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Resource allocation mechanisms have become a major issue for transportation 

agencies in the United States and around the world. For this reason, transportation agencies 

are exploring alternatives to modify traditional allocation mechanism due to budgetary 

challenges generated by the decrease in funding and the increasing cost of preserving and 

operating transportation systems. Transportation asset management (TAM) practices 

enable agencies to change the operation and management of transportation infrastructure 

from the traditional concept of “public-owned” systems to more business-oriented 

processes. One of the main concerns with the TAM framework and its implementation is 

the absence of an organized process for cross-asset resource allocations. Additionally, most 

of the alternative methods for funding allocations focus on maximizing infrastructure 

performance under budget constraints, but ignore the consideration of equity or fairness. 

The objective of this study is to develop an innovative methodological framework for 

cross-asset resource allocations, yielding a data-oriented approach to enhancing 

infrastructure management. The allocation module is comprised of three resource 

allocation mechanisms following a top-down approach: a fair division approach based on 
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asset performance, a performance-based multi-objective optimization, and an asset value-

based multi-objective optimization.  In the first mechanism, the fair division method is 

used to allocate resources in such a way that all parties involved believe they are receiving 

a fair share of the available resource based on established utility functions. Then, Collective 

Utility Functions (CUFs) are employed to perform the resource allocation, which results in 

total utility and total envy values. These values are used to conduct trade-off analyses of 

the different allocations based on the CUFs. Under the second procedure, a multi-objective 

optimization formulation is employed to integrate efficiency and equity, where equity is 

taken into consideration by using utility and envy concepts, while efficiency is incorporated 

by maximizing performance. In the third mechanism, an innovative asset value 

methodology is integrated into the cross-asset resource allocation process, serving as a 

common comparative measure between assets. To demonstrate the applicability of the 

proposed methodological framework, a case study was conducted using two asset groups, 

pavements and bridges, from the roadway network of the Austin District located in Texas.   

Results from the case study show that the proposed methodological framework has great 

potential as a tool to support highway agencies in performing cross-asset resource 

allocations at the network level.  
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 INTRODUCTION 

1.1 BACKGROUND AND MOTIVATION 

Most of the nations around the globe have made significant investments in 

transportation infrastructure. In the U.S. alone, such investment is estimated at more than 

$1.75 trillion (Geiger et al. 2005). However, this transportation infrastructure is facing 

many challenges such as aging, increased levels of demand, and constrained resources, 

forcing transportation agencies to do more with less. As cited in the 2013 Critical Issues in 

Transportation (TRB 2013), all modes of transportation systems must contend with aging 

infrastructure and capacity problems for which revenues are no longer adequate.  The 

outcome of these challenges is decreasing the global competitiveness of the U.S. economy 

(Graves 2013). 

For this reason, allocating resources to finance transportation projects is one of the 

major concerns of the state Departments of Transportation (DOTs) in the U.S. and other 

transportation agencies around the world. The way resources are allocated will 

significantly impact the performance of transportation agencies in terms of achieving their 

goals and objectives. In recent years, the cost of preserving and operating these 

transportation systems have increased dramatically. According to the American Society of 

Civil Engineers (ASCE) in 2011, an investment of roughly $220 billion annually would be 

needed from 2010 to 2040 to manage congestion and to preserve a transportation quality 

level defined as the minimum of tolerable conditions (EDRG 2011). With such enormous 

investments during the life cycles of transportation infrastructure through activities such as 

planning, building, operating, maintaining, and improving, much of the current interest is 

centered on ensuring that value of the investments in these infrastructures is preserved.  
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Transportation agencies are exploring alternatives to modify traditional allocation 

structures that are focused on efficiency in order to comply with budgetary challenges 

generated by the decrease in funding and the increasing cost of preserving and operating 

transportation systems. Asset management (AM) practices enable agencies to change the 

operations of transportation agencies from the traditional efficiency mechanisms to more 

business-oriented structures (AECOM 2010; Cambridge 2002).  AM is a strategic and 

systematic process of operating, maintaining, upgrading and expanding physical assets 

effectively throughout their life cycle while incorporating business and engineering 

principles. An AM plan consists of five main tasks: define goals and policies, identify 

assets, measure the performance of the assets, allocate resources, and conduct performance 

management. The main objective of incorporating AM practices in a transportation agency 

is to optimally allocate available funds towards improving the efficiency of the overall 

system (AECOM 2010; Cambridge 2002).   

As discussed earlier, the resource allocation mechanism is identified as one of the 

AM main tasks. NCHRP Report 736 reported the general mechanism used to allocate 

resources by state DOTs in the U.S. (Wiegmann 2012). The overall allocation procedure is 

driven by DOT policies, performance goals, and priorities, which ultimately define the 

goals of the organization. The budget of DOTs includes tax revenue, user fees, federal 

funding, credits, and funding from other sources. DOTs allocate the available funds to each 

of the existing programs, such as preservation, safety, operations, based on high-level 

strategies, policies, and performance objectives. The methodology, rationale, and 

analytical support for these decision-making processes vary significantly in practice, 

ranging from negotiation and adjustment of historical shares for various programs to data-

driven decision models based on program performance and needs (Fwa 2012; Wiegmann 

2012). Resource allocation approaches documented in existing literature can be categorized 
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into four groups: historical/formulas allocations, performance-based allocations, 

optimization schemes, and cross-asset optimization methods (Fwa 2012). 

One of the main concerns with the AM framework and its implementation by 

transportation organizations is the absence of an organized procedure for cross-asset 

resource allocation. Extensive research has been conducted and resulted in various 

operational tools for pavement, bridge, and maintenance management systems; these tools 

have helped prioritize competing investment opportunities and predict the consequences of 

future asset condition and level of services. However, the current practices in transportation 

AM address resource allocation only within a single asset class, which are insufficient 

when the overall system’s performance is of interest. Decisions on how to allocate resource 

across various asset groups involve some trade-off analysis. However, quantitative trade-

off frameworks and tools that handle multiple asset performance objectives are scarce. This 

was clearly emphasized by the FHWA International AM Scanning Tour Group as follows 

(Geiger 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." 

Moreover,  recent studies have shown that DOTs across the nation have a genuine 

interest in developing methods to deploy cross-asset optimization tools in their resource 

allocation mechanisms (Lownes  2010; CTC 2012; Linquist 2012). Administrators in 

transportation agencies are demanding methods and frameworks that can optimally 
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distribute the available funds across the multiple programs and assets within their 

organization.   

Additionally, Moving Ahead for Progress in the 21st Century (MAP 21), the new 

transportation bill, has issued requirements to DOTs to establish  performance-based AM 

plans for preserving and improving the condition of the National Highway System (NHS), 

encouraging DOTs to include all infrastructure assets within the right-of-way (USDOT 

2013). Performance-based AM provides a framework for linking agencies goals and 

objectives with the planning and programming of transportation projects. However, studies 

have identified a significant gap in the alignment of performance measurement with cross-

asset resource allocation (Linquist 2012; Ford 2014).  Recent studies have attempted to 

quantify the sensitivity of such allocations in the performance, but no methodology has 

been developed for optimizing resources across assets. 

Currently, most of the resource allocation mechanisms are for individual asset 

groups, where projects are selected using individual asset management systems given a 

predefined budget, short of aligning the allocation with the overall goals and objectives of 

transportation agencies. For those transportation agencies that do perform resource 

allocation across asset groups, their procedures are usually based on historical 

appropriations or by legislature formulas. For this reason, transportation agencies are 

failing to implement optimal programs, resulting in reduced benefits in terms of the overall 

network performance affecting the public and stakeholders (AASHTO 2011; Posavljak 

2013; Ford 2014).  

For cross-asset resource allocation mechanisms, defining the performance and 

relative importance of each individual asset under consideration is essential, as they are the 

basis for comparing alternative assets where resources should be allocated. The comparison 

should be able to identify why one asset should receive more funding than another. 
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Typically, the condition of transportation infrastructure assets is measured by performance 

measures. These performance measures have different methodologies, scales, units, and 

nature, making the comparison process a difficult and challenging task (McNeil 2000; 

Dehghani 2013; Posavljak 2013). Because of these challenges, transportation agencies 

have traditionally performed resource allocations for individual asset groups, or “within-

asset” resource allocation, limiting the potential economic benefits from the investments. 

Therefore, there is a need to develop methodologies that enable decision makers to 

compare the impact of resource allocation strategies across individual asset groups using a 

common comparison measure.   

Asset value has been identified as a measure that can serve as the basis for 

comparing the effect of alternative resource allocations when multiple groups of assets are 

involved. The concept of transportation infrastructure valuation gained importance in the 

late 1990s after the Governmental Accounting Standards Board (GASB) issued, through 

GASB Statement 34, new reporting requirements for state and local governments to 

provide the value of the infrastructure assets that they were managing. With the 

requirement of reporting infrastructure value, GASB Statement 34 intended to incorporate 

business practices into transportation agency practices and enhance public accountability 

[Parsons, 2008]. Consequently, this research study will also explore asset valuation 

techniques so that asset value can be used as a comparative measure for cross-asset resource 

allocation.  

Another issue in resource allocation procedures is that transportation agencies have 

traditionally been focusing more on efficiency than on equity. Equity (also called justice 

or fairness) refers to the distribution of benefits and costs and whether that allocation is 

considered fair and appropriate (Litman 2014). For example, historical/formula-based 

allocations may lead to stakeholders and public disagreement if the decisions are not 



 6 

perceived as equitable or fair. Moreover, optimization schemes provide theoretical 

solutions that may not be perceived as fair by the decision makers.  However, a 

combination of efficiency and equity has the potential to yield a more defensible funding 

allocation mechanism. An alternative approach to efficiency-focused funding allocation is 

fair division methods. These methods provide a mathematical background to quantify the 

equity of resource allocation protocols (Chang 2015). The fair division approach is a 

contemporaneous and active area in the field of management science, where algorithms are 

developed to divide up limited resources among competing interests and satisfy a suitable 

equity criterion (Moulin 2003).  

1.2 PROBLEM STATEMENT 

For many years, transportation agencies have allocated resources across asset 

classes or programs following historical formulas or other simplistic approaches. These 

allocation mechanisms provide decision makers with inefficient allocation strategies. 

Therefore, transportation agencies are failing to implement optimal programs, resulting in 

reduced benefits in terms of network performance affecting the public and stakeholders.  

Moreover, transportation agencies have followed a “siloed” approach to allocating 

resources to various asset classes and programs. This “siloed” approach identifies 

candidate projects for individual asset classes such as pavement, bridges, and mobility. 

Typically, decision makers decide how to allocate available funding based on trade-off 

analysis that can range from engineering judgment to multi-attribute decision-making 

methodologies. However, allocating resources to various asset classes involve various 

objective and subjective decision parameters. Thus, there is a need for comprehensive 

methodologies that can aid decision makers to allocate resource across asset classes in 

achieving an improved overall performance for transportation systems.  
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1.3 STUDY SCOPE 

The scope of this research study is to develop a methodological framework for 

cross-asset resource allocations to support transportation infrastructure management. The 

proposed methodological framework focuses on the development of cross-asset allocation 

mechanisms by considering the following three features:  

 

 Integrate equity considerations:  Equity considerations are integrated into the 

allocation procedures through the formulation of utility and envy concepts 

based on the fair division method. This method is used to allocate resources in 

such a way that all parties involved believe they are receiving a fair share of the 

available resource.  

 Balance equity and efficiency:  A multi-objective optimization formulation is 

employed to integrate efficiency and equity, where equity is taken into 

consideration by using utility and envy concepts, while efficiency is 

incorporated by maximizing performance 

 Integrate asset valuation in the resource allocation across assets: Asset valuation 

is integrated into the cross-asset resource allocation as common comparative 

measure between assets.  

To demonstrate the applicability of the proposed methodological framework, a case 

study is conducted using two asset groups, pavements and bridges, from the roadway 

network of the Austin District located in Texas.  To conduct the case study, a dataset 

containing performance data and socio-economic data is employed. Pavement performance 

data will be obtained from TxDOT Pavement Management Information System (PMIS) 

database while bridge performance data will be extracted from TxDOT PonTex database.  
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It is worth noting that this study is focused on developing a comprehensive framework 

rather than conducting a detailed case study. 

 

1.4 RESEARCH OBJECTIVES 

The goal of the proposed dissertation research is to develop an innovative 

methodological framework for cross-asset resource allocation towards a data-oriented 

approach to enhancing transportation infrastructure management. The methodological 

framework will address some of the main concerns currently experienced by transportation 

agencies, resulting in a more defensible resource allocation mechanism. The proposed 

conceptual methodological framework is comprised of two major modules: input data 

preparation module and allocation analysis module.  The data preparation module defines 

the context of transportation agencies and translate the context into pertinent data and 

information as input to the analysis module, while the analysis module performs the 

resource allocation following a top-down approach. The data input module includes three 

components: 1) identify goals and objectives, 2) asset categorization and prioritization, and 

3) asset performance characterization. The analysis module contains two major 

components: 1) a performance-based allocation procedure, and 2) an asset-based allocation 

procedure. The proposed cross-asset resource allocation will be capable of dealing with 

large-scale infrastructure asset networks of different types. To achieve this goal, the 

following objectives are expected to be accomplished: 

 

 Conduct a comprehensive review of available literature, ongoing research, 

analytical tools and state-of-the-practice in cross-asset resource allocation. 

Based on the information reviewed, best practices and analytical tools for 
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establishing a reliable and implementable cross-asset resource allocation 

framework will be identified, serving as the basis for the methodological 

framework.  

 After carefully analyzing challenges, opportunities, and gaps associated with 

resource allocation experienced by transportation agencies, develop a 

conceptual methodological framework cross-asset resource allocation. As part 

of this allocation module, three resource allocation mechanism are proposed: a 

fair division approach based on asset performance, a performance-based based 

on the fair division, a performance-based multi-objective optimization, and an 

asset value-based multi-objective optimization. 

 Develop a performance-based cross-asset resource allocation model that 

incorporates both efficiency and equity criteria. This allocation model will be 

developed using a multi-objective optimization formulation and a fair division 

approach. Equity considerations are incorporated by using utility and envy 

concepts, while efficiency is introduced by maximizing overall asset 

performance. 

 Integrate asset valuation protocols into the cross-asset resource allocation. 

Asset valuation methodologies have been overlooked by transportation 

agencies in their asset management practices. Therefore, this study integrates 

an asset valuation methodology to the cross-asset resource allocation to serve 

as a comparative measure among the various asset groups. 

  Develop an asset value-based cross-asset resource allocation model that 

incorporates efficiency and fairness criteria. The problem formulation follows 

a multi-objective optimization formulation. Fairness considerations are 
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incorporated by using utility and envy concepts, while efficiency is introduced 

by maximizing total asset value.  

 Integrate transportation organization’s performance measures and objectives 

with the cross-resource allocation model, allowing decision makers to quantify 

the impact of resource allocations in their overall system performance in terms 

of fairness and asset value.  

1.5 RESEARCH CONTRIBUTIONS 

This research study benefits decision makers in transportation agencies by 

providing an innovative methodological framework for asset-based cross-asset resource 

allocation. The overall goal of this methodological framework is to maximize benefits of 

investments through improved overall system performance while at the same time taking 

equity into consideration. Expected research contributions from this study include: 

 

 The development of a resource allocation procedure that incorporates equity 

considerations by employing the fair division approach. 

 The application of multi-objective optimization to measure the efficiency and 

equity of resource allocation strategies, which will aid decision makers in 

balancing these two parameters when performing funding allocations. 

 The development of an asset value-based cross asset resource allocation 

framework to support highway agencies in performing resource allocations at the 

network level. 

 The integration of transportation agencies goals and objectives with the cross-

asset resource allocation framework to allow decision makers to analyze the 
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impact of resource allocations between program or asset classes in terms of 

equity, asset performance, and asset value. 

1.6 ORGANIZATION OF DISSERTATION  

This chapter provides the motivation and background for this study. The 

background describes the current resource allocation practices briefly, and some of the 

challenges need to be explored. Moreover, this chapter describes the study scope, research 

objectives and goals, and research contributions. The next chapters are organized as 

follows: 

Chapter 2 presents a comprehensive literature review on topics such as asset 

management, resource allocation mechanisms, resource allocation categories, multi-

objective optimization, cross-asset management concepts, and equity considerations in 

resource allocation mechanisms. 

Chapter 3 describes the conceptual methodological framework along with its 

components, and provides a brief description of each component. Furthermore, concepts 

used throughout the study are defined and explained. The resource allocation module is the 

focus of this study; therefore, a detailed discussion is provided for the three proposed 

allocation methodologies:  a fair division approach based on performance, a performance-

based multi-objective optimization, and an asset value-based multi-objective optimization. 

Chapter 4 discusses the proposed performance-based cross-asset resource 

allocation using the fair division method.  

Chapter 5 presents a resource allocation models that consider equity and efficiency.  

Equity considerations are incorporated by using utility and envy concepts, while efficiency 

is introduced by maximizing asset performance. 
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Chapter 6 summarizes asset valuation methodologies and its potential as a 

comparative measure for cross-asset resource allocation.  

Chapter 7 presents a methodology for asset value-based cross asset resource 

allocation considering equity and efficiency. 

Finally, Chapter 8 provides a summary of results, conclusions of the study, research 

contributions, and future research topics. 
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 LITERATURE REVIEW 

2.1 INTRODUCTION 

This chapter presents the findings of a comprehensive literature review of 

fundamental concepts in resource allocation mechanisms involved in TAM practices. The 

first section presents an overview of the generic asset management framework, which leads 

the discussion to a brief overview of resource allocation approaches used in infrastructure 

management. Moreover, a detailed summary on multi-objective optimization as an 

alternative approach for resource allocation considering multiple and conflicting objectives 

is provided. Then, studies on cross-asset resource allocations and DOTs efforts towards 

cross-asset resource allocation are discussed. Moreover, a section is dedicated to 

introducing resource allocation considering the fair division approach as an alternative to 

currently used approaches. Finally, important considerations from MAP-21 with regards 

infrastructure management are summarized.    

2.2 ASSET MANAGEMENT (AM) 

The American Association of State Highway and Transportation Officials 

(AASHTO) has adopted the following transportation AM definition (Cambridge 2002):  

 

 “Transportation Asset Management is a strategic and systematic process of 

operating, maintaining, upgrading, and expanding physical assets effectively 

throughout their life-cycle. It focuses on business and engineering practices for 

resource allocation and utilization, with the objective of better decision making 

based upon quality information and well-defined objectives”  
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Although TAM is still evolving, it provides a framework for the optimal allocation of 

resources by transportation agencies. When successfully implemented, it can dramatically 

change the fundamentals of investment decisions, leading to beneficial returns on 

investment. In addition, a successful implementation of TAM plan can help the agency to 

reduce the total life-cycle costs of providing transportation services and improve system 

performance as well achieving agency’s strategic goals (OECD 2001; Cambridge 2002; 

AECOM 2010; AASHTO 2011).    

In the U.S., transportation infrastructure performance is challenged by an aging 

infrastructure, conventional designs, and increased demands for accountability, increased 

demand for higher-level of service, and budget short-falls.  Both local and State 

transportation agencies are under pressure to improve reliability and system performance 

while dealing with the ongoing challenges of aging infrastructures and increasing customer 

demands for higher reliability and system operational quality.  Budget and investment 

constraints require transportation agencies to manage their network systems more 

efficiently.  In the early 90’s, the Federal Highway Administration (FHWA) Office of Asset 

Management embarked on the introduction of transportation AM to effectively manage the 

transportation systems in the U.S..  Over the years, FHWA in collaboration with USDOT 

and AASHTO have undertaken a number of studies, both domestic and international, to 

learn from best practices in TAM, and to share the information with the TAM community 

(Cambridge, 2007).  The Transportation Asset Management Guide (Cambridge 2002) and 

the Supplement to the AASHTO Transportation Management Guide: Volume 2 – A Focus 

on Implementation (AECOM 2010) has been developed as a guide for agencies and 

organizations moving towards transportation AM practices. These two reports provides the 
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asset management basic concepts, objectives, frameworks, and guidelines for 

implementation.  

Although the aforementioned Transportation Asset Management Guide is a report 

that has been developed as a guide for the various agencies and organizations, there is 

plenty of additional transportation AM related documentation (Lownes 2010). Various 

textbook (Hudson 1997) and international organization primers (FHWA 1999; OECD 

2001; INGENIUM 2006) have discussed the transportation AM key concepts. Other 

research efforts have been focused on various aspects of transportation AM ranging from 

the conceptual level (Falls 2001; Li 2004; Gharaibeh 2006; Cambridge 2009; Lownes 

2010) to the implementation level (Lownes 2008; Pantelias et al. 2009; Fwa 2012); from a 

state-wide perspective (FHWA 2007a; FHWA 2007b; Cooksey 2011) to a regional or 

municipal level (Halfawy 2008); and from a technical level (Cambridge 2006; Cambridge 

2009; Wu 2012; Ford 2014) to an economic and valuation approach (Cowe Falls 2001; 

Kadlec 2001; Koechling 2004). 

As presented in the Asset Management Primer released on 1999 by the FHWA 

(FHWA 1999), a generic AM framework follows the structure illustrated in Figure 2.1. All 

the elements are constrained by the available budget and resource allocations, which will 

ultimately defined the objective of the AM practices.  
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Adopted from (FHWA 1999) 

Figure 2.1: FHWA’s Overview of Transportation Asset Management  

The AM framework is a policy-driven process, in which transportation agencies’ 

goals and objectives define the resource allocation philosophy. These objectives will define 

standards for system condition, level of service, and safety, and are typically tied to 

economic, community, and environment goals. Transportation agencies can design and 

implement asset management systems for a wide variety of infrastructure portfolios; 

however, it is imperative to clearly define the systems that will follow the AM framework. 

The AM framework is also performance-based, where policy objectives are translated into 

system performance measures that are used for all levels of operations and management 

(Cambridge 2006). The evaluation of alternatives and program optimization is 

characterized by decisions on how to allocate resources within and across different assets, 

programs, and types of investments. These allocation decisions are based on understanding 
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how different allocations will affect the achievement of policy objectives and what are the 

best options to consider. Moreover, the limitations posed by realistic funding constraints 

also must be reflected in the program optimization. Another important feature of the AM 

framework is that the process is data-oriented. The merits of different options with respect 

to an agency’s policy goals are evaluated using credible and current data. Decision support 

tools are applied to help in accessing, analyzing, and tracking these data. As a last element, 

performance results are monitored and reported for both impacts and effectiveness. 

Feedback on actual performance may influence agency goals and objectives, as well as 

future resource allocation and use decisions. 

Moreover, the generic AM framework reveals that AM is, at its core, a process of 

resource allocation and utilization (Wu et al. 2012). Typically, resource allocation occurs 

at various levels within the organizational structure of the transportation agency. Decisions 

are made across asset levels, across categories of work, and across projects within an asset 

class. These decisions were organized and summarized by Wu et al. (2012) in a functional 

framework for highway assets as shown in Figure 2.2. 

Figure 2.1 and Figure 2.2 demonstrate that AM is a data-oriented process. 

Databases should contain information such as asset inventory, physical condition, 

utilization, and maintenance strategies. Then, this data is integrated and analyzed through 

a series of modular applications, which ultimately become decision-support tools (DST) 

for decision makers at the various levels. At the strategic level, these analytical tools allow 

trade-off analysis among competing infrastructure assets and programs to satisfactorily 

balance the overall goals of system performance and the agency’s goals and objectives. At 

the network level, DSTs assess and predict asset performance, identify appropriate 

maintenance strategies, optimize allocation of resources, and generate work plans. It is 
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important to point out, that resource allocation is identified as a fundamental process in the 

AM framework. 

 

 
Adopted from (Wu et al. 2012) 

Figure 2.2: Framework of Resource Allocation for Highway AM Resource 

Allocation 

As briefly discussed in the previous section, AM involves applying general 

principles smartly, effectively, and strategically to the resource allocation. Therefore, 

resource allocations represent a direct application of the AM principles (Cambridge 2002).  

Decision-making procedures, such as resource allocation, are directly affected by agencies’ 

policies and goals. Consequently, resource allocation mechanisms should be 

comprehensive, considering infrastructure system as an integrated whole where trade-offs 
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among investment strategies should be considered.  These trade-off analyzes should be 

performed across all major assets, which will facilitate examining the system as a whole. 

This philosophy tries to maximize the outcome of available resources following agencies’ 

policies and goals.  In addition, resource allocation decisions should be made based on 

expected performance rather than historical splits or formulas that do not correlate with a 

data-oriented indication of system conditions (Cooksey 2011). 

NCHRP Report 746 studied the resource allocation mechanisms in State DOTs 

with regards to maintenance activities. The overall resource allocation logic was 

summarized in the flowchart presented in Figure 2.3.   

 

 
Adopted from (Wiegmann and Yelchuru 2012) 

Figure 2.3: Logic Process Adopted by State DOTs to Allocate Highway Resources  

 

The logic process was described by the NCHRP Report 746 as follows: 
 

 

“The state DOT’s policy, performance goals, and priorities drive the overall 

allocation process. The overall highway budget can include tax revenues, user fee 

collections, federal funding, credits, and funding from other sources. The DOT 



 

 

20 

organizes funds with certain mandates, constraints, rules, or policies on their 

specific use. The DOT prioritizes budgets for each program (including the 

preservation program) and designates funding based on high-level strategies, 

policies, and performance objectives for the highway program. This prioritization 

involves DOT executive leadership and may involve state legislative committees 

or oversight commissions as well as other stakeholder interests outside of the DOT. 

Methodology, rationale, and analytic support for this decision making vary 

significantly in practice, ranging from negotiation and adjustment of historical 

“shares” for various programs to data-driven decision models based on program 

performance and need” 

 

Resource allocation mechanisms within a transportation agency often have to deal 

with mutually conflicting objectives. These conflicting objectives have challenged decision 

makers to identify resource allocation strategies that optimize not only an individual asset 

group but the system as a whole. For this reason, over the years, various resource allocation 

methodologies have been implemented to allocate funds. The methodology, rationale, and 

analytic support for this decision-making vary significantly in practice, ranging from 

negotiation and adjustment of historical shares for various programs to data-driven decision 

models based on program performance and need (Wiegmann 2012). Resource allocation 

approaches described in the literature can be categorized into three groups: 

historical/formula allocations, performance or asset-based allocation, and optimization 

schemes (Fwa 2012).   
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2.2.1 Historical/formula allocations 

Historical funds allocations to individual asset groups are based on percentages 

adopted historically while formula-based allocations are based on predetermine formulas 

consisting of parameters from the various asset groups. Although relatively simple and 

convenient to implement, these approaches do not optimize the overall system performance 

or individual asset performance (OECD 2001).   

2.2.2 Performance and asset value-based allocations 

The objective of performance-based allocations is to achieve a performance target 

for each asset group. First, transportation agencies develop common performance 

indicators for all asset groups. Then, fund allocations are tied with the gap between current 

level of performance and the performance target of each asset component. (Gharaibeh 

1999; Cowe Falls 2006; Gharaibeh 2006).  Asset value-based based approach assumes that 

the maintenance needs for each asset component is proportional to its asset value. 

Therefore, funds are allocated following asset components proportion (Sirirangsi 2003). 

Both approaches do not guarantee individual or overall asset performance. 

2.2.3 Optimization schemes 

The resource allocation problem typically involves allocating funds to multiple-

asset systems to maximize individual and overall asset performance. The conventional 

approaches previously discussed do not provide the conceptual framework to achieve the 

desired outcome. Therefore, to overcome these approaches limitations, researchers have 

proposed various optimization schemes to achieve optimal fund allocations for 

infrastructure management.  
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The conceptual framework of these optimization schemes is characterized by the 

use of mathematical programming, such as linear or nonlinear optimization.  Engineering 

management systems such as Pavement Management Systems (PMS) are examples of 

optimization schemes being implemented by transportation agencies. Optimization 

schemes can be categorized into two groups: single-objective and multi-objective 

optimization analysis.  

2.3 MULTI-OBJECTIVE OPTIMIZATION IN INFRASTRUCTURE MANAGEMENT 

Traditional approaches have used single-objective optimization analysis. Single-

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

value. However, this approach leaves decision makers on some occasions with the dilemma 

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

the solution compares to other feasible solutions. In contrast to the single-objective 

optimization problem, the multi-objective optimization problem involves finding a vector 

of decision variables that satisfies constraints and optimizes various objective functions 

(Fwa 2000; Wu 2012).  

In single-objective optimization problems, the optimal solution is easily determined 

by analyzing the value of the objective function for the feasible solutions. In contrast, 

multi-objective optimization problems generate a family of optimal solutions that are 

known as Pareto-optimal solution set. These solutions can be considered as optimal or non-

dominated because no better solutions can be found (Fwa 2000; Dehghani 2013; Deb 

2014).  
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2.3.1 Multi-objective optimization: Preferences  

In multi-objective optimization, it is necessary for the user to articulate preferences 

in some capacity. These preferences can be categorized into two groups: a priori 

articulation of preferences or a posteriori articulation of preferences (Osyczka 1985; Marler 

2004; Marler 2010; Deb 2014).  With methods that use a posteriori articulation of 

preferences, the decision maker imposes preferences directly on a set of potential solution 

points. Then, theoretically the final solution reflects the decision-maker’s preferences 

accurately. This approach is also referred as “top-down”, that is, first specifying 

preferences in terms of the relative importance of the objectives and goals, then running 

the optimization algorithm. With a priori articulation of preferences, one must quantify 

opinions before actually viewing points in the criterion space. In other words, first the 

algorithm generates the set of Pareto-optimal solutions, then a satisfactory solution will be 

selected. This approach is also referred ad “bottom-up” (Marler 2004; Wu 2012).   

2.3.2 Concept of Pareto optimality 

Figure 2 illustrates the concept of Pareto optimality in a bi-objective optimization 

problem.  Points A and B represent two examples of non-dominated solutions on the 

Pareto-optimal curve, where neither is preferred over the other. Point A has a smaller value 

of f2 than point B, but a larger value of f1. Similarly, point B has a smaller value of f1 than 

point A, but a larger value of f2. Therefore, it is said that neither solution A nor solution B 

is dominated by any other solution on the Pareto front or the Pareto-optimal curve. No 

solution exists which has a better value of f1 and f2. For the case of three or higher multi-

objective problems, the Pareto-optimal solution is represented by a surface. 
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Transportation agencies have several objectives and goals that need to be achieved. 

Therefore, multi-objective optimization schemes represent an important tool to evaluate 

various possible outcomes. Typically, this various outcomes or potential solutions are 

captured by the Pareto-optimal frontier.  Intrinsically related to multi-objective 

optimization, trade-off analysis refers to the balancing of competing objectives that by 

definition involve the sacrifice of one objective for another (Maggiore et al. 2015). 

Therefore, the Pareto-optimal frontier can be used as a basis for trade-off analysis to 

evaluate the impacts of various investment levels and allocation strategies on overall 

system performance, as well as the extent to which one performance measure can be 

exchanged by another.  Technically speaking, when linked to multi-objective optimization, 

trade-off analyses inform decision makers of the consequences (i.e., what is gained and 

what is lost) of moving from one feasible Pareto-optimal solution to the next as shown in 

Figure 2.5. 

 

 

Figure 2.4: Pareto-optimal surface or non-dominated solution set 
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Adopted from (Ford et al. 2014; Maggiore et al. 2015) 

Figure 2.5: Example of Trade-off analysis in TAM  

2.3.3 Multi-objective optimization techniques  

Wu et al. (2012) summarized the multi-objective optimization methodologies 

commonly used in infrastructure management applications. In this study, the authors 

provided key features, advantages, disadvantages, and cite references for each of the 

various methodologies identified. This section will briefly summarized some of the most 

common multi-objective techniques.  

2.3.3.1 Weighted Sum Method 

The most common approach to multi-objective optimization is the weighted sum method 

(Marler 2004). This approach combines 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. 
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2.3.3.2 Goal Programming 

This approach minimizes the weighted sum of deviations of all objective functions from 

their respective goals (Marler 2004; Deb 2014). Goal programming can be categorized into 

two types: non-preemptive and preemptive. For non-preemptive goal programming, all 

objectives are roughly of comparable importance, while 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 (Wu 2012). 

2.3.3.3 Ɛ-Constraint Method 

In the Ɛ-Constraint Method, one arbitrarily selected objective function is optimized while 

the remaining objective functions are treated as constraints with specified bounds (Deb 

2014). This procedure was developed to overcome some of the convexity problems of the 

weighted sum technique (Marler and Arora 2004). 

2.3.3.4 Genetic Algorithms 

Genetic algorithms are heuristic search procedures that mimic the process of natural 

selection that were introduced by Holland (1975). This heuristic approach is typically used 

to generate useful solutions to complex combinational optimization problems.  The 

heuristic search is run parallel to a population of solutions. Then, new generation of 

solutions are generated through reproduction, crossover, and mutation until a pre-specified 

stopping condition is satisfied (Wu et al. 2012; Marler and Arora 2004).   
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2.3.3.5 Other Methods 

Other multi-objective optimization methods such as multi-attribute utility theory (MAUT), 

the Analytical Hierarchy Process (AHP), Comprise Programming can help in obtaining a 

feasible nondominated set of solutions for decision makers.  

2.4 CROSS-ASSET RESOURCE ALLOCATION  

Cross-asset management provides a unified approach for managing different asset 

classes in an integrated process. Instead of considering an individual asset class independently, 

several asset classes are simultaneously managed (Mrawira and Amador 2009; Rose et al. 

2012; Mohammad Dehghani, Flintsch, and Medina 2010). Dehghanisanij et al. (2010) 

proposed a general scheme for cross-asset management as shown in Figure 2.6. Different assets 

are valuated regarding their condition and performance characteristics. Based on the overall 

strategic level policies and asset values, resources are allocated across different asset types 

such as roadways, electrical facilities, water distribution facilities, etc. The resources allocated 

to each asset category are then distributed within each asset class (Mohammad Dehghani, 

Flintsch, and Medina 2010; Wu et al. 2012). However, allocating resources between these 

areas is a complex problem requiring consideration of multiple objectives and constraints 

(Fwa 2012; Wu 2012; Arif 2013). 
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Adopted from (Mohammad Dehghani, Flintsch, and Medina 2010) 

Figure 2.6: Cross-asset management context   

The field of transportation AM has developed various sets of tools and approaches 

to assist in the resource allocation procedures. Management systems, particularly pavement 

and bridge management systems, have been developed to help prioritize competing needs 

and predict future performance (Zhang  2002; Chan 2003; Wiegmann 2012). Typically, 

transportation agencies used these management systems to predict project impacts with 

respect to a particular asset class. For example, the effect of an overlay project on the 

pavement condition or a bridge reinforcement on the bridge condition. These resource 

allocation mechanisms are identified as the typical or “siloed” approach, which is 

illustrated in Figure 2.7. 



 

 

29 

 
Adopted from (Maggiore et al. 2015; T. F. Fwa and Farhan 2012) 

Figure 2.7: Typical or siloed resource allocation  

Despite advances in resource allocation mechanisms, there are significant gaps in 

currently used mechanisms. These traditional or siloed analyses are limited in their ability 

to assess impacts across all asset groups, focusing instead on what can be readily predicted 

using individual management systems (Maggiore et al. 2015). A basic gap lies in aligning 

an organization’s definition of performance measures and targets with its approach for 

optimizing resource allocation across assets, leading transportation agencies to pursue and 

implement non-optimal programs.  

To obtain optimal resource allocation solutions, tools and methodologies are 

required to break down the silos to select the most beneficial project overall and allocating 

resources accordingly. This philosophy will require a fundamental change in the way these 

allocation decisions have historically been made. In practice, project selection often occurs 

within asset silos—that is, projects are chosen within individual management systems 
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given a predetermined budget allocation that is typically set based on historical proportions 

or by legislative edict rather than in accordance with performance goals. Arbitrarily 

allocating resources across siloed management systems in such a way limits the ability of 

agencies to select and implement projects that are most beneficial with respect to 

performance goals (Mrawira and Amador 2009; MS Dehghani et al. 2013; Maggiore et al. 

2015). 

Various transportation agencies and  researchers have developed methodological 

framework to overturn this paradigm by basing cross-asset resource allocation on the 

selection of projects that are expected to achieve the greatest performance outcomes across 

all programs (Bai, Labi, and Sinha 2011; Wu et al. 2012; Maggiore et al. 2015). Bai et al. 

(2011) and Fwa and Farhan (2012) proposed a methodological framework that combines 

projects across management such PMS, BMS, and SMS into a pooled set. Projects in these 

pooled set are compared in terms of their performance impacts to develop an efficient 

resource allocation strategy. For this reason, this approach is known as a performance-

based. Figure 2.8 illustrates concept of performance-based approaches.  

Performance-based resource allocation methodologies can help develop more 

efficient funding strategies. However, recent studies in trade-off analysis have attempted 

to quantify the sensitivity of such allocation decisions, but no methodology has been 

developed to-date that identifies which cross-asset allocation can better optimize system-

wide performance (Bai, Labi, and Sinha 2011; Ford et al. 2014; Maggiore et al. 2015). 
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Adopted from (Maggiore et al. 2015; T. F. Fwa and Farhan 2012) 

Figure 2.8: Performance-based resource allocation methodology 

2.4.1 Comparison of Performance Impacts across Asset Classes 

 

For each asset class there may be several performance measures defined for each 

aspect. Monitoring overall condition of the infrastructure in each aspect seems to be 

complicated and difficult if there are several measures to be monitored and evaluated. 

Combining different measures in each area therefore, provides means by which the 

contribution of infrastructure to each aspect can be evaluated and monitored more efficiently. 

This allows quantifying different aspect of an infrastructure asset or system, enhances the 

comparison of outcomes with other agencies or repartitions within an agency, and provides 
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better overall view of the infrastructure at the network and strategic levels (Otto and 

Ariaratnam 1999; Cambridge Systematics et al. 2006).   

In cross-asset resource allocation mechanisms, providing a procedure to compare 

the assets, their performance, and their relative importance is key. This is recognized by 

the AASHTO Transportation Asset Management Guide as follows (AECOM 2010):  

“In many asset management applications there is a need to combine dissimilar 

performance measures . . . in order to develop a scale that can be used for comparing 

and prioritizing alternative investments.”  

The comparison procedure should be able to identify why one asset should receive more 

funding than another. For example, in roadway systems, measures such as the international 

roughness index (IRI) and pavement condition index for pavements, sufficiency rating for 

bridges have been developed, and are able to well explain the performance and condition 

of corresponding assets. Nevertheless, each of these performance measures has a different 

methodology, scale, and nature, thus making the comparison of assets a difficult and 

challenging task (MS Dehghani et al. 2013). 

The AASHTO Transportation Asset Management Guide identifies two methods to 

compare performance measures or projects impacts that are commonly used (AECOM 

2010): 

 User cost, which converts each performance measure into equivalent quantities of 

money, then combines them;  

 Utility, which establishes a unitless common scale for each performance measure 

and then combines them.  
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These methods are mathematically equivalent if any of the performance measures are 

expressed in monetary terms, such as life cycle cost. However, they come from different 

backgrounds of research and practice, which have emphasized different aspects of the 

problem (AECOM 2010). 

 Transportation agencies have traditionally been using cost models for reliability, 

comfort/convenience, externalities, or risk. This limitation represents a significant barrier 

in a asset management practices (AECOM 2010). On the other hand, utility theory is very 

commonly used in marketing research for a much wider variety of considerations in 

decision making. Utility theory is no stranger to transportation practices, being the basis 

for all transportation demand and mode choice modeling. It is also used, in the form of 

scoring functions, for many program management applications involving priority setting 

(Keeney and Raiffa 1993; Bai, Labi, and Sinha 2011; AECOM 2010). 

In utility theory, the merging of performance measures is typically performed in 

two stages: scaling and weighting. In the first step, each measure is converted into a 

common 0-100 scale (or 0-1 scale). It is important that all scaled performance measures 

share the same scale, making it possible to combine them. The weighting step combines 

scaled measures together into a single measure of utility. This is typically done using linear 

weighting and is normalized so the result is on a 0-100 or 0-1 scale (Bai 2012; AECOM 

2010). 

The NCHRP Report 806 proposed decision science techniques to create a 

transparent, structured, and repeatable method for normalizing and comparing project 

benefits across investment categories. This procedure is based on the five steps described 

in Table 2.1. The optimal cross-asset resource allocation is then equal to the ratio of the 

total selected project costs within each asset class divided by the total budget. 
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Table 2.1: Decision Science Technique for Project Impacts Comparison 

Step Description 

1 Weight 
Determine which project benefits are most important to the decision 

maker using a value matrix to evaluate priorities 

2 Scale 
convert project benefits with respect to various performance metrics 

into dimensionless units that can be readily compared 

3 Score 
express project benefits in terms of their relative importance to the 

decision maker 

4 Prioritize 
divide project benefits by costs to determine feasibility and rank 

eligible projects 

5 Optimize 
select the most cost-beneficial projects with respect to budget and 

performance constraints 

 

Table 2.2 presents a summary of methodologies documented in the literature to 

compare performance measures with their corresponding features. These methodologies 

can be categorized into three groups: user costs, utility, and overall performance indicators.  

None of these methodologies has been proven to be superior to the others. In this sense, 

transportation agency should implement the methodology that best fits their goals and 

objectives
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Table 2.2: Methodologies to Compare Performance Measures  

Methodology Features 
Program or 

Asset Class 
Authors 

Social Cost 
- Normalize performance using social cost function 

- Social cost = agency costs – user costs 

- Pavements 

- Bridge 

(Mannisto and Tapio 

1994) 

Utility 

 

- Multi-attribute utility theory 

- Trade-off analysis among asset groups to consider shift in 

funding from one group to another 

- Authors define efficiency concept for linear assets (pavements) 

and point assets (bridges) 

- Pavements 

- Bridges 

- Culverts 

- Intersections 

- Signs 

(N. Gharaibeh, Chiu, 

and Gurian 2006) 

- Multi-attribute utility theory 

- Procedure to weight, scale and amalgamate performance 

measures 

- Compare benefits 

- Pavement 

- Bridges 

- Safety 

- Congestion 

(Bai 2012; Maggiore 

and Ford 2015) 

Overall 

Performance 

Indicator 

 

- Define scale 0-100 to compare performance measures 

- Maximize overall condition of all assets 

- Minimize agency cost for a given target average asset condition 

- Pavements 

- Bridge 

(Mrawira and Amador 

2009) 

- Overall system indicators  

- Aggregating and combining performance measures of different 

assets considering structural, functional, and environmental 

indicators. 

- Pavements 

- Bridges 

(MS Dehghani et al. 

2013) 

- Conceptual structural integration factor that consider 

pavements and bridges  

- Pavements 

- Bridges 

(Milos Posavljak, 

Tighe, and Godin 2013) 
- Performance measurements of various assets were converted to 

a unified asset condition index (ACI) based on the condition 

state 

- Pavements 

- Bridges 

(S. Wang and Chou 

2015) 
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2.4.2 Studies in Cross-Asset Resource Allocation 

 

During the late 1980s, discussions began on the importance of a comprehensive 

system for managing highway infrastructure components such as pavements, bridges, 

culverts, and traffic control devices in a coordinated manner to improve managerial 

decisions. In 1989, Sinha and Fwa discussed general guidelines for developing a total 

management system (Sinha and Fwa 1989). These concepts were implemented by some 

transportation agencies to obtain inventory information, capture asset performance, and 

integrated them in a total management system such as Harper and Majidzadeh (1993), 

Zhang et al. (1994), and Lee and Deighton (1995). However, most of these systems did not 

have the necessary decision support analytical techniques, such as life-cycle cost analysis, 

utility theory, and optimization techniques. These techniques are needed to perform 

reasonable integration of engineering and economic concepts towards efficient resource 

allocation mechanisms (N. G. Gharaibeh, Darter, and Uzarski 1999). 

In the mid 1990’s, analytical tools for decision support started playing an important 

role in total asset management practices.  The Finnish National Road Administration 

coupled bridge and pavement management systems into one infrastructure management 

system to optimize simultaneously bridge and pavement maintenance and rehabilitation 

activities under a single set of constraints and budget (Mannisto and Tapio 1994). Ravirala 

and Grivas (1995) made valuable efforts to integrate bridge and pavement management 

systems by using goal programming techniques. Gharaibeh et al. (1999) developed a 

prototype for highway asset management considering five asset classes. In this prototype, 

the authors applied multi-objective optimization to allocate funds across the various asset 

classes to maximize the total performance function considering budget constraints.  



 

 

37 

During the mid-2000’s, asset management and cross-asset resource allocation 

practices experienced a growth in interest from transportation agencies across the U.S. In 

2002, the NCHRP published the Transportation Asset Management Guide. This Guide was 

designed to help agencies develop and apply the principles, techniques, and tools that can 

advance the management of their transportation assets. Moreover, the NCHRP Report 545 

developed AssetManager NT. This software integrates the results of existing individual 

management systems to conduct trade-off analysis for cross-asset resource allocation. 

Moreover, this decision support analytical tool allows exploring the impacts on various 

performance measures of various budgets on network performance over the long term, 

enabling trade-offs across asset types, geographic areas, and system subnetworks. 

However, it does not conduct an optimization to recommend an optimal allocation. 

Gharaibeh et al. (2006) developed a methodology for allocating funds across asset 

classes using the multi-attribute utility theory. This approach enables decision makers to 

conduct trade-off analysis among asset groups in order to consider shifts in funding from 

one group to another. In this methodology, the authors recommended the use of the 

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: 
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 “… the ratio of vehicles using an adequate infrastructure (VUA) throughout the 

infrastructure life to VUA computed with an unlimited fund” 

Utility functions for five asset classes were developed: bridges, pavements, culverts, 

intersections, and signs. The authors performed a preference-based analysis to capture risk 

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

 Mrawira and Amador (2009) proposed a cross-asset optimization at the strategic 

level for long-term planning.  The optimization scheme is based on a linear programming 

formulation that can maximize a defined benefit such as overall average condition of all 

assets or minimize agency cost for a given target average asset condition. The authors 

identified multi-objective optimization as a tool to conduct trade-off analysis. In this study, 

the authors transformed the multi-objective problem into a single global objective that can 

solve using linear programming formulation. The optimization and trade-off analysis was 

conducted using a tool called TAMWORTH.  This application formulates the long-term 

planning optimization problem as a standard linear programming (LP) problem and uses a 

commercial LP solver (e.g., MOSEK, CPLEX, etc) to execute the solution of the LP 

problem (Mrawira and Amador 2009). 

 Fwa and Farhan (2012) proposed a two-stage approach to solving a dual-level 

multi-asset problem. Stage I of the approach analyzes the individual multi-objective asset 

systems independently to establish for each a family of optimal Pareto solutions. Then, 

stage II adopts an optimal algorithm to allocate budget to individual assets by performing 

a cross-asset trade-off to achieve the optimal budget solution for the given overall system-

level objectives.  By defining a minimum performance threshold level for each asset type, 

the Stage II optimization analysis aims to achieve an equitable allocation of budget by 

maintaining equivalent amounts of performance improvements for the individual asset 
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systems above their respective minimum threshold levels (T. F. Fwa and Farhan 2012). 

Similarly, Wang and Chou (2015) propose an integrated approach with application of linear 

programming, Analytical Hierarchy Process (AHP), and multi-attribute utility theory. 

Stage I maximizes the weighted average condition of all asset components while Stage II 

applies the multi-attribute utility theory to select the most beneficial project candidates 

according to optimization results.  

 Bai et al. (2011) developed a framework for efficient trade-off analysis as part of 

multi-objective optimization for transportation AM. The multi-objective optimization 

problem is first formulated by establishing the objectives expressed in terms of network-

level performance measures underlying the analysis of trade-offs. Then, the Extreme Points 

Nondominated Sorting Genetic Algorithm II (NSGA II) technique, is applied to generate 

Pareto optimal frontiers that illustrate the trade-offs. In this study, the authors focused their 

effort in developing trade-off analysis structure for agencies to compare: individual 

projects, cost and non-cost performance measures, and two non-cost performance 

measures.  

 Dehghani et al. (2013) suggest a framework to allocate funds across multiple assets 

while taking into consideration structural, functional, and environmental performance 

indicators. To compare the various asset classes, the authors proposed an overall 

performance indicator for one asset by combining and aggregating their performance 

measure. Similarly, Posavljak et al. (2013) developed a conceptual structural integration 

factor to integrate the bridge condition index into a pavement performance index. Using 

these concepts, the authors proposed a strategic total highway AM integration.  

Finally, the NCHRP Report 806 (2015), the first organized cross-asset resource 

allocation guide published in the U.S., developed an analytical data-driven performance-
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based framework and tool prototype for cross-asset resource allocation. The 

methodological framework combines project across management systems into a pooled set, 

similar to the work developed by Bai et al. (2011) and Fwa and Farhan (2012). In this 

study,   the multi-attribute utility theory is used to compare performance measures from 

asset classes or programs being considered. Then, an integer programing is employed to 

select candidate projects which maximizes the overall program score with respect to 

budgetary and performance constraints. Finally, the outcome of this resource allocation 

protocol is used to conduct trade-off analysis to select the most beneficial allocation 

strategy according to the goals and objectives of the transportation agency.  

2.4.3 Cross-Asset Resource Allocation in U.S. DOTs 

The efforts discussed in the previous section have not yet been comprehensively 

implemented by transportation agencies. However, various transportation agencies are 

studying business practices of TMA for implementation purposes. Agencies have a 

particular interest in the current state of the practice for using cross-asset, or multi-objective 

asset, optimization to prioritize projects and identify resource needs across assets, functions 

and goals.  CTC & Associates LLC (2012) conducted an investigation on the current state 

of the practice in AM with special interest in DOTs using cross-asset or multi-objective 

asset optimization tools. Table 2.3 summarizes the major finding: 
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Table 2.3: Cross-asset Optimization Practices in State DOTs  

State Features 

Colorado  Three years into the yearlong development of a cross-asset optimization 

tool. 

  A system-level rather than project-level tool. 

 Asset categories: pavement, bridges, maintenance level of service, fleet 

and equipment, intelligent transportation systems, buildings. 

New Jersey  Resource allocation within each asset category. No cross-asset 

optimization. 

 Plans to implement cross-asset optimization; however, no timeline 

established. 

North Carolina  Complete full cross-asset optimization within and across asset 

categories, and at the project and system levels, by 2013. 

Ohio  Looking forward to implement cross-asset optimization at system level 

across three asset categories. 

Utah  Cross-asset optimization in place at the system level. 

 Cross-asset optimization at project level in process for pavement, bridge 

and safety assets. Expected to be implemented within five years. 

Florida  Actively considering implementing cross-asset optimization. 

Oregon  Actively considering implementing cross-asset optimization. 

Adapted from: (CTC & Associates LLC 2012) 

2.5 RESOURCE ALLOCATION CONSIDERING EQUITY  

Equity (also fairness) refers to the distribution of benefits and whether that 

distribution is considered fair and appropriate (Litman 2014). Transportation funding 

allocation decisions have significant and diverse equity impacts for the following reasons: 

 The quality of transportation service available affects people’s opportunities 

and quality of life; 
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 Transportation allocation decisions affect the location and type of 

development that occurs in an area, and therefore accessibility, land values, 

and economic development; 

 Transportation facilities, activities and services impose various indirect and 

external costs, such as congestion delay and accident risk imposed on other 

road users, infrastructure costs not funded through user fees, pollution, and 

undesirable land use impacts. 

Considering equity in the funding allocation process can be difficult because there 

are different types of equity, numerous impacts to consider, and various ways of measuring 

these impacts (Litman 2014). A particular decision may seem equitable when evaluated 

one way, but inequitable when evaluated another. In general, there are three major 

categories of equities that should be considered in transportation funding allocation as 

illustrated in Table 2.4. 
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Table 2.4: Equity in Transportation Funding Allocation 

Equity Features 

With Regard to 

Rate of Return 

 

This equity is concerned with the allocation of resources among 

competing programs considered equal in terms of rate of return of 

generated revenues. According to this definition, programs should 

receive the same percentage of resource as they contribute. 

Consequently, funding allocation policies should avoid favoring one 

program over others by using rate of return as a measure.  

With Regard to 

Performance 

This equity is concerned with the allocation of resources between 

programs or districts that differ in terms of performance or condition. 

By this definition, funding allocation policies are considered 

equitable if they favor conditionally disadvantaged programs, 

therefore compensating for overall inequities.  Policies favoring 

programs with greater need are called progressive, while those that 

restrict funding allocation to disadvantaged programs or programs are 

called regressive. This definition is used to support more funding 

allocation to programs with greater need. 

With Regard to 

Need 

 

This definition is concerned with the allocation of funding between 

programs or districts that differ in transportation needs, and therefore 

the degree to which the transportation system meets the needs of 

travelers.  This definition is used to support allocation based on 

demand, which means that transportation resources should be 

allocated according to the actual needs of different programs or 

districts.  

Adopted from source (Litman 2014).  

2.6 FAIR DIVISION APPROACH 

The fair division is a new and active area within management science, in which 

algorithms are used to divide up limited resources among competing interests and satisfy a 

suitable equity criterion. Since its initiation by Brams and Taylor, this approach has been 

employed to solve a variety of allocation problems such as divorce settlements, company 

merges, shore divisions, and computer memory allocations (Brams 1996; Moulin 2003; 

Chang  2015).  
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2.6.1 Background 

A fair division problem is defined as follows: assuming there is a set of N players 

(P1, P2, …, PN) and a set of goods S, the objective is to divide S into N shares (S1, S2, …, 

SN) so that each player gets a fair share of S. A fair share is a share that, in the opinion of 

the player receiving it, is worth 
1

N
 of the total value of S. It is assumed that any player is 

capable of deciding whether his/her share is fair; in other words, it is assumed that any 

player is capable of assigning unambiguous values to S and to various parts of S. 

 As such, the fair division scheme is a systematic procedure for solving a fair 

division problem, possessing the following properties:  

 The procedure is considered decisive, meaning that if the rules are followed, a 

fair division of the goods S is guaranteed; 

 The procedure is internal to the players with no outside intervention required to 

carry out the procedure;  

 The fair division method assumes that the players have no useful knowledge of 

each other’s value system;  

 The players are assumed to be rational, meaning that they base their actions on 

logic, not emotion.  

The last assumption is imperative because a fair division scheme does not guarantee 

that each player will get a fair share; it only guarantees that each player can get a fair share 

if he or she plays rationally (Brams 1996; Aumann 2010; Caragiannis 2012).  

2.6.2 Fair Division Scheme Requirements 

The fair division schemes attempt to satisfy four requirements: proportionality, 

envy-free, equitability, and efficiency. Proportionality implies that each of the PN 

http://www.colorado.edu/education/DMP/fair_division.html
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participants receives what he or she considers being at least 1/S of the total value of the 

object or objects divided.  Envy is experienced by a player if he or she would prefer to 

trade his or her portion of the division with other players. Consequently, an allocation is 

considered envy-free if no player strictly prefers the portion assigned to another player. 

Envy cannot be entirely eliminated in many allocation protocols; however, the degree of 

envy can be measured. A similar concept closely related to proportionality is equitable. A 

fair division allocation will be equitable if and only if each participant believes he or she 

has received the same fraction of the total value of the object or objects divided. The most 

fundamental efficiency criterion is the Pareto condition. An allocation is called Pareto 

efficient (or Pareto optimal) if there is no other feasible allocation that would make at least 

one player strictly better off while not making any of the others worse off (Moulin 2003; 

Barbanel 2004; Lipton  2004; Chang 2015).  

Current theoretical models have shown that all four fair division requirements can 

only be guaranteed for two participants (Dupuis-Roy 2009; Caragiannis 2012; Chang 

2015). However, in the allocation of transportation funds, there are usually more than two 

participants requesting funds and competing for indivisible projects. Therefore, it is very 

unlikely to fully achieve proportional, envy-free, equitable, and efficient solutions in 

practice when there are more than two participants requesting funds (Brams 1996). 

2.6.3 Fair Division Methods 

Fair division methods typically found in literature perform allocations focused on 

two of the four fair division requirements: proportionality and envy-free. Following this 

two requirements, fair division methods can be categorized into two groups: proportional 
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an envy-free methods. Chang and Montes (2014) summarize the fair division methods as 

shown in Figure 2.9. 

 

 
Adopted (Chang et al. 2015) 

Figure 2.9: Overview of Fair Division Allocation Methods 

2.7 MOVING AHEAD FOR PROGRESS IN THE 21ST CENTURY 

The transportation reauthorization bill Moving Ahead for Progress in the 21st 

Century (MAP-21) features a new federal emphasis on performance measurement.  This 

focus is consistent with performance management concept, which promotes the 
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transparency of public data and decision-making and seeks to improve the accountability 

of public spending by better linking investments to outcomes.  

This bill focuses more on implementing performance measurement than 

performance-based funding.  Under MAP-21, U.S. DOT will establish performance 

measures, and state DOTs will develop performance targets in consultation with 

metropolitan planning organizations (MPOs) and others.  State investments must make 

progress toward these performance targets, and MPOs must incorporate these performance 

measures and targets into their Transportation Improvement Programs (TIPs) and Long 

Range Transportation Plans.   

Additionally, the new transportation bill incorporates concepts related to 

transportation asset management. The Secretary of U.S. DOT is directed to publish a 

rulemaking establishing the process for States to use in developing a risk-based, 

performance-based asset management plan for preserving and improving the condition of 

the National Highway System (NHS). States are encouraged to include all infrastructure 

assets within the right-of-way corridor (USDOT 2013).  The plan must include at least the 

following: summary list, including condition, of the State's NHS pavements and bridges, 

asset management objectives and measures, performance gap identification, life-cycle cost 

and risk management analysis, financial plan, investment strategies 

Therefore, the cross-asset resource allocation approach provides the foundations 

for DOTs to enhance their infrastructure management and comply with Map-21 

requirements. Through a data-oriented approach, ideal resource allocations and obtainable 

performance targets can be obtained that meet DOTs goals and objectives.  
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 CONCEPTUAL METHODOLOGICAL FRAMEWORK 

3.1 INTRODUCTION 

As indicated in Chapter 1, the objective of this research is to develop an innovative 

methodological framework for cross-asset resource allocation towards a data-oriented 

approach to enhancing infrastructure management. This framework aims to assist decision 

makers developing resource allocation strategies for various asset classes considering 

multiple decision parameters and budgetary constraints. The information discussed and 

summarized in previous chapters was utilized to develop the methodological framework 

described in this chapter.  

3.2 CONCEPTUAL FRAMEWORK 

After carefully analyzing challenges, opportunities, and gaps associated with 

resource allocation mechanisms, a conceptual methodological framework for cross-asset 

resource allocation to support infrastructure management. This proposed conceptual 

framework is generic in nature and can be customized to accommodate the needs of various 

state DOTs and other transportation agencies. This feature provides flexibility to the 

framework by offering options at key steps of the methodology to be adopted for various 

transportation agencies’ objectives and goals. Moreover, the methodological framework is 

consistent with the generic asset management framework presented in Chapter 2 (Figure 

2.1).  The overall framework along with its various components is shown in Figure 3.1.
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Figure 3.1: Conceptual Methodological Framework for Cross-Asset Resource Allocation to Support IM  
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The proposed conceptual methodological framework is comprised of two major 

modules: 1) the input data module and 2) the analysis module.  The first module defines 

transportation agencies context, while the analysis module performs the resource allocation 

following a top-down approach. As working modules, each of them is comprised of various 

components. The data input module includes three components: identification of goals and 

objectives, categorization and prioritization of asset, and performance characterization of 

assets. The analysis module contains two methods for cross-asset resource allocation: a 

performance-based allocation method and an asset-based allocation method.  

The methodological framework starts with identifying and defining the context of 

a transportation agency, including vision, mission, strategic goals, and allocation 

philosophy. This component would serve as the basis to incorporate how the agency 

operates and measures its performance into the allocation process. The next step is to 

categorize and prioritize the assets maintained by the transportation agency to which funds 

need to be allocated. After the agency has clearly defined the assets to which resources 

should be allocated, asset performance measures have to be defined for each of the assets 

under consideration. Performance measures serve as the starting point for developing asset 

performance models which are essential to predicting asset performance. Additionally, 

investment needs from budget planning analysis conducted by the transportation agency is 

a key input parameter in the proposed framework. 

After the agency context is fully characterized, the top-down resource allocation 

analysis is performed.  The cross-asset allocation procedure is divided into two different 

groups: performance-based and asset-based.  For the former, the allocation is based on 

asset performance. Therefore, performance measures for assets are normalized following 

multi-attribute decision-making techniques so that the impact of allocation strategies on 
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the overall system performance can be compared with a common measure. The latter is 

proposed as a procedure to close the existing gap in comparing various assets performance 

measures and investment benefits by using asset value as the basis for comparisons. For 

this purpose, a utility-based approach to asset valuation was adopted for determining asset 

values.  

Most of the methods for funding allocation focus on maximizing infrastructure 

performance, obviating equity or equity consideration. Equity considerations often 

influence allocation decisions; therefore, the impact of equity should be considered in 

funding allocation analyses. For this reason, a fair divisions approach is proposed as the 

methodology to allocate resources fairly. The fair division approach allocates resources in 

such a way that all parties involved believe they are receiving a fair share. The allocation 

is performed following the collective utility functions. Then, a multi-objective optimization 

scheme is developed to evaluate efficiency and equity considerations in resource allocation 

and their impact on the overall system performance.  The solution set obtained from the 

multi-optimization analysis results in Pareto frontier curves. These Pareto frontier curves 

allow decision makers to conduct trade-off analysis between the various objectives being 

considered. Finally, the output of this module is the allocated resources to the various asset 

classes.  Details of each component are provided in the following sections.  

3.3 IDENTIFY GOALS AND OBJECTIVES  

The methodological framework begins with the strategic planning of a 

transportation agency. The strategic planning sets the direction for the agency by defining 

clear objectives and targets for a planning horizon. These plans contain the agency mission, 

goals, philosophy, priorities, and key strategic themes that govern the way in which the 
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agency would be operated and measured. At this stage, the transportation agency needs to 

clearly identify its goals and objectives for allocating its resources, so that the overall 

performance of its transportation systems can be optimized accordingly. Some of the most 

common goals identified by transportation agencies are system performance, congestion, 

safety, intermodal connectivity, reliability, and economic competitiveness (Cambridge 

2006; 2009; 2010). For example, the U.S. Department of Transportation Strategic Plan 

2014-2018 identifies the following five goals: safety, state of good repair, economic 

competitiveness, quality of life in communities, and environmental sustainability (U.S. 

DOT 2014).  

The strategic planning also defines the allocation philosophy, guiding how to 

allocate resources to a particular program or objective. Because of the gaps in economic 

conditions and technical know-hows among countries around the world, a wide range of 

allocation philosophies exist. Among these allocation philosophies, maximizing of 

economic efficiency and maintaining equity have been identified as the most common ones 

in the infrastructure management field.  Maximizing economic efficiency is based on 

performance and targets, while maintaining equity considerations follow historical 

formulas or appropriations developed by agencies over the years. Maximizing economic 

efficiency suggests that resources allocation should yield the most return of investment 

without considering equity or other factors. However, over the last two decades, an entirely 

new field of the mathematics of fair division has arisen, with substantial breakthroughs and 

progress in the development of allocation algorithms to produce envy-free division of 

resources (Brams 1996; Moulin 2003; Gurrola 2011). The term envy-free can be defined 

as a fair division method where all parties involved experience no envy. These concepts 

are explored in this research study. 
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3.4 ASSET CATEGORIZATION 

The International Infrastructure Management Manual (IIMM) defines an asset as a 

physical component of a facility, which has value, enables services to be provided and has 

economic life greater than 12 months (INGENIUM 2006). In addition, infrastructure assets 

is defined as stationary systems forming a network and serving whole communities, where 

the system as a whole is intended to be maintained indefinitely at a particular level or 

service. Transportation agencies can design and implement asset management systems for 

a wide variety of infrastructure portfolios.  Assets can be selected for inclusion in the 

resource allocation formulation by the following categories (INGENIUM 2006; 

Cambridge 2002): 

 Physical Asset Classes: Roadways, structures, operations equipment, and features 

associated with highways, airports, rail, ports, and transit. 

 Ownership: State-owned assets, and other assets that are not owned by the DOT 

but in which a state has an interest (e.g., locally owned bridges that receive state 

funds). 

 Other Asset Classifications: For example, urban versus rural, functional class, 

traffic volume served, type of usage, or other tiers or classifications. 

Additionally, assets can be classified as tangible and intangible. Tangible assets 

contain various subclasses, including current assets and fixed assets. Current assets include 

inventory, while fixed assets include such items as buildings and equipment. Intangible 

assets are nonphysical resources and rights that have a value to an organization, firm, or 

agency because they give an entity some kind of advantage in the market place. Examples 

of intangible assets are goodwill, copyrights, trademarks, patents and computer programs, 
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and financial assets, including such items as accounts receivable, bonds and stocks 

(INGENIUM 2006; Downes 2010). 

3.5 ASSET PERFORMANCE  

In this step, the objective is to evaluate the condition of the infrastructure system to 

arrive at an overall score for each of the assets being analyzed. The condition of each asset 

is calculated based on performance measures.  Performance measures are a way of 

monitoring progress toward a result or goal. It is also a process of gathering information to 

make well-informed decisions. Transportation agencies have used performance measures 

for many years to help track and forecast the impacts of transportation system investments, 

monitor the condition of highway features, and gauge the quality of services delivered by 

an agency (Cambridge 2006).   

Since each asset may have different performance measures characterizing its 

condition, different approaches could be used to develop an overall score for each asset.  

How to measure and compare benefits is one of the challenges in the cross-asset resource 

allocation. It is difficult 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, Tischer, and DeBlasio 2000; Wu et al. 2012; MS Dehghani et al. 

2013; AASHTO 2011). Various methods allow decision makers to compare measures, 

units, attributes, and factors. Some of these methods are the Analytical Hierarchy Process 

(AHP), the scaling-scoring-weight, and the multi-attribute utility (Porras-Alvarado 2015). 
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3.5.1 Asset performance prediction 

Prediction infrastructure asset performance is essential to understand future 

conditions of an asset and, in turn, characterizing the asset value depreciation process of 

the asset. In this study, pavement and bridge prediction models are adopted to predict future 

asset conditions. Performance models can be developed with a variety of techniques, such 

as an expert system, Markov transition probabilities, Bayesian methodology, or 

econometrics methods (Gao 2008; Porras-Alvarado 2014). Linear regression models are 

usually adopted as constraints in linear optimization problems. The generic mathematical 

form of these models is shown as follows: 

 

𝑧𝑖,𝑡 = 𝛼𝑜𝑖
+ ∑ 𝛼𝑘𝑖

𝑘

𝑙=1

𝑦𝑘  

 

3-1 

where,  

𝑧𝑖,𝑡              =       asset condition for the ith asset class at time period t 

𝛼𝑜𝑖
, 𝛼𝑘𝑖

      =      kth regression coefficients for the ith asset class  

𝑘                =      1, 2, ... , n 

𝑦𝑘                =      kth independent variable that affects 𝑧𝑖,𝑡 

 

Moreover, predictions models based on rate of deterioration are commonly used in 

optimization problems. The generic mathematical form of these models is shown as 

follows: 

 

𝑝𝑒𝑟𝑖𝑡 = 𝑝𝑒𝑟𝑖0 ∙ (1 − 𝛿𝑖)
𝑡 3-2 

where,  
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𝑡     =   time horizon set 𝑡 = {1,2, … , 𝑇} 

𝑝𝑒𝑟𝑖0  =   initial overall asset class performance score for the ith asset class 

𝑝𝑒𝑟𝑖𝑡  =   overall asset group performance score at year t  

𝛿𝑖   =   reduction rate of overall asset performance for the ith asset class  

3.5.2 Asset performance-funding relationships 

Performance-funding relationships are important to quantifying the effects of a 

funding level on the overall condition score of each asset. In this study, these relationships 

will be used to measure the effects of funding levels on asset performance indicators or 

asset values. Typical, these relationships follow an exponential form; however, other 

models such as Markov Chains can also be adopted (Gharaibeh 2006). Transportation 

agencies can use historical funding and performance data to calibrate this model. The 

general form of this function is: 

 

Performance=A∙(allocated funds)
B
 3-3 

where,  

            A and B      =  calibration parameters. 

 

Moreover, allocated funds affect the performance or value of the asset classes as 

described in Equation 3-3. Therefore, performance-funding or and asset value-funding 

models are proposed to capture the effect of different funding levels in the overall asset 

performance or asset value for each asset class.  Similar to the asset prediction model 

described by Equation 3-1, linear regression models are adopted to develop performance-

funding and asset value-funding models. The generic mathematical form of this model is 

shown as follows: 
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∆𝑉𝑖 = 𝛽𝑜𝑖
+ ∑ 𝛽𝑘𝑖

𝑘

𝑙=1

𝑦𝑘  

 

3-4 

where,  

∆𝑉𝑖            =       effect of allocated funds in the asset performance or value 

for the ith asset class 

𝛽𝑜𝑖
, 𝛽𝑘𝑖

      =    kth regression coefficients for the ith asset class 

𝑘                =      1, 2, ... , m 

𝑦𝑘                =      kth independent variable that affects ∆𝑉𝑖 

3.6 ASSET VALUATION MODULE  

Asset value can serve as a common measure for comparing investment gains which 

is critical to implementing cross-asset resource allocation procedures. Existing approaches 

to determining infrastructure asset values are mostly based on physical conditions, 

neglecting the effect of factors such as functionality and utilization on the asset’s value. 

For this reason, a utility-based methodological framework for the valuation of 

transportation infrastructure will be adopted. The valuation methodology to be adopted 

uses the asset replacement cost as the base value (Peters 2014; Porras-Alvarado 2015). The 

effects of other factors on asset value is then considered by applying a set of corresponding 

coefficients as multipliers to adjust to the base value. Three key factors being considered 

are: physical condition, functionality, and utilization. Each factor is characterized by 

appropriate indicators and quantified with specific performance measures. Then, the utility 

theory is applied to combine the effect of performance indicators of varying measures and 

scales. The proposed valuation methodology follows a generic structure shown as follows: 
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V= RC∙UPC (1+UFun+UUtil+Ui)+SV  3-5 

where: 

 V          =  highway infrastructure asset value 

    RC    =  highway infrastructure asset replacement cost 

 UPC       =  utility value for physical condition   

 UFun     =  utility value for functionality   

 UUtil     =  utility value for overall asset utilization 

 Ui         =  utility value for other factors 

 SV        =  highway infrastructure salvage value  

 

As shown in Equation 3-5, the asset value is defined by the replacement cost 

multiplied by a modifier comprised of utilities for asset functionality and overall asset 

utilization. These utilities capture the effects of the asset functionality and overall asset 

utilization by increasing or decreasing their values, which have been overlooked in other 

valuation methodologies. Moreover, the replacement cost is multiplied by the utility for 

physical condition to reflect the “as-is” asset condition. Additionally, when the physical 

condition of the infrastructure is deteriorated to such a level that it can no longer support 

any service, the utility value for physical condition will be zero. Consequently, the only 

asset value left is the salvage value. For this reason, the utility for physical condition is 

multiplied by the addition of the other utilities. 
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3.7 CROSS-ASSET RESOURCE ALLOCATION  

The objective of the cross-asset resource allocation module is to allocate resources 

among the various asset classes incorporating efficiency and equity criteria. Two paths are 

followed in formulation: a performance-based allocation and an asset based allocation. 

Moreover, the resource allocation is performed following two approaches: fair division 

approach and a multi-objective optimization approach. Technical concepts for both 

approaches are discussed in the following sections.     

3.7.1 Utility and envy concepts 

This section describes in detail the concept of utility and envy. Both parameters are 

incorporated in the allocation module as a means to quantify the fairness of a resource 

allocation strategy.  

3.7.1.1 Utility 

Allocating resources fairly among multiple programs requires the concept of a 

utility function. In the case of transportation agencies, all asset groups have an equal 

attractiveness to the available funds and thus it is important to quantify the satisfaction of 

all parties involved. In this sense, utility can be defined as a measure or relative satisfaction 

of the agency towards each asset being managed. Let us assume that the utility of a party 

involved (or program in a transportation agency), depends only on the goods that it 

receives, rather than on goods received by the other parties involved (or programs) outside 

the allocation process (Moulin 2003). The utility can be defined as a function of the ratio 

of the needs and the allocated funds as shown in Equation 3-6. The utility of each party 

involved (or program) i can be defined by using Equation 3-6 as shown in Equation 3-7. 
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Utility=
Allocated Funds

Needs
 

3-6 

 

Ui=
Fi

Ni

, ∀  i ∈ I 
3-7 

 

where,  

i    =  the 𝑖th party (or program) competing for resource 

Ui = utility value of the 𝑖th party (or program) 

𝐹𝑖 = funding received by the 𝑖th party (or program) 

Ni = resources needed by the 𝑖th party (or program)  

 

Equations 3-6 and 3-7 ensure that the value of utility is always between 0 and 1, 

since the highest amount of funding received by a party (or program) will never exceed the 

budget requested. For example, a party (or program) that receives no funding will have a 

utility value of 0 representing the lowest satisfaction, whereas a party (or program) 

receiving funding equal to the requested needs has a utility of 1, corresponding to the 

maximum satisfaction. 

 

3.7.1.2 Envy 

If allocated resources are less than the resource needs for all the asset groups, an 

asset group i will be susceptible to experience envy against other assets groups (Brams 

1996). In this study, envy is defined as the difference of utilities between two participants 

(programs) as shown in Equation 3-8.  
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𝜖𝑖𝑘 = {
|𝑈𝑖 − 𝑈𝑘|, 𝑖𝑓(𝑈𝑖 − 𝑈𝑘) < 0

0  ,      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

3-8 

where,  

𝜖𝑖𝑘 =  envy sensed by party (or program) 𝑖th with respect to 𝑘th party (or 

program) 

Ui =  utility value of the 𝑖th party (or program) 

Uk =  utility value of the 𝑘th party (or program) 

 

This equation simply states that envy will be felt by the ith party (or program) with 

respect to the jth party (or program) if the ith party (or program)  received less than the jth 

party (or program) by comparing their respective utility values. The higher the envy, the 

higher the difference between each parties’ ratio of allocated funds to requested funds 

(Chang 2015) . The envy sensed by an asset group is defined as: 

 

𝐸𝑖 = ∑ 𝜖𝑖𝑘

𝑁

𝑘=1

 

 

3-9 

where, 

𝐸𝑖 =   total envy sense by ith party (or program) 

𝜖𝑖𝑘 =  envy sensed by party (or program) ith with respect to kth party (or 

program) 

 

The total envy generated by a resource allocation strategy is defined as the sum of 

all envies experienced by each asset group, which is described as follows: 
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∑ 𝐸 = ∑ 𝐸𝑖

𝑁

𝑖=1

 

3-10 

where,  

𝐸𝑖 =  total envy generated by a resource allocation strategy 

𝐸𝑖 =  total envy sense by ith party (or program) 

3.7.2 Fair division approach 

The objective of the fair division approach is to incorporate equity into the 

allocation procedure. Allocating resources fairly among multiple programs requires the 

concept of utility function as shown in the previous section.  However, utility is a measure 

of the relative satisfaction only, rather than an indication of the equity of a potential 

allocation. While fairness is clearly a major consideration in the division of goods, another 

important consideration is the social welfare resulting from the division. Clearly, a resource 

allocation may be envy-free but very inefficient; indicating that total social welfare is 

sacrificed in order to achieve equity. Therefore, there is a need to conduct a trade-off 

analysis between social welfare and fairness to achieve allocation goal with a desired level 

equity. In principle, all potential indicators are taken into account when judging equity.  

3.7.2.1 Social Welfare and Collective Utility Functions 

One particular method for incorporating equity criteria is to obtain the individual 

utility level of all parties involved, which is referred as the welfarist approach (Moulin 

2003). Technically, this means that rather than looking at allocations and assessing their 

relative fairness, the utility value after the allocation process is the only criterion that needs 

to be considered and compared. A whole range of equity and efficiency criteria can be 
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defined in terms of so-called social welfare orderings and collective utility functions 

(CUFs). Some of the most important CUFs are utilitarian, egalitarian, elitist, and Nash. 

CUFs mathematical formulation and features are shown in Table 3.1.  

Equity in the resource allocation can be measured in terms of envy experienced by 

each program based on the total utility and total envy obtained from each CUF. The 

comparison of these parameters could provide transportation agencies with the ability to 

introduce equity parameters in the decision-making. Additionally, the CUFs would enable 

the agency to conduct trade-offs in terms of the equity of the funding allocation.  

The next step is to determine the predicted performance and asset value for each 

asset group. The predicted performance will be determined using allocated funds for each 

scenario and the performance-funding relationship defined as part of the Asset 

Performance Module discussed earlier. Predicted asset performance together with allocated 

funds would provide decision makers with various scenarios for resource allocation to 

between equity and efficiency. 
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Table 3.1: Collective Utility Functions: Mathematical Formulation and Features 

CUFs Features Formulation 

Utilitarian 

-Objective is to maximize the sum of individual 

utilities; 

-Completely ignores equity considerations; 

-Some parties involved may not receive utility; 

-Easy to implement.  

𝑆𝑊𝑢𝑡𝑖𝑙(𝑢) = 𝐅 = arg max
𝐅

∑ 𝑈𝑖

𝑖∈𝐼

 3-11 

Egalitarian 

-Objective is to maximize the minimum of 

individual utilities; 

-All parties involved are equally satisfied in 

terms of their utility; 

-Reduces efficiency and requires optimization. 

𝑆𝑊𝑒𝑔𝑎𝑙(𝑢) = 𝐅 = arg max
𝐅

(min
𝑖

𝑈𝑖) 3-12 

Elitist 

-Objective is to maximize the maximum 

individual utility; 

-Some parties involved will be fully satisfied 

while others may not receive any funding at all; 

-The advantage of this method is that some of 

the parties involved get very high funding. 

𝑆𝑊𝑒𝑙𝑖𝑡(𝑢) = 𝐅 = arg max
𝐅

(max
𝑖

𝑈𝑖) 3-13 
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Table 3.1: Collective Utility Functions: Mathematical Formulation and Features (Continued) 

K-rank 

- Objective is to maximize the 𝑘th ranked utility; 

-It is “blind” with respect to agents that are 

either extremely well or extremely badly off. 

-Intervention is allowed; 

-k=1, egalitarian; k = n, elitist. 

𝑆𝑊𝑘𝑟𝑎𝑛𝑘(𝑢) = 𝐅 = arg max
𝐅

𝑈(𝑘) 3-14 

Nash 

-Combine efficiency and equity considerations; 

-Like the utilitarian CUF, it favors high total 

utility, but it also encourages inequality-reducing 

transfers of utility at the same time. For 

example, the utilitarian CUF cannot distinguish 

between 〈4,4〉 and 〈2,6〉, while the Nash CUF 

will favour the former. 

𝑆𝑊𝑒𝑙𝑖𝑡(𝑢) = 𝐅 = arg max
𝐅

∏ 𝑈𝑖

𝑖

 3-15 

 

where: 

F= resource allocation results and 𝐅 = {𝐹𝑖}𝑖∈𝐼  

𝐹𝑖 = resource received by the 𝑖th party (or program) 

𝐼 = set of parties involved and 𝐼 = {1, 2, … } 

Ui = utility value of the 𝑖th party (or program) 

𝑈(𝑘) = the utility of the 𝑘th ranked party (or program) after  allocation. 
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3.7.3 Multi-objective optimization approach 

In TAM decision-making context, there is often more than one objective that needs 

to be achieved. These multiple objectives are typically conflicting and may have 

significantly different impacts on the overall performance of infrastructure systems.  

Moreover, according to the multi-objective theory, there is not a single global solution that 

would make the values of all decision maker acceptable. Consequently, the decision maker 

has to select a solution from a Pareto optimal solution set, which will be based on some 

specific judgment and value system (Osyczka 1985; Deb 2014).  

The proposed approach uses a multi-objective optimization and a set of constraints 

that follows a bottom-up flow. A bottom-up flow method first generates the Pareto optimal 

frontier; then a solution is selected following transportation goals and objectives. This 

formulation will consist of three steps: formulation of objective functions and constraints, 

generation of the Pareto optimal frontier, and selection of a satisfactory solution.    

3.7.3.1 Formulation of objective functions and constraints 

A generalized multi-objective optimization model with n decision variables, p 

objectives, m inequality constraints and s equality constraints as follows: 

Find: 

𝑋 = [𝑥1, 𝑥2, … , 𝑥𝑛]𝑇 3-16 

Maximize: 

𝑍(𝑋) = [𝑍1(𝑋), 𝑍2(𝑋), … , 𝑍𝑝(𝑋)]
𝑇
 3-17 

Subject to: 

 

𝑔𝑖(𝑥1, 𝑥2, … , 𝑥𝑛) ≤ 0,        i = 1, 2, … , m 3-18 
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ℎ𝑙(𝑥1, 𝑥2, … , 𝑥𝑛) = 0,        i = 1, 2, … , s 3-19 

 

where, 

𝑥1, 𝑥2, … , 𝑥𝑛               =      decision variables 

𝑋    =      vector of scalar decision variable  

𝑍𝑗(𝑋)    =      jth objective function, 𝑗 = 1,2, … , 𝑝                               

𝑍(𝑋)    =     vector of scalar objective functions 𝑍𝑗(𝑋)    

𝑔1(), 𝑔2(), … , 𝑔𝑚()   =     m inequality constraints  

ℎ1(), ℎ2(), … , ℎ𝑠()     =     s equality constraints  

𝑛, 𝑝, 𝑚, 𝑠                    =     positive integer  

 

 The objective function to be considered in this cross-asset resource allocation 

optimization should reflect the goals of the transportation agencies. For the proposed 

approach, these goals are described in terms of efficiency and equity concepts. Efficiency 

refers to maximizing overall performance or asset value of infrastructure system while 

equity assures a fair allocation to all asset groups.  Equity and efficiency are introduced in 

the multi-objective optimization formulation by considering three objectives as shown in 

Table 3.2:  

Table 3.2: Efficiency and Equity in the Optimization Scheme 

Agency Objectives Efficiency Equity 

Optimization 

Objectives 

Utility X X 

Envy  X 

Performance X  

Asset Value X  
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Constraints to be considered in cross-asset resource allocation should reflect budget 

availability and performance targets, which should be established by transportation 

agencies.  Common constraints include budget limitation, asset condition threshold, 

minimum funding requirements, and project delivery restrictions. 

3.7.3.2 Generation of the Pareto optimal frontier 

As discussed in Chapter 2, there are many multi-objective methods that can be used 

to generate the Pareto optimal frontier. Researchers in the field of operations research have 

shown that no single method is, in general, superior to the other methods. 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 2004). This study will use 

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

3.7.3.3 Selection of a satisfactory solution  

A challenge often faced by the decision maker is how to consistently select a 

particular solution for implementation purposes from the Pareto optimal solution set. In 

this study, the optimal solution will depend on the transportation agency’s goals and 

objectives. 

3.8 SUMMARY 

This chapter described the conceptual methodological framework for cross-asset 

resource allocation in supporting infrastructure management. Moreover, the main 

components of methodological framework are discussed in detail. The next three chapters 
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provide more specific discussion on the applicability of the proposed cross-asset resource 

allocation methodology. 
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 A FAIR DISIVION APPROACH TO PERFORMANCE-

BASED CROSS-ASSET RESOURCE ALLOCATION  

4.1 INTRODUCTION 

Allocating resources to finance transportation projects is one of the major concerns 

of the state Departments of Transportation (DOTs) in the U.S. and other transportation 

agencies around the world. The way resources are allocated will greatly impact the 

performance of transportation agencies in terms of achieving their goals and objectives. 

Increasing levels of transportation demand with limited capacity and constrained resources 

have forced transportation agencies to do more with less. As cited in the 2013 Critical 

Issues in Transportation (TRB 2013), all modes of transportation systems must contend 

with aging infrastructure and capacity problems for which revenues are no longer adequate. 

NCHRP Report 736 reported the general mechanism used to allocate resources by 

state DOTs in the U.S. (Wiegmann and Yelchuru 2012). The overall allocation procedure 

is driven by DOT policies, performance goals, and priorities, which ultimately define the 

goals of the organization. The budget of DOTs includes tax revenue, user fees, federal 

funding, credits, and funding from other sources. DOTs allocate the available funds to each 

of the existing programs, such as preservation, safety, operations, based on high-level 

strategies, policies, and performance objectives. The methodology, rationale, and 

analytical support for these decision-making processes vary significantly in practice, 

ranging from negotiation and adjustment of historical shares for various programs to data-

driven decision models based on program performance and need (Wiegmann and Yelchuru 

2012; T. F. Fwa and Farhan 2012). Resource allocation approaches found in the literature 

can be categorized in four groups: historical/formulas allocation, performance-based 

appropriation, optimization schemes, and cross-asset optimization tools (Cambridge 
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Systematics 2002; FHWA 2010; MS Dehghani et al. 2013). Recent studies have shown 

that DOTs across the nation have a genuine interest in developing methods to deploy cross-

asset optimization tools in their resource allocations (Lownes, Zofka, and Pantelias 2010; 

CTC & Associates LLC 2012; Linquist and Wendt 2012). 

Currently, transportation agencies focus on efficiency rather than equity in their 

resource allocation mechanisms. However, a combination of efficiency and equity has the 

potential to create more defensible allocation strategies. The fair division approach is a 

contemporaneous and active area within the field of management science, in which 

algorithms are developed to divide up limited resources among competing interests and 

satisfy a suitable equity criterion. The fair division method was first introduced by Steve 

Brams and Alan Taylor in their book: Fair Division: From Cake-cutting to Dispute 

Resolution (Brams and Taylor 1996). 

The “fair division” approach has been widely adopted in the computer science field, 

where algorithms are developed for computer programs to deal with allocations of CPU 

time, memory and bandwidth (Gurrola and Taboada 2011). In transportation field, the 

equity concept was first introduced in the late 1990s, when studies were conducted to 

analyze the impact of road pricing on users. Later, Litman (2014) reported potential 

mechanisms to incorporate equity impacts into transportation planning. Additionally, types 

of equity, ways to evaluate equity, and practical ways of incorporating equity into the 

decision-making process were presented (Litman 2014). With regards to infrastructure 

asset management, a Texas Department of Transportation (TxDOT) project investigated 

fair division algorithms as a mechanism for allocating funds and resources among 

competing interests (Chang et al. 2015). Finally, Gurolla proposed the integration of fair 



 

 

72 

division concepts along with a local search optimization method to determine a sequential 

allocation of funds that minimizes envy (Gurrola and Taboada 2011). 

4.2 OBJECTIVE 

The objective of this chapter is to develop a methodological framework for 

performance-based cross-asset resource allocation using the fair division method, aiming 

at providing new alternatives for transportation agencies and creating a more defensible 

resource allocation mechanism. Utility functions are used to allocate resources fairly 

among multiple programs or asset classes. Moreover, social welfare and collective utility 

functions are proposed to conduct trade-off analyses among potential allocations scenarios.  

4.3 METHODOLOGY 

After carefully analyzing challenges, opportunities, and gaps associated with 

resource allocation problems, a framework for performance-based cross-asset resource 

allocation using the fair division method is proposed. The standardized conceptual 

framework guides the resource allocation process and can be customized to accommodate 

the needs of various state DOTs and other transportation agencies. The overall framework 

is shown in Figure 4.1. 

 

 

Figure 4.1: Performance-based Cross-Asset Resource Allocation Framework 

Identify Goals 
and Objectives

System 
Condition: 

Performance 
Metrics

Allocation 
Protocol: Fair 

Division

Trade-off 
Analysis
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4.3.1 Identify Goals and Objectives 

The procedure begins with strategic planning, comprising the goals, the allocation 

philosophy, and objectives that govern the way in which the agency would be operated and 

measured. At this stage, transportation agencies need to clearly identify goals and 

objectives in the context of the resource allocation procedure. Moreover, agencies must 

define which assets would be considered as part of the proposed methodology.  

4.3.2 System Condition 

In this step, the objective is to evaluate the condition of the infrastructure system to 

generate an overall score for each of the assets being analyzed, which starts by defining the 

assets that will be used to achieve the goals set by the transportation agency. Some 

examples of assets that can be established to receive funds are pavements, bridges, culverts 

and signs. 

The condition of each asset is determined based on its performance measures.  Since 

each asset may have different performance measures characterizing its condition, different 

approaches could be used to develop an overall score for each asset.  How to measure and 

compare benefits is one of the challenges in the cross-asset funding allocation. It is difficult 

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. Various methods 

allow decision makers to compare measurement, units, attributes, and factors. Some of 

these methods are the Analytical Hierarchy Process (AHP), the scaling-scoring-weight, and 

the multi-attribute utility (N. Gharaibeh, Chiu, and Gurian 2006). 
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Finally, performance-funding relationships are used to measure the effects of funding 

levels on overall condition scores for each asset, which follow an exponential form (N. 

Gharaibeh, Chiu, and Gurian 2006). Transportation agencies can use historical funding and 

performance data to calibrate this model. The general form of this function is: 

 

Performance=A∙(allocated funds)
B
 4-1 

where,  

            A and B      =  calibration parameters. 

4.3.3 Allocation Protocol 

The allocation protocol has the objective of allocating funds using the fair division 

approach to incorporate equity in the allocation procedures. Allocating resources fairly 

among multiple programs requires the concept of utility function. Additionally, the time 

horizon should be defined by decision makers to plan allocations that appropriately capture 

their goals and objectives. The collective utility functions (CUFs) shown in Table 4.1 

provide the methods to allocate the funds using different functions (Moulin 2003; 

Fleurbaey and Maniquet 2011). 

Moreover, in order to compare the social welfare of the different CUFs, parameters 

such as total utility and total envy are suggested. Their mathematical formulations are 

presented as follows: 

 

Total Utility = U = ∑ 𝑈𝑖

𝑁

𝑖=1

= ∑  
𝐹𝑖

𝑁𝑖

𝑁

𝑖=1

 

 

4-2 
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𝜖𝑖𝑘 = {
|𝑈𝑖 − 𝑈𝑘|, 𝑖𝑓(𝑈𝑖 − 𝑈𝑘) < 0

0  ,      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 4-3 

 

𝐸 = ∑ 𝜖𝑖𝑗 4-4 

where,  

i       = the 𝑖th program or asset in the competition for resource 

Ui   = utility value of the 𝑖th program or asset 

U   = the total utility of the allocation 

Fi   = funding received by the 𝑖th program or asset 

Ni   = resource needed by the 𝑖th program or asset 

ϵij   = envy experienced by 𝑖 from 𝑗 

E    = the total envy of the allocation  

N = total number of programs or assets 

 

The fairness in an allocation can be measured in terms of envy experienced by each 

program based on the total utility and total envy obtained from each CUF. The comparison 

of these parameters could provide transportation agencies with the ability to introduce 

equity parameters in the decision-making process. Additionally, the CUFs would enable 

the agency to conduct trade-off analyses in terms of the equity of the funding allocation.  

The next step is to determine the predicted performance for each asset group. The 

predicted performance will be determined using allocated funds for each scenario and the 

performance-funding relationship defined as part of “System Condition” discussed earlier.  
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Table 4.1: Collective Utility Functions for Allocation Protocol 

CUFs Formulation 

Utilitarian 
𝑆𝑊𝑢𝑡𝑖𝑙(𝑢) = 𝐅 = arg max

𝐅
∑ 𝑈𝑖

𝑖∈𝐼

 4-5 

Egalitarian 𝑆𝑊𝑒𝑔𝑎𝑙(𝑢) = 𝐅 = arg max
𝐅

(min
𝑖

𝑈𝑖) 4-6 

Elitist 𝑆𝑊𝑒𝑙𝑖𝑡(𝑢) = 𝐅 = arg max
𝐅

(max
𝑖

𝑈𝑖) 4-7 

K-rank 𝑆𝑊𝑘𝑟𝑎𝑛𝑘(𝑢) = 𝐅 = arg max
𝐅

𝑈(𝑘) 4-8 

Nash 
𝑆𝑊𝑒𝑙𝑖𝑡(𝑢) = 𝐅 = arg max

𝐅
∏ 𝑈𝑖

𝑖

 4-9 

 

where: 

           F     =   resource allocation results and 𝐅 = {𝐹𝑖}𝑖∈𝐼  

           𝐹𝑖    =   resource received by the 𝑖th program or asset 

           𝐼      =  set of program or asset and 𝐼 = {1, 2, … } 

          Ui     =  utility value of the 𝑖th program or asset 

          𝑈(𝑘)  =  the utility of the 𝑘th ranked program or asset after   

                       allocation. 

 

4.3.4 Trade-off Analysis 

The last step is to evaluate the various funding alternatives obtained from the 

proposed methodology. A funding allocation alternative represents a possible strategy of 

allocating funds on the basis of various considerations. Based on the proposed cross-asset 

resource allocation framework, all potential alternatives should be evaluated in terms of 

equity and efficiency. Equity in the allocation is measured using envy while the efficiency 

is quantified using total utility and predicted performance.  
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4.4 CASE STUDY 

The roadway network in Travis County, Texas was used to demonstrate the 

applicability of the proposed framework. This roadway network is managed by TxDOT. 

For simplicity in the result analysis, only two asset groups were used to conduct the case 

study: pavements and bridges. Additionally, the time horizon was defined as three years. 

The available funds were assumed to be 75 percent of the total estimated needs for both 

asset groups. Table 4.2 shows the summary of the input data used in the case study. 

    

Table 4.2: Case Study Profiles 

Parameter Pavements Bridges 

Condition Measurement Condition Score (CS) Sufficiency Rating (SR) 

Database PMIS PonTex 

Average CS 2012 1 90.14 - 

Average SR 2012 2 - 90.00 

Estimated Needs ($million) 2,3 -  -  

2013 83  28 

2014 139  33 

2015 139 35 

Performance-Funding4 -  -  

2013 A = 46.55 ; B = 0.15 A = 56.63; B= 0.15 

2014 A = 19.81 ; B = 0.31 A = 56.63; B= 0.15 

2015 A = 19.81; B = 0.31 A = 56.63; B= 0.15 
1  Information from TxDOT Pavement Management Information System (PMIS) database 
2 Information from TxDOT PonTex database 
3  Performance Analysis Tools for Highway Pavement (PATH-P) (Online Source 2014) 
4 Values obtained from source (N. Gharaibeh, Chiu, and Gurian 2006) 
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4.5 RESULTS 

Table 4.3 shows the summary of the results analysis of the case study. Funds were 

allocated in accordance with the proposed methodological framework. Moreover, as part 

of the allocation protocol, four CUFs were used: utilitarian, egalitarian, elitist, and Nash. 

To compare efficiency and equity, the total utility, total envy, and performance were 

computed.  

By examining the results shown in Table 4.3, the following observations can be 

obtained: 

 Each CUF generated a different allocation scenario, which is expected since each 

CUF formulation responds to a different objective defined by a specific set of 

rules. On one hand, the utilitarian approach favors bridges over pavements 

because bridges have fewer needs than pavements. On the other hand, the 

egalitarian approach allocated partial funds to all the programs in such a way 

that all program utility values are viewed as a fair share. Moreover, the proposed 

parameters, total utility, total envy, together with the asset performance can be 

used by decision makers to conduct trade-off analyses following the goals and 

objectives of transportation agencies; 

 With regards to total utility, the utilitarian and the Nash approaches showed the 

largest total utility magnitudes; while the egalitarian and the elitist approaches 

showed the lowest magnitudes. Since the total utility can be taken as a measure 

of efficiency, larger magnitudes of total utility suggest more attractive allocation 

strategies compared to smaller magnitudes if efficiency is the only consideration;  

 As expected, the egalitarian approach represented the lowest envy; while the 

elitist CUF showed the highest envy value (i.e., envy for the egalitarian is null 
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compared to the 2.858 resulted in by the elitist approach). Larger total envy 

values are usually related to resource allocations leaning towards efficiency, 

where funds are allocated to programs or asset classes that generate the largest 

benefit to the transportation agency without considering equity. Moreover, 

smaller envy values are related to allocations were equity is more important than 

efficiency based on a transportation agency target or goal. In this case, a fair 

allocation is achieved by sacrificing efficiency.  

 The CUFs played an important role in the proposed methodology because they 

provide the necessary means to conduct trade-off analyses. Instead of allocating 

funds following fixed formulas, the agency has the option of adopting a different 

CUF to allocate funds in a more data-oriented manner. For example, let us 

assume that the overall pavement condition score is in good condition and the 

overall bridge sufficiency rating is in fair condition. Also, let us assume that the 

objective is to reduce the total envy in the allocation procedure. If this is the case, 

a CUF such as the egalitarian or the Nash should be selected to allocate more 

funds to bridges compared to pavements. 

 The proposed methodological framework suggests potential improvements in 

fund allocation mechanisms by incorporating equity through the utility and envy 

parameters. 
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Table 4.3: Summary Results 

 

Utilitarian Egalitarian Elitists Nash 

Pavements Bridges Pavements Bridges Pavements Bridges Pavements Bridges 

Allocated 

Funds 

($million) 

2013 55 28 62 21 83 0 55 28 

2014 96 33 104 25 129 0 96 33 

2015 96 35 104 26 131 0 96 35 

Total 247 96 271 72 343 0 247 96 

Performance 

2013 87.69 89.85 88.35 87.78 91.25 78.41 81.91 90.00 

2014 84.55 89.65 86.01 87.51 89.45 62.73 75.69 90.95 

2015 82.98 88.36 84.98 86.14 87.63 56.45 73.21 91.52 

Utility 

2013 0.666 1.000 0.750 0.750 1.000 0.001 0.666 1.000 

2014 0.691 1.000 0.750 0.750 0.928 0.000 0.691 1.000 

2015 0.687 1.000 0.750 0.750 0.939 0.000 0.687 1.000 

Total  2.043 3.000 2.250 2.250 2.867 0.001 2.043 3.000 

Sum  5.043 4.500 2.868 5.043 

Envy 

2013 0.334 0.000 0.991 0.334 

2014 0.310 0.000 0.928 0.310 

2015 0.312 0.000 0.939 0.312 

Total  0.956 0.000 2.858 0.956 
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Figure 4.2 illustrates the allocation results in terms of asset performance, total 

utility and total envy for two CUF approaches, utilitarian and egalitarian.  As seen in Figure 

4.2, these graphs could allow decision makers to compare the effect of the allocation 

philosophies on the parameters previously mentioned. It is worth noting that the utilitarian 

CUF resulted in a higher total utility compared to the case in which the egalitarian CUF 

was used; however, the utilitarian CUF generated a total envy that is significantly higher 

than the one obtained from the egalitarian CUF. Furthermore, the egalitarian CUF suggests 

an allocation philosophy that balances the performance of both asset classes. This 

balancing effect is not seen when the utilitarian CUF is used; the allocation favors bridge 

over pavements to obtain a higher total utility.  

 

  
(a) Utilitarian (b) Egalitarian 

Figure 4.2: Utilitarian and Egalitarian Allocation Results Comparison 
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4.6 SUMMARY 

Transportation agencies have explored alternatives to modify the traditional 

approaches to funding allocation to meet budgetary restrictions resulting from reductions 

in funding. Most of the alternative methods for funding allocations focus on maximizing 

infrastructure performance, obviating the consideration of equity. Equity considerations 

often influence allocation decisions; therefore, the impact of equity should be considered 

in funding allocation analyses. In this chapter, a methodology based on the fair division 

approach is developed. This methodology allocates resources based on the CUFs. These 

functions defined a set of rules on how to allocate resources based on utility values. 

Moreover, in order to compare the social welfare of the different CUFs, parameters such 

as total utility and total envy are suggested.  The proposed allocation methodology has the 

potential of improving allocation mechanism by incorporating equity.  
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 EFFICIENCY AND EQUITY CONSIDERATIONS IN 

PERFORMANCE-BASED CROSS-ASSET RESOURCE 

ALLOCATION 

5.1 INTRODUCTION 

As discussed in Chapter 4, the fair division method provides a systematic approach 

to allocating resources considering equity. This method allocates resources by employing 

the Collective Utility Functions (CUFs) and the social welfare ordering. The CUF and 

social welfare ordering provide decision makers with a set of rules to allocate resources 

based on utility values for each program or asset class. The allocation results can be 

described by quantifying the total utility and the total envy generated by each CUF. These 

two parameters allow decision makers to evaluate potential allocation strategies based on 

equity considerations.  

Despite the benefits of using the fair division approach to incorporate equity, this 

methodology fails to quantify the efficiency of the resource allocation. Fair allocations are 

necessarily inefficient since resources are allocated to all program regardless the need 

experienced by each program or asset class. Consequently, there is a need to develop 

methodologies that can consider equity as well as efficiency.  

This chapter deals with the issue on how to balance equity and efficiency in 

resource allocation in transportation asset management. For this reason, a resource 

allocation model is developed based on a multi-objective optimization formulation that 

integrates efficiency and equity. Equity considerations are incorporated by using utility and 

envy concepts similar to the procedure developed in Chapter 4. Efficiency is introduced by 

maximizing performance.  
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5.2 METHODOLOGY 

After carefully analyzing challenges, opportunities, and gaps associated with equity 

and efficiency in resource allocation problems, a conceptual methodological framework 

for performance-based cross-asset resource allocation that integrates efficiency and equity 

is proposed. This proposed conceptual framework is generic in nature and can be 

customized to accommodate the needs of various state DOTs and other transportation 

agencies. This feature provides flexibility to the framework by offering options at key steps 

of the methodology to be adapted for various transportation agencies’ objectives and goals. 

The overall framework along with its various components is shown in Figure 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Performance-based Cross-Asset Resource Allocation Framework 
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5.2.1 Asset Performance Module 

Prediction infrastructure asset performance is essential to understand future 

conditions of an asset and, in turn, characterizing the asset value depreciation process of 

the asset. Equation 5-1 shows the mathematical model adopted in this chapter. 

 

𝑝𝑒𝑟𝑖𝑡 = 𝑝𝑒𝑟𝑖0 ∙ (1 − 𝛿𝑖)
𝑡 5-1 

where,  

𝑡     =   time horizon set 𝑡 = {1,2, … , 𝑇} 

𝑝𝑒𝑟𝑖0  =   initial overall asset class performance score for the ith asset class 

𝑝𝑒𝑟𝑖𝑡  =   overall asset group performance score at year t  

𝛿𝑖   =   reduction rate of overall asset performance for the ith asset class  

 

Additionally, the overall asset class performance after funds are allocated can be 

predicted as shown in Equation 2: 

 

𝑝𝑒𝑟𝑖𝑡 = 𝑝𝑒𝑟𝑖0 ∙ (1 − 𝛿𝑖)
𝑡 + ∑ 𝛼𝑖𝑡𝐹𝑖𝑡

𝛽𝑖𝑡

𝑇

𝑡=1

 5-2 

 

where,  

𝐹𝑖𝑡       =   funds allocated to the ith asset class in year t 

            𝛼𝑖, 𝛽𝑖   =   performance-funding calibration parameters for the ith asset class 

𝑡     =   time horizon set 𝑡 = {1,2, … , 𝑇} 
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5.2.2 Investment Needs Module 

In this framework, the needs are considered as an input parameter provided by 

transportation agencies budget planning or investment needs. To estimate or determine 

statewide transportation investment needs, in general, there are two approaches, “top-

down” and “bottom-up”. While the “top-down” approach utilizes econometric analysis 

techniques to quantitatively estimate transportation needs, the “bottom-up” approach that 

identifies individual projects and estimates cost of implementing those projects to meet a 

target or goal. The total cost to achieve the agency target or goal is then set as the total 

investment needs. This study focuses on the funding allocation rather than the estimation 

of investments needs. However, it is worth noting that investment needs are a key input 

parameter. 

5.2.3 Formulation of objective functions and constraints 

The objective function to be considered in this cross-asset resource allocation 

optimization should reflect the goals of the transportation agencies. For the proposed 

approach, these goals are described in terms of efficiency and equity. Efficiency refers to 

maximizing overall asset performance of infrastructure systems, while equity assures a fair 

allocation of funds to all asset classes.  Equity and efficiency are introduced in the multi-

objective optimization formulation by considering three objectives: utility, envy, and 

performance. On the basis of the previous discussions, a multi-objective optimization 

model is formulated as follows:  

 

 

for objectives,  
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Maximize Z1 = Total Utility = ∑ ∑
𝐹𝑖𝑡

𝑁𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=0

 5-2 

 

Minimize Z2= Total Envy = ∑ ∑ 𝑒𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=0

 5-3 

 

Maximize Z3= Total Overall Performance = ∑ ∑ 𝑝𝑒𝑟𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=0

 5-4 

 

subject to,  

 

𝑝𝑒𝑟𝑖𝑡 = 𝑝𝑒𝑟𝑖0 ∙ (1 − 𝛿𝑖)
𝑡 + 𝛼𝑖𝐹𝑖𝑡

𝛽𝑖 5-5 

 

𝐹𝑖𝑡 ≥ 0 5-6 

 

𝐹𝑖𝑡 ≤ 𝑁𝑖𝑡 5-7 

 

𝑈𝑖𝑡 =
𝐹𝑖𝑡

𝑁𝑖𝑡
  5-8 

 

 

∑ ∑ 𝐹𝑖𝑡

𝑁

𝑖=1

≤ 𝐵𝑡

𝑇

𝑡=0

 5-9 

 

𝑒𝑖𝑘𝑡 = 𝑈𝑖𝑡 − 𝑈𝑘𝑡 ≥ 0 5-10 

 

𝑒𝑖𝑡 = ∑ 𝑒𝑖𝑘𝑡

𝐿

𝑖=1

 5-11 

 

where,  
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 𝑍1      =   total utility in the time horizon 

 𝑍2       =   total envy in the time horizon 

𝑍3         =   total overall performance score at the end of the time horizon 

𝑁, 𝐿      =   number of asset classes 

𝑇          =   number of analysis years 

𝐹𝑖𝑡  =   decision variable representing funds allocated to the ith asset  

  group in year t 

𝑁𝑖𝑡    =   resources needed by the 𝑖th program or asset class in year t 

𝑈𝑖𝑡    =   utility value of the 𝑖th program or asset class in year t 

𝑒𝑖𝑘𝑡   =   envy sensed by 𝑖th asset group with respect to the other kth asset  

 groups 

𝑒𝑖𝑡     =   total envy sensed by 𝑖th asset group  at time t 

𝑝𝑒𝑟𝑖0  =   initial overall asset class performance score for the ith asset class 

𝑝𝑒𝑟𝑖𝑡   =   overall asset group performance score at year t +1 

𝛿𝑖       =   reduction rate of overall asset performance for the ith asset class 

𝛼𝑖, 𝛽𝑖  =   calibration parameters of the overall asset performance effects  

 for the ith asset group due to  𝐹𝑖𝑡  

𝐵𝑡      =   available budget at year t 

 

5.2.3.1 Generation of Pareto Frontiers 

Various multi-objective optimization methods have been used to generate the 

Pareto optimal frontier. The Pareto optimal frontier is defined as the curve created by all 



 

 

89 

the efficient solutions that solve the optimization problem. In this curve, no solution exists 

that is more efficient than other set of solutions (Marler and Arora 2010).  

The weighting sum 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 same scale of 

magnitude (Wu et al. 2012). 

As mentioned previously, the formulation presented in Equation 5-2 through 5-11 

is a multi-objective problem comprised by objective functions and constraints. To solve 

for the non-dominated solutions for this problem, the original multi-objective formulation 

is transformed into a single-objective linear programming problem by converting the vector 

of objective functions 𝑍1, 𝑍2, and 𝑍3 into a scalar by using the weighting sum method 

formulation (F. Wang, Zhang, and Machemehl 2003; Wu 2008; Marler and Arora 2010). 

The minimization of the second objective (i.e. envy) is changed to maximization by adding 

a negative sign to the original objective. Equation 5-12 shows the transformation, 

 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 = 𝜔1 ∑ ∑
𝐹𝑖𝑡

𝑁𝑖𝑡

𝑁

𝑖=1

− 𝜔2 ∑ ∑ 𝑒𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

𝑇

𝑡=1

+ 𝜔3 ∑ ∑ 𝑝𝑒𝑟𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 5-12 

 

where, 

 𝜔1, 𝜔2, 𝜔3  =   weighting factors  
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5.2.3.2 Selection of a Satisfactory Solution 

A challenge often faced by the decision maker is how to consistently select a 

particular solution for implementation purposes from the Pareto optimal solution set. In 

this study, the optimal solution will depend of the transportation agency’s goals and 

objectives. 

5.3 CASE STUDY 

The roadway network of Travis County located in Texas was used to demonstrate 

the applicability of the methodological framework for performance-based cross-asset 

resource. This roadway network is managed by TxDOT. Two asset groups were used to 

conduct the case study: pavements and bridges. Additionally, the time horizon was defined 

as three years. For simplicity in results analysis, the available funds were assumed to be 75 

percent of the total estimated needs for both asset groups. Table 5.1 illustrates the case 

study profile. 
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Table 5.1: Case Study Profiles 

Parameter Pavements Bridges 

Condition Measurement Condition Score (CS) Sufficiency Rating (SR) 

Database PMIS PonTex 

Average CS 2012 1 90.14 - 

Average SR 2012 2 - 90.00 

Estimated Needs ($million) 2,3 -  -  

2012 83  28 

2013 139  33 

2014 139 35 

Performance-Funding4,5 -  -  

2012 A = 0.065 ; B = 0.15 A = 0.080; B= 0.12 

2013 A = 0.055 ; B = 0.15 A = 0.080; B= 0.12 

2014 A = 0.076; B = 0.15 A = 0.080; B= 0.12 
1  Information from TxDOT Pavement Management Information System (PMIS) database 
2 Information from TxDOT PonTex database 
3  Performance Analysis Tools for Highway Pavement (PATH-P) (Online Source 2014) 
4 Values obtained from source (N. Gharaibeh, Chiu, and Gurian 2006) 
5 A and B =  calibration parameters (refer to Chapter 3, Section 3.5.2) 

5.4 RESULTS 

This section presents the results obtained after performing the multi-objective 

model using the Austin District road network. 

5.4.1 Pareto Frontiers 

The transformed model shown in Equation 5-12 was solved using the optimizer 

program GAMS (Brooke et al. 1998). Different solutions are obtained with different 

combinations of weighting factors. These different combinations of the three weighting 

factors reflect the differences in decision makers’ value systems for judging the relative 

importance between the three objectives: maximization of total utility, minimization of 
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total envy, and maximization of the overall system performance. Table 5.2  illustrates the 

weights used to generate the Pareto optimal curve, and an example of the formulation used 

to run the optimization analysis to obtain “Point 1”. As can be seen from the formulation, 

the key parameters are set as: t = 3 (time horizon) and n = 2 (asset groups: pavements and 

bridges). 

Figure 5.2 through Figure 5.4 show the Pareto optimal curve formed by the non-

dominated solutions of 𝑍1, 𝑍2, and 𝑍3while changing the value of the weighting factor for 

the three objectives. Moreover, the 𝑍1, 𝑍2, and 𝑍3values represent the total utility, the total 

envy, and the overall asset performance, respectively, obtained after running the 

optimization analysis.  

Table 5.2: Pareto Optimal Curve - Weights Coefficients 

Point 𝝎𝟏utility 𝝎𝟐envy 𝝎𝟑performance 

1 250.00 0.00 1.00 

2 250.00 0.00 0.90 

3 125.00 0.00 0.90 

4 125.00 0.00 0.80 

5 75.00 100.00 0.50 

6 75.00 250.00 0.30 

7 75.00 500.00 0.20 

8 0.00 500.00 0.00 

Example of Point 1 formulation:  

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 = 250 ∑ ∑
𝐹𝑖𝑡

𝑁𝑖𝑡

2

𝑖=1

− 0 ∑ ∑ 𝑒𝑖𝑡

2

𝑖=1

3

𝑡=1

3

𝑡=1

+ 1 ∑ ∑ 𝑝𝑒𝑟𝑖𝑡

2

𝑖=1

3

𝑡=1
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Figure 5.2: Pareto Optimal Frontier for Total Utility (𝒁𝟏) and Overall Performance 

(𝒁𝟑) 

 

Figure 5.3: Pareto Optimal Frontier for Total Envy (𝒁𝟐) and Total Utility (𝒁𝟏) 
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Figure 5.4: Pareto Optimal Frontier for Total Envy (𝒁𝟐) and Overall Performance 

(𝒁𝟑) 

Figure 5.2 shows that the overall performance of the system increases as the total 

utility increases. It worth noting that the Pareto optimal frontier shown in Figure 5.2 can 

be categorized into two families: 1) high total utility and high overall performance, and 2) 

low total utility and low overall performance. The solutions in the former category follows 

a utilitarian welfare approach. This approach allocates resources to maximize the sum of 

individual utility values of programs or asset classes being considered. Thus, these points 

were obtained by allocating larger values of weight to the objectives representing overall 

performance and total utility. The latter typically follows an egalitarian or Nash welfare 

approach. In this case, the weights assigned to the envy objective were higher than those 

allocated to the total utility and the overall performance. Thus, the overall performance and 
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reduction in the total envy, which balance the allocated funds between the programs or 

asset classes.  

 As seen in Figure 5.3 and Figure 5.4, with the increase in total utility and overall 

system performance, the total envy increases, suggesting a conflict between efficiency and 

equity. These results are consistent with equity remarks made by Brams and Taylor (1996) 

suggesting that it is very unlikely to fully achieve envy-free and efficient solutions. Figure 

5.3 clearly illustrates the previous remark, the total envy increases as the total utility 

increases. Figure 5.4 suggests that the Pareto optimal frontier is comprised of two regions: 

1) null total envy with low overall performance, and 2) high total envy with high overall 

performance. As can be seen in Figure 5.4, Region 1 exhibited a steeper slope compared 

to the slope of the Region 2. The slope of Region 2 suggests that a large increase in total 

envy generates only a small increase in the overall asset performance. This behavior has 

the potential to serve as a preliminary indicator to decision makers to balance efficiency 

and equity.     

 Figure 5.2 through Figure 5.4 represent a set of solutions created by various 

resource allocation alternatives. For this reason, decision makers can rely on these Pareto 

optimal frontier to conduct trade-off analyses to balance equity and efficiency through 

parameters such as total utility, total envy, and overall performance.  

5.4.2 Extreme Scenarios 

Three scenarios were conducted based on the extreme cases of the weighing 

combinations used to generate the Pareto optimal frontier. This analysis was conducted 

with the objective of analyzing the allocated funds and performance predictions over the 

three-year time horizon. Table 5.3 shows the three scenarios that were analyzed: 
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maximizing total utility, minimizing total envy, and maximizing overall asset performance. 

In this analysis, a weight of one was assigned to each objective function, while a zero was 

assigned to the other objectives. 

Table 5.3: Formulation of Extreme Cases 

Extreme Cases Formulation (Single-objective Opt.) 

Maximizing total utility 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 = ∑ ∑
𝐹𝑖𝑡

𝑁𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 

Minimizing total envy 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 = ∑ ∑ 𝑒𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 

Maximizing overall asset performance 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 =  ∑ ∑ 𝑝𝑒𝑟𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 

 

Figure 5.5 and Figure 5.6 above illustrate the predicted performance (i.e., 

pavements and bridges) over the time horizon, while Figure 5.7 and Figure 5.8 show the 

allocated fund strategies. It should be noted that the impact of funds allocated for the 

current year will not be reflected in the asset condition until the following year. For this 

reason, the maximum year for the allocated funds is 2014 while the maximum year for the 

predicted asset performance is 2015.   
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Figure 5.5: Predicted Pavement Performance for the Three Extreme Scenarios 

 

 

Figure 5.6: Predicted Bridge Performance for the Three Extreme Scenarios 
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Figure 5.7: Allocated Funds for Pavements for the Three Extreme Scenarios 

 

Figure 5.8: Allocated Funds for Bridge for the Three Extreme Scenarios 
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By examining the results, the following important observations can be obtained: 

 In the extreme scenario in which the overall asset performance is maximized, the 

allocation solution indicated that more funds were allocated to the pavement class 

compared to funds assigned to the bridge class as shown Figure 5.7 and Figure 5.8. 

For this reason, after the three-year time horizon, the predicted pavement condition 

score is 86, while the predicted bridge sufficiency rating is 80 (Figure 5.5 and 

Figure 5.6). It is worth noting that both asset classes presented a similar initial 

overall score of 90, which suggests that allowing an asset class to deteriorate more 

than other assets can increase the overall performance of the system. The predicted 

asset performance for both assets was expected to decrease over time since the 

available funding was set a 75 percent of the total needs. 

 In the extreme scenario in which the total utility is maximized, more funds were 

allocated to the bridge class compared to the pavement class as shown in Figure 5.7 

and Figure 5.8.  The funding needs for the bridge class are lower than the funding 

needs of the pavement group. Therefore, following the utilitarian welfare approach, 

the available funds were allocated first to the bridge class, and the remaining 

available funds were then allocated to the pavement class. For this reason, the 

predicted performance for bridges showed a decrease in the sufficiency rating lower 

than those exhibited in the previous extreme scenario. Meanwhile, the predicted 

performance for the pavement class showed a larger decrease in condition score 

compared to the predicted condition score for the scenario in which the overall asset 

performance was maximized. 
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 In the extreme scenario in which the total envy is minimized, the funds were 

allocated in a way that the total envy tends to zero by generating similar utility 

values for both asset groups. This type of allocation follows the egalitarian welfare 

approach. As shown in Figure 5.7 and Figure 5.8, the pavement class required more 

funds than the bridge class for the utility values to be similar in magnitude. 

Moreover, the predicted condition score for the pavement class and the predicted 

sufficiency rating for bridge class show performance values in between the other 

predicted performance values for the scenarios previously discussed, as shown 

Figure 5.5 and Figure 5.6. This observation suggests that considering equity in 

allocation strategies may not be the most inefficient allocation in terms of 

maintaining the asset performance at acceptable levels.    

5.4.3 Efficiency and Fairness Effects on Asset Performance 

Two points in the Pareto optimal frontiers were selected to illustrate the effect of 

efficiency and fairness consideration on the average asset performance on the analysis 

period as shown in Figure 5.9. The point in the top-right corner represents an allocation 

strategy in which the total utility was maximized while the point in the bottom-left corner 

represent an allocation strategy in which the total envy is minimized. Figure 6.8 shows the 

results of these two allocation strategies on the asset performance, total utility, and total 

envy.  
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Figure 5.9: Two Points in the Pareto Optimal Frontier for Total Envy (𝒁𝟐) and 

Total Utility (𝒁𝟏) 

  
(a) (b) 

 Figure 5.10: Efficiency and Fairness Effects on the Average Asset Performance (a) 

Maximizing Total Envy, and (b) Maximizing Total Utility 
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By examining the results shown in Figure 5.10, the following important 

observations can be obtained: 

 

 The allocation strategy for which the total utility was maximized exhibited an 

allocation that favors the pavement class over the bridge class compare to the case 

in which the total envy was minimized.  These results demonstrate the effect of 

equity consideration by balancing equity and efficiency in terms of the overall asset 

performance. 

 The optimization results suggest that a sacrifice in total utility could maintain 

overall asset performance of various asset above a threshold or limiting value. This 

effect is not observed in the case in which total utility is maximized; the overall 

performance of bridges deteriorates rapidly compared to the steady deterioration 

rate of pavements. 

 Figure 5.10 provides the decision makers with relevant information to allocate 

resources across multiple assets considering overall asset performance, total utility, 

and total envy. These parameters could be linked to transportation agencies’ goals 

and objectives by setting thresholds or targets.  

5.5 SUMMARY 

This chapter discusses the development of a methodology to conduct trade-off 

analysis between equity and efficiency. The methodology is based on a multi-objective 

optimization and a set of constraints that follows a bottom-up approach. Furthermore, this 

multi-objective optimization model integrates efficiency and equity. Equity considerations 

are incorporated by using utility and envy concepts while efficiency is introduced by 
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maximizing performance. For this reason, the multi-optimization formulation was 

comprised of three objectives: maximize total utility, maximize overall performance, and 

minimize total envy. The multi-objective formulation was used to generate Pareto optimal 

frontiers, which were obtained by employing the weighting sum method. This method 

combines multiple objectives into a single objective by multiplying each objective by a 

weighting factor. The Pareto optimal frontiers allow decision makers to evaluate allocation 

strategies in terms of total utility, total envy, and overall asset performance. Moreover, 

three scenarios were defined based on the extreme cases of the weighting combinations 

used to generate the Pareto optimal frontiers to evaluate predicted asset performance and 

the allocated funds.  This methodology suggests that balancing equity and efficiency could 

yield more defensible allocation strategies. 
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 ASSET VALUE-BASED CROSS-ASSET RESOURCE 

ALLOCATION CONSIDERING EQUITY AND EFFICIENCY 

6.1 INTRODUCTION 

In cross-asset resource allocation mechanisms, providing a procedure to compare 

the assets, their performance, and their relative importance is critical in developing efficient 

allocation strategies. However, normalizing performance measures, which are defined by 

different methodologies, units, scales, and nature, to a common scale for comparing and 

prioritizing alternative investments is a difficult and challenging task 

In Chapter 5, a methodology for performance-based cross-asset resource allocation 

that considers equity and efficiency was developed. In this methodology, efficiency 

considerations were incorporated by maximizing the overall performance scores of the 

considered programs or assets. The initial overall performance scores were obtained by 

normalizing or scaling the performance measure of each asset to a common scale for 

comparison purposes. Nonetheless, this procedure may not be the most adequate to 

compare investment alternatives when dissimilar performance measures are used to 

characterize asset performance.   

Another approach to compare performance measures and project benefits is asset 

valuation. As discussed by Cowe Falls et al. (2001), asset valuation holds great promise as 

a readily understood measure of infrastructure value that can be integrated into asset 

management structures to perform trade-off analyses between competing assets such as 

pavements, bridges, and traffic signals. Therefore, asset valuation has the potential to serve 

as a comparative measure for cross-asset resource allocation as it can be used to help justify 

funding requests for alternative strategies. However, asset valuation has not yet been used 

as a comparative measure between assets or programs.   
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In this chapter, a utility-based asset valuation methodology is integrated into the 

multi-objective optimization model presented in Chapter 5. The optimization objective 

related to maximizing overall asset performance is modified with an objective related to 

maximizing total asset value. This modification is performed to accommodate asset value 

concepts into the optimization model. Furthermore, the total utility and total envy remain 

as defined previously in Chapter 5.   

6.2 METHODOLOGY 

Based on the previous discussion, a methodology for asset value-based cross-asset 

resource allocation that integrates efficiency and equity is proposed. It is worth noting that 

this chapter focuses on resource allocation at the network level, which will generate 

allocation strategies for asset classes being considered.  The standardized conceptual 

framework guides the resource allocation process and can be customized to accommodate 

the needs of various state DOTs and other transportation agencies. The overall framework 

along with its various components is shown in Figure 6.1. It is important to point out that 

the overall framework follows the methodology presented in Chapter 5 with the addition 

of an asset valuation component. The following sections provides a description of the 

modifications performed to integrate asset value into the multi-objective optimization 

formulation presented in Chapter 5.  
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Figure 6.1: Asset-based Cross-Asset Resource Allocation Framework 

6.2.1 Utility and Envy Formulation 

In previous chapters, it was assumed that utility is defined as a function of the ratio 

of needs and allocated funds as shown in Equation 6-1.  

 

Utility=
Allocated Funds

Needs
 

6-1 

   

In this chapter, the utility function is adjusted to consider factors that may play a 

major role in quantifying the relative satisfaction of a certain allocation strategy. Thus, an 

adjusted utility function should consider factors such as asset class priority, asset 

importance to the agency, funding needs, and agency goals and objectives. It is worth 
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noting that the utility function is not just a measure of the relative satisfaction but also 

dictates how the resources will be allocated following an agency’s preferences. The 

adjusted utility function is presented in Equation 6-2. 

 

Utility=f(𝑥1, 𝑥2, … 𝑥𝑛)  6-2 

 where,  

𝑥1, 𝑥2, … 𝑥𝑛 =  factors defining the utility function  

 

The form of Equation 6-2 should be based on the parameters being considered by 

the decision makers.  Therefore, the utility function form needs to be carefully analyzed so 

that the appropriate form of the function accurately reflects the relative satisfaction of the 

agency’s goals and objectives. For the purpose of this study, a linear regression form will 

be utilized. Moreover, the selected function needs to ensure that the value of utility is 

between zero and one.  

 

6.2.2 Asset Valuation Module 

 After carefully analyzing challenges and opportunities of various asset valuation 

methodologies, the utility-based approach developed by Peters and Zhang (2014) and 

Porras-Alvarado et al. (2015) was adopted. The proposed valuation methodology follows 

the generic structure shown below: 

 

V= RC∙UPC (1+UFun+UUtil+Ui)+SV  6-3 

where: 

  V          =  asset value 
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     RC    =  infrastructure asset replacement cost 

  UPC       =  utility value for physical condition   

  UFun     =  utility value for functionality   

  UUtil     =  utility value for overall asset utilization 

  Ui         =  utility value for other factors 

  SV        =  highway infrastructure salvage value  

 

As discussed in Chapter 3, the final asset value is obtained by amalgamating the 

replacement cost with the effects of other factors on asset value considered by applying a 

set of corresponding coefficients as multipliers to adjust to the base value. The first 

parameter to determine is the reconstruction cost. The reconstruction cost for pavements 

and bridges are determined using different methodologies.  

In the case of pavements, a reconstruction cost methodology proposed by the 

Highway Economic Requirement System Technical (HERS-ST) Report was adopted in 

this study. These reconstruction cost methodology provides a method to estimate the 

replacement cost of pavement infrastructure by functional class and type of construction 

(U.S. DOT 2005). Equation 6-4 shows the HERS-ST model. 

 

RC= UC ∙ 𝑁𝐿∙LS 6-4 

where: 

  UC   =  unit cost construction per lane-mile   

     NL    =  number of lanes 

  LS     =  length of the segment in miles    
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Initial values are based on national average estimates; thus, values must be adjusted for 

differences in state costs. The HERS-ST provides unit construction costs in 2002 dollars. 

Therefore, in order to estimate the replacement cost within a specific year, these factors 

need to be indexed to the current year. The Consumer Price Index (CPI) was used as the 

indexing factor (U.S. DOL 2016). Equation 6-5 shows the HERS-ST model adjusted for 

the various factors previously discussed.  

 

RCpav,,year= UC2002∙ta∙SF2000∙
CPIyear

CPI2000

NL∙LS∙
CPIyear

CPI2002

 6-5 

where: 

𝑅𝐶 𝑝𝑎𝑣,𝑦𝑒𝑎𝑟   =  replacement cost for the year of analysis  

UC2002   =   unit cost construction per lane-mile in 2002 dollars   

ta   =  terrain adjustment  

SF2000    =  state adjustment factor  

NL   =  number of lanes 

LS          =  length of the segment in miles    

CPIyear   =  CPI for year of analysis  

CPI2000   =  CPI for  the year 2000 

CPI2002   =  CPI for  the year 2002 

 

The next step is to substitute Equation 6-5 into Equation 6-3. This procedure results 

in the pavement valuation equation: 
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𝑉𝑝𝑎𝑣,𝑦𝑒𝑎𝑟= 

(UC2002∙ta∙SF2000∙
CPIyear

CPI2000

NL∙LS∙
CPIyear

CPI2002

) ∙UPC (1+UFun+UUtil+Ui)+SV 
6-6 

where: 

  Vpav, year   =  pavement asset value at year of analysis 

     UPC      =  utility value for physical condition   

  UFun      =  utility value for functionality   

  UUtil      =  utility value for overall asset utilization 

  Ui          =  utility value for other factors 

  SV         =  highway infrastructure salvage value  

 

In the case of bridges, average values determined for Texas were used as input values. The 

Texas Transportation Needs Report (Texas 2030 Committee 2009) research team 

performed an evaluation of 2008 bridge rehabilitation and replacement costs to estimate 

the present and future costs needed to maintain the Texas bridge network at acceptable 

levels of service.  For this purpose, the research team used bridge data to generate unit costs 

for bridge rehabilitation and replacement. An estimated average rehabilitation cost of 

$120/per square foot and a bridge replacement cost of $194/per square foot were used to 

estimate future bridge replacement costs (Texas 2030 Committee 2009). Using the 

information previously discussed, the bridge reconstruction cost can be described as 

follows: 

RCbridge,year= CB,year∙DeckArea∙
CPIyear

CPIyear(𝐶𝐵)
 

6-7 

where: 

𝑅𝐶 𝑏𝑟𝑖𝑑𝑔𝑒 𝑦𝑒𝑎𝑟    =  bridge replacement cost for the year of analysis  
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CPIyear   =  CPI for year of analysis  

𝐶𝐵,𝑦𝑒𝑎𝑟   =  Bridge replacement cost per square feet for Texas at year i  

𝐷𝑒𝑐𝑘 𝐴𝑟𝑒𝑎   =  Deck area in square feet in the corridor  

CPIyear(𝐶𝐵)   =  CPI for the year of bridge replacement cost being used  

 

The next step is to substitute Equation 6-7 into Equation 6-3. This procedure results 

in the bridge valuation equation: 

 

𝑉𝑏𝑟𝑖𝑑𝑔𝑒,𝑦𝑒𝑎𝑟= (CB,year∙DeckArea∙
CPIyear

CPIyear(𝐶𝐵)
) ∙UPC (1+UFun+UUtil+Ui)+SV 6-8 

where: 

  Vbridge, year   =  bridge asset value at year of analysis 

     UPC      =  utility value for physical condition   

  UFun      =  utility value for functionality   

  UUtil      =  utility value for overall asset utilization 

  Ui          =  utility value for other factors 

  SV         =  highway infrastructure salvage value  

 

 Similarly to the asset prediction module, an asset value prediction model is used to 

predict the asset value in the future. Equation 6-9 shows the mathematical model.  

 

𝐴𝑉𝑖𝑡 = 𝐴𝑉𝑖0 ∙ (1 + 𝜃 )𝑡 ∙ Ui0 ∙ (1 − 𝛿𝑖)
𝑡 6-9 

where,  

𝑡     =   time horizon set 𝑡 = {1,2, … , 𝑇} 

𝐴𝑉𝑖0  =   initial asset value for the ith asset class 
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𝐴𝑉𝑖𝑡  =   asset value of the ith asset class at year t  

𝑈𝑖0  =   initial utility value for physical condition of the ith asset class   

𝜃    =   inflation adjustment based on CPI    

𝛿𝑖   =   deterioration rate of overall utility of physical condition for the ith  

  asset class  

 

The factor, (1 − 𝛿𝑖)
𝑡, represents the deterioration rate experienced by the ith asset class.  

The deterioration rate is directly applied to asset value since the asset value is not a function 

of performance but of utility for the physical condition as explained by Equation 6-3. 

Figure 6.2 shows the concepts discussed above graphically.  

 

 

 

Figure 6.2: Performance into Utility of Physical Condition for Asset Value 

Prediction Model 

 

Additionally, asset value-funding relationships are used to measure the effects of funding 

levels on overall asset value for each asset class. These relationships follow the concepts 

discussed in Chapter 5. The general form of this relationship is as follows: 
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∆AV =A∙(allocated funds)
B
 6-10 

where,  

∆AV        =  effects of allocated funds to the asset value 

  A and B      = calibration parameters. 

The overall asset value after funds are allocated can be predicted using Equation 6-11.  

 

𝐴𝑉𝑖𝑡 = 𝐴𝑉𝑖0 ∙ (1 + 𝜃)𝑡(1 − 𝛿𝑖)
𝑡 + ∑ 𝛼𝑖𝑡𝐹𝑖𝑡

𝛽𝑖𝑡

𝑇

𝑡=1

 6-11 

 

where,  

𝑡     =   time horizon set 𝑡 = {1,2, … , 𝑇} 

𝐴𝑉𝑖0  =   initial asset value for the ith asset class 

𝐴𝑉𝑖𝑡  =   asset value of the ith asset class at year t  

𝐹𝑖𝑡       =   funds allocated to the ith asset class in year t 

𝜃𝑖   =   inflation adjustment based on CPI    

𝛿𝑖   =   reduction rate of overall asset performance for the ith asset class  

            𝛼𝑖, 𝛽𝑖   =   performance-funding calibration parameters for the ith asset class 

6.2.3 Formulation of objective functions and constraints 

In this section a multi-objective optimization model that integrates asset value is 

formulated based on the multi-objective optimization model presented in Chapter 5:  

 

for objectives,  
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Maximize Z1 = Utility = ∑ ∑ 𝑈𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 6-12 

 

Minimize Z2= Envy = ∑ ∑ 𝑒𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 6-13 

 

Maximize Z3= Asset Value = ∑ ∑ 𝐴𝑉𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 6-14 

 

subject to,  

 

𝑈𝑖𝑡 = 𝑚𝑖𝑡 ∙ 𝐹𝑖𝑡 + 𝑏𝑖𝑗 6-15 

 

𝐴𝑉𝑖𝑡 = 𝐴𝑉𝑖0 ∙ (1 + 𝜃 )𝑡(1 − 𝛿𝑖)𝑡 + ∑ 𝛼𝑖𝑡𝐹𝑖𝑡
𝛽𝑖𝑡

𝑇

𝑡=1

 6-16 

 

𝐹𝑖𝑡 ≥ 0 6-17 

 

𝑈𝑖𝑡 ≤ 1 6-18 

 

∑ ∑ 𝐹𝑖𝑡

𝑁

𝑖=1

≤ 𝐵𝑡

𝑇

𝑡=1

 6-19 

 

𝑒𝑖𝑘𝑡 = 𝑈𝑖𝑡 − 𝑈𝑘𝑡 ≥ 0 6-20 

 

𝑒𝑖𝑡 = ∑ 𝑒𝑖𝑘𝑡

𝑁

𝑖=1

 6-21 

 

where,  



 

 

115 

 𝑍1      =   total utility in the time horizon 

𝑍2       =   total envy in the time horizon 

𝑍3         =   total overall performance score at the end of the time horizon 

T  =   time horizon or number of analysis year 

𝑁       =   number of asset classes 

𝐹𝑖𝑡  =   decision variable representing funds allocated to the ith asset  

  group in year t 

𝑚𝑖𝑡, 𝑏𝑖𝑗   =   calibration parameters for utility for ith asset at year t 

𝑒𝑖𝑘𝑡   =   envy sensed by 𝑖th asset group with respect to the other kth asset  

 groups at year t 

𝑒𝑖𝑡     =   total envy sensed by 𝑖th asset group  at time t 

𝐴𝑉𝑖0  =   initial asset value for the ith asset class 

𝐴𝑉𝑖𝑡  =   asset value of the ith asset class at year t  

𝑈𝑖0  =   initial utility value for physical condition of the ith asset class   

𝜃    =   inflation adjustment based on CPI    

𝛿𝑖   =   deterioration rate of overall utility of physical condition for the      

  ith asset class  

            𝛼𝑖, 𝛽𝑖    =   performance-funding calibration parameters for the ith asset class 

𝐵𝑡      =   available budget at year t 

 

Following the principles to generate Pareto optimal frontier presented in Chapter 5, 

the formulation presented in Equation 6-12 through 6-21 is transformed into the 

Equation 6-19 shown as follows:   
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𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 = 𝜔1 ∑ ∑ 𝑈𝑖𝑡

𝑁

𝑖=1

− 𝜔2 ∑ ∑ 𝑒𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

𝑇

𝑡=1

+ 𝜔3 ∑ ∑ 𝐴𝑉𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 6-22 

 

where, 

 𝜔1, 𝜔2, 𝜔3  =   weighting factors  

 

In general, there is not a standardized approach to select the optimal solution. The 

available methods are based on certain assumptions that depends on the decision makers 

goals. On one hand, a satisfactory solution can be selected with articulation of preference 

by the decision maker. On the other hand, a satisfactory solution can be obtained from 

analytical procedures such as the shortest normalized distance (Wu and Flintsch 2009). In 

this study, the optimal solution will depend on the transportation agency’s goals and 

objectives  

6.3 CASE STUDY 

The roadway network of Travis County located in Texas was used to demonstrate 

the applicability of the asset value-based cross-asset resource methodology. For simplicity 

in the result analysis, only two asset groups were used to conduct the case study: pavements 

and bridges. General inventory information on both asset classes is presented in Table 6.1 

and Table 6.2. Additionally, the time horizon was defined as three years. Two funding 

scenarios we used to conduct the analysis: 75 percent and 50 percent of the total estimated 

needs of both asset classes.  
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Table 6.1: Pavements Inventory Information  

Functional Classification Roadway System Miles Percentage 

Interstate, Freeway, Expressway IH, US 3014.6 30.93 

Other Principal Arteries SH, SL 2722.8 27.94 

Collectors FM, RM, RR 3906.3 40.08 

Others Others 102.2 1.05 

Total 9745.9 100.00 

Table 6.2: Bridge Inventory Information  

Functional System 
Urban Rural 

Total Deck Area (sq.ft) 

Interstate 6,108,283.63 294,156.10 

Other Freeway & Expressway 15,210,287.06 - 

Other Principal Arterial 3,546,938.19 3,178,652.63 

Minor Arterial 369,394.96 1,841,454.82 

Collector 1,145,515.13 - 

Major - 1,799,030.74 

Minor - 198,500.46 

Local 66,480.98 609.50 

Total 26,446,899.96 7,312,404.26 

 

The adjusted utility functions were used to characterize the relative satisfaction of 

the agency towards their infrastructure assets. In this study, these functions were estimated 

based on two parameters: allocated funds and estimated needs. For simplicity in the 

problem formulation, these functions were assumed to be linear. Moreover, it was assumed 

that the estimated coefficients captured factors such as asset class priority, asset importance 

to the agency, funding needs, and agency goals and objectives. Table 6.3 shows the 

estimated coefficients used in the analysis. Additionally, Table 6.4 presents the 

performance indicators used to characterize asset condition. 
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Table 6.3: Adjusted Utility Functions  

Asset Class Year 
Function 

Form 

Needs 

($ million) 

Estimated Coefficients 

𝑈𝑖𝑡 = 𝑚𝑖𝑡 ∙ 𝐹𝑖𝑡 + 𝑏𝑖𝑡 

m b 

Pavements1 

2012 Linear 83 0.0089 0.3453 

2013 Linear 139 0.0057 0.1833 

2014 Linear 139 0.0057 0.1833 

Bridge2 

2012 Linear 33 0.0246 0.1543 

2013 Linear 33 0.0246 0.1543 

2014 Linear 33 0.0246 0.1543 
1  Performance Analysis Tools for Highway Pavement (PATH-P) (Online Source 2014) 
2 Information from TxDOT PonTex database 

Table 6.4: Condition Indicators for Pavements and Bridges 

Parameter Pavements Bridges 

Condition Measurement Condition Score (CS) Sufficiency Rating (SR) 

Database PMIS PonTex 

Average CS 2012 1 90.14   - 

Average SR 2012 2 - 90.00 
1  Information from TxDOT Pavement Management Information System (PMIS) database 
2 Information from TxDOT PonTex database 

 

As discussed earlier, the asset initial asset value was computed following a utility-

based valuation methodology. For simplicity in the analysis, only the utility value for 

physical condition was considered. Equation 6-23 and Equation 6-24 show the adjusted 

mathematical structure used to compute the asset value for pavements and bridges, 

respectively.  

 

𝑉𝑝𝑎𝑣,𝑦𝑒𝑎𝑟= 𝑅𝐶 𝑝𝑎𝑣,𝑦𝑒𝑎𝑟∙UPC +SV 6-23 

where: 
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  Vpav, year   =  pavement asset value at year of analysis 

𝑅𝐶 𝑝𝑎𝑣,𝑦𝑒𝑎𝑟     =  replacement cost for the year of analysis  

     UPC      =  utility value for physical condition   

  SV          =  pavement salvage value  

 

𝑉𝑏𝑟𝑖𝑑𝑔𝑒,𝑦𝑒𝑎𝑟= 𝑅𝐶 𝑏𝑟𝑖𝑑𝑔𝑒,𝑦𝑒𝑎𝑟∙UPC +SV 6-24 

where: 

  Vbridge, year   =  bridge asset value at year of analysis 

𝑅𝐶 𝑏𝑟𝑖𝑑𝑔𝑒 𝑦𝑒𝑎𝑟    =  bridge replacement cost for the year of analysis  

     UPC      =  utility value for physical condition   

  SV          =  bridge salvage value  

 

Table 6.5 and Table 6.6 show the key factors, indicators, performance measures, 

and utility functions used as input parameters to calculate the asset value of pavements and 

bridges.  
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Table 6.5:  Pavement Factors, Indicators, Performance Measures, and Utility 

Functions for Valuation Module  

Key Factors Indicators PM Scaling Performance Measure 

Physical 

Condition 

Surface 

Condition Condition 

Score (CS) UCS=1.01(1-e-0.0004∙CS^2) Structural 

Capacity 

 
 

Table 6.6:  Bridge Factors, Indicators, Performance Measures, and Utility Functions 

for Valuation Module  

Key Factors Indicators PM Scaling Performance Measure 

Physical 

Condition 

Structural 

Adequacy 
Sufficiency 

Rating (SR) USR=0.3796* [
5.54

(1 + 𝑒0.0216(0.70−𝑆𝑅))
− 1] Serviceability 

and Functional 

Obsolescence 
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Table 6.7 presents the Austin District network-level value for pavements and 

bridges. Additionally, Table 6.8 shows the asset value-funding relationships. It is worth 

noting that the asset value-funding relationships are based on the performance-funding 

relationship presented in Chapter 5. 

Table 6.7:  Austin District Network-Level Asset Value  

Asset 
Total Network-

level Dimension 
Total Value Value per Unit 

Pavements 8999 lane-miles $18.84 B $2.09 million/ lane-mile 

Bridge 67,219,238 sq. ft. $13.05 B $209/sq.ft. 

Table 6.8: Asset Value-Funding Relationships 

Performance-Funding 1 Pavements Bridges 

Condition Measurement Condition Score (CS) Sufficiency Rating (SR) 

2012 A = 0.0065 ; B = 0.40 A = 0.0065; B= 0.33 

2013 A = 0.0055 ; B = 0.40 A = 0.0065; B= 0.33 

2014 A = 0.0055 ; B = 0.40 A = 0.0065; B= 0.33 
1 Values obtained from source (N. Gharaibeh, Chiu, and Gurian 2006) 

 

6.4 RESULTS 

This section presents the results obtained conducting the case study.  

6.4.1 Pareto Optimal Frontiers 

The multi-objective model was solved using the MATLAB optimization tool box. 

Different solutions are obtained with different combinations of weighting factors. These 

different combinations of the three weighting factors reflect the potential differences in the 

value system of decision makers for judging the relative importance between the three 
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objectives: maximization of total utility, minimization of total envy, and maximization of 

the total asset value. Figure 6.3 through Figure 6.5 show the Pareto optimal curve formed 

by the non-dominated solutions of 𝑍1, 𝑍2, and 𝑍3while changing the value of the weighting 

factor for each of the three objectives for both funding scenarios. These set of solutions are 

presented in the objective space approximated by varying the value of the weights.  

 

 

Figure 6.3: Pareto Optimal Frontier for Total Utility (𝒁𝟏) and Total Asset Value 

(𝒁𝟑) 
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Figure 6.4: Pareto Optimal Frontier for Total Utility (𝒁𝟏) and Total Envy (𝒁𝟐)  

 

Figure 6.5: Pareto Optimal Frontier for Total Envy (𝒁𝟐) and Total Asset Value (𝒁𝟑) 

 It is worth noting that the objective functions have dissimilar magnitudes. 

Therefore, the objective ranges were normalized for comparison purposes. For this reason, 

the weights values express the importance of an objective, but not the quantitative 
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importance placed on each objective. For example, let us assume that weighting factors 

assigned for Z1 and Z2  are 250 and 1, respectively. This indicates that relatively more 

importance is allocated to Z1, but it does not necessarily mean that Z1 is 250 times more 

than  Z2 because these two objectives were previously normalized.     

Figure 6.3 shows the Pareto optimal frontiers corresponding to total asset value and 

total utility for both funding scenarios. As can be seen in Figure 6.3, the available funds 

play a significant role in the Pareto optimal frontiers. The 75 percent funding scenario 

illustrates that a total utility value that ranging from 3.2 to 5.1 can be achieved compared 

to a lower range of the total utility value of 2.4 to 4.0 for the 50 percent scenario. Moreover, 

the total asset value of the system increases as the total utility increases, which is consistent 

with the principles employed in this study. Figure 6.3 also shows the impact that the level 

of funding ha on the total asset value. It can be seen that the Pareto optimal frontier for the 

50 percent funding scenario is significant lower than that exhibited by the 75 percent 

funding scenario. These trends suggest that lower available funding scenarios have more 

implications in total utility and total asset value compared to higher funding scenarios as 

expected.  

Figure 6.4 shows the Pareto optimal frontiers corresponding to total utility and total 

envy for both funding scenarios. As seen in Figure 6.4, an increase in total utility generates 

an increase in the total envy, suggesting a conflict between efficiency and equity 

considerations. These results are consistent with equity remarks made by Brams and Taylor 

(1996) indicating that it is very unlikely to fully achieve envy-free and efficient solutions. 

Moreover, Figure 6.4 clearly shows the significant effect of funding levels in the Pareto 

optimal frontier corresponding to total utility and total envy. A reduction in funding levels 

move the Pareto frontier towards lower total utility values and higher total envy values. 
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For example, a total envy value of 0.5 translates into a total utility of 2.6 and 4.0 for the 50 

percent and 75 percent scenarios, respectively. 

Figure 6.5 shows the Pareto optimal frontiers corresponding to total asset value and 

total envy for both funding scenarios. These Pareto optimal frontiers show a similar 

behavior than those presented in Figure 6.4; a decrease in total envy generates a decrease 

in the total asset value. Analogous to the previous discussion, a reduction in funding levels 

moves the Pareto optimal frontier towards lower total asset values and higher total envy 

values. Therefore, these Pareto optimal frontiers may provide decision makers with a 

potentially useful methodology to conduct trade-off analyses between assets when 

considering efficiency and equity.  

6.4.2 Extreme Scenarios 

Three scenarios were conducted based on the extreme cases of the weighing 

combinations used to generate the Pareto optimal frontier. This analysis was conducted 

with the objective of analyzing the overall asset performance together with the total asset 

value over the three-year time horizon. Table 6.9 shows the three scenarios that were 

analyzed: maximizing total utility, minimizing total envy, and maximizing total asset 

value. In this analysis, a weighting value of one was assigned to each objective function, 

while a zero was assigned to the other objectives. 
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Table 6.9: Formulation of Extreme Cases 

Extreme Cases Formulation (Single-objective Opt.) 

Maximizing total utility 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 = ∑ ∑ 𝑈𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 

Minimizing total envy 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 = ∑ ∑ 𝑒𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 

Maximizing total asset value 
𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑍 =  ∑ ∑ 𝐴𝑉𝑖𝑡

𝑁

𝑖=1

𝑇

𝑡=1

 

 

Table 6.10 shows the allocation results in terms of allocated funds, predicted asset 

value, and predicted asset performance of pavements and bridges for the three extreme 

scenarios previously discussed. Moreover, Figure 6.6 and Figure 6.7 plot the parameters 

presented in Table 6.10 to show the effect of the various allocations on the predicted asset 

performance and asset value over the time horizon. 
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Table 6.10: Extreme Scenarios Allocation Results – 75% and 50% Estimated Available Funds 

Parameter 

Scenario Maximize Asset Value Maximize Utility Minimize Envy 

Year Pavements Bridges Pavements Bridges Pavements Bridges 

Funding 75% 50% 75% 50% 75% 50% 75% 50% 75% 50% 75% 50% 

Allocated 

Funds 

($ millions) 

2012 71 47 16 11 54 47 33 11 58 37 29 21 

2013 111 73 19 13 96 73 33 13 104 69 25 17 

2014 96 53 33 33 96 53 33 33 104 69 25 17 

Total 278 173 68 57 246 173 99 57 266 175 79 55 

Asset Value                

($ billions) 

2012 18.8 18.8 13.1 13.1 18.8 18.8 13.1 13.1 18.8 18.8 13.1 13.1 

2013 17.8 16.7 12.2 11.2 17.8 16.7 12.0 11.3 17.6 17.6 12.2 11.2 

2014 16.8 15.5 10.9 9.3 16.7 15.4 10.5 9.5 16.4 16.2 10.5 9.4 

2015 15.8 13.3 9.3 6.7 15.5 13.1 9.0 7.0 15.3 12.8 8.9 7.8 

Predicted 

Performance 

 

2012 90.14 90.14 90.00 90.00 90.14 90.14 90.00 90.00 90.14 90.14 90.00 90.00 

2013 89.21 88.26 89.01 88.41 88.78 87.10 88.92 89.01 87.20 86.20 88.58 88.73 

2014 87.38 84.36 87.45 86.35 86.35 83.53 87.20 87.45 85.77 81.93 86.70 86.80 

2015 86.43 82.34 85.97 84.91 85.28 81.46 85.25 85.97 84.44 79.48 85.25 85.96 
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(a) Predicted Asset Value of Pavements (b) Predicted Asset Value of Bridges 

  

(c) Predicted Pavement Performance (d) Predicted Bridge Performance 

Figure 6.6: Extreme Scenarios Allocation Results – 75% Estimated Available Funds 
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(a) Predicted Asset Value of Pavements (b) Predicted Asset Value of Bridges 

  

(c) Predicted Pavement Performance (d) Predicted Bridge Performance 

Figure 6.7: Extreme Scenarios Allocation Results – 50% Estimated Available Funds 
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By examining the results, the following important observations can be obtained: 

 The level of funding has a significant effect in the total asset value. As seen in Table 

6.10, the total asset value shows reductions in the order of $1.0 to $2.0 billion when 

decreasing the available funding from 75 percent to 50 percent of the estimated 

needs for both, pavements and bridges. On one hand, over the three-year horizon, 

the pavement asset value decreases in about $3.0 and $5.0 billion when the 

estimated available funds are 75 and 50 percent, respectively. On the other hand, 

the bridge asset value decreases in about $3.8 to $6.4 billion for the same funding 

scenarios. These investment impacts translated into monetary values could help 

decision makers to present allocation needs to stakeholders with a more 

understandable scale.     

 The extreme scenarios for which the total asset value and the total utility value were 

maximized exhibited allocation strategies that favor the pavement class over the 

bridge class based on the predicted total asset value and predicted asset 

performance after the three-year time horizon. However, this pattern was not 

followed by the scenario in which total envy was minimized. In this scenario, the 

predicted pavement asset value decreases slightly compared to the other two 

extreme scenarios, while the predicted bridge asset value increases. These results 

demonstrates the effect of equity consideration by balancing equity and efficiency. 

Similar results are shown by the predicted asset performance.   

 Figure 6.6 and Figure 6.7 together with Table 6.10 provide the decision makers 

with relevant information to allocate resources across multiple assets considering 
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asset value, total utility, and total envy. These parameters could be linked to 

transportation agencies goals and objectives by setting thresholds or targets.   

6.4.3 Funding Effects on the Asset Value 

Two points in the Pareto optimal frontiers were selected to illustrate the effect of 

funding levels on the network-level asset value of both pavements and bridges over the 

time horizon. These points represent an allocation strategy in which the total utility was 

maximized. Figure 6.8 shows the results of funding effects on the asset value for both asset 

classes.  

As seen in Figure 6.8, a reduction in funding levels is translated in a lower total asset 

value for both asset classes. It is worth noting that Figure 3 provides the means to compare 

the effect of funding levels in the asset value using a similar scale: US dollars. This novel 

feature could improve the communication between decision makers and top-level 

executives in order to allocate resources more efficiently and fairly according to 

transportation agencies’ goals and objectives 
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(a) (b) 

Figure 6.8: Funding Effects in the Asset Value of (a) Pavements, and (b) Bridges 

6.4.4 Efficiency and Fairness Effects on the Asset Value  

Similar to the previous analysis, two points of the Pareto optimal frontier were 

selected to illustrate the effect of efficiency and fairness considerations on the asset value 

of both asset classes. Let us assume that a transportation agency requested two allocation 

strategies to analyze potential fund allocations to their roadway network. The objective of 

the first allocation is to maximize the overall asset value while the second allocation 

strategy focuses on minimizing the total envy with 75 percent funding available. Both 

allocation strategies results are shown in Figure 6.9. By examining the results shown in 

Figure 6.9, the following important observations can be obtained: 

 

 The allocation strategy for which the total asset value was maximized exhibited 

allocation strategies that favor the pavement class over the bridge class based on 

7.5

9.5

11.5

13.5

15.5

17.5

19.5

0

20

40

60

80

100

120

2012 2013 2014 2015

A
ss

et
 V

al
u

e 
($

 b
il

li
o

n
s)

A
ll

o
ca

te
d

  
F

u
n

d
s 

($
m

il
li

o
n

s)

Allocated Funds - 75% funding

Allocated Funds - 50% funding

Asset Value - 75% funding

Asset Value - 50% funding

7.5

9.5

11.5

13.5

15.5

17.5

19.5

0

20

40

60

80

100

120

2012 2013 2014 2015

A
ss

et
 V

al
u

e 
($

 b
il

li
o

n
s)

A
ll

o
ca

te
d

  
F

u
n

d
s 

($
m

il
li

o
n

s)

Allocated Funds - 75% funding

Allocated Funds - 50% funding

Asset Value - 75% funding

Asset Value - 50% funding



 133 

the predicted total asset value after the three-year time horizon. However, this 

pattern was not followed by the allocation in which total envy was minimized. In 

this scenario, the predicted pavement asset value decreases slightly compared to the 

previous scenario, while the predicted bridge asset value increases. These results 

demonstrate the effect of equity consideration by balancing equity and efficiency. 

 Figure 6.9 provides the decision makers with relevant information to allocate 

resources across multiple assets considering asset value, total utility, and total envy. 

These parameters could be linked to transportation agencies’ goals and objectives 

by setting thresholds or targets.  

 

  
(a) (b) 

 Figure 6.9: Efficiency and Fairness Effects on the Asset Value of: (a) Maximizing 

Asset Value and (b) Minimizing Total Envy 
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6.5 SUMMARY 

This chapter discusses the development of a methodology that integrates asset value 

as a comparative measure for cross-asset resource allocation. The methodology follows the 

formulation presented in Chapter 5 with new components to accommodate the asset value 

considerations.  A utility-based asset valuation was adopted in this chapter. This valuation 

methodology uses the asset replacement cost as the base value and the effect of other 

factors on asset value are considered by applying a set of corresponding multipliers to 

adjust the base value. Then, the asset values are used as an input for the cross-asset resource 

allocation model. This model is based on a multi-objective optimization formulation 

comprised by three objectives:  maximize total utility, maximize total asset value, and 

minimize total envy. This optimization formulation is used to generate Pareto optimal 

frontiers, which have the potential to aid decision makers in conducting trade-off analyses 

between total asset value, total utility, and total envy.  Additionally, three scenarios were 

defined based on the extreme cases of the weighting combinations used to generate the 

Pareto optimal frontiers to evaluate predicted total asset value and the predicted allocated 

funds.  
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 CONCLUSIONS AND RECOMMENDATIOS 

This dissertation addressed an important gap in resource allocation mechanisms 

with the development of a methodological framework for cross-asset resource allocation 

based on performance and asset value, where both efficiency and equity are considered. 

This chapter highlights the main conclusions drawn from the study and provides 

recommendations for future research. 

7.1 CONCLUSIONS  

The overall objective of this study was to develop an innovative and data-oriented 

methodological framework for cross-asset resource allocation in support of infrastructure 

management. As part of the methodological framework, three resource allocation 

mechanisms were investigated: a performance-based based fair division approach, a 

performance-based multi-objective optimization approach, and an asset value-based multi-

objective optimization approach.  The applicability of the developed methodological 

frameworks was demonstrated with a case study using data from the Austin District 

roadway network managed by the Texas Department of Transportation (TxDOT). Major 

conclusions drawn from this study include: 

 Transportation infrastructure in the U.S. is facing many challenges resulted from 

accelerated infrastructure deterioration and shrinkage of maintenance funding. 

Therefore, agencies are exploring asset management practices to move from the 

traditional management practices to more business-oriented processes. One of the 

main concerns with the transportation asset management (TAM) framework and its 

implementation by transportation agencies is the absence of an organized process 

for cross-asset resource allocation, allowing administrators and engineers to 
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allocate resource among different management programs or infrastructure assets 

instead of within each program or asset. The proposed conceptual methodological 

framework introduces equity and asset valuation as viable parameters to enhance 

currently existing cross-asset resource allocation practices.   

 The fair division approach to performance-based resource allocation provides a 

means to consider equity as an additional parameter in resource allocation 

mechanisms, addressing the equity gap associated with existing allocation 

approaches. The fair division approach incorporates the equity into the allocation 

procedures by introducing utility and envy parameters. In addition, the fair division 

approach, through the use of collective utility functions (CUFs), provides a set of 

rules on how to allocate resources based on the utilities of programs or asset classes. 

Thus, decision makers can allocate resources by employing CUFs, and analyze the 

allocation results using utility and envy parameters to select the most beneficial 

allocation based on agency goals and objectives. 

 Currently, most transportation agencies focus on efficiency rather than equity in 

their resource allocation mechanisms. Equity considerations could be a mechanism 

to balance the fund allocation among the various assets or programs within a 

transportation agency to achieve the overall goals set by the agency in support of 

its mission. Typically, when applying optimization methods based on efficiency, 

the results provide optimal theoretical solutions; however, the results may not 

necessarily be perceived as fair by the public and may not be the best representation 

of the agency’s overall goals and objectives. However, a combination of efficiency 

and equity has the potential to yield more defensible funding allocation 

mechanisms. The methodological framework for cross-asset resource allocation 
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takes both equity and efficiency into consideration. As part of this study, the effects 

of considering equity in a fund allocation were also analyzed in comparison to 

funding allocations that are purely based on efficiency.  

 In cross-asset resource allocation mechanisms, providing a procedure to compare 

the assets, their performance, and their relative importance is crucial in developing 

efficient allocation strategies. As part of this study, the performance measures were 

normalized to a common scale for comparison purpose. However, this procedure 

may not be the most adequate to compare investment alternatives when dissimilar 

performance measures are used to characterize asset performance. Thus, this study 

investigated the advantages of using asset value as a common measure to allocate 

resource across multiple assets.  

 The proposed framework for cross-asset resource allocation mechanisms provide 

the means to conduct trade-off analysis between programs or asset classes in terms 

of performance, asset value, and equity. For this reason, this methodology has the 

potential to break down the “siloed” traditional resource allocation mechanism to 

allocate resources in a way the overall performance of transportation systems is 

treated a whole. 

7.2 FUTURE RESEARCH TOPICS  

This research study has developed a solid foundation for moving cross-asset resource 

allocation from the traditional practices to a more data-oriented approach in supporting 

infrastructure management. The objectives of this research have been achieved; however, 

there are valuable extensions that deserve future efforts:   
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 In this research, the concepts of utility and envy concepts are integrated into the 

three proposed allocation methodologies. Further research is needed to develop 

utility functions that capture the relative satisfaction of transportation agencies 

toward their assets or programs. The multi-attribute utility method is an example of 

thea multi-criteria decision analysis (MCDA) procedure available to combine 

different attributes, which can aid developing these utility functions. Other methods 

such the Analytical Hierarchy Process (AHP), Delphi prioritization process, 

outranking methods, and MCDA using fuzzy methods can also be employed to 

address this issue.  

 The proposed cross-asset resource allocation methodological framework is based 

on a top-down approach, meaning that the allocation strategies are developed at the 

network-level. Future research could consider extending this methodological 

framework to a bottom-up or project-level approach. However, caution should be 

excised to recognize the daunting task associated with data and computational 

requirements. 

 In this study, a utility-based asset valuation methodology was used to compute asset 

values for pavements and bridges. This methodology was adopted because it allows 

transportation agencies to add value related to functionality and utilization. 

Therefore, future research could explore other asset valuation methodologies and 

their effect in predicted asset value.  

 The implementation process of this framework could be enhanced by developing a 

decision-support tool based on the methodological framework presented in this 

study. This decision-support tool could aid transportation agencies to generate 
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reports and to communicate potential investments benefits in terms of the overall 

system condition to the legislature, administrators, and the general public.  
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