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ABSTRACT

ASSESSMENT FRAMEWORK FOR THE SUSTAINABILITY OF
TRANSPORTATION SYSTEMS

Md Abdul Quddus

It is agreed that a sustainable transportation system has to satisfy today's needs with a positive
influence on meeting future transportation demand. The major concerns in sustainability for most
transportation agencies are related to (a) the safety issues for all potential users, (b) the system’s
efficiency in providing accessibility and mobility, (c) the potential of the transportation systems
to enhance economic productivity and social equity, and last but not least (d) limiting and/or
eliminating the negative impact on the natural environment. The assessment of a transportation
system’s sustainability should include the extent to which the decisions affecting transportation
activity are optimized with respect to different environmental, social and economic criteria.
Qualitative methods to assess transportation sustainability are found in many the studies. Even
though there are few studies regarding quantitative assessment of transportation sustainability,
they are for small-scale applications and with limited number of indicators. This thesis proposes
a quantitative methodology to assess transportation sustainability that is flexible and
comprehensive (i.e. independent of the type and scale of the transportation system analyzed). In
this thesis, the criterions related to major concerns, generally referred to as indicators are
grouped into sets that include specific goals and objectives, because an ideal sustainable
transportation planning requires a balanced set of indicator targeting economic, social, and
environmental sustainability. Using these indicator sets, a Sustainability Index is developed,
which represents a weighted aggregated value based on the Analytic Hierarchy Processes
principle. Therefore, the proposed methodology is organized as a comprehensive and flexible
evaluation framework that provides a global assessment index. This methodology can be adapted
to local assessment conditions used by transportation agencies to examine the conditions of the
existing transportation infrastructure, as well as to predict the sustainability of future

transportation developments.
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CHAPTER 1
INTRODUCTION

Sustainability of a transportation system can be evaluated with respect to different criteria. From
the supply services perspective, a sustainable transportation system should have the capability to
fulfill the current and future transportation needs while minimizing, or avoiding the negative
impacts in the long term. In general, a sustainable transportation system must be safe for its users
and the surrounding environment, be efficient in providing accessibility and mobility, and
enhance economic productivity and social equity, without negatively affecting the natural
environment for the current and the future generations (Richardson, 1999, May et al. 2001,
European Union Council, 2001, Litman et al. 2006.). Transportation sustainability can be
achieved by ensuring that the contributing factors related to environmental, social and economic
goals are optimally integrated into decisions affecting transportation activity. Therefore, it is
necessary to know in detail the various goals corresponding to environmental, social and

economic sustainability.

The environmental goal of sustainable transportation is to reduce the negative impacts on the
natural environment (i.e. pollution prevention, climate protection and habitat preservation) and,
thereby, generating the greatest possible improvement in the quality of life. To be specific, major
environmental concerns are the amount of vehicle emissions, with special focus on greenhouse
gas emissions; air, water, and soil pollution; resource generation and consumption capacity
(especially fuel-resource depletion and overconsumption); recyclability of resources; and

environmental stability in general.

The social component of a sustainable transportation system focuses on the contribution to the
progress of the society in general. For example, any transportation development should ensure
that the proposed or expected changes will not have detrimental effects for any socioeconomic

stratum of the affected area. The major issues are to provide basic human needs, alleviate social



disparities, ensure equity, enhance user’s safety, improve accessibility, and tackle human health
issues.

Finally, from an economic sustainability point of view, the transportation system should balance
regional development and promote economic growth and long-term prosperity with cost-
effective and competitive solutions (European Union Council, 2001, World Bank, 1996). The
main focus area of economic sustainability are employment, efficiency, affordability, road traffic

congestion, availability of mode choice, vehicle fleet size, etc.

This study aims to develop a methodology to quantitatively determine the impacts of different
indicators on the transportation system’s sustainability. These sustainability indicators are
grouped into sets that accomplish specific objectives through sub-objectives and attributes. This
methodology is organized as a comprehensive and flexible evaluation framework that is also
adaptable to local assessment conditions as they become available to transportation practitioners
and decision makers involved in the sustainability evaluation process. The analysis of the
proposed methodology is based on the Analytic Hierarchy Process (AHP). The AHP was
originally proposed by Saaty (1977) and is typically used as a tool for prioritization in support of
multi-criteria decision analysis. The AHP is based on three basic steps: (i) organization of the
problem in a hierarchical structure that reflects the relationship between different levels; (if)
paired comparison between positioned elements in a hierarchical level with respect to elements
in the adjacent top level; and (iii) calculation of eigenvectors and eigenvalues, and check the

consistency of the assessments.

This thesis consists of four chapters. Each chapter deals with a distinct but fundamentally
integrated task. Chapter 2 briefly presents various characteristics of a sustainable transportation
system, different approaches to modeling and achieving transportation sustainability, and several
ways of evaluating the transportation system sustainability. Additionally, literature review
includes various findings regarding sustainability indicators (e.g. criteria used to select
indicators, classification of indicators, different methods to develop an indicators, etc.). Chapter
2 concludes with a review of the state-of-the-art transportation sustainability assessment

framework. Chapter 3 proposes a methodology to assess the sustainability of a transportation
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system in the form of a comprehensive and flexible assessment framework. This chapter also
describes the Analytic Hierarchy Process used to analyze the framework. Finally, chapter 4

summarizes the findings of the thesis and identifies possible development for future work.



CHAPTER 2
LITERATURE REVIEW AND BACKGROUND

2.1 Assessment Indicators

2.1.1 Transportation System Sustainability Indicators

OECD (1993) defined the indicators as a parameter (or a value derived from a parameter) that
gives information with regard to a particular phenomenon. In contrast, Gudmundsson (2000)
described the indicators not as a parameter but rather as a selected and targeted variable used by
the decision makers to reflect public concerns. Litman (2007) illustrated the indicators as
variables used to evaluate progress toward goals and objectives. According to Steg and Gifford
(2005), the indicators can be used to evaluate sustainability not only for the current
transportation system but also for future developments. For example, indicators like commuting
speed, congestion caused delay, variety and quality of the available transport options etc. can be
used to assess the current transport system and other indicators specially related to macro-
economic changes e.g., changes in GDP and employment levels could be used to assess the
future transport system. Litman and Burwell (2006) suggest that indicators can be used to assess
particular policies and to set system performance targets. For clarity, let us assume that a specific
policy - congestion-reduction strategy is taken to support an increase in mobility for achieving
economic sustainability. Roadway expansion; road and parking pricing; commute trip reduction
programs etc. are the corresponding transportation related activities and motor vehicle travel is
chosen as the indicator to measure the performance of the policy. Research indicates that beyond
an optimal level of motor vehicle travel, the marginal productivity of increased travel declines,
causing overall negative economic impacts. Research also shows that excessive vehicle use

imposes external costs that can offset direct economic gains (Boarnet, 1997; Helling, 1997).

2.1.2 Ciriteria for Selecting Sustainability Indicators

According to Litman (2007) a set of sustainability indicators should reflect specific goals to

capture the effects on economic, social, and environmental objectives. Therefore, an optimal
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sustainable transportation planning can be achieved via a balanced set of indicators reflecting
economic, social, and environmental objectives. Litman and Burwell (2006) suggest that for
selecting indicators, one should consider balancing among usefulness, convenience, ease of
collection, cost, and comprehensiveness. Because a smaller set of indicators for which data is
easily available may be more attractive to use but, may overlook important impacts, in contrary,
more comprehensive data set may require a more complex data collection process and/or higher
associate costs. Kolak et al. (2011) puts an emphasis on properly defining the indicators before
selection. Litman (2007) suggests that it is equally important to understand the perspectives,
assumptions, and limitations of each indicator, because different types of indicators reflect
different perspectives and assumptions which significantly influence analysis of results. For
example, the use of just the road level of service (LOS) to compare among different roadway
systems without additional information might be misleading because, while LOS primarily
reflects automobile congestion, it cannot explain the quality of other transportation modes, the

land use accessibility, transport diversity, and the distribution of destinations.

2.1.3 Classification of indicators

According to the type of data used Black et al. (2002) classified sustainable indicators at three
levels: at level 1, the impacts of these indicators are both quantified and monetarily valued (QM)
(e.g. cost benefit analysis to measure economic efficiency), at /leve/ 2, the impacts of these
indicators are quantified but non-monetarily valued (QNM) (e.g. average speed of transport to
measure reliability) and at level 3, these indicators are qualitative assessments (Q) (e.g.
satisfaction rating of transport system to measure local environmental quality). Furthermore,
Kolak et al., (2011) categorized sustainability indicators as Economic indicators, Social
indicators and Environmental indicators. Details of these indicators can be found in Steg and
Gifford (2005) where the authors state that Economic indicators measure possible effects on
economic welfare through macroeconomic changes, economic efficiency, income distribution
and unemployment rate. Social indicators reflect effects on social and individual quality of life,
such as health and safety. Environmental indicators measure the effects on environment, such as
natural resources use, pollutant emissions, waste generation, effects on quality of soil, water and

air etc.



Fedra (2004) classified sustainable indicators into 5 groups - Driving force indicators, Pressure
indicators, State indicators, Stress indicators, Impact indicators and Response indicators
(DPSIR). Driving force indicators are responsible for the actual demand of transportation.
Driving force indicators can be further subdivided into three categories - demographic indicators
(e.g. size and age distribution of population, presence of high-tech activities etc.), land-use
indicators (e.g. the spatial distribution of population and city functions, such as residential,
commercial, recreational, employment zones) and economic indicators (e.g. employment in
services, the tele-working and commuting patterns etc.). Pressure indicators measure the pressure
on people and the environment due to driving force (e.g. emissions, natural resources and energy
consumption, total auto and public passenger transport demand, and average distance travelled
total in-vehicle-travel times etc.). State indicators measure the state of the environment caused by
pressures (e.g. excess of air quality standards reported as frequency of violations per year, % of
population exposed to noise levels above 65 dB, increased fragmentation of habitats, etc.).
Impact indicators measure the effect due to the changes in state (e.g. ill health, time losses, or
increased costs etc). Response indicators measure initiatives/action taken as a result of the impact
(e.g. regulation, taxes, investment etc.). Figure 1 summarizes a possible classification of

indicators.

2.1.4 Methods to Develop Indicator

Ramani et al (2011) suggested that the performance indicators could be developed through a
workshop process, where in the presence of key personnel, stakeholders and potential users of

the final research product, various strategic goals and related objectives are set and defined.



Figure 1: Classification of Indicator

Then each objective is linked to a measurable indicator that could be used in the sustainability
evaluation. Application of the Delphi method makes this process more reliable. In the Delphi
method participants rank individually the different components of the system (i.e. goals,
objectives, indicators etc.) in order of importance and rate those on a scale from 0 to 1, with
explanation of each individual ranking. Afterwards the scores are adjusted and averages are
calculated for the various elements. Hart (1997) recommends many points that should be
considered during ranking and rating. They are:
e How well does the indicator point the direction of sustainability? For example both water
pollution and emissions indicators point out the direction of sustainability but during

ranking and rating, one should consider which one of the two is more significant.

7



e Does the indicator focus on local sustainability at the expense of global sustainability? In
other way, one indicator should not try to be better off by making another indicator worse
off in achieving sustainability.

e Is the indicator understandable only by experts or by the community at large?

e Is the indicator developed, accepted, and used by the community?

e Does the indicator provide a long-term view of the community?

e [s the indicator based on information that is accurate, reliable, and accessible?

Nathan and Reddy (2011) propose a framework for indicator development by considering the
urban transportation sector as a black-box and analyzing the system using a set of input (e.g. no
of vehicle) and output (desirable e.g. mobility and undesirable e.g. pollution) variables. The goal
is to get maximum desirable outputs with minimum inputs and minimum undesirable outputs

from the sustainability point of view.

Jeon et al. (2005) develop a unified three dimensional framework to choose the proper indicator

for sustainable development.
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Figure 2: Unified framework for developing indicator systems (modified, Jeon et al. 2005 P-42)
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In Figure 2, the x-axis denotes the level of influence an agency has over this indicator. Here, x*
means high influence and x™ means low influence; the y-axis denotes whether the indicator is an
input or an output of the system - y" means input and y~ means output of the system; and the z
axis denotes the relative level of impact the indicator has on achieving sustainability - z" means
high impact and z° means low impact on achieving sustainability. For developing policies,
planning procedures and analysis tools to enhance sustainability, agencies try to take the
indicators which fall in the (x*, y*, z") zone. Because this zone is related to the causal factors
(inputs, y+ axis) they have the most significant effect on high impact areas (z+ axis) relative to
creating a sustainable transportation system within the domain of highest influence or control (x+

axis).

Black et al. (2002) proposed that for appropriate indicators selection, one has to identify specific
objectives and introduced hierarchical diagrams to generate indicators. This diagram links the
goal (at the top) with higher level objectives. These higher level objectives were linked with
different objectives and finally with the precisely defined lower level objectives at the bottom
layer. Each precisely defined objective is than attached with the appropriate performance
indicators or the lower order action along with measurable attributes. The author introduced three
hierarchical diagrams to generate indicators - one for unsustainable transportation, another for
sustainable transportation and the other for urban form and sustainable transportation. For
pertinence to our study, only the hierarchical diagram for sustainable transportation (Figure 3) is
included. To generate environmental sustainability indicators, the author focuses on the fossil
fuel depletion due to fuel consumption, global warming due to GHG emissions, local pollution

due to vehicle emission and a few other environmental issues.



Sustainable

Goal Transportation
| I
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Figure 3: Hierarchical diagram for sustainable transportation (modified, Black et al, 2002, p-191)

2.1.5 Indicator’s Evaluation Methods

Litman (2007) put emphasis on identifying trends, predict problems, and establish baselines for
assessing an indicator. Black et al. (2002) proposed several empirical approaches to assess an

indicator.

The first method is called Exploratory and Graphical Method. This method includes data
analysis, descriptive statistics and correlation analysis which can be useful to understand the
trends of different indicators. For example, in order to analyze the indicator “person-kilometers
(prs-km)” of journey-to-work travel, the author makes a cross-sectional analysis of journey-to-
work travel (prs-km) by all transportation modes vs. distance from the central business districts
(CBD) in Sydney, based on 1961 and 1996 census data (Figure 4). The graph shows that with
greater population in 1999, the prs-km was greater than that of 1996 which is expected. But the
data plotted in the graph also shows that there is a major increase in prs-km for distances more

than 20 km away from CBD. This is an indication of the urban sprawl effects.
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Figure 4: Total travel from CBD in Sydney, based on 1961 and 1996 census data (Black et al,
2002, Fig.4, P-192)
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This method also can be used to check frequency distribution and correlation analysis of the
indicators. The study shows that automobile journey-to-work prs-km is linearly correlated with
population density (Figure 5) and nonlinearly correlated with accessibility to employment

(Figure 6).
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Figure 5: Relationship between gross population density and VKT by automobile in Sydney,
based on 1996 census journey-to-work data (Black et al, 2002, Fig.5a, P-193)

1200000
¢ y = 1E+0Be2E-05%
1000000 .
~ RZ = 0.6223
£ 800000
0
< 600000
[}
§ 400000
200000
&
8] . ——-
0 50000 100000 150000 200000
(b) Job accessibility

Figure 6: Relationship between job accessibility and VKT by automobile in Sydney based on
1996 census journey-to-work data (Black et al, 2002, Fig.5b, P-193).

The second analysis method is Statistical Maps, which can be used to show the trends of
indicators in different zones. For example, Figure 7 shows that higher amount of journey-to-
work travel by all transportation modes occurs at peripheral suburbs of Sydney. The third

12



method is Regression Analysis, which could be used in transportation engineering and planning
to forecast indicator values by applying well-known technique of least-squares, which minimizes

sum of squared errors.

) P
B ) Medum ]
[ [tew ]
[ = VewLlow]

Figure 7: Map of total amount of journey-to-work travel by all transportation modes, Sydney,
1996. (Black et al. 2002, Fig.6, P-194).

2.2 Sustainable Transportation

2.2.1 Characteristics of a Sustainable Transportation System

From the literature search, it is observed that various researchers describe sustainability of
transportation system in different ways. In 1992 the OECD’s Brundtland Commission identified
the sustainable development concept as “the society's ability to meet the needs of the present
without compromising the ability of future generations to meet their own needs.” In 2005
Richardson acknowledged that “needs” in the above definition may as well refer to

“transportation needs”. Litman (2003) explains that without coordinated decisions among
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different sectors, groups, and jurisdictions it is not possible to achieve sustainability. Kennedy et
al. (2005) suggests that moving towards a sustainable urban transportation involves provision of
accessibility and generation of wealth by cost-effective and equitable means, while safeguarding
health and minimizing the consumption of natural capital and the emissions of pollutants.
According to Litman (2009), sustainability reflects a concern for indirect and long-term impacts
(such as natural resource depletion and ecological degradation including climate change) by
ensuring that local, short-term decisions are consistent with the expected long-term impacts (for
example, congestion reduction by increasing road capacity or construction of a new road is not
sustainable, because it leads to increased vehicle demand and will cause environmental
degradation, but congestion reduction by improving land use accessibility, congestion pricing,
mode shifting is a more sustainable approach). In addition, various authors and organizations
define environmental sustainability, social sustainability, and economic sustainability separately,
as independent assessment criteria. Next, the details of each of the three sustainability

assessment criteria are provided.

With respect to the environmental criteria, Boschmann and Kwan (2008) consider that
environment sustainability is mostly concerned with resource depletion and overconsumption
(e.g. negative impacts related to air, water, and soil pollution, energy crises, etc.). According to
Nathan and Reddy (2011) environment sustainability in transportation is related to the
renewability of resources and to the maintenance of cleaner environment for the current and the

future generations.

From the socio-sustainability perspective, a World Bank report (1996) describes social
sustainability as addressing the transportation needs of the less affluent and supports equitable
sharing of benefits of transportation by all sections of society. Sanchez et al. (2003) recognized
that the prioritization of highway development over public transportation has had inequitable
effects on low-income populations, often restricting their ability to access social and economic

opportunities, including employment opportunities and education.
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Finally, with respect to economic sustainability, Nathan and Reddy (2011) propose that
economic sustainability is an issue of the productivity of resource use, contribution to the
economy and satisfaction of economic needs of individuals. Boschmann and Kwan (2008)
described the economic sustainability of transportation related to the ability to promote economic
growth, expansion, and long-term prosperity. According to a World Bank report (1996)
economic sustainability of transportation ensures continuing capability to serve transportation
demand with cost-effective and competitive solutions. The report also suggests that economic
sustainability can be achieved by optimizing vehicle fleet size, and maximizing transportation

infrastructure capacity.

2.2.2 Guidelines for Sustainable Transportation

The first step in modeling sustainable transportation is the identification of objectives. Several
recent studies proposed that transportation sustainability can be measured by estimating the level
of accomplishment of specific objectives. For example, Black et al. (2002) identify a list of six
major objectives related to transportation sustainability: economic efficiency, contribution to
economic growth, protection of the environment, equity and social inclusion, users’ safety, and
the level of livability of communities. Among the above objectives, economic efficiency and
contribution to economic growth are related to economic sustainability. Meanwhile, equity,
social inclusion, users’ safety, and the level of livability of communities are related to social
sustainability. In addition, protection of the environment is related to environmental
sustainability. Litman and Burwell (2006) described that transportation sustainability can be
achieved via three objectives: economic sustainability, environmental sustainability, and social
sustainability. Steg and Gifford (2005) further claim that a sustainable transportation system has
to find the appropriate balance among different targeted objectives. Guenther et al. (2009), state
that a truly sustainable system is not only balanced among objectives, but is also maximized to

the benefits of each objective.

After the objectives are established, the next step is to identify a set of attributes associated with
each objective. Richardson (1999) pointed out that a sustainable transportation system is one in

which fuel consumption; vehicle emissions, safety, congestion, and accessibility are of such
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levels that the system can be sustained for the indefinite future. In a report in 2001, the European
Union Council described a detailed set of guidelines. According to this report, a sustainable
transport system should be accessible, equitable and affordable, operate efficiently, have a
positive impact on balancing the regional development, offer different choices of transport
modes, and support a competitive economy. The report also mentioned that the sustainable
transport system should limit the emissions and waste within the planet’s ability to absorb them,
minimize the impact on land and the generation of noise, use renewable resources at or below
their rates of generation, and use non-renewable resources at or below their natural rates of
development of renewable substitutes. In addition, Ramani et al (2011) emphasize on the

environmental aspect by eliminating the toxic pollution.

2.2.3 Selection of objective, sub-objects and attributes

Litman and Burwell (2006) used the following — for economic sustainability the objectives are
accessibility, affordability, freight efficiency, planning and the corresponding indicators are
average commute travel time, portion of household expenditures devoted to transport, speed of
freight, degree to which transportation reflected least-cost and investment practices respectively.
For social sustainability, the objectives are safety, health and fitness, community livability,
equity and related indicators are crash disabilities and fatalities, percentage of population that
regularly walks and cycles, and degree to which prices reflect full costs respectively. For
environmental sustainability the objectives are climate change emissions, other air pollution,
water pollution, land use impacts, habitat protection, resource efficiency and related indicators
are per capita fossil fuel consumption and CO2 and other climate change emissions, per capita
emissions of conventional air pollutants, per capita vehicle fluid losses, per capita land devoted
to transportation facilities, preservation of wildlife habitat respectively.

Ramani et al (2011) describe five attributes for economic sustainability; reduced congestion
measured by travel-time index, improved reliability measured by buffer index, optimized land-
use mix for development potential measured by land-use balance, improved freight movement
measured by truck throughput efficiency, preserved value of transportation assets measured by
average pavement condition score and capacity addition within available right-of-way. The

authors mentioned that social sustainability can be achieved by enhancing safety and the
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corresponding attributes are reducing crash rates and crash risk measured by annual severe
crashes per mile and improves traffic incident detection and response measured by percentage
lane-miles under traffic monitoring. The authors also point out that environmental sustainability
can be obtained by complying with ambient air quality standards measured by air quality index

and by reducing GHG emission measured by daily CO2 emissions.

Litman (2007) puts emphasis on mobility, affordability, and congestion reduction for economic
sustainability; cohesion, livability, health, accessibility and equity for social sustainability; and
climate change, pollution prevention, habitat loss, and non-renewable resource depletion for
environmental sustainability. The author also provides a list of indicators in each category —

economic, social and environmental — separately.

Boschmann and Kwan (2008) mentioned that environmental sustainability should be concerned
with the attribute of resource depletion and overconsumption as well as air, water, and soil
pollution. Economic sustainability should be concerned with economic growth, expansion, and
long-term prosperity. Social sustainability should be concerned with equity, social exclusion, and

quality of life.

Zegras (2006) mentions that in the SPARTACUS project, the attributes for environmental
sustainability are air pollution and consumption of natural resources. The indicators related to
those attributes are also cited here. For social sustainability the project mentions the health,

equity, safety and opportunities. The indicators related to these are also given.

2.2.4 Indicator selection

Chang et al (2009) used NOx, CO., VOCs, and COz2 per passenger - km as indicators to compare
the environmental sustainability between bus rapid transit and light rail trains. Steg and Gifford
(2005) claim that economic indicators have to be macroeconomic changes, GDP, economic
efficiency, income distribution and unemployment rates. Environmental indicators should be
resource use, emissions and waste, and quality of soil, water and air. Social indicators should be

related to individual quality of life and provide a table of 22 quality-of-life indicators. Jeon and
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Amekudzi (2005) listed a total of 177 indicators and metrics used by the 16 initiatives into 5
groups: economic, transportation related, environmental, safety oriented and social-cultural /
equity-related. Kolak et al (2011) used environmental indicators as energy consumption, GHG
emission, acidification and particulate formation; economic indicators as car share, share of non-
motorized transport, share of freight transport, contribution to GDP, and contribution to
employment; and social indicators as number of injuries, number of fatalities, quality of public
transport, time to next public transport stop, time to get to work place and car ownership to
evaluate the sustainability of transport networks. Nathan and Reddy (2011) provide 19 economic
indicators, 18 social indicators and 17 environmental indicators. Centre for Sustainable
Transportation develop a list of 14 sustainable transportation performance indicator among them

7 are environment indicators 6 are economic indicator and 1 social indicator.

2.2.5 Evaluation of Transportation Systems Sustainability

Most of the time evaluation of transportation sustainability is not possible by a single indicator,
rather we need to combine a set of indicators into a single value sometimes referred to as a
sustainability index (Lomax et al. 1997). Black et al. (2002) proposed to use linear programming
optimization to determine the trip distribution that yields the minimum cost for the system. The
optimization problem is subject to origin and destination constraints similar to the fully
constrained gravity models with an additional constraint of omitting negative trip flows in the
optimal solutions. Guenther et al (2009) used Goal Programming to achieve sustainability. In
their study, each indicator set (i.e. economic, environmental, and social) is given a goal (G), and
deviations (Z) from these goals are minimized. Kolac et al. (2011) utilized the TOPSIS
(Technique for Order Preference by Similarity to an Ideal Solution) method, which is a multi-
attribute evaluation process based on the principle that the selected alternative is the closest from
the ideal solution and has the least negative impact. Using the TOPSIS method the study found
the relative ranking of transportation system of 15 countries. This study uses AHP as an analyze

tool.
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2.2.4.1 Analytic Hierarchy Process (AHP)
The AHP was developed by Saaty (1977) and according to Dutra & Fogliatto (2007), AHP is one

of the tools in support of multi-criteria decision-making with the highest number of applications
reported in literature, particularly in issues involving subjective assessments. Vaidya & Kumar
(2006) conducted a survey of AHP applications in the multi-criteria decision analysis. They
analyzed a total of 150 application papers related to engineering, education, industry and
government sectors where 27 of them were critically analyzed. They concluded that AHP is one
of the most popular options used in the theme area of selection and evaluation and is going to be
used widely in the future. Moreover, Guglielmetti et al. (2005) performed a comparison of AHP
and other methods of multi-criteria analysis. The methods were assessed for their performance,
characteristics in the data input, data output and interface between decision maker and method.
The authors identified the following features of AHP that provide an advantage in comparison to
the other methods: (i) it is a structured decision-making process that can be documented and
repeated; (i) it applies to situations that involve subjective judgments; (iii) it uses both
quantitative and qualitative data; (iv) it provides measures of consistency of preferences; (v) it
provides a wide documentation on practical applications in literature and (vi) it is suitable for

groups.

2.2.4.2 Working Principles of Analytic Hierarchy Process (AHP)
The AHP is based on three basic steps.

Step one is the organization of the problem in a hierarchical structure that reflects the
relationship between different levels.
Step two is the construction of matrices of comparisons which is the reciprocal and square with

unit values on the main diagonals. Its general format is given in Table 1.
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Table 1: General format of the comparison matrix

Element 1 Element m Element D
Element 1 1 Aim aid
Element m 1/ami 1 dmd
Element D l/aia 1/ama 1

This matrices depicts paired comparisons between positioned elements in a hierarchical level
relative to elements in the adjacent top level. The m” row of the matrix of comparisons displays
the result of comparisons between the element m and the other m-/ elements of the matrix. For a
hierarchical level showing D elements, a total of D x (D — 1)/2 comparisons are required for
filling the matrix of comparisons. The greater the number of hierarchical levels and the number
of elements in each level, the more complex will be the analysis with a higher chance of error.
The comparison matrix is designated by A;, if the element e on level [ is used as a criterion for
comparing elements in a lower level directly connected to [. Next, a priority vector is calculated
for each comparison matrices A;,. The priority vector of A;, is designated by w;, = (wy, w, ...,

wp). When comparing two elements m and n, we are, in fact, estimating the ratio of their
weights of importance, that is a,,, = Wm/Wn. Elements in 4;, are designated by a,,,, m,n =

1,...,D, where D X D indicates the size of A4,.
Saaty (1990) proposed the following fundamental ranking scale for the value of a;,,.
Rank 1: Equal Importance - Two elements contribute equally to the objective.

Rank 3: Moderate Importance - Experience and judgment moderately favor one element over

another.
Rank 5: Strong Importance - Experience and judgment strongly favor one element over another.

Rank 7: Very Strong Importance - An element is strongly favored and its dominance

demonstrated in practice.
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Rank 9: Extreme Importance - The evidence favoring one element over another is of the highest

possible order of affirmation.

Ranks 2, 4, 6, 8 are intermediate values between the two adjacent distinct rankings that could be

used when a compromise is needed.

Step three calculates the eigenvectors and eigenvalues, and checks the consistency of the arrays

of comparisons from eigenvalue A. For perfect consistency, A = D for any matrix of order D.

For Anqx > D, Saaty (1977) proposes a consistency index (CI) given by: CI = %

When the order of comparison matrix (D) increases, it is very difficult to find the consistency.
For this reason, the index CI should be compared to a random consistency index R/. Alonso and
Lamata (2006) calculated RI for 500000 matrices. The values of R/ for arrays of different orders

calculated by them are shown in table 2.

Table 2 : Values of RI corresponding to different orders (Source Alonso & Lamata (2006))

D RI D RI D RI D RI D RI

3 0.5247 | 6 1.2479 |9 1.4499 | 12 1.5365 | 15 1.5838
4 0.8816 | 7 1.3417 | 10 1.4854 | 13 1.5551

5 1.1086 | 8 1.4057 | 11 1.5140 | 14 1.5713

The consistency of an array of comparisons is measured from the reason of consistency CR,

given by: CR = CI/RI

The limit value for CR proposed by Saaty (1977) is 0.1. An array of comparisons with CR > 0.1
should have their comparisons reviewed looking for a better consistency.

2.3 Background

It is believed that a sustainable system considers all three types of assessment criteria (i.e.
environmental, economic, and social) and maximizes the benefits of each. Over the last two
decades various researchers have been trying to promote a sustainable transportation

modeling/assessment framework which is discussed in this section.
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2.3.1 Linkages-based framework

Jeon and Amekudzi (2005) categorized the frameworks found in literature for measuring
progress towards sustainability into linkage-based frameworks. PSR (Pressure-State-Response)
is a widely used linkage-based framework (Figure 8). This framework captures the relationships
between causal factors (which exert pressures), impacts (change in state) and corrective actions

(response).

Figure 8: Pressure-State-Response Framework

For example, in order to reduce congestion, an agency may decide to either construct a new road
or widen the existing road or use a reserved lane during peak hour. Using this framework one can
identify which of the proposed alternatives is sustainable. This can be done by measuring the
pressure (e.g. pollution emissions or land use impact), changes of the state (e.g. changes in
ambient pollutant levels, habitat diversity, natural resources), and probable responses (e.g.
actions, policies, program, changes in awareness and behavior) to prevent, reduce or mitigate the
negative impacts associated with each alternative and by comparing the alternatives with each
other. One of the drawbacks of this framework is that it only gives qualitative assessment of
sustainability. Furthermore, this framework can only be used for comparative sustainability

analysis.
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2.3.2 Impact-based framework

According to Jeon and Amekudzi (2005), an impact-based framework measures the effectiveness
and efficiency with respect to the effects of the transportation system on the economy, the natural
environment, and the perceived general social well-being. The tripartite framework is an
example of impact-based framework (Figure 9). For example, Transport Association of Canada
(TAC) proposed the use of a three dimensional assessment framework corresponding to the three
sustainability criteria: environmental - focusing on limitation of emissions and waste; social —
with emphasis on equity, human health and quality of life (QOL); and economic — contribution

of transportation to the strengthening and diversification of the economy.

Environment (limit emission and waste)

Octant of sustainability

Economic (strong and vibrant economy)

Social (provide equity, enhance health and QOL)

Figure 9: The Tripartite Framework

By setting limits in each of the three dimensions, TAC constructs an optimal octant and any
measure that makes the transportation system falls in the octant is sustainable. The limitation of
this framework is that it does not specify the way to set limits in each of the three dimensions
and provides the means to measure the sustainability of a transportation system. However, many
organizations use their own assessment methodology which is customized for local conditions

and there is no single standard framework for evaluating progress toward sustainability.
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2.3.3 Reductionist approach and comprehensive approach

Litman and Burwell (2006) propose that sustainable transportation can be solved by two
approaches. One of that is reductionist approach - considering sustainability as a set of
individual problems that can be addressed using existing transportation planning models. The
main ideology of this approach is that experts rank problems and solutions. For example to
achieve economic sustainability one of the sustainability objectives is to increase consumer’s
mobility and related transportation objectives are to insure adequate transport services and
reduce traffic congestion. This transportation objective can be fulfilling by providing adequate
road capacity and transit services, improving walking and cycling environment. The other
approach is the comprehensive approach, which considers sustainability as an integrated
problem that cannot be solved using existing single transportation decision—making practice,
rather a comprehensive plan (e.g. mixed land use/community design, demand management,
traffic calming, congestion pricing etc.) is required. In this study, Litman and Burwell viewed
sustainability as a problem solving tool instead of viewing it as an integrated analysis

considering large sets of indicators from environmental, social and economic sectors.

2.3.4 Goal-oriented framework

Ramani et al. (2011) described a Goal-oriented framework to evaluate sustainability (Figure 10).
The authors explain that in the first step of the evaluation process, one needs to set a goal (e.g. to
reduce congestion). The second step is to find a related sustainability planning objective (e.g.
congestion management and mitigation), the third step is to find a corresponding indicator (e.g.
VMT), the fourth step is to measure the performance (e.g. travel-time index and buffer index)
and the final step is using the above performance measure for both the current and the future

conditions.
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Transportation Agency’s

Goal .
Sustainability Concerns
-Environment
-Economy
-Social
Sustainability Related -System performance over time
Planning Objective

l

Performance Indicators

Assessment of
—> .
Current Conditions

Estimation I Evaluation of
(Performance Measurement) Process
L3  Assessment of
Future Conditions
Figure 10: Goal-oriented framework

The major limitation of this framework is that it does not capture the possible interdependence
between various goals. For example, if one of the goals is to reduce congestion and another goal
is to expand economic opportunity, then this model focuses only on one goal at a time. It does
not capture the mutual impact of goals i.e. the way congestion reduction (goal 1) expand
economic opportunity (goal 2). Using an analytic hierarchy process, we overcome this problem
partially because this process considers the mutual impact of elements in a particular level

directly and mutual impact of elements in different levels indirectly.

2.3.5 The Sustainability Footprint model

Amekudzi et al. (2009) introduce a three dimensional X-Y-Z space model called the
sustainability footprint (SF) model to evaluate sustainability where in time ti a city is located at
point Pi(x1, y1, z1) and in time t2 at point P2(x2, y2, z2), based on these two features, the

sustainability footprint model of that city, SF = dzz-1/ (dx 2.1 * dy 2-1).

25



Quality of Life (£)
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Waste Generation (X)

Resource Usage (Y)

Figure 11: Sustainability Footprint model

For illustration this model could captures the rate of change of an indicator (e.g. community’s
quality of life (Z-axis)) contributed by a transportation related activity (e.g. the highway
network) as a function of two other indicators (e.g. waste generation (X-axis) and resource usage
(Y-axis)) (Figure 11). If this rate of change is positive, in case of QOL it can be concluded that
the transportation activity generates an improvement in sustainability. Main flaws of this
framework is that in this model, one can only identify whether certain decisions lead to or fail to
lead to sustainability of a transportation system. Moreover, this model only captures relative

sustainability among three entities.

2.3.6 Bottom-up factor oriented framework

Richardson (2005) proposes a bottom-up framework for the analysis of sustainability of both

passenger transportation and freight trucking by the synthesis of the information provided by
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literature search, three discussion groups, and a survey. In this study the author identifies five
core indicators at the bottom layer (Figure 12) that influence sustainability. These include fuel
consumption, accessibility, congestion, emissions, and safety. Each indicator is influenced by a
wide range of factors that influence (i.e. the second layer from the bottom in Figure 12). The
factors that influence those factors are at the third layer from the bottom, and it continues like
this until it reaches the top layer which is the primary influencer of sustainable transportation.
The frameworks show multiple layers of passenger-related and freight-related factors influencing
transportation sustainability and their interrelationships which help the policy makers by
providing tradeoff among the indicators. The limitation of this framework is that it shows too
many inter-relationships which are difficult to analyze. Moreover, it is not suitable for analyzing

a large number of indicators.
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Figure 12: Bottom-up factor oriented framework
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2.3.7 Socially sustainable urban transportation model

Boschmann and Kwan (2008) suggested that socially sustainable urban transportation can be
achieved by two approaches. One is the place - based accessibility approach, and the other is the
individual accessibility approach. In the place based accessibility approach, the relative
importance of a place is linked to its accessibility to opportunities related to fundamental human
needs. To determine travel pattern, this approach assumes homogeneity of opportunity
distribution and travel behavior of individuals within a geographic space. On the other hand in
the individual accessibility approach, opportunities to an individual are determined based on
disaggregated data at the individual level. To determine travel pattern, this approach uses
individual activity and opportunity sets (e.g. individual characteristics, personal constraints,

household structure etc.).

From this section we identified that some studies focused on customized solutions for local
condition [e.g. Jeon and Amekudzi, (2005)], while other studies investigated transportation
sustainability as a problem - solving tool instead of approaching it via an integrated analysis and
using extensive sets of performance measures [e.g. Litman and Burwell (2006), and Amekudzi et
al. (2009)]. Yet, another group of studies attempted to treat specific objectives separately [e.g.
Ramani et al. (2011) and Richardson (2005)], and yet another study focused on achieving just a
part of sustainability (Boschmann and Kwan 2008).

2.4 Problem Statement

The review of literature shows that most authors tend to evaluate sustainability of a
transportation system by focusing on a specific assessment objective and a comprehensive

transportation sustainability analysis framework with a large set of indicators as well as
quantification of transportation sustainability. This is an area that needs to be further

investigated.
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The present study proposes a comprehensive modeling framework in the form of a hierarchical
diagram to evaluate quantitatively the sustainability of transportation systems in a systematic and
rational way. It is a top-down framework with the broadest goal at the top level (sustainable
transportation). Different layers of details spread down the diagram through different objectives
and sub-objectives, until they reach specific attributes. The last layer in the proposed diagram

introduces indicators and performance measures that are attached to individual attributes.
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CHAPTER 3
METHODOLOGY

Comprehensive transportation sustainability analysis is divided into two parts. The first part
deals with the development of the hierarchy diagram as an assessment framework and the second

part deals with the analysis of the hierarchy diagram. This study deploys analytic hierarchal

process as the analysis tool.

3.1 Assumptions

The proposed framework is based on the following assumptions

e Indicators obtained from literature search are assumed to be valid and effectively capture

the purpose of attributes.

e The impacts of different measuring units in indicator measurement are assumed to be

considered during the pair wise comparison in AHP.

3.2 Proposed Sustainability Assessment Framework

After careful assessment of the above indicators and grouping, this study proposes a
methodology to assess the sustainability of a transportation network in the form of a
comprehensive and flexible system assessment framework. The modeling framework is based on

balancing a set of sustainability objectives related to environmental, social and economic criteria,

respectively.

Environmental sustainability

Sustainable Transportation System

Social Sustainability

Economic Sustainability

Figure 13: Framework for sustainable transportation

The proposed framework has three steps as follows. First, a literature review is performed to
identify the sustainability indicators with measuring units and to group them into three types.

Table 3 shows the most frequently used sustainability indicators.
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Table 3 : Indicators and their measuring units related to three major characteristics

Indicators [Measuring Unit]
Others vehicle emissions (HC, CO, NOy, PM, 50y, VOC & | Preservation of wildlife habitat (wetlands,
Toxic subs) (Air quality index) [Grams/mi‘day] forests) [*sprofect area)
MNon-renewable non-recyclable resource (fossil fuel) use Mon-renewable recyclable resource
5 | [literspersony] (mineral) use
5 Water pollution [ Per capita vehicle fTuid losses) Low emission vehicles purchased [%5 /1]
:E Per capita gas use vs. urban density [ /prs/ density] Fuel efficiency [{ow-miles/gallon)
E Releases of deicing chemicals, & cleaning fluids[fonsy] Impervious surfaces [%5 or milg’]
= | GHG emissions (COy, CHs, M20, O3) [gms COxmidday] Waste Recycling [#4]
Per capita land devoted to transportation facilities[mile’] Alternative fuel use
Storm water treatment [ % roads under freatment]
Degree to which non-motorized transport consider [ %] Degree to which prices reflect full costs [ %]
(Cuality of pedestrian and bicycle environment [Scoring] Intensity of interactions among neighbors
Crash disabilities and fatalities [crashes/10° population) HH expenditure on transportation [ 2]
Population exposed to high levels of traffic noise [#5] Car ownership [ Fehicle/1000 people]
Bus fleets/' rail station compliant with disable act [%5] Accidental deaths [No/10°VKT /4]
_g Satisfaction rating of transport system [Scoring] Animal / wildlife collisions [ Mumber]
w1 | Population using non- motorized transport [ %] F.oad length having footpath [#5]
Severe crashes [crashes/10010° vehicle-miles) Accessibility or Universal design
Time to the next public transport stop [min] Income inequality [Gini indax]
Road length with double or more lanes [3%] Time to get to work place [min]
Traffic monitoring coverage [Felane-mile] Citizen involvement
Time devoted to recreational travel [min] Potholes [Numberdmi)
Degree to which planning reflect least-cost & investment Quality of non-automobile modes relative to
practices [ Cost/Bengfit ratio] auto
Average pavement condition (Distress, Rutting, Ride Per capita expenditures devoted to transport
quality) [Scoring] [24]
Impact on employment [Emp. fo people. ratio in CBD] Commuters using Public Transport [%5]
Per capita short jownevs per vear by mode [billions / %3] Portion of Public Transport in total [ 23]
w | Mode split (walking, cycling, rideshares and transit) [ %] Average commute travel time [mixn]
% Change in level of road congestion over time [B. 1, %3] Quality of public transport [Scoring]
§ Per capita PKT or VKT - by mode, purpose & category Per capita congestion costs [5/70mi]
B Throughput efficiency— by category [ Vah-mi‘hlane] Average speed of transport [fmh]
Portion of Rail commuters in public transport [%5] Contribution towards GDP [22]
Peak hour auto occupancy to/from CBD [No Dimension] Load factors for transport [%5]
Proportion of non-single occupant travel [%& PMT Travel-time index [No Dimension]
Annual travel ocours in congested conditions [22] Per capita road length [mefer]
Avg. home-work trip distance time [fon or min]
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However, oftentimes transportation analysts add or remove indicators according to the specific
needs that are based on quality and availability of data. Also, more precise information could be
obtained by dividing an indicator into multiple parts. For example, per capita VKT (vehicle-km
travelled) is a generally accepted indicator strongly correlated to demand for travel. But,
additional information regarding travel demand can be obtained by using the discretized
indicator of per capita PKT (person-km travelled) by mode. Additionally, dividing the demand

for travel by its purpose and category, a better insight about travel behavior can be inferred.

The second step of the proposed methodology proposes hierarchal diagram to evaluate the
overall level of sustainability by determining the relative impact of individual indicators on each
of the three types of sustainability objectives, environmental, social and economic, respectively.
For example, the ultimate objective of the environmental sustainability is to protect the climate
and to maintain an environmental stability. With respect to the transportation impact, pollution
prevention and land use development are estimated to be the major factors contributing to
climate protection. Different studies recognized that the environmental stability is affected by
specific transportation activities, directly or indirectly. Regardless of these negative impacts, it is
commonly accepted that it can be reversed by changing our focus on conservation of natural
resources (e.g. reduction of fossil fuel, development of renewable energy sources, etc.). To
conduct a comprehensive environmental transportation sustainability analysis, the indicators are
grouped into categories based on specific objectives, sub-objectives and attributes (means to

achieve sub-objectives) as shown in Figure 14 and in Table 4.
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Figure 14:
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Environmental sustainability
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Table 4 : Grouping of environmental sustainability indicators

S 8

2z = : : .

S | , § | Aftributes Indicator Unit

—_— - @

S| ==

o | &€
5 Water pollution Vehicle fluid
g . Storm water treatment % Roads treated
< Alr, water, Releases of deicing chemicals, & cleaning Tons/y
& and soil — 5
g pollution Low emission vehicles purchased % / year

=| 5 prevention | GHG emissions (CO,, CHy, N;O, O3) Gms CO,/mi/d

- — =¥ . . .

= | 5= Others vehicle emissions (HC, CO, NO,. PM, :

Z1t3 . > ©0, Mo I 1

E| = E 50,. VOC & Toxic subs) (Air quality index) G COy/mi/d

% 2 E Land use Per capita land devoted to transportation mile?

z E 5 mpacts Impervious surfaces % or mile’

*E © 9 P Preservationof'wildlife habitat (wetlands, % protect area

= > Fuel efficiency ton-miles/gal

§ = Resource Alternative fuel use

E '::% conservation | Non-renewable recyclable resource (mineral)

= = (generatlloln: Non-renewable non-recyclable resource (fossil liters/person/
5 renewab .ﬂ.lty" fuel) use p y
g recyclability, , - , - ,
g depletion and Per-capita gas use vs. urban density m’/prs/y/density
= consumption ,
5 ption) Waste/Recycling %

Similarly, it is commonly agreed that proper transport planning, enhancing safety, increasing
cohesion and livability, improving health and fitness and providing equity are major concern in
social sustainability. Appropriate transport planning can be achieved by applying universal
access design principles to new or existing transportation facilities (e.g. providing public
transportation accessible to all regardless of age or physical abilities), by citizen involvement
(i.e. public input) and by non-motorized transport planning. Transportation safety can be
enhanced by ensuring better road surface condition, by crash prevention and protection, as well
as by improving incident detection and response. Cohesion and livability might be increased by
enhancing public territory (e.g. acquisition of right-of-way), by improving local environmental

quality (e.g. creating or rebuilding damaged green spaces), and by accessibility to recreational
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places. Health and fitness could be improved by encouraging non-motorized transport and by
reducing noise pollution. Equity could be achieved by improving accessibility, by providing
horizontal equity (e.g. price of monthly pass is the same for all groups of people regardless of
race, gender or income group) and vertical equity (e.g. users with more ability to pay should pay
more for monthly pass), by removing social disparity (e.g. highways may provide most of the
services to private vehicle users if public transport is not developed concurrently) and by
providing affordable transportation services in general. In order to conduct a comprehensive
transportation analysis using the social sustainability criterion, the specific indicators are grouped
into categories based on specific objectives, sub-objectives and attributes as shown in Figure 15

and in Table 5.

Finally, increasing economic efficiency and improving consumer’s mobility is expected to
contribute to the economic sustainability of transportation systems. The economic efficiency of a
transportation system could be achieved by increasing macro-economic contribution, by
preserving the value of transportation infrastructure (e.g. proper maintenance scheduling and
repairs), by improving freight facilities (e.g. minimize freight transfer at intermodal nodes) and
by service efficiency. Consumer’s mobility could be improved by ensuring affordability, by
increasing public transport, by providing adequate capacity to satisfy the demand, by reducing
congestion and by improving public transport reliability. To conduct a systematic economic
transportation sustainability analysis, the relevant indicators are grouped into categories based on
specific objectives, sub-objectives and attributes as shown in Figure 16 as well as in Table 6. In
the third step the analytic hierarchy process is used to determine a global sustainability index as

explained in the following section of this thesis.
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Figure 15: Social sustainability
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Table 5 :

Grouping of social sustainability indicators

] =
z oz
2| . & | Attributes Indicator Unit
s =
Ol % &
Betterroad F.oad length with double or more lanes %o
condition Potholes Numberkm
. Fatalities Number/108VKT
= Reduce crash rates Crash disabilities Crash/10%people
- by crash prevention Crashes/100million
o - ) Severe crashes )
= and crash protection veh-mi
= Animal / wildlife collisions Number/y
= Improve incident Traffic monitoring coverage %o lane-mile
detection & . . Py
%o of road length having street lighting
response
= Satisfaction rating of transport system Scoring
= Improvelocal . . . .
. Quality of pedestrian and bicvcle Scoring
environmental - . - . .
= quality Time to the next public transport stop min
= i Time to get to work place min
S Enhance public . . . .
S . Intensitv of interactions among neighbors
- territory
= o B
= | & = | Improve
[z} o vy g . . .
= 5 = accessibility to Time devoted to recreational travel min
% | = = | recreational places
= Improve walking, Foadlength having footpath %o
ERRE and cycling
W= conditions, Populati , ed o
£ encourage non- opulation using non- motorized transport | %
= . | motorized transport.
2. 2 | Reducenoise Population exposed to high levels of o
E = . . Yo
~ = | pollution traffic noise
Improve (Qualitv of accessibility and transport
accessibility Bus fleets/ rail station compliant with %o
g Horizontal and Degree to which prices reflect full costs %o
T vertical equity Income inequality Gini index
o Affordability HH expenditure on transportation %o
Social disparities Car ownership Veh /1000 people
Universal design
= o | Citizen involve
o .5
o — . . .
£ = | Non-motorized Degree to which non-motorized transport | ,,
[ . . . . 20
& = | transport planning are considered in modeling
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Table 6 : Grouping of economic sustainability indicators

1
= 2
B| . g | Aftributes Indicator Unit
o|l& e
Contribution towards GDP FPP
Increase macro- Emol T
= economic Impact on employment mployment 1o
= contribution R —
=y Degree to which planning reflect least-cost No Dimension
5.3 Preserve value of | Proportion of non-single occupant travel %o PMT
£ .= | transportation Average pavement condition score { Distress - -
35 ) - ; * | No Dimension
g T | assets Rutting. Ride qualitv)
k= Improve freight Truck throughput efficiency Truck-mi‘'h/lane
facility and service - o
efficiency Load factors for freight transport Yo
Ensuring Per capita expenditures devoted to transport %o
Commuters using Public Transport %
Increase public Portion of Public Transport in total Yo
- transport Portion of Rail commuters in public transport | %
= Quality of public transport Scoring
= Providing Per capita PKT or VKT - by mode, purpose &
g adequate capacity, [Calegory __
= " P Per capita short journeys per year by mode Billions or %o
W services, fleet size, - k I !
= | = priority selection
s | e walking and ) ] - . :
= | E i Avg. home-work trip distance'time km or min
o | = l:'}'l:llﬂg
s improvement
= Peak hour auto occupancy to/from CED No Dimension
g Annual travel occurs in congested conditions | %
g Change i level of road congestion over time | Buffer index, %
= Per capita road length meter
E Eeduce EDﬂgESﬂDﬂ Eoad Utilization Index (R.Lr_[:l
Vehicles per road length — by category
Mode split (walking, cvcling, rideshares & 0
transit) )
Pear capita congestion costs $/km
iy Average speed of transport km'h
Improve reliability —— - -
P | Travel-time index No Dimension
Increase . ]
N Average commute travel time min
accessibality
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3.3 Analysis

To construct the comparison matrices in indicator level or to rank the indicator, this study
considers the adjusted R? and F-statistics value obtained from ANOVA by SPSS software. Data
to prepare analysis of variance of indicators are taken from CANSIM table. In case of indicators
data unavailability, the ranking of 1 is assumed. To prepare comparison matrices for objectives,
sub-objectives and attributes, this study considers equal importance for every entity. Another
option is to build comparison matrices for objectives, sub-objectives and attributes is to consider
experts opinion. Table 10 is the finale output of AHP analysis. The detailed AHP analysis is
attached in the appendix A, B, C.

As in the subjective comparison matrix we consider equal importance on economic, environment
and social sustainability it is evident from first level of Table 10 that all the component has
33.33% impact on achieving sustainable transportation system. Similarly, if we observe the
second level, it reveals that all sub-objectives have equal impact on related objective because in
the subjective comparison matrix we consider equal importance of all sub-objectives to achieve
the related objectives. Same phenomenon repeated in the third level. We consider equal
importance in the subjective comparison matrices related to objectives, sub-objectives and

attributes because data for analysis is not available in these level.

For the bottom level or indicator level we collect data from Canadian socioeconomic database
(CANSIM) and perform statistical analysis using SPSS software. SPSS output for environmental
indicators, social indicators and economic indicators are shown in Table 7, Table 8, and Table 9
respectively. Forth column of these tables shows value of F — Statistics which in fact is the ratio
of between — group variability and within-group variability. The greater the value of F —
Statistics, the more is the variability in between group compared to within group. In other word
the more is the value of F — Statistics, the worse it is to achieve sustainability. Therefore, in such
case, we consider higher score in the last column in Table7. Table 8 and Table 9. Fifth column

shows adjusted R? value which provides a measure of how well observed outcomes are replicated
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by the model. The value of this ranges from 0 to 1. The better the linear regression the closer the
value of R?is to one. The last column of each of Table 7, Table 8, and Table 9 reflect the ranking
we consider, depending on the value of F - Statistics and adjusted R2. Ranking scale is chosen
from 1 to 10 where 1 represents least important and 10 represent most important. This ranking is
used to construct subjective comparison matrices in AHP. The column leveled as “Final weight
of each indicators” in Table 10 represents the ultimate importance that a particular indicator has
on achieving transportation sustainability. This weight is the output of the theoretical analysis.
From this weight we could identify the indicators which have significant impact on achieving
transportation sustainability. The column of “value attributed to each indicator” represents the
current status of an indicator for a particular transportation system that is to be assessed. The
value assign to this column on a scale will be used to evaluate and determine the sustainability
index of a transportation system. For illustration, we choose first indicator of the each third level
grouping as 10 and rest are 5, where 10 represent excellent condition, 1 represents worst
condition and 5 represent average condition. Using this value we obtain the Sustainability Index
(SI) of the system which is 5.95 shown at the bottom of Table 10. To chive this index, the
contribution of economic sustainability is 6.59 (Appendix B), the contribution of environmental
sustainability is 5.62 (Appendix C), and the contribution of social sustainability is 5.79
(Appendix D).

The most significant of the framework listed above is that it quantifies the achievement of
sustainability and identifies the important focus areas depending on subjective input of
comparison matrix. Additionally, this framework can also be used to evaluate the sustainability

of an entity by calculating the sustainability index.
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Table 7: ANOVA for Environmental Sustainability from SPSS result

Environmental Sustainability

. No of Adj. Sig. Sig. | Scoring
Indicator CANSIM SOURCE ) Fo 5 Bo B,
Observations R (Bo) (B;) | outof 10
Low emission vehicles
Table 405-0004 12 44.33 10.83| -0.61] 0.39| 1.18 | 0.03 3
purchased
Alternative fuel use Table 153-0014 21 19.82 | 0.92] 3.16 | 0.00 |-0.67] 0.00 1
Per capita gas use Table 131-0001 277 3212.92]1 0.981 -2.03 | 0.00 | 0.03 | 0.00 9
Fossil fuel use Table 126-0001 278 3212.92| 0.98 ] -1.83 | 0.00 | 0.02 | 0.00 9
Mineral use Table 405-0003 228 326.20 1 0.98| -1.50 | 0.00 | 0.02 | 0.00 3
GHG emissions Table 153-0033 19 661.30 1 0.98| 1.49 | 0.00 |-0.02]0.80 6
Table 8: ANOVA for Social Sustainability from SPSS result
Social sustainability
No of Sig. Sig. Sig. | Scoring
Indicat CANSIM SOURCE F i. R
ndicator Observations| ¢ [Ad-R Po (Bo) Py (B) P2 (B,) |out of 10
Crash disabiliti
rash disabilitiesand | o\ 109-0003 23 0.48 | 0.06 |-0.61]037] 0.19 | 0.16 [-0.01]0.11] 9
fatalities
Severe crashes Table 409-0003 23 1.42 | 0.07 |-0.32]10.63] 0.15 | 0.26 |-0.01]0.15 9
Accidental deaths Table 409-0003 23 4.21 | 0.29 |-0.36] 0.54] 0.20 | 0.09 |-0.01]0.03 9
Bus fleets compliant
. . Table 405-0004 23 68.54] 0.53 |-2.47]10.00] 0.74 | 0.00 |-0.06]0.01 7
with disable act
Time devoted to
) Table 405-0025 14 0.83 | 0.58 | 0.53]0.03]-0.30| 0.03 ] 0.05]0.02 5
recreational travel
Satisfaction rating of
. Table 409-0001 23 8.01| 064 | 3.05]0.00]-0.71] 0.00 | 0.04 |0.05 5
transportation system
Income inequality Table 079-0003 279 5.86 | 0.83 |-1.09] 0.00] 0.00 | 0.05 | 0.00 | 0.00 3
Car ownership Table 405-0014 5 11.98| 0.98 |-0.39] 0.52] -0.62| 0.45 | 0.34]0.33 5
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Table 9 : ANOVA for Economic Sustainability from SPSS result

Economical Sustainability

Indicator cANSIMSOURce | . Noof e | A9 g, | 28| g, | 08 | Scrine
Observations 0 R? ° | (By) "'l (B, |outof10
Peak hour auto occupancy to from CBD| Table 405-0074 10 3.83 |0.41]1.87] 0.26 |-2.10] 0.11 6
Ch in level of road ti
ange Inlevel of road congestion Table 405-0029 38 7.70 | 0.52]-0.68| 0.02 [0.06| 039 6
over time
A It I i ted
nnial travet occurs In congeste Table 405-0028 38 037 |0.54]-1.87| 0.00 |0.38] 0.00| 6
conditions
Contribution towards GDP Table 402-0001 12 3.74 ]0.67]|0.93] 0.15 |-0.66] 0.01 6
Per capita short journeys Table 405-0051 13 0.01 | 0.68]-0.33] 0.52 | 0.66| 0.05 7
Average home-work trip distancetime | Table 405-0049 13 2.65 |0.69]-1.79] 0.00 | 1.15| 0.00 7
Impact on employment Table 408-0007 8 111.65] 0.94]-1.79] 0.00 | 0.40| 0.00 3
Throughput efficiency Table 405-0055 10 538.79 ] 0.99|-1.56] 0.00 | 0.21] 0.00 5
Degree to which planning reflect least
) : Table 408-0004 124 1067.95] 0.99 | -1.46] 0.00 | 0.02| 0.00 6
cost and investment practices
Commuters using public transport Table 405-0092 4 6.28 |1.00] 7.36] 0.00 |-8.68] 0.00
Mode split Table 405-0093 4 6.23 | 1.00| 7.36| 0.00 |-8.68| 0.00
Per capita expenditures devoted to
Table 079-0004 4 80.52 | 1.00|-1.27| 0.00 | 0.13] 0.00 7
transport
Portion of public transport in total Table 079-0004 4 8.18 |1.00] 5.32| 0.00 |-5.31] 0.00 5
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Table 10: Combined sustainable transportation

First 1S q . . .
irs econ Third Level Bottorn Level Final ngght of |Value Attrll?uted Final R&?sult
level |Level each Indicator  |to each Indicator |per Indicator
Contribution towards GDP 0.200 [0.011 10 0.11
“é Increase macro-economic 033 Impact on employment 0.200 ]0.011 5 0.06
g %‘ contribution ' Pegree to Which.planning reflect least-cost and 0.600 10.033 5 0.17
3 é 4 mvestment practices
'% é S |Increase freight facility and 0.33 Load factors for freight transport 0.250 |0.014 10 0.14
g ° service efficiency ’ Truck throughput efficiency 0.750 [0.042 5 0.21
= Preserve value of 033 Ave. pvt. condition score 0.500 [0.028 10 0.28
transportation assets " |Proportion of non-single occupant travel 0.500 [0.028 5 0.14
2 Ensuring affordability 0.17 |Per capita expenditures devoted to transport 1.000 [0.028 5 0.14
% Commuters using Public Transport 0.250 |0.007 10 0.07
£ . Portion of Public Transport 0.250 ]0.007 5 0.03
Zen Increase public transport [0.17 - - - -
Zlal > Portion of rail commuters in Public Transport 0.250 [0.007 5 0.03
on | =
‘é S| E Quality of Public Transport 0.250 [0.007 5 0.03
g g . . Percapita shprt journeys per year 0.500 |(0.014 10 0.14
S I Provide adequate services |0.17 ——
3 5 Ave. H-W trip distance 0.500 [0.014 5 0.07
g S Peak hour auto occupancy 0.300 [0.008 10 0.08
g S Annual travel occurs in congestion 0.300 ]0.008 5 0.04
Q
o . Change in congestion level 0.300 [0.008 5 0.04
> Red t 0.17
g eeitice congestion Per capita road length 0.033[0.001 5 0.00
£ Mode split 0.033  [0.001 5 0.00
Per capita congestion costs 0.033 {0.001 5 0.00
Increase accessibility 0.17 |Average commute travel time (min) 1.000 (0.028 5 0.14
- Ave. speed 0.500 |0.014 10 0.14
I liabili 0.17
mprove relabiity Buffer index 0.500 |0.014 5 0.07
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Table 1

—_—

Combined sustainable transportation (continued)

Environmental sustainability

0.333

g Water pollution 0.077 [0.006 10 0.06
- Storm water treatment 0.077 ]0.006 5 0.03
'% = Air, water, and soil 0.50 Release deicing chemicals and cleaning fluids 0.077 {0.006 5 0.03
.E % - pollution prevention ' Low emission vehicle purchased 0.231 0.019 5 0.10
2 g2 GHG emissions 0.462 [0.038 5 0.19
g % Others vehicle emissions 0.077 [0.006 5 0.03
Q Per capita land devoted to transport facility 0.333 [0.028 10 0.28
é Land use impact 0.50 [Impervious surfaces 0.333 [0.028 5 0.14
O Preservation of wildlife habitat 0.333 [0.028 5 0.14
£ Fuel efficiency 0.042 [0.007 10 0.07
E Alternative fuel use 0.042_[0.007 5 0.03
g - Non-renewable recyclable resource (mineral) use 0.125 {0.021 5 0.10
v 5 .

é & |Resource Conservation 1.00 |Non-renewable non-recyclable resource (fossil fuel) 0375 10063 5 031
= use

E Per-capita gas use vs. urban density 0.375 [0.063 5 0.31
= Recycling 0.042 10.007 5 0.03
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Table 12

: Combined sustainable transportation (continued)

47

e Universal design 0.33 1.000 ]0.022 5 0.11
% § S |Citizen involvement 0.33 1.000 {0.022 5 0.11
E“ % S Non—motorized transport 033 Deg@e to \yhich nog—motorized transport are 1000 lo.022 5 011
planning considered in modeling
iy Potholes 0.500 |0.011 10 0.11
> Better road condition 0.33 Road length with double or more lane 0.500 [0.011 5 0.06
& Severe crashes 0.375 [0.008 10 0.08
§ g Crash prevention and 0.33 Animal/wildlife collisions 0.062 (0.001 5 0.01
g S |protection Accidental deaths 0.188 10.004 5 0.02
g E Crash disabilities and fatalities 0.375 [0.008 5 0.04
£ Improve incident detection | 43 |1 e monitoring coverage 1.000 |0.022 5 0.11
= and response
§ g Enhance public territory  [0.33 |Intensity of interactions among neighbors 1.000 (0.022 5 0.11
2 «| 5 Satisfaction rating of transportation system 0.500 [0.011 10 0.11
ElRdR? 2 Improve local Quality of padestrian and bicycle environment 0.167 [0.004 5 0.02
% = § '—C‘E § environmental quality 0.33 Time to next public transport stop 0.167 [0.004 5 0.02
z 2= Time to get to work place 0.167 [0.004 5 0.02
.?2 % Improve accessibility to . . .
2 k= . 0.33 |Time devoted to recreational travel (min) 1.000 (0.022 5 0.11
3 recreational places
g‘ 2| [Encouage nommotorized || [Road lngh aving otpat 0500 0.017 10 0.17
o £|§ |ansport | Population using non-motorized vehicle 0.500 [0.017 5 0.08
§ 5| op 2
§ ® Reduce noise pollution 0.50 |Population exposed to high levels of traffic noise 1.000 {0.033 5 0.17
Improve accessibility 0.25 |Bus fleets/rail station compliant with disable act 1.000 (0.017 5 0.08
2z - Horizontal and vertical 0.5 Degree to which prices reflect full costs 0.333 |0.006 10 0.06
=] g equity " |Income inequality 0.667 (0.011 5 0.06
- Affordability 0.25 [HH expenditure on transportation 1.000 |(0.017 5 0.08
Social disparities 0.25 |Car ownership 1.000 ]0.017 5 0.08
SI= 5.95




CHAPTER 4: CONCLUDING REMARKS AND
FUTURE WORK

4.1 Summary and Conclusions

For many national and local transportation authorities it became more and more important to
develop a comprehensive analysis framework that can be used as a sustainability assessment tool
of the transportation infrastructure. This thesis proposes a methodology to assess the
sustainability of the transportation systems independent of the scale of the analyzed networks.
Basically, the proposed analysis framework shows that while an exhaustive list of sustainability
indicators is not necessary, transportation professionals can apply the proposed methodology
using the available data for the purpose of identifying an initial sustainability index. As more
information can be collected, the initial index can be ameliorated. Using the available data from
Statistics Canada and from existing literature a total of sixty-one indicators are proposed to be
considered as significant impact factors on the transportation systems’ sustainability. The
proposed methodology combines the indicators in a hierarchical structure in order to overcome
the complexity of dealing with larger sets of indicators. It is proven that the AHP-based method
is a suitable analysis tool for this type of data structure. However, to build-up a reliable
comparison matrix for AHP model, coordinated decisions among different sectors, groups, and
jurisdictions is necessary. Moreover, data for statistical analysis to split the various indicators via
objectives, sub-objectives and attributes are not always readily available. As an alternative,
expert opinions can be used to build-up a subjective comparison matrix. As a result of the
calculation of all comparisons matrices using the AHP model, the final relative weight of each
indicator can be determined. Finally, after grading all indicators from the lowest level one can

obtain a final sustainability assessment of the whole system.

The proposed framework becomes rigorously structured and conveniently flexible to allow for
particular adjustments that suit best local analysis conditions (i.e. the analyst would be able to
adjust the overall effect of various indicators on the sustainability of the given transportation

system by defining specific importance or weights, in the assessment model). The analyst is
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given total control to assign the weights for individual indicators to the extent that some
indicators may be removed, and/or new factors may be added. The effectiveness of this
framework depends on the inclusion of appropriate indicator and use of expert opinion during
building comparison matrix. To recap, the following represents the contribution of this thesis:
e s provides a comprehensive sustainability assessment framework by considering a large
sets of indicators.
e The proposed methodology overcomes the complexity analyzing large sets of indicators
by using a hierarchical diagram.
e The application of this tool helps to quantify the level of transportation sustainability of
a given infrastructure and identifies the focus areas that have the bigger influence.
e The propose methodology can be used to evaluate the sustainability of an existing of
developing transportation system by associating a corresponding sustainability index.
Once a sustainability measure is defined, one can use it to develop a specification limits for
various impact factors that affect sustainability. These limits can be determined independently
for different components of the sustainability index (i.e. economic, social, and environmental).
Finally, the development of specification limits for various indicators can contribute to propose
specific guidelines that contribute to ameliorate the sustainability of the transportation systems in

general.

4.2 Future work

One of the limitation of this thesis is that it assumes equal importance of objectives, sub-
objectives and attributes in constructing the comparison matrices. Also, this study assumes
ranking 5 out of 10 in case of data unavailability in the indicator level (i.e. missing data means
moderate, even impact of those indicators). An alternative of these assumptions is to determine a

range of values based on surveying the experts in the area —practitioners and researchers.

The research area in sustainability can be divided into two major fields. One of them is related to
indicator development and the other is related to sustainability assessment. These two fields are

interconnected. The focus area of this study is sustainability assessment. Additionally, this study
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discussed various criteria to select indicators, various methods to develop and evaluate indicators
as well as propose a classification system of indicators. These need to be further studied.

The indicators used in this research represent the output of several indicator development
methods discussed in various studies and based on yearly technical reports from different

agencies. For efficient processing these indicators need to be further investigated.
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APPENDIX A: AHP ANALYSIS FOR COMBINED SUSTAINABILITY

Appendix A: Comparison matrices Combined Sustainability

Sustainable Transportation |Economic sustainability |Environmental sustainability |Social sustainability

Economic sustainability 1.00 1.00 1.00
C= |Environmental sustainability | 1.00 1.00 1.00
Social sustainability 1.00 1.00 1.00
Sum(S ;) 3.00 3.00 3.00

Sustainable Transportation |Economic sustainability | Environmental sustainability |Social sustainability |Avg(X;)

Economic sustainability 0.333 0.333 0.333 0.333
IN|= |Environmental sustainability |0.333 0.333 0.333 0.333
Social sustainability 0.333 0.333 0.333 0.333

Sustainable Transportation |Economic sustainability |Environmental sustainability |Social sustainability |Avg(X;) |Dif.

Economic sustainability 0.333 0.333 0.333 0.333 0.000
INP*= | Environmental sustainability |0.333 0.333 0.333 0.333 0.000
Social sustainability 0.333 0.333 0.333 0.333 0.000
1 = Equal importance RI Table
3 3 =Moderately more important or slightly favorable|n= RI
5 = Strongly more important or strongly favorable |1 -
0 7 =Demonstrated to be more important 2 -
9 =Demonstrated to have much more important 3 0.52
0.00 <0,10 ok 4 0.89
5 1.11

55



Appendix A: Combined Sustainability Index (Part 1)

Fist 1S P ; : :
i econt Bo Level FmalWe.lght of |Vale Ath‘ik.mted Final Rt.asult
each Indicator  |to each Indicator |per Indicator

Tk troughput eficincy

Ensuring affordability Per capita expenditures devoted to transport

Conmmuters using Public Transport 0.250 |0.007

Change in congestion level 0.300 |0.008

Increase accessibility Average commuite travel time (min)
Ave. speed
Buffer index

Improve reliability
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Appendix A: Combined Sustainability Index Continued (Part 2)

Environmental sustainability

0.333

g Water pollution 0.077 [0.006 10 0.06
- Storm water treatment 0.077 10.006 5 0.03
g = Air, water, and soil 0.50 Release deicing chemicals and cleaning fluids 0.077 10.006 5 0.03
.5 Qg’ - pollution prevention ’ Low emission vehicle purchased 0.231 (0.019 5 0.10
S g2 GHG emissions 0.462 [0.038 5 0.19
9 % Others vehicle emissions 0.077 {0.006 5 0.03
§ Per capita land devoted to transport facility 0.333 ]0.028 10 0.28
g Land use impact 0.50 |Impervious surfaces 0333 [0.028 5 0.14
O Preservation of wildlife habitat 0.333 |0.028 5 0.14
£ Fuel efficiency 0.042 {0.007 10 0.07
§ Alternative fuel use 0.042 0.007 5 0.03
Tg o Non-renewable recyclable resource (mineral) use 0.125 ]0.021 5 0.10
v ; .

¢§> & |Resource Conservation  1.00 |Non-renewable non-recyclable resource (fossil fuel) 0375 10.063 5 031
g use

é Per-capita gas use vs. urban density 0.375 10.063 5 0.31
H Recycling 0.042 10.007 5 0.03
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Appendix A: Combined Sustainability Index Continued (Part 3)

58

£ op Universal design 0.33 1.000 ]0.022 5 0.11
é- § S |Citizen involvement 0.33 1.000 |0.022 5 0.11
S Non-motorized transport Degree to which non-motorized transport are
e e . POTt o33 [ eE=E O N . P 1.000 0.022 5 0.11
planning considered in modeling
Potholes 0.500 ]0.011 10 0.11
Bett d conditi 0.33
> cticr road condition Road length with double or more lane 0.500 |0.011 5 0.06
< Severe crashes 0.375 ]0.008 10 0.08
- S Crash prevention and 033 Animal/wildlife collisions 0.062 |0.001 5 0.01
o ! . .
E, S |protection Accidental deaths 0.188 [0.004 5 0.02
g 5 Crash disabilities and fatalities 0.375 ]0.008 5 0.04
‘g Improve incident detection 0.33 | Traffic monitoring coverage 1.000 {0.022 5 0.11
s and response
§ 2 Enhance public territory  |0.33 |Intensity of interactions among neighbors 1.000 [0.022 5 0.11
<
% «| g Satisfaction rating of transportation system 0.500 (0.011 10 0.11
£ § 72 - Improve local 0.33 Quality of padestrian and bicycle environment 0.167 [0.004 5 0.02
g E | |environmental quality ™" | Time to next public transport stop 0.167 0.004 5 0.02
; g = Time to get to work place 0.167 |0.004 5 0.02
= 5 Improve accessibility to ) . .
2 = . 0.33 |Time devoted to recreational travel (min) 1.000 (0.022 5 0.11
3 - recreational places
= .
5 2 Encourage non-motorized Road length having footpath 0.500 |0.017 10 0.17
o g transport 0.50 . . . .
z h_; g Population using non-motorized vehicle 0.500 (0.017 5 0.08
=
£ N Reduce noise pollution 0.50 [Population exposed to high levels of traffic noise 1.000 {0.033 5 0.17
Improve accessibility 0.25 |Bus fleets/rail station compliant with disable act 1.000 [0.017 5 0.08
Horizontal and vertical Degree to which prices reflect full costs 0.333 [0.006 10 0.06
2 |o ) 0.25 : .
= g equity Income inequality 0.667 (0.011 5 0.06
- Affordability 0.25 |HH expenditure on transportation 1.000 (0.017 5 0.08
Social disparities 0.25 |Car ownership 1.000 [0.017 5 0.08
SI= 5.95




APPENDIX B: AHP ANALYSIS FOR ECONOMIC SUSTAINABILITY

APPENDIX B: Comparison Matrices for First Level Economic Sustainability
. o Expand economic [Improve consumer's
Economic sustainability i .
opportunity mobility
C= |Expand economic opportunity 1.00 1.00
Improve consumer's mobility 1.00 1.00
Sum(S ) 2.00 2.00
. . Expand economic |Improve consumer's
Economic sustainability . . Avg(X;)
opportunity mobility
| N|=|Expand economic opportunity 0.500 0.500 0.500]
Improve consumer's mobility 0.500 0.500 O.500|
1 =Equal importance 3 =Moderately more important or slightly favorable

5 = Strongly more important or strongly favorable 7= Demonstrated to be more important

9 =Demonstrated to have much more important
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Appendix B: Comparison matrices for Second Level Economic Sustainability

INF=

IN['=

n=

Expand economic

Increase macro-

Preserve value of

Increase freight facility

opportunity economic contribution |[transportation assets|and service efficiency
Incregse macro-economic |4 o 1.00 1.00

contribution

Preserve va.lue of 1.00 1.00 1.00

transportation assets

I freight facilit

nerease eIt FCy ) 09 1.00 1.00

and service efficiency

Sum(S ;) 3.00 3.00 3.00

1 = Equal importance

3 =Moderately more important or slightly favorable

5= Strongly more important or strongly favorable

7 =Demonstrated to be more important

9 =Demonstrated to have much more important

Expand economic

Increase macro-

Preserve value of

Increase freight facility

Avg(X;
opportunity economic contribution [transportation assets |and service efficiency elXi)
Increase macro-economic | 335 0.333 0.333 0.333
contribution
Preserve Va.lue of 0.333 0.333 0.333 0.333
transportation assets
Increase . freight .facﬂlty 0333 0333 0333 0333
and service efficiency
Expand economic Increase macro- Preserve value of Increase freight facility

. . Y . . . Avg(X;)
opportunity economic contribution [transportation assets [and service efficiency
Increase macro-economic | 335 0.333 0.333 0.333
contribution
P lue of

reserve vale o 0.333 0.333 0.333 0.333
transportation assets
I freight facilit

ncrease. eig . acility 0333 0333 0.333 0.333
and service efficiency
3 A= 3.00 CI= 0.00
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RITable
n= RI
2 -
3 0.52
4 0.89
Difference 5 1.11
0.000 6 1.25
0.000 7 1.35
0.000
CR= 0.00 <0,10
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Appendix B: Comparison matrices for Second Level Economic Sustainability

IN=

NP

n=

Improve consumer's . ... |Increase public Provide adequate Reduce Increase Improve
mobility Ensuring affordability transport services congestion |accessibility |reliability
Ensuring affordability 1.00 1.00 1.00 1.00 1.00 1.00

Increase public transport |1.00 1.00 1.00 1.00 1.00 1.00

Provide adequate services |1.00 1.00 1.00 1.00 1.00 1.00

Reduce congestion 1.00 1.00 1.00 1.00 1.00 1.00

Increase accessibility 1.00 1.00 1.00 1.00 1.00 1.00

Improve reliability 1.00 1.00 1.00 1.00 1.00 1.00

Sum(S ;) 6.00 6.00 6.00 6.00 6.00 6.00

Impr‘ohve consumer's Ensuring affordability Increase public Provlide adequate Reduce . Increas.e. . Ianro.Ye Avg(X))
mobility transport services congestion |accessibility |reliability
Ensuring affordability 0.167 0.167 0.167 0.167 0.167 0.167 0.167
Increase public transport  ]0.167 0.167 0.167 0.167 0.167 0.167 0.167
Provide adequate services |0.167 0.167 0.167 0.167 0.167 0.167 0.167
Reduce congestion 0.167 0.167 0.167 0.167 0.167 0.167 0.167
Increase accessibility 0.167 0.167 0.167 0.167 0.167 0.167 0.167
Improve reliability 0.167 0.167 0.167 0.167 0.167 0.167 0.167
Imprlohve consumer's Ensuring affordability Increase public Prov‘ide adequate Reduce _ Increas'e‘ _ ImPro_V'e Avg(X1)
mobility transport services congestion|accessibility |reliability
Ensuring affordability 0.167 0.167 0.167 0.167 0.167 0.167 0.167
Increase public transport |0.167 0.167 0.167 0.167 0.167 0.167 0.167
Provide adequate services |0.167 0.167 0.167 0.167 0.167 0.167 0.167
Reduce congestion 0.167 0.167 0.167 0.167 0.167 0.167 0.167
Increase accessibility 0.167 0.167 0.167 0.167 0.167 0.167 0.167
Improve reliability 0.167 0.167 0.167 0.167 0.167 0.167 0.167
6 A= 6.00 CI= 0.00 CR= 0.00 <0,10
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Dif

0.00
0.00
0.00
0.00

0.00
0.00
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Appendix B: Comparison matrices for Third Level Economic Sustainability

INI=

INP=

n=

Reduce congestion Peak hour auto Annual trayel occurs |Change in congestion Per capita road Mo.de Per capit.a
occupancy in congestion level length split congestion costs
Peak hour auto occupancy 1.00 1.00 1.00 6.00 2.00 6.00
Annual travel occurs in congestion |1.00 1.00 1.00 6.00 2.00 6.00
Change in congestion level 1.00 1.00 1.00 6.00 2.00 6.00
Per capita road length 0.17 0.17 0.17 1.00 0.33 1.00
Mode split 0.50 0.50 0.50 3.00 1.00 3.00
Per capita congestion costs 0.17 0.17 0.17 1.00 0.33 1.00
Sum(S'.;) 3.83 3.83 3.83 23.00 7.67 23.00
Reduce congestion Peak hour auto Annual trayel occurs |Change in congestion Per capita road que Per capit‘a Ave(X;)
occupancy in congestion level length split congestion costs
Peak hour auto occupancy 0.261 0.261 0.261 0.261 0.261 0.261 0.261
Annual travel occurs in congestion |0.261 0.261 0.261 0.261 0.261 0.261 0.261
Change in congestion level 0.261 0.261 0.261 0.261 0.261 0.261 0.261
Per capita road length 0.043 0.043 0.043 0.043 0.043 0.043 0.043
Mode split 0.130 0.130 0.130 0.130 0.130  [0.130 0.130
Per capita congestion costs 0.043 0.043 0.043 0.043 0.043  10.043 0.043
Reduce congestion Peak hour auto Annual trayel occurs |Change in congestion Per capita road que Per capit‘a Ave(X;)
occupancy in congestion level length split congestion costs
Peak hour auto occupancy 0.261 0.261 0.261 0.261 0.261 0.261 0.261
Annual travel occurs in congestion |0.261 0.261 0.261 0.261 0.261 0.261 0.261
Change in congestion level 0.261 0.261 0.261 0.261 0.261 0.261 0.261
Per capita road length 0.043 0.043 0.043 0.043 0.043  10.043 0.043
Mode split 0.130 0.130 0.130 0.130 0.130  [0.130 0.130
Per capita congestion costs 0.043 0.043 0.043 0.043 0.043 0.043 0.043
6 A= 6.00 CI= 0.00 CR= 0.00 <0,10
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Dif
0.00
0.00
0.00
0.00
0.00
0.00
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Appendix B: Comparison matrices for Third Level Economic Sustainability

Increase Public Transportation Comuters using |Portion of Public Por.tion of.rail commuters | Quality of Public
Public Transport |Transport in Public Transport Transport
Commuters using Public Transport 1.00 1.00 5.00 5.00
Portion of Public Transport 1.00 1.00 5.00 5.00
Portion of rail commuters in Public
N= |Transport 0.20 0.20 1.00 1.00
Quality of Public Transport 0.20 0.20 1.00 1.00
Sum(S ;) 240 2.40 12.00 12.00
Increase Public Transportation Commuters using [ Portion of Public Por.tion of.rail commuters | Quality of Public Avg(X))
Public Transport Transport in Public Transport Transport
Commuters using Public Transport 0.42 0.42 0.42 0.42 042
IN[=  |Portion of Public Transport 0.42 0.42 0.42 0.42 042
Portion of rail commuters in Public
Transport 0.08 0.08 0.08 0.08 0.08
Quality of Public Transport 0.08 0.08 0.08 0.08 0.08
Increase Public Transportation Comrputers using [ Portion of Public Por.tion of.rail commuters | Quality of Public Avg(X)
Public Transport Transport in Public Transport Transport
Commuters using Public Transport 0.42 0.42 0.42 0.42 042
|N|2= Portion of Public Transport 0.42 0.42 042 0.42 0.42
Portion of rail commuters in Public
Transport 0.08 0.08 0.08 0.08 0.08
Quality of Public Transport 0.08 0.08 0.08 0.08 0.08
n=4 A= 4.00 CI= 0.00 CR=
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Dif

0.00
0.00

0.00
0.00

0.00



Appendix B: Comparison matrices for Third Level Economic Sustainability

IN|

IN|=

) ) Percapita shprt Ave. H-W trip
Provide adequate services . .
journeys per year distance

Percapita shprt journeys per year 1.00 1.00
Ave. H-W trip distance 1.00 1.00
Sum(S ;) 2.00 2.00
Provide ad ¢ ) Percapita shprt Ave. H-W trip

rovide adequate Setvices journeys per year distance Avg(X;)
Percapita shprt journeys per year 0.500 0.500] 0.500
Ave. H-W trip distance 0.500 0.500 0.500
Improve reliability Ave. speed Buffer index
Ave. speed 1.00 1.00
Buffer index 1.00 1.00
Sum(S ;) 2.00 2.00
Improve reliability Ave. speed Buffer index Avg(X;)
Ave. speed 0.500 0.500] 0.500f
Buffer index 0.500 0.500 0.500]

1 =Equal importance
5 =Strongly more important or strongly favorable
9 = Demonstrated to have much more important

3 =Moderately more important or slightly favorable
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Appendix B: Comparison matrices for Third Level Economic Sustainability

IN|=

. o Contribution Impact on Degree to which planning reflect
Increase macro-economic contribution ) ]
towards GDP employment least-cost and investment practices
Contribution towards GDP 1.00 2.00 1.00
Impact on employment 0.50 1.00 0.50
Degree to which planning reflect least-cost
and investment practices 1.00 2.00 1.00
Sum(S ) 2.50 5.00 2.50
. . Contribution Impact on Degree to which planning reflect
Increase macro-economic contribution ) ]
towards GDP employment least-cost and investment practices Avg(X;)
Contribution towards GDP 0.400 0.400 0.400] 0.400
Impact on employment 0.200 0.200 0.200] 0.200
Degree to which planning reflect least-cost
and investment practices 0.400 0.400 0.400] 0.400
. o Contribution Impact on Degree to which planning reflect
Increase macro-economic contribution ) .
towards GDP employment least-cost and investment practices | Avg(X;)
Contribution towards GDP 0.400 0.400 0.400] 0.400
Impact on employment 0.200 0.200 0.200] 0.200
Degree to which planning reflect least-cost
and investment practices 0.400 0.400 0.400] 0.400
3.0 Cl= 0.0 CR= 0.0
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Dif
0.00
0.00

0.00
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Appendix B: Comparison matrices for Third Level Economic Sustainability

IN|

IN|

. . , . Load factors for | Truck throughput
Increase freight facility and service efficiency|, . .
freight transport efficiency
Load factors for freight transport 1.00 0.20
Truck throughput efficiency 5.00 1.00
Sum(S ) 6.00 1.20
Load factors for Truck throughput
Increase freight facility and service efficienc
'8 CIity vic ency freight transport efficiency Avg(X;)

Load factors for freight transport 0.167 0.167 0.167
Truck throughput efficiency 0.833 0.833 0.833

i Ave. pvt. Proportion of non-
Preserve value of transportation assets . _

condition score [ single occupant travel

Ave. pvt. condition score 1.00 1.00
Proportion of non-single occupant travel 1.00 1.00
Sum(S ) 2.00 2.00

) Ave. pvt. Proportion of non-
Preserve value of transportation assets . . Avg(X;)

condition score | single occupant travel

Ave. pvt. condition score 0.500 0.500] 0.500
Proportion of non-single occupant travel 0.500 O.500| 0.500
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Appendix B: Economic Sustainability Index

67

First level Second Level Third Level Bottom Level Final We.lght of [ Value Attnl?uted Final R?Sult
each Indicator |to each Indicator |per Indicator
Contribution towards GDP 0.400 10.067 10 0.667
Increase macro- 0333 Impact on employment 0.200 ]0.033 5 0.167
economic contribution | D hich planni floct least-
Expand egree to which p an'nmg retlect least-cost 0400 l0.067 5 0.333
) and investment practices
econ(r)tmlc_t 0.500 Preserve value of 0333 Load factors for freight transport 0.167 ]0.028 10 0.278
opportunity . .
transportation assets Truck throughput efficiency 0.833 ]0.139 5 0.694
Increase freight facility 0333 Ave. pvt. condition score 0.500 0.083 10 0.833
and service efficiency |~ Proportion of non-single occupant travel 0.500 ]0.083 5 0.417
Ensuring affordability [0.167 |Per capita expenditures devoted to transport [1.000 [0.083 5 0.417
Commuters using Public Transport 0.417 ]0.035 10 0.347
Increase public 0.167 Portion of Public Transport 0.417 10.035 5 0.174
Economic transport . Portion of rail commuters in Public Transport |0.083 ]0.007 5 0.035
sustainability Quality of Public Transport 0.083 [0.007 5 0.035
Provide adequate 0.167 Percapita shprt journeys per year 0.500 ]0.042 10 0.417
services ' Ave. H-W trip distance 0.500 0.042 5 0.208
Improve "
consumer's 10.500 Peak hour auto occupancy 0.261 10.022 10 0.217
mobility Annual travel occurs in congestion 0.261 ]0.022 5 0.109
. Change in congestion level 0.261 10.022 5 0.109
Reduce congestion 0.167 -
Per capita road length 0.043 10.004 5 0.018
Mode split 0.130 ]o0.011 5 0.054
Per capita congestion costs 0.043 ]0.004 5 0.018
Increase accessibility |0.167 |Average commute travel time 1.000 ]0.083 5 0.417
o Ave. speed 0.500 10.042 10 0.417
Improve reliability 0.167 -
Buffer index 0.500 ]0.042 5 0.208




APPENDIX C: AHP ANALYSIS FOR ENVIRONMENTAL

SUSTAINABILITY

Appendix C: Comparison matrices for First Level Environmental Sustainability

Environmental sustainability

Climate protection and cleaner environment

Environmental stability

Climate protection and

C= |cleaner environment 1.00 1.00
Environmental stability 1.00 1.00
Sum(S ;) 2.00 2.00

Environmental sustainability

Climate protection and cleaner environment

Environmental stability

Avg(X;)

Climate protection and
| N | =] cleaner environment

0.500

0.500

0.500]|

Environmental stability

0.500

0.500

0.500|

Appendix C: Comparison matrices for Second Level Environmental Sustainability
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IN|

Climate protection and cleaner environment | Air, water, and soil pollution prevention | Land use impact

Air, water, and soil pollution prevention 1.00 1.00
Land use impact 1.00 1.00
Sum(S ;) 2.00 2.00

Climate protection and cleaner environment

Air, water, and soil pollution prevention

Land use impact |Avg(X;)

Air, water, and soil pollution prevention

0.500

0.500]  0.500]

Land use impact

0.500

0.500[ 0.500|
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Appendix C: Comparison matrices for Third Level Environmental Sustainability

IN=

INP=

Air, water, and soil Water pollution |Storm water |Release deicing chemicals |Low emission GHG Others vehicle

pollution prevention treatment  |and cleaning fluids vehicle purchased |emissions |emissions

Water pollution 1.00 1.00 1.00 0.33 0.17 1.00

Storm water treatment 1.00 1.00 1.00 0.33 0.17 1.00

Release deicing chemicals | 1.00 1.00 1.00 0.33 0.17 1.00

and cleaning fluids

Low emission vehicle 3.00 3.00 3.00 1.00 0.50 3.00

purchased

GHG emissions 6.00 6.00 6.00 2.00 1.00 6.00

Others vehicle emissions |1.00 1.00 1.00 0.33 0.17 1.00

Sum(S ;) 13.00 13.00 13.00 4.33 2.17 13.00

Air, water, and soil Water pollution [Storm water |Release deicing chemicals | Low emission GHG Others vehicle |Avg(X ;)

pollution prevention treatment  |and cleaning fluids vehicle purchased |emissions |emissions

Water pollution 0.077 0.077 0.077 0.077 0.077 0.077 0.077

Storm water treatment 0.077 0.077 0.077 0.077 0.077 0.077 0.077

Release deicing chemicals |0.077 0.077 0.077 0.077 0.077 0.077 0.077

and cleaning fluids

Low emission vehicle 0.231 0.231 0.231 0.231 0.231 0.231 0.231

purchased

GHG emissions 0.462 0.462 0.462 0.462 0.462 0.462 0.462

Others vehicle emissions |0.077 0.077 0.077 0.077 0.077 0.077 0.077

Air, water, and soil Water pollution |Storm water|Release deicing chemicals [Low emission GHG Others vehicle |Avg(X;)

pollution prevention treatment |and cleaning fluids vehicle purchased |emissions |emissions

Water pollution 0.077 0.077 0.077 0.077 0.077 0.077 0.077

Storm water treatment 0.077 0.077 0.077 0.077 0.077 0.077 0.077

Release deicing chemicals |0.077 0.077 0.077 0.077 0.077 0.077 0.077

and cleaning fluids

Low emission vehicle 0.231 0.231 0.231 0.231 0.231 0.231 0.231

purchased

GHG emissions 0.462 0.462 0.462 0.462 0.462 0.462 0.462

Others vehicle emissions ]0.077 0.077 0.077 0.077 0.077 0.077 0.077
A= 6.00 CI= 0.00 CR= 0.00 <0,10

n= 6
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Dif
0.000
0.000

0.000

0.000

0.000
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Appendix C: Comparison matrices for Third Level Environmental Sustainability

IN|=

IN|?=

n=

Land use impact

Per capita land
devoted to
transport facility

Impervious
surfaces

Preservation of wildlife
habitat

Per capita land devoted to

transport facility 1.00 1.00 1.00
Impervious surfaces 1.000 1.00 1.00
P i f wildlif
res.ervatlon of wildlife 1.00 1000 1,00

habitat
Sum(S ;) 3.00 3.00 3.00

Per capita land . . -

I P t f wildlif
Land use impact devoted to TPEIVIous res.erva fon o Wiidire Avg(X;)
... |surfaces habitat

transport facility
Per capita land devoted to]; 55, 0333 0333 0.333
transport facility
Impervious surfaces 0.333 0.333 0.333 0.333
Pres.ervatlon of wildlife 0333 0333 0333 0.333
habitat

Per capita land . . o
Land use impact devoted to Impervious Pres.ervatlon of wildlife Ave(X;)

... |surfaces habitat

transport facility
Per capita land devoted to]; 554 0333 0333 0.333
transport facility
Impervious surfaces 0.333 0333 0.333 0.333
P ti f wildlif

reservation O WIS 10,333 0.333 0.333 0.333

habitat
3 A= 3.00 CI= 0.000

71

RI Table
n= RI
1 -
2 -
0.52

4 0.89
5 1.11
6 1.25
7 1.35
8 1.40

Dif

0.000

0.000

0.000

CR= 0.00 <0,10

ok



Appendix C: Comparison matrices for Third Level Environmental Sustainability

IN=

NP

n=

Fuel Alt ti Per-capit RI Table
Resource conservation ue . ernative Mineral use Fossil fuel use ereaptta gas 1.1se Recycling
efficiency |fuel use vs. urban density
Fuel efficiency 1.00 1.00 0.33 0.11 0.11 1.00 n= |RI
Alternative fuel use 1.00 1.00 0.33 0.11 0.11 1.00 1 -
Mineral use 3.00 3.00 1.00 0.33 0.33 3.00 2 -
Fossil fuel use 9.00 9.00 3.00 1.00 1.00 9.00 3 0.52
Per-capita gas use vs. g g 9.00 3.00 1.00 1.00 9.00 4|08
urban density
Recycling 1.00 1.00 0.33 0.11 0.11 1.00 5 L.11
Sum(S ;) 24.00 24.00 8.00 2.67 2.67 24.00 1.25
. |Fuel Alternative | . . Per-capita gas use .
Avg(X;
Resource conservation efficiency |fuel use Mineral use Fossil fuel use vs. urban density Recycling |Avg(X;)
Fuel efficiency 0.042 0.042 0.042 0.042 0.042 0.042 0.042
Alternative fuel use 0.042 0.042 0.042 0.042 0.042 0.042 0.042
Mineral use 0.125 0.125 0.125 0.125 0.125 0.125 0.125
Fossil fuel use 0.375 0.375 0.375 0.375 0.375 0.375 0.375
Per-capita gas use vs. o375 o375 0.375 0.375 0.375 0375 0375
urban density
Recycling 0.042 0.042 0.042 0.042 0.042 0.042 0.042
. |Fuel Alternative | . . Per-capita gas use . .
Ave(X;

Resource conservation efficiency |fuel use Mineral use Fossil fuel use vs. urban density Recycling |Avg(X ;)| Dif
Fuel efficiency 0.042 0.042 0.042 0.042 0.042 0.042 0.042 0.00
Alternative fuel use 0.042 0.042 0.042 0.042 0.042 0.042 0.042 0.00
Mineral use 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.00
Fossil fuel use 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.00
Per-capit .

creaplia gas use vs- 14 375 10.375 0.375 0.375 0.375 0375 0375 |0.00
urban density
Recycling 0.042 0.042 0.042 0.042 0.042 0.042 0.042 0.00
6 4= 6.00 cr= 0.00 CR= 0.00 <0,10 ok
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Appendix C: Environmental Sustainability Index
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First level Second Level Third Level Bottom Level Final Wel.ght of |Value Attrlt')uted Final R_esult
each Indicator |to each Indicator| per Indicator
Water pollution 0.077 0.019 10 0.192
Storm water treatment 0.077 0.019 5 0.096
Air, water, Release deicing chemicals
and soil 05 and cleaning fluids 0.077 0.019 5 0.096,
. pollution " |Low emission vehicle
Climate .
. prevention purchased 0.231 0.058 5 0.288
protection and —
cleaner 0.5 GHG emissions 0.462 0.115 5 0.577
environment Others vehicle emissions 0.077 0.019 5 0.096,
. Per capita land devoted to
Environmental o
sustainabilit Land transport facility 0.333 0.083 10 0.833
Y anause 1 4 5 [impervious surfaces 0.333 0.083 > 0.417
impact . S
Preservation of wildlife
habitat 0.333 0.083 5 0.417
Fuel efficiency 0.042 0.021 10 0.208
Alternative fuel use 0.042 0.021 5 0.104
Environmental 0.5 Resource 1 Mineral use 0.125 0.063 5 0.313
stability | Conservation Fossil fuel use 0.375 0.188 5 0.938
urban density 0.375 0.188 5 0.938
Recycling 0.042 0.021 5 0.104



APPENDIX D:

Appendix D: Comparison matrices for First Level Social Sustainability

INI=

INP=

n=

AHP ANALYSIS FOR SOCIAL SUSTAINABILITY

Socially suétainable Transport Enhance Increas§ col'le‘:sion Improve healty Equity

transportation planning | safety and livability and fitness RI Table

Transport planning 1.00 1.00 1.00 1.00 1.00 n= RI

Enhance safety 1.00 1.00 1.00 1.00 1.00 1 -

Increase cohesion and livability 1.00 1.00 1.00 1.00 1.00 2 -

Improve healty and fitness 1.00 1.00 1.00 1.00 1.00 3 0.52

Equity 1.00 1.00 1.00 1.00 1.00 4 0.89

Sum(S ;) 5.00 5.00 5.00 5.00 5.00 5 | L
6 1.25

Socially sustainable Transport Enhance Increas§ col'lésion Improve healty Equity Avg(X;)

transportation planning | safety and livability and fitness

Transport planning 0.200 0.200 0.200 0.200 0.200 0.200

Enhance safety 0.200 0.200 0.200 0.200 0.200 0.200

Increase cohesion and livability 0.200 0.200 0.200 0.200 0.200 0.200

Improve healty and fitness 0.200 0.200 0.200 0.200 0.200 0.200

Equity 0.200 0.200 0.200 0.200 0.200 0.200

Socially sustainable TransPort Enhance Increas§ coh§sion Improve healty Equity Avexn |

transportation planning | safety and livability and fitness Dif

Transport planning 0.200 0.200 0.200 0.200 0.200 0.200]0.00

Enhance safety 0.200 0.200 0.200 0.200 0.200 0.200]0.00

Inerease cohesion and livability] 5591 509 0.200 02000 02000  0.200{0.00

Improve healty and fitness 0.200 0.200 0.200 0.200 0.200 0.200]0.00

Equity 0.200 0.200 0.200 0.200 0.200 0.200]0.00

5 A=5 CI= 0.00 CR= 0.00 <0,10
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Appendix D: Comparison matrices for Second Level Social Sustainability

INI=

INP=

Transport planning

Universal design

Citizen involvement

Non-motorized

Universal design 1.00 1.00 1.00

Citizen involvement 1.00 1.00 1.00

Non-motorized transport planning 1.00 1.00 1.00

Sum(S ;) 3.00 3.00 3.00

Transport planning Universal design Citizen involvement |[Non-motorized Ave(X;)
Universal design 0.333 0.333 0.333 0.333
Citizen involvement 0.333 0.333 0.333 0.333
Non-motorized transport planning 0.333 0.333 0.333 0.333
Transport planning Universal design Citizen involvement |[Non-motorized Avg(X;)
Universal design 0.333 0.333 0.333 0.333
Citizen involvement 0.333 0.333 0.333 0.333
Non-motorized transport planning 0.333 0.333 0.333 0.333

3 =3 CI= 0.0

0.00 <0,10
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Appendix D: Comparison matrices for Second Level Social Sustainability

INI=

INP=

n=

CR=

Enhance safety

Better road condition

Crash prevention and
protection

Improve incident
detection and response

Better road condition 1.00 1.00 1.00

Crash prevention and protection 1.00 1.00 1.00

Improve incident detection and response |1.00 1.00 1.00

Sum(S ;) 3.00 3.00 3.00

Enhance safety Better road condition |Crash prevention and [Improve incident Avg(X;)
protection detection and response

Better road condition 0.333 0.333 0.333 0.333

Crash prevention and protection 0.333 0.333 0.333 0.333

Improve incident detection and response  |0.333 0.333 0.333 0.333

Enhance safety Better road condition |Crash prevention and [Improve incident Ave(X;)
protection detection and response

Better road condition 0.333 0.333 0.333 0.333

Crash prevention and protection 0.333 0.333 0.333 0.333

Improve incident detection and response  |0.333 0.333 0.333 0.333

3 A= 3.000 CI= 0.000

0.00 <0,10
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Dif.
0.00

0.00
0.00



Appendix D: Comparison matrices for Second Level Social Sustainability

INP=

n=

CR=

Increase cohesion and livability Enhance public Improve local Improve accessibility
territory environmental quality [to recreational places

Enhance public territory 1.00 1.00 1.00

Improve local environmental quality 1.00 1.00 1.00

Improve accessibility to recreational places | 1.00 1.00 1.00

Sum(S' ;) 3.00 3.00 3.00

Increase cohesion and livability Enhance public Improve local Improve accessibility |Avg(X;)
territory environmental quality [to recreational places

Enhance public territory 0.333 0.333 0.333 0.333

Improve local environmental quality 0.333 0.333 0.333 0.333

Improve accessibility to recreational places |0.333 0.333 0.333 0.333

Increase cohesion and livability Enhance public Improve local Improve accessibility |Avg(X;)
territory environmental quality [to recreational places

Enhance public territory 0.333 0.333 0.333 0.333

Improve local environmental quality 0.333 0.333 0.333 0.333

Improve accessibility to recreational places |0.333 0.333 0.333 0.333

3 A= 3 Cl= 0

0.00 <0,10
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Appendix D: Comparison matrices for Second Level Social Sustainability

Improve healty and fitness Encourage non- Reduce noise
motorized transport  [pollution
Encourage non-motorized transport 1.00 1.00
C=|Reduce noise pollution 1.00 1.00
Sum(S ;) 2.00 2.00
Improve healty and fitness Encourage non- Reduce noise Avg(X;)
motorized transport [pollution
| N |4 Encourage non-motorized transport 0.500 0.500 0.500
Reduce noise pollution 0.500 0.500 0.500
Equity Improve accessibility [Horizontal and Affordability Social
vertical equity disparities
Improve accessibility 1.00 1.00 1.00 1.00
Horizontal and vertical equity 1.00 1.00 1.00 1.00
C= |Affordability 1.00 1.00 1.00 1.00
Social disparities 1.00 1.00 1.00 1.00
Sum(S ;) 4.00 4.00 4.00 4.00
Equity Improve accessibility [Horizontal and Affordability Social
vertical equity disparities Av(X7)
Improve accessibility 0.25 0.25 0.25 0.25 0.25
[N= |Horizontal and vertical equity 0.25 0.25 0.25 0.25 0.25
Affordability 0.25 0.25 0.25 0.25 0.25
Social disparities 0.25 0.25 0.25 0.25 0.25
Equity Improve accessibility Ho@ntal a.nd Affordability Sf)cial. aveexen|oie
vertical equity disparities
Improve accessibility 0.25 0.25 0.25 0.25 0.25]0.00
‘Nf: Horizontal and vertical equity 0.25 0.25 0.25 0.25 0.250.00
Affordability 0.25 0.25 0.25 0.25 0.25]0.00
Social disparities 0.25 0.25 0.25 0.25 0.25]0.00
n=4 A= 4.00 CR= 0.00 <0,10 ok CI= 0.00
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Appendix D: Comparison matrices for Third Level Social Sustainability

IN=

INI=

N

n=

Better road condition Potholes Sfilii:?ag;l; with double

Potholes 1.00 1.00

Road length with double or more lane |1.00 1.00

Sum(S ;) 2.00 2.00

Better road condition Potholes oR;)rE;((i)i:r;agr:}; with double Avg(X;)

Potholes 0.500 0.500 0.500

Road length with double or more lane |0.500 0.500 0.500

Crash prevention and protection Severe crashes | Animal/wildlife collisions | Accidental deaths|Crash disabilities and fatalities

Severe crashes 1.00 6.00 2.00 1.00

Animal/wildlife collisions 0.17 1.00 0.33 0.17

Accidental deaths 0.50 3.00 1.00 0.50

Crash disabilities and fatalities 1.00 6.00 2.00 1.00

Sum(S ;) 2.67 16.00 5.33 2.67

Crash prevention and protection Severe crashes | Animal/wildlife collisions |Accidental deaths |Crash disabilities and fatalities | Avg(X ;)
Severe crashes 0.38 0.38 0.38 0.38 0.38
Animal/wildlife collisions 0.06 0.06 0.06 0.06 0.06
Accidental deaths 0.19 0.19 0.19 0.19 0.19
Crash disabilities and fatalities 0.38 0.38 0.38 0.38 0.38
Crash prevention and protection Severe crashes | Animal/wildlife collisions | Accidental deaths|Crash disabilities and fatalities | Avg(X ;)
Severe crashes 0.38 0.38 0.38 0.38 0.38
Animal/wildlife collisions 0.06 0.06 0.06 0.06 0.06
Accidental deaths 0.19 0.19 0.19 0.19 0.19
Crash disabilities and fatalities 0.38 0.38 0.38 0.38 0.38

4 A= 4 ClI= 0 CR=
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Dif
0.00
0.00
0.00
0.00
0
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Appendix D: Comparison matrices for Third Level Social Sustainability

INI=

NP

n=

Improve local environmental quality

Satisfaction rating of

Quality of padestrian and

Time to next public

Time to get to

transportation system|bicycle environment transport stop work place
Satisfaction rating of transportation system  |1.00 5.00 5.00 5.00
Quality of padestrian and bicycle environment |0.20 1.00 1.00 1.00
Time to next public transport stop 0.20 1.00 1.00 1.00
Time to get to work place 0.20 1.00 1.00 1.00
Sum(S ;) 1.60 8.00 8.00 8.00

Improve local environmental quality

Satisfaction rating of

Quality of padestrian and

Time to next public

Time to get to

Avg(X;)

transportation system|bicycle environment transport stop work place
Satisfaction rating of transportation system  [0.63 0.63 0.63 0.63 0.63
Quality of padestrian and bicycle environment |0.13 0.13 0.13 0.13 0.13
Time to next public transport stop 0.13 0.13 0.13 0.13 0.13
Time to get to work place 0.13 0.13 0.13 0.13 0.13

Satisfaction rating of

Quality of padestrian and

Time to next public

Time to get to

Improve local environmental quality transportation system|bicycle environment transport stop work place Ave(X)
Satisfaction rating of transportation system  |0.63 0.63 0.63 0.63 0.63
Quality of padestrian and bicycle environment |0.13 0.13 0.13 0.13 0.13
Time to next public transport stop 0.13 0.13 0.13 0.13 0.13
Time to get to work place 0.13 0.13 0.13 0.13 0.13
4 A= 4.00 CI= 0.00 CR=
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Dif

0.00
0.00
0.00

0.00
0.00 <0,1



Appendix D: Comparison matrices for Third Level Social Sustainability

INI=

INI=

Encourage non-motorized transport

Road length having footpath

Population using non-motorized vehicle

Road length having footpath 1.00 1.00
Population using non-motorized vehicle 1.00 1.00

Sum(S ;) 2.00 2.00
Encourage non-motorized transport Road length having footpath | Population using non-motorized vehicle | Avg(X;)
Road length having footpath 0.500 0.500 0.500]
Population using non-motorized vehicle 0.500 0.500 0.500|
Horizontal and vertical equity Degree to which prices reflect full costs | Income inequality

Degree to which prices reflect full costs 1.00 0.33

Income inequality 3.00 1.00

Sum(S ;) 4.00 1.33

Horizontal and vertical equity Degree to which prices reflect full costs | Income inequality | Avg(X;)
Degree to which prices reflect full costs 0.250 0.250 0.250]
Income inequality 0.750 0750  0.750|
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First level Second Level | Third Level Bottom Level Final We.lght of | Value Attrll?uted Final Résult
each Indicator [to each Indicator|per Indicator
Universal design 0.33 1.00]0.067 5 0.333
Transport 02 |Citizen involvement 0.33 1.00]0.067 5 0.333
planning | : B -
Non-motorized transport planning 0.33 Degr?e to W,hICh nog motorized transport are 1.00]0.067 5 0.333
considered in modeling
- Potholes 0.5010.033 10 0.333
Better road condition 0.33 -
Road length with double or more lane 0.50]0.033 5 0.167
Severe crashes 0.3210.021 10 0.214
Enhance - P —
safety 0.2 Crash prevention and protection 0 Animal/wildlife collisions 0.04]0.002 5 0.012
P P **[Accidental deaths 032]0.021 5 0.107
Crash disabilities and fatalities 0.3210.021 5 0.107
Improve incident detection and response  [0.33 | Traffic monitoring coverage 1.00]0.067 5 0.333
Enhance public territory 0.33 |Intensity of interactions among neighbors 1.000.067 5 0.333
Sociall - - - -
sustainyable Iniea?e Satlsl.factl;)n rdatmg.oftrazsbp.ortaltlon s.ystem gi gggz ;0 g;lé
. |cohesion uality of padestrian and bicycle environment . . .
transportation 0.2 |Tmprove local environmental quality 0.33 Q_ IO°F - Y
and Time to next public transport stop 0.13]0.008 5 0.042
livability Time to get to work place 0.1310.008 0.042
Improve accessibility to recreational places |0.33 | Time devoted to recreational travel 1.00]0.067 0.333
Improve . Road length having footpath 0.5010.050 10 0.500
healty Encourage non-motorized transport 0.50 - - - -
d 0.2 Population using non-motorized vehicle 0.5010.050 5 0.250
an
fitness Reduce noise pollution 0.50 | Population exposed to high levels of traffic noise | 1.00 | 0.100 5 0.500
Improve accessibility 0.25 | Bus fleets/rail station compliant with disable act |1.00]0.050 5 0.250
. . . Degree to which prices reflect full costs 0.2510.013 10 0.125
. Horizontal and vertical equity 0.25 - -
Equity 0.2 Income inequality 0.7510.038 5 0.188
Affordability 0.25|HH expenditure on transportation 1.00 ]0.050 5 0.250
Social disparities 0.25|Car ownership 1.00]0.050 5 0.250




APPENDIX E:

SPSS OUTPUT FOR INDICATORS

Appendix E: Statistical Package for the Social Sciences (SPSS) output for Economic indicator

Economical Sustainability

) No of Adj. Sig. Sig. | Scoring
Indicator CANSIM SOURCE . Fo 5 Bo B,
Observations R (Bo) (B;) Joutof10
Peak hour auto occupancy to from CBD| Table 405-0074 10 3.83 | 041]1.87]| 0.26 |-2.10] 0.11 6
Ch in level of road ti
ange INTEVel oTroad congestion 1 rable 405-0029 38 7.70 | 0.52]-0.68| 0.02 [0.06] 039 | 6
over time
A It I i ted
nnial travel occrs Ih congeste Table 405-0028 38 0.37 |0.54]-1.87| 0.00 [0.38] 0.00| 6
conditions
Contribution towards GDP Table 402-0001 12 3.74 10.67]0.93| 0.15 |-0.66] 0.01 6
Per capita short journeys Table 405-0051 13 0.01 | 0.68]-0.33] 0.52 | 0.66| 0.05 7
Average home-work trip distancetime | Table 405-0049 13 2.65 | 0.69]-1.79] 0.00 | 1.15| 0.00 7
Impact on employment Table 408-0007 8 111.65] 0.94|-1.79] 0.00 | 0.40| 0.00 3
Throughput efficiency Table 405-0055 10 538.791 0.99|-1.56] 0.00 | 0.21] 0.00 5
Degree to which planning reflect least
. . Table 408-0004 124 1067.95] 0.99 | -1.46] 0.00 | 0.02] 0.00 6
cost and investment practices
Commuters using public transport Table 405-0092 4 6.28 | 1.00| 7.36| 0.00 |-8.68] 0.00
Mode split Table 405-0093 4 6.23 | 1.00]| 7.36| 0.00 [-8.68] 0.00
Per capita expenditures devoted to
Table 079-0004 4 80.52 | 1.00|-1.27] 0.00 | 0.13} 0.00 7
transport
Portion of publictransport in total Table 079-0004 4 8.18 | 1.00] 5.32| 0.00 |-5.31} 0.00 5
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Appendix E: Statistical Package for the Social Sciences (SPSS) output for Social indicator

Social sustainability

No of Sig. Sig. Sig. | Scoring
Indicat CANSIM SOURCE F i. R?
naicator Observations o |Adi-R| Po (Bo) Ps (B1) P2 (B,) Jout of 10
Crash disabilities and
. Table 409-0003 23 0.48 | 0.06 |-0.61]0.37] 0.19 | 0.16 |-0.01]0.11 9
fatalities
Severe crashes Table 409-0003 23 1.42 | 0.07 |-0.32]0.63] 0.15 ] 0.26 |-0.01]0.15 9
Accidental deaths Table 409-0003 23 421 ]| 0.29 |-0.36] 0.54] 0.20 | 0.09 |-0.01]0.03 9
Bus fleets compliant
] i Table 405-0004 23 68.54] 0.53 |-2.47]10.00] 0.74 | 0.00 |-0.06]0.01 7
with disable act
Time devoted to
) Table 405-0025 14 0.83 ] 0.58 | 0.53]0.03]-0.30| 0.03 ] 0.05|0.02 5
recreational travel
Satisfaction rating of
) Table 409-0001 23 8.01] 064 | 3.05]0.00]-0.71| 0.00 | 0.04 | 0.05 5
transportation system
Income inequality Table 079-0003 279 5.86 | 0.83 |-1.09/0.00| 0.00 | 0.05 | 0.00 |0.00 3
Car ownership Table 405-0014 5 11.98| 0.98 |-0.39]0.52| -0.62| 0.45 ]| 0.340.33 5
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Appendix E: Statistical Package for the Social Sciences (SPSS) output for Environmental indicator

Environmental Sustainability

Indicator cansimsource | NOOf T Ll I 28| o | 28 [ Scoring
Observations R2 % 1 (Bo) ' | (By) | outof 10
Low emission vehicles | .\ 105-0004 12 4433 | 0.83| -0.61| 0.39| 1.18|0.03] 3
purchased
Alternative fuel use Table 153-0014 21 19.82 1 0.92| 3.16 | 0.00 | -0.67] 0.00 1
Per capita gas use Table 131-0001 277 |3212.92| 0.98| -2.03 [ 0.00| 0.03[0.00] 9
Fossil fuel use Table 126-0001 278 |3212.92] 0.98]| -1.83 [ 0.00| 0.02[0.00] 9
Mineral use Table 405-0003 228 326.20 | 0.98| -1.50 [ 0.00 [ 0.02[0.00] 3
GHG emissions Table 153-0033 19 661.30 | 0.98| 1.49 [ 0.00[-0.02]0.80] 6

85




	ABSTRACT
	Acknowledgement
	List of Tables
	List of Figure
	List of Abbreviations
	Chapter 1 Introduction
	Chapter 2 Literature Review and Background
	2.1 Assessment Indicators
	2.1.1 Transportation System Sustainability Indicators
	2.1.2 Criteria for Selecting Sustainability Indicators
	2.1.3 Classification of indicators
	2.1.4 Methods to Develop Indicator
	2.1.5 Indicator’s Evaluation Methods

	2.2 Sustainable Transportation
	2.2.1 Characteristics of a Sustainable Transportation System
	2.2.2 Guidelines for Sustainable Transportation
	2.2.3 Selection of objective, sub-objects and attributes
	2.2.4 Indicator selection
	2.2.5 Evaluation of Transportation Systems Sustainability
	2.2.4.1 Analytic Hierarchy Process (AHP)
	2.2.4.2 Working Principles of Analytic Hierarchy Process (AHP)


	2.3 Background
	2.3.1 Linkages-based framework
	2.3.2 Impact-based framework
	2.3.3 Reductionist approach and comprehensive approach
	2.3.4 Goal-oriented framework
	2.3.5 The Sustainability Footprint model
	2.3.6 Bottom-up factor oriented framework
	2.3.7 Socially sustainable urban transportation model

	2.4 Problem Statement

	Chapter 3 Methodology
	3.1 Assumptions
	3.2 Proposed Sustainability Assessment Framework
	3.3 Analysis

	Chapter 4:  Concluding remarks and future work
	4.1 Summary and Conclusions
	4.2 Future work

	References
	Appendix A: AHP Analysis for Combined Sustainability
	Appendix B: AHP Analysis for Economic Sustainability
	Appendix C: AHP Analysis for Environmental Sustainability
	Appendix D: AHP Analysis for social Sustainability
	Appendix E: SPSS output for indicators

