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Abstract
Over the last two decades, application of Data lepweent analysis (DEA) in

transportation problems have gained considerakkeareh attention. This paper presents a
literature review and classification of the appiicas of DEA in transportation systems
(TSs). First by classifying 40 papers from 2007 2018, the origins of DEA in
transportation problems have been reviewed. Themdévelopment and an overall view of
DEA applications in TSs have been presented. We hiassified the applications of DEA
into six different contexts. In each context, pshéd papers have deeply been analyzed.
Content of analysis includes “Number of publishegpgrs during the time”, “target
journals”, “countries”, “keyword frequency”, “mosited papers”, “map of most co-cited
publications”. More important, we reported the ‘i and outputs variables” used in each
paper. Further “a review of the selected papers ‘@aps / future research directions”
have been given within each cluster. The resultsvsthat DEA is one of the most useful
approach in evaluating TSs for policy makers. Oa tther hand, DEA can help the
decision makers in transportation especially regarénvironmental factors, sustainable
development and eco-design. Finally, we proposégests for future researches including
guidance for new studies in the field of DEA apgtions in TSs.
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1. I ntroduction

Formation and development of civilizations have roedfected by the transportation
throughout history. Nowadays one important charatie of developed countries is
having an efficient, safe and advanced transportatystem (TS). Increasing rate of the
world population results lead to the need for dédfé TSs. The transportation systems are
expanding very rapidly, and so it is important tak@& sure the systems are efficient in
order to save time and costs as well as safety.

Development of TSs have resulted in increasing gghesonsumption, traffic,
transportation accident leading to loss of life @mndperty and greenhouse gas emission,
also change in land use because of transportatfoaistructures. Transportation sector is
one of the major energy consumer which produce taofopollutions in the world
(Fuglestvedt et al., 2008). For example, in USRW14, transportation ranked second after
the electricity power plants, among the most poitysectors (SEPA, 2017). According to

intergovernmental panel on climate change repo20ii4, by producing 14% of the total
pollution around the world, transportation’s rarkiis 4 (see Figure 1) (IPCC, 2017).
Therefore, by reducing greenhouse gas emissiorduped by the transport sector, it is
expected to see a significant reduction in airygmh, acid rain, climate change and etc.

(ECT, 2007). The statistics also show that aba2® illion people die as a result of road

accidents in each year. It is expected that thd toaffic accident will be the seventh
leading cause of death in 2030 (WHO, 2016). In tefnsupply chain management, by
improving transportation methods, costs can be aediuby 15-20% _(4flow, 2017).

Therefore, it is important to survey the existingplication on the performance of TSs.

Four decades after the introduction of Data Envelem Analysis (DEA) by

Charnes et al. (1978), this method has been apphesglarious subjects. including

evaluating of TSs. According to Emrouznejad and oré2017), in the last three years

transportation is ranked 4th most common applicatising DEA.

This paper presents a literature review and ciaasibn on the applications of DEA
in TSs. More than 600 articles from 1989 to 201&mwogle scholar, Web of knowledge
and Scopus have been surveyed. Only journal papkrsh have been published in

English language are considered. Conference papeoks and non-English papers have



not been included. First by classifying 40 mosedipapers from 2007 to 2018, DEA
models which have widely been used in evaluatiegpdrformance of TSs, are explained.
Then an overall view of DEA applications in TSs Hamen presented. We classified
transportation applications in six different categ® including: (1) DEA and highway
transportation (2) DEA and air transportation (3A) ports and maritime transportation
(4) DEA and railway transportation (5) DEA, Eco-dgs sustainable development and
green issues in transportation (6) DEA and othengportation research. A review of the
selected papers, gaps and future directions fazareB have been presented for each
category. Further, we have identified trend of aeskees’ subjects. While past papers only
provide overall statistical information about resdain transportation and DEA field, this
article presents a comprehensive analyzes of th& ownmon used models, keywords,
target journals, map of co-cited papers/authorsetadin different TSs, separately. To the
best of our knowledge, this article is the most poghensive and the first study that has
analyzed, classified and reviewed DEA applicatiomsall major transportation fields.
Further to this and for the first time a CriticatR Method (CPM) of DEA applications in
TSs is also presented.

The rest of this paper is organized as follows: iddt and search algorithm is
presented in section 2. Section 3 presents aibtreduction of most DEA models used in
transportation problems. An overall view and sonmepartant analysis for DEA
applications in TSs have been presented in sedtiém section 5, compressive reviews of
DEA applications in all considered categories anesented, separately. Finally,

concluding remarks and directions for future resleare provided in Section 6.

2. Method and search algorithm

Google scholar, Web of knowledge and Scopus haee bensidered as databases
for articles search. First, using proposed algoriinh Table 1 list of primary articles has
been prepared. Then with a closer look, relatedlestwere identified and filtered. Only
published papers in journal and English language lieen considered. PRISMA (Moher
et al., 2009) statement has been used in systes&aich, reviews and meta-analyses (See
Figure 2).

---------------- [Figure 2 about herg] ----------------
---------------- [Table 1 about herg] ----------------



3. Most common DEA models applied in transportation systems

In this section first by classifying 40 most citpepers from 2007 to 2018, DEA
models that have been widely used in evaluatingpér®ormance of transport systems, are
identified. Then 3 selected models have introduseefly. According to Table 3, CCR
(Charles, Cooper & Rhodes), BCC (Banker, CharleSd®per) and SBM (Slacks-Based
Measure) are the most popular models used intdratire. (see also Figure 3).

---------------- [Table 2 about herg] ----------------
---------------- [Figure 3 about herg] ----------------

3.1.The CCR mode

The main idea of DEA is measuring relative efficgrof homogeneous set- of decision
making units (DMUs). Indeed, DEA believes that parfance of a DMU should be
evaluated in the presence of competitors (other BMUhe first DEA model has

proposed by_Charnes et al. (1978). Suppose theee nalDMUs, where each

1,..m), to produces outputs,

DMU; (j = 1,..nh) consumesm inputs, X (i
y, (r = L..5). Assumey, (r = 1,..sjandy, (i = 1,...m)are the relative importance

of each output, and input, respectively. The inpugnted CCR DEA model to evaluate
the performance dPMUg is presented as follows:

S
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r=1 i=1
m (1)
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This model is based on the assumption of const&tatrns to scale (CRS) and the

dual form of model (1) is as follow:
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3.2.TheBCC Mode
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Under variable returns to scale (VRS) assumptian ¢bnvexity constraint should be
added to the mode, hence models (1) and (2) céorimellated as follows. In the literature

these models are referred as BCC (Banker et &4)19
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The dual form of Model (3) is as follows (Bankeraét 1984):
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The above models are presented as input-orientadtfibconsider reduction in input
values. Similar models can be formulated in thgwtibrientation to consider increase in

output values.

3.3. The SBM model

The slacks-based Model (SBM) is the third most pexpmodel used for evaluating TSs.
Most researchers who study existing TSs have u&M ®odel in order to determine
surplus in inputs/undesirable outputs and slaclkdesirable outputs to improve the system
by controlling surplus/slack values. SBM model un@&S assumption is as follow (Tone,
2001):

1-@/m)Y " s 1%,

Min @ = 1=l
1+ CL/S)Zr:]_Sr /yro

st.
n - -
Zﬂjxu =Xo ™S, i=1,...m
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wheres and s are surplus and slack values, respectively. A Dil\éfficient if and
onlyif 8 =15 ,s" = 00i r.
SBM considers all inefficiencies where CCR consdechnical inefficiencies. For
n
considering VRS assumptioZ}lj =1 must be added to model (5).
j=1
4. DEA applicationsin transportations. an overall view
In this study, the published papers have been ifilxssand reviewed in six different
sections including DEA applications in highway spartation, air transportation,
maritime transportation, railway transportationstainability and environmental issues in

transportation and other transportation issuesfikdt in this section, give an overall view
of published papers using DEA in any type of tramsgiion issues.

Figure 4 shows the topic of a third of related pa@ee in air transportation system,
and as seen in Figure 5, more than 80% of papees theen published in last 10 years are

related to use of DEA in air transportation systeamsl so this became a very interesting



topic for researchers in recent years. As it iarcleom Figure 6, number of papers that
have focused on the DEA applications in all congidesections, is rapidly increasing over
recent years. In all sections, more than 75% afitiied papers, are in the last 10 years,
that shows increasing importance of these subjéasre 7 shows the subject area of the

identified papers in this section.

Table3 and

Table 4 present the most cited papers and mosieaatithors, respectively. By 312

citations, Tongzon (2001) is most cited papersciviis related to ports and maritime TSs.

Also Yu and Barros are two most active authors.fotwsed on air, highway and railway
TSs and Barros mainly focused on air and maritings. TMost active journals in each
section and in all area of type of transportatgsues are listed in Table 5. “Journal Of Air
Transport Management” and “Transportation Rese&aft A Policy And Practice” are
two journals with most published papef@p 10 countries which have published most
papers related to DEA applications in TSs are miteskein Table 6. Researchers of United
states and China are two active countries, withdllished articles. Also Table 7 shows
the keywords that have most frequency across th& &t TSs literature in each section

and in overall.

Recently, using social network analysis (SNA) hdexome very popular for
studying papers citation. This method leads to tstded different aspects of under study
fields such as co-citation, collaboration amongaeshers, knowledge patterns, gaps and
emerging knowledge trends within disciplines (Enammejad and Marra, 2014, 2017). In

this study, by using mapping technique and SNAwwEtry to achieve these targets (for
more information about mapping and SNA technics #melr advantages please see

Emrouznejad and Marra (2014)). In each sectiomgusiOSviewer and Pajek softwares,

maps of most co-occurrence keywords and co-authporebtwork related to DEA

applications in TSs have been provided. Maps of tnoasoccurrence keywords, co-
authorship network and most co-cited papers arsepted in Figure 8, Figure 9 and
Figure 10, respectively. Large shapes dimensiataélto keyword/author which means it

has more frequent between others. Also the linkf wiore width represents a strong



relation between two individuals. The most co-cipegbers are listed in Table 8. Charnes
et al. (1978), which introduced DEA for the firghe, is the most co-cited paper. The rest
of the paper will focus on each subject area iaitket

5. DEA and itsapplicationsin transportation systems

5.1. DEA and highway transportation systems

In this section details of studies which have fecuen DEA applications in highway TSs

have been investigated.

Based on surveying all 63 identified papers, carad inputs and outputs for
evaluating the highway TSs by DEA, have presentethable 5.1.1 Table 5.1.2presented
highly cited papers in DEA applications in highwa$s. Also, the maps of most co-
occurrence keywords and co-authorship network Hseen shown in Figure 5.1.1 and
Figure 5.1.2, respectively. By using Critical Paflethod (CPM), abstract, keywords,
references and citations have been surveyed anevtiletion and direction of knowledge
accumulation in DEA applications in highway TSs @aween shown in Figure 5.5.3.

Finally, a review of selected papers has preseantédble 5.1.3

Based on Figure 5.1.1, the most co-occurrence kegsma the published papers are
DEA (data envelopment analysis), environmental cefficy, sustainability, highway
maintenance and traffic safety. Data envelopmeatyais and highway maintenance are
two most co-occurrence keywords. By analyzing figsre, the main and hot research
directions in DEA applications in highway TSs amdearch gaps can be identified. Co-
authorship network presented in Figure 5.1.2 shawsong relationship between Cook,
Kazakov and Roll, who have focused on DEA applaai in highway maintenance
problems. Wade Cook has the most co-authorship atitar researchers. Based on Figure
5.1.2, authors who are more eager to cooperateothtr researchers can be identified and
researchers can try to cooperate with them inftaid. Figure 5.5.3 represents evolution
and direction of knowledge accumulation and Tablke3shows the literature of DEA
applications in highway TSs. Analyzing Figure 5.&& Table 5.1.3 shows that most of

the published papers have focused on three maicstofa) repair and maintenance



problems of highways (b) road traffic accidents agament (c) the problem of
environmental and energy consumption in highwayspartation. The first paper has been
published by Cook et al. (1990). They studied treentenance problem in highway TS.
This study was developed by Kazakov et al. (198%)0k et al. (1991) and Roll et al.
(1991). Until 2009 the main subject of the reseasclas repair and maintenance problem,

where from 2010 the environmental and safety istwmse become more interesting

subjects for authors. Rogers and Weber (2011) eteduthe CO2 emissions and fatalities
tradeoffs in highway transportation systems. Afteat Leal et al. (2012) developed their

work by considering different environmental factassinputs and outputs for prioritizing

different bioethanol highway transportation modEse environmental issues in highway
TSs still is an interesting topic. Many papers tedato this subject have tried to evaluate
the existing systems and proposed scenarios/pellzyeconsidering CO2 emission and

other sustainability factors. Recently do Castelou¢gia and Climaco (2018) applied

DEA to evaluate fuel tax policies to overcome emisproblems in highway TSs. Safety
in highway TSs is another topic that recently hatteacted many researches attention. The
research of Vaziri (2010) was one of the first pape this area. Their paper studied
roadway accidents. This work developed by Egilmsd lficAvoy (2013) and Alper et al.
(2015) and also is a hot topic .

For future research, studying existing highway spamtation systems in specific

region, from various perspectives like environmkemeonomic and social sustainability or

user/manager perspectives is an interesting subjettthe purpose of the study can be
identifying surplus and slacks values, providintugons to improve the performance and

identifying alternative systems.

A lot of papers have used a single-period datdosdbcal TSs, while it seems using
secondary datasets such as detailed socioeconaatard, more accurate and multi-period
data set of local, regional and national TSs cad & better results and more effective
policies. Highway/road TSs are the most polluted anergy consumer transportation
system, therefore reducing energy consumption @padaving environmental performance
of these systems, can be the subject of futurarelses.

Based on road traffic in a lot of cities, issudeelitraffic enforcement camera
locating, traffic light locating, traffic police magement and etc. would be new

challenging problems which can be surveyed by DEA.



Evaluating newly emerged traffic modes and managesteategies/policies such as
car sharing for low-income peoples specially inkpgimes, is an important issue that can
be surveyed using DEA. Presentation customized Ditdlels to evaluate highway TSs
and different investment highway transportationjgots is another interesting research
direction. Also, DEA can be applied to evaluate ¢fiects of economic changes on the
performance of highway TSs and other TSs in dewetppgountries.

Many governmental interventions such as fuel tae] price, subsides and public
transportation tickets prices can affect the pentorce of highway TSs significantly.
Based on the interventions, number of acciderdaffidrvolume, emissions and etc., can be
reduced or increased. DEA is useful to evaluatsetiaterventions.

Most transportation accidents occur on HighwaysfsodHow can we reduce the
accidents? It can be interesting to answer thisstipre by using DEA. Also highway
management and its impacts on systems’ performasi@ challenging subject to study.
The issue of combined transportation and mode ehaibighway transportation are other

interested problems to study.

5.2. DEA and air transportation systems

Among the all considered subjects, the highest raunolb published papers in DEA and
transportation field is related to air transpodati

221 published papers have identified and 57 papers selected for review. The
number of papers that have focused on the DEA egpn in air TSs, is rapidly
increasing over the recent years. 97 papers opapérs have published in last 5 years. By
surveying all identified papers, considered inrnd outputs for evaluating the air TSs by
DEA, have presented ihable 5.2.1. Table 5.2.2 presented most cited papated to
DEA applications in air TSs. Also, the maps of mostoccurrence keywords and co-
authorship network have been shown in Figure 5ad Figure 5.2.2, respectively. After
surveying title, abstract, keywords, references @tations by using CPM, evolution and
direction of knowledge accumulation in DEA applioas in air TSs have been shown in
Figure 5.2.3. Finally, a review of selected pajes presented in Table 5.2.3.

Based on Figure 5.2.1, the most co-occurrence kedsvia the published papers are
DEA (data envelopment analysis), technical/openati@fficiency, benchmarking, airport
and airlines. Data envelopment analysis and aifporare two most co-occurrence

-10 -



keywords. By analyzing this figure, the main andt mesearch directions in DEA
applications in air TSs and research gaps candsgifbd. Investigating the co-authorship
network presented in Figure 5.2.2 shows a strolagioaship between (Pels, Nijkamp and
Rietveld) and (Gitto and Mancuso). Pels, Nijkampul d&ietveld have focused on DEA
applications in performance assessing of Europ&aorgs. Gitto and Mancuso mainly
have used MI and bootstrapped DEA to performaneduation of airports. Adler, Pels,
Gitto and Mancuso have more co-authorship withratkgearchers. Based on Figure 5.2.2,
the authors who are more eager to cooperate whigr sesearchers can be identified and
authors can try to cooperate with them in thisdfiénalyzing the evolution and direction
of knowledge accumulation presented in Figure 5a2@ reviewing the literature of DEA
applications in air TSs (Table 5.2.3) show that madsthe published papers in this field
have focused on five main issues: (a) analyzing peeformance of airlines (b)
performance assessment of airports (c) the efiigiexi air roads (d) cost efficiency and
service efficiency of provided services to passengad cargo transportation (e) analyzing
performance of airports and airlines during theetifihe first paper has been published by
Chan and Sueyoshi (1991), who analyzed the perfocenaf airline industries based on

competition and different strategies. Evaluating gerformance of airlines still is a hot
topic and researchers have considered various maddsues in their analysis such as
alliance, technologies and etc. (Kottas and MaP@$8). First paper about the airport was
published by Parker (1999) and still it is an iet#ng challenge for researchers. Unitil

2004 the main subjects of the studies were perfocmaanalyzing of airline

industries/companies and airports. Since 2005 neljests have been added in the

literature. Investigating performance of air roust¢arted by Chiou and Chen (2006) and

continued by Lin (2008). In addition to operatioe#iciency, researchers tried to evaluate
technical and economic performance of airlinesamnabrts, too. Barros and Dieke (2008),
Barros (2008), Barros and Dieke (2008) and Lam.gR2809). Recently researchers used
multi-period data and combined statistical modeld BEA models in their analysis and

tried to find a rational relation between effectfaetors and different efficiency scores of
airlines and airports(Liu, 2017; Omrani and Soltateh, 2016; Orkci et al., 2016).

Large number of papers have studied efficiency gearof airports and airlines
during a special time period or before/after aiers policy. To analyze the performance

of air TSs, MI has been used more than any othelefao

-11 -



For future research, studying existing systems freamious perspectives like
environmental, economic and social sustainabiityd users/managers perspectives is an
interesting subject and the purpose of the study lma identifying surplus and slacks
values, providing solutions to improve the perfonce and identifying alternative

systems.

Other research directions can be assessing tim@esffy of airports in a special
region such as a country, continent, union or apaom before/after a special event such
as a sanctions, revolution, new rules, new aircfdfio, adding new companies to a set of
existing companies during a period can be considéve future research. Customizing
DEA models for performance evaluation in air TSsaighallenging but an interesting
issue. Also, negative and undesirable inputs/oatgstich as noise, pollution and etc.),
have not considered by most of the researches.eWihitlesirable inputs/outputs strongly

affect efficiency score and ranks.

Surveying root risks of airports is a new and iesting issue which can be analyzed
by DEA. Combining learning algorithms, system dymamodels and DEA for designing
an intelligent system would be useful for such &sid

Data in air TSs is not always deterministic; theref developing new DEA models
or customizing old DEA models for performance eatilbn of air TSs in presence of non-
deterministic data such as fuzzy numbers, randombeus, or even missing data is

another research direction.

Identifying different effective factors on airlinegerformance, investment and
depreciation variables using DEA is a good ideaftdure researches. Analyzing the
effects of different price levels on inputs, outpand efficiency is a challenge for future
studies. Routing for airlines is a crucial issueeréfore optimal routing is an interesting

future research for DEA applications in air TSs.

DEA can be applied to explore the effect of allemeembership on the comparative
efficiency measure of national or internationalia@s. Operational, technical and service
efficiency of air TSs can be evaluated by DEA. Huthors should use DEA models to

survey the role of market mechanisms in achievirggasnable targets in air TSs.

-12 -



Recently, fuel consumption efficiency in air traogption has converted to a critical
issue, which can be the subject of various futtweliss in this field. Ml and panel data

based DEA models are the most suitable DEA modelthese studies.

5.3. DEA, ports and maritime transpor tation

Ports are one of the most important sectors of ceraenand transportation in a country.
Productivity of ports and maritime transportatiae among the important and complex
issues in the contemporary world economy. If ireional and domestic ports want to
identify their advantages/disadvantages and patieopiportunities for success and growth
in the global competitive environment, it is neeggsfor them to evaluate their

performance in all aspects. Hence efficiency antbpmance assessment of maritime TSs,

especially in the ports, has attracted enormoesest.

157 published papers in DEA applications in evadumabf ports and maritime TSs

have identified, then 35 papers were selected doiew. As other sections, number of

published papers in this section, is rapidly inshe@ over the recent years. 67 papers of

150 papers have published in last 5 years that shmweasing importance of this subject.

Used inputs and outputs for evaluating ports andtime& TSs by DEA, have presented in
Table 5.3.1.

Table 5.3.2 presented most cited papers related to DEA agjgita in ports and
maritime TSs. Also, the maps of most co-occurrékeyavords and co-authorship network
have shown in Figure 5.3.1 and Figure 5.3.2, rdgpdg. After surveying title, abstract,
keywords, references and citations by using CPMJutn and direction of knowledge
accumulation in DEA applications in maritime TSsvéndbeen shown in Figure 5.3.3.

Finally, a review of selected papers has presantédble 5.3.3.

Based on Figure 5.3.1, the most co-occurrence kegsma the published papers are
DEA (data envelopment analysis), container termsinglorts, sea ports, logistic and
bootstrap. By analyzing this figure, the main anot lhesearch directions in DEA
applications in maritime TSs and research gapsbeardentified. Investigating the co-
authorship network presented in Figure 5.3.2 sh@wtong relationship between Barros
and Wanke, which have focused on performance asgest Brazilian sea ports. Also
Barros and Wanke have more co-authorship with a#sgarchers. Based on Figure 5.3.2,

authors who are more eager to cooperate with edsmarchers can be identified and the

-13 -



authors can try to cooperate with them in thidfidlhe results of searches show that more
than %70 papers in DEA applications in ports anditmae transportation have published
in last 8 years, which introduces this field as ohéhe hot issues for research. Analyzing
the evolution and direction of knowledge accumolatis presented in Figure 5.3.3.
Reviewing the literature of DEA applications in fsoand maritime TSs (Table 5.3.3)
shows that most of the published papers in thid fiave focused on four main issues: (a)
analyzing the performance of international sea so@dlt) performance assessment of
container terminal ports (c) cost, operational saathnical efficiency of ports (d) surveying
the effect of private sector participation, govews structure, new investments and
infrastructure of ports on performance and efficienrhe first paper has been published

by Roll and Hayuth (1993), which was the first pagjet had analyzed performance of

sea ports. This study developed_by Martinez-Budtial. (1999). Instead of single period

data, Martinez-Budria et al. (1999) considered pala¢a in evaluating Spanish ports

performance. Analyzing the performance of seagoots different perspectives is one of
the earlier application of DEA and maritime trangpton studies, and still is it is one of
the hot topic for researchers. From 2002, new problin maritime TSs considered by
some articles such as ltoh (2002). These studiede welated to evaluating the
performance of container ports. Until 2010 the ngihjects of published researches were
technical and operational performance analyzingea ports and container ports. From
2011 new subjects have been added to the literataheding environmental analysis of

maritime TSs_Bergantino and Musso (2011). Futuseaech could focus on analyzing

these three major and perhaps the most importainvéronmental and international
subjects.

For future researches, studying existing systeros fvarious perspectives like
environmental, economic and social sustainabifitsn interesting subject and the purpose
of the study can be identifying surplus and slagkisies, providing solutions to improve
the performance and identifying alternative systems

In many countries, especially in developing cowstriports and maritime TSs have
governmental structure. Therefore, partnershipgstment and management of private
sector in these countries could be the contextutiré studies. A large number of papers
has studied efficiency changes of ports duringexigp time period. Ml, panel data based

DEA models, SFA, regression analysis and bootseé@iEA model have been used more

-14 -



than any other models. For future researches,@ffty of ports in a special region such as
a country, continent, union or a company beforefadt special event such as a sanctions,
revolution and new rules can be analyzed. Alsoireddew companies to a set of existing

companies during a period can be considered fardutesearch.

According to the sustainability targets, it must dnalyzed how ports can operate
efficiently while pursuing diverse sustainable depenent objectives. Different
environmental regulations must be evaluated, aedb#st policies should be identified.
Studying, analyzing and designing combined trartgion modes such as rail-maritime
transportation is interesting and challenging.

Considering more factors affecting efficiency ofrifime TSs as inputs and outputs,
will lead to more precise analysis. Identifying mariteria and efficiency measures can be
other research direction.

Recently studying the issues related to sustaiitygbslustainable development and
emission reduction in maritime TSs have attractediynresearchers. Future direction can
focus on these subjects. Analyzing the effects ifierént management models on the
efficiency of maritime TSs using DEA is another gesfion.

In real-world studies, there are a great numbeunaiertainties. Developing a DEA
model for evaluating ports and maritime TSs usimgeutain data like as fuzzy DEA
model, can be an interesting research directioso Atissing data is an important issue in
DEA. Developing a framework to study the performeané maritime TSs in the presence
of missing data will be very useful. Ml and panekal based DEA models are the most

suitable DEA models for these studies.

5.4. DEA and railway transportation

According to Kyoto Protocol, all countries aroure tworld must take actions to reduce
their greenhouse gas emissions. Selecting moreiezffi and eco-friendly TSs is an
important action. The rail transportation as onéhefgreenest and safest TSs has attracted
the most countries attention. Due to advantagesibfay transportation, studying and
improving the efficiency of existing systems, iresang level of service, safety and overall

productivity of the system, are the subject ofteokresearches.

74 published papers have identified and 29 papers gelected for review. Such as
the previous sections, number of published papetlis section, is rapidly increasing. 34
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papers of 74 papers (more than %45) have publishddst 5 years that shows the
increasing importance of this subject. By surveytimg identified papers, used inputs and
outputs for evaluating railway TSs by DEA, havesarged in Table 5.4.1. Table 5.4.2
presented most cited papers related to DEA appitatin railway TSs. Also, maps of
most co-occurrence keywords and co-authorship nm&twave shown in Figure 5.4.1 and
Figure 5.4.2, respectively. By using CPM, title,sthct, keywords, references and
citations have been surveyed and the evolutiondattion of knowledge accumulation
in DEA applications in railway TSs have been showfigure 5.4.3. Finally, a review of

selected papers has presented in Table 5.4.3.

Based on Figure 5.4.1, the most co-occurrence kedsnvio the published papers are
DEA (data envelopment analysis), railway(s), fréiglassengers and technical efficiency.
By analyzing this figure, the main and hot reseailolections in DEA applications in
railway TSs and research gaps can be identifiadeskigating the co-authorship network
presented in Figure 5.4.2 shows a strong relatipnshtween Yu and Lin, who have
focused on environmental and technical efficientyadways. Also Yu has the most co-
authorship with other researchers. Based on Figu, the authors who are more eager
to cooperate with other researchers can be idedtdnd the authors can try to cooperate
with them in this field. The searches show that entdran %60 of papers in DEA
applications in railway transportation have pul#idhn last 8 years that introduces this
field as one of the hot topics for research. Analyzthe evolution and direction of
knowledge accumulation presented in Figure 5.4@ raviewing the literature of DEA
applications in railway TSs (Table 5.4.3) show thadst of the published papers in this
field have focused on five main issues: (a) analyzthe performance of railway
transportation companies in passengers and cagspiorting (b) performance assessment
of railway TSs by considering environmental fact@sLocating of urban railway stations
(d) surveying the effect of private sector partatipn, governance structure, new
investments and infrastructure on performance dfdency (e) studying the trend of
efficiency changes during the time using panel di@sed DEA models and MI. Moesen
(1994) published the first paper in this categoign Cowie and Riddington (1996) and
Chapin and Schmidt (1999) developed Moesen (19%4)idy. The article of Cowie and
Riddington (1996) was a start for evaluating raywgerformance, while_Chapin and

Schmidt (1999) encouraged other researches to sailyay fright transportation. Until
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2003 the main subjects of the researches weret fag railway performance analysis,

while from 2004 new subjects have been added ifitdrature, including environmental

analysis (started by Lan and Lin (2005)), safetar{ed by _Noroozzadeh and Sadjadi
(2013)), passenger transportation (started by Hdni@010)) and site selection (started by
Mohajeri and Amin (2010)).

Private sector participation, sustainable develogmeenergy consumption,
environmental issues, identifying the surplus alatks values, providing solutions to
improve the performance in railway TSs are intémgssubjects which could be some of

the research directions.

In many countries, especially in developing cowstri railwvay TSs have
governmental structure. SO partnership, investraedt management of private sector in
these countries could be a context of future stud&pecially analyzing the effects of
privatization on performance and efficiency assesgnbefore/after privatization is a

challenging research subject.

MI and panel data based DEA models have used nhare any other models for
studying changes of efficiency during the time. éther future researches directions,
assessing the efficiency of railway TSs in a spe@gion such as a country, continent,
union or a company before/after of a special egech as sanctions, revolution and new

rules in during a period, could be interesting satsy.

Surveying the railway transportation sustainability an interesting subject.
Monitoring and evaluating safety in the railway TiS&n important problem which can be
analyzed by DEA. A lot of supply chains use railwk$s to distribute their products.
Studying, evaluating and designing efficient rayweSs for better integration of railway
TSs and supply chain management are other resdaechions.

To identify direct causes which leads to ineffiagfefficiency of railway TSs,
maybe it will be useful to combine DEA methods wadtther statistical and non-statistical
methods. Considering resilience engineering factorsperformance analyzing has
attracted attentions. Combing resilience engingeaimd DEA in transportation will lead to

interesting results.
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Investigating factors affecting the performancealibferent part of railway TSs, can
be one of the most important applications of DEAs0A DEA can be applied to analyze

different managerial and operational strategiesthanl effects on railway TS.

Customizing a DEA model for performance evaluatafrrailway TSs is another
research direction. Ml and panel data based DEAeatsaae the most suitable DEA models
for these studies. Also, an international evalgatior identifying weaknesses and

deficiencies of under assessment systems coulélp&ih

5.5. DEA, Eco-design, sustainable development and green issuesin transportation

Emissions, energy and fuel consumption of TSs areng most challenging concern of
many countries in the world. Due to increasing pagon growth and demand for
transportation, it seems that environmental issnefransportation will be a research
priority. DEA can be used as one of the best ttmlsdentifying weaknesses and potential
solutions to improve existing systems.

90 published papers in this section have identiiad 18 papers have selected for
review. 57 papers of 90 identified papers (more #60) have published in last 5 years
that shows papers have focused on the DEA apgitain environmental issues of TSs,
are rapidly increasing. Considered inputs and dstdor evaluating environmental
perspectives of TSs by DEA have presented in Taldel. Table 5.5.2 presented most
cited papers related to DEA applications in envinental issues of TSs. Also, the maps of
most co-occurrence keywords and co-authorship m&thave been shown in Figure 5.5.1
and Figure 5.5.2, respectively. By using CPM, titdstract, keywords, references and
citations have been surveyed and the evolutiondattion of knowledge accumulation
in DEA applications in environmental issues of T&we been shown in Figure 5.5.3.

Finally, a review of selected papers has been pteden Table 5.5.3.

