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ABSTRACT 1 
Sustainability assessment systems are increasingly being used as tools to encourage more 2 

sustainable practices in the provision of civil infrastructure. In several cases, agencies have developed 3 

unique sustainability assessment systems, or adopted modified versions of sustainability assessment 4 

systems currently available for a wider market. In any case, the nature of sustainability as a multi-criteria 5 

problem requires that preferences must be expressed in order to determine optimal outcomes for more 6 

sustainable decision making. These preferences are typically expressed in terms of weights applied to the 7 

various criteria in sustainability assessment systems, and the techniques used to derive these weights, as 8 

well as how the weights are applied, varies across the many different systems. In this paper, the authors 9 

review how weighting is typically included in sustainability assessment systems and make 10 

recommendations about how some of the incongruities between the various systems can be understood. 11 

Furthermore, the authors present the results from a pilot study which was conducted using an online 12 

survey system, and then use the results to make recommendations regarding future surveys designed to 13 

elicit weights from such a group.   14 
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INTRODUCTION  1 

The sustainable provision of transportation infrastructure requires a paradigm shift from traditional 2 

decision-making techniques based mainly on economics to methods which account for the resulting 3 

impacts on environmental and social systems (1).  This also includes modifying organizational policies to 4 

reflect sustainability in the strategic objectives of the various transportation agencies.  The European 5 

Conference of Ministers of Transport (ECMT) described the paradigm shift more broadly as treating the 6 

transportation sector as a means of promoting political objectives (e.g., promoting sustainable 7 

development), as opposed to treating it as a self-contained sector within an agency (2).  This shift requires 8 

active cooperation from both the political sectors and the transportation agencies in charge of managing 9 

the infrastructure.  Holden (3) discussed the relationship between the technical sector, public sector and 10 

the political sector, and how the implementation of sustainable management should include indicators to 11 

act as intermediary communication tools between the sectors.   12 

Several approaches exist for use by transportation agencies when developing and implementing 13 

plans for sustainability.  For example, the US Federal Highway Administration (FHWA) released the 14 

Transportation Planning for Sustainability Guidebook in 2011 (4).  The FHWA report also presents the 15 

results of a survey designed to gauge the level of implementation of sustainable practices at each US state 16 

Department of Transportation (DOT), and several case studies related to the development and 17 

implementation of methods and tools to support sustainability.  Another method to guide development 18 

and implementation of sustainable practices is presented in Barrella et al. (5). An important aspect that is 19 

addressed in Barrella et al. (5) is the concept of organizational design, and how the structure of an 20 

organization can influence the outcomes of implementing sustainable practices.  Furthermore, Mansfield 21 

and Hartell (1) evaluated sustainability plans from several transportation agencies in the United States, 22 

and found that the majority of the implementations that were studied have had positive impact related to 23 

sustainable outcomes when compared to the alternative of no plan being implemented.   24 

One method which transportation agencies are employing to shift focus towards more sustainable 25 

practices is by developing and implementing sustainability assessment systems.  These sustainability 26 

assessment systems have been developed both by industry, or agencies which manage transportation 27 

networks. For example, the IllinoisDOT’s Livable and Sustainable Transportation system (I-LAST) was 28 

developed in an effort to, “…incorporate a broader range of issues into the development and completion 29 

of state highways” (6, pg 4). The New York DOT’s Green Leadership in Transportation and 30 

Environmental Sustainability system (GreenLITES) was developed in an effort to improve the quality of 31 

transportation infrastructure in ways that minimize environmental impacts, including the depletion of 32 

irreplaceable resources (7). Given that the use of sustainability assessment systems has been shown to 33 

influence decisions made about projects, such as influencing design and material procurement (8), it is 34 

expected that the development and implentation of similar sustainability assessment systems will continue 35 

to grow as additional agencies seek to develop more sustainable practices. 36 

An important property of sustainability is that it is a multi-objective problem in which multiple 37 

criteria are defined based on the objectives, and then parameters are used to define the system with regard 38 

to each criterion. Given that the optimality of solutions to functions with multiple objectives is generally 39 

not unique, some preferences must be expressed by decision makers in order for a final solution to be 40 

reached (9). The most common form of expressing preferences within infrastructure sustainability 41 

assessment is through assigning relative weights to each parameter in the assessment. However, these 42 

weights are not unique within a group of decision makers, and the variability within the preferences 43 
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expressed by many decision makers has the potential to significantly impact the decisions made. In an 1 

effort to better understand how weights are applied and interpreted in sustainable transportation 2 

infrastructure assessment; this paper examines weighting techniques used in current infrastructure 3 

sustainability assessment systems. Additionally, this paper presents a pilot study which analyses 4 

weighting preferences obtained from a large group of transportation professionals with regards to the cost, 5 

condition and energy consumption resulting from the construction and use of road pavements. 6 

Objective 7 

The objective of this paper is to review weighting techniques used in determining the relative 8 

importance of sustainability criteria for transportation infrastructure, and examine variability within 9 

relative weights assigned to parameters related to road pavement management decisions. Parameters are 10 

defined as qualitative (indicators) or quantitative (metrics) factors which define the state of a sustainable 11 

system, and criteria are defined as areas in which objectives are defined in order to judge progress 12 

towards more sustainable systems. Furthermore, this paper presents a pilot study on gathering data to 13 

determine the weights of sustainability criteria. Results were obtained from a survey designed to collect 14 

relative weights of each criteria from transportation professionals, which represent the relative importance 15 

of parameters between the various criteria.  16 

BACKGROUND 17 

Given the significant investments made each year to maintain and expand public transportation 18 

infrastructure, the public has a vested interest in future goals and decisions made about infrastructure 19 

beyond such attributes as capacity expansion or condition.  One important role that the public, in the form 20 

of elected or appointed representatives, plays in the sustainability of transportation networks is advocating 21 

for policy implementations that drive agencies towards more sustainable outcomes. Ideally, these policies 22 

are then reflected in decisions that are made regarding the transportation network, and the policies 23 

influence the relative importance of outcomes. From a decision making perspective, the relative 24 

importance of outcomes are translated into weights which are applied to each criteria under consideration. 25 

Given that decision making within sustainable transportation infrastructure is a multi criteria problem 26 

(10), the weights which represent the relative importance of the criteria are used to choose the 27 

maintenance or development option which results in the most ideal outcomes. 28 

One example of including the input of various stakeholders into policy decisions is discussed in 29 

Ananda and Herath (11), which presented a method for assessing stakeholder risk preferences when 30 

evaluating land use alternatives for forest management.  A benefit cited by the researchers was that the 31 

preferences of the many stakeholders could lead to a better understanding of conflicts in preferences as 32 

management decisions are being considered. Many more papers relating to transportation infrastructure 33 

have proposed techniques to combine stakeholder preferences in terms of maximizing overall utility (12, 34 

13) or by using weighting and preference rank aggregation (14, 15).  35 

The need to involve input from many stakeholders in environmental decision-making and resulting 36 

benefits from doing so has been demonstrated through several undertakings (15, 16, 17).  However, some 37 

challenges have been recognized when involving some stakeholders in technical decisions, such as clearly 38 

conveying the problem and transparently stating the uncertainties to a general audience. In order to 39 

address the varying challenges to public involvement in environmental policy and decision-making, the 40 

US National Academies of Science sponsored a study conducted through the National Research Council 41 
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(NRC) that culminated in a report with several recommendations (16).  The first recommendation from 1 

the NRC report is that public involement should be fully incorporated within environmental assessment 2 

and decision-making. This paper takes a step in the direction of including more broad public involvement 3 

in sustainable transportation decision making by discussing how preferences can influence decision 4 

making, and using the results from a pilot to make recommendations about obtaining preferences from a 5 

group of stakeholders. 6 

Weighting Methods Used in Current Assessment Systems 7 

Sustainability assessment systems contribute an important element towards informing more 8 

sustainable practices within an agency. However, weighting methods within current road sustainability 9 

assessment systems are not standardised. Weighting is performed in order to indicate the relative 10 

importance of performing a certain action or set of actions such as Greenroads (18), or to indicate the 11 

relative importance of outcomes such as BE2ST-in-Highways (19). The method for weight elicitation also 12 

varies between each sustainability assessment system. A subset of road and road pavement sustainability 13 

assessment systems are described below along with the method by which they elicit relative weights 14 

within each sustainability criterion. 15 

Greenroads™  16 

 Greenroads is a point based rating system that is designed to quantify sustainable practices within 17 

the design and construction of roadways (18). In this context, roadway refers to not only the pavement 18 

structure, but the entire road system (e.g., road signs and lighting, etc.). Greenroads evaluation includes a 19 

set of eleven project requirements with no point assignments which must be met in order to be considered 20 

for assessment, as well as 37 voluntary credits which are assigned scores from one to five. The one-to-21 

five scale is cited as a way to avoid placing too much emphasis on any one category by limiting the 22 

possible range of values. After completion of the eleven requirements is verified, the summation of the 23 

scores (i.e. credits received) over each category is taken as a project score, and then a certification level is 24 

assigned to the project (20).  25 

The development of the assigned number of credits for each voluntary category is outlined in 26 

Muench and Anderson (21). In this case, the scores are treated as weights which reflect the relative 27 

importance of each category towards more sustainable outcomes. For example, because the construction 28 

phase is relatively short, and the environmental impacts of the construction phase are relatively small 29 

related to other phases in the roads’ lifecycle, the sum of credits for all construction activities are lower 30 

than credits for other categories such as Access and Equity. To determine the weights, the developers of 31 

Greenroads started by assigning the least impactful activities a value of one, and then the remaining 32 

categories were weighted accordingly based on their impacts found in literature. 33 

CEEQUAL 34 

CEEQUAL (Civil Engineering Environmental Quality), which was developed in the UK, is a credit 35 

based evaluation framework designed for use within all infrastructure projects. CEEQUAL is designed to 36 

assess the sustainability of a project based on nine categories focused on the social and environmental 37 

aspects of sustainability (22). Unlike Greenroads, the CEEQUAL assessment is typically performed at the 38 

end of the project. The assessment is typically conducted through a two-step process; (1) an assessor 39 

employed by the project team determines which questions are applicable to the particular project and 40 
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develops a score, and (2) an independent verifier then reviews the points, along with the supporting 1 

documentation, and awards the final certification (23). Additional details regarding the history and 2 

development of CEEQUAL can be found in CEEQUAL (22). A review of CEEQUAL rated projects can 3 

be found in Johansson (8). 4 

Similar to Greenroads, the points within CEEQUAL act like weights which reflect the relative 5 

importance of particular categories. However, the weights derived in CEEQUAL are based on input from 6 

large groups of stakeholders in the country where the assessment is conducted. These weights are updated 7 

when the version of CEEQUAL is updated. The weighting is conducted by first assigning a value of ten 8 

to all criteria. Then the criteria are compared using ten as a mean value, twenty as a value representing 9 

maximum importance, and one as the minimum value for relative importance. An average is then taken 10 

over all responses for each category to obtain the final weights. 11 

BE2ST-in-Highways™ 12 

BE2ST-in-Highways (Building Environmentally and Economically Sustainable Transportation-13 

Infrastructure-Highways) was developed by the Recycled Materials Research Institute (24). The main 14 

objective of BE2ST-in-Highways was to quantify the impact of using recycled materials in construction. 15 

BE2ST-in-Highways is composed of two layers, a mandatory screening layer which is used to ensure that 16 

the project conforms to all regulatory standards, and a judgment layer which includes the calculation of 17 

nine metrics related to environmental and economic assessments (19). The BE2ST-in-Highways 18 

assessment measures relative sustainability, which means that the design alternatives must be compared to 19 

a conventional pavement design. The results of the environmental and economic calculations are then 20 

compared to a certain set of goals to determine the degree of compliance on a scale of zero to one. 21 

Unlike the previous sustainability assessment systems described in this paper, weighting between 22 

the parameters is optional. Each of the parameters are scaled between one and zero based on their degree 23 

of achievement to a particular goal (derived from policy objectives or literature), and, if weighting is not 24 

performed, it is assumed that all parameters are equally preferred. If weighting is chosen, then it is 25 

performed using the analytical hierarchy process (AHP, (25)) by conducting a set of pairwise 26 

comparisons. Scoring is performed, and the results are shown in a plot in order to visualize the 27 

compliance towards a set of goals. 28 

Greenpave 29 

Greenpave is a pavement sustainability rating system which was developed by the Ontario Ministry 30 

of Transportation, and outlines very specific actions in order to obtain points towards a sustainability 31 

score (26). Similar to Greenroads and CEEQUAL, Greenpave is a point based system, and the amount of 32 

obtainable points represents the degree of importance for a specific objective relative to the other 33 

objectives, essentially reflecting its weight. Each objective is accompanied by clearly defined action steps 34 

which need to be completed to obtain the points, or a subset of the points, associated with a particular 35 

objective. The strategies and goals were based on other sustainability assessment systems, as well as a 36 

sustainable pavement workshop which brought together many stakeholders to discuss techniques and 37 

policies which can contribute to pavement sustainability (27). Points (representing relative weights) were 38 

developed based on literature and feedback from various stakeholders. 39 
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Critique of Weights in Sustainability Assessment Systems 1 

Although the review presented within this section is not exhaustive of all infrastructure sustainability 2 

assessment systems, it is representative of how weights are applied within similar systems. In general, 3 

there are two types of weights employed by current sustainability assessment systems; (1) weights which 4 

express preferences of certain objectives relative to other objectives (e.g., CEEQUAL), and (2) weights 5 

which express the contribution of certain activities towards meeting certain goals (e.g., Greenpave). 6 

Although these two weighting methodologies are treated as exclusive in modern sustainability assessment 7 

systems, it can be argued that both types of weights should be employed at different stages within the 8 

same sustainability assessment. To demonstrate this, the structure of a sustainability assessment as a 9 

decision problem is shown in Figure 1.  10 

Many of the sustainability assessment systems used in transportation infrastructure do not directly 11 

follow the structure shown in Figure 1, but instead link some sub-processes to higher level objectives 12 

directly. For example, in systems such as Greenroads and Greenpave weights are placed directly on the 13 

responses or activities, and it is assumed that the degree of implementation of a response or activity is 14 

directly correlated to the degree of improvement towards particular means objectives. This is analogous to 15 

improving individual components of a system and assuming that the entire system as a whole is 16 

improved. Thus, the calculation of specific indicators is not part of the assessment. 17 
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FIGURE 1 Structure of a Sustainable Objective Hierarchy for Decisions 19 

Each means objective, as shown in Figure 1, may have multiple indicators for which a level of 20 

achievement of the objective may be measured, and each of these indicators can be weighted to define 21 

their relative contribution to these objectives. These weights are more synonymous with the weights 22 

employed in the Greenroads systems in that Greenroads weights activities relative to their contributions 23 

towards specified goals or objectives. For example, if a means objective is stated as maintaining healthy 24 

water resources, then the indicators which describe this may be any combination of eutrophication, water 25 

use and acidification (among other potential indicators). Each of these indicators can be weighted in order 26 

to signify their relative impact on healthy water resources. 27 
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Additionally, the importance of each means objective towards the fundamental objective must also be 1 

established, which requires some level of preferences to be expressed, which is typically in the form of 2 

relative weights. This is more synonymous with the weights employed in the CEEQUAL method. For 3 

example, if ‘maintain healthy water resources’, ‘maintain a healthy climate’, and ‘maintain healthy 4 

people’ are used as more generalized means objectives, their relative importance to the overall objective 5 

of sustainability would need to be assessed in order to quantify the impacts of decisions on sustainability. 6 

The application of the two types of weights to a sustainable decision problem is demonstrated in Figure 2. 7 

More Sustainable 

Infrastructure

Means objectives, or objectives 

which can be acted upon

Indicators or Metrics 

to measure 

achievement towards 

objectives

Activities which 

contribute positively 

to each objective

Weight to indicate 

importance of each objective 

relative to each other

Weight to indicate how 

much each action or metric 

impacts each objective

Fundamental Objective

 8 

FIGURE 2 Applying Weights in a Sustainable Decision Problem 9 

The development of the two types of weights discussed previously requires different approaches. 10 

Whereas the weights which link indicators (or responses) to means objectives may potentially be 11 

developed analytically (i.e. by determining how each indicator contributes to the objective relative to 12 

other indicators), the weights linking the means objectives to the fundamental objective must express 13 

human preferences. This is because the importance of each means objective relative to other means 14 

objectives, for example the importance of human health relative to economic prosperity, must reflect 15 

human values and judgment. Furthermore, the preferences expressed by different stakeholders are 16 

expected to be different, which may lead to different responses being considered more or less important. 17 

In order to further explore the linkages between these objectives, a survey was designed which asked 18 

transportation professionals to express their preferences between three objectives. The next sections of 19 

this paper describe the survey and survey results. 20 

PILOT STUDY ON WEIGHTING MEANS OBJECTIVES 21 

In an effort to explore the potential challenges of obtaining weights for means objectives (the 22 

second level of objectives in Figure 1 and Figure 2), a survey was designed and distributed to 23 

transportation professionals throughout the US. Sustainability includes considerations for economic 24 

systems, social systems and environmental or ecological systems, and improving the quality of each of 25 

these systems constitutes what is typically referred to as the triple bottom line of sustainability.  The 26 

survey results presented in this paper represent two aspects of the triple bottom line of sustainability, 27 

economic and environmental impacts.  The third aspect of the triple bottom line, social impacts, is not 28 

explicitly discussed in this paper, but it is recognized that transportation facilities are directly related to 29 
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the quality of life within countries (28). The results are expected to provide insights into how future 1 

preference elicitations regarding sustainable objectives should be performed. 2 

Assessment Methodology 3 

A survey was designed and distributed among transportation professionals that work within the 4 

field of infrastructure management in order to capture their preferences.  The survey was built using an 5 

online based platform so that the survey could be distributed via email using a link to a particular website 6 

which contained the survey questions.  The answers were recorded anonymously and stored in a database. 7 

Three parameters were used in the assessment; costs, pavement condition and energy consumption. 8 

Condition has economic implications, as well as consequences related to user satisfaction and user costs. 9 

Energy consumption was used as a proxy variable for environmental impacts.  10 

The survey was designed in four sections.  The first section was one question to determine the 11 

approximate length of time the respondent has worked in the field of infrastructure management.  The 12 

second section included two questions related to obtaining weights for each of the three parameters.  The 13 

first question of section two simply asked the respondent to rank the three parameters in order from most 14 

important to least important.  The second question (Figure  3) was designed to gauge the relative weights 15 

of each parameter using the AHP.  The third section consisted of four questions to obtain certainty 16 

equivalents for each of the parameter.  The questions in the third section were more time intensive, and 17 

discussed scenarios in which the respondent was asked to choose a certain value that would make them 18 

indifferent between their choice, and a risky choice.  The results from the third section are not discussed 19 

in this paper, but can be found in Bryce (29).  The final section included one question which asked the 20 

respondent to indicate their level of confidence in their responses, as well as a comment box for further 21 

input from the respondent.  22 

 23 

FIGURE 3 Question to Weight Using the AHP 24 

A number of methods are available that can be used to evaluate the weights applied to various 25 

criteria or parameters, and an overview of many of the techniques can be found in Choo et al. (30).  The 26 

weighting technique associated with the AHP developed by Saaty (25) was used to determine the relative 27 

weights for this work.  The AHP has proven to be a powerful and thorough method when comparing 28 

multiple criteria across multiple people in business and economic decisions, particularly when little prior 29 
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information is known regarding some criteria (e.g. environmental sustainability) (31). The basis for AHP 1 

is the pairwise comparisons made through the various criteria and parameters, and consistency within the 2 

responses can then be demonstrated mathematically.    Consistency can be seen in terms of the following 3 

example; if I prefer a 2 times more than b, and I prefer b two times more than c, it goes to follow that I 4 

should prefer a four times more than c.  Thus, saying I prefer a three time more than c would be 5 

considered inconsistent.  However, because not every decision maker can be expected to follow perfectly 6 

rational preference values, some level of inconsistency is allowable.   7 

Results  8 

The survey was distributed to approximately 60 DOT personnel from agencies throughout the US that 9 

work within pavement and infrastructure management, with at least one person in each state DOT 10 

contacted.  The survey was also distributed to approximately 20 researchers and consultants in the field of 11 

infrastructure management.  Of the potential respondents, only 38 responded to the survey.  Upon review 12 

of the results, only 30 of the respondents completed the first two sections to a level where the weighting 13 

preferences can be evaluated. The average respondent recorded between five and ten years’ experience in 14 

pavement management, with the minimum being 5 years and the maximum being greater than 15 years. 15 

The results for the ranking and weighting of the parameters are shown in Figure 4 and Figure 5.  16 

In general, condition was ranked and weighted the highest.  An interesting result is that cost was ranked 17 

the second most important by a significant margin, but the mean of the weights of cost and energy 18 

consumption are very similar (0.37 and 0.33, respectively).  This demonstrates the fact that ranking 19 

relative parameters does not necessarily preserve the range of preferences in the outcomes (i.e., preferring 20 

one objective more than the other does not provide a degree of preference between the two). In other 21 

words, using ordinal results to derive the weights will not provide adequate data to make the best 22 

decision. 23 

 24 

FIGURE 4 Results of Directly Ranking the Parameters 25 
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 1 

FIGURE 5 Results of Weighting the Parameters Using the AHP 2 

The consistency of the responses was checked in two ways.  First, the direct ranking of the 3 

importance of the three parameters was compared to the relative weighting (i.e. the results of the 4 

weighting using the AHP) to make sure that the rankings matched the weighting.  Secondly, the 5 

consistency ratio was calculated using the method prescribed within the AHP to ensure the relative 6 

weightings were consistent.  It is worth noting that many of the respondents indicated having trouble 7 

understanding the questions regarding the weighting, particularly given the relatively large number (9) of 8 

options to choose from, and the confidence expressed in the answers was generally low.  This could be a 9 

factor that contributes to relatively high levels of inconsistency.  One way to counteract this in future 10 

studies would be to use a dynamic platform that presents real time feedback to the respondents regarding 11 

the consistency and implications of their responses.  The benefits of providing real time feedback to 12 

respondents has been described as a way to increase participation, as well as increase information gained 13 

by the respondent (32). 14 

When comparing the ranking of the three parameters to the weighting, an interesting pattern emerged.  15 

Twenty three of the 30 respondents (77 percent) ranked condition as the most important parameter, 16 

followed by cost, and then energy consumption.  However, when determining the weights based on the 17 

scale for the AHP, the final values indicated that the 11 of the 23 respondents who ranked cost higher than 18 

energy consumption had final weights that indicated the opposite.  For example, one respondent ranked 19 

the parameters in the following order: condition as the most important, cost as the second most important, 20 

energy consumption is the least important.  When the same respondent answered the question related to 21 

the weighting they responded as follows: energy consumption is strongly more important when compared 22 

to cost, condition is extremely more important related to costs, and condition is strongly more important 23 

when compared to energy consumption.  This equates to weights for cost, condition and energy 24 

consumption as 0.08, 1 and 0.28, respectively.  The principal eigenvalue for the comparison matrix is 25 

3.117, which equates to a consistency ratio of 0.1 (generally seen as acceptable). This, along with the 26 

general low level of confidence reported by the respondents (average of 5 on a 1 to 10 scale), lends 27 

credence to the conclusion that the AHP may not be the best method for determining the relative 28 

importance of the criteria in an online survey system. 29 
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The consistency ratio for each respondent was calculated, and the majority of the consistency ratio’s 1 

had values greater than 0.1, which is generally defined as unacceptable.  Therefore, it was decided to 2 

investigate the reasons why each consistency ratio was greater than 0.1 before determining whether the 3 

responses were too inconsistent to be considered usable.  For example, one respondent labeled cost as 4 

extremely more important that energy consumption and condition as extremely more important than costs.  5 

Based on these two, the highest level of consistency achievable would be 0.18, and would be the case that 6 

they considered energy consumption extremely less important than condition.  However, the respondent 7 

indicated that energy consumption is very strongly less important that condition, which resulted in a 8 

consistency ratio of 0.61.  Thus, it was decided that the inconsistencies in this particular respondents 9 

weights were acceptable given that the overall trend in the preferences was maintained.  10 

Discussion 11 

The results of the pilot study are expected to provide valuable information regarding the design of 12 

future surveys to elicit weights. For example, the methods for obtaining weights and certainty equivalents 13 

are generally performed in an interview setting (e.g., (11)) so that feedback can be given to the 14 

respondents about the implications and consistencies of their selections.  The lack of feedback in the 15 

survey reported in this paper potentially led to a considerable amount of the inconsistencies seen in the 16 

answers (e.g., the case where the rankings and weightings of the parameters were reversed for 17 

respondents).  Therefore, any future work on collecting certainty equivalents and weights at a large scale 18 

should be done using a platform which enables immediate feedback to the users about the consistency of 19 

their responses. 20 

Although there was variability in the responses regarding the relative weights of each parameter, 21 

general trends could be seen when the responses were compiled. It is expected that these trends can be 22 

used to develop a consensus about the weights which can be applied to means objectives. For example, by 23 

interpreting the results from Figure 5 it can be seen that condition should be weighted approximately two 24 

times more than costs or energy consumption, which should be weighted similarly relative to each other. 25 

Furthermore, the results showed that the high weight for condition was fairly dominant, whereas there is 26 

much higher deviation in the cost and energy consumption results. This indicates that results from the 27 

sustainability assessment should be represented with some level of uncertainty (e.g., by presenting the 28 

final score as a potential range of values as opposed to a single deterministic value). 29 

The AHP is only one of many potential methods for deriving relative weights, and the results 30 

presented in the previous section indicate that it may not be the most appropriate method for deriving 31 

weights without some level of feedback given to the respondents regarding their level of consistency. 32 

Another method, which was not described in this paper, but is similar to the approach taken by 33 

CEEQUAL, is the Simple Multi-Attribute Rating Technique (SMART). The SMART method does not 34 

require pairwise comparisons, which simplifies the problem, but also assumes that the stakeholder can 35 

accurately quantify their degrees of preference. Other alternative methods for weighting can be found in 36 

many resources, including Choo et al. (30). 37 

The results are representative of one stakeholder group that is familiar with pavement management, 38 

and this could explain the considerably high weights associated with condition.  The condition of 39 

pavements is directly related to maintenance costs, and it is well known that the relationship is non-linear 40 

(i.e., a small drop in condition could lead to a relatively large increase in future costs).  Therefore, by 41 

placing such a high importance on condition, this stakeholder group may have considered that 42 
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maintenance costs would decrease.  By providing feedback, it would be important to see whether their 1 

preferences changed or stayed consistent.  2 

 CONCLUSIONS 3 

Within infrastructure sustainability assessment systems, weights are used to ascribe preferences to 4 

particular goals in order to define their relative importance. The authors have shown that, although 5 

multiple sustainability assessment systems apply weights in different contexts, each of the weighting 6 

systems is applicable to different stages within sustainability assessment. Weights which describe the 7 

impact that criteria have on specific goals are needed in order to link indicators (or responses) to means 8 

objectives. Weights which ascribe relative importance between many goals are needed in order to link the 9 

means objectives to the overall goal of sustainability. The authors also demonstrated the interaction of 10 

these two sets of weights by structuring sustainability assessment as a decision analysis problem. 11 

Sustainable infrastructure management is a multi-criteria problem that involves the input from 12 

many different stakeholders.  Thus, sustainable decision making within infrastructure management 13 

requires tradeoffs to be made between the many objectives (10).  This paper expanded on previous 14 

research that used various decision analysis techniques to measure the preferences of decision makers on 15 

a more broad scale (12, 13, 14, 15).  It was determined that a platform that provides real time feedback to 16 

respondents would be a more appropriate approach over the static platform used in this work.  However, 17 

some insightful findings could be made from this work.  For example, people who work within 18 

infrastructure management tend to be much more concerned with condition than costs and energy 19 

consumption.  Secondly, energy consumption and costs were weighted similarly, although this could be 20 

due to inconsistencies in the responses given that the majority of respondents ranked costs second most 21 

important (although ranking does not preserve the scale of preferences, only the order).    22 
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