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Abstract: This study presents a method to rank transportation assets like roadways and bridges based
on their criticality to the transportation system by systematically gathering stakeholder input on
criticality criteria weights. Six criteria were used to estimate asset criticality. Then, the criteria are
combined via stakeholder input using a weighted ranking scheme called the Analytical Hierarchy
Process (AHP). The AHP produces an average ranking based on the priorities of varied experts (i.e.,
Analysts, Engineers, Planners, etc.) using a pairwise rating system implemented as an online survey.
Thirty complete surveys were collected (13.2% response rate) with resulting ranks from highest to
lowest priority as: Annual Average Daily Traffic (AADT), redundancy, freight output, roadway
classification, Social Vulnerability (SoVI), and tourism. The stability of the criteria ranking to sample
size was established with 15 samples. Using this approach, a state-wide vulnerability and/or
resiliency assessment can consider multiple stakeholders’ perspectives within a single, consistent
criticality metric.

Keywords: asset criticality; Analytical Hierarchy Process; transportation resilience; multi criteria
analysis

1. Introduction

Research on the resiliency, connectivity, criticality, vulnerability, and disruption of
transportation networks has notably increased over the years [1,2], partly as a result of an increased
frequency of significant natural and human-made disasters. Examples in the US include rockslides
on Interstate 40 (I-40) from 2009-2010 with clean-up cost of $2-10 million, Hurricane Katrina in 2008
costing $170 billion in economic damages, and Superstorm Sandy (2012) causing nearly $70 billion in
damages. Mobility, safety, and the economy are all impacted by these long and short-term
disruptions to the transportation system. The transportation system is crucial to the functioning of
other key US infrastructure sectors such as emergency services, food and agriculture, healthcare,
public health, and manufacturing.

Resiliency, as defined by the National Academy of Sciences, is “the ability to prepare and plan for,
absorb, recover from, and more successfully adapt to adverse events.” Transportation network resilience
refers to the capability of networks to continue operating during disruptions and recover to normalcy
from such disruptions [3]. The initial stage in resiliency assessment is determining asset criticality. A
network component's (links) criticality is determined by both its likelihood of malfunctioning and
the impact of that malfunction on the system. The severity of the system's damage when a component
is lost increases with the component's criticality [4]. Criticality, therefore, is the measure of an
infrastructure asset's importance to the system's resilience, defined by the cost to users, owners, and
society resulting from a loss in functionality [5,6]. Designing reliable and resilient systems requires
the identification of critical components of transportation systems [5]. The analysis of the
performance of the transportation network under possible disruptions heavily relies on the
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identification of critical links, assisting practitioners and policy makers in mitigating impacts,
prioritizing projects, and enhancing system resiliency [6]. This makes this topic an area of interest to
federal, state, local, and private transportation authorities.

Numerous studies have explored and implemented different multi-criteria criticality assessment
methods. For example, the Connecticut DOT resiliency pilot study quantified criticality using metrics
such as Average Daily Traffic (ADT), accident count, and flood zone, with subjective stakeholder
input. The study ranked structures as low, moderate, or critical based on their combined values of
each factor [9]. Similarly, the Colorado DOT I-70 resiliency study employed an equal weighting
approach to rank assets based on six quantitative criticality metrics, which included Annual Average
Daily Traffic (AADT), roadway classification, freight, tourism, social vulnerability, and redundancy
[5]. The equal-weighted approach assumes that each criterion receives equal consideration and
weight in assessing link criticality. However, this approach may not always reflect a stakeholder
group’s varied and, sometimes, competing priorities. An unequal weighting approach, on the other
hand, assigns different weights to each criterion such that the weight follows from the individual and
collective priorities of the stakeholder group.

For the criticality assessment proposed in this paper, we adopt a multi-criteria criticality
estimation using an unequal weighting approach. Specifically, we reference the six criticality
assessment metrics outlined in the CDOT I-70 resiliency study [5] to estimate the criticality of a
statewide highway transportation system. We expand the CDOT approach by introducing an
Analytical Hierarchy Process (AHP) to estimate a combined criticality metric based on a weighted
average of the six criteria with weights informed by stakeholders. It is important to note that although
we adopt CDOT's six-criticality metrics, the AHP method exemplified in this paper can be applied to
any criteria set, thus we present a flexible approach suitable for various contexts.

AHP is a multi-criteria decision-making approach in which factors (criterion) are arranged in a
hierarchical (ranked) structure. AHP is popular because of its ability to reflect people’s thinking and
judgments by simplifying complex decisions into pairwise comparisons [10]. The aim of this paper is
(1) to develop a data-driven and repeatable framework for measuring the criticality of statewide
transportation system assets based on a set of criticality criteria and stakeholder input and (2)
determine unequal weights and ranking of each criticality assessment metric for the set of six criteria
explored in this paper using the AHP.

2. Literature Review
2.1. Criticality Metrics

Measures of reliability, vulnerability, robustness, resilience, importance, and criticality have
been proposed to assess the impact of a transportation asset to system performance [8]. In particular,
criticality has seen increasing popularity in research and practice [5,7,11-24]. The more critical the
asset, the more severe the impact to the system when that asset is non-operational [14].

Criticality metrics can be classified into topological or performance based methods. Topological
methods consider graph theory-based characteristics like connectivity, accessibility, maximal flow, etc.
which require less data and are computationally more efficient than performance-based measures.
Performance-based methods investigate variations in traffic flow (travel time, volume) caused by
changes in supply and demand but can be computationally expensive for large networks due to the
iterative nature of calculations [7]. Examples of topological measures include Betweenness-Centrality
(BC) [7], the Link Criticality Index (LCI) [11], the Travel-Time Weighted Betweenness-Centrality
(TTWBC) [7], Practice-Friendly Link Criticality Index (PFLCI) [11], and the Efficiency Index (EI) [12].
A common performance-based method for determining link criticality is to run a network scan. This
can be done using the Network Robustness Index (NRI), a traffic assignment-based approach that
calculates criticality based on changes in total travel time of the network before and after link failures
[1]. With NRI there is a risk of creating disconnected networks when omitting links, making it


https://doi.org/10.20944/preprints202505.0143.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2025 d0i:10.20944/preprints202505.0143.v1

impossible to estimate the system-wide impact of link failure on travel time. To address this, the
Important Score (IS) was established [3-5].

However, methods that rely solely on vehicle- or network-based metrics like those discussed in
the paragraph above may fail to capture broader impacts of disruptions [21]. To address this, multi-
criteria metrics are introduced [21]. One example application used three factors to prioritize links and
allocate resources for retrofitting, maintenance, and security purposes [18]. The first factor uses the
link volume, the second uses the spatial location of important facilities served by the links, and the
third uses the number of origin-destination pairs served by a link based on network characteristics
[21]. Another flexible and robust multi-criteria approach consisted of sixteen critical metrics such as
food, medicine, mobility, goods and material access, fuel and energy access, and emergency response
[25].

As a starting point for this paper, we adopt the Colorado DOT (CDOT) multi-criteria analysis
for criticality assessment [5]. Six criteria were used to estimate link criticality: AADT, roadway
classification, freight, tourism, social vulnerability via the Social Vulnerability Index (SoVI), and
redundancy (Table 1) [5]. These criteria reflect environmental, social, and economic impacts, capture
impacts across multiple modes (vehicle and truck/freight), economic sectors (freight, tourism), and
population sectors (vulnerable groups) [26].

Table 1. Criticality Measures Defined by CDOT Study.

Criteria Definition Resolution
A 1A Dail
lerflflilj ( A,:eDr?[fe Y Daily traffic volume for each roadway link. Link

Functional class of roadway link: Interstate,
Roadway Classification Freeways & Expressways, Principal Arterials, Link
Minor Arterials, and Major Collectors.

Freight value in Millions of US dollars by county

Freight Count
& for the year. Y
. Tourism value as expressed as Total County

Tourism . . o County
Expenditures in Millions of US dollars by county.
SoVI measures the social vulnerability of US counties to
environmental hazards. It is an indicator comprised of 29

Social Vulnerability Index (SoVI) socioeconomic variables that contribute to a county’s County

ability to prepare for, respond to, and recover from
hazards

The amount of additional travel time added to the network .
Redundancy o . Link
when a link is non-operational.

The criteria are described as follows and represent a mix of roadway link level and county level
estimates. AADT is a basic measurement that indicates the average traffic volume for a location along
a roadway throughout the year. It is a crucial parameter for transportation planning and funding
allocation [28]. Roadway classification defines a roadway segment's role in serving traffic flow

through the network. Each functional class is based on the type of service the road provides to the
motoring public with a range of allowable lane widths, shoulder widths, curve radii, etc. [27]. Freight
value is expressed as the total value of imports and exports by county estimated by such means as
the national freight travel demand model called the Freight Analysis Framework Version 4 (FAF4) or
other statewide freight-based travel demand models or surveys. Tourism represents the total
expenditure on tourism in the county for a given year. SoVI is a computed, comparative index
comprised of 29 socio-demographic variables among eight categories and represents a region’s level
of social vulnerability [29]. The eight categories grouped in the model include wealth, race (black)
and social status, age, ethnicity and lack of health insurance, special needs populations, service sector
employment, race (Native American), and gender (female). A score greater than 1.5 standard
deviations above the mean (positive) indicates high social vulnerability, while a score below 1.5
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standard deviations of the mean (negative) indicates low vulnerability. The redundancy metric
captures the system-wide increase in travel time resulting from a complete link closure. Links that
increase system-wide travel time when closed are more critical than links that cause only a minimal
change. This is considered a measure of redundancy based on the availability of alternate routes of
similar distance and travel time. However, a link with a few or longer alternate routes would have a
higher impact on the overall system travel time. CDOT's redundancy metric was suitable for corridor-
level analysis, so a new metric was developed for this study to fit state-wide analysis. The
redundancy metric used is an example of a performance-based metric described above, specifically a
modified NRI [27].

As noted, measures of AADT, Roadway Classification, and redundancy can be attributed to a
link, as these are link-level measures. On the other hand, freight value, tourism, and SoVI are applied
as county-level metrics. To bring all measures to a common spatial dimension, namely link level
measures, all roadway links in a county are assigned the same value corresponding to the county in
which they are located. While county aggregation was used in this paper, any sub-region geography
could be used.

The multi-criteria for the CDOT approach are combined via equal weighting, e.g., unweighted
average. In some contexts, certain criteria may be more important such as when viewed by
professionally diverse stakeholder groups. Thus, an unequal weighting approach can be introduced.

2.2. Analytical Hierarchy Process

AHP is one of the more powerful and commonly used types of multiple-criteria decision analysis
(MCDA) in which conflicting and complex factors are placed in a hierarchical (ranked) structure [30].
In the context of this paper, it is used as an unequal weighting approach to compute the criticality of
a link by estimating differing weights to each criterion such that the weights reflect the priorities of
the decision-makers and stakeholders. The different weights indicate the relative importance of each
criterion [31]. Through pairwise comparisons, the AHP generates a reciprocal decision matrix by
allowing the evaluator to compare only two criteria at a time. Compared to weighting by ranking
(ranking the criteria directly by relative importance), which loses explanatory power as the number
of criteria increases, the AHP method provides a consistent and effective approach for prioritizing
and ranking criteria. The final output of AHP is a prioritized ranking and set of weights that shows
the relative importance of each alternative.

Several example applications of AHP in transportation engineering are discussed in this section
to give a basis for its selected use in this paper. The AHP was employed as a decision-support model
for contractor selection [32]. This study utilized the AHP model to discover the best contractor based
on factors beyond just the lowest bid. In a comparative study, the AHP was used for the selection of
an appropriate intersection design among five design alternatives: a roundabout, signalization
without left turn bay, signalization with left turn bay, and a grade-separated alternative [33]. Eight
traffic engineers ranked the five types based on five design criteria: traffic safety, construction cost,
average delay, CO emissions, and fuel consumption. [34] used AHP to analyze solid waste disposal's
environmental impacts and identify the best management option. The study assessed stakeholders'
opinions and judgments, including residents and institutional workers, to determine the most
suitable waste disposal option.

3. Methodology

The main objective of this study is to develop criteria weights for transportation asset criticality
metrics based on unequal weights using AHP. To apply an AHP model, the following steps were
followed:

1.  Define the hierarchical structure consisting of the goal and criteria,
2. Collect the input data by pairwise comparisons of criteria through survey,
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3. Calculate consistency ratios from the individuals’ set of judgments and individual priorities for
each set of pairwise comparison, and
4.  Compute the overall criteria weights by aggregation of individual priorities (AIP).

3.1. Hierarchical Framework and Definitions

The hierarchy captures the relationship between the overall goal and criteria. The final hierarchy
developed for this work defines the goal as “measuring the criticality of highway system assets” and
each of the measurements, e.g., AADT, roadway classification, etc., as the criteria (Figure 1).

Measuring Criticality of
Highway System Assets

GOAL

AADT (vehicles Roadway 0 3 Social Vulnerability Redundancy
per day) ] [Classiﬁcation ] [ L) ] [ i ] Index (SoV) ] [(vshicle-hours)

CRITERIA

Figure 1. Analytic Hierarchy of the Decision.

3.2. Input Data Collection via Online Survey

An online survey to gather criteria weights was implemented using a commercial online survey
platform. This method was preferred over other traditional methods like paper, telephone, and mail
surveys as it provides a user-friendly interface to visually adjust and complete the pairwise
comparisons, provides real-time access to results, thereby reducing costs, and, lastly, allows for a
broad sample as participation is not limited by costs of mailing as is the case with paper based surveys
or researcher time commitments and bias as is the case with interviews [35].

3.3. Survey Sample Size

Two factors determine the sample size for the survey: consistency of judgements and their
validity in practice [36]. The number of experts (sample size) varies by application: eight traffic
engineers participated in a study to select an intersection design type [33]; 48 experts from academic
institutions, city agencies, and mobility service providers completed the weighting process of
different criteria and indicators for social sustainability assessment of mobility services [37]; 191
healthcare professionals responded to an investigation of risk factors for preventing falls [38]. To
evaluate the criticality of highway transportation assets using multiple criteria, a diverse group of
experts with specific knowledge in transportation is needed and served as the sample frame [39].

Convenience (non-probability) sampling was used to gather a total of 227 experts in the US via
email solicitation through professional organization listservs, committee membership rosters, online
professional networking (e.g., LinkedIn), and public agency directories. The sample was categorized
into three demographics based on profession, practice area, and agency. Profession refers to the
respondent's role in their organization (i.e., analysts, engineers, planners, consultants, inspectors,
managers, office specialists, project coordinators, supervisors, surveyors, and researchers) while
practice area identifies their area of expertise (i.e., asset management, construction, emergency and
response, maintenance, operations, planning, engineering, system information and research, policy,
and survey) and agency indicates their place of employment (i.e., state and federal Departments of
Transportation (DOTs), state, local and regional governmental transportation agencies, private
engineering consulting firms, and academic institutions).
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3.4. Survey Questionnaire

The survey questions asked participants to compare the relative importance of the six criteria
with respect to the overall goal and report their judgments as pairwise comparisons using a numerical
scale called the Fundamental Scale for Paired Comparisons [30] (Table 2). With six criteria to compare,
the respondent must make 15 comparisons (15 questions).

Table 2. Fundamental Scale for Paired Comparisons.

Scale Judgment of preference Description
1 Equally important Two factors cont.1"1b1.1te equally to the
objective
3 Moderately important Experience and judgment slightly
favor one over the other
E i j 1
5 Strongly important xperience and judgment strongly

favor one over the other

Experience and judgment very
7 Very strongly important strongly favor one over the other, as
demonstrated in practice

The evidence favoring one over the
9 Extremely important other is of the highest possible
validity

Intermediate preferences
2,4,6,8 . P When compromise is needed
between adjacent scales

The questions are presented in our online survey platform using a sliding bar scale, with the
criteria labeled on the rightmost and leftmost edges of the bar and centered at zero with values in
between (Figure 2). The survey instructions define each criterion and provide a simple example using
pairwise comparisons of oranges, grapes, and mangoes accompanied by descriptions of comparison
consistency and logic.
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Pairwise Comparison

With respect to the Goal: Measuring the Criticality of Highway Transportation Systems

Using the scale from 1 to 9 (where 9 is extremely and 1 is equally important)

Please use the slider to indicate the point on the scale that best represents the relative importance of
one criterion over the other.

Definitions of the criteria are provided for a quick reference when you hover over the criteria for a
second or two.

9 1 7 1 5 3 1 1 3 5 7 9
Annual Average Daily Traffic(AADT) Roadway Classification
9 1 7 1 5 3 1 1 1 3 5 7 1 9
Annual Average Daily Traffic(AADT) Freight
9 1 7 1 5 3 1 1 1 3 5 7 1 9
Annual Average Daily Traffic(AADT) Tourism
9 1 7 1 5 3 1 1 3 5 7 9
Annual Average Daily Traffic(AADT) Social Vulnerability Index(SoVI)
9 1 7 1 5 3 1 1 1 3 5 7 1 9
Annual Average Daily Traffic(AADT) Redundancy

Figure 2. Survey Questionnaire in Qualtrics Platform.

3.5. Consistency Ratio Calculations

Pairwise comparisons can result in inconsistent rankings of criteria [40]. For example, they may
report that AADT is more important than tourism, tourism is more important than freight value, but
that freight value is more important than AADT (AADT should be more important than freight value
in this example). Thus, the Consistency Ratio (CR) is used to estimate the consistencies of each
individual set of judgments to rule out inconsistent logic [41]:

cl
CR=—(1)
where:
Amax—n
n-1
RI is the Random Index calculated as the average CI for randomly generated matrices of the same

order [31,42]

Amax s the largest principal eigenvalue of a positive reciprocal pairwise comparison matrix of size

Cl is the Consistency Index calculated as CI =

n (number of criteria).

A CR of less than 0.10 is optimal, while a CR less than 0.20 is acceptable [41]. Thus, we retain
responses (sets of judgements) with CR below 0.20. The AHPy library in Python was used to compute
the reciprocal matrices and individual priorities from pairwise comparisons obtained in the survey
[43].

3.6. Criteria Weights

Three approaches can be used to aggregate judgements: (1) synthesizing each of the individual’s
hierarchies and aggregating the resulting priorities, referred to as Aggregating Individual Priorities
(AIP); (2) aggregating the individual judgements for each set of pairwise comparisons into an
“aggregate hierarchy”, referred to as Aggregating Individual Judgements (AI]) and (3) aggregating
the individual’s derived priorities in each node in the hierarchy. Although AHP can handle the third
method, it is less relevant and is not commonly used. Thus, the AIP and AlIJ methods are used in this
study. AIP is used when individuals are acting in their own right, with different value systems, and
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the concern is about the resulting alternative priorities [44]. Using the AIP approach, we can analyze
how respondents ranked each criterion, illuminating varied rankings, expertise, and priorities.
Ultimately, this approach allows for the computation of overall criteria weights. If a respondent
prioritizes a particular criterion over others, this can significantly impact the final and overall weights
after aggregation. AIP is calculated to obtain the final priority vector either with the arithmetic mean,
a=[a;] or geometric mean, g =[g;] as follows [45]:

a = TiaWij 2)

J m

®3)

iz, i)
g; = l:n ij

Where:
a; is the arithmetic mean of the j-th criterion
gj is the geometric mean of the j-th criterion
w; j is the normalized vector of individual priorities of the i-th expert and j-th
criterion
n is the number of expert individuals
m is the number of criteria

The second method, known as Al], involves synthesizing the resulting reciprocal matrix from
the individual pairwise comparisons into a single judgment matrix using the geometric mean. AlJ is
used when individuals share common goals and value systems usually within the same group and
pool their judgments in such a way that the group becomes a new ‘individual’ behaving as one [44].
This approach highlights the different rankings and priorities by each stakeholder group. In this case,

the AlJ generates distinct criterion rankings and weights for each stakeholder and practice area
group. Al] using the geometric mean is calculated as follows [46,47]:

__n
Wi =3 oo @)

Where:

w; is a set of normalized eigenvector components
p; is a set of eigenvector components

4. Results

4.1. Response Rates by Sector

The survey was administered between July and November 2022 resulting in 30 responses out of
227 distributed surveys, yielding a response rate of 13.2%. On average, respondents completed the
survey in 13 minutes (standard deviation of 8.7 minutes).

Distributions of respondents by profession (Figure 3a), practice area (Figure 3b) and agency
(Figure 3c) show that engineers (43%), experts from the planning practice area (46%) and from the
private industry (41%) constitute the majority. Response rates by profession and practice area are
unavailable due to the way the sample frame was constructed, e.g., profession and practice area were
not known from the contact lists used.
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= Engineers

H Managers .

= Consultant = Operations

I Researchers = Planning

H Analyst = Engineering

® Planner = System Information & Research
B Truck Driver E Emergency & Event Response

=DOT
u Federal/State/Government
u Private

= Academic

(a) Profession (b) Practice Area (c) Agency
Figure 3. Survey Respondents by Profession, Practice Area, and Agency (N = 30).

Most respondents contacted were from private industry (40%) (Figure 4). Response rates by
organization were 8.7% for academic organizations, 13.6% for private engineering consulting firms, 13.2%
for state, local, and regional transportation agencies, and 12.7% for DOTs.

Unidentified
3%

Academic

Academic
/
7%

10%

= State and federal DOTs
= State and federal DOTs u State, local and regional
u State, local and regional & Private engineering consulting firms,
& Private engineering consulting firms  Academic
i Academic ® Unidentified
(a) Survey sample frame (b)  Survey responses

Figure 4. Survey Sample Frame and Respondents by Agency.
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4.2. Consistency Ratios of Responses

The average CR of responses was 0.33 with a standard deviation of 0.068. 21 of the 30 responses
had a CR less than 0.20 and thus included in the overall computation of criteria weights.

Respondents self-reporting a profession as ‘managers’ were the least consistent with an average
CR of 0.131, while respondents identifying as “planners’ were the most consistent with an average
CR of 0.024. Respondents self-reporting as ‘engineers’, analysts’, and ‘consultants’ had average ratios
of 0.128, 0.112 and 0.089, respectively. Those reporting as ‘researchers” had an average CR of 0.062.

Respondents self-reporting a practice area of ‘operations’ were the least consistent with an
average ratio of 0.2, while those in the practice area of ‘emergency and event response’ were the most
consistent with an average CR of 0.064. Those in the 'planning’ and ‘engineering’ practice areas had
average CRs of 0.121 and 0.107, respectively. Those reporting in the practice area of ‘system
information and research” had an average CR of 0.09. Differences can be attributed in part to sample
size by practice area.

Comparing across self-reported agency, respondents from ‘state and federal DOTSs’ reported the
most inconsistent responses with an average CR of 0.145 while respondents from “private engineering
consulting firms’ reported the most consistent responses with an average CR of 0.103.

4.3. Overall Criteria Weights

From the 21 responses that met the consistency ratio threshold, priority weights for each
criterion were determined using the AIP (Figure 5). AADT ranked first, followed by redundancy,
freight value, roadway classification, SoVI, and tourism, in respective order. AADT and redundancy
have a combined weight of 0.475, approximately half of the overall weight and slightly more than the
other four criteria combined.

0.50
0.45
+< 0.40
035
0.30 0.244 231
z 035 0.2 0.198
5 0.
20,15 0.13 0.114 —
0.05
008 __ —
Annual Redundancy Freight Roadway Social Tourism
Average Daily Classification Vulnerability
Traffic Index (SoVI)
(AADT)

Figure 5. Criteria and Weights Derived from an Analytical Hierarchy Process (AHP) using the Aggregation of
Individual Priorities (AIP) method for All Respondents Meeting the Consistency Ratio Threshold (N=20).

4.3. Criteria Weights by Stakeholder Group

Next, we examine the overall rankings via the AIJ aggregation by stakeholder group (Figures 6
and 7). These are summarized as follows:

e AADT ranked first by state and federal DOTs, private engineering consulting firms, and state,
local and regional governmental transportation agencies groups while placing fifth in the
academic group. AADT ranked first by the respondents from engineering, second by planning
and system information and research (SIR) groups, third by operations, and fifth by emergency
and event response (EER).

¢  Redundancy was ranked second by state and federal DOTs, private engineering consulting firms
and state, local and regional governmental transportation agencies groups while placing third
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in the academic group. Redundancy ranked first by the planning with operations and
engineering groups ranking it second. It was ranked third and fourth by EER and SIR
respectively.

e  Freight value had a varied ranking, ranking second by the academic group, third amongst state
and federal DOTs and private engineering consulting firms while ranking fourth by state, local
and regional governmental transportation agencies group. Experts in the SIR sector ranked
freight first, second by EER, third by both planning and engineering, and fourth by the
operations practice area.

¢ Roadway dlassification ranked third by state, local and regional government transportation
agencies group while it ranked fourth by the other stakeholder groups. Roadway classification
was the highest-ranked criterion by respondents working in the field of operations with a value
of 0.387. It, however, ranked third by SIR, fourth by planning and EER, and finally fifth by
engineering.

e  SoVI ranked first by respondents from academia with a very high criteria weight of 0.475,
placing fourth, fifth, and sixth by the state and federal DOTs, private engineering consulting
firms and state, local and regional governmental transportation agencies respondents
respectively. SoVI ranked first by the respondent from EER with a very high criteria weight of
0.496. It, however, fell to fourth place ranking by the engineering field and fifth across the

remaining practice areas.

e  Tourism ranked sixth across the state and federal DOTs and private engineering consulting
firms groups but was ranked fourth and fifth by the experts from the academia and state, local
and regional governmental transportation agencies respectively. Tourism was unanimously
ranked sixth by all the practice area groups which is consistent with the overall criteria ranking.

Rankings by both state and federal DOTSs and private engineering consulting firm groups were

consistent with the overall criteria ranking using the AIP approach with minimal differing weights
(e.g., 0.198 vs 0.196 vs 0.183 for the weight assigned to freight).
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Figure 7. Criteria Ranking and Weights of Practice Area of Respondents.

4.4. Criteria Hierarchy Effects on Ranking

Resulting weights and rankings are subject to the number of criteria and the assumed hierarchy
of the criteria. To demonstrate the effect of less criteria and correlation among criteria in the ranking
and weights, postprocessing was conducted such that each criterion is removed one at a time and the
criteria weights are recalculated to evaluate their impact on the overall results. The analysis shows
that revised criteria ranking is consistent with the original, except for the removal of freight. There
was a change in ranking due to the exclusion of freight, with redundancy moving to first rank (was
originally second rank) and AADT ranking second (was first). Roadway classification, SoVI, and
tourism held their original positions.

4.5. Sample Size Effects on Ranking

The rankings of the criteria were also assessed under varying sample sizes, which were increased
from three to 21 through random selection. The rankings of the criteria varied as the sample size
increased from three to 12, but they remained consistent with the original rankings after using 15
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samples in the final computation (Figure 8). This supports the use of a relatively small (less than 30
sample) to determine consistent rankings.
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Figure 8. Criteria Ranking and Weights of Practice Area of Respondents.

4.6. Application

The following is an example of how the weights can be applied to estimate the criticality of a
link in a transportation network using the state of Arkansas as a case study. Following from [5], each
criticality metric is divided into levels adjusted to the application context of Arkansas (Table 2). Each
criterion is assigned to a numerical criticality score (1 to 5) that is then averaged using AHP weights
derived from an Arkansas sub-sample of the AHP survey to estimate a link's overall criticality. The
numerical criticality score ranges are based on distribution of the data and are specific to the state of
Arkansas traffic volumes, freight tonnages, tourism, and socio-demographic characteristics.

Table 3. Criteria Levels and Weights Derived from the Analytical Hierarchy Process (AHP) Method Applied to
the State of Arkansas (Modified from [5]).

Criticality Score

1 2 3 4 5
L. Very Low Moderate High Very
Criteria Low Impact Impact Impact High Weight
Impact Impact

Annual Average Daily <=720 721-1900 1901-4600  4601-15000 >15000 0.240
Traffic (AADT)
Redundancy <=200 201-788 789-1870  1871-7500 >12250 0.218
Freight <=800 801-2085 2086-3898  3899-12250 >12250 0.186

Major  Minor Arterial Principal =~ Freeway Interstate 0.144
Roadway Classification Collector Arterial Arterial
Social Vulnerability Index -4.49-2.93 -2.92-1.24 -1.23-0.67  -0.68-2.51 2.52-5.40 0.134
(SoVI)
Tourism <=85 86-270 271-567 568-928 >928 0.078

For example, consider the following levels of the criteria that are estimated for a single link:
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AADT is 500 vehicles per day and assigned Level 1.

Redundancy is estimated to be 1600 vehicle hours and assigned Level 3.
Freight value is $1000M and assigned Level 2.

Roadway class is a minor arterial and assigned Level 2.

SoVlis estimated to be 1.55 and assigned Level 4.

Tourism value is $2M and assigned Level 1.

L

The unequally weighted average is calculated as follows:
Criticality; = YN_;(w;) X i (5)
Where;

Criticality; is the combined criticality score for each link

w; , is the weight assigned to each criterion, n, e.g., AHP deduced weights

Cin is the score of the criterion, n, for each link i

N is the number of criteria, e.g., N=6.

The weighted average is calculated as:

Criticality = (0.244x1) + (0.231x3) + (0.198x2) + (0.13x2) + (0.114x4) + (0.082x1) =2.13

The example link with a criticality score of 2.13 is considered more critical than a link with a
score of 1.50, but less critical than a link with a score of 3.00.

The methodology was used to assess criticality metrics of Arkansas' state roadway network
using both equal (e.g., weights of 1/6 applied to all criteria) and unequal weighting approaches (e.g.,
using AHP derived weights). Overall, under the equal weighting approach, 19% of roadways were
deemed highly critical (criticality > 2.8 based on natural breaks), whereas only 9% were rated highly
critical using AHP weights. Under the equal weighting approach, 25% and 56% of roadways were
considered to have moderate and low criticality, respectively, compared to 19% and 72% with the
AHP weights. Ten roadway segments were identified as the most critical using AHP weighting with
criticality scores above 4.2. A main shift occurs when criteria are subject to county level aggregation.
For example, tourism data is measured by county, resulting in all roadway segments in a county
having the same tourism score. Thus, reducing the weight of tourism criteria lowers the criticality of
all roadway segments in that county.

5. Discussion

The AHP derived weights are sensitive to decreases in sample size, make-up of the respondent’s
professions, practice areas, and organizations, and the aggregation approach, e.g., AlJ or AIP.
Although a response rate of 13.2% was achieved in this study, a non-probability sampling approach
was used. Thus, it is not possible to weigh the sample across all respondent demographics to derive
population-level estimates. With a sample of 21 responses, it is not advisable to draw strong
conclusions about the priorities of minority respondent groups. For example, one response was
gathered from EER. However, because the AHP is a subjective method rather than a statistical
technique, a smaller sample size is acceptable for implementing the AHP model as long as the
responses reflect the logical and analytical opinions of experts from various stakeholders [36,39].

The AIP and AIJ methods are employed when decision makers are assumed to have equal
importance. From the AIP of the individual responses, prioritization of a criterion by an individual
respondent significantly impacts the final weights. When stakeholder rankings were the same, the
AlJ method showed slight weight differences when compared to AIP. Overall, utilizing the AlJ over
the AIP aggregation approach demonstrates the sensitivity of the weights to the interpretation of the
group's (practice area or agency) decision making process. The AlJ approach is more suitable when
the group shares a common goal, while the AIP approach is used when individuals act according to
their own priorities.

Consistency is an important requirement of the AHP method [39]. The acceptable CR values for
different matrices sizes (e.g., number of criteria) are: 0.05 for a 3 by 3 matrix (three choices), 0.08 for a
4 by 4 matrix and, 0.2 for larger matrices [39,41]. In this study, 21 responses met the recommended
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consistency ratio threshold (CR < 0.20). The differences in consistency, in part, can be attributed to
the different sample sizes across the various stakeholder groups. A least consistent individual
respondent with a high CR value has a significant effect on the average CR of the specific stakeholder
group. The area of expertise required to make the pairwise comparisons must be known to engage
respondents who have both knowledge and practical experience with the subject matter to ensure
consistent responses [36].

No correlation was found between the CR and the amount of time spent taking the survey. Out
of the 21 respondents who achieved an acceptable CR, 14 were able to complete the pairwise
comparisons in 20 minutes or less, while the remaining seven required more than 20 minutes. Five
out of the nine respondents who exhibited inconsistent judgments completed the survey in less than
20 minutes, whereas the remaining four required more time to complete the survey.

6. Conclusions

This paper presents an application of Analytical Hierarchy Process (AHP) for ranking and
weighting of criteria to measure the criticality of roadway segments across a statewide network. The
AHP method uniquely allows for the aggregation of diverse stakeholder rankings of multiple criteria
using a pairwise rating system. We carried out the AHP process using an online survey resulting in
30 complete responses (13.2% response rate). Respondents represented public transportation
agencies, private consulting firms, academic intuitions across the US. After applying a threshold for
consistency in individual responses, we used an aggregate weighting approach called the AIP to
estimate criteria weights of the 21 remaining responses.

The key finding from the criteria ranking is that AADT is consistently ranked most important
among the six criteria (weight of 0.244). Redundancy was the second ranked criteria (0.231).
Combined, AADT and redundancy account for 0.475 of the total weight, representing almost half the
weight of the other four criteria combined. The experts surveyed agreed that tourism is the least
important of the six-criticality metrics (0.082). These rankings were consistent when any criteria
except freight were removed from the choice set. Alternate hierarchical structures or sets of criteria
may be considered in future work. Additionally, the number of responses was evaluated regarding
the stability of the rankings. With 15 responses, the ranking of criteria reached consistency. This is a
key finding since the literature does not provide a sample size recommendations AHP applications.

Individual responses reveal sensitivity of the AHP model to stakeholder roles and traits. For
example, there were few academic respondents, one happening to be the sole response associated
with the field of emergency response. SoVI was ranked by this respondent as the most vital criterion.
Future research will need to solicit more respondents across diverse stakeholder groups, considering
their knowledge level and practical experience.

Other metrics considered important for measuring the criticality of a statewide highway
transportation assets were asked of the participants. Respondents proposed metrics such as safety,
volume/capacity, supply chain vulnerability, and the inclusion of other types of transportation
facilities such as seaports, airports, and so on. These metrics can be incorporated into future criticality
and resiliency assessments using this framework.
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