Based on Figure 5.5.1, the most co-occurrence kegsma the published papers are
DEA (data envelopment analysis), transportationvirenmental efficiency, lifecycle
assessment, sustainable and undesirable outpugndbyzing this figure, the main and hot
research directions in DEA applications in enviremtal issues of TSs and research gaps
can be identified. Investigating the co-authorgtgpwork presented in Figure 5.5.2 shows
a strong relationship between (Wu, Zhu and Chu) (&¥d and Liang) who have focused

on environmental efficiency of Chinese TSs. Alsaj Was more co-authorship with other
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researchers. Based on Figure 5.5.2, authors whaonare eager to cooperate with other
researchers can be identified and the authorsrgan tooperate with them in this field.
Publishing more than %85 of papers in DEA applarai for evaluating environmental
perspectives of TSs in last 8 years, introduces figld as a hot issue for research.
Analyzing the evolution and direction of knowledgecumulation presented in Figure
5.5.3 and reviewing the literature (Table 5.5.3)vglihat most of the published papers in
this field have focused on five main issues: (aglying the environmental performance
of different Chinese TSs (b) Repair and maintenapoeblems of TSs considering
environmental factors (c) studying energy efficignn TSs and identifying weaknesses
and potential solution to improve the existing esys$ (d) surveying the efficiency of TSs
by considering and non-considering undesirable watpand comparing results (e)
dynamic environmental efficiency, emission and austbility analyzing using Ml and
panel data based DEA models. The first paper has pablished by Chan and Sueyoshi

(1991). Until 2004, this category was not a faveoategory for researchers, but increasing
importance of these issues in all industries anchtees attracted researchers’ attention.
Although in the first decade, number of publisheg@grs are not significant, from 2010 the
highest growth rate of published papers in eactixotonsidered major categories belongs
to environmental issues. Especially researcheshis field have focused on energy

consumption and emission in TSs.

A lot of researches (almost %30) have focused an&3k TSs, as one of the largest
pollution producer countries in the world. Becatlse results cannot be extended to other
countries, similar researches can be done in ottmmtries. Environmental and
sustainability performance of TSs have a high datie with energy consumption level.
Analyzing the energy consumption problem in TSs praviding practical suggestions to
improve the performance is an important researtijesti Developing a DEA model for
evaluating the TSs using stochastic and randonabigs can be an interesting research
direction. Also, an international study for compagrithe under evaluating systems by
green and sustainable TSs in order to identify weakes and deficiencies could be

helpful.

Analyzing the effects of TSs ownership on the snatality of these systems is
another suggestion for future researches. Govertsmatways try to change the

performance of existing TSs to better ones, by yapgl financial and non-financial
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policies. Specially they try to reduce emission angrove the sustainability of system.
Before any changes, all candidate policies musivaduated. DEA is a useful tool for this

purpose.

5.6. DEA and other transportation r esear ches

In addition to mentioned fields in previous sectiothere are some other studies which
have focused on the field of DEA applications insTShe number of these articles is not
high. According to Searching algorithm presentedSection 2, only 86 articles were
identified. Based on citation number, rank of jairand novelty of articles, 14 selected
papers have reviewed. 53 papers of 86 identifigeersahave published in last 5 years.
Used inputs and outputs in these studies, haveemiex in Table 5.6.1. Table 5.6.2
presented most cited papers related to DEA appitaiin environmental issues of TSs.
Also, maps of most co-occurrence keywords and ¢bheaship network have shown in
Figure 5.6.1 and Figure 5.6.2, respectively. ByngsCPM, title, abstract, keywords,
references and citations have been surveyed anevtiletion and direction of knowledge
accumulation in DEA applications in other transptian problems have been shown in

Figure 5.6.3. Finally, a review of selected papes presented in Table 5.6.3.

Based on Figure 5.6.1, the most co-occurrence kedsnvia the published papers are
DEA (data envelopment analysis), public transpmmatous transport, road transport, road
safety, urban transit, fundamental analysis. Bylyanay this figure, hot research
directions in DEA applications in environmentaluss of TSs and research gaps can be
identified. Investigating co-authorship network ggeted in Figure 5.6.2 shows a strong
relationship between Hermans, Brijs, Shen and W&its have focused on road safety
performance evaluation. Also, Hermans has the ewstuthorship with other researchers.
Based on Figure 5.6.2, authors who are more toeratp with other researchers can be
identified and the authors can try to cooperatéh wiitem in this field. Analyzing the
evolution and direction of knowledge accumulatioegented in Figure 5.6.3 and searches
show that other transportation and DEA researchge Focused on eight main issues: (a)
Analyzing performance of transportation compani@sSurveying investment efficiency
and transportation projects selection (c) Evalggaegfficiency of urban TSs specially bus
transportation (d) comparing different TSs (e) Bass efficiency (f) Surveying efficiency
of transportation networks, supply and demand mamagt in networks (g) Safety in TSs
(h) Analyzing the effects of ownership, subsided att. on efficiency. Based on data of
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54 urban transit companies in France, Kerstens@)189aluated technical efficiency of

transit companies. This was the first publishedepap this category. This work developed
by other authors in three different concepts, iditlg urban public TSs evaluation (Costa
and Markellos, 1997), investment efficiency andafioial problems _(Karlaftis, 2003;

Rodrigues et al., 2015) and bus industries (Cowi@ Asenova, 1999). Although these

subjects are still interesting, recently reseacheave encountered new challenges.

Specially, safety is turned to the most attractsgeie since 2011 (Shen et al., 2011).

The trend of recent studies shows safety problenT$s is one of the most
interesting subjects that could be a research térecPrivatization, urban bus transit,
subside payment, choosing new facilities, investmemd project selection are other

interesting research directions.

TSs are known as large systems with a lot of infdrom. Therefore, it will be
interesting and challenging to combine big data @ad mining technics by DEA. Data of

GIS can be a good data set for such analysis.

Analyzing the performance of transportation velscleffects of transportation on
housing affordability, and designing and evaluatingegrated TSs are newly emerged

applications of DEA in TSs.

6. Conclusionsand direction for futureresearch

TSs as one of the largest energy consumers andtgrokectors are among the most
important and necessary mankind needs. Therefeadyaging, management and planning
TSs is very important. DEA has used widely in perfance assessing, studying changes
in efficiency, identifying advantages and disadeges to improve existing systems and

etc.

In this paper a literature review and classificated DEA applications in TSs has
been presented. First DEA models which have widekd in evaluating performance of
TSs, were introduced. Then applications of DEA he TSs have been studied in six
different contexts. More than 600 papers were ifledtand surveyed and published
papers in each context, were analyzed and revialgegly. A review of more than 170
selected papers was presented. Comparing the redipapers and presented CPMs in six

categories shows some interesting facts:
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Based on the CPMs, highway is the oldest catedauy,articles related to air TSs
cover more subjects.

Analyzing the trend of more than 600 studies shtvas about 80% of articles have
been published in last 10 years which demonstrateeasing importance of this field
over recent years.

The highest number of published papers is relategirttransportation (221 articles),
while studies related to the highway TSs have ¢t proportion of studies.
Although wide range of problems have been studied each category, the
environmental issues are the most important compnoblems in all categories. In the
90s, and early 21th century, environmental issuesevnot hot subjects for authors.
But by increasing anxiety about the global warmamgd GHG emission and the
significate effects of TSs on these problems, masgarchers have been encouraged
to consider environmental issues in their studMsre than 59% of environmental
related articles have been published in last 5syaad today this topic is the hottest
one in DEA applications in TSs.

It seems that most of environmental articles fooadand TSs (railway and highway
TSs).

Studying the environmental issues, analyzing ttiecée factors on efficiency e.g.
ownership, subsides, population and local facteifsciency changes during the time
and before/after a policy or change, investment praject selection, repair and

maintenance are some of the interesting researettidns.

We believe that presented taxonomy, review andarebBegaps in this paper can

highlight different research directions for futuesearches and are an inspiration for new

studies in the field of DEA applications in TSs.

Online Supplement document

Full list of more than 600 selected published paper DEA applications in transportation

systems is provided in the supplement document.

Refer ences

4flow, 2017. Transportation cost reduction, httpwiv.4flow.de/en/supply-chain-consulting/transpadat

and-networks/transportation-cost-reduction.html.

Adler, N., Berechman, J., 2001. Measuring airpogliy from the airlines’ viewpoint: an applicatiaf data

envelopment analysis. Transport Policy 8, 171-181.

-22 -



Adler, N., Golany, B., 2001. Evaluation of deregeathairline networks using data envelopment angalysi
combined with principal component analysis withagplication to Western Europe. European Journal
of Operational Research 132, 260-273.

Alper, D., Sinuany-Stern, Z., Shinar, D., 2015. lga#ing the efficiency of local municipalities imqwiding
traffic safety using the Data Envelopment Analysiscident Analysis and Prevention 78, 39-50.

Andersen, P., Petersen, N.C., 1993. A procedureaioking efficient units in data envelopment anislys
Management science 39, 1261-1264.

Azadeh, A., Ghaderi, S.F., Izadbakhsh, H., 200&gdration of DEA and AHP with computer simulatian f
railway system improvement and optimization. Appldathematics and Computation 195, 775-785.

Azadeh, A., Salehi, V., Kianpour, M., 2016. Perfamoe evaluation of rail transportation systems by
considering resilience engineering factors: Tehrailway electrification system. Transportation
Letters, 1-14.

Azadi, M., Shabani, A., Khodakarami, M., Saen, R2814. Planning in feasible region by two-staggdt
setting DEA methods: An application in green supphain management of public transportation
service providers. Transportation Research Pdrbgistics and Transportation Review 70, 324-338.

Banker, R.D., 1984. Estimating most productive ecsize using data envelopment analysis. European
Journal of Operational Research 17, 35-44.

Banker, R.D., Charnes, A., Cooper, W.W., 1984. Samedels for estimating technical and scale
inefficiencies in data envelopment analysis. Managat science 30, 1078-1092.

Banker, R.D., Morey, R.C., 1986. Efficiency anadyBir exogenously fixed inputs and outputs. Opensti
research 34, 513-521.

Barros, C.P., 2006. A benchmark analysis of Itak@aports using data envelopment analysis. Maritime
Economics & Logistics 8, 347-365.

Barros, C.P., 2008. Airports in Argentina: Techhiefficiency in the context of an economic crislsurnal
of Air Transport Management 14, 315-319.

Barros, C.P., Athanassiou, M., 2004. EfficiencyEuropean seaports with DEA: evidence from Greeck an
Portugal. Maritime Economics & Logistics 6, 122-140

Barros, C.P., Dieke, P.U., 2007. Performance etialuaf Italian airports: A data envelopment anays
Journal of Air Transport Management 13, 184-191.

Barros, C.P., Dieke, P.U., 2008. Measuring the enwoo efficiency of airports: a Simar—Wilson
methodology analysis. Transportation Research Parbgistics and Transportation Review 44, 1039-
1051.

Barros, C.P., Peypoch, N., 2009. An evaluation wfogean airlines’ operational performance. Inteamet
Journal of Production Economics 122, 525-533.

Bazargan, M., Vasigh, B., 2003. Size versus efficye a case study of US commercial airports. Jdwha
Air Transport Management 9, 187-193.

Bergantino, A.S., Musso, E., 2011. The role of mdek factors versus managerial ability in determgni
seaports relative efficiency: An input-by-input brsis through a multi-step approach on a panel of
Southern European ports. Maritime Economics andstiog 13, 121-141.

Chan, P.S., Sueyoshi, T., 1991. Environmental ocbangpmpetition, strategy, structure and firm
performance: an application of data envelopmentyarsain the airline industry. International Journa
of Systems Science 22, 1625-1636.

Chang, Y.-T., Park, H.K., Lee, S., Kim, E., 2018avd Emission Control Areas (ECAs) harmed port
efficiency in Europe? Transportation Research Bafransport and Environment 58, 39-53.

Chang, Y.-T., Zhang, N., Danao, D., Zhang, N., 2@Bvironmental efficiency analysis of transpoudati
system in China: A non-radial DEA approach. Engrglicy 58, 277-283.

-23 -



Chapin, A., Schmidt, S., 1999. Do mergers improffeciency? Evidence from deregulated rail freight.
Journal of Transport Economics and Policy, 147-162.

Charnes, A., Cooper, W.W., Rhodes, E., 1978. Méagte efficiency of decision making units. Eurape
journal of operational research 2, 429-444.

Chen, C., Achtari, G., Majkut, K., Sheu, J.-B., 20Balancing equity and cost in rural transportatio
management with multi-objective utility analysisdadata envelopment analysis: A case of Quinte
West. Transportation Research Part A: Policy amdtitee 95, 148-165.

Chen, C.C., 2014. The Operation Of New Transpantalinfrastructure And Regional Economic Efficiency:
A Case Study Of High Speed Rail In Western TaiwRegional and Sectoral Economic Studies 14,
179-194.

Chen, Y., Han, B., 2012. Regional public transpatascheduling model based on welfare economids an
DEA. International Journal of Modelling, Identifitan and Control 16, 272-276.

Chiou, Y.-C., Chen, Y.-H., 2006. Route-based panfamce evaluation of Taiwanese domestic airlineisgusi
data envelopment analysis. Transportation Resd@achE: Logistics and Transportation Review 42,
116-127.

Chu, J.-F., Wu, J., Song, M.-L., 2016. An SBM-DEAodel with parallel computing design for
environmental efficiency evaluation in the big detetext: a transportation system application. Asina
of Operations Research, 1-20.

Coelli, T., Perelman, S., 1999. Comparison of pataim and non-parametric distance functions: With
application to European railways. European Jouwh@lperational Research 117, 326-339.

Cook, W.D., Kazakov, A., Roll, Y., Seiford, L.M.,991. A data envelopment approach to measuring
efficiency: case analysis of highway maintenandeofm The Journal of Socio-Economics 20, 83-103.

Cook, W.D., Roll, Y., Kazakov, A., 1990. A Dea Mddr@r Measuring The Relative Eeficiency Of Highway
Maintenance Patrols. INFOR: Information Systems @peérational Research 28, 113-124.

Costa, A., Markellos, R.N., 1997. Evaluating publiansport efficiency with neural network models.
Transportation Research Part C: Emerging Technesog; 301-312.

Cowie, J., Asenova, D., 1999. Organisation forngleseffects and efficiency in the British bus inolys
Transportation 26, 231-248.

Cowie, J., Riddington, G., 1996. Measuring thecidficy of European railways. Applied Economics 28,
1027-1035.

Cruijssen, F., Dullaert, W., Joro, T., 2010. Freéighnsportation efficiency through horizontal ceogtion in
Flanders. International Journal of Logistics: Reseand Applications 13, 161-178.

Cui, Q., Li, Y., 2014. The evaluation of transptida energy efficiency: An application of threega
virtual frontier DEA. Transportation Research RarfTransport and Environment 29, 1-11.

Cullinane, K., Ji, P., Wang, T.-f., 2005a. The ftielaship between privatization and DEA estimates of
efficiency in the container port industry. Jourohkconomics and business 57, 433-462.

Cullinane, K., Song, D.-W., Wang, T., 2005b. Thelagation of mathematical programming approaches to
estimating container port production efficiencyudwl of Productivity Analysis 24, 73-92.

Cullinane, K., Wang, T.-F., Song, D.-W., Ji, P.080The technical efficiency of container portsmparing
data envelopment analysis and stochastic frontialyais. Transportation Research Part A: Policy and
Practice 40, 354-374.

Debreu, G., 1951. The coefficient of resource zation. Econometrica: Journal of the Econometrici&y,
273-292.

do Castelo Gouveia, M., Climaco, I., 2018. Assesdmé Fuel Tax Policies to Tackle Carbon Emissions
from Road Transport—An Application of the Value-BdsDEA Method Including Robustness
Analysis, Energy Management—Collective and Computat Intelligence with Theory and
Applications. Springer, pp. 167-191.

-24 -



Doyle, J., Green, R., 1994. Efficiency and crodi&iehcy in DEA: Derivations, meanings and usesirdal
of the operational research society 45, 567-578.

ECT, 2007. Environment Canada "Transportation”,
https://web.archive.org/web/20070713192836/httwuinec.gc.ca/cleanair-airpur/Transportation-
WSB800CCAF9-1_En.htm, p. Retrieved 30 July 2008.

Egilmez, G., McAvoy, D., 2013. Benchmarking roadesa of US states: A DEA-based Malmquist
productivity index approach. Accident Analysis &Rention 53, 55-64.

Emrouznejad, A., Marra, M., 2014. Ordered weightegraging operators 1988—2014: A citatlmased
literature survey. International Journal of Inigdint Systems 29, 994-1014.

Emrouznejad, A., Marra, M., 2017. The state of #ne development of AHP (1979-2017): a literature
review with a social network analysis. Internatiod@urnal of Production Research, 1-23.

Emrouznejad, A., Yang, G.-l., 2017. A survey analgsis of the first 40 years of scholarly literaun
DEA: 1978-2016. Socio-Economic Planning Sciences.

Fernandes, E., Pacheco, R., 2002. Efficient usairpbrt capacity. Transportation research part élidy
and practice 36, 225-238.

Fuglestvedt, J., Berntsen, T., Myhre, G., Rypdal, ¥eie, R.B., 2008. Climate forcing from the sport
sectors. Proceedings of the National Academy cérides 105, 454-458.

Gonzalez, M.M., Trujillo, L., 2009. Efficiency maagment in the port industry: A survey of the enwair
evidence. Journal of Transport Economics and PQUEEP) 43, 157-192.

Hilmola, O.-P., 2007. European railway freight spartation and adaptation to demand decline: Efficy
and partial productivity analysis from period of8D092003. International Journal of Productivity and
Performance Management 56, 205-225.

Hilmola, O.-P., 2009. Benchmarking global railwagi§ht transportation efficiency during the periofi
1980-2004. International Journal of Shipping andnBport Logistics 1, 311-328.

Hilmola, O.P., 2010. Analysing global railway pasger transport through two-staged efficiency model.
International Journal of Information and Decisiariebces 2, 273-284.

IPCC, 2017. Intergovernmental Panel on Climate @bhahttps://www.ipcc.ch/report/ar5/wg3/.

Itoh, H., 2002. Effeciency changes at major comtaiports in Japan: A window application of data
envelopment analysis. Review of urban & regionaleltgpment studies 14, 133-152.

Jitsuzumi, T., Nakamura, A., 2010. Causes of ing&fficy in Japanese railways: Application of DEA for
managers and policymakers. Socio-Economic PlanBaignces 44, 161-173.

Karlaftis, M.G., 2003. Investigating transit protioa and performance: A programming approach.
Transportation Research Part A: Policy and Pra@ie225-240.

Karlaftis, M.G., 2004. A DEA approach for evalugithe efficiency and effectiveness of urban transit
systems. European Journal of Operational Rese&2h3b4-364.

Kazakov, A., Cook, W.D., Roll, Y., 1989. Measurereh highway maintenance patrol efficiency: model
and factors. Transportation Research Record.

Kerstens, K., 1996. Technical efficiency measurenasr explanation of french urban transit companies
Transportation Research Part A: Policy and Pra@;et31-452.

Kleinova, E., 2016. Does liberalization of the waily industry lead to higher technical effectiverfedsurnal
of Rail Transport Planning & Management 6, 67-76.

Kottas, A.T., Madas, M.A., 2018. Comparative effioty analysis of major international airlines usibega
Envelopment Analysis: Exploring effects of allianogembership and other operational efficiency
determinants. Journal of Air Transport Manageméntl¢17.

Lam, S.W., Low, JM.W., Tang, L.C., 2009. Operatibrefficiencies across Asia Pacific airports.
Transportation Research Part E: Logistics and amation Review 45, 654-665.

-25 -



Lan, L.W., Lin, E.T.J., 2005. Measuring railway fsemance with adjustment of environmental effed&ta
noise and slacks. Transportmetrica 1, 161-189.

Leal, I.C., de Almada Garcia, P.A., Méarcio de Ald®iD.A., 2012. A data envelopment analysis approac
to choose transport modes based on eco-efficidaeyironment, development and sustainability 14,
767-781.

Li, Z., Zhao, L., Yuan, Z., 2016. Highway Transmtion Efficiency Evaluation for Beijing-Tianjin-Heb
Region Based on Advanced DEA Model. Internatioreliew for spatial planning and sustainable
development 4, 36-44.

Lin, E.T.J., 2008. Route-based performance evaopawf Taiwanese domestic airlines using data
envelopment analysis: A comment. TransportationeReh Part E: Logistics and Transportation
Review 44, 894-899.

Liu, D., 2017. Evaluating the multi-period efficign of East Asia airport companies. Journal of Air
Transport Management 59, 71-82.

Liu, H., Zhang, Y., Zhu, Q., Chu, J., 2017. Envimmntal efficiency of land transportation in Chirfa:
parallel slack-based measure for regional and teahmmalysis. Journal of Cleaner Production 142,
867-876.

Liu, Z., 1995. The comparative performance of puleihd private enterprises: the case of Britishort
Journal of Transport Economics and Policy, 263-274.

Martin, J.C., Roman, C., 2001. An application of dD® measure the efficieny of Spanish airports pt@m
privatization. Journal of Air Transport Managemg&nfi49-157.

Martinez-Budria, E., Diaz-Armas, R., Navarro-lbankkz, Ravelo-Mesa, T., 1999. A study of the effigg
of Spanish port authorities using data envelopmamalysis. International Journal of Transport
Economics/Rivista internazionale di economia daspiorti, 237-253.

Michaelides, P.G., Belegri-Roboli, A., Karlaftis, .MMarinos, T., 2009. International air transpoctat
carriers: evidence from SFA and DEA technical égficy results (1991-2000). EJTIR 4.

Min, H., Joo, S.-J., 2016. A comparative perfornmmmalysis of airline strategic alliances usingadat
envelopment analysis. Journal of Air Transport Mgment 52, 99-110.

Moesen, W.A., 1994. The need for performance auglith the public sector and the best-practice feont
European Journal of Law and Economics 1, 263-274.

Mohajeri, N., Amin, G.R., 2010. Railway stationesgelection using analytical hierarchy process catd
envelopment analysis. Computers & Industrial Engpiimey 59, 107-114.

Murillo-Melchor, C., 1999. An analysis of technicefficiency and productivity changes in Spanisipaiits
using the Malmquist index. International Journal cdinsport Economics 26, 271-292.

Noroozzadeh, A., Sadjadi, S., 2013. A new apprdackvaluate railways efficiency considering safety
measures. Decision Science Letters 2, 71-80.

Notteboom, T., Coeck, C., Van Den Broeck, J., 20@6asuring and explaining the relative efficiendy o
container terminals by means of Bayesian stochéstitier models. International journal of maritime
economics 2, 83-106.

Novaes, A.G., Silveira, S.F., Medeiros, H.C., 20&fliciency and productivity analysis of the intett® bus
transportation industry in Brazil. Pesquisa Operaal 30, 465-485.

Omrani, H., Soltanzadeh, E., 2016. Dynamic DEA ni®#éth network structure: An application for Irani
airlines. Journal of Air Transport Management 52-63 ..

Orkcii, H.H., Balikgl, C., Dogan, M.l., Geng, A.,18) An evaluation of the operational efficiencytafkish
airports using data envelopment analysis and thémiylsist productivity index: 2009-2014 case.
Transport Policy 48, 92-104.

Park, R.-K., De, P., 2004. An alternative approachefficiency measurement of seaports. Maritime
Economics & Logistics 6, 53-69.

-26 -



Parker, D., 1999. The performance of BAA before aftdr privatisation a DE a study. Journal of Tpors
Economics and Policy 33, 133-146.

Pels, E., Nijkamp, P., Rietveld, P., 2001. Relatfficiency of European airports. Transport Polg;yl83-
192.

Pels, E., Nijkamp, P., Rietveld, P., 2003. Ineffitiies and scale economies of European airporatipes.
Transportation Research Part E: Logistics and pamation Review 39, 341-361.

Rassafi, A., Vaziri, M., 2007. Assessment of mottainsportation sustainability: application of data
envelopment and concordance analyses. IraniandlofrScience and Technology 31, 179.

Rezaee, M.J., Izadbakhsh, H., Yousefi, S., 2016improvement approach based on DEA-game theory for
comparison of operational and spatial efficiendiesirban transportation systems. KSCE Journal of
Civil Engineering 20, 1526-1531.

Rodrigues, M.M., Hein, N., Wilhelm, V.E., Kroenk@,, 2015. Impact of convergence to IFRS on the
economic and financial performance of constructiod transportation enterprises: A study conducted
through data envelopment analysis. Applied MathaabSciences 9, 4499-4521.

Rogers, M.M., Weber, W.L., 2011. Evaluating CO2 ssitins and fatalities tradeoffs in truck transport.
International Journal of Physical Distribution drafjistics Management 41, 750-767.

Roll, Y., Cook, W.D., Golany, B., 1991. Controllinigactor weights in data envelopment analysis. IIE
Transactions (Institute of Industrial Engineers) 23.

Roll, Y., Hayuth, Y., 1993. Port performance conipam applying data envelopment analysis (DEA).
Maritime Policy and Management 20, 153-161.

Sampaio, B.R., Neto, O.L., Sampaio, Y., 2008. kdficy analysis of public transport systems: Lesgons
institutional planning. Transportation research pampolicy and practice 42, 445-454.,

Sarkis, J., 2000a. Analysis of the operationalc&fficy of major airports in the United States. dauiof
Operations Management 18, 335-351.

Sarkis, J., 2000b. An analysis of the operatioffdiency of major airports in the United Statesuthal of
Operations management 18, 335-351.

Sarkis, J., Talluri, S., 2004. Performance basadteting for benchmarking of US airports. Transpaoh
Research Part A: Policy and Practice 38, 329-346.

Savolainen, V.-V., Hilmola, O.-P., 2009. The relatitechnical efficiency of European transportation
systems concerning air transport and railways. rihational Journal of Business Performance
Management 11, 19-42.

Schefczyk, M., 1993. Operational performance ofires: an extension of traditional measurement
paradigms. Strategic Management Journal 14, 301-317

SEPA, 2017. States Environmental Protection Agemttgs://www.epa.gov/ghgemissions/us-greenhouse-
gas-inventory-report-1990-2014United

Shen, Y., Hermans, E., Ruan, D., Wets, G., Brijs,VRnhoof, K., 2011. A generalized multiple laykta
envelopment analysis model for hierarchical stmgctassessment: A case study in road safety
performance evaluation. Expert Systems with Apfilices 38, 15262-15272.

Simar, L., Wilson, P.W., 1998. Sensitivity analysfsefficiency scores: How to bootstrap in nonpagtin
frontier models. Management science 44, 49-61.

Simar, L., Wilson, P.W., 2007. Estimation and iefece in two-stage, semi-parametric models of pribaiuc
processes. Journal of econometrics 136, 31-64.

Soderberg, M., 2009. A BROAD PERFORMANCE BENCHMARKBASED ON
CITIZENS’PREFERENCES: THE CASE OF SWEDISH PUBLIC ARSPORTATION. Annals of
Public and Cooperative Economics 80, 579-603.

Song, M., Zheng, W., Wang, Z., 2016. EnvironmergHiciency and energy consumption of highway
transportation systems in China. International dauof Production Economics 181, 441-449.

-27 -



Song, X., Hao, Y., Zhu, X., 2015. Analysis of thevieonmental efficiency of the Chinese transpootati
sector using an undesirable output slacks-basedsureadata envelopment analysis model.
Sustainability 7, 9187-9206.

Su, J., Rogers, M.M., 2012. The role of economigaldes and CO2 emissions in examining the efficjen
of National Transportation Systems. Internatiomairdal of Sustainable Transportation 6, 48-66.

Sun, D., Chen, S., Zhang, C., Shen, S., 2016. Adute evaluation model based on GIS and superiefi
data envelopment analysis. Transportation PlananthTechnology 39, 407-423.

Sun, L., Rong, J., Yao, L., 2010. Measuring transféiciency of urban public transportation ternisay
data envelopment analysis. Journal of urban plapaid development 136, 314-319.

Tamaki, T., Nakamura, H., Fujii, H., Managi, S.,180 Efficiency and emissions from urban transport:
Application to world city-level public transportati. Economic Analysis and Policy.

Tone, K., 2001. A slacks-based measure of effigieincdata envelopment analysis. European journal of
operational research 130, 498-509.

Tongzon, J., 2001. Efficiency measurement of sete@&ustralian and other international ports usiatad
envelopment analysis. Transportation ResearchA®&wolicy and Practice 35, 107-122.

Turner, H., Windle, R., Dresner, M., 2004. North @mcan containerport productivity: 1984-1997.
Transportation Research Part E: Logistics and p@mation Review 40, 339-356.

Vaidya, O.S., 2014. Evaluating the Performanceutflie Urban Transportation Systems in India. Jouofia
Public Transportation 17, 11.

Vaziri, M., 2010. A comparative appraisal of roagwaccident for Asia-Pacific countries. Internatibna
Journal of Engineering, Transactions A: Basics123,-126.

Wang, T.-F., Cullinane, K., 2006. The efficiency Bfiropean container terminals and implications for
supply chain management. Maritime Economics & Liiggs3, 82-99.

Wang, Z., He, W., 2017. CO 2 emissions efficiengyd anarginal abatement costs of the regional
transportation sectors in China. TransportatioreBesh Part D: Transport and Environment 50, 83-97.

Wanke, P., Barros, C., Figueiredo, O., 2016. Eficiy and productive slacks in urban transportatiodes:
A two-stage SDEA-Beta Regression approach. UlliBelicy 41, 31-39.

WHO, 2016. World Health Organization: Road traffic  injuries.
http://www.who.int/mediacentre/factsheets/fs358/pnRoad traffic injuries.

Wu, J., Chu, J., An, Q., Sun, J., Yin, P., 2016asdRirce reallocation and target setting for imprgvi
environmental performance of DMUs: An applicatianregional highway transportation systems in
China. Transportation Research Part D: TranspattEarvironment.

Wu, J., Zhu, Q., Chu, J., Liu, H., Liang, L., 2016Weasuring energy and environmental efficiency of
transportation systems in China based on a pafal#\ approach. Transportation Research Part D:
Transport and Environment 48, 460-472.

Wu, Y.-C.J., Goh, M., 2010. Container port effiggnin emerging and more advanced markets.
Transportation Research Part E: Logistics and pamation Review 46, 1030-1042.

Yu, M.-M., Lin, E.T., 2008. Efficiency and effectwess in railway performance using a multi-activity
network DEA model. Omega 36, 1005-1017.

Yu, M.M., 2010. Assessment of airport performansmg the SBM-NDEA model. Omega 38, 440-452.

Zhang, N., Wei, X., 2015. Dynamic total factor aambemissions performance changes in the Chinese
transportation industry. Applied Energy 146, 40942

Zhang, N., Zhou, P., Kung, C.-C., 2015. Total-facttarbon emission performance of the Chinese
transportation industry: A bootstrapped non-radMalmquist index analysis. Renewable and
Sustainable Energy Reviews 41, 584-593.

-28 -



Zhao, Y., Triantis, K., Murray-Tuite, P., Edara, R011. Performance measurement of a transportation
network with a downtown space reservation systemneiwork-DEA approach. Transportation
Research Part E: Logistics and Transportation Rexig, 1140-1159.

-29-



Table 1. Searching Algorithm to select papers for review.

Algorithm:

#1.
#2.
#3.
#4.
#5.
#6.
#7.
#8.
#9.

#10.
#11.
#12.
#13.
#14.
#15.
#16.
#17.
#18.
#19.
#20.
#21.
#22.
#23.
#24.

#25.

“Transportation” [Article title, Abstract, Keywds]

“Highway Transportation” [Article title, Abstc Keywords]

“Airport” [Article title, Abstract, Keywords]

“Airline” [Article title, Abstract, Keywords]

“Air transportation” [Article title, Abstraceywords]

“Maritime” [Article title, Abstract, Keywords]

“Ports” [Article title, Abstract, Keywords]

“Railway Transportation” [Article title, Abstch Keywords]

“Sustainable development” [Article title, Abmstt, Keywords]

“Eco-design” [Article title, Abstract, Keywas{l

“Emission” [Article title, Abstract, Keywords]

“Data envelopment analysis” [Article title, stbhact, Keywords]

“Source Type”: [Journal]

“Document Type”: [Article] AND [Article in Pres] AND [Review]

“Article Language”: [English]

“Year”: [2007-2018]

Survey the article title and abstract, fukttédentify and filter related and suitable papers
For section 3: #1 AND #12 AND #13 AND #14 AMID5 AND #16 AND #17
For section 5: #2 AND #12 AND #13 AND #14 AMID5 AND #17

For section 6: #3 OR #4 OR #5 AND #12 AND #IBD #14 AND #15 AND #17
For section 7: #6 OR #7 AND #12 AND #13 ANDI#AND #15 AND #17

For section 8: #8 AND #12 AND #13 AND #14 AMID5 AND #17

For section 9: #9 OR #10 OR #11 AND #12 AN #ND #14 AND #15 AND #17

For section 10: #1 AND #12 AND #13 AND #14 AMDS5 AND #17 NOT #2 NOT #3 NOT #4 NOT
#5 NOT #6 NOT #7 NOT #8 NOT #9 NOT #10 NOT #11

For section 4: Put all identified papers apst18-24, in a set
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Table2. Common DEA models used in TSs in most cited papeipéished in 2007-2018.

Ref. Model Transport subjec Ref. Model Transpakject
Rassafi and BCC Road, air, Rail, | Cuiand Li Three-stage Transportation energy
Vaziri (2007) Sea (2014) virtual
frontier
DEA
Hilmola (2007) CCR Railway Song et al. SBM Environmental
(2015) efficiency of
transportation
Barros and CCR/BCC Airport Zhang and Wei A combined Environmental
Dieke (2008) (2015) metafrontier efficiency of
approach transportation
and DEA
Sampaio etal. BCC Public Zhang et al. A combined Environmental
(2008) transportation (2015) metafrontier efficiency of
approach transportation
and DEA,
Malmquist
index
Hilmola (2009) CCR Railway Kleinova CCR Railway
(2016)
Sdderberg BCC Public Wu et al. CCR Highway
(2009) transportation (2016a)
Savolainen and CCR Air transport and | Wu et al. CCR/parallel Energy and
Hilmola (2009) railways (2016b) DEA environmental
approach efficiency of
transportation
Michaelideset CCR International air | Min and Joo CCR Airlines
al. (2009) transportation (2016)
Cruijssen etal. CCR/BCC Road Song et al. SBM Railway
(2010) transportation (2016)
Sun et al. (2010) SBM Urban Public Li et al. (2016) CCR Highway
Transportation
Terminals
Novaes et al. CCR/BCC Interstate bus Sun et al. Super- Bus route evaluation
(2010) transportation (2016) efficient
industry DEA
Jitsuzumi and BCC Railway Wanke et al Two-stage Urban transportation
Nakamura (2016) Stochastic mode
2010 DEA
Wu and Goh CCR/BCC Ports Azadeh etal. BCC Railway
2010 (2016)
Zhao et al. NDEA: Down town space| Chu et al. SBM Environmenta
2011 radial, SBM reservation 2016 efficiency of
system transportation
Chenand Han CCR Regional public | Tamakietal. CCR Urban public
(2012) transport (2016) transportation
Su and Rogers CCR National Rezaee etal. Game-DEA  Urban public
(2012) Transportation (2016) transportation
Systems
Chang et al. SBM Regional Liu et al. SBM Railway and road
(2013) transport sector | (2017)
Vaidya (2014) CCR Public urban Chen et al. CCR Rural transportation
transportation (2017)
Chen (2014) CCR/BCC Railway Wang and He BCC Environmental
(2017) efficiency, provincial
transportation system
Azadi et al. Goal- public Chang et al. SBM Environmental
(2014) directed two- transportation (2018) efficiency of
stage DEA  service providers transportation
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Table 3. First 30most cited papers.

Article Citation Value Article Citation Value
Tongzon (2001) 312 Pels et al. (2001) 129
Cullinane et al. (2006) 281 Sarkis and Talluri (2004) 126
Coelli and Perelman (1999) 278 Turner et al. (2004) 126
Roll et al. (1991) 219 Wang and Cullinane (2006) 126
Roll and Hayuth (1993) 192 Fernandes and Pacheco (2002) 124
Adler and Golany (2001) 191 Cullinane et al. (2005a) 119
Sarkis (2000a) 186 Cullinane et al. (2005b) 119
Adler and Berechman (2001) 162 Barros and Peypoch (2009) 114
Barros and Athanassiou (2004) 162 Bazargan and Vasigh (2003) 114
Yu and Lin (2008) 160 Barros and Dieke (2008) 110
Schefczyk (1993) 158 Park and De (2004) 105
Pels et al. (2003) 155 Kerstens (1996) 102
Martin and Roman (2001) 155 Barros and Dieke (2007) 101
Martinez-Budria et al. (1999) 147 Azadeh et al. (2008) 101
Parker (1999) 146 Cowie and Asenova (1999) 94

Table4. Top 13 most active authors.

Article Number of published papers Article Number of published papers
Yu, M.M. 19 Merkert, R 8

Barros, C.P. 12 Triantis, K. 8

Wanke, P. 10 Azadeh, A. 7

Chang, Y.T. 10 Cullinane, K 7

Wu, J. 10 Odeck, J. 7

Hilmola, O.P. 9 Lozano, S. 7

Cook, W.D. 9
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Table5. Most active journals.

Section journal Number of
published papers
Accident Analysis And Prevention 4
European Journal Of Operational Research 4
Highway TSs  Benchmarking / IIE Transactions Institute Of IndistEngineers / 2

Journal Of Civil Engineering And Management / Jali@f
Productivity Analysis / Journal Of Public ProcuretnéJournal Of
The Operational Research Society

Journal Of Air Transport Management 56

Transportation Research Part A Policy And Practice 18
Air TSs Transportation Research Part E Logistics And Trarigfion 11

Review

European Journal Of Operational Research / Intiemma Journal Of 7

Transport Economics

Maritime Economics And Logistics 22

Maritime Policy And Management 14
MaritimeTSs International Journal Of Shipping And Transport istigs / 10

International Journal Of Transport Economics
Transportation Research Part A Policy And Practice

Benchmarking / Journal Of Transport Economics Radicy

Railway TSs International Journal Of Productivity And PerformeariMianagement
/ Journal Of Rail Transport Planning And Manageniesucio
Economic Planning Sciences / Transport / Transporté&research
Part A Policy And Practice / Transportation Resedtart E
Logistics And Transportation Review

N |~

Transportation Research Part D Transport And Bnwirent
Green issues Sustainability Switzerland

Journal Of Air Transport Management

Journal of cleaner production

Transportation Research Part A Policy And Practice
Other issues Transportation Research Part E Logistics And Trartafion

Review

Socio-Economic Planning Science 4

CDCO-bG)CDLO

Journal Of Air Transport Management 57

Transportation Research Part A Policy And Practice 38
Overall Maritime Economics And Logistics 24

Transportation Research Part E Logistics And Tpartation 23

Review

International Journal Of Transport Economics 18

Table 6. Top countries that have published most papeldHA applications in TSs.

Country Number of published paper Country Number of published paper
United States 109 Spain 38
China 109 United Kingdom 38
Taiwan 58 Brazil 38

South Korea 47 Canada 30

Iran 43 Australia 30
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Table 7. Frequency of the keywords across the DEA and it&sdure.

Section keywords Frequency keywords Frequency
Data Envelopment Analysis 50 Roads And Streets 14
Highway TSs  Transportation 18 Decision Making 11
Efficiency 18 Motor Transportation 11
Data Envelopment Analysis 177 Efficiency 62
Air TSs Air Transportation 83 Airline Industry 54
Airport 79 Technical Efficiency 45
Data Envelopment Analysis 119 Port Operation 34
MaritimeTSs Efficiency 52 Ports And Harbors 23
DEA 40 Efficiency Measurement 22
Data Envelopment Analysis 51 Railway Transport 20
Railway TSs Efficiency 29 Railroad transportation 17
Railroads 25 Railways 16
Data Envelopment Analysis 75 China 19
Green issues Transportation 24 Sustainable development 19
Efficiency 21 Efficiency Measurement 16
Data Envelopment Analysis 73 Decision Making 17
Other issues Efficiency 33 Performance Assessment 15
DEA 19 Transportation 13
Data Envelopment Analysis 491 Technical Efficiency 80
Overall Efficiency 193 Air Transportation 80
DEA 114 Airport 79
Table 8. Most co-cited papers.
Article Co-cited value  Article Co-cited value
Charnes et al. (1978) 159 Gonzalez and Trujillo (2009) 10
Banker et al. (1984) 106 Tone (2001) 9
Martinez-Budria et al. (1999) 24 Simar and Wilson (1998) 9
Schefczyk (1993) 24 Banker (1984) 9
Roll and Hayuth (1993) 19 Itoh (2002) 9
Simar and Wilson (2007) 18 Yu (2010) 9
Banker and Morey (1986) 18 Liu (1995) 9
Barros and Athanassiou (2004) 18 Sarkis and Talluri (2004) 9
Pels et al. (2001) 18 Doyle and Green (1994) 8
Sarkis (2000b) 17 Bazargan and Vasigh (2003) 8
Martin and Roman (2001) 17 Barros (2006) 8
Andersen and Petersen (1993) 13 Pels et al. (2003) 8
Tongzon (2001) 10 Murillo-Melchor (1999) 8
Karlaftis (2004) 10 Notteboom et al. (2000) 8
Debreu (1951) 10
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Figure 3. Frequency of DEA models used for performance eviainaf TSs.
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Online Supplement document

Mahmoudi R., A. Emrouznejad, S. N. Shetab-Boushé&hrR. Hejazi (2018) The origins,
development and future directions of Data EnvelapnAealysis approach in
transportation systemSopcio-Economic Planning Sciences, Accepted.
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Online Supplement: Part 1 (List of Tablesin each cluster)

Tableb.1.1. Inputs and outputs across the DEA and highwayspartation literature.

Labour inputs Labor; Number of transportation workers; Numbernzinagement, staff and
mechanics; Number of ticket agents; Number of mamant staff; Number of
drivers; Number of technicians; Employees; Totahpwwer;

Capital inputs  Agency cost; Transport Cost; Total expenditureeseals, rehabilitation general
maintenance (contractors costs); Routine Maintemant dollars; Gross
domestic product per capitAverage of construction cost indedaintenance
funding; Fixed assets; Operational costs; Payment to bo#rdowernors;
Administrative costs;Cost; Asset; Total expenditure; Average pavement
condition rating; Government dollars spent via ministry operationsyéd®e
consultant dollars spent; Driver cost; Capital Btweent; Maintenance
expenditures; Capital expendituresafety Highway expenditures; Budget;
Construction budgetHighway investment in fixed asset®rivate capital;
Average total receiptgiverage total disbursements;

Environmental Transport Risk; Road conditiorfGasoline consumption; Diesel consumption;

and energy Fuel consumed;Environmental factor; Regional effect variable; Higy

Inputs network area density; Population densAygerage highway network density per
person;

Facilities Freight vehicles; Highway density; Total numbepatsenger seatgehicle per

capita; Total urban and rural lane mile¥ehicle-miles traveled; Number of
equipment; Number of vehiclesHighway length Passenger vehicles;
Framework highway mileag@otal area servedRegistered vehicles;

Other Safety belt usage; Total Volume Of Cargo Tonnagaydl Time; Resealing in
production kilometers; Rehabilitation in kilometers;Quantity of maintenance;
inputs Transportation quantitypublic maintenance;

Operational Kilometers of highway resealed; Kilometers of higlywehabilitated; General
Outputs maintenance; Pavement Rating Change Factor; AnAwarage Daily Traffic;

Length of road; Two-lane equivalent of road; @der width of road;
Coefficient for road surface; Coefficient forostder; Coefficient for winter
operations; Coefficient for other operations; rage time to work in minutes
for those not working at home; Estimated numbercommuters driving
alone/carpool; Average time to work in minutes gsimass transit; Estimated
number of commuters mass transit; Average scoreughing congestion; Ton
miles of truck shipment per state in millions; reilef pavement serviced by a
patrol; Fatal crashes; Vehicle-kms; Passenger-kfwanber of passengers;
Network length; Assignment size; Average trafficveel; Size of system;
Average traffic serviced; Reseal length; Rehalititalength; Level of service;
Roughness measures; Production value; Number d#sjaAnnual traffic;
Change In Overall Bridge Condition; Average Dailyaific on Interstate
bridges per deck area; Average age of bridges; anfreeze-thaw cycle;
Annual precipitation; Passenger capacity; Equiviadenind level; Percentage of
new cars; Number of private cars; Average age private cars; Total
number of annual traffic tickets issued fooving violations; Total number
of seat belt tickets issued per year; Lemdthighway; protection of bridges
and culverts; Highway transportation output valuepprtion; Highway cargo
transportation capacity; Urbanization rate; LanéemiServed; Lane km of
roadway managed; Volume of shoulder and medianirepand routine
maintenance accomplished; Customer satisfactiorstdther coverage rate;
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Rapid Response Capability; Roughness measures gethfor urban and rural
highways; Smooth Travel Exposure; Surface Conditinaex; Proportion of
Urban to Rural Roads;

Financial
outputs

Transport revenue; Revenue; Expenditures on latersiridge replacement and
rehabilitation; Passenger turnover; Freight turmp\outing expenditure on

maintenance; Turnover volume; Expense on salvagsemue from helping

digging and mending roads; Average GDP per Petdpit;area GDP;

Environmental
and safety
outputs

Accident per vehicle; Injures per vehicle; Fataktiper vehicle; Total cost for
all accidents; Number of people severely fiyNumber of people with
minor injury; Number of pedestrians involvedh iaccidents; Safety;

Atmospheric pollution; Greenhouse gas emission; eéWapollution; Soil

pollution; Accident Prevention Factor; EnvironrterDifficulty; Number of

accidents; Industry pollutant; Change in structyrdeficient area; Change in
functionally obsolete area; Nitrogen oxides emissidParticulate matter
emission; C® emission; Number of drivers involved in injuaccidents,
involving alcohol/drug violations, by place ofesidence of the drivel
Number of drivers involved in injury accidentinvolving alcohol/drug
violations, by accident location; Numbers of ideat sites repaired; Total
reduction in accident;

Table5.1.2. Most cited papers related to DEA applicationsightvay TSs.

Article Citation Value Article Citation Value
Roll et al. (1991) 219 Yu (2008b) 26
Cook and Green (2000) 53 Rouse and Chiu (2009) 24
Rouse et al. (1997) 44 Yu and Fan (2006) 23
Nozick et al. (1998) 26 Cook et al. (1991) 22

Table5.1.3. A review of selected papers across the DEA andvway TSs literature.

Ref.

Summary of study

Kazakov et al.

(1989)

Cook et al.

(1991)

Rouse et al.

(1997)

Cook et al.

(2001)

Rouse and
Putterill (2005)

Wang and Tsai
(2009)

Rouse and Chiu

Using DEA, relative efficiency of a set of activggtway maintenance patrols
in Ontario were obtained. This study focused omtifigng inputs and outputs
to evaluate highway maintenance patrols.

CCR and bounded DEA models were used to evaluafighighway
maintenance patrols in Ontario. Technical effickenand management
efficiency were obtained and analyzed.

Considering environmental factors and based on afati®93-94, performance
of 73 highway maintenance patrols in New Zealandewsrveyed. Results
were analyzed in three respects: Efficiency, Effectess and Economy.
Classic CCR and bounded CCR model were used taitim@o 50 highway
accident sites considering cost of repair and diivenvenience factors.

In this study, efficiency and productivity of higays maintenance, before and
after structural changes and merger policies watiesi. This article focuses on
evaluating local governments in New Zealand in 12982. The results
showed that merger policies have impact on effyestores.

Using CCR and BCC models, productive efficiencghtecal efficiency, and
scale efficiency of 31 highway maintenance sectafsich belongs to
directorate general of Taiwan highways were obthifgome short/long term
suggestions provided to improve performance.

Focusing on local roads in highway systems, 74ifbeial Local Authorities in
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(2009)

Ozbek et al.
(2010)

Lee et al. (2012)

Leal et al.

(2012)

Eqilmez and
McAvoy (2013)

Monda et al.

(2014)

Cipil (2014)

Wu et al.

(2016a)

Tatari et al.

(2016)

Song et al.
(2016)

Li et al. (2016)

Azadeh et al.

(2016b)
Liu et al. (2017)

New Zealand were analyzed to study how efficierd anonomical are they.
Costs, quantity, quality and environmental factarg. life-cycle were
considered.

Considering Virginia Department of Transportatios & case study, overall
efficiency of highway bridges maintenance, due tawvimnmental and

operational factors, have been measured. Seveiorsedh Virginia were

evaluated. Based on results, inefficiency causesdoh DMU surveyed.

Using two-stage DEA model and data from Director@eneral of Taiwan
Highways in 2002, 31 highway maintenance and coostm offices were

evaluated. SMB was used to identify slacks values.evaluate highway
maintenance, Multi-stage DEA models are better giagle-stage models.

Input and output oriented DEA models were applieddfrioritizing different
bioethanol transportation modes, considering envivental factors. The results
help Brazilian government to improve bioethanol ;T8specially highway
transportation system.

Using Malmquist index (MI), performance of 50 statef the USA during
2002-2008 was analyzed in order to reduce traffitalities. Average
productivity of states had a slight decline in redg fatal crashes. Policies
which lead to increase use of seat belts and higlsatety were effective.

In this study cost and effectiveness differencewbet public-private and
traditional partnerships in highway constructiord aatelivery projects were
studied. Technical efficiency was analyzed for bgitbups. The results showed
that initial cost for public-private partnership opgcts are higher, while
technical efficiencies were not significantly diféat.

In this paper, DEA was used to compare TSs of wtkel Ss in EU countries
in terms of greenhouse gas emissions. Using redewatergies is a very
effective policy for increasing the efficiency o83 in Turkey

30 regional TSs in china were analyzed. DEA soueadlocation is used for
each DMU to maximize minimum satisfaction degreel @nvironmental
efficiency.

Sustainability of highway TSs was studied. Threespectives of sustainability
including social, economic and environmental anesitered for assessing 30
highway transport systems in Oregon, USA.

Super-efficiency slacks-based measure model wetaingal by considering
desirable and undesirable outputs, environmentlemergy efficiency of TSs
in 30 provinces in china. Highway TSs in China areefficient in
environmental and energy consumption terms.

Efficiency of highway TSs in Beijing-Tianjin-Hebeegions were obtained and
analyzed. Results showed that these regions hawer lefficiency scores than
Yangtze River Delta and Pearl River Delta urbanomsgy Efficiency score
obtained for each region show that government magply different
appropriate strategies for every region.

By using statistical methods and DEA, consideriagesity of accidents and
decision-making style of driving, effective factoom road accidents were
studied based on data of 500 samples in Tehran.

Using parallel SBM model, at first, performancelahd TSs was analyzed
then, efficiency of highway and railway TSs weretanted separately.
Environmental performance of land transport systeifast area is better than
central and the west areas. Also the efficiencsaibfvay transportation is more
than the highway transportation.
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Tableb5.2.1. Inputs and outputs across the DEA and air tranapon literature.

Labour inputs

Number of employees; Number of core business werlesbor; Managerial;
Engineers.

Capital inputs

Labor, capital and materials expenditures; Sta#ts;oOperating costs; Total
economic cost,Operating expense less employee expenditure; Mente
costs; Soft costdylaintain ExpenseQperating expense§apital stockAccess
cost; Payroll; Employee expenditure/Staff strengtllight capital; Other
operating costs; Outsourcing cosIstal operating cost net of depreciation and
amortization costs; Total non-flight assets;

Environmental
and energy
inputs

Annual water consumptiorinal consumption of electricityCO, emission per
capita; Fossil Fuel Energy Consumption; Annual telgity consumption;
Petroleum gas consumptid@allons of jet fuelAnnual liquefied; Fuel,

Facilities

Number of runways; Number of gates; Terminal afedal runway area; Route;
Number of vehicle parking spacdsaggage claim are&istance to nearest city
center;Number of baggage collection belts; Number of pulpiarking spots;
Available seat kilometer§,erminal capacity; Runway capacity; Apron capacity;
Security capacity; Number of planes; Dimension wfiway unit; Passenger
terminal area; Airport Surface; Number Of Parkingpt§ Available ton
kilometer which reflects aircraft capacity; Numlwéroperated aircraft; Runway
length; Apron size; Airport ramp; Baggage handlgapacity; Snow removal
equipment; Fire truck & stations; Hangers; Depa&tounge; Number of check-
in counters; Curb frontage; Number of boarding gage

Other
production
inputs

Outsourcing; Ratio of flight stage miles to tripage miles; Maintenance;
Cleaning; Security; Underutilization (in percentage

Operational
Outputs

Passengers; Air traffic movements; Tons of carganher of residents who can
get the airport by car in 90 minutes; Peak hourengents; Aircraft movements;
Service rating; Available seat kilometres; Numbérptanes; Total freight;
Annual passenger throughputs; Annual Number ofhfig Annual cargo
throughputs; Non-weather related delays; Commutervements; Domestic
passengers, boarded plus disembarked, in thousaods;of aviation kerosene;
Charter Flights; Domestic passengers; Air transpaements;

Financial
outputs

Commercial revenues; Returns from infrastructurevises; Total returns;

Operative returns; Final returns; Net Profit/loBEvenue passenger kilometer;
Non-passenger revenue at current prices; Operativenue; General aviation;
Non-aeronautical revenue; Earnings before inteaest taxes; Duty free and
retail revenues; Catering revenues; Car parkingmees; Rental revenues;
Banking revenues; Entertainment revenues; Passemggiices revenues;
Airport cities revenues; Aircraft landing fees; Basger charges & fees; Aircraft
parking fees; Ground handling fees; Cargo feestr@kized infrastructure fees;

Aeronautical revenues; Non-aeronautical revenuesyorautical receipts;

Handling receipts; Commercial receipts;

Environmental
and safety
outputs

CO, emission volume; Environmental & Noise surchargescurity charges;
Aircraft noise; Air pollution;
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Table5.2.2. Most cited papers related to DEA applicationsiiir&s.

Article Citation Value Article Citation
Value
Adler and Golany (2001) 191 Barros and Peypoch (2009) 114
Sarkis (2000a) 186 Bazargan and Vasigh (2003) 114
Adler and Berechman (2001) 162 Barros and Dieke (2008) 110
Schefczyk (1993) 158 Barros and Dieke (2007) 101
Pels et al. (2003) 155 Merkert and Hensher (2011) 100
Martin and Roman (2001) 155 Abbott and Wu (2002) 86
Parker (1999) 146 Barbot et al. (2008) 84
Pels et al. (2001) 129 Yu (2010) 83
Sarkis and Talluri (2004) 126 Pacheco and Fernandes (2003) 78
Fernandes and Pacheco 124 Scheraga (2004) 76

(2002)

Table 5.2.3. A review of selected papers across DEA and airlit&siture.

Ref.

Summary of study

Schefczyk
(1993)

Charnes et al.
(1996)
Gillen and Lall
(1997)

Sengupta (1999)

Semenick Alam
and Sickles

(2000)
Sarkis (2000b)

Martin and

Roman (2001)

Pels et al. (2001)

Adler and
Golany (2001)

Adler and
Berechman

(2001)

Fernandes and

Pacheco (2002)

15 international airports were analyzed based da df1989-1992. Standard
DEA was used. The results showed that operatioffadiemcy, marketing
performance and resource acquisition are key fadtorhigh profitability.

Operational efficiency for domestic and internagibactivities of airlines in
Latin America in 1988 was surveyed.

Considering data of 21 airports in USA during 198®3, effects of an airport
manger’s decision on efficiency and performancaifort were studied. DEA
and Tobit regression were applied to identify mamggstrategies to improve
efficiency scores in terminals and airsides.

Dynamic DEA model was used to survey trend of &fficy changes in 14
international airports from 1988 to 1994. The reswhowed the significant
changes in efficiency scores.

During a 20-year period from 1970 to 1990, usingndard DEA model,
performance of 11 US airlines was evaluated. Anslg$ the results showed
that competition increases efficiency.

Results of evaluating 44 major American airportevgéd that the average of
airports efficiency was increased.

To investigate privatization effects on capacitpgtoaints at European airports,
37 Spanish airports were evaluated. Privatizatioh @artnership with private
sector can improve efficiency of airports.

Relative efficiency of 34 European airports durit@95-1997 was calculated
by DEA. Most airports were inefficient. There issagnificant difference
between performances of different airports.

Using an integrated DEA and principal component haig (PCA),
performance of deregulated airline networks in vilegsbpe was studied.

Using DEA and PCA relative efficiency and quality Buropean and non-
European airports were analyzed. Airports qual#tyan effective factor in
selection of hubs by airlines.

BCC DEA model was applied to evaluate capacity prabuctivity of 35
Brazilian domestic airports which are investigaiadterms of number of
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serviced passengers. Slacks values were identified.

Pels et al. (2003) Based on data from 34 European airports, efficiem@re obtained and

Pacheco and
Fernandes

(2003)

Bazargan and
Vasigh (2003)

Sarkis and

Talluri (2004)

analyzed. The results showed that European airpogtmefficient, on average.
Airlines inefficiency is significantly affected bwirports inefficiency in
passenger transportation.

Standard DEA and MI were applied to evaluate peréorce of 16 European
airlines between 1977 and 1990. The results inglicaignificant slacks values
in East regions versus West Regions.

Performance of 45 American commercial airportshre¢ groups including
large, medium and small size, was evaluated. Thidteeshowed small airports
had the highest efficiency scores.

Using DEA, performance of 44 major airports in U88&m 1990 to 1994 was
evaluated. Some strategies were suggested to imprarall performance.

Scheraga (2004) Standard DEA and regression analyzes were apieudaluate performance of

Tsikriktsis and

Heineke (2004)

Capobianco and
Fernandes

(2004)

Yoshida and
Fujimoto (2004)

Yu (2004)

Chiou and Chen
(2006)

Lin and Hong
(2006)

Barros and

Dieke (2007)
Greer (2008)

Barbot et al.

(2008)

Yu et al. (2008)

Fung et al.
(2008)

Barros and

Dieke (2008)

38 international airlines. Passenger service cbstge negative effect on
efficiency when marketing costs have positive gffec

Efficiency of 10 American airlines in 1987-1998 wasalyzed by using
standard DEA and time series regression.

This study evaluated 53 international airlines iyl 993-1997. Standard DEA
model was used for this research. Performancerioes highly depends on
their management. Major airline companies were neffieient in using their
capital for profitability.

Based on data of 2000, 67 Japanese airports weakiaged. Effects of
overinvestment on efficiency scores were analyzed.

Considering environmental factors and undesirabtpuis, physical efficiency
of 14 domestic Taiwan’s airports was obtained dydif94-2000.

Performance of 15 Taiwan’s airlines in 2001 wasleatad using standard
DEA and Tobit regression.

Operational efficiency of 20 international majorpairts around the world were
assessed. The results showed that economic gretehof the country which
airport is located in, hub airports and airportgephical location are affective
factors for operational efficiency of the airport.

Operational and financial efficiency of Italian @irts was evaluated during
2001-2003 using panel data based DEA model.

Using standard DEA model and MI, performance ofrBetican airlines from
2000 to 2004 was evaluated. An increase in effigieaf energy consumption,
labor and available seat-mile capacity was observed

Based on data of 49 international airlines in 2Q@06&l productivity was
obtained by using standard DEA model. Results shavat the efficiency of
airlines depends on geographical location.

Considering aircraft noise and using MI, changesfiiciency of 4 major
Taiwan's domestic airports from 2001 to 2005 waalyaed.

DEA and Ml used for evaluating trend of Chineseaiit's efficiency, based on
data of 25 airports in 1995-2004.

Based on data during 2001-2003 and using a novektage model, technical
efficiency of Italian airports was analyzed. Dueefficient frontier, weakness
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Lam et al.

(2009)
Greer (2009)

Bhadra (2009)

Barros and
Peypoch (2009)

Chi-Lok and
Zhang (2009)

Curi et al.
(2010)
Ouellette et al.

(2010)

Merkert and

Hensher (2011)

Assaf and Gillen

(2012)

Chow and Fung
(2012)
Ha et al. (2013)

Chang et al.
(2013a)

De Nicola et al.

(2013)

Fan et al. (2014)

Tsui et al.
(2014)
Ahn and Min

points of airports with low efficiency identifiednd some suggestions were
proposed to improve current situation.

Operational performance of 11 Asia-Pacific airpdrtan 2001 to 2005 was
assessed.

During a 10-year period from 1999 to 2008, usirendard DEA and Tobit
regression, efficiency of 17 major American airin@as evaluated. Results
showed that labor unions don't affect efficiency.

Standard DEA was used to evaluate performance oAr@rican airlines
during 1985-2006. By reducing block time, efficigraf airlines will increase.

This study surveyed performance of 27 Europeamasglduring 2000-2005.
Being a member of alliance network, effects aidie&iciency.

Based on data of 1996-2006, 25 major Chinese airpare evaluated. Effects
of policies and reforms in TSs on airports efficigrwere analyzed. Results
showed that localization of airports have significaffect on efficiency scores.

Using DEA, effects of Italian government strategiesluding privatization,
developing airport management services and edtaidist of two new hubs on
productivity of 36 airports were analyzed in 2001d £003. Results showed
that new hubs are inefficient sources.

In a 40-year period from 1960 to 1999, performanfcé Canadian airlines was
evaluated using standard DEA model. Changes inlaggn and deregulation
are the main reasons of inefficiencies.

The impact of strategic management and fleet ptanon airlines efficiency
were investigated. A two-stage DEA model applieddita of 58 airline
passengers from 2007 to 2009. Results showedl&®tifave not a significant
impact on technical efficiency but it affects alitiwe and cost efficiency
positively.

Effects of governmental structure and economica@ulaion on airports
efficiency were analyzed. Analysis of the data freeveral countries showed
that economical regulation affects relative efficig¢ more than governmental
structure.

To estimate indicators which affect performanceaigborts, performance of 30
Chinese airports from 2000 to 2006 was investighiedsing MI.

To survey market structure of airlines and efficierof airports, 10 major
airports in east Asia were evaluated. DEA andsttesil models were applied
on data of 1994-2011.

Performance of 41 Chinese airports in 2008 wasuatadl by using DEA and
second stage regression.

DEA and MI were applied to assess efficiency of I2lian management
companies during 2006-2008. Results showed thatrdicg to infrastructure,
performance of airport is acceptable. However, égucing waiting time and
improving management methods, they can increasepifueluctivity.

Using DEA and data of 20 Chinese airports durin@622009, regarding to
flight delays, performance of airports was evaldate

Considering data of 21 airports from 2002 to 20dderational efficiency of
Asia Pacific airports were evaluated.

Performance of 23 international airports in Euroderth America and East
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(2014)

Merkert and

Mangia (2014)

Arjomandi and
Seufert (2014)

Tavassoli et al.

(2014)
Wu and Liao

(2014)
Chang et al.
(2014)

Lee and

Worthington
(2014)

Cui and Li
(2015)

Merkert and

Assaf (2015)
Liu (2016)

Orkcli et al.

(2016)

Shao and Sun

(2016)

Omrani and
Soltanzadeh

(2016)
Liu (2017)

Asia were evaluated during 2006-2011. Classic DEbdleh and M| were used
for this study.

Using a two-stage DEA model, cost efficiency ofl&dian and 45 Norwegian
airports was analyzed during the time. Competitdfects on performance
were investigated. The results showed that competitvel plays an important
role in regional and small airports performance.

Bootstrapped DEA model was applied for performamssessing of 48
international airlines during 2007-2010.

Performance of 11 airlines in Middle East in 201&svevaluated by using DEA
network SBM model.

DEA was used to evaluate efficiency of 38 interoraai airlines in 2010.

Performance of 27 international airlines in 201G waalyzed by using SBM.
Energy consumption is one of the main reasonsilfficiencies.

Using Bootstrapped DEA, 42 European and Americgoodis were evaluated

in a 5-year period, from 2001 to 2005. Results stbwhat major airlines

which want to be able to compete with other aidineeed to reorganize and
resize their operations. Results showed that dagifiwiency affects energy

efficiency.

Considering C@emission as an output, energy efficiency of 1linais during
2008-2012 was evaluated. Financial crisis in thé &8s a significant impact
on changes in energy efficiency in this period.

To evaluate quality of service and profitabilitgrformance of 30 international
airports were investigated by using DEA and seciade regression.

Based on panel data from 2009 to 2013 and by usttgork DEA, overall and
operational efficiency of sub-networks in 10 aijgdn east Asia was studied.

Operational performance of 21 Turkish airports wigir2009-2014 was studied
using by MI. Results showed that efficiency of ampvas increased during the
time.

Using network DEA, allocation efficiency, passentgransportation efficiency
and cargo transportation efficiency of 477 Chinagéines were evaluated.
According to efficiency scores obtained from akkn performance of 82
airports was assessed.

A dynamic network DEA was applied to evaluate peni@nce of 8 Iranian
airlines during 2010-2012. Results of presented ehedmpared to existing
dynamic and network DEA models results.

For evaluating efficiency and changes in efficien€wirport companies in east
Asia countries, a multi-period network DEA model svased. This study
planned to survey effects of internal operationssulf-networks and annual
operations on airports’ overall efficiency.
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Table5.3.1. Inputs and outputs across DEA, ports and maritiargsportation literature.

Labour inputs

Size of labor force; Number of workers; Number ofpdoyees; Average age of
employees; Average years worked of employees;dntiiabour;

Capital inputs

Personnel-related expenses, such as employeesheeation; Harbour land,
buildings, wharves, docks, waterways, warehousdsfamding inputs for other
equipment; Operating expenses; Net fixed assetrdaggion expense; Salaries
and wages; Current liabilities; Capital (number loérths, cranes, tugs);
Equipment costs; Revenue; Profitability; Averageegament port charges per
container; Labor expenditures; Depreciation chargesliscellaneous
expenditures; Capital (book value of the assetsnual investment per port;
Value of capital invested; Size of operating colstarketability;

Energy inputs

Amount of energy consumed;

Facilities

Terminal length; Terminal area; Channel width; Grelrdepth; Maximal quay
depth; Solid bulk frequency; Outputs Solid bulkainghput; Port land area;
Yard area; Warehousing area; Stocking area; Quagthe Quay cranes;
Transfer cranes; Straddle carriers; Reach stacBemsh length; Cranes; Tugs;
Quayside gantry; Straddle carrier; Ship-shore énatagantry; Container berth;
Number of berths; Parking lot; Total length; Yarangies; Area of container
base; Number of gantry cranes; Length of contammninals; Number of deep-
water piers; Container berth length; Containergjt&@ioer cranes (number); Mix
of 20-foot and 40-foot containers; Size of hardaareNumber of straddle
carriers; Amount of yard equipment; Straddle car@argo throughput, number
of ship calls; Berthing capacity, cargo-handlingpacity; Land factor;

Equipment factor; Uniformity of facilities and carg

Other
production
inputs

Container frequency; Average idle time; Produgfivitength of delay; Solid in

bulk; Liquid in bulk; General commodities; Frequgnaf ship calls; Average

delays in commencing stevedoring; Difference betwibe berth time and gross
working time; Number of containers lifted per quayane hour; Overall

efficiency;

Operational
Outputs

Container throughput; Service level; User satigfa¢tShip calls; TEU berth
hour; Total number of containers handled per y&atal cargo moved through
the docks; Ship working rate; Total tones throughplumber of containers;
Ships; Movement of freight; Gross gauge; Break-bcdltgo; Containerized
freight; Solid bulk and liquid bulk; ProductivityfCargo throughput, number of
Overall efficiency; Throughput (TEU); Containersatted and unloaded; Cargo
throughput; TEUs handled; Average number of coetaitnandled per hour per
ship; Number of passengers; Number of containeth WEU; Number of
containers with no TEU; Available equipment; Tatguivalent units; Number
of vessel arrivals at port; Quantity of goods haddITime spent operating in
port; Service standards; Total cargo handled; Servievel, Total tons
throughput; Total cargo moved through docks; Teaiiangth; Terminal area;
Port traffic; Aggregate throughput; Loaded shipmer8olid bulk frequency;
Container frequency; Outputs Solid bulk through@dlid bulk loading hours;
Container loading hours;

Financial
outputs

Profitability; Revenue; Marketability; Total sale€perating income; Total
revenue; Revenue from port activities, e.g. froasieg equipment, and renting
commercial buildings and space; Revenue obtaired fental of port facilities;
Market share;

Environmental
outputs

Emissions; Port city population;
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Table5.3.2. Most cited papers related to DEA applications imitimae TSs.

Article

Citation Value Article Citation Value

Tongzon (2001)
Cullinane et al. (2006)

Roll and Hayuth (1993)

Barros and Athanassiou (2004)

Martinez-Budria et al. (1999)

Wang and Cullinane (2006)

Turner et al. (2004)

Cullinane et al. (2005b)

312 Cullinane et al. (2005a) 119
281 Park and De (2004) 105
192 Zhou et al. (2008) 95
162 Panayides et al. (2009) 78
147 BARROS (2003) 76
126 Rios and Macada (2006) 69
126 Hung et al. (2010) 65
117 Itoh (2002) 57

Table5.3.3. A review of selected papers across DEA, portsmaardtime TSs literature.

Ref.

Summary of study

Roll and Hayuth

(1993)

Martinez-Budria

et al. (1999)

Tongzon (2001)

Bonilla et al.

(2002)
BARROS

2003

Park and De

2004

Barros and

Athanassiou
2004

Turner et al.

2004

Cullinane et al.

(2005a)

Cullinane et al.

(2005b)

Rios and

Macada (2006)

Wang and

Cullinane (2006)

Based on data of 20 ports all around the worldt efficiencies were evaluated
and analyzed.

Relative efficiency of 26 Spanish ports were olgdinThis study used a 5-year
period data. Based on complexity level, ports wdi¢ided in to three
categories. Results showed that ports with higbgell of complexity have
higher efficiency scores.

An international comparison was done on performaofc24 Australian and
other countries ports. Both of CRS and VRS assumgtivere considered in
this study.

Based on data of 26 Spanish ports, goods trafficieficy was obtained. Also
by using bootstrap analysis, confidence intervad ealculated.

In this study technical efficiency and technolodpcges in 11 Portuguese sea
ports were analyzed based on panel data. The seshdived that privatization
does not necessarily improve performance of alispor

Using DEA and data of 11 Korean ports in 1999, cedficy scores were
obtained. CCR and BBC model were used for effigrezaiculation and results
comparison.

Based on balanced panel data of 6 Portuguese agek @orts from 1998 to
2000, performance of ports were assessed and adalyy analyzing the
results, improving policies for European sea padse suggested.

Productivity growth of sea ports infrastructureNorth America from 1984 to
1997 was studied. Using Tobit regression effecfagors on infrastructure
efficiency were identified. Relationship betweeffrastructure efficiency and
industry structure were surveyed. The results mtdit a strong relationship
between railway industry and infrastructure effigig of container ports.

By using DEA and based on data of 25 major Chirpesés, relationship of
privatization and container ports efficiency wetedged. This study rejected
positive effect of privatization on ports efficignc

By using DEA and Free Disposal Hull model, Produtti of 30 pioneer
container ports and terminals were analyzed in 2@dsults showed that
obtaining efficiency scores by panel data, provideier results comparing to
cross-sectional data.

Using BCC model and data of 15 Brazilian, 6 Argeiain and 2 Uruguayan
container ports during 2002-2004, relative efficigif ports was obtained and
analyzed.

Based on data of 104 terminal ports in 29 Euromeamtries in 2003, relative
efficiency scores were obtained. British ports gmatts in west Europe
countries have highest level of efficiency. Effitdy in Scandinavian and east
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Cullinane et al.

(2006)

Lin and Tseng
(2007)

Liu (2008)

Pillania et al.

(2008)

Sharma and Yu

(2009)
Lozano (2009)

Wu and Goh
(2010)

Cullinane and

Wang (2010)

Hung et al.
(2010)

Bichou (2011)

Lozano et al.

(2011)

Wanke et al.

(2011)

Niavis and

Tsekeris (2012)

Yuen et al.

(2013)

Wanke (2013)

Diaz-Hernandez

et al. (2014)

Europe countries is weak.

Technical efficiency of 57 major container portstive world was evaluated
using DEA and SFA. Results showed that efficiencgres were strongly
dependent on privatization. For making policieg #nalysts must use panel
data. Because using cross-sectional data hasdwghdf risk.

Five different DEA models were applied to assesfopmance of 10 container
ports in Asia-Pacific in 1998. Trend of ports efficcy scores of was analyzed.
Slacks values and weaknesses were identified.

Using CCR, BCC and 3-stage DEA models efficiencgngjes in performance
of 10 Asia-Pacific ports from 1998 to 2001 werelgred. The results showed
different models produce different results.

India's logistics competitiveness and efficiencylmdian terminal ports were
studied during 2000-2005. The results showed ctaiegsportation industry is a
competitive industry where transportation indusgynot. Also major ports
were not efficient.

An integrated data mining and DEA method was useglaluate terminals. A
step by step plan was presented to achieve effidrentier for inefficient
terminals. This plan designed based on maximumatigpend input features.
MI was applied to estimate efficiency changes iar$gh ports from 2002 to
2006. Changes in technical efficiency, technology acale efficiency were
studied in this article.

Most major ports from 25 selected countries wemsitered as DMUs. Using
DEA and based on data of 2005, operational eff@iein advanced markets
and emerging Markets were obtained and results ecrgpared.

Using panel DEA model and data of 25 leading comtaiports, efficiency
scores were obtained during 1992-1999. Results etiagignificant weakness
in ports’ performance. Also slacks values and in&fficy sources were
identified.

Operational efficiency, scale efficiency targetsd amariability of DEA
efficiency estimates for 21 container ports in ABecific were analyzed by
using DEA. Selected ports were among 100 leadimts po 2003.

Operational efficiency of container ports was estdd using a two-stage
supply chain DEA model.

Considering data of 26 Spanish ports in 2006, aaftin of centralized DEA
model in capital budgeting in ports was studied.

Using DEA and SFA, performance of 25 major Braniliarminal ports in 2009
was analyzed. The results showed that due to ggpwoonomic prosperit
and lack of investment in capacity expansion, teahihas limitations in
capacity.

Standard DEA and Super-efficiency DEA were appliedassess technical
efficiency of major sea ports in south east Eurggggon. The results showed
average efficiency score is less than 0.5 whiclicatds weakness in both
management and scale.

Based on panel data, operational efficiency of tesimports in China was
evaluated from 2003 to 2007. Effects of domestieif;m ownership and
domestic/foreign competition on performance weralyed. Domestic and
foreign competition has positive effects on effimg.

Using two-stage network DEA model, performance @fBrazilian ports in
2011 was analyzed. The results showed that pratitiz have positive effects
on physical infrastructure efficiency.

Based on data of 27 Spanish ports during 2000-20@7using Dynamic cost
DEA model, efficiency of the ports were obtainedeTresults of Dynamic
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De Oliveira and

Cariou (2015)

Wanke and

Barros (2015)

Nguyen et al.
(2016)

Wanke and

Barros (2016)

Cheon et al.

(2017)

Mousavizadeh
and Khalili-
Damghani
(2017)

Chang et al.
(2018)

model were compared by static model. This analyzewed static model
exaggerates about cost inefficiency.

Impacts of competition degree and levels of contipation efficiency of 200
container ports during 2007-2010 were studied. &egdi competition has
inverse impact on efficiency while the impacts aédl and global competition
are unclear.

Using two-stage DEA model, efficiency scores of B¥azilian ports in 2011
were obtained. This study showed privatization @#fehysical infrastructures
efficiency positively.

Considering data of 43 Vietnamese ports, results stdndard DEA,
bootstrapped DEA and SFA about performance of partse compared. The
results showed outputs of all used models are hielgithough there is a
significant difference between obtained valuesaahemodel.

Different DEA models were used to analyze perforoeanf 27 major Brazilian
ports during 2007-2011. This study showed thatethera lack of capacity in
Brazilian ports. Also performance of ports can im@rioved by participation of
private sector and improving infrastructures.

Relationship between environmental and economidopeance of 10 top
American ports in 2004 was studied. Improvementsphysical assets,
organizational collaboration and performance maimntp are key factors for
improving both aspect of performance.

Using DEA and artificial neural and based on ddtalolranian main ports in
2005, 2010 and 2015, the efficiency scores weraingd. The results showed
that when number of DMUs are low and number of is@und outputs are high,
presented method have more discrimination power skendard DEA model.
Using non-radial SBM DEA models and panel data fra®@0 to 2011, the
effects of emission control areas on the efficien€yports in the European
Union and North America have been analyzed.

Table5.4.1. Inputs and outputs across DEA and railway trartagion literature.

Labour inputs

Labour; Employees; Average annual number of emgleye

Capital inputs

Total expenses and construction budget; Gross natimcome per capita;
Capital; Operating expenditure; Repair and maimeaaexpenditure; Total
annual costs of operation;

Environmental

Station catchment area population; Fuel; Populal&msity;

and energy

inputs

Facilities Passenger cars; Freight wagons; Passenger coabbs;routes km; Total
locomotives; Number of platforms; percentage obtigh lines; Total number of
cargo cars; Number of containers; Number of yardiggents; Number of
handling terminals; Total number of traction vebg;lMaterials; Fleet capacity;
No. of rolling stock; Locomotives; Track; Freighars; Engines; Equipment;
Gradient; Railcars/EMUsTotal Length of main line; Length of platform; Way
and structures;

Other Number of passenger entries and exists; Numbeasgenger interchanges; Job

production opportunities in the catchment area; Number ofntrstiops; Transportation

inputs density;

Operational Track capacity; Car-miles of shipment of goods;seager services; Freight

Outputs services; Train Km; Passenger train-kms; Freigaintkms; Passenger-kms;

Ton-kms; Passenger kilometers per annum; Car kierseper annum;
Externalities on surrounding communities; Totalgcaton transported; Total
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Cargo ton per kilometers transported; Number o tstops; Railway density;

Financial Average salary growth; Passenger revenue; Fregyleinue; Revenue ton-mile;
outputs Annual total revenues earned;

Environmental Passenger journeys per annum; Accident; fo®railway; Dust;

and safety

outputs

Table 5.4.2. Most cited papers related to DEA applications ilway TSs.

Article Citation Value Article Citation Value
Coelli and Perelman 278 Growitsch and Wetzel (2009a) 46
(1999a)

Yu and Lin (2008b) 160 Chapin and Schmidt (1999) 45
Azadeh et al. (2008) 101 Hilmola (2007) 45

Yu (2008a) 79 Cowie (1999a) 44
Mohajeri and Amin (2010) 47 Martin and Reggiani (2007) 43
Graham (2008) 46 George and Rangarai (2008) 34
Table5.4.3. A review of selected papers from DEA and railways Tigrature.

Ref, Summary of study

Cowie and By considering data of published papers in railwg@yeductivity analysis
Riddington during1983-1989, railways were reevaluated by usDiA. The results
(1996) showed that management affects railways efficiestiyngly.

Chapin and Using panel data of class | railway companiescificy of railway companies

Schmidt (1999) after deregulation was studied. Analyzing the itassihowed that deregulation
affects efficiency scores but merger has not siganit impacts.

Coelli and Efficiency of European railways was surveyed andly@ed based on data of
Perelman 17 companies during 1988-1993.
(1999b)

Cowie (1999b) Technical efficiency for public and private ownépsin railway industry was
investigated by considering Swiss private railwagtsrs as a case study. Data
of 57 small railways including 43 public sectordd¥ private sectors were
considered in 1990. The results showed that prigatéor have a remarkably
high level of managerial, organizational and tecahperformance than public
sectors.

Mbangala Using standard DEA and MI, performance of railwaysub-Saharan Africa

Mapapa (2004) was analyzed. Due to weaknesses in using of ressurc production and
productivity, most of under study railways are fitdéént by average efficiency
score of %77.

Lan and Lin For evaluating technical performance of railway ,TSservice level,
(2005) productivity and sale capability growths, four-gdgEA models were used. In

this assessing, environmental factors were coraidddata was related to 44
railways around the world during 1995-2001.

Hilmola (2007) By considering railways data of 31 European coastduring 1980-2003 and
using DEA, efficiency of freight railway transpaiitsn was studied. Effective
factors on demand and efficiency were identifiethe Tresults showed that
countries that have a high level of performancéhian 80s, without exception,
have compromising performance. Estonia and Littaanas the highest
efficiency level.
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Yu and Lin
(2008a)

Yu (2008a)

Graham (2008)

Jain et al. (2008)

Growitsch and

Wetzel (2009b)

Mohajeri and
Amin (2010)

Jitsuzumi and
Nakamura

(2010)
Hilmola (2011)

Shi et al. (2011)

Kim et al.

(2011)

Correa (2012)

Kutlar et al.

(2013)

Noroozzadeh
and Sadjadi

To estimate technical efficiency of freight and gggger, service productivity
and technical productivity of 20 selected railwags2002, a multi-activity

network DEA model was used. The results showed th&tined values in
different criteria were significantly different.

Network DEA and traditional DEA model were applital assess technical
efficiency, service and technical effectiveness40fglobal railways in 2002.
Although obtained values of two used models wefferdint but there were no
significant difference in their ranking. Generatigtwork DEA offers better
insights about resource inefficiency.

Using DEA and total factor productivity, productiviand efficiency of urban
railways were studied. This article considered @&#®9 urban railways around
the world including underground, light rail, andbstban rail during 1995-
1996. The results showed that although obtainedegabf two used models
were different but there were not any significaiffiedence in ranking.

Effects of governmental development models on perdmce of 15 urban
railway systems around the world were investigatedng1992-2002. Among
all governmental models, privatization has diread gositive effects on
efficiency.

Based on a data set of 54 railways in 27 Europeantdes from 2000 to 2004,
using DEA super-efficiency bootstrapping modeleef§ of vertical integration
on railways performance were analyzed.

By combining DEA and analytical hierarchy procesajn stations selection
problem in Mashhad was studied. The results shaivatl obtained weights
from AHP can be useful for identifying optimal Idican of stations as DEA
outputs.

Based on data of 53 railway companies in Tokyo, dtyuand Kinki regions
during 1998-2003, inefficiency resource were idexdi Also optimal level of
government’s subsidies is calculated.

Using DEA and data of 2000-2004, the impact of gaphical location of
countries on efficiency of railway transportatia studied. Super efficiency
model was applied for performance assessing aftftedind passenger railway
transportation.

Economical evaluating of productivity growth andahgical efficiency of 7
class | American railroads during 2002-2007 waseyed. Ml and sequential
DEA models were used. Effective factors on produtgtigrowth in recent
years were identified and useful information pragabfor policy making.

In this article, modal shift of TSs to railway teportation, as an Eco-friendly
system, was studied in Korea. By surveying freigtitvay transportation and
local freight railway transportation features, deraative plan is provided for
green logistics.

Based on data of microeconomic and DEA, land fiteigbs including trucking
and railway transportation were evaluated. Oveddliciency for railway
transportation was more than road transportatificieficy.

Performance of 31 rail companies around the wodd analyzed during 2000-
2009, by using DEA and Tobit regression. Selectedpanies were doing both
freight and passenger transportation. The resalbsved number of efficient
DMUs have increased during the time.

Considering safety factors and data of 25 Europaimays in 2008, efficiency
scores were obtained. Number of accidents was deresl as undesirable
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(2013)

Bhanot and

Singh (2014)

Rayeni and
Saljooghi (2014)

Tavassoli et al.

(2015)

Liu et al. (2016)

Azadeh et al.

(2016a)

Sameni et al.

(2016)

Liu et al. (2017)

Zhou and Hu
(2017)

Djordjevi¢ et al.
(2018)

outputs. Most inefficient DMUs converted to effisteones by considering
safety factors.

Indexes of business performance of container rgiltk@nsportation in India,

were investigated based on data of three majovaigicompanies during 1995-
2011. The results showed that efficiency of prive¢etor is less than other
sector.

Based on a panel data related to Iranian railwapsnf1977 to 2010,
performance of each DMU was evaluated using crtigsemcy measures.

A novel network DEA model was presented to evalysgormance of 13
Iranian railways in 2012. Presented model measuresrall efficiency,
technical efficiency of freight and passenger tpam&ation, service
effectiveness and technical effectiveness, simatiasly.

Energy-environmental efficiency of road and railsTi® 30 provenances was
analyzed using non-radial DEA model in China. Tlesufts showed that
railway TSs have better performance in both enargy environmental aspects
compared to road transportation.

Using DEA and resilience engineering factors (RHEhran—Karaj Electrified
Railway system was studied. The results showed lijatonsidering REF,
number of efficient DMUs will be increase. Group rkiog has the highest
effect on increasing railway systems efficiency.

Technical efficiency of 96 most busy passengeriostat of railways in
Britannia in 2008 was studied, by using a noveéssing and ranking method.
According to presented method, trains stops aiosttwith limited capacity
could be managed.

Based on data of highway and railway TSs in 30 @nawnces of China during
2009-2012, overall environmental efficiency of lardhnsportation, rail

transportation and highway transportation were iobth Parallel SBM DEA

model was used for this study. The results showwitanmental efficiency in

east areas is higher than central and west ardss.p&rformance of railway
TSs is better than highway TSs.

Using two-stage network DEA model and considerimglasirable outputs,
sustainable development of Chinese railway TSs stadied during 2002-
2013. This article surveyed the railway TSs in epit, social and
environmental aspects. The results showed thatisasility in east area is
much more than center and west area.

Non-radial DEA model was used to survey safetyadivay level crossings in
European countries from 2010 to 2012 and in 20k&ifable and undesirable
outputs have been considered in this study.

Table 5.5.1. Inputs and outputs across the DEA and environmeistles of transportation

literature.
Labour inputs  Number of full time employees; labor hours; Civilizansport employment;
Capital inputs Costs of Pavement maintenance; Costs of Preveatataintenance; Costs of

Major drainage; Costs of thin asphalt; Maintenaobigp seals; Costs of Seal
widening; Costs of area-wide pavement; Costs of eR@nt smoothing;
Operational costd;and take by road infrastructure;

Environmental
and energy
inputs

Population; Fuel consumptio@0, emissions; Coal; Gasoline; Kerosene; Diesel
oil; Electricity; Environmental Difficulty;
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Facilities Runway area; Apron area; Terminal area; Robitenber of aircraft; Highway
Mileage; Passenger Sea¥ehicle seats;

Other Vehicle-Kilometer (VKM) traveled by private mode KW traveled by transit;

production VKM traveled by truck; Ton-Kilometer traveled byutk; Vehicle Kilometers

inputs Travelled;Modal share by transiBroportion of Urban to Rural Road®putine
MaintenanceResealing in kilometer&ehabilitation in kilometers;

Operational Movements; Passengers; Passenger-miles; VehiogsimiBmooth Travel

Outputs Exposure; Surface Condition Index; Modal sharerapdit; Vehicle-Kilometer
(VKM) traveled by private mode; VKM traveled by msit; VKM traveled by
truck; Ton-Kilometer traveled by truck;

Financial Value-Added; Gross product; Passenger Turnover idejuFreight Turnover

outputs Volume; Gross value added from transport;

Environmental CO, emissions; Alternative energy; Emissions; Aircrafbise; Vehicles

and safety
outputs

recycling; Tires recycling;

Table5.5.2. Most cited papers related to DEA and environmeistales of TSs.

Article Citation Value Article Citation Value
Chang et al. (2013b) 112 Curi et al. (2011) 52
Sheth et al. (2007) 75 Zhang and Wei (2015) 45
Yu (2004) 73 Zhou et al. (2013) 41
Zhang et al. (2015) 69 Ramanathan (2005) 37
Chang et al. (2014) 63 McMullen and Noh (2007) 30

Table 5.5.3. A review of selected papers across the DEA andremwiental issues of TSs

literature.

Ref.

Summary of study

Yu (2004)

Ramanathan

(2005)

McMullen
and Noh

(2007)

Rouse and
Chiu (2009)

Shiau and

Jhang
2010

E

Su and
Rogers

Based on data of 14 domestic airports in Taiwamdut994-2000 and considering
undesirable outputs and environmental factorscieficy was studied. Results
showed that airports can improve their performamc®ptimal using of resources
and they don't need to develop their equipment.

Energy efficiency and emissions in railway and rd&s in India has been studied
based on data of 1980-1994. Results showed tRab@ of land transportation is
railway transportation, %35 of energy consumptidgiharecrease.

Based on data of 2000 and considering environmdatdbrs, efficiency of 43
American bus transit agencies was evaluated. Whemoamental factor have not
been considered, only 5 agencies are efficienwiout considering these factors
22 agencies are efficient. Private agencies hadryggrformance.

Based on data of 73 Territorial Local AuthoritiesNew Zealand and time period
1994-2003, repair and maintenance of local roadsghways have been studied.
Quantity, quality, cost and environmental critefdga efficiency, productivity and
economic performance of each DMU have been coresider

Sustainability of transportations systems in Taivikas evaluated by using DEA
and rough set theory. This study considered datanfgeto 1993-2007. Cost
efficiency, cost effectiveness, service effectiveneservice reduction and service
impact are considered as five sustainability indica Results showed that cost
efficiency and service reduction are the most éffedactors on sustainability.
Considering economic and environmental factorsicieficy of TSs in OECD
countries was analyzed. Data of 2000, 2005 and 2@6¥ used for this research.

-56 -



(2012)

Zhou et al.

(2013)

Chang et al.
(2013hb)

Wu et al.
(2013)

Chang et al.
(2014)

Bi et al.

(2014)
Zhang et al.
(2015)

Zhang and
Wei (2015)

Song et al.
(2016)

Wu et al.

(2016b)

Liu et al.

(2016)

Wang and
He (2017)

Liu et al.

(2017)

The results indicate a strong relationship betweeonomic efficiency and
environmental performance.

Based on data of 30 Chinese administrative regidnsng 2004-2010 and
considering undesirable outputs, performance ohspartation sectors was
evaluated. East region had better performance,ewniidesirable outputs were
considered. But by considering desirable and uralgsi outputs simultaneously,
efficiency of central region was higher than otteggions.

Using non-radial DEA model with SBM and data of @@vinces in mainland of
china in 2010, environmental efficiency of trangption sector was studied.
Results showed most of provinces had weak enviratahefficiency scores (lees
than %50)

Technical efficiency of 12 Chinese and non-Chinasports during 2006-2010
were evaluated. Salary level has positive impacbperational efficiency while
international focus has negative impact.

Economic and environmental efficiency of 27 aifinaround the world were
analyzed in 2010. Asian airports were identifiedrmst efficient DMUs. Weakness
in fuel consumption was recognized as the maineabtisefficiency.

Based on data of 30 provinces in mainland of cldoeng 2006-2010, energy
consumption and environmental efficiency of tramtgtn industry was analyzed.
Dynamic trend of C@emission of TSs in 30 provinces in mainland ohehirom
2002 to 2010 was studied by MI. The results shoat theakness in technology
leads to weak environmental performance in trarigfon industry.

A dynamic analyze have been done on carbon emisgidiss in 30 provinces in
mainland of china from 2000 to 2012. Applying nexehinologies leads to better
performance in environmental aspect.

Using super efficiency SBM and window DEA modelsstainable development,
energy consumption and environmental efficiencyd@fprovinces in mainland of
china from 2011 to 2012, were studied. For imprguime performance, surplus and
slacks values were identified.

Considering data of 30 provinces in mainland ofnehin 2012, environmental
performance and energy consumption of TSs wereauatead. Parallel DEA model
was used for analyzing the sustainable developnidaost of DMUs had weak
efficiency scores. East areas have better perfaean

The non-radial DEA model and window analysis weppliad to studying energy
and environmental efficiency in rail and road tg@orsation in 30 provinces in
china from 1998 to 2012. Using Tobit regressionfluancing factors on
productivity are investigated. East areas had befierformance in road
transportation, while in railway transportation waseas were better.

This study proposed a directional distance functimodel for evaluating
productivity, economical efficiency and G@missions efficiency. The proposed
model was used for evaluating Chinese TSs duri@y-2012. The results showed
that economic performance is far greater than enwental performance.
Considering data of 30 provinces in china from 28602012 and using parallel
SBM model, a time/region analysis of Chinese TSs p@vided. Environmental
factors were considered. Results showed that @astegions have better
performance compared to other areas and rail toatajopn have better
performance compared to road transportation.

Table5.6.1. Inputs and outputs across DEA applications in ofifsgrsportation problems.

Inputs

Vehicles; Employees; Fuel; Fleet; Workhorse; Pagsekilometers; Numbers of
buses operated; effective driving hours; Equipm€ast; Transfer area; Operating
expense; Number of staff in terminal; Capacity ofBInfrastructure cost; Travel
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Demand;

Outputs Vehicle kms; Seat kms; Passenger km; Total noeafss Revenue vehicle; Level-
of-service score; Timeliness-of-response scorensfea safety; Average transfer
time; Average Speed; Average Delay; Accidents;

Table 5.6.2. Most cited papers related to DEA applications imeotiransportation problems.

Article Citation Value Article Citation Value
Kerstens (1996) 102 Jafari Songhori et al. (2011) 46
Cowie and Asenova (1999) 85 Lin et al. (2008) 46
Costa and Markellos (1997) 83 Odeck (2008) 43
Boame (2004) 77 Karlaftis (2003) 41
Odeck and Alkadi (2001) 65 Zhao et al. (2011) 38

Table5.6.3. A review of selected papers across DEA applicatiarother transportation problems.

Ref. Summary of study

Kerstens (1996) Based on data of 54 urban transit companies inceraachnical efficiency
was obtained and analyzed in 1990. The results ethadlat subsides have
negative effects on efficiency.

Costa and Using data of London subway from 1970 to 1994 cadficy of public TSs
Markellos (1997) was evaluated.
Cowie and Effect of privatization on British bus industry wagaluated using DEA. Data

Asenova (1999) of 1995-96 was used. Private companies have higieciency. Small
companies have an increasing efficiency trend.

Odeck and Alkadi Data of 47 bus transit companies, which receivesigiytfrom the government

(2001) was used for evaluating Norwegian bus transit systen 1994. Effects of
ownership form and operation region on efficiengores were studied.
Ownership form has not any direct effects on edficiy.

Boame (2004) Using bootstrap DEA model and based on data ofeBfcted systems during
1990-1998, technical efficiency of urban transistsyns in Canada was
obtained. An increasing efficiency trend was obsdnEfficiency mean was
%78.

Odeck (2006) Effective factors on operational efficiency of Nagvan bus transit industries
were studied. Data of 33 companies in 1994 was. udigth operational costs
are one of the main inefficiency reasons. Ownerfdnm has not any effect.

Odeck (2008) Considering data of 17 companies in pre-mergerodefl995-1998) and 10
companies in post-merger period (1999-2002), thecefof mergers on
Norwegian bus transit industries, was studied. bgrgas positive effect.

Sun et al. (2010) Transportation efficiency of urban public transitmhinals based on data of 10
urban terminals in Beijing in 2008 was studied.eRttl opportunities for
improving performance were identified.

Zhao et al. (2011) Network DEA model used for demand management imstrartation
networks. This study has surveyed transportatiotwaerls from service
providers, users and society perspectives. Reshitsved that improving
efficiency of nodes can lead to high efficiencyngtwork.

Chen et al. (2012) Using integer DEA model, considering safety recaadd data during 1994-
2009, operational efficiency of Kaohsiung city lsystems was evaluated.

Behnood et al. Road safety performance in 30 Iranian provincegdbam data of the years

(2014) 2008-2009 was studied. Indicators that cause wmieffcy in the performance
of each province have been identified, then songgestions provided for
improvement.

Guo et al. (2015) Investment efficiency in transportation projectsswanalyzed. 13 selected
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Sun et al. (2016)

Wei et al. (2017)

projects were analyzed from technological efficienpure technological
efficiency and scale efficiency perspectives.

Using AHP and super-efficiency model and based t$ data, 18 bus transit
lines in Shenzhