance for each district in receiving funds. These 

constraints force the model to allocate resources proportionally to the importance of each 

district.  

Eqs.(21)-(23) are constraints that represent the different districts' preservation needs.  

Eq.(21) requires the districts that currently do not meet state performance target to 

improve and meet that target.  Eq.(22) controls that the sum of pavement length selected 

for treatment in the district i, regardless of condition state and maintenance category, do 

not exceed certain percentage of the pavement network in that district. Eq.(23) limits the 

total length of pavement that can be maintained with preventive maintenance in each 

district.  

Finally, Eqs.(24)-(26) are the limiting constraints that placing bounder limits on the 

decision variables. Eqs. (24-1) and (24-2) assures that pavements in condition j can only 

select, if to be treated, one from the maintenance category k that is equal to or higher than 

j. Eq.(25) assures that the sum of pavement length within given district and condition 

state to be treated do not exceed the total pavement length within that district and 

condition state. Eq.(26) is the non-negativity constraints placed on all decision variables. 
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Results 

As both objective functions and constraints in the optimization formulation are linear, a 

global optimum solution is obtained using the optimization software LINGO 10.0 

(Schrage 2006). This optimal solution is summarized in Figure 5.3.  The distribution of 

preservation budget across districts and the breakdown of pavements that would receive 

treatments from different maintenance categories are also presented in this figure. As 

expected, the solution emphasizes preventive maintenance. This is because preventive 

maintenance provides the most improvement in average expected service life per dollar 

invested. For example, the dollars invested per unit gain of extended life ($/year lane mile) 

for preventive maintenance is approximately 1,342 (4,547/3); comparatively, the same 

unit for corrective maintenance, restorative maintenance, and 

rehabilitation/reconstruction is around 6,483 (51,867/8), 13,326 (133,261/10), and 18,102 

(362,043/20) respectively, an obvious advantage that favors the selection of preventive 

maintenance.  The solution also programmed enough corrective maintenance, restorative 

maintenance and rehabilitation/reconstruction to reach the established performance 

targets and different districts' preservation requirements.   
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Figure 5.3  Global optimal solution and recommended preservation plan.   

 

Figure 5.4 shows a comparison of pavement network condition across districts among 

different scenarios: the current year condition, the projected conditions for the optimized 

("Model") preservation plan, the "Max. Benefit" plan and the "Min. Cost" plan.     
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Figure 5.4  Comparisons of different optimization scenarios.   

 

As shown, there are some marked differences in current conditions among the districts, 

ranging from around 9 percent of deficiency lane-miles in District 3 to about 20 percent 

in District 2. All three optimization solutions lead to a more comparable distribution 

among districts, improving the overall condition of the network by concentrating on those 

districts that have a significantly high percentage of deficient pavements. While there is 

no obvious difference in terms of percentage of deficient pavements, the respective 

"benefit" and "cost" behind the three optimization scenarios are noticeably different.  The 

gain in extended system service life (year-lane-mile) and total preservation cost ($ 

million) for the "optimized" repair plan are 21,293 and 148.6 respectively.  

Comparatively, they are 13,288 and 137.2 for the "minimize total preservation cost" 

repair plan, and 28,025 and 185 for the "maximize preservation benefit" repair plan. By 

considering both "maximize preservation benefit" and "minimize total preservation cost," 

the "model" repair plan reaches a compromise solution: 

• An 8.3 percent increase in preservation cost that results in a 60.2 percent increase 

in system age gain with respect to "minimize total preservation cost" Plan; 

• A saving of 19.7 percent ($36.4 million) in preservation cost with only 24.0 

percent decrease in system service life units compared to the "maximize 

preservation benefit."  

State performance target 
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Discussion 

The proposed global network optimization model is simple to apply for multi-level 

pavement management with minimal data requirements.  Objectives and constraints can 

be established based on specified agency requirements and analysis processes can be 

done automatically by computer. However, the analyst should be cautious with the data 

reliability and definition of the constraints. While the former is a requirement that holds 

for any pavement management model, the latter is more orientated toward the 

problem/situation under consideration.  The solution trends to be very sensitive to 

constraints related with district-level preservation requirements. For example, constraints 

in Eqs.(21)-(23) reflect the different strategies (e.g. "worst first," "preserving existing") 

that various districts may chose, an improper setting of the relevant values may lead to 

infeasible solutions.  It is therefore recommended to consult with engineers in the districts 

prior to setting combined constraints. 

As the non-preemptive goal programming method attempts to minimize the weighted 

sum of deviations of all objective functions from their respective goals, appropriate 

determination of the weights associated with deviations is therefore very important. 

Although the common practice is to use equal weights, as in this example, techniques 

capable of setting the weights in a more objective way are encouraged due to their 

benefits in helping improve the accountability and objectivity of the output solutions.  

Another issue that needs to be emphasized herein is the using of AHP, in which it is not 

uncommon that the user may feel uncertain about some of the pairwise comparisons. 

Therefore, a sensitivity analysis is a good supplement to test the robustness of the 

solutions. In some cases, where the mitigation of potential bias or system error is 

necessary for a single decision maker context, group decision making can be utilized.  

For example, this can be accomplished by establishing a maintenance program leadership 

group and integrating the group AHP outputs as the final input for the optimization model.  

The most challenging part in using AHP is setting up the comparison matrices.  As this 

method is based on the principle that, in decision making, experience and knowledge is at 

least as valuable as the quantitative data, it is expected that the experience and knowledge 

will help compensate for the possible uncertainty in making comparisons.  
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Application of the model on a yearly basis (i.e., a new run every year) allows the 

determination of the optimum preservation actions to be implemented in the immediate 

future. However, the budget available each year is not programmed based on a long-term 

view of the whole network, and by considering only system service life gain of each 

individual year instead of the whole planning horizon as the long-term measure of 

pavement condition improvement, such optimum preservation actions sometimes can be 

short-sighted, as it does not take into account the future evolution of the system that truly 

depends on reliable pavement performance predictions. Many state DOTs have realized 

this and are working toward a performance-based instead of a needs-based budgeting 

process.  

Finally, it is noted that the model cannot replace the decision makers in the planning 

process as it does not fully capture all the variables involved.  The optimum decisions 

recommended by the model will help decision makers make good decisions, but it is, of 

course, not enough to guarantee them.  

SUMMARY AND CONCLUSIONS 

This paper proposes a decision-support model for the optimization of short-term 

pavement preservation needs-based budgets based on two proven operations research 

techniques: goal programming for handling multiple objectives, and analytic hierarchy 

process for priority setting under multiple criteria. Two incommensurable and conflicting 

objectives, maximization of the preservation effectiveness in terms of extended service 

life and minimization of the total preservation cost, are considered simultaneously. The 

AHP is applied to capture the relative importance of each district for receiving funds.  

The implementation of the proposed model in an illustrative example showed that the 

approach is practical, flexible, and easy to implement. Objectives and constraints can be 

established based on specified agency requirements and analysis processes can be done 

automatically by computer.  While the example focuses on the interstate and primary 

flexible pavement network, the approach proposed is applicable to any transportation 

infrastructure network (e.g., bridge network, secondary pavement network) either at 

state/district level or local level where allocation across sub-networks under multiple 
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criteria and multiple objectives is an important consideration in the decision-making 

process. 
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Optimal Selection of Pavement Preservation Projects 

 

Zheng Wu, S.M.ASCE1 and Gerardo W. Flintsch, P.E., M.ASCE2 

 

Abstract: The selection of pavement preservation projects plays an important role in 

pavement management activities.  Current practices in highway agencies range from 

simple ranking to optimization based on certain quantitative factors such as pavement 

distress index and International Roughness Index (IRI), among other indicators.  

Qualitative factors (e.g. equity, user satisfaction) have been left out of the decision 

process due to the difficulty of quantification and effective integration with quantitative 

factors.  This paper explores an alternative project selection method based on the 

combination of k-means clustering, analytic hierarchy process, and integer linear 

programming.  The k-means clustering technique is first utilized to organize preservation 

projects with similar attributes into non-overlapping groups.  The relative importance 

among the groups in terms of those quantitative and qualitative attributes is then 

established via the analytic hierarchy process. Finally, integer linear programming is 

employed to select projects from those non-overlapping groups so that total weighted 

gains of extended pavement service life is maximized within budget constraints. The 

implementation of the proposed method in an illustrative example showed that the 

process is practical for supporting the selection of annual preservation projects in a wider 

context. 
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INTRODUCTION 

The planning of pavement preservation projects plays an important role in pavement 

management activities.  Highway agencies typically have to select preservation projects 

for implementation from a list of candidate projects based on the pavement functional 

and/or structural condition.  In general, the resources available, such as budget and 

facilities are limited.  As a result, there are often more preservation needs than can be 

funded annually, and a set of the candidate projects must be selected for implementation, 

preferably using procedures that are credible, transparent and logical. 

The selection decision is often complicated by the existence of many factors that need to 

be considered in the process. Some of the factors, e.g., preservation cost, pavement 

conditions, and extension of the service life, are objective and measurable; while others, 

such as equity, user satisfaction, etc., are subjective and difficult to measure. Current 

project selection practices range from simple subjective ranking based on engineering 

judgment to optimization by mathematical programming models that take into account 

various quantitative factors such as pavement distress index, international roughness 

index, among other indicators (Sharaf, 1993; Haas et al., 1994; Zambrano and Smith, 

1995; Hudson et al., 1997; AASHTO 2001).  Qualitative factors have been purposely left 

out of the decision process due to the difficulty of quantification and effective integration 

with quantitative factors.  It is desirable, however, that these subjective factors be 

included in the selection process.  For example, two roads have condition below the 

preservation intervention trigger value, with one road having a relatively better overall 

condition but a more important geographic location in the network.  If the budget allows 

selecting only one of the two, it is possible that the segment with more important location 

(a qualitative factor) will be selected despite the better condition (a quantitative factor) it 

has compared to the other segment.  

OBJECTIVE 

The paper explores a novel method for pavement preservation project selection under a 

wider information context using multiple criteria.  This paper proposes and evaluates a 

practical optimization-based decision-support model that enables the highway agency to 
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select, in a transparent and logical way, appropriate annual preservation projects that 

conform to the resource limitations and embody public/agency concerns. 

BACKGROUND 

The Analytic Hierarchy Process (AHP) is a theory of measurement for dealing with 

quantitative and/or qualitative criteria based on the principle that in decision making, 

experience and knowledge of people is at least as valuable as the data being used (Vargas 

1990).  The AHP provides a vector of weights expressing the relative importance of a set 

of alternatives based on multiple criteria.  Decision applications of the AHP are carried 

out in three main phases (Saaty 1980):  

1. Hierarchic design that decomposes the problem complexity by properly 

accounting for the various factors involved in the decision-making process and 

showing their interrelationships;  

2. Pair-wise comparisons that allow the user to systematically determine the 

intensities of interrelationships of various decision factors; and  

3. Synthesis of information in which lower-level priorities are weighted by higher-

level priorities until the bottom level is reached. Such composite priorities are 

then used as rank scales of the alternatives.   

The inherent complexity of pavement project selection problems, with conflictive interest 

groups and political and social considerations, make multi-criteria models an appropriate 

aid in the decision-making process.  Surprisingly, despite their usefulness and potential 

capabilities, tools such as the AHP have not been used as often as one would expect in 

pavement management area.  

Clustering techniques allow objects with similar attributes to be organized into groups. A 

variety of partition-based clustering algorithms are available in the literature (Iváncsy et 

al., 2005; Mirkin, 2005).  In particular, the k-means algorithm is computationally easy, 

fast and memory-efficient.  The k-means clustering, first described by Macqueen (1967), 

is an algorithm to partition a set of objects based on attributes into k (positive integer 

number, predefined by the user) non-overlapping groups/clusters. For each group/cluster, 

the partitioning algorithm maximizes the homogeneity within the cluster by minimizing 
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the predefined distances between data and the corresponding cluster centroid using the 

following steps (Figure 6.1):  

1. Randomly select k points into the space represented by the objects that are being 

clustered. These points represent initial group centroids. 

2. Assign each object to the group that has the closest centroid. When all objects 

have been assigned, recalculate the positions of the k centroids. 

3. Repeat Step 2 until the centroids stabilizes, thus producing a separation of the 

objects into groups from which the metric to be minimized can be calculated.   

 

Select the number of clusters K

Start

Choose K centroids (e.g. random or extreme selection)

Compute distance between objects and centroids
(e.g. Euclidean distance, Manhattan distance)

Group objects based on
minimum distance

Final
clusters/groups

Moving of
objects

stabalized?

yes

no

Re-calculated K centroids
(e.g., group average value)

 
 

Figure 6.1  Framework for the application of the k means algorithm. 

 

METHODOLOGICAL FRAMEWORK  

The proposed methodology, illustrated in Figure 6.2, consists of four key steps: (1) 

preservation treatment selection; (2) clustering of candidate projects; (3) establishing the 

relative importance among groups; and (4) generating optimal solution using integer 

linear programming. These steps are discussed in detail in the following: 
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Figure 6.2  Framework for project selection.     

Preservation Treatment Selection 

Most agencies have some type of decision tree to guide pavement preservation treatment 

selection. Such selection can be based on the current year condition or consider life cycle 

cost analysis. This need analysis is often done unconstrained, without considering 

resource limitations.  Figure 6.3 gives an example of a decision tree (ICMPA7 2007).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3  Decision tree for selecting pavement preservation treatments (ICMPA7 2007).     



 

135 

Clustering of Candidate Projects  

In addition to typical indicators such as distress index and roughness index, potential 

criteria/factors agencies may take into account to prioritize pavement needs may include 

roadway class, traffic volumes, user satisfaction, and business and recreational 

importance to local communities. The challenge then becomes how to prioritize among 

projects considering these multiple attributes, which may be either quantitative or 

qualitative in nature.   

The goal of clustering is to classify m candidate projects (each project having n common 

quantifiable attributes) into k non-overlapping groups such that some metric relative to 

the centroids of the groups is minimized.  More specifically, for m data points in an n-

dimensional space of attribute, a distance measure on these attributes is established so 

that data points that are near to each other belong to the same group, and those that are far 

from each other belong to different groups.  A generalized metric distance function, 

known as the Minkowski metric, is given in Eq.(1).   

 

∑
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Where: 

 n and xik (xjk) being the number of attribute and the value of the kth dimension for each 

data point xi (xj) respectively.  

 

While various distance measurements exist (depending on the different values that p 

takes), there are no general theoretical guidelines for selecting a measure for any given 

application.  However, Euclidean distance (p = 2) and Manhattan distance (p = 1) are two 

most commonly applied metrics for clustering problems (Witten and Frank, 2005). 

Several requirements have to be specified beforehand in order for an effective clustering; 

these include: "quantification" of qualitative attributes if any, number of groups to divide 

projects, and the distance measure used.  
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Establishing the Relative Importance among Groups  

Clustering generates groups that have similar attributes within their components.  

However, differences, or more specifically priorities, do exist among groups. Such 

differences/priorities can be incorporated into the project selection process using ranking 

techniques, such as the AHP.  

The AHP philosophy builds on pair-wise comparison to systematically determine the 

intensities of interrelationships among various decision factors. When comparing the 

importance of any two elements at same level, the decision maker must decide which 

attribute is more important or has greater influence on the attribute one level higher in the 

hierarchy and what the intensity of that importance is according to a predetermined scale. 

The scale is given by the integers 1, 3, 5, 7, 9, which represent 'equal importance,' 

'moderate importance,' 'strong importance,' 'very strong importance,' and 'extreme 

importance,' respectively. The integers 2, 4, 6, 8 represent the intermediate values 

between adjacent scale values (Saaty 1980). It is important that consistency be 

maintained during the pair-wise comparisons, but AHP does allow for reasonable 

deviations in consistent comparison and does not require the consistency to be exact 

mathematical proportions (Saaty 1980).  

Generating Optimal Solution Using Integer Linear Programming 

The AHP provides a robust ranking process for setting priorities among different 

alternatives, but it does not consider relevant constraints that exist in the decision 

environment. Factors such as budgetary limitations are constraints that do impact 

decision-making. Therefore, an integer linear programming model can be used to make 

an optimal selection: the integer variables are binary and can take only the values one 

(selected) or zero (not selected). The model can be simply formulated as follows: 
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Xij = 0 or 1, ∀ i = 1, 2, ⋅⋅⋅ m, j = 1, 2, ⋅⋅⋅ n                                                                (4) 
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where 

Xij = the decision variable of whether project j (j = 1, 2, ⋅⋅⋅ n) in group i (i = 1, 2, ⋅⋅⋅ 

m) should be selected (Xij =1) or not (Xij =0);  

ωi =  the AHP mathematical weight on the group i, standing for its relative 

importance among all groups;  

Aij = area (length×width) of the jth project in ith group;  

Eij = expected benefits, e.g. extended service life, improved pavement condition 

score, associated with the jth project in ith group;  

Rij = expected consumption of resource, such as budget, building materials, 

associated with the jth project in ith group; and  

R = total available resources for the agency. 

 

The outcome of the model is a list of projects to be implemented that satisfy all the 

constraints and provide the maximum network benefits. 

ILLUSTRATIVE EXAMPLE 

The aforementioned methodology was applied to determine the optimal selection of 

pavement preservation projects for a local pavement network. In the following example, 

the majority of the network data are adopted from the documentation for "The Challenge" 

issued for the 7th International Conference on Managing Pavement Assets (ICMPA7, 

2007); additional attributes were added for illustration purpose. However, this does not 

reduce the realism of the model application.  

Background 

The pavement network is comprised of a total of 1293 road sections spanning 3240 km, 

covering two road classes, and varying in traffic use, surface age, and condition 

(ICMPA7, 2007). All treatments selected for the pavements are based on a decision tree 

that incorporates all customary treatment alternatives for the region, as shown in Figure 

6.3. Accordingly, a total of 227 candidate projects (pavement sections) were identified in 

need of treatment. For illustration purpose, it was assumed that budget is the only 

constraint that needs to be considered.  
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The common quantitative and qualitative attributes considered in the project selection 

process are given in the columns 6, 7 and 8 of Table 6.1. The quantitative values assigned 

to each attribute in Table 6.1 follows the same trend, i.e. the lower value, the higher 

priority that the project would be selected. More specifically:  

• The "Preservation Cost/Benefit" in column 6 is derived as the value in column 4 

divided by the product of columns 2, 3 and 5.  It is obvious that a project with low 

"Preservation Cost/Benefit" ratio is more likely to be selected when other attribute 

being same.  

• In terms of the "Network & Local Importance" in column 7, two sub-factors are 

considered: "traffic" and "accessibility," with the former standing for network 

importance and the latter representing local importance. Further, "traffic" is 

divided into three levels: "Low" (< 2500 AADT), "Medium" (2500~6000 

AADT), and "High" (> 6000 AADT). "Accessibility" is also divided into three 

levels: "Low" (no alternative road with acceptable pavement condition available), 

"Medium" (only one alternative road with acceptable pavement condition 

available), and "High" (more than one alternative road with acceptable pavement 

condition available). Accordingly, the values regarding the combination of the 

two factors are given in Table 6.2, with 1 representing the highest priority and 9 

the lowest priority.  

• The "Overall Condition" in column 8 is characterized by the pavement quality 

index (PQI), which is a composite measure of ride, surface distress, and structural 

adequacy and range from 1 to 10 with 1 being worst and 10 best.    
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Table 6.1  Information for the Candidate Preservation Projects (see Appendix 6.A)   

Hwy 
ID 
(1) 

Length 
(km) 
(2) 

Width 
(m) 
(3) 

Preservation 
Cost ($) 

(4) 

Extended 
Service Life 

(Years) 
(5) 

Preservation 
Cost/Benefit 
$/(m2⋅year) 

(6) 

Network & Local 
Importance 

(7) 

Overall 
Condition 

(8) 
3A_1 1.04 12.60 117.94 131.04 0.90 1 6.3 
3A_2 0.19 12.40 17.67 18.85 0.94 7 6.2 
3A_3 0.37 9.80 32.63 36.26 0.90 4 5.0 
3A_4 0.64 6.60 31.68 33.79 0.94 1 6.5 
3A_5 0.57 6.60 22.57 26.33 0.86 4 6.4 
3A_6 0.31 7.40 17.21 18.35 0.94 7 6.3 
3A_7 0.42 7.40 18.65 27.97 0.67 4 5.7 
3A_8 0.57 6.60 28.22 30.10 0.94 4 5.1 
3A_9 0.31 7.40 17.21 13.76 1.25 1 5.5 

⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ 
231B_6 0.38 14.60 41.61 44.38 0.94 5 5.6 
231B_7 0.37 8.60 28.64 31.82 0.90 1 5.6 
231B_8 0.53 8.60 34.18 36.46 0.94 4 4.7 
231B_9 0.53 8.60 25.07 22.79 1.10 4 5.4 
237C 0.19 12.40 31.81 35.34 0.90 2 6.7 

 

Table 6.2  Numeric Determination of "Network Importance" Level   

Network & Local Importance 
Level "Accessibility"  "Traffic"  

1 Low High 
2 Low Medium 
3 Low Low 
4 Medium High 
5 Medium Medium 
6 Medium Low 
7 High High 
8 High Medium 

Importance level in 
decreasing order 

9 High Low 
 

According to Table 6.1, the total unrestricted preservation cost is $31,352,506. However, 

to illustrate the application of the proposed approach, the allowable total budget for the 

transportation agency is assumed to be only $12,000,000.  The challenge facing the 

agency is then: "how to select appropriate projects with all the attributes previously 

discussed taken into account?" 

K-means Clustering 

Data-clustering algorithms are closely associated with data types: discrete, binary, or 

continuous (Gan et al., 2007; Jain and Dubes 1988). In many applications of cluster 

analysis, the raw data, or actual measurements, are not used directly, instead, some sort of 

transformation, such as standardization or normalization, are required. For example, the 
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attributes considered in this example are discrete attributes that have a finite number of 

possible values. As these attributes have different range of values, it is important that they 

are normalized using Eq.(5) to the same scale of 0~1 to remove the dependency on the 

range spanned by each attribute.    

 

)min()max(
)min(

indexindex
indexindexindexN i

i −
−

=−                                                                         (5) 

Where  

N-indexi  =  normalized scale 0-1 for the ith index;  

indexi  =  indexi = the ith index; and 

index  =  index = vector of all indexi. 

 

To explore the impact that different number of groups might have on the final result, 

four, five and six groups are considered herein respectively and the Euclidean distance (p 

= 2 in Eq.(1)) is utilized. The Matlab Statistics Toolbox was used to derive the clustering 

results. The results using 4, 5, and 6 clusters are shown in Tables 6.3-6.5.    
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Table 6.3  Results of K-means Clustering (K= 4)   

Groups Component Sections 
Preservation 
Cost/Benefit 
$/(m2⋅Year) 
Normalized 

Network 
Importance 
Normalized 

Overall Condition 
Normalized 

Group 1 
(# 43) 

3A_9  6A_1  6D_1  6D_3  72B_2  
72C_1  72D_2  72D_5  72D_6  72E_3 
75A_1  75A_9  75B_7  75B_9  75C_1 
75E_2  75E_3  75G_2  78C_4  96A_6 
96A_9  96A_11  102B_2  132A  
132B_1  132C_1  132C_4  132C_5 
135F_3  135H_1  135H_5  138A_14 
138A_15  138B_1  138B_2  138B_5 
138B_7  150C_7  177E_2  177E_3 
231A_1  231A_7  231B_9 

Min. 0.50 

Max. 1.00 

Average 0.70 

Stand. Dev. 0.14 
 

Min. 0.00 

Max. 0.57 

Average 0.28 

Stand. Dev. 0.17 
 

Min. 0.23 

Max. 0.93 

Average 0.66 

Stand. Dev. 0.18 
 

Group 2 
(#75) 

3A_5  6A_3  6E  6F  6G_2  72B_3 
72B_4  72D_1  72E_1  72E_2  72E_4 
72E_7  75A_3  75A_7  75A_8  75A_12  
75A_13  75A_14  75B_3 
75B_4  75B_5  75B_6  75C_2  75G_1 
75G_3  78A_2  78A_3  78A_4  78B 
78C_1  78C_3  90A_2  96A_3  96A_4 
96C_4  96C_5  96C_6  99A_5  99A_6 
102A_2  102B_1  132B_2  132B_3 
135D_1  135D_2  135D_3  135D_4 
135H_6  135H_7  135H_8  138A_1 
138A_5  138A_8  138A_9  138A_10 
138A_12  138A_13  138C  141A_1 
150A_1  150A_2  150A_3  150A_4 
150A_5  150A_6  150A_7  150A_8 
150A_9  150C_2  150C_4  231A_2 
231A_3  231A_4  231A_5  231B_5 

Min. 0.06 

Max. 0.59 

Average 0.31 

Stand. Dev. 0.12 
 

Min. 0.43 

Max. 1.00 

Average 0.61 

Stand. Dev. 0.13 
 

Min. 0.47 

Max. 0.97 

Average 0.74 

Stand. Dev. 0.12 
 

Group 3 
(# 64) 

3A_1  3A_4  3A_7  6A_2  6A_5  6C 
6D_2  6G_1  72B_1  72C_2  72C_3 
72D_3  72D_4  72D_7  72E_5  72E_6 
72E_8  75A_4  75A_10  75A_11  
75B_2  75D  75E_1  75G_4  78A_1 
78C_2  90A_1  96A_1  96A_2  96A_7 
96A_8  96A_10  99A_1  99A_2  99A_3  
99A_4  102A_1  102B_3  132C_2  
132C_3  135F_1  135F_2 
135F_4  135G  135H_2  135H_3 
135H_4  138A_6  138B_3  138B_4 
138B_6  141B_1  141B_2  141B_3 
141B_4  150B  150C_1  150C_6 
150C_8  177E_1  195A  231A_6 
231B_7  237C 

Min. 0.00 

Max. 0.49 

Average 0.29 

Stand. Dev. 0.10 
 

Min. 0.00 

Max. 0.43 

Average 0.17 

Stand. Dev. 0.11 
 

Min. 0.27 

Max. 1.00 

Average 0.65 

Stand. Dev. 0.17 
 

Group 4 
(# 45) 

3A_2  3A_3  3A_6  3A_8  3A_10  
6A_4  75A_2  75A_5  75A_6  75B_1 
75B_8  90A_3  96A_5  96B_1  96B_2 
96B_3  96B_4  96C_1  96C_2  96C_3 
102A_3  102A_4  102A_5  102A_6 
135D_5  138A_2  138A_3  138A_4 
138A_7  138A_11  141A_2  150A_10 
150A_11  150A_12  150A_13  
150A_14  150C_3  150C_5  231A_8 
231B_1  231B_2  231B_3  231B_4 
231B_6  231B_8 

Min. 0.17 

Max. 0.79 

Average 0.44 

Stand. Dev. 0.17 
 

Min. 0.43 

Max. 1.00 

Average 0.83 

Stand. Dev. 0.19 
 

Min. 0.00 

Max. 0.90 

Average 0.49 

Stand. Dev. 0.19 
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Table 6.4  Results of K-means Clustering (K= 5)   

Groups Component Sections 
Preservation 
Cost/Benefit 
$/(m2⋅Year) 
Normalized  

Network Importance 
Normalized  

Overall Condition 
Normalized  

Group 1 
(# 37) 

3A_9  6A_1  6D_1  6D_3  72B_2 
72C_1  72D_2  72D_5  72D_6 
72E_3  75A_1  75A_9  75B_7 
75B_9  75C_1  75E_2  75E_3 
75G_2  78C_4  96A_9  102B_2 
132A  132B_1  132C_1  132C_4 
132C_5  135F_3  135H_1  135H_5 
138A_14  138A_15  138B_1  138B_2 
138B_5  177E_2  231A_1  231A_7 

Min. 0.56 

Max. 1.00 

Average 0.73 

Stand. Dev. 0.13 
 

Min. 0.00 

Max. 0.57 

Average 0.28 

Stand. Dev. 0.17 
 

Min. 0.30 

Max. 0.93 

Average 0.70 

Stand. Dev. 0.15 
 

Group 2 
(# 32) 

3A_2  3A_6  3A_10  6A_4  6F  6G_2 
72E_4  75A_2  75A_6  75A_14 
75B_1  75B_8  90A_3  96B_2  96B_3 
96B_4  96C_1  96C_2  96C_3  
102A_3  102A_4  102A_5  102A_6 
138A_2  138A_3  138A_4  150A_10 
150A_11  150A_12  150A_13  
150A_14  150C_3 

Min. 0.17 

Max. 0.76 

Average 0.39 

Stand. Dev. 0.17 
 

Min. 0.71 

Max. 1.00 

Average 0.97 

Stand. Dev. 0.07 
 

Min. 0.00 

Max. 0.90 

Average 0.59 

Stand. Dev. 0.19 
 

Group 3 
(# 60) 

3A_1  3A_4  6A_2  6A_5  6C  6D_2 
6G_1  72B_1  72C_2  72C_3  72D_3 
72D_4  72D_7  72E_5  72E_6  72E_8 
75A_4  75A_10  75A_11  75B_2 75D  
75E_1  75G_4  78A_1  78C_2 90A_1  
96A_1  96A_2  96A_7  96A_10  
99A_1  99A_2  99A_3  102A_1  
102B_3  132C_2  132C_3 135F_1  
135F_2  135F_4  135G 135H_2  
135H_3  135H_4  138A_6 138B_3  
138B_4  138B_6  141B_1 141B_2  
141B_3  141B_4  150B 150C_6  
150C_8  177E_1  195A  231A_6  
231B_7  237C 

Min. 0.00 

Max. 0.49 

Average 0.30 

Stand. Dev. 0.10 
 

Min. 0.00 

Max. 0.29 

Average 0.16 

Stand. Dev. 0.10 
 

Min. 0.30 

Max. 1.00 

Average 0.67 

Stand. Dev. 0.16 
 

Group 4 
(# 27) 

3A_3  3A_7  3A_8  75A_5  96A_3 
96A_5  96A_6  96A_8  96A_11  
96B_1  99A_4  135D_5  138A_5 
138A_11  138B_7  150C_1  150C_7 
177E_3  231A_8  231B_1  231B_2 
231B_3  231B_4  231B_5  231B_6 
231B_8  231B_9 

Min. 0.07 

Max. 0.79 

Average 0.44 

Stand. Dev. 0.18 
 

Min. 0.14 

Max. 0.71 

Average 0.47 

Stand. Dev. 0.19 
 

Min. 0.03 

Max. 0.53 

Average 0.37 

Stand. Dev. 0.12 
 

Group 5 
(# 71) 

3A_5  6A_3  6E  72B_3  72B_4  
72D_1  72E_1  72E_2  72E_7  75A_3 
75A_7  75A_8  75A_12  75A_13  
75B_3  75B_4  75B_5  75B_6  75C_2 
75G_1  75G_3  78A_2  78A_3  78A_4 
78B  78C_1  78C_3  90A_2  96A_4 
96C_4  96C_5  96C_6  99A_5  99A_6 
102A_2  102B_1  132B_2  132B_3 
135D_1  135D_2  135D_3  135D_4 
135H_6  135H_7  135H_8  138A_1 
138A_7  138A_8  138A_9  138A_10 
138A_12  138A_13  138C  141A_1 
141A_2  150A_1  150A_2  150A_3 
150A_4  150A_5  150A_6  150A_7 
150A_8  150A_9  150C_2  150C_4 
150C_5  231A_2  231A_3  231A_4 
231A_5 

Min. 0.06 

Max. 0.59 

Average 0.32 

Stand. Dev. 0.12 
 

Min. 0.43 

Max. 0.86 

Average 0.59 

Stand. Dev. 0.09 
 

Min. 0.53 

Max. 0.97 

Average 0.73 

Stand. Dev. 0.12 
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Table 6.5  Results of K-means Clustering (K= 6)   

Groups Component Sections 
Preservation 
Cost/Benefit 
$/(m2⋅Year) 

Normalized Average 

Network 
Importance 

Normalized Average 

Overall Condition 
Normalized Average 

Group 1 
(# 31) 

6A_1  6D_3  72B_2  72C_1  72D_2 
72D_6  75A_1  75A_9  75B_7  75B_9 
75C_1  75E_2  75E_3  75G_2  78C_4 

96A_9  132A  132C_1 132C_4  
132C_5  135F_3  135H_1  135H_5 

138A_14  138A_15  138B_1  138B_2 
138B_5   177E_2  231A_1  231A_7 

Min. 0.56 
Max. 1.00 

Average 0.72 
Stand. Dev. 0.14  

Min. 0.00 
Max. 0.43 

Average 0.24 
Stand. Dev. 0.13  

Min. 0.33 
Max. 0.93 

Average 0.72 
Stand. Dev. 0.15  

Group 2 
(# 30) 

3A_2  3A_6  3A_10  6F  6G_2  72B_4 
72E_4  75A_2  75A_6  75A_14  
75B_1  90A_3  96B_2  96B_3  96B_4 
96C_2  96C_3  102A_3  102A_4  
102A_5  102A_6  138A_2  138A_3 
138A_4  150A_11  150A_12  
150A_13 150A_14  231B_2  231B_3 

Min. 0.17 
Max. 0.58 
Average 0.33 
Stand. Dev. 0.13  

Min. 0.71 
Max. 1.00 
Average 0.96 
Stand. Dev. 0.08  

Min. 0.00 
Max. 0.90 
Average 0.58 
Stand. Dev. 0.20  

Group 3 
(# 52) 

3A_1  3A_4  6A_5  6C  6D_2  72B_1 
72C_2  72C_3  72D_3  72D_4  72D_7 
72E_5  72E_6  72E_8  75A_4  
75A_11  75B_2  75D  75E_1  75G_4 
78A_1  78C_2  90A_1  96A_1  99A_1 
99A_2  99A_3  102A_1  102B_3  
132C_2  132C_3  135F_1  135F_2 
135F_4  135G  135H_2  135H_3 
135H_4  138A_6  138B_3  138B_4 
138B_6  141B_1  141B_2  141B_3 
141B_4  150B  150C_8  177E_1  
195A  231A_6  237C 

Min. 0.17 
Max. 0.49 
Average 0.30 
Stand. Dev. 0.09  

Min. 0.00 
Max. 0.29 
Average 0.17 
Stand. Dev. 0.11  

Min. 0.53 
Max. 1.00 
Average 0.71 
Stand. Dev. 0.12  

Group 4 
(# 24) 

3A_3  3A_7  3A_8  3A_9  6A_2  6G_1 
75A_5  75A_10  96A_2  96A_6  
96A_7  96A_8  96A_10  96A_11  
99A_4  138B_7  150C_1  150C_6  
150C_7  177E_3  231B_6  231B_7 
231B_8  231B_9 

Min. 0.00 
Max. 0.72 
Average 0.37 
Stand. Dev. 0.17  

Min. 0.00 
Max. 0.57 
Average 0.26 
Stand. Dev. 0.17  

Min. 0.03 
Max. 0.53 
Average 0.34 
Stand. Dev. 0.13  

Group 5 
(# 68) 

3A_5  6A_3  6E  72B_3  72D_1  
72E_1  72E_2  72E_7  75A_3 
75A_8  75A_12  75B_3  75B_4  
75B_5  75B_6  75C_2  75G_1  75G_3 
78A_2  78A_3  78A_4  78B  78C_1 
78C_3  90A_2  96A_3  96A_4  96B_1 
96C_4  96C_5  96C_6  99A_5  99A_6 
102A_2  102B_1  132B_2  132B_3 
135D_1  135D_2  135D_3  135D_4 
135H_7  138A_1  138A_5  138A_9 
138A_10  138A_12  138A_13  138C 
141A_1  141A_2  150A_1  150A_2 
150A_3  150A_4  150A_6  150A_7 
150A_8  150A_9  150C_2  150C_4 
150C_5  231A_2  231A_3  231A_4 
231A_5  231B_4  231B_5 

Min. 0.06 
Max. 0.50 
Average 0.30 
Stand. Dev. 0.10  

Min. 0.43 
Max. 0.86 
Average 0.58 
Stand. Dev. 0.09  

Min. 0.43 
Max. 0.97 
Average 0.71 
Stand. Dev. 0.13  

Group 6 
(# 22) 

6A_4  6D_1  72D_5  72E_3  75A_7 
75A_13  75B_8  96A_5  96C_1  
102B_2  132B_1  135D_5  135H_6 
135H_8  138A_7  138A_8  138A_11 
150A_5  150A_10  150C_3  231A_8 
231B_1 

Min. 0.49 
Max. 1.00 
Average 0.67 
Stand. Dev. 0.12  

Min. 0.57 
Max. 1.00 
Average 0.69 
Stand. Dev. 0.14  

Min. 0.37 
Max. 0.87 
Average 0.64 
Stand. Dev. 0.15  
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AHP Development 

Figure 6.4 describes the AHP procedure and the relevant results for the case of four 

groups. The cases of five groups and six groups could be analyzed following the same 

procedure. The pair-wise comparisons of attributes are very much dependent on the 

decision-maker. The subjectivity can be reduced using group AHP, where pair-wise 

comparisons are derived through effective integration of group members’ perceptions 

(Hastak 1998), or Monte Carlo simulation to incorporate uncertainty in the analysis.  

Expert Choice, a decision support software package, can be used to construct the AHP 

model and perform the underlying mathematics (EC, 2007) or it can also be done using 

Microsoft Excel or Matlab.  
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Figure 6.4  Analytical Hierarchy Process for four-group case.     
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Integer Linear Programming Formulation 

Built upon the results from k-means clustering and AHP, the model formulation is 

constructed as follows: 

 

maximize  Z =∑∑
i j

ijijiji EAXω                                                                                     (6)  

subject to 

BCX
m

i

n

j
ijij ≤∑∑

= =1 1
                                                                                                             (7) 

Xij = 0 or 1, ∀ i, j                                                                                                             (8) 

where 

Xij  = the decision variable to determine whether project j in group i should be 

selected; 

ωi  = the AHP mathematical weight on the group i, determined previously; 

Aij  = area (product of columns 1 and 2 in Table 1) of the jth project in ith group;  

Eij  =  extended service life of the jth project in ith group, refer to column 5 in Table 

1;  

Cij  =  preservation cost associated with the jth project in ith group, refer to column 4 

in Table 1; and  

B = total available budget of $12,000,000.   

 

 Eq.(6) aims to maximization of the preservation benefit in terms of weighted gains of 

extended service life. Eq.(7) ensures the "lump sum" demand within the budget limit that 

agencies can afford. Eq.(8) restricts the value of Xij to be either 0 or 1, with 1 means 

selecting the jth project in ith group and 0 otherwise. 

Results and Discussion 

The global optimum solutions for the various grouping schemes are summarized in Table 

6.6.  They were determined using the group average values in Tables 6.3-6.5 and the 

associated AHP weights. In the case of four groups, group 1 has the least importance and 

therefore, none of the projects in group 1 are selected under the limited budget. 29%, 
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64% and 100% of the projects are selected for group 2, group 4 and group 3 respectively. 

In the case of five groups the AHP weights were 0.13, 0.17, 0.33, 0.22, and 0.15 for 

groups 1, 2, 3, 4, 5 respectively. Consequently, group 1 has no projects selected due to its 

least importance, while all other groups have 25%, 41%, 81% and 100% of projects 

selected for group 5, group 2, group 4 and group 3, respectively. In the case of six groups 

(AHP weights of 0.10, 0.16, 0.29, 0.21, 0.15, and 0.10 for groups 1, 2, 3, 4, 5, 6, 

respectively), group 1 and group 6 that have the almost same lowest weight and 

consequently both have no projects selected. Group 3 that has the highest weight has 

100% projects selected. Furthermore, among different group schemes, the projects being 

selected are only slightly different, with a duplication of identical projects as high as 

90%, and a very close total preservation cost and actual gain of service life. 

 

Table 6.6  Final List of Preservation In-need Projects to be Implemented (see Appendix 6.B) 
Clustering (4 groups) Clustering (5 groups) Clustering (6 groups) 

Group 1: 0 out of 43 selected 
Group 2: 22 out of 75 selected 
Group 3: 64 out of 64 selected 
Group 4: 29 out of 45 selected 
 
 
 
Total # of projects: 227, 
Total # of project selected: 115, 
# of project duplicated: 102 
Actual gain of service life 
(106 m2⋅year): 14.087 
Total Preservation Cost ($): 
11,999,394 

Group 1: 0 out of 37 selected 
Group 2: 13 out of 32 selected 
Group 3: 60 out of 60 selected 
Group 4: 22 out of 27 selected 
Group 5: 18 out of 71 selected 
 
 
Total # of projects: 227, 
Total # of project selected: 113, 
# of project duplicated: 102 
Actual gain of service life 
(106 m2⋅year): 14.012 
Total Preservation Cost ($): 
11,999,459 

Group 1: 0 out of 31 selected 
Group 2: 18 out of 30 selected 
Group 3: 52 out of 52 selected 
Group 4: 23 out of 24 selected 
Group 5: 20 out of 68 selected 
Group 6: 0 out of 22 selected 
 
Total # of projects: 227, 
Total # of project selected: 113, 
# of project duplicated: 102 
Actual gain of service life 
(106 m2⋅year): 14.062 
Total Preservation Cost ($): 
11,999,162 

Hwy ID 

Group 
Number Selected? Group 

Number Selected? Group 
Number Selected? 

102A_1 3 √ 3 √ 3 √ 
102A_2 2 √ 5 √ 5 √ 
102A_3 4 √ 2 √ 2 √ 
102A_4 4 √ 2 − 2 − 
102A_5 4 √ 2 √ 2 √ 

⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ 
99A_4 3 √ 4 √ 4 √ 
99A_5 2 − 5 − 5 − 
99A_6 2 √ 5 √ 5 √ 

 

Figure 6.5 shows the change on the number of projects being selected and percentage of 

duplication for various budget levels and number of groups. It is noticed that the impact 

of budget levels on the number of projects is approximately linear, in contrast to the 
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oscillation for the percentage of projects duplication. Group schemes have almost no 

effect on the number of projects being selected given a budget level, and the impact on 

the percentage of projects duplication is also small enough to be negligible.  
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Figure 6.5  Impact of budget level and group number on project selection.   

 

Based on the results derived, the following observations can be made: 

1. Results of the clustering show that the number of component projects in each 

group is not evenly distributed, and dependent on the number of groups, as shown 

in Tables 3-5. As a matter of fact, selecting the number of groups to divide 

projects and the distance measure is often an ad hoc decision based on prior 

knowledge, assumptions, and practical experience. The main purpose of 

clustering herein is to practically simplify the pair-wise comparison matrix in 

AHP that would have been very tedious in order to capture the relative 

importance among projects considering both quantitative and qualitative factors. 

In this regard, the recommended number of groups is 3-9, depending on the actual 

size of the candidate projects.   

2. In this example, initial centroids were selected as shown in Figure 6.6. However, 

the final result is unnoticeably affected by these centroids that are selected in the 

beginning as far away from each other as possible. In addition, it was found that 
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separating as much as possible the initial centroids improves and accelerates the 

convergence, and thus facilitates the clustering.   

 

 
 

 

 

 

 

 

 

 

Figure 6.6  Spatial visualization of normalized data points.     

 

3. Since the duplication of identical projects is very high (85%~95% depending on 

the budget level adopted), the proposed methodology is not very sensitive to the 

number of groups used. Furthermore, it is a practically satisfactory project 

selection tool that takes into account both quantitative and qualitative factors.   

4. The proposed method, by taking advantages of two often competing techniques, 

ranking (AHP) and mathematical programming, offers a systematic, easy-to-use 

approach to the pavement preservation project selection problem. Although only 

budget constraint is considered, other constraints could be easily added to the 

formulation.  

CONCLUSION 

This paper proposes a decision-support model for the optimal selection of pavement 

preservation projects based on three proven operations research techniques, k-means 

clustering, analytic hierarchy process and integer linear programming. The 

implementation of the proposed model in an illustrative example showed that the 

Starting 
Points 
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approach is practical, flexible, and easy to implement. Objectives and constraints can be 

established based on specified agency requirements and analysis processes can be done 

automatically by computer. While the case study focuses on selecting pavement projects, 

the proposed approach is applicable to other types of transportation assets. Furtheremore, 

it can also be applied to other business functions where a large pool of candidate projects 

and multiple criteria (both quantitative and qualitative) are important consideration in the 

decision-making process. 

ACKNOWLEDGMENT 

This paper presents results based mainly on the data from "Terms of Reference for the 

ICMPA7 Investment Analysis and Communication Challenge for Road Assets – The 

Challenge." 

REFERENCES 

American Association of State Highway and Transportation Officials (AASHTO). 

(2001). Pavement Management Guide. Washington, D.C.: AASHTO.  

Expert Choice, Inc. http://www.expertchoice.com/markets/index.html#AHP (accessed 

07-2007). 

Gan, G., Ma, C., and Wu, J. Data clustering: theory, algorithms, and applications.  

Philadelphia, Pa.: SIAM, Society for Industrial and Applied Mathematics; 

Alexandria, Va. : American Statistical Association, 2007. 

Haas, R., Hudson, W. R., and Zaniewski, J. Modern Pavement Management. Krieger 

Publishing Company, Malabar, Florida, 1994. 

Hastak, M. Advanced automation or conventional construction process? Automation in 

Construction, 7 (4), 1998, pp 299-314. 

Hudson, W. R., Haas, R. C., and Uddin, W., Infrastructure management, McGraw-Hill, 

New York, 1997. 

ICMPA7. (2007). Terms of Reference for the ICMPA7 Investment Analysis and 

Communication Challenge for Road Assets. 7th International Conference on 

Managing Pavement Assets, June 24-28, 2008, Calgary, Alberta, Canada. 



 

150 

Jain, A. and Dubes, R. Algorithms for Clustering Data. Englewood Cliffs, NJ: Prentice-

Hall, 1988. 

Macqueen, J. (1967). Some Methods for Classification and Analysis of Multivariate 

Observations. Proceedings of the 5th Berkeley symposium on mathematical 

statistics and probability, volume 1, pp.281-297. Berkeley, CA: University of 

California Press. 

Mirkin, B. G. Clustering for data mining: a data recovery approach. Boca Raton, FL: 

Chapman & Hall/CRC, 2005.   

Renáta Iváncsy, Attila Babos, and Csaba Legány. Analysis and Extensions of Popular 

Clustering Algorithms. 6th International Symposium of Hungarian Researchers on 

Computational Intelligence. November 18-19, 2005, Budapest. 

http://www.bmf.hu/conferences/mtn2005/Renata.pdf (accessed 08-2007) 

Saaty, T.L. The Analytic Hierarchy Process. New York: McGraw-Hill, 1980. 

Sharaf, E.A. Ranking Versus Simple Optimization in setting Pavement Maintenance 

Priorities: A case from Egypt. Transp. Res. Rec. 1397, Transportation Research 

Board, Washington D.C., 1993, pp. 34-38. 

Vargas, L.G. An overview of the Analytic Hierarchy Process and its applications. 

European Journal of Operational Research, Vol.48, No.1, 1990, pp. 2-8. 

Witten, I.H. and Frank, E. Data Mining: Pratical Machine Learning Tools and 

Techniques. Morgan Kaufmann, San Francisco, 2nd edition, 2005. 

Zambrano, F., Scullion, T., and Smith, R. E. Comparing Ranking and Optimization 

Procedures for the Texas Pavement Management Information System. TTI 

Research Report 1989-2F, Texas A&M University, Texas, 1995. 

 
 
 
 
 
 
 
 
 
 
 
 



 

151 

Appendix 6.A 
 

Table 6.7  Information for the Candidate Preservation Projects (Appendix 6.A)  
(1) (2) (3) (4) (5) (6) (7) (8) 

Hwy 
ID 

Length 
(km) 

Width 
(m) 

Preservation 
Cost ($) 

Extended 
Service Life 

(Years) 

Preservation 
Cost/Benefit 
$/(m2⋅year) 

Network & 
Local 

Importance 

Overall 
Condition 

3A_1 1.04 12.60 117.94 131.04 0.90 1 6.3 
3A_2 0.19 12.40 17.67 18.85 0.94 7 6.2 
3A_3 0.37 9.80 32.63 36.26 0.90 4 5.0 
3A_4 0.64 6.60 31.68 33.79 0.94 1 6.5 
3A_5 0.57 6.60 22.57 26.33 0.86 4 6.4 
3A_6 0.31 7.40 17.21 18.35 0.94 7 6.3 
3A_7 0.42 7.40 18.65 27.97 0.67 4 5.7 
3A_8 0.57 6.60 28.22 30.10 0.94 4 5.1 
3A_9 0.31 7.40 17.21 13.76 1.25 1 5.5 
3A_10 0.42 7.40 23.31 24.86 0.94 7 6.4 
6A_1 0.59 12.30 50.80 36.29 1.40 4 7.3 
6A_2 3.35 7.30 158.96 220.10 0.72 1 5.6 
6A_3 0.44 11.80 38.94 41.54 0.94 4 6.4 
6A_4 0.71 8.30 44.20 35.36 1.25 7 7.1 
6A_5 0.76 13.00 74.10 79.04 0.94 2 7.0 
6C 0.41 13.70 75.83 84.26 0.90 1 6.6 

6D_1 1.82 19.00 207.48 172.90 1.20 5 6.8 
6D_2 2.27 12.00 245.16 272.40 0.90 2 6.7 
6D_3 2.51 11.00 248.49 220.88 1.13 2 6.2 

6E 1.85 11.00 76.31 101.75 0.75 5 6.4 
6F 0.41 15.00 23.06 30.75 0.75 8 7.2 

6G_1 1.43 9.00 173.75 193.05 0.90 2 5.8 
6G_2 0.21 12.70 10.00 13.34 0.75 8 7.0 
72B_1 2.50 13.40 134.00 167.50 0.80 1 7.2 
72B_2 1.62 13.40 195.37 151.96 1.29 4 7.2 
72B_3 0.44 12.20 40.26 42.94 0.94 4 7.1 
72B_4 0.64 12.20 29.28 39.04 0.75 7 7.1 
72C_1 1.27 11.20 106.68 85.34 1.25 4 7.4 
72C_2 0.47 11.90 37.75 50.34 0.75 1 7.0 
72C_3 0.47 11.10 39.13 41.74 0.94 1 7.0 
72D_1 0.49 11.70 38.70 51.60 0.75 5 6.7 
72D_2 1.84 11.70 193.75 172.22 1.13 2 6.5 
72D_3 0.31 12.10 14.07 18.76 0.75 2 6.8 
72D_4 0.60 12.10 27.23 36.30 0.75 2 7.0 
72D_5 1.71 12.50 138.94 106.88 1.30 5 6.8 
72D_6 0.24 12.40 40.18 35.71 1.13 2 6.5 
72D_7 0.99 13.00 96.53 102.96 0.94 2 6.2 
72E_1 0.54 12.50 25.31 33.75 0.75 5 6.9 
72E_2 1.00 12.50 93.75 100.00 0.94 5 7.2 
72E_3 1.26 12.50 141.75 110.25 1.29 5 7.0 
72E_4 0.98 12.50 45.94 61.25 0.75 8 7.1 
72E_5 0.27 12.50 25.31 27.00 0.94 2 6.8 
72E_6 0.30 12.50 50.62 48.75 1.04 2 6.7 
72E_7 0.60 12.50 56.25 60.00 0.94 5 7.3 
72E_8 1.18 12.50 132.75 147.50 0.90 2 7.1 
75A_1 2.92 12.80 261.63 224.26 1.17 2 6.7 
75A_2 2.42 12.20 398.57 354.29 1.13 8 6.7 
75A_3 5.86 12.80 375.04 375.04 1.00 5 6.8 
75A_4 0.55 16.20 33.41 44.55 0.75 2 6.2 
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Hwy 
ID 

Length 
(km) 

Width 
(m) 

Preservation 
Cost ($) 

Extended 
Service Life 

(Years) 

Preservation 
Cost/Benefit 
$/(m2⋅year) 

Network & 
Local 

Importance 

Overall 
Condition 

75A_5 0.54 16.20 65.61 69.98 0.94 5 5.4 
75A_6 1.70 15.20 348.84 387.60 0.90 8 6.2 
75A_7 4.92 12.20 405.16 360.14 1.13 5 6.7 
75A_8 0.90 16.20 196.83 218.70 0.90 5 6.4 
75A_9 0.54 16.20 65.61 52.49 1.25 2 5.9 
75A_10 1.70 15.20 232.56 258.40 0.90 2 6.1 
75A_11 1.22 15.20 166.90 185.44 0.90 2 6.9 
75A_12 0.76 13.40 66.20 101.84 0.65 5 7.4 
75A_13 3.32 13.40 244.68 222.44 1.10 5 6.9 
75A_14 2.61 15.20 267.79 357.05 0.75 8 7.0 
75B_1 1.01 12.50 94.69 88.37 1.07 8 7.3 
75B_2 0.75 12.50 126.56 140.63 0.90 2 7.1 
75B_3 5.77 11.00 333.22 317.35 1.05 4 6.9 
75B_4 6.34 11.00 313.83 348.70 0.90 4 6.6 
75B_5 0.34 11.90 15.17 20.23 0.75 7 7.5 
75B_6 1.50 12.50 70.31 93.75 0.75 5 7.3 
75B_7 5.77 11.00 412.56 317.35 1.30 4 6.9 
75B_8 6.34 11.00 418.44 348.70 1.20 7 6.5 
75B_9 0.35 12.20 28.82 25.62 1.13 1 6.8 
75C_1 3.54 12.50 309.75 265.50 1.17 1 7.0 
75C_2 0.59 8.90 19.69 26.26 0.75 4 7.2 
75D 3.31 10.40 309.82 344.24 0.90 1 6.9 

75E_1 0.72 10.40 28.08 37.44 0.75 1 6.8 
75E_2 2.75 10.40 257.40 228.80 1.13 4 6.5 
75E_3 7.16 12.90 508.00 461.82 1.10 4 7.3 
75G_1 0.28 11.00 41.58 46.20 0.90 4 7.2 
75G_2 0.67 11.00 55.28 36.85 1.50 1 7.2 
75G_3 1.52 13.00 266.76 296.40 0.90 4 7.4 
75G_4 0.92 15.30 52.78 70.38 0.75 1 7.4 
78A_1 4.90 13.40 459.62 590.94 0.78 2 7.4 
78A_2 1.33 13.40 240.60 267.33 0.90 5 7.4 
78A_3 1.05 13.70 129.47 143.85 0.90 5 7.2 
78A_4 0.17 12.40 7.91 10.54 0.75 5 6.9 
78B 0.86 12.80 82.56 88.06 0.94 5 7.2 

78C_1 0.43 11.70 18.87 25.16 0.75 4 6.8 
78C_2 2.26 13.10 177.64 207.24 0.86 2 7.0 
78C_3 1.08 13.40 195.37 217.08 0.90 5 7.1 
78C_4 0.56 11.90 49.98 39.98 1.25 1 6.7 
90A_1 0.82 11.90 36.59 48.79 0.75 2 6.8 
90A_2 3.24 11.70 341.17 379.08 0.90 5 6.6 
90A_3 0.75 11.90 60.24 71.40 0.84 8 5.8 
96A_1 0.23 12.70 39.43 43.81 0.90 2 6.7 
96A_2 0.57 12.00 51.30 54.72 0.94 2 6.1 
96A_3 0.71 9.80 45.23 55.66 0.81 5 6.0 
96A_4 2.04 9.40 258.88 287.64 0.90 5 6.2 
96A_5 7.11 8.80 375.41 312.84 1.20 5 5.7 
96A_6 1.66 9.40 109.23 93.62 1.17 2 5.3 
96A_7 2.84 8.80 149.95 249.92 0.60 2 5.5 
96A_8 1.46 9.40 123.52 137.24 0.90 2 5.4 
96A_9 0.90 9.40 57.53 42.30 1.36 2 5.6 
96A_10 2.85 9.40 241.11 267.90 0.90 2 5.7 
96A_11 0.36 15.80 51.19 45.50 1.13 2 5.7 
96B_1 0.39 15.80 83.19 92.43 0.90 5 5.9 
96B_2 1.07 9.10 87.63 97.37 0.90 8 5.7 
96B_3 2.75 8.50 157.78 140.25 1.13 8 6.1 
96B_4 2.09 16.60 208.16 277.55 0.75 8 5.3 
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Hwy 
ID 

Length 
(km) 

Width 
(m) 

Preservation 
Cost ($) 

Extended 
Service Life 

(Years) 

Preservation 
Cost/Benefit 
$/(m2⋅year) 

Network & 
Local 

Importance 

Overall 
Condition 

96C_1 0.50 11.80 44.25 35.40 1.25 8 6.3 
96C_2 0.93 11.80 148.15 164.61 0.90 8 6.9 
96C_3 1.30 13.30 155.61 172.90 0.90 8 6.6 
96C_4 1.18 13.40 59.30 79.06 0.75 5 6.7 
96C_5 2.15 9.00 261.23 290.25 0.90 5 6.6 
96C_6 2.15 9.00 174.15 193.50 0.90 5 6.4 
99A_1 0.78 11.00 32.18 42.90 0.75 2 6.3 
99A_2 0.53 9.00 17.89 23.85 0.75 3 6.5 
99A_3 0.73 8.50 46.54 49.64 0.94 3 6.3 
99A_4 0.57 9.00 30.78 35.91 0.86 3 5.7 
99A_5 0.73 11.00 60.23 64.24 0.94 5 7.0 
99A_6 0.73 11.00 30.11 40.15 0.75 5 6.9 
102A_1 0.49 12.60 83.35 80.26 1.04 2 6.9 
102A_2 1.72 18.00 201.24 278.64 0.72 5 6.4 
102A_3 0.44 18.00 29.70 39.60 0.75 8 6.5 
102A_4 0.73 18.00 98.55 105.12 0.94 8 6.2 
102A_5 0.40 22.00 33.00 44.00 0.75 8 6.5 
102A_6 0.61 9.70 79.88 88.76 0.90 8 5.7 
102B_1 1.33 13.00 129.68 138.32 0.94 5 6.5 
102B_2 9.63 13.60 785.81 654.84 1.20 5 6.4 
102B_3 2.89 13.00 140.89 187.85 0.75 1 7.0 
132A 0.25 11.00 37.13 33.00 1.13 3 6.2 

132B_1 4.18 11.00 344.85 229.90 1.50 5 6.6 
132B_2 1.61 10.40 108.84 167.44 0.65 5 6.9 
132B_3 0.82 11.90 73.19 78.06 0.94 5 6.8 
132C_1 0.26 12.00 42.12 31.20 1.35 3 6.5 
132C_2 1.34 12.00 120.60 128.64 0.94 3 6.4 
132C_3 2.46 12.00 265.68 295.20 0.90 3 6.4 
132C_4 2.68 12.00 289.44 192.96 1.50 3 6.8 
132C_5 4.62 12.00 332.64 277.20 1.20 3 6.8 
135D_1 0.78 14.80 103.90 115.44 0.90 5 6.7 
135D_2 1.02 14.80 113.22 120.77 0.94 5 7.0 
135D_3 0.91 8.50 52.60 61.88 0.85 5 6.2 
135D_4 0.50 9.80 36.75 39.20 0.94 5 6.7 
135D_5 0.31 9.80 20.66 18.23 1.13 5 6.0 
135F_1 1.41 14.40 152.28 162.43 0.94 2 6.7 
135F_2 1.93 14.40 250.13 277.92 0.90 2 6.2 
135F_3 1.62 11.40 249.32 221.62 1.13 2 7.0 
135F_4 0.52 4.60 21.53 23.92 0.90 2 6.3 
135G 0.52 11.00 42.90 45.76 0.94 2 6.2 

135H_1 0.73 14.80 59.42 54.02 1.10 3 7.0 
135H_2 4.10 11.80 328.98 435.42 0.76 3 6.8 
135H_3 1.98 14.80 263.74 293.04 0.90 3 6.8 
135H_4 1.39 11.80 123.02 131.22 0.94 3 7.4 
135H_5 1.26 14.80 251.75 167.83 1.50 3 7.1 
135H_6 1.66 11.80 133.20 117.53 1.13 6 7.2 
135H_7 2.11 14.80 281.05 312.28 0.90 6 7.2 
135H_8 3.89 11.80 413.12 367.22 1.13 6 7.2 
138A_1 3.04 13.00 355.68 395.20 0.90 5 6.4 
138A_2 0.60 13.00 58.50 62.40 0.94 8 6.4 
138A_3 0.40 13.00 70.20 78.00 0.90 8 6.6 
138A_4 0.99 13.00 77.22 77.22 1.00 8 6.1 
138A_5 1.52 13.00 148.20 158.08 0.94 5 6.2 
138A_6 0.42 13.00 20.48 27.30 0.75 3 6.4 
138A_7 3.58 13.00 244.34 232.70 1.05 6 6.3 
138A_8 0.40 13.00 70.20 67.60 1.04 6 6.8 
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Hwy 
ID 

Length 
(km) 

Width 
(m) 

Preservation 
Cost ($) 

Extended 
Service Life 

(Years) 

Preservation 
Cost/Benefit 
$/(m2⋅year) 

Network & 
Local 

Importance 

Overall 
Condition 

138A_9 1.30 13.00 118.30 118.30 1.00 6 6.7 
138A_10 2.11 13.00 246.87 274.30 0.90 6 6.6 
138A_11 0.65 15.50 158.68 120.90 1.31 6 5.9 
138A_12 0.30 15.50 34.88 37.20 0.94 6 6.5 
138A_13 0.81 15.50 169.49 188.32 0.90 6 6.7 
138A_14 0.48 15.00 113.40 86.40 1.31 3 6.8 
138A_15 0.35 13.00 27.30 22.75 1.20 3 6.4 
138B_1 1.55 13.00 136.01 100.75 1.35 3 7.4 
138B_2 0.71 13.00 55.38 46.15 1.20 3 7.2 
138B_3 1.70 13.00 298.35 331.50 0.90 3 7.6 
138B_4 0.99 13.00 96.53 102.96 0.94 3 7.5 
138B_5 1.16 13.00 237.51 180.96 1.31 3 7.0 
138B_6 1.34 13.00 130.65 139.36 0.94 3 7.1 
138B_7 1.05 13.50 74.42 70.88 1.05 3 5.9 
138C 2.81 12.80 323.71 359.68 0.90 6 7.5 

141A_1 0.15 13.60 7.65 10.20 0.75 6 7.0 
141A_2 0.47 13.60 47.94 51.14 0.94 6 6.2 
141B_1 1.60 13.60 195.84 217.60 0.90 3 6.6 
141B_2 1.04 7.90 110.92 123.24 0.90 3 6.5 
141B_3 2.83 7.90 83.84 111.79 0.75 3 6.2 
141B_4 3.71 7.90 197.84 205.16 0.96 3 6.5 
150A_1 0.39 18.40 26.91 35.88 0.75 5 6.7 
150A_2 1.74 14.00 182.70 194.88 0.94 5 6.5 
150A_3 0.34 14.00 64.26 71.40 0.90 5 7.1 
150A_4 4.51 11.00 446.49 496.10 0.90 5 7.1 
150A_5 4.65 11.80 370.37 329.22 1.13 5 6.7 
150A_6 3.53 11.80 218.68 208.27 1.05 5 6.9 
150A_7 1.56 11.00 128.70 137.28 0.94 5 6.9 
150A_8 0.40 11.00 16.50 22.00 0.75 5 6.4 
150A_9 1.60 11.00 158.40 176.00 0.90 5 6.9 
150A_10 0.38 18.00 61.56 47.88 1.29 8 6.4 
150A_11 0.44 18.00 106.92 118.80 0.90 8 6.6 
150A_12 1.74 14.80 231.77 257.52 0.90 8 4.6 
150A_13 1.04 7.40 40.40 38.48 1.05 8 6.5 
150A_14 1.04 7.40 57.72 61.57 0.94 8 6.0 

150B 0.60 11.90 64.26 71.40 0.90 3 6.6 
150C_1 0.59 8.90 19.69 26.26 0.75 3 5.7 
150C_2 7.38 9.00 265.68 332.10 0.80 6 6.6 
150C_3 3.29 15.20 262.54 250.04 1.05 6 6.2 
150C_4 1.03 11.20 43.26 57.68 0.75 6 6.6 
150C_5 0.53 11.20 80.14 89.04 0.90 6 6.2 
150C_6 2.31 15.20 316.01 351.12 0.90 3 6.2 
150C_7 2.17 9.30 111.00 100.91 1.10 3 6.1 
150C_8 0.35 9.20 12.08 16.10 0.75 3 6.6 
177E_1 9.32 10.10 635.39 753.06 0.84 3 6.4 
177E_2 1.05 10.40 171.99 131.04 1.31 3 6.2 
177E_3 1.98 10.80 112.27 106.92 1.05 3 6.2 
195A 3.19 10.80 310.07 344.52 0.90 3 6.9 

231A_1 0.49 14.80 39.89 36.26 1.10 2 6.6 
231A_2 0.44 16.00 52.80 56.32 0.94 5 6.5 
231A_3 0.48 11.80 76.46 79.30 0.96 5 6.5 
231A_4 1.18 11.80 125.32 139.24 0.90 5 6.7 
231A_5 0.66 11.80 105.14 116.82 0.90 5 6.5 
231A_6 4.00 7.90 213.30 237.00 0.90 3 6.4 
231A_7 0.30 8.00 37.80 28.80 1.31 3 6.4 
231A_8 0.22 8.50 29.45 22.44 1.31 6 6.0 
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Hwy 
ID 

Length 
(km) 

Width 
(m) 

Preservation 
Cost ($) 

Extended 
Service Life 

(Years) 

Preservation 
Cost/Benefit 
$/(m2⋅year) 

Network & 
Local 

Importance 

Overall 
Condition 

231B_1 7.29 8.20 358.67 298.89 1.20 6 5.8 
231B_2 6.08 7.90 324.22 336.22 0.96 6 5.9 
231B_3 0.52 13.00 27.04 33.80 0.80 6 5.8 
231B_4 0.61 15.60 71.37 76.13 0.94 5 5.9 
231B_5 0.43 15.60 60.37 67.08 0.90 5 6.1 
231B_6 0.38 14.60 41.61 44.38 0.94 5 5.6 
231B_7 0.37 8.60 28.64 31.82 0.90 1 5.6 
231B_8 0.53 8.60 34.18 36.46 0.94 4 4.7 
231B_9 0.53 8.60 25.07 22.79 1.10 4 5.4 
237C 0.19 12.40 31.81 35.34 0.90 2 6.7 
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Appendix 6.B 
 

Table 6.8  Final List of Preservation In-need Projects to be Implemented (Appendix 6.B)  
Clustering (4 groups) Clustering (5 groups) Clustering (6 groups) 

 
Summary: 
Group 1: 0 out of 43 selected 
Group 2: 22 out of 75 selected 
Group 3: 64 out of 64 selected 
Group 4: 29 out of 45 selected 

 
 
 

Total # of projects: 227, 
Total # of project selected: 115, 
# of project duplicated: 102 
 
Actual gain of service life 
(106 m2⋅year): 14.087 
Total Preservation Cost ($): 
11,999,394 

 

Summary: 
Group 1: 0 out of 37 selected 
Group 2: 13 out of 32 selected 
Group 3: 60 out of 60 selected 
Group 4: 22 out of 27 selected 
Group 5: 18 out of 71 selected 

 
 

Total # of projects: 227, 
Total # of project selected: 113, 
# of project duplicated: 102 
 
Actual gain of service life 
(106 m2⋅year): 14.012 
Total Preservation Cost ($): 
11,999,459 

Summary: 
Group 1: 0 out of 31 selected 
Group 2: 18 out of 30 selected 
Group 3: 52 out of 52 selected 
Group 4: 23 out of 24 selected 
Group 5: 20 out of 68 selected 
Group 6: 0 out of 22 selected 

 
Total # of projects: 227, 
Total # of project selected: 113, 
# of project duplicated: 102 
 
Actual gain of service life 
(106 m2⋅year): 14.062 
Total Preservation Cost ($): 
11,999,162 

Hwy ID 

Group 
Number Selected? Group 

Number Selected? Group 
Number Selected? 

102A_1 3 √ 3 √ 3 √ 
102A_2 2 √ 5 √ 5 √ 
102A_3 4 √ 2 √ 2 √ 
102A_4 4 √ 2 − 2 − 
102A_5 4 √ 2 √ 2 √ 
102A_6 4 √ 2 √ 2 √ 
102B_1 2 − 5 − 5 − 
102B_2 1 − 1 − 6 − 
102B_3 3 √ 3 √ 3 √ 
132A 1 − 1 − 1 − 

132B_1 1 − 1 − 6 − 
132B_2 2 √ 5 √ 5 √ 
132B_3 2 − 5 − 5 − 
132C_1 1 − 1 − 1 − 
132C_2 3 √ 3 √ 3 √ 
132C_3 3 √ 3 √ 3 √ 
132C_4 1 − 1 − 1 − 
132C_5 1 − 1 − 1 − 
135D_1 2 − 5 − 5 − 
135D_2 2 − 5 − 5 − 
135D_3 2 − 5 − 5 √ 
135D_4 2 − 5 − 5 − 
135D_5 4 − 4 √ 6 − 
135F_1 3 √ 3 √ 3 √ 
135F_2 3 √ 3 √ 3 √ 
135F_3 1 − 1 − 1 − 
135F_4 3 √ 3 √ 3 √ 
135G 3 √ 3 √ 3 √ 

135H_1 1 − 1 − 1 − 
135H_2 3 √ 3 √ 3 √ 
135H_3 3 √ 3 √ 3 √ 
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Clustering (4 groups) Clustering (5 groups) Clustering (6 groups) 
Hwy ID Group 

Number Selected? Group 
Number Selected? Group 

Number Selected? 

135H_4 3 √ 3 √ 3 √ 
135H_5 1 − 1 − 1 − 
135H_6 2 − 5 − 6 − 
135H_7 2 − 5 − 5 − 
135H_8 2 − 5 − 6 − 
138A_1 2 − 5 − 5 − 

138A_10 2 − 5 − 5 − 
138A_11 4 − 4 − 6 − 
138A_12 2 − 5 − 5 − 
138A_13 2 − 5 − 5 − 
138A_14 1 − 1 − 1 − 
138A_15 1 − 1 − 1 − 
138A_2 4 √ 2 − 2 − 
138A_3 4 √ 2 √ 2 √ 
138A_4 4 √ 2 − 2 − 
138A_5 2 − 4 √ 5 − 
138A_6 3 √ 3 √ 3 √ 
138A_7 4 − 5 − 6 − 
138A_8 2 − 5 − 6 − 
138A_9 2 − 5 − 5 − 
138B_1 1 − 1 − 1 − 
138B_2 1 − 1 − 1 − 
138B_3 3 √ 3 √ 3 √ 
138B_4 3 √ 3 √ 3 √ 
138B_5 1 − 1 − 1 − 
138B_6 3 √ 3 √ 3 √ 
138B_7 1 − 4 √ 4 √ 
138C 2 − 5 − 5 − 

141A_1 2 √ 5 √ 5 √ 
141A_2 4 √ 5 − 5 − 
141B_1 3 √ 3 √ 3 √ 
141B_2 3 √ 3 √ 3 √ 
141B_3 3 √ 3 √ 3 √ 
141B_4 3 √ 3 √ 3 √ 
150A_1 2 √ 5 √ 5 √ 

150A_10 4 − 2 − 6 − 
150A_11 4 √ 2 − 2 √ 
150A_12 4 √ 2 − 2 − 
150A_13 4 − 2 − 2 − 
150A_14 4 √ 2 − 2 − 
150A_2 2 − 5 − 5 − 
150A_3 2 − 5 − 5 − 
150A_4 2 − 5 − 5 − 
150A_5 2 − 5 − 6 − 
150A_6 2 − 5 − 5 − 
150A_7 2 − 5 − 5 − 
150A_8 2 √ 5 √ 5 √ 
150A_9 2 − 5 − 5 − 

150B 3 √ 3 √ 3 √ 
150C_1 3 √ 4 √ 4 √ 
150C_2 2 − 5 − 5 √ 
150C_3 4 − 2 − 6 − 
150C_4 2 √ 5 √ 5 √ 
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Clustering (4 groups) Clustering (5 groups) Clustering (6 groups) 
Hwy ID Group 

Number Selected? Group 
Number Selected? Group 

Number Selected? 

150C_5 4 √ 5 − 5 − 
150C_6 3 √ 3 √ 4 √ 
150C_7 1 − 4 √ 4 √ 
150C_8 3 √ 3 √ 3 √ 
177E_1 3 √ 3 √ 3 √ 
177E_2 1 − 1 − 1 − 
177E_3 1 − 4 √ 4 √ 
195A 3 √ 3 √ 3 √ 

231A_1 1 − 1 − 1 − 
231A_2 2 − 5 − 5 − 
231A_3 2 − 5 − 5 − 
231A_4 2 − 5 − 5 − 
231A_5 2 − 5 − 5 − 
231A_6 3 √ 3 √ 3 √ 
231A_7 1 − 1 − 1 − 
231A_8 4 − 4 − 6 − 
231B_1 4 − 4 − 6 − 
231B_2 4 − 4 √ 2 − 
231B_3 4 √ 4 √ 2 √ 
231B_4 4 √ 4 √ 5 − 
231B_5 2 − 4 √ 5 − 
231B_6 4 √ 4 √ 4 √ 
231B_7 3 √ 3 √ 4 √ 
231B_8 4 √ 4 √ 4 √ 
231B_9 1 − 4 √ 4 √ 
237C 3 √ 3 √ 3 √ 
3A_1 3 √ 3 √ 3 √ 

3A_10 4 √ 2 − 2 − 
3A_2 4 √ 2 − 2 √ 
3A_3 4 √ 4 √ 4 √ 
3A_4 3 √ 3 √ 3 √ 
3A_5 2 − 5 − 5 − 
3A_6 4 √ 2 − 2 − 
3A_7 3 √ 4 √ 4 √ 
3A_8 4 √ 4 √ 4 √ 
3A_9 1 − 1 − 4 − 
6A_1 1 − 1 − 1 − 
6A_2 3 √ 3 √ 4 √ 
6A_3 2 − 5 − 5 − 
6A_4 4 − 2 − 6 − 
6A_5 3 √ 3 √ 3 √ 

6C 3 √ 3 √ 3 √ 
6D_1 1 − 1 − 6 − 
6D_2 3 √ 3 √ 3 √ 
6D_3 1 − 1 − 1 − 

6E 2 √ 5 √ 5 √ 
6F 2 √ 2 √ 2 √ 

6G_1 3 √ 3 √ 4 √ 
6G_2 2 √ 2 √ 2 √ 
72B_1 3 √ 3 √ 3 √ 
72B_2 1 − 1 − 1 − 
72B_3 2 − 5 − 5 − 
72B_4 2 √ 5 √ 2 √ 
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Clustering (4 groups) Clustering (5 groups) Clustering (6 groups) 
Hwy ID Group 

Number Selected? Group 
Number Selected? Group 

Number Selected? 

72C_1 1 − 1 − 1 − 
72C_2 3 √ 3 √ 3 √ 
72C_3 3 √ 3 √ 3 √ 
72D_1 2 √ 5 √ 5 √ 
72D_2 1 − 1 − 1 − 
72D_3 3 √ 3 √ 3 √ 
72D_4 3 √ 3 √ 3 √ 
72D_5 1 − 1 − 6 − 
72D_6 1 − 1 − 1 − 
72D_7 3 √ 3 √ 3 √ 
72E_1 2 √ 5 √ 5 √ 
72E_2 2 − 5 − 5 − 
72E_3 1 − 1 − 6 − 
72E_4 2 √ 2 √ 2 √ 
72E_5 3 √ 3 √ 3 √ 
72E_6 3 √ 3 √ 3 √ 
72E_7 2 − 5 − 5 − 
72E_8 3 √ 3 √ 3 √ 
75A_1 1 − 1 − 1 − 
75A_10 3 √ 3 √ 4 √ 
75A_11 3 √ 3 √ 3 √ 
75A_12 2 √ 5 √ 5 √ 
75A_13 2 − 5 − 6 − 
75A_14 2 √ 2 √ 2 √ 
75A_2 4 − 2 − 2 − 
75A_3 2 − 5 − 5 − 
75A_4 3 √ 3 √ 3 √ 
75A_5 4 √ 4 √ 4 √ 
75A_6 4 √ 2 √ 2 √ 
75A_7 2 − 5 − 6 − 
75A_8 2 − 5 − 5 − 
75A_9 1 − 1 − 1 − 
75B_1 4 − 2 − 2 − 
75B_2 3 √ 3 √ 3 √ 
75B_3 2 − 5 − 5 − 
75B_4 2 − 5 − 5 − 
75B_5 2 √ 5 √ 5 √ 
75B_6 2 √ 5 √ 5 √ 
75B_7 1 − 1 − 1 − 
75B_8 4 − 2 − 6 − 
75B_9 1 − 1 − 1 − 
75C_1 1 − 1 − 1 − 
75C_2 2 √ 5 √ 5 √ 
75D 3 √ 3 √ 3 √ 

75E_1 3 √ 3 √ 3 √ 
75E_2 1 − 1 − 1 − 
75E_3 1 − 1 − 1 − 
75G_1 2 − 5 − 5 − 
75G_2 1 − 1 − 1 − 
75G_3 2 − 5 − 5 − 
75G_4 3 √ 3 √ 3 √ 
78A_1 3 √ 3 √ 3 √ 
78A_2 2 − 5 − 5 − 
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Clustering (4 groups) Clustering (5 groups) Clustering (6 groups) 
Hwy ID Group 

Number Selected? Group 
Number Selected? Group 

Number Selected? 

78A_3 2 − 5 − 5 − 
78A_4 2 √ 5 √ 5 √ 

78B 2 − 5 − 5 − 
78C_1 2 √ 5 √ 5 √ 
78C_2 3 √ 3 √ 3 √ 
78C_3 2 − 5 − 5 − 
78C_4 1 − 1 − 1 − 
90A_1 3 √ 3 √ 3 √ 
90A_2 2 − 5 − 5 − 
90A_3 4 √ 2 √ 2 √ 
96A_1 3 √ 3 √ 3 √ 
96A_10 3 √ 3 √ 4 √ 
96A_11 1 − 4 √ 4 √ 
96A_2 3 √ 3 √ 4 √ 
96A_3 2 − 4 √ 5 √ 
96A_4 2 − 5 − 5 − 
96A_5 4 − 4 − 6 − 
96A_6 1 − 4 − 4 √ 
96A_7 3 √ 3 √ 4 √ 
96A_8 3 √ 4 √ 4 √ 
96A_9 1 − 1 − 1 − 
96B_1 4 √ 4 √ 5 − 
96B_2 4 √ 2 √ 2 √ 
96B_3 4 − 2 − 2 − 
96B_4 4 √ 2 √ 2 √ 
96C_1 4 − 2 − 6 − 
96C_2 4 √ 2 √ 2 √ 
96C_3 4 √ 2 − 2 √ 
96C_4 2 √ 5 √ 5 √ 
96C_5 2 − 5 − 5 − 
96C_6 2 − 5 − 5 − 
99A_1 3 √ 3 √ 3 √ 
99A_2 3 √ 3 √ 3 √ 
99A_3 3 √ 3 √ 3 √ 
99A_4 3 √ 4 √ 4 √ 
99A_5 2 − 5 − 5 − 
99A_6 2 √ 5 √ 5 √ 
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CHAPTER 7: SUMMARY, CONCLUSIONS AND 

RECOMMENDATIONS 
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SUMMARY 

Sound highway asset management is becoming increasingly important among public 

agencies because of increasingly tighter budget, higher public demands and stricter 

agency accountability, among other factors. Some of the intrinsic characteristics of the 

highway system make the use of multi-objective optimization techniques particularly 

attractive for managing highway assets. Recognizing the need for effective tradeoff tools 

and the limitations of state-of-practice analytical models and tools in highway asset 

management, this dissertation developed a performance-based asset management 

framework that includes stand-alone but logically interconnected decision-support tools 

for different management levels using multi-objective optimization techniques.  The 

problems under investigation are those of network-level programming and project 

selection under the context of multiple objectives/goals, a finite multi-period horizon, a 

multi-district public agency, probabilistic constraints, and various performance targets.  

The proposed models make an innovative integration of goal programming, analytic 

hierarchy process, chance-constrained programming and k-means clustering techniques. 

Instead of requiring a large amount of new information, these models are tailored to using 

as much as possible information from existent DOT databases in addition to 

complementary engineering judgments, as illustrated through various case studies. While 

the emphasis was on pavement assets, the models can be easily transferred to 

management of other highway infrastructures with modest time and efforts. 

FINDINGS 

The main part of this dissertation includes five logically sequential chapters that represent 

different stages of the research undertaken. The major findings include the following: 

• Optimization-based tools have been included in many engineering management 

systems for individual infrastructure asset classes. Real-world decisions 

concerning asset preservation and renewal often involve more than one objective, 

reflecting the various goals of the agency, and need to evaluate possible 

alternatives according to multiple criteria. In this regard, traditional single-

objective optimization approaches have certain limitations. A critical review of 

the application of multi-criteria optimization techniques in various management 
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levels of highway asset management revealed that multi-criteria optimization 

techniques provide appealing alternatives for supporting many infrastructure 

management business processes. It was also found that no single multi-criteria 

optimization technique is superior; rather, the extent of applicability relies heavily 

on key factors such as information available and the user's preferences and 

requirements, among other factors. To combine the benefits of various techniques, 

a synergistic integration of complementary techniques is recommended for the 

development of practical and efficient decision-supporting tools. 

• A multi-objective optimization model that combines the weighting sum method 

and chance constrained programming for pavement preservation and renewal 

programming allows handling multiple incommensurable and conflicting 

objectives while considering probabilistic constraints related to the available 

budget over the planning horizon. An example of such a model was implemented 

for optimal allocation of resources that reflects multiple agency objectives, 

resource limitations, and performance targets. It was found that this model is more 

suitable to problems with small number of objective functions because it is 

computationally intense. 

• Multi-objective optimization provides a set of best alternatives from all available 

options. It is therefore necessary for the decision maker to articulate preferences 

on the relative values of the various objectives considered. A hybrid AHP/GP 

model that systematically captures the decision maker's preferences among 

objectives prior to the solution of the mathematical model allows the generation 

of a single Pareto optimal solution, thus facilitating the resolution of multi-

objective optimization problems with computational efficiency. Implementation 

of such a model in an example with three incommensurable and conflicting 

objectives demonstrated its practicality for supporting optimal allocation of 

resources for pavement preservation.   

• A hybrid AHP/GP model is also practical for supporting the allocation of funding 

across multiple districts because this process often involves negotiation and 

balancing. The AHP facilitates the consideration of multiple criteria while setting 

priorities among the districts within the optimization constraints.   
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• A project selection method that integrates k-means clustering, analytic hierarchy 

process and integer linear programming is practical for supporting the selection of 

annual preservation and renewal projects considering not only quantitative factors 

but also qualitative factors. This was illustrated by implementing the model in a 

project selection problem with 227 candidate projects and the decision factors of 

"preservation cost/benefit," "network & local importance," and "overall 

condition."   

CONCLUSIONS 

Complex transportation asset preservation resource allocation problems often require the 

handling of intangible and/or conflicting objectives. This dissertation proposed a 

performance-based highway asset preservation framework consisting of stand-alone but 

logically interconnected multi-objective optimization models that make an innovative 

integration of the weighting sum method, goal programming, analytic hierarchy process, 

chance-constrained programming, and k-means clustering. The proposed models address 

the challenging issue of performance-based network resource allocation from a multi-

year, multi-district, and multi-criteria perspective. Their applications in illustrative 

examples show how the models can be easily integrated into transportation asset 

management practice. As a result, state transportation agencies will be able to make 

better use of available funds, and users, the traveling public, will benefit from better 

managed and maintained facilities. 

While the investigation focuses on pavement assets, the proposed models, with modest 

time and effort, could be extended for managing other transportation infrastructure assets 

individually or integrately where multiple objectives subject to multiple criteria and/or 

multiple analysis levels are important considerations in the decision-making process.  

RECOMMENDATIONS FOR FUTURE RESEARCH 

Despite the demonstrated benefits for highway asset management of the proposed 

framework, further efforts to enhance the functionality of the proposed methodology are 

necessary for its full application into agency practices. The following recommendations 

have been developed for possible improvements: 
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• The uncertainty involved in the pairwise judgments within the analytic hierarchy 

process could be treated using fuzzy logic systems, which, when combined with 

mathematical programming, provide a very appealing alternative to support 

decisions that incorporate engineering judgment and expert opinion and involve 

uncertainty, ambiguity, and incompleteness. 

• Assemble databases of in service assets that provide the proposed framework with 

the necessary data to perform the analysis. More specifically, such databases are 

preferred to include information regarding assets performance measures and 

modelling, various management objectives state agencies may need to optimize, 

and possible engineering constraints state agencies have to observe during their 

short- and long-term highway asset management practices. 

• The benefits of utilizing multi-objective optimization in asset management cannot 

be fully achieved without a favorable organizational culture and adoption of best 

practices in asset management. Therefore, practical and effective tools that can 

eliminate to the highest extent the reservations some agencies and transportation 

practitioners may have about implementing multi-objective optimization techniques 

are of great importantance. Therefore, it is recommended to design and implement 

software decision tools for the proposed framework, preferably through a complete 

case study that includes various management levels of highway asset management, 

to increase its acceptability among state transportation officials.  
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APPENDIX A: LINGO SCRIPTS 
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! The following is the Lingo code for the model in Chapter 3; 
 
model: 
! 1st version written by Zheng Wu in summer, 2006 and was updated later on accordingly; 
! This script is for solving two-objective optimization problem by using weighting method that 
automatically increasing the preset incremental step of weights; 
 
sets: 
! "st1" refer to the various network condition states, "inicond" and "cost" are attributes associated 
with each condition state; 
! "mt" refer to the maintenance category, herein four kinds; 
! "yr1" refer to the total planning horizon including initial condition. "yr2" is only for 
programming convenience and "budget" is the attribute associated with each year; 
! "frac_r(st1,yr1):R" generates the matrix to hold the decision variables R (fraction of pavement 
network in state i at the end of year t); 
! "frac_x(st1,yr2,mt):X" generates the matrix to hold the decision variables X (Fraction of 
pavement network in state i treated at year t with maintenance category k); 
! "Matrix(st1,st1):T1,T2,T3,T4" generates the matrices to hold the Markovian transition matrices 
under do nothing activity, preventive maintenance activity, corrective maintenance activity, and 
restorative maintenance activity; 
! "points:weight_lov,weight_cost, obj_lov,obj_cost" generates the vectors to store the respective 
values for weight_lov,weight_cost, obj_lov, and obj_cost; 
st1/s1,s2,s3,s4/:inicond, cost;     
mt/1,2,3,4/;  
yr1/initial,yr1,yr2,yr3,yr4,yr5,yr6,yr7,yr8,yr9,yr10/;    
yr2/1,2,3,4,5,6,7,8,9,10/:budget;      
frac_r(st1,yr1):R;       
frac_x(st1,yr2,mt):X;        
Matrix(st1,st1):T1,T2,T3,T4;      
points:weight_lov,weight_cost, obj_lov,obj_cost; 
endsets 
 
data: 
! "T1," "T2," "T3," and "T4" stands for the Markovian transition matrix for do nothing activity, 
preventive maintenance activity, corrective maintenance activity, and restorative maintenance 
activity respectively; 
! "@ole()" import relevant data from "Chapter 3.xls" to "T1," "T2," "T3," and "T4", and export 
the optimization results to the pre-established range of 'output' in Chapter 3.xls; ;  
! "cost" represents the cost associated with each mintenance activity; 
! "inicond" is the fraction of pavement network in different condition states at the initial year;   
! "budget" is the average annual budget ($ million) over the planning horizon; 
! "points" is the total number of iteration needed for the preset incremental step of weights; 
T1=@ole('file path\Chapter 3.xls','donothing'); 
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T2=@ole('file path\Chapter 3.xls','prevmain'); 
T3=@ole('file path\Chapter 3.xls','correctmain'); 
T4=@ole('file path\Chapter 3.xls','rehabilita'); 
cost= 0 2.182 20.876 50.373; 
inicond = 0.29 0.41 0.22 0.08;   
budget = 20; 
points = 1..101; 
a=0; 
b=1; 
c=1; 
@ole('file path\Chapter 3.xls','output')= @writefor(points:weight_lov,weight_cost, 
obj_lov,obj_cost); 
enddata 
 
submodel objfuns: ! two objectives were considered simultaneously herein; 
[obj_min] min=-a*@sum(yr2(t):@sum(st1(i):(r(i,t+1)*(5-i))))+(1-
a)*@sum(yr2(t):@sum(st1(i):@sum(mt(k):r(i,t)*X(i,t,k)*cost(k)*1.6))); 
endsubmodel 
 
submodel performtargets:  ! definition of various constraints in the optimization formulation; 
! the following represents the projected fraction of pavement network in state i at the end of year 
t; 
@for(st1(i): 
  r(i,1)=inicond(i)); 
@for(yr2(t): 
  @for(st1(i): 
  r(i,t+1)= @sum(st1(j):@sum(mt(k):r(j,t)*X(j,t,k)*((k-2)*(k-3)*(k-4)*T1(j,i)/(-6)+(k-1)*(k-
3)*(k-4)*T2(j,i)/2+(k-1)*(k-2)*(k-4)*T3(j,i)/(-2)+(k-1)*(k-2)*(k-3)*T4(j,i)/6))); 
)); 
 
! the following is the cost constraint concerning the annual budget; 
@for(yr2(t): 
  @sum(st1(i):@sum(mt(k):r(i,t)*X(i,t,k)*cost(k)*16))<=budget(t)*.835;); 
 
! the following is the requirement of a relatively stable annual cash flow; 
@for(yr2(t): 
  @sum(st1(i):@sum(mt(k):r(i,t)*X(i,t,k)*cost(k)*16))>=(1-0.2)*budget(t)*.835;); 
! the following requires the sum of percentage of pavement network in all states at the end of any 
given year t to equal 100%, in addition, the sum of percentage of pavement network in state i 
treated at year t in all maintenance categories to equal 100%; 
@for(yr2(t): 
  @sum(st1(i):r(i,t+1))=1; ); 
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@for(yr2(t): 
  @for(st1(i): 
  @sum(mt(k):X(i,t,k))=1; 
)); 
 
! the following reflects agency's performance targets on annual percentage of  poor pavements 
and the annual network level of service over the planning horizon; 
@for(yr2(t): 
  @sum(st1(i):(r(i,t+1)*(5-i)))>=2.91;); 
@for(yr2(t): 
r(4,t+1)<=0.10;); 
 
! the following reflects agency's limitations on annual asphalt production and paving equipment 
availability; 
@for(yr2(t): 
  @sum(st1(i):r(i,t)*@sum(mt(k)|k #GE# 2:X(i,t,k)))<=0.25;); 
@for(yr2(t): 
  @sum(st1(i):r(i,t)*X(i,t,2))<=0.15;); 
 
! the following is the non-negativity constraint of decision variable; 
@for(frac_x:@bnd(0,X,1)); 
@for(frac_r:@bnd(0,R,1)); 
endsubmodel 
 
! the following automatically calculates the results due to the increasing incremental step of 
weights; 
calc: 
@while(a#LE#1.02: 
@solve(objfuns,performtargets); 
 
obj_lov(b)=@sum(yr2(t):@sum(st1(i):(r(i,t+1)*(5-i)))); 
weight_lov(b)=a; 
b=b+1; 
obj_cost(c)=@sum(yr2(t):@sum(st1(i):@sum(mt(k):r(i,t)*X(i,t,k)*cost(k)*1.6))); 
weight_cost(c)=1-a; 
c=c+1; 
@ifc(a#GT#1.01: 
@break;); 
a=a+0.01; 
); 
endcalc 
end 
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! The following is the Lingo code for the model in Chapter 4; 
 
model: 

! 1st version written by Zheng Wu in spring, 2007 and was updated later on accordingly; 

! This script is for solving three-objective optimization problem; 

! The right sequence to run this model is: first run individual objective optimization one by one, 
then set up the goal programming formulation and run it to get the optimization results; 

 

sets: 

! "st1" refer to the various network condition states including initial condition. st2 and st3 are 
only for programming convenience; 

! "value," "cost," and "life" are attributes associated with each condition state; 

! "yr1" refer to the total planning horizon including initial condition. "yr2" is only for 
programming convenience; 

! "frac(st1,yr1):R,X" generates the matrices to hold the decision variables R (fraction of pavement 
network in state i at the end of year t) and X (fraction of pavement network in state i treated at     
year t with maintenance category specifically assigned to state i ); 

! "Matrix(st1,st1):P,T" generates the matrices to hold the Markovian transition matrices P (under 
do nothing activity) and T (under other maintenance activities ); 

 
 

st1/0,s1,s2,s3,s4/:value, cost,life;    

st2/s1,s2,s3,s4/; 

st3/s1,s2,s3/; 
 

yr1/initial,yr1,yr2,yr3,yr4,yr5,yr6,yr7,yr8,yr9,yr10/;    

yr2/yr1,yr2,yr3,yr4,yr5,yr6,yr7,yr8,yr9,yr10/;      
 

frac(st1,yr1):R,X;         

Matrix(st1,st1):P,T;       

endsets 
 

data: 

! "P" stands for the Markovian transition matrix for do nothing activity; 

! "T" stands for the Markovian transition matrices for maintenance activities other than do 
nothing activity; 

! "cost" and "life" represent respectively the relevant cost and effective life associated with each 
mintenance activity; 

! "value" is the fraction of pavement network in different condition states at the initial year;   
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! "budget" is the lump sum budget over the planning horizon; 

! "@ole()" export the optimization results of decision variables to the pre-established range of 
'current' and 'percentage'in an excel file named Chapter 4.xls;   
 
P=0 0 0 0 0 

  0 0.78 0.22 0 0 

  0 0 0.82 0.18 0 

  0 0 0 0.87 0.13 

  0 0 0 0 1; 
 
T=0 0 0 0 0 

  0 0 0 0 0 

  0 0.85 0.15 0 0 

  0 1 0 0 0 

  0 1 0 0 0; 
 

cost=0 0 2182 20876 50373; 

life=0 0 3 8 12;   

value = 0 0.34 0.3 0.12 0.24;     

budget = 40000000; 

@ole('same file path as this script\chapter 4.xls','current','percentage')=R,X; 

enddata 
 

! The following are individual objective function, and also the combined goal programming 
model; 

! Please follow the sequence introduced at the beginning so that the values in the denominator of 
goal formulation can be obtained; 

!^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^; 

! min =@sum(yr2(t):@sum(st2(i): 4000*x(i+1,t+1)*R(i+1,t)*cost(i+1))); 

! max=@sum(yr2(t):@sum(st3(i):4000*r(i+2,t)*x(i+2,t+1)*life(i+2))); 

! min=@sum(yr2(j):4000*r(5,j+1)); 

  min=.41*(u1+v1)/(26300-21464)+0.26*(u2+v2)/(10910-9013)+0.33*(u3+v3)/(40000000-
33200000); 

!^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^; 

 

! the following are weights derived from the analytic hierarchy process, see relevant matlab codes 
in the appendix for reference. 

!^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^; 
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! 0.33 0.26 0.41 

  0.33 0.33 0.33 

  0.41 0.33 0.26 

  0.4  0.2 0.4 

  0.41 0.26 0.33 

  0.49 0.2 0.31 

  0.5 0.25 0.25 

  0.44 0.17 0.39 

  0.54 0.16 0.30 

  0.55 0.21 0.24; 

!^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^; 
 

! the following represents the projected fraction of pavement network in state i at the end of year 
t; 

@for(yr2(j): 

@for(st2(i): 

  r(i+1,j+1)=(1-x(i+1,j+1))*R(i+1,j)*P(i+1,i+1)+(1-
x(i,j+1))*R(i,j)*P(i,i+1)+@sum(st2(k):x(k+1,j+1)*r(k+1,j)*t(k+1,i+1)))); 

@for(yr1(i): 

  r(1,i)=0); 

@for(st1(i): 

  r(i,1)=value(i)); 

@for(yr1(i): 

  x(1,i)=0; 

  x(2,i)=0); 

@for(st1(i): 

  x(i,1)=0); 
 

! the following is the cost constraint concerning the total budget; 

@sum(yr2(j):@sum(st2(i): 4000*x(i+1,j+1)*R(i+1,j)*cost(i+1)))<= budget;          
 

! the following is the cost constraint that ensures relatively stable year to year cash flows; 

@for(yr2(j): 

  @sum(st2(i): 

  4000*x(i+1,j+1)*R(i+1,j)*cost(i+1))<=(1+0.2)*budget/10; 

@sum(st2(i): 
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  4000*x(i+1,j+1)*R(i+1,j)*cost(i+1))>=(1-0.2)*budget/10; 

 ); 
 

! the following reflects the agency's preservation policies on the annual fraction of pavement 
network being in 'excellent' and 'good' condition state; 

@for(yr2(j): 

@sum(st2(i): r(i+1,j+1))=1; 

  r(2,j+1)+r(3,j+1)>= 0.65; 

); 
 

! the following reflects agency's limitations on annual asphalt production and paving equipment 
availability:; 

@for(yr2(j): 

  @sum(st2(i):x(i+1,j+1)*r(i+1,j))<=.3); 

@for(yr2(j): 

  x(3,j+1)*R(3,j)<=0.15); 
 

! the following is the non-negativity constraint of decision variable; 

@for(frac:@bnd(0,x,1)); 

@for(frac:@bnd(0,r,1)); 
 

! the following are used to set up the goal programming formulation;! 

!^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^; 

  4000*@sum(yr2(t):@sum(st3(i):r(i+2,t)*x(i+2,t+1)*life(i+2)))+u1-v1=26300; 

  4000*@sum(yr2(t):@sum(st2(i): x(i+1,t+1)*R(i+1,t)*cost(i+1)))+u3-v3=33200000; 

  4000*@sum(yr2(j):r(5,j+1))+u2-v2=9013; 

  u1>=0;   v1>=0; 

  u3>=0;   v3>=0; 

  u2>=0;   v2>=0; 

!^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^; 
 

! the following display the values of all objective functions; 

objmin_1 =@sum(yr2(t):@sum(st2(i): 4000*x(i+1,t+1)*R(i+1,t)*cost(i+1))); 

objmax=@sum(yr2(t):@sum(st3(i):4000*r(i+2,t)*x(i+2,t+1)*life(i+2))); 

objmin_2 = @sum(yr2(j):4000*r(5,j+1)); 
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! The following is the Lingo code for the model in Chapter 5; 
 
model: 
 

! 1st version written by Zheng Wu in summer, 2007 and was updated later on accordingly; 

! This script is for solving two-objective nine-district budget allocation problem; 

! The right sequence to run this model is: first run individual objective optimization one by one, 
then set up the goal programming formulation and run it to get the optimization results; 

 

sets: 

st/s1,s2,s3,s4, s5/:age, cost;   ! condition states, totally five;    

mt/1,2,3,4,5/; ! maintenance category 5 kinds; 

dis/1,2,3,4,5,6,7,8,9/;   !nine districts; 

! the following is for programming convenience and used in the weighting constraint only; 

mdis/1,2,3,4,5,6,7,8/: test;    

wdis/1,2,3,4,5,6,7,8,9/: w;   !weighting factor for each district; 

length(dis,st):L;        ! Matrix length L: 9*5; 

var_x(dis,st,mt):X;        ! Matrix X: 9*5*5; 

endsets 

 

data: 

 ! length of pavements in each district, each condition state. row is district and column is 
condition state; 

L=    399.7 1664.1 789.0 330.7 261.8 

      421.0 1537.5 552.0 442.8 165.3 

      878.2 956.6 618.8 183.8 64.9 

      936.3 1678.8 928.2 431.8 60.5 

      572.3 866.5 401.8 99.4 89.3 

      516.8 928.8 570.4 282.8 139.0 

      638.5 880.5 340.1 196.1 31.3 

      988.2 1255.9 638.2 377.5 171.6 

      498.8 826.4 466.3 273.3 104.1;     

cost= 0 4547 51867 133261 362043;   ! average repair cost for each of 5 maintenance category; 

age= 0 3 8 10 20;           !expected life for each of 5 maintenance category; 

! the following is the AHP-determined weights for each district; 

w=0.152 0.176 0.048 0.147 0.052 0.116 0.048 0.137 0.124;    
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budget = 185000000 ; ! total network budget; 

! the following exports the optimization results to the pre-established range of 'decisiion' in 
Chapter5.xls; ;  

@ole('file path\chapter5.xls','decision')=X; 

enddata 

 

! the following is the objective function of maximization of preservation benefit; 

! max=@sum(dis(i):@sum(st(j)|j #GE# 2: @sum(mt(k)|k #GE# j: X(i,j,k)*age(k))));   

 

! the following is the objective function of minimization of M%R cost; 

! min=@sum(dis(i):@sum(st(j)|j #GE# 2:@sum(mt(k)|k #GE# j: X(i,j,k)*cost(k))));    

 

 ! the following is the integrated objective function: minimize deviation from objective goals; 

 min=(u1+v1)/(28025-13288)+(u2+v2)/(185000000-137000000);        

 

! constraint of state level performance target ; 

(@sum(dis(i):@sum(st(j)|j #GE# 4:L(i,j)))-@sum(dis(i):@sum(st(j)|j #GE# 4:@sum(mt(k)|k 
#GE# j: X(i,j,k)))))<=0.12*@sum(dis(i):@sum(st(j):L(i,j)));  

 

! constraint of maximum allowable budget; 

@sum(dis(i):@sum(st(j)|j #GE# 2:@sum(mt(k)|k #GE# j: X(i,j,k)*cost(k))))<=budget;    

 

 ! lower bound for the budget allocation limitation across districts, at least 50% herein; 

@for(dis(i): 

@sum(st(j)|j #GE# 2:@sum(mt(k)|k #GE# j: 
X(i,j,k)*cost(k)))>=(0.5*(L(i,4)+L(i,5))/@sum(dis(p):@sum(st(j)|j #GE# 4:L(p,j))))*budget; 

);                    

 

! constraint of AHP weighs on individual districts  ; 

@for(mdis(i): 

  (1/w(i))*@sum(st(j)|j #GE# 2:@sum(mt(k)|k #GE# j: X(i,j,k)*age(k)))=(1/w(i+1))*@sum(st(j)|j 
#GE# 2:@sum(mt(k)|k #GE# j: X(i+1,j,k)*age(k)));   

); 

 

@sum(st(j)|j #GE# 4:L(1,j))-@sum(st(j)|j #GE# 4:@sum(mt(k)|k #GE# j: 
X(1,j,k)))<=0.12*@sum(st(j):L(1,j));   ! constraint of district 1 performance target ; 
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@sum(st(j)|j #GE# 4:L(4,j))-@sum(st(j)|j #GE# 4:@sum(mt(k)|k #GE# j: 
X(4,j,k)))<=0.12*@sum(st(j):L(4,j));   ! constraint of district 4 performance target ; 

@sum(st(j)|j #GE# 4:L(8,j))-@sum(st(j)|j #GE# 4:@sum(mt(k)|k #GE# j: 
X(8,j,k)))<=0.12*@sum(st(j):L(8,j));   ! constraint of district 8 performance target ; 

@sum(st(j)|j #GE# 4:L(2,j))-@sum(st(j)|j #GE# 4:@sum(mt(k)|k #GE# j: 
X(2,j,k)))<=0.12*@sum(st(j):L(2,j));   ! constraint of district 2 performance target ; 

@sum(st(j)|j #GE# 4:L(6,j))-@sum(st(j)|j #GE# 4:@sum(mt(k)|k #GE# j: 
X(6,j,k)))<=0.12*@sum(st(j):L(6,j));   ! constraint of district 6 performance target ; 

@sum(st(j)|j #GE# 4:L(9,j))-@sum(st(j)|j #GE# 4:@sum(mt(k)|k #GE# j: 
X(9,j,k)))<=0.12*@sum(st(j):L(9,j));   ! constraint of district 9 performance target ; 

 

! constraint of total length for each district; 

@for(dis(i): 

@sum(st(j)|j #GE# 2:@sum(mt(k)|k #GE# j: X(i,j,k)))<= 0.3*@sum(st(j):L(i,j));  ); 

 

! constraint of preventive maintenance for each district; 

@for(dis(i): 

@sum(st(j)|j #GE# 2: X(i,j,2))<= 0.5*0.3*@sum(st(j):L(i,j));   

);     

 

 ! constraint of total length for each district, each condition state; 

@for(dis(i): 

  @for(st(j)|j #GE# 2: 

@sum(mt(k): X(i,j,k))<= L(i,j);      

)); 

 

! the following assures that pavements in condition j can only select, if to be treated, one from the 
maintenance category k that is equal to or higher than j; 

@for(dis(i): 

  @for(st(j)|j #GE# 2: 

X(i,j,j-1)=0;       

)); 

@for(dis(i): 

  @for(st(j)|j #GE# 2: 

@sum(mt(k): X(i,j,k))- @max(mt(k): X(i,j,k))=0;       

)); 
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@for(var_x:@bnd(0,X,1700));         ! constraint of bound value for decision variables; 

 

 ! deviation for maximize objective;  

@sum(dis(i):@sum(st(j)|j #GE# 2: @sum(mt(k)|k #GE# j: X(i,j,k)*age(k))))+u1-v1=28025;    

 

 ! deviation for minimize objective; 

 @sum(dis(i):@sum(st(j)|j #GE# 2:@sum(mt(k)|k #GE# j: X(i,j,k)*cost(k))))+u2-v2=137000000;     

u1>=0; 

v1>=0; 

u2>=0; 

v2>=0; 

 

! calculation of the objective - maximization preservation benefit; 

objmax=@sum(dis(i):@sum(st(j)|j #GE# 2: @sum(mt(k)|k #GE# j: X(i,j,k)*age(k))));     

 

 ! calculation of the objective - minimization of preservation cost; 

objmin=@sum(dis(i):@sum(st(j)|j #GE# 2:@sum(mt(k)|k #GE# j: X(i,j,k)*cost(k))));    
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! The following is the Lingo code for the model in Chapter 6; 
 
model: 

 

! 1st version written by Zheng Wu in fall, 2007 and was updated later on accordingly; 

! This script uses integer programming (0-1) to select projects from four groups derived by the 
group clustering, the scripts for scenarios of five and six groups are same; 

! The data can be stored in Excel file and call from Lingo. Herein for illustration purpose, all the 
data are displayed instead; 
 
sets: 
 
gp1/3A_9 6A_1 6D_1 6D_3 72B_2 72C_1 72D_2 72D_5 72D_6 72E_3 75A_1 75A_9 75B_7  
      75B_9 75C_1 75E_2 75E_3 75G_2 78C_4 96A_6 96A_9 96A_11 102B_2 132A 132B_1  
      132C_1 132C_4 132C_5 135F_3 135H_1 135H_5 138A_14 138A_15  138B_1 138B_2  
      138B_5 138B_7 150C_7 177E_2 177E_3 231A_1 231A_7 231B_9 /:cost1, effect1, X1;    
! sections within group 1; 
 
 
gp2/3A_5 6A_3 6E 6F 6G_2 72B_3 72B_4 72D_1 72E_1 72E_2 72E_4 72E_7 75A_3 75A_7
 75A_8 75A_12 75A_13 75A_14 75B_3 75B_4 75B_5 75B_6 75C_2 75G_1 75G_3
 78A_2 78A_3 78A_4 78B 78C_1 78C_3 90A_2 96A_3 96A_4 96C_4 96C_5
 96C_6 99A_5 99A_6 102A_2 102B_1 132B_2 132B_3 135D_1 135D_2 135D_3 135D_4
 135H_6 135H_7 135H_8 138A_1 138A_5 138A_8 138A_9 138A_10 138A_12 138A_13   
             138C 141A_1 150A_1 150A_2 150A_3 150A_4 150A_5 150A_6 150A_7 150A_8   
             150A_9  150C_2 150C_4 231A_2 231A_3 231A_4 231A_5 231B_5 /:cost2, effect2, X2;   
! sections within group 2; 
 
 
gp3/3A_1 3A_4 3A_7 6A_2 6A_5 6C 6D_2 6G_1 72B_1 72C_2 72C_3 72D_3
 72D_4 72D_7 72E_5 72E_6 72E_8 75A_4 75A_10 75A_11 75B_2 75D 75E_1
 75G_4 78A_1 78C_2 90A_1 96A_1 96A_2 96A_7 96A_8 96A_10 99A_1 99A_2
 99A_3 99A_4 102A_1 102B_3 132C_2 132C_3 135F_1 135F_2 135F_4 135G 135H_2
 135H_3 135H_4 138A_6 138B_3 138B_4 138B_6 141B_1 141B_2 141B_3 141B_4 150B
 150C_1 150C_6 150C_8 177E_1 195A 231A_6 231B_7 237C /:cost3, effect3, X3;         ! 
sections within group 3; 
 
 
gp4/3A_2 3A_3 3A_6 3A_8 3A_10 6A_4 75A_2 75A_5 75A_6 75B_1 75B_8 90A_3
 96A_5 96B_1 96B_2 96B_3 96B_4 96C_1 96C_2 96C_3 102A_3 102A_4 102A_5
 102A_6 135D_5 138A_2 138A_3 138A_4 138A_7 138A_11 141A_2 150A_10
 150A_11 150A_12 150A_13 150A_14 150C_3 150C_5 231A_8 231B_1 231B_2 231B_3
 231B_4 231B_6 231B_8 /:cost4, effect4, X4;    
! sections within group 4; 
  
 
 
weight/1 2 3 4/:wt; ! AHP weights for each group of the four groups; 
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endsets 
 
 
data: 
 
cost1= 17205 50799 207480 248490 195372 106680 193752 138937.5 40176 141750 261632
 65610 412555 28822.5 309750 257400 508002 55275 49980 109228 57528 51192
 785808 37125 344850 42120 289440 332640 249318 59422 251748 113400 27300
 136012.5 55380 237510 74418.75 110995.5 171990 112266 39886 37800 25069;  
                                          ! Cost data for group 1; 
effect1= 13764 36285 172900 220880 151956 85344 172224 106875 35712 110250 224256
 52488 317350 25620 265500 228800 461820 36850 39984 93624 42300 45504
 654840 33000 229900 31200 192960 277200 221616 54020 167832 86400 22750
 100750 46150 180960 70875 100905 131040 106920 36260 28800 22790; ! 
extended service life data for group 1;                             
 
 
cost2= 22572 38940 76312.5 23062.5 10001.25 40260 29280 38697.75 25312.5 93750
 45937.5 56250 375040 405162 196830 66196 244684 267786 333217.5 313830
 15172.5 70312.5 19691.25 41580 266760 240597 129465 7905 82560 18866.25
 195372 341172 45227 258876 59295 261225 174150 60225 30112.5 201240 129675
 108836 73185 103896 113220 52598 36750 133198.4 281052 413118 355680
 148200 70200 118300 246870 34875 169492.5 323712 7650 26910 182700 64260
 446490 370372.5 218683.5 128700 16500 158400 265680 43260 52800 76464 125316
 105138 60372 ;     ! Cost data for group 2; 
effect2= 26334 41536 101750 30750 13335 42944 39040 51597 33750 100000 61250
 60000 375040 360144 218700 101840 222440 357048 317350 348700 20230 93750
 26255 46200 296400 267330 143850 10540 88064 25155 217080 379080 55664
 287640 79060 290250 193500 64240 40150 278640 138320 167440 78064 115440
 120768 61880 39200 117528 312280 367216 395200 158080 67600 118300 274300
 37200 188325 359680 10200 35880 194880 71400 496100 329220 208270 137280
 22000 176000 332100 57680 56320 79296 139240 116820 67080;                            
! extended service life data for group 2; 
 
 
cost3= 117936 31680 18648 158957.5 74100 75829.5 245160 173745 134000 37752.75
 39127.5 14066.25 27225 96525 25312.5 50625 132750 33412.5 232560 166896
 126562.5 309816 28080 52785 459620 177636 36592.5 39433.5 51300 149952 123516
 241110 32175 17887.5 46537.5 30780 83349 140887.5 120600 265680 152280
 250128 21528 42900 328984 263736 123015 20475 298350 96525 130650 195840
 110916 83838.75 197835.75 64260 19691.25 316008 12075 635391 310068 213300
 28638 31806 ;    ! Cost data for group 3; 
effect3= 131040 33792 27972 220095 79040 84255 272400 193050 167500 50337 41736
 18755 36300 102960 27000 48750 147500 44550 258400 185440 140625 344240
 37440 70380 590940 207242 48790 43815 54720 249920 137240 267900 42900
 23850 49640 35910 80262 187850 128640 295200 162432 277920 23920 45760
 435420 293040 131216 27300 331500 102960 139360 217600 123240 111785 205163
 71400 26255 351120 16100 753056 344520 237000 31820 35340; 
!extended service life data for group 3; 
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cost4= 17670 32634 17205 28215 23310 44197.5 398574 65610 348840 94687.5 418440
 60243.75 375408 83187 87633 157781.25 208164 44250 148149 155610 29700 98550
 33000 79879.5 20658.4 58500 70200 77220 244335 158681.25 47940 61560 106920
 231768 40404 57720 262542 80136 29452.5 358668 324216 27040 71370 41610
 34185;! Cost data for group 4; 
effect4= 18848 36260 18352 30096 24864 35358 354288 69984 387600 88375 348700
 71400 312840 92430 97370 140250 277552 35400 164610 172900 39600 105120
 44000 88755 18228 62400 78000 77220 232700 120900 51136 47880 118800
 257520 38480 61568 250040 89040 22440 298890 336224 33800 76128 44384
 36464; !extended service life data for group 4; 
 
wt=0.16 0.19 0.41 0.24; 
 
budget =12000000; 
 
 
@ole('file path\chapter 6.xls','group4n1','group4n2','group4n3','group4n4')= X1, X2, X3,X4; 
 
enddata 
 
 
max=@sum(gp1(i):0.16*X1(i)*effect1(i))+@sum(gp2(i):0.19*X2(i)*effect2(i))+@sum(gp3(i):0.
41*X3(i)*effect3(i))+@sum(gp4(i):0.24*X4(i)*effect4(i)); 
 
 
@sum(gp1(i):cost1(i)*X1(i))+@sum(gp2(i):cost2(i)*X2(i))+@sum(gp3(i):cost3(i)*X3(i))+@su
m(gp4(i):cost4(i)*X4(i))<=budget; 
 
@for(gp1(i): 
@bin(X1(i)); 
);  
 
@for(gp2(i): 
@bin(X2(i)); 
);  
 
@for(gp3(i): 
@bin(X3(i)); 
);  
 
@for(gp4(i): 
@bin(X4(i)); 
);  

! calculation of the total budget relevant to the maximization of extended service life; 
 
totalbudget=@sum(gp1(i):cost1(i)*X1(i))+@sum(gp2(i):cost2(i)*X2(i))+@sum(gp3(i):cost3(i)*
X3(i))+@sum(gp4(i):cost4(i)*X4(i)); 
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% The following Matlab Codes are for the model in Chapter 4; 
 
% 1st version written by Zheng Wu in spring, 2007 and was updated later on accordingly; 
% this script is for testing the optimization result from previous Lingo code in Chapter 4 and the 
results match each other within acceptable tolerance; the Matlab codes for other chapters have 
essentially the same structure with only slight differences. Therefore, they are not listed herein. 
% the relationships among various .m files are described as follows: 
 

Finalobj.m

constbudgetannual1.m

constbudget.m

confun.m

constbudgetannual2.m

constone.m

constgood.m

constresource2.m

constresource1.m

constvariable.m

objpoor.m

objcost.m

objlife.m

dervar.m

 
  
 
%%% finalobj.m   
options=optimset('largescale', 'off'); % turn off 'largescale' optimization as not applicable herein; 
options=optimset('display', 'on'); % turn on display of relevant parameter values; 
 
% initial estimated values for decision variables; 
for i=1:55 
ub(i)=1; 
lb(i)=0; 
x0(i)=0;   
end 
 
[x,fval, exitflag] = fmincon(@objlife,x0,[],[],[],[],lb,ub,@confun);  
% If x0=[0    0   0   0   0   0   0   0.5 0.348366545 0   0   0   0.680889696 0.439900569 0   0   0 ...   
0.853548798 0.709009639 0   0   0   0.965176436 1   0.035550608 0   0   0.990787199 1 ...   
0.067658025 0   0   0.967109831 1   0.039798133 0   0   0.930481022 1   0.040212735 0   0 ...   
0.899468601 1   0.039778056 0   0   0.872909993 1   0.039416512 0   0   0.84964746  1 ...   
0.039124355], results match exactly those from Lingo; 
  
% [x,fval, exitflag] = fmincon(@objpoorratio,x0,[],[],[],[],lb,ub,@confun);   
% If x0=[0 0   0   0   0   0   0   0.5 0.348366545 0   0   0   0.680889696 0.439900569 0   0   0...   
0.853548798 0.709009639 0   0   0   0.965176436 0   0.066809608 0   0   0.990787199 0  ... 
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0.07084825  0   0   0.983080764 0   0.040880434 0   0   0.95511073  0   0.042226358 0   0   0 ...   
0 0.073968611 0   0   0   0   0.079167501 0   0   0   0   0.083560876], results match exactly those 
from Lingo; 
  
% [x,fval, exitflag] = fmincon(@objcost,x0,[],[],[],[],lb,ub,@confun);   
% If x0 = [0  0   0   0   0   0   0   0.5 0.308333333 0   0   0   0.680889696 0.056287578 ... 
0.028189741 0   0   0.786322997 0.000196838 0.038782293 0   0   0.960942228 0.000196838 ... 
0.036367058 0   0   0   0.000196838 0.060982741 0   0   0.600677395 0.066723094 ... 
0.029052858 0   0   0   0.336935116 0.01198257  0   0   0.585493055 0.19145183   ...  
0.009501094 0 0   0.724725115 0   0.036026611 0   0   0.832893275 0.000196838 0.036613106], 
results match those from Lingo; 
  
% x: vector of decision variables that starts at x0; 
% fval: returns the value of the objective function "obj1" at the solution x; 
% exitflat: describes the exit condition of the function "fmincon"; 
% obj1: the function to be minimized; 
% x0, lb, and ub are initial values, lower bound values, and upper bound values respectively for 
the decision variables x; 
% confun: the function that computes the nonlinear inequality constraints and the nonlinear 
equality constraints; 
  
% the following transforms the vector format of decision variables to the matrix format;  
 s=0; 
 for j=1:11 
     for i=1:5 
         s=s+1; 
         X_matrix(i,j)=x(s); 
     end 
 end 
 X_matrix 
  
 Y=dervar(x);  
 u=0; 
 for j=1:11 
     for i=1:5 
         u=u+1; 
         R_matrix(i,j)=Y(u); 
     end 
 end 
 R_matrix 
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%%% objlife.m  
% this function aims to maximize (equals to "-minimization") the maintenance effectiveness in 
terms of total extended service life;  
function y=objlife(x) 
r=dervar(x); 
life=[0 0 3 8 12];  
v=0; 
s(1)=0; 
for j=1:10 
       p=0; 
       f(1)=0; 
            for i=1:4 
                p=p+1; 
                f(p+1)=f(p)+x(j*5+i+1)*r((j-1)*5+i+1)*life(i+1)*4000; 
            end 
        v=v+1; 
        s(v+1)=s(v)+f(p+1); 
end 
y=-s(v+1); 
 
%%% objpoor.m  
% this function aims to minimize the total length of pavement network in "poor" state;  
function y=objpoor(x) 
r=dervar(x); 
       pp=0; 
       ff(1)=0; 
       for j=1:10 
                pp=pp+1; 
                ff(pp+1)=ff(pp)+r(j*5+5)*4000; 
       end 
y=ff(pp+1); 
 
%%% objcost.m  
% this function aims to minimize the total preservation cost;  
 
function y=objcost(x) 
r=dervar(x); 
cost=[0 0 2182 20876 50373]; 
e=0; 
h(1)=0; 
for j=1:10 
       p=0; 
       f(1)=0; 
            for i=1:4 
                p=p+1; 
                f(p+1)=f(p)+x(j*5+i+1)*r((j-1)*5+i+1)*cost(i+1)*4000; 
            end 
        e=e+1; 
        h(e+1)=h(e)+f(p+1); 
end 
y=h(e+1); 
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 %%% dervar.m  
%% this function computes R based on x, P and T; 
%"P" stands for the Markovian transition matrix for do nothing activity; 
%"T" stands for the Markovian transition matrices for maintenance activities other than do 
nothing activity; 
% "value" is the fraction of pavement network in different condition states at the initial year;   
 
function [r]=dervar(x) 
P=[0 0 0 0 0 0 0.78 0 0 0 0 0.22 0.82 0 0 0 0 0.18 0.87 0 0 0 0 0.13 1]; 
T=[0 0 0 0 0   0 0 0.85 1 1   0 0 0.15 0 0   0 0 0 0 0   0 0 0 0 0]; 
value = [0 0.34 0.3 0.12 0.24];   
  
for i=1:11 
    r((i-1)*5+1)=0;    
end 
  
for j=1:5 
  r(j)=value(j); 
end 
  
for k=1:10      
  for m=1:4    
       p=0; 
       f(1)=0; 
            for n=1:4 
                p=p+1; 
                f(p+1)=f(p)+x(k*5+n+1)*r((k-1)*5+n+1)*T(m*5+n+1); 
            end 

r(k*5+m+1)=(1-x(k*5+m+1))*r((k-1)*5+m+1)*P(m*5+m+1)+(1-x(k*5+m))*... 
r((k-1)*5+m)*P(m*5+m)+f(p+1);  

  end 
end 
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%%% confun.m  
function [c, ceq] = confun(x) 
c=[]; 
ceq=[]; 
  
% inequality equation 
budget=constbudget(x); 
budget1=constbudgetannual1(x); 
budget2=constbudgetannual2(x); 
good=constgood(x); 
resource1=constresource1(x); 
resource2=constresource2(x); 
  
%equality equation 
one=constone(x); 
variable=constvariable(x); 
  
% inequality equation% inequality equation% inequality equation 
c(1)=budget; 
 
for i=1:10 
  c(i+1)=budget1(i); 
  c(i+11)=budget2(i); 
  c(i+21)=good(i); 
c(i+31)=resource1(i); 
c(i+41)=resource2(i); 
end 
  
%equality equation%equality equation%equality equation 
for i=1:10 
  ceq(i)=one(i); 
end 
  
for i=1:40 
  ceq(i+10)=variable(i); 
end 
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%%% constbudget.m  
% the following function represents the cost constraint concerning the total budget; 
% constraints transform to this form: c(x)<=0; 
function y=constbudget(x) 
r=dervar(x); 
cost=[0 0 2182 20876 50373]; 
budget = 40000000; 
  
  q=0; 
  s(1)=0; 
for j=1:10 
       p=0; 
       f(1)=0; 
       
            for i=1:4 
                p=p+1; 
                f(p+1)=f(p)+4000*x(j*5+i+1)*r((j-1)*5+i+1)*cost(i+1); 
                 
            end 
        q=q+1; 
          s(q+1)=s(q)+f(p+1); 
end 
y=s(q+1)-budget;   
  
%%% constbudgetannual.m  
% the following function represents the cost constraint that ensures relatively stable year to year 
cash flows (upper bound); 
% constraints transform to this form: c(x)<=0;  
function y=constbudgetannual(x) 
r=dervar(x); 
cost=[0 0 2182 20876 50373]; 
budget = 40000000; 
for j=1:10 
       p=0; 
       f(1)=0; 
            for i=1:4 
                p=p+1; 
                f(p+1)=f(p)+4000*x(j*5+i+1)*r((j-1)*5+i+1)*cost(i+1); 
            end 
        y(j)=f(p+1)-(1+0.2)*budget/10;  
end 
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%%% constbudgetannua2.m  
% the following function represents the cost constraint that ensures relatively stable year to year 
cash flows (lower bound); 
% constraints transform to this form: c(x)<=0;  
function y=constbudgetannua2(x) 
r=dervar(x); 
cost=[0 0 2182 20876 50373]; 
budget = 40000000; 
for j=1:10 
       p=0; 
       f(1)=0; 
            for i=1:4 
                p=p+1; 
                f(p+1)=f(p)+4000*x(j*5+i+1)*r((j-1)*5+i+1)*cost(i+1); 
            end 
        y(j)=-f(p+1)+(1-0.2)*budget/10;  
end 
 
  
%%% constone.m  
% the following function requires the sum of fraction of pavement network in all states at the end 
of any given year t to equal 100%; 
% constraints transform to this form: ceq(x)=0;  
 
function y=constone(x) 
r=dervar(x); 
for j=1:10 
       p=0; 
       f(1)=0; 
            for i=1:4 
                p=p+1; 
                f(p+1)=f(p)+r(j*5+i+1); 
            end 
        y(j)=f(p+1)-1; 
end 
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%%% constgood.m  
% the following function reflects the agency's preservation policies on the annual fraction of 
pavement network being in 'excellent' and 'good' condition state; 
% constraints transform to this form: c(x)<=0;  
 
function y=constgood(x) 
r=dervar(x); 
for j=1:10 
             y(j)=-r(j*5+2)-r(j*5+3)+0.65; 
end 
 
%%% constresource1.m  
% the following function reflects agency's limitations on annual asphalt production and paving 
equipment availability; 
% constraints transform to this form: c(x)<=0;  
 
function y=constresource1(x) 
r=dervar(x); 
for j=1:10 
             y(j)=x(j*5+3)*r((j-1)*5+3)-0.15; 
end 
  
%%% constresource2.m  
% the following function reflects agency's limitations on annual asphalt production and paving 
equipment availability; 
% constraints transform to this form: c(x)<=0;  
 
function y=constresource2(x) 
r=dervar(x); 
  
for j=1:10 
       p=0; 
       f(1)=0; 
            for i=1:4 
                p=p+1; 
                f(p+1)=f(p)+x(j*5+i+1)*r((j-1)*5+i+1); 
            end 
        y(j)=f(p+1)-0.3; 
end 
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%%% constvariable.m  
% the following function represents the projected fraction of pavement network in state m at the 
end of year k; 
% constraints transform to this form: ceq(x)=0;  
 
function y=constvariable(x) 
  
P=[0 0 0 0 0 0 0.78 0 0 0 0 0.22 0.82 0 0 0 0 0.18 0.87 0 0 0 0 0.13 1]; 
T=[0 0 0 0 0   0 0 0.85 1 1   0 0 0.15 0 0   0 0 0 0 0   0 0 0 0 0]; 
value = [0 0.34 0.3 0.12 0.24];   
  
for i=1:11 
    r((i-1)*5+1)=0;     
end 
  
for j=1:5 
  r(j)=value(j); 
end 
  
q=0; 
for k=1:10      
  for m=1:4     
     q=q+1; 
      p=0; 
       f(1)=0; 
            for n=1:4 
                p=p+1; 
                f(p+1)=f(p)+x(k*5+n+1)*r((k-1)*5+n+1)*T(m*5+n+1); 
            end 
r(k*5+m+1)=(1-x(k*5+m+1))*r((k-1)*5+m+1)*P(m*5+m+1)+(1-x(k*5+m))*... 
r((k-1)*5+m)*P(m*5+m)+f(p+1);  
   
y(q)=(1-x(k*5+m+1))*r((k-1)*5+m+1)*P(m*5+m+1)+(1-x(k*5+m))*... 
r((k-1)*5+m)*P(m*5+m)+f(p+1)-r(k*5+m+1); 
   
  end 
end 
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% The following Matlab Codes are the AHP analysis in Chapter 5; 
 
% 1st version written by Zheng Wu in spring, 2007 and was updated later on accordingly; 
% this script is for calculating the weights from the analytic hierarchy process; 

 
function ahp_weight(m) 
 
% input matrix from excel 
m=xlsread('trb08-1-ahpinput.xls');  
 
% lamvalue - eigenvalue,  lamvector - eigen vector 
[lamvector, lamvalue]= eig(m);  
 
% give # of row and # of column 
varsize= size(m); 
 
% the nember of row 
row= varsize(1);  
 
% the number of column  
column= varsize(2);  
 
% calculate the number of elements in matrix lamvalue, or lamvector or m 
number= row*column; 
  
  
%  sum each column in the eigen value matrix (lamvalue), which gives the eigen value  
% since only the duijiaoxian are numbers and all other elements being 0 
for j=1:column 
t=0; 
for i=1:row 
    t=t+lamvalue(i+(j-1)*row);       
end 
 
% create a new vector of eigen value, which directly equals to eig(m) 
lambda_sum(j)=t;                       
  
end 
  
% find the maximum eigen value and its location(which column) 
[a,b]=max(lambda_sum);                
  
ratio=(a-9)/8/1.45                  
% consistency check: ratio = [(a – n) ÷ (n-1)] ÷ RI ; 
% matrix size 3 by 3, RI = 0.52 ; 
  matrix size 4 by 4, RI = 0.89 ; 
  matrix size 5 by 5, RI = 1.11 ; 
  matrix size 6 by 6, RI = 1.25 ; 
  matrix size 7 by 7, RI = 1.35 ; 
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  matrix size 8 by 8, RI = 1.4 ; 
  matrix size 9 by 9, RI = 1.45 ;  
 
if ratio>0.1 
   msgbox('not pass, please redo') 
   break                                % program stops running 
else 
    msgbox('pass, please go ahead') 
end 
  
  
  
vector_origin=lamvector(:,b);       % find the corresponding column in eigen vector matrix 
p=0; 
for j=1:column 
  
    p=p+vector_origin(j); 
   
end 
  
lambda=a 
vector=vector_origin/p              % find the normalized eigen vector  
   

 

 

 

 

 


