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ABSTRACT 1 
In the context of sustainable transportation systems, previous studies have either focused only on 2 

the transportation system or have not used a methodology that enables the treatment of 3 
incomplete, vague, and qualitative information associated with the available data. Clearly, 4 
sustainability analysis requires the consideration of broad effects and the characteristics of the 5 
relevant data. To consider, explicitly, important broad effects and the characteristics of the 6 
associated data, this study proposes a system of systems (SOS) and a fuzzy logic modeling 7 

approach. The SOS includes the Transportation, Activity, and Environment systems. The fuzzy 8 
logic modeling approach enables the treatment of the vagueness associated with some of the 9 
relevant data. Performance Indices (PIs) are computed for each system using a number of 10 

performance measures. The PIs illustrate the aggregated performance of each system as well as 11 
the interactions among them. The proposed methodology also enables the estimation of a 12 
Composite Sustainability Index to summarize the aggregated performance of the overall SOS. 13 
Existing data was used to analyze sustainability in the entire United States. The results showed 14 

that the Transportation and Activity systems follow a positive trend, with similar periods of 15 
growth and contractions; in contrast, the environmental system follows a reverse pattern. The 16 

results are intuitive, and are associated with a series of historic events, such as depressions in the 17 
economy as well as policy changes and regulations.  18 
 19 

 20 
Key Words: sustainable transportation, sustainability indices, performance measures, 21 

performance indices, policy analysis, fuzzy logic, interdependent systems, system of systems 22 
 23 

24 
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1. INTRODUCTION 1 
1.1 Background 2 
With the rapid increase in economic development throughout the world, there is stress on the 3 
resources used to support global economy, including petroleum, coal, silver, and water. 4 
Currently, the world is consuming energy at an unprecedented rate never seen before. Based on 5 
data from 2005, about 30.6 billion barrels of petroleum are used annually worldwide [1]. The 6 
estimates indicate that the availability of total world reserves is in the vicinity of 1.3 trillion 7 

barrels, and will be depleted by 2047 [2]. The finite nature of such non-renewable natural 8 
resources as petroleum and coal puts pressure on the environmental system, and ultimately 9 
reduces the availability of resources for future generations. Hence, it is critical to develop 10 

planning and operational strategies that seek to achieve a sustainable use of existing natural 11 
resources.  12 
 The development of a sustainable system and its corresponding planning strategies 13 
requires an adequate definition of sustainability as well as mechanisms to quantify, qualify, and 14 

assess sustainability. The quantification of sustainability poses considerable challenges, ranging 15 
from data availability to adequate methods to process information. Numerous studies have 16 

established different measures to quantify sustainability [3]. According to Bell and Morse [4], 17 
sustainability primarily is measured by means of three components: (i) time scale, (ii) spatial 18 
scale, and (iii) system quality. The time and spatial scale correspond to the analysis period and 19 

the geographical region of interest, respectively. On the other hand, system quality corresponds 20 
to the quantification of the overall system performance or state. In order to quantify system 21 

quality, Sustainability Indicators (SIs) have been developed in a diverse range of fields, 22 
including biology and the life sciences, hydrology, and transportation. Harger and Mayer [5] 23 

argued that SIs should be simple, diverse, sensitive, timely, quantifiable, and accessible. Bossel 24 
[6] proposed a system-based approach for developing 21 SIs for environmental characteristics. 25 
The approach suggested that a system cannot exist independently, and several external factors 26 

can intrude on its boundaries. Some studies argue about the various dimensions associated with 27 
sustainability considerations [7, 8]. 28 

  It is clear that a truly sustainable state for a system requires all the relevant 29 
interdependent sub-systems/sectors and components, at levels so that the consumption of and the 30 
impact on the natural and economic resources do not deplete or destroy those resources. Hence, 31 

the assessment of a system state requires a holistic analysis in order to consider all the relevant 32 
sectors and impacts. However, existing approaches used to study the sustainability of a 33 
transportation system are not comprehensive enough to include key interactions with other 34 

systems such as the environment, the economy, and society in general. For example, the current 35 

planning of transportation systems is limited in terms of the number, accuracy, length, and 36 
approaches used to consider simultaneously important characteristics, including energy 37 
consumption, emissions, accidents, congestion, reliability, economic growth, and such social 38 
impacts as human health. That is, the existing practices only consider some effects, the 39 
estimations are approximate [9], and the analysis period is relatively short, in the order of 30 40 

years [10]. In addition, these effects are synthetized only on the basis of approximated monetary 41 
considerations that are unlikely to capture the full extent of the effects, for instance, the financial 42 
cost of emissions or greenhouse gases [11, 12]. For example, Zheng et al. [3] described various 43 
system indicators by primarily considering economic aspects. Although the study provided 44 
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valuable insights about the quantification of the economic domain of transportation 1 
sustainability, it is primarily focused on the transportation sector. 2 

Among several studies that focused on different sectors, impacts, and aspects of 3 
sustainability, the following key characteristics have emerged as fundamental for a sustainable 4 
system: 5 

 6 

 Continuity through time [13, 14];  7 

 Development of the needs of current generations without compromising the needs of 8 
future generations [15];  9 

 Utilization of resources without compromising their health and productivity [16]; 10 

 Development that improves quality of life [17]; and 11 

 Assimilation of economic, ecological, social, and bio-physical components of 12 
resource ecosystems [18, 19].  13 

  14 
 In terms of the methodologies available to estimate SIs, numerous studies have proposed 15 

different approaches. For example, Multi-criteria Decision Making (MCDM) and Analytical 16 
Hierarchy Process (AHP) techniques have been proposed to consider multiple criteria and 17 

estimate relevant SIs [20-26]. The MCDM approach selects or ranks different predetermined 18 
alternatives and is based on making discrete decisions [23]. Traditional MCDM techniques 19 
assume that the criteria are well-defined, certain (deterministic rather than stochastic), and 20 

independent. In reality, the criteria usually involve stochasticity and interdependence. In 21 
addition, some aspects in MCDM models are subjective in nature. The weights used in MCDM 22 

always include some uncertainty. The basic idea behind the AHP is to convert subjective 23 
assessments of relative importance to a set of overall weights or scores. The scale suggested by 24 

Saaty [27] is used to compute the weights, using linear algebra. These weights are the elements 25 
in the eigenvector associated with the maximum value of the matrix. The eigenvalue-based 26 

method has been criticized by researchers on the grounds of lack of prioritization and 27 
consistency [28]. In addition, there is an issue of rank reversal possibly arising when a new 28 
criteria is added. Due to the above reasons, the theoretical foundation of a rigid scale used in the 29 

methods is also questionable [29]. There have been attempts to address some of these limitations. 30 
The computation of the weights in MCDM and AHP requires significant amounts of data and a 31 
priori or expert knowledge of the system under study. Furthermore, different regions may require 32 

different weights to capture local conditions.  33 
Given the complexities, interdependencies, nonlinearities, vagueness, and incomplete 34 

information associated with the various factors that are generally involved when considering the 35 
sustainability of a system, some studies have adopted concepts from fuzzy set theory for the 36 
development of SIs [30–32]. Anjali et al. [33] applied a fuzzy Technique for Order Preference by 37 
Similarity to Ideal Situation approach, to evaluate the sustainability of transportation systems 38 
using partial or incomplete information. Opricovic and Tzeng [34] used a fuzzy multi-criteria 39 

model to evaluate post-earthquake land use planning. The modeling approach was developed to 40 
deal with qualitative or incomplete information. Mendoza and Prabhu [35] applied fuzzy logic 41 
for assessing criteria and indicators for sustainable forest management. In addition, linear 42 
aggregation techniques were used to combine multiple indicators. Liu [36] tried to integrate 43 
MCDM and fuzzy logic techniques to evaluate environmental sustainability. The environmental 44 
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sustainability of 146 countries was calculated, ranked and clustered. The study was extensive in 1 
dealing with multiple variables and indicators. However, only the environment aspects of 2 

sustainability were evaluated without considering any other SIs related to the transportation or 3 
activity system. Similarly, Prato [37] discussed a fuzzy logic approach for evaluating ecosystem 4 
sustainability. Data needs as well as the lack of technical expertise were important issues in this 5 
study. Marks et al. [38] used fuzzy logic techniques to develop a theoretical framework for the 6 
evaluation of sustainable agriculture. The study argued about the advantages of fuzzy logic over 7 

conventional MCDM techniques. An important characteristic in these studies is their limited 8 
scope in terms of the system(s) considered in the analysis.  9 
 10 

1.2 Motivation  11 
It is clear that sustainability analysis of transportation systems requires a broad perspective 12 
including various systems, such as the economic, and the political, social, and environmental 13 
systems. This perspective enables the consideration of such relevant aspects as biodiversity, 14 

human health, quality of life, and life expectancy. Such analysis requires significant amounts of 15 
data as well as methods to develop adequate SIs. Although not all data that one may want to use 16 

is available, there is a vast amount of relevant information that can be obtained from such 17 
organizations as The World Bank, the United Nations, the Bureau of Transportation Statistics, 18 
and the U. S. Environmental Protection Agency.  19 

 Although fuzzy logic has been used in the context of sustainability to handle key 20 
characteristics of the relevant data, its use has not been coupled with a broad perspective 21 

considering multiple systems. To consider, explicitly, important broad effects and the 22 
characteristics of the associated data, this study proposes a system of systems (SOS) [39] and a 23 

fuzzy logic modeling approach. The SOS includes the Transportation, Activity, and Environment 24 
systems. The fuzzy logic modeling approach enables the treatment of the vagueness associated 25 
with some of the relevant data. Performance Indices (PIs) are computed for each system using a 26 

number of performance measures. The PIs illustrate the aggregated performance of each system 27 
as well as the interactions among them. The proposed methodology also enables the estimation 28 

of a Composite Sustainability Index to summarize the aggregated performance of the overall 29 
SOS. 30 
 The PIs are calculated with an emphasis on transportation systems, while explicitly 31 

considering and calculating the PIs for the other two relevant and affected systems. The PIs are 32 
calculated based on multiple performance measures with various degrees of resolution and units. 33 
These multi-resolution, multi-unit characteristics are intrinsic to the systems under consideration.  34 

The paper is organized as follows. Section 2 describes three interdependent systems: the 35 

Transportation, Activity, and Environmental systems. Section 3 summarizes the fuzzy logic 36 
methodology used in this study. Section 4 provides information about the study region and data. 37 
Results and analysis are presented in Section 5. Some policy perspectives are illustrated in 38 
Section 6. Section 7 provides conclusions and recommendations for future work. 39 
 40 

2. INTERDEPENDENT SYSTEMS 41 
In the context of sustainability, it is difficult to isolate systems or narrow the analysis to a 42 
particular region. Different systems such as Transportation have interdependencies with other 43 
systems including the economy and the environment. For example, energy resources, which are 44 
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part of the environmental system, are required by both the transportation sector and the economy. 1 
Hence, any policy or strategy affecting the consumption or production of energy has effects at 2 

least on the transportation, the economy, and the environment. This research explicitly considers 3 
and defines three major interdependent systems, the transportation system, the activity system, 4 
and the environmental system. 5 
  6 

2.1 The Transportation System 7 
The transportation system includes all the infrastructure facilities, vehicles, operators, and 8 
control strategies used to provide transportation services to people and to move products. Thus, 9 
the overall transportation system includes all modes of transportation, including highways, 10 

transit, and fluvial and air modes. Existing literature uses a number of measures to describe or 11 
assess transportation system performance. Lomax et al. [40] identified several measures of 12 
congestion, such as travel time, total segment delay, corridor mobility index, delay ratio, and 13 
relative delay rate. The Roadway Congestion Index uses volume and capacity to provide a 14 

measure of congestion [41]. A Roadway Congestion Index exceeding 1.0 denotes an average 15 
congestion level that is undesirable during the peak period. Black [42] uses principal component 16 

analysis to examine the relationships among multiple performance measures, including Vehicle 17 
Miles Traveled (VMT), travel time, mobility, crashes, fuel consumption, and emissions. The 18 
results indicate that VMT is the single most important factor in the context of sustainability. 19 

High VMT values do not necessarily mean high congestion; therefore, similar to the Roadway 20 
Congestion Index, VMT needs to be used in conjunction with the corresponding capacity. Thus, 21 

VMT per lane mile is a desirable performance measure. In addition, transit passenger miles and 22 
the number of intersections per capita can be important performance measures depending on the 23 

geographic location. Thus, both the demand and supply side should be taken into account for the 24 
selection of performance measure. 25 
 The Transportation Service Index (TSI) is a performance measure that seeks to quantify 26 

the movement of passenger and freight by the for-hire transportation sector [43]. This index, 27 
which is reported every month, can be used in conjunction with economic indicators to analyze 28 

the relationships between the economy and the transportation sector. Another interesting 29 
performance measure is the amount of personal money spent on transportation; this includes 30 
motor vehicles and parts, gasoline, and such transportation services as transit. The public 31 

investment on infrastructure is another important performance measure. Depending on the 32 
available data, some or all of the above performance measures can be used to develop the 33 
Transportation System PI (TSPI). The proposed modeling framework is modular and very 34 

flexible to enable the seamlessly incorporation of additional performance measures.  35 

 36 

2.2 The Activity System 37 
Previous studies have described the activity system as the combination of social, economic, 38 
political, and other transactions taking place over time and space [44, 45]. These transactions 39 
create and determine the demand for transportation. For example, changes in such economic 40 

policies as gas taxes or VMT fees create changes in the demand for transportation. In this 41 
research, the activity system consists of the social, cultural, health-related, and 42 
economic/financial aspects. A commonly used indicator for the socio-economic development of 43 
any country is its Gross Domestic Product. However, the United Nations Development Program 44 



Paz, Maheshwari, Kachroo, Ahmad                                                                                                                                       

7 

 

(UNDP) [46] recommends using the Human Development Index because it incorporates all the 1 
basic and necessary dimensions for economic prosperity. This index measures the average 2 

achievements in a country by considering: (i) a long and healthy life, or life expectancy; (ii) 3 
access to knowledge, or the education index; and (iii) a generous standard of living, measured by 4 
gross national income per capita. Life expectancy is the average number of years a child is 5 
expected to live, assuming that the mortality rate will remain constant [46]. The Education index 6 
includes the average number of years of education received in a lifetime and the expected 7 

number of years a child will attend school, assuming constant enrollment rates. The gross 8 
national income combines the gross domestic product of a country with its income received from 9 
other countries, less similar payments made to other countries. Some of these indices or 10 

indicators are used in this study to develop the Activity System PI (ASPI). 11 
 12 

2.3 The Environmental System 13 
The environmental system includes the air, water, soil, and all other natural resources as well as 14 

all living organisms that are affected and/or used by the transportation and activity systems. In 15 
the United States, data from the Federal Highway Administration  and the Environmental 16 

Protection Agency suggests that emissions from the transportation system has been reduced 17 
drastically over the last 30 years, despite substantial gains in VMT, gross domestic product, 18 
population, and employment [47]. This has been attributed to the introduction of the Clean Air 19 

Act in 1973 and the emergence of fuel-efficient vehicles. However, such other sectors as 20 
industrial and chemical have generated increased carbon dioxide emissions over the years, 21 

thereby affecting climate change.  22 
 The Environmental Sustainability Index (ESI) was created by the end of the 1990s by 23 

Yale and Columbia Universities [48]. This index, which is a single indicator that provides insight 24 
into human health and the environment, was promoted by the World Economic Forum. This 25 
index currently is considered the most powerful tool available to measure environmental 26 

sustainability. The ESI uses 76 variables, including air pollution, emissions related to human 27 
health, environmental factors, water pollution, and resource minimization. In addition, it 28 

incorporates response factors relating to international agreements, such as the preservation of 29 
extinct species, limitations to the use of natural resources, limitations to the release of pollutants, 30 
and biodiversity conservation.  31 

 In 2006, the ESI became the Environmental Performance Index (EPI). Since then, the 32 
EPI has been published every two years. The primary constituents of the EPI are environmental 33 
health and ecosystem vitality. Policy weights used to calculate the EPI are approximate 34 

percentages that can be summarized as follows: environmental burden of disease, 25%; climate 35 

change, 25%; air pollution, 17%; water pollution, 17%; biodiversity and habitat, 4%; forestry, 36 
4%; fisheries, 4%; and agriculture, 4%.  37 
 38 

3. METHODOLOGY 39 
This section provides a detailed framework of the modeling approach used in this study. 40 

 41 
The concept of Fuzzy Logic was introduced by Lotfi Zadeh in 1965. It is a way of processing 42 
data by allowing partial set membership rather than crisp set membership or non-membership 43 
[53, 54]. Fuzzy logic provides a simple and efficient way to arrive at a definite conclusion based 44 
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upon vague, ambiguous, imprecise, noisy, or missing input information. In the current study, 1 
multiple performance measures are combined and corresponding PIs are computed using fuzzy 2 

logic for the Transportation, Activity, and Environmental Systems. The PIs are calculated 3 
independently for each of the three systems. Their interdependencies are inherent in the data, and 4 
are illustrated later in the results and discussion section. Considering a vector of performance 5 
measures X for system J as the inputs, the following three steps are used to calculate the 6 
corresponding PI: (1) an inference step, (2) an aggregation step, and (3) a defuzzification step.  7 

 8 
3.1 Inference Step  9 
The inference step uses “If-then” rules and associated membership functions to develop and 10 

capture logical relationships between the different performance measures (inputs) and the PI 11 
(output).  12 
 13 
3.1.1 If-then Rules  14 

“If-then” rules are logical statements developed based on observation and expert knowledge of 15 
the system. The “if” part, left-hand side (LHS) or antecedent, is used with the inputs. The “then” 16 

part, the right-hand side (RHS) or consequent, is related to the output. An example of an “If-17 
then” rule is as follows: 18 
 19 

 If [the VMT per lane mile is High and the TSI is Medium and the personal spending on 20 
transportation is Low], then [the TSPI is High]. 21 

 22 
 As illustrated in this rule, in order to build the logical relationships between inputs and 23 

output, both the LHS and RHS are related to three fuzzy sets, High (H), Medium (M), and Low 24 
(L). Table 1 shows the set of “if-then” rules used in this study to calculate the TSPI. Here, three 25 
performance measures are used, namely: (i) the VMT per lane mile (v), (ii) the TSI, and (iii) the 26 

personal spending on transportation (ps) per year. If required, and if the relevant data is 27 
available, additional performance measures can be used; the corresponding rules are added to the 28 

table. Similar rules have been developed for each of the PIs in order to cover all possible 29 
relationships between the chosen system performance measures and the corresponding PI. Thus, 30 
the Transportation and Activity Systems each have three inputs and 27 rules while the 31 

environmental system has four inputs and 81 rules. 32 
 33 
3.1.2 Membership Functions  34 

The quantitative estimation of a PI requires knowledge about the interdependencies between the 35 

system performance measures and the corresponding PI. Considering the complexity of the 36 
Transportation, Activity, and Environmental Systems, this required knowledge is limited, vague, 37 
and sometimes ambiguous. Fuzzy logic provides a mathematical construct to combine all the 38 
available knowledge and develop meaningful PI estimates. The “if-then” rules are used in 39 
conjunction with sets of membership functions to relate the performance measures to the PIs, 40 

based on the available knowledge and data. Membership functions are used to define the grade or 41 
degree associated with every input and output. In this study, three membership functions are 42 
associated with each input and output, as illustrated in Figure 1. Triangular membership 43 
functions are used in this study because they are easy to define; only three parameters are 44 
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required: a modal point, the upper width, and the lower width. In addition, due to their 1 
conceptual and computation simplicity, triangular fuzzy numbers are commonly used in practical 2 

applications [31, 55, 56]. The domain for the membership functions corresponding to the LHS is 3 
defined based on the absolute value of the associated performance measures; the domains for the 4 
PIs corresponding to the RHS are normalized so as to use a simple [0, 1] range. Figure 1 shows 5 
the membership functions for the calculation of the TSPI. Similar functions are defined for the 6 
other two PIs. 7 

  Once the “if-then” rules and the membership functions are defined, the Mamdani max-8 
min composition operator and the Mamdani min implication operator are used for the fuzzy 9 
inference step [54]. For example, the three inputs for the calculation of TSPI, v, TSI, and ps are 10 

matched against the membership functions by using the “if-then” rules to determine the degree of 11 

activation. The degree at which each rule  is activated () is obtained by using v, TSI, and ps as 12 
well as the max-min operator, as shown by Equation 1: 13 
 14 

 ))(),(),((minmax zzz psTSIv
Zz

 


       (1) 15 

 16 
where Z represents the universe of domains of the fuzzy sets v, TSI, and ps; and μ is a 17 

membership function. Equation 2 represents the membership functions of the fuzzy outcomes for 18 
the TSPI obtained, using the min implication operator. 19 

 20 

),(min*   

TSPITSPI
         (2) 21 

 22 

3.2 Aggregation Step 23 
The Aggregation Step represents the aggregation of all the fuzzy output sets obtained after 24 
matching all the inputs to the membership functions by using all the “if-then” rules. A total of R 25 

rules for the calculation of TSPI are defined. The aggregation step is given by Equation 3. 26 





R

TSPITSPI
1

**



              (3) 27 

 28 

3.3 Defuzzification Step 29 
The output from the Aggregation Step combines all the available information by using all the 30 
defined rules. However, this output needs to be defuzzified to obtain a single crisp value for the 31 
corresponding PI, in this case, TSPI. The Center of Gravity method [54], illustrated in Equation 32 

4, is used for the Defuzzification Step: 33 
 34 

  

)(

)(

1

1

*

*












R

TSPI

R

TSPI

S

S

TSPI















        (4) 35 

 36 

where 


  is the centroid of the fuzzy set for the TSPI, given by the RHS of rule ; and S(·) 37 
calculates the area of the membership function for a fuzzy set. 38 
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4. STUDY REGION AND DATA 1 
Sustainability considerations make difficult to isolate systems and narrow the analysis to a 2 

particular transportation system or region. It is clear that impacts on the Environmental System, 3 
the Activity System, and even the Transportation System extend across regions and boundaries. 4 
In addition, the level of resolution of the available data may limit localized analyses. Hence, to 5 
illustrate the proposed method, without loss of generality, the United States is used as the study 6 
area. Similar analyses can be conducted for other regions and, ideally, the entire globe. In this 7 

case, the analysis was conducted for a period of 20 years between 1990 and 2010.  8 
 The three performance measures used in the examples in Section 4 for the estimation of 9 
the TSPI in this study were obtained from the Bureau of Transportation Statistics [43]. The ASPI 10 

includes the following performance measures provided by the United Nations [46]:  11 
 12 

(i) Gross national income (gni);  13 
(ii) The Education Index (ei); and  14 

(iii) Life expectancy (le).  15 
 16 

The Environmental System Performance Index (ESPI) is based on the following performance 17 
measures:  18 
 19 

(i) Carbon dioxide emissions (ce) [49];  20 
(ii) Air pollutants (ap) [50];  21 

(iii) Water pollutants (wp) [51]; and  22 
(iv)  Energy consumption (ec) [52].  23 

 24 

5. RESULTS AND DISCUSSION 25 
Figure 2 shows the normalized performance measures and performance index for the 26 

Transportation System. The historic trend for the VMT per lane mile (in thousands) covers a 27 
period from 1990 to 2008. It is clear that the trend is increasing except between 1990-1991. This 28 

could be attributed to the recession during each of those time periods [57, 58]. During 2005-29 
2006, the VMT started decreasing probably as a consequence of the rising oil prices [59]. The 30 
trend for the TSI covers from 1990 to 2010. The base year for TSI = 100 is taken as the Year 31 

2000. The figure shows the decrease in TSI between the Years 2000-2002, when the terrorist 32 
attack on September 11 occurred. In 2001, there was less freight and passenger travel. Between 33 
Years 2008-2010, the financial crisis resulted in a severe recession with consequences on TSI, as 34 

illustrated in Figure 2. Personal spending on transportation is included during 1995-2010. It is 35 

evident that spending increases from 1995-2005 as a result of economic development. However, 36 
in 2006, spending started decreasing as a result of a rise in gas prices, which hit $4 a gallon. 37 
Later, the financial crisis during 2007-2010 resulted in decreased spending for transportation-38 
related activities. 39 

Figure 2 also shows the historic trend of the Transportation System performance index 40 

from 1990 to 2009. The crisp value in the y-axis is obtained by using the fuzzy approach 41 
discussed in earlier sections. Here, the closer the TSPI to 1, the better the performance of the 42 
Transportation System; if its value is close to 0, then performance is poor. The crisp values can 43 
only be used as a relative measure to compare between alternatives and scenarios. It cannot be 44 
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used to assess the absolute value of the sustainability of the system. It is evident that TSPI has 1 
the best value between years 2005-2006, when the economy was booming, and the least value 2 

between years 1990-1991. The curve for the TSPI follows a pattern consistent with VMT/lane 3 
mile and TSI. That is, the TSPI increases with the increase in VMT/lane mile and TSI. According 4 
to Genier [59], rising oil prices during 2005-2006 has led to reduced VMT and promoted 5 
alternate modes of transportation, such as transit and car-pooling, as well as the use of more 6 
efficient vehicles.  7 

 Figure 3 shows the normalized performance measures and performance index for the 8 
Activity System. The trend of the average annual income in Gross National Income per capita is 9 
provided from 1990 to 2010. The trend increased, with a high growth rate until 1999. The rate 10 

started decreasing in 2000 following the technology bust, also known as the Dot-Com Bubble; 11 
and later in 2006, following the housing crisis. It is noted that the rate of growth in income is less 12 
in the past decade as compared to earlier decades.  13 
 The trend of the average annual education index is provided from 1990 to 2010. This 14 

index started increasing from 1990 to 2000, the primary reason being the invention of new 15 
technologies and innovations that kept the United States in the forefront of education. In 16 

addition, a new wave of technological revolution was seen in the form of start ups. Also, science, 17 
engineering, and medical disciplines saw a new era of growth and development. The reason for a 18 
slight decline in the education index between 2000 and 2004 is not clear yet. The trend of the 19 

average annual life expectancy is provided from 1990 to 2010. The average life expectancy has 20 
increased from 74 years in 1990 to 80 years in 2010. This increase can be attributed to the 21 

technological advancement in medical facilities and billions of dollars spent on research and the 22 
development of new and effective drugs.  23 

 Figure 3 also shows the trend for the Activity System’s performance index from 1990 to 24 
2010. This index started increasing from year 1990 until the year 2000 as a result of economic 25 
development. Starting with the technology bust in 2000 and terrorist attacks in 2001, the 26 

economic activity started to decrease and did not recover until the end of the year in 2003. Since 27 
2003, the Activity System started an upward trend before hitting a peak in 2007. The financial 28 

crisis from 2007 to 2009 resulted in a dramatic decrease in economic activity, often compared as 29 
equivalent to the Great Depression of 1930s. The year 2009 marks the period of “official 30 
recovery” from the recession. 31 

 Figure 4 shows the normalized performance measures and performance index for the 32 
Environmental System. The trend of carbon dioxide emissions is provided from years 1990 to 33 
2008. This is an increasing trend except during 1990-1991, a time of global political unrest and 34 

high inflation; 2000-2002, due to the technology bust and September 11 attacks; 2005-2006, due 35 

to high gas prices; and 2007-2008, with the financial crisis. The trend of air pollutants is 36 
provided from 1990 to 2008. With the introduction of the Clean Air Act in 1973, there has been a 37 
dramatic reduction in air pollution. In addition, the introduction of innovative technologies, such 38 
as hybrid and battery powered vehicles, have led to reduced air pollution over the years.  39 
 The trend for water pollutants is provided from 1997 to 2005. This trend decreases with 40 

time as a result of innovative and efficient waste management techniques. The trend for the 41 
average annual energy consumption in quadrillion British Thermal Units is provided from 1990 42 
to 2008. This trend indicates that energy consumption decreased during the financial crisis of 43 
1990-1991. After 1991, energy consumption started an upward trend and finally peaked in 2007. 44 
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However, there were short periods of decline in energy consumption both in 2001, attributed to 1 
the September 11 terrorist attacks, and 2006, due to high oil prices. The terrorist attack resulted 2 

in decreased travel and less economic activity, while the exorbitant high oil prices promoted the 3 
use of new battery-powered and hybrid vehicle technologies. 4 
 Figure 4 also shows the trend of the Environmental System’s performance index from 5 
1990 to 2008. If the value for ESPI is close to 1, then the environmental system is excellent; if its 6 
value is close to 0, then the system quality is very poor. The best value for ESPI occurred during 7 

1990-1995, when economic development was slow as a result of global political unrest and the 8 
first gulf war. Since 2000, the quality started to improve, probably as a consequence of multiple 9 
periods of economic contractions. Again, the year 2007 marked the beginning of a slight uptrend 10 

in the index as a result of a global financial crisis. In general, the environment improves during 11 
periods when economic activity is down and/or oil prices are high. In addition, the curve for the 12 
ESPI follows a pattern consistent with carbon-dioxide emissions and energy consumption. That 13 
is, the ESPI decreases with the increase in carbon-dioxide emissions and energy consumption. 14 

 Figure 5 shows the three performance indices from 1990 to 2009. In this figure the 15 
Transportation and Activity Systems follow an increasing trend over the years, with similar 16 

periods of growth and contractions; on the other hand, the Environmental System follows a 17 
reverse pattern. These trends seem intuitive, as growth in the economy and the transportation 18 
sectors are expected to happen simultaneously; this growth requires resources from the 19 

environment, thereby increasing emissions and energy consumption. 20 
Figure 5 also illustrates a Composite Sustainability Index (CSI), an index used to access 21 

the overall sustainability of the SOS used this research. It is calculated using the proposed fuzzy 22 
logic approach and the performance index for the Transportation, Activity, and Environmental 23 

Systems. The CSI shows an overall increasing trend from year 1990 to 1995. However, 24 
considering the overall negative slope and corresponding decrease on the ESPI, the CSI does not 25 
continue increasing after 1995 presenting some negative periods and increases only when there is 26 

a significant improvement on the ESPI. Based on these observations and the chosen performance 27 
measures, negative impacts to the environment seem to be associated with negative 28 

consequences on the overall sustainability of the SOS. In general, under the proposed 29 
framework, a system is sustainable if the slope of the corresponding PI curve presents a 30 
nonnegative slope. Similarly, the overall SOS is sustainable if the slope of the CSI is 31 

nonnegative. The axioms presented in this paper are an attempt to summarize our observations 32 
based on chosen performance measures. There is a vast literature with similar observations. For 33 
example, Young et al. [60] as well as Lahiri and Yao [61] have observed that the transportation 34 

and activity system follows a lead-lag phase pattern and environment system is inversely related 35 

to the other two. The following axioms can be postulated to assess the sustainability or the 36 
unsustainability of our SOS. 37 

 38 
1) The SOS is sustainable when the overall slopes for the TSPI, ASPI and ESPI have a 39 

positive trend. This is an ideal scenario with positive growth in all systems, and implies 40 

that there is no need of nonrenewable natural resources to sustain growth in the 41 
transportation and the economy.  42 

2) The SOS is unsustainable when the slopes of TSPI and ASPI have a positive trend but the 43 
slope of ESPI has a negative trend. This is the scenario that we have been observing in 44 
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the USA. In general, the SOS is unsustainable when the overall trend of at least one of 1 
the three slopes is negative. 2 

3) The SOS is sustainable when the overall slopes for the TSPI, ASPI and ESPI have a non-3 
negative trend. This scenario is sustainable because all the transportation and other social 4 
activities can continue in perpetuity without degradation of the environmental system. 5 
Although this is a scenario preferred over an unsustainable situation, it may represent an 6 
unstable equilibrium that can easily become unsustainable. 7 

 8 
6. POLICY PERSPECTIVES 9 
This section discusses some policy options for the sustainability of the SOS studied in this 10 

research. Some of these options have been implemented in the past revealing some of their 11 
effects. Other options are currently under consideration by multiple stakeholders. Figure 6 12 
illustrates five policy options that can be used to improve performance and support the 13 
sustainability of the SOS considered here. The dashed boxes correspond to the three major 14 

systems, the grey boxes represent the performance measures within each system, and the 15 
suggested policies are depicted by rectangular boxes. These policies have direct and indirect 16 

effects on some performance measures and systems. Only the direct effects of the proposed 17 
policies are shown through the arrows in Figure 6. Conclusion regarding indirect effects will be 18 
immature at this point; hence are not discussed here. Each policy is described as follows: 19 

 20 
Use of non-motorized and alternate modes of transportation. This policy consists of the 21 

promotion of non-motorized modes of transportation, such as bicycles, and the use of 22 
alternatives for driving alone, such as transit and carpooling. The success of this policy depends 23 

on multiple factors, including land use. It may require the establishment of commuter-friendly 24 
and transit-friendly development near the central business district. In addition, changes in travel 25 
and demand patterns depend on the users’ preferences and attitudes as well as convenience. 26 

Expected consequences of implementing this policy, among others, include reductions on (i) 27 
VMT [62, 63], (ii) air pollution, (iii) carbon dioxide emissions, (iv) energy consumption, (v) 28 

health issues, and (vi) out-of-pocket cost. The money and resources saved can be used to 29 
improve such sectors as education and research with further impacts on the gross domestic 30 
product.  31 

 32 
Usage based pricing. Currently, the implementation of a VMT fee is being considered as a 33 
viable alternative to replace the current fuel tax for collecting the required resources for highway 34 

maintenance [64]. This policy also can promote the reduction of VMT, along with all the other 35 

associated consequences. However, this policy faces a number of deployment as well as 36 
acceptance issues. 37 
 38 
Technology adaptation. The rapid industrialization and technological revolution has resulted in 39 
reduced emissions over the years. For example, the use of efficient boilers in coal-fired plants 40 

will help reduce carbon dioxide emissions, pollution, and energy consumption [65, 66]. Health 41 
related issues will be reduced as a consequence of less pollution. 42 

 43 
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Use of alternative fuels such as compressed natural gas (CNG). The use of alternative fuels in 1 
the form of CNG will reduce carbon-dioxide emissions and pollution [67, 68]. This will lead to a 2 

green and cleaner environment [69] with all the associated benefits to health, the economy, and 3 
the quality of life. In the United States, the reserves of natural gas are larger than those of 4 
petroleum [70]. Hence, this policy seems plausible from an environmental and economic 5 
perspective. The only drawbacks are the time and cost associated with retrofitting vehicles and 6 
the supply chain.  7 

 8 
Innovative vehicle technologies. Replacement of conventionally powered vehicles with hybrid 9 
and electric vehicles will reduce carbon-dioxide emissions and nonrenewable fuel consumption 10 

[71]. Auto makers are particularly interested in this policy [72]. In addition, the federal 11 
government provides tax incentives to develop and manufacture lithium ion batteries in the 12 
United States.  13 

 14 

Ideally, each of these policies is evaluated before deployment and adoption. Some of 15 
them are currently under analysis by multiple agencies and sectors. The proposed framework in 16 

this study is descriptive rather than normative. Hence, it can only be used to appreciate the 17 
effectiveness and benefits of past policies. Currently, the proposed framework is been extended 18 
to enable a normative analysis in order to evaluate potential policy alternatives such as those 19 

described earlier.    20 

 21 
7. CONCLUSIONS  22 
Previous studies about sustainable transportation have either focused only on the transportation 23 

system, or have not used a methodology that enables the treatment of incomplete, vague, and 24 
qualitative information present in the problem context. This study adopted a holistic approach to 25 
compute Performance Indices for a SOS including the Transportation, Activity, and 26 

Environmental systems. The Performance Indices are synthetized to calculate a Composite 27 
Sustainability Index to evaluate the sustainability of the overall SOS. Considering the 28 

complexity, vagueness, nonlinearity, qualitative, and incomplete information characterizing the 29 
quantification of the Performance and Composite Sustainability Indices, a fuzzy logic approach 30 
was used to calculate these indices. Historic events and policy changes indicated that fuzzy logic 31 

provided an adequate approach to estimate both the Performance Indices and the Composite 32 
Sustainability Index. 33 
 Results of the analysis for the U.S. showed that the Transportation and Activity System 34 

both follow a positive trend over the years, with similar periods of growth and contractions. In 35 

contrast, the environmental system follows a reverse pattern. This seems intuitive, as periods of 36 
economic and transportation growth is expected to have a negative effect on the environment, 37 
leading to increased emissions and energy consumption. In general, the performance of the 38 
environmental system has decreased significantly over time. Policies adopted to protect the 39 
system have shown positive effects. However, the current performance of the Environmental 40 

System is questionable, and long-term policies need to be developed.  41 
The conclusions provided here are based on the results obtained using a limited number 42 

of performance measures. Adding or removing performance measures are expected to change the 43 
results and conclusions. In general, following a holistic approach, it is expected that the more 44 
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relevant performance measures are used, the more comprehensive and accurate the analysis. 1 
Planning and operational policies for the sustainability of the Transportation, Activity, and 2 

Environmental systems can be developed using the proposed approach. Considering the current 3 
practice of making planning decisions at the regional and jurisdictional level, the framework 4 
used in this study is currently been extended to enable the analysis of regional systems including 5 
large metropolitan areas. A simulation-based approach is been developed to estimate multiple 6 
performance measures required to calculate adequate performance indices.  7 

 8 
9 
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Figure Captions 1 
 2 
Table 1: “If-then” Rules for TSPI  3 

Figure 1: Membership functions for the calculation of the Transportation system PIs. 4 

Figure 2: Normalized performance measures and the performance index for the Transportation 5 

system. 6 

Figure 3: Normalized performance measures and the performance index for the Activity system. 7 

Figure 4: Normalized performance measures and the performance index for the Environmental 8 

system. 9 

Figure 5: Performance Indices and the Composite Sustainability Index for the Transportation, 10 

Activity, and Environmental systems. 11 

Figure 6: Influence of policy options on performance measures. 12 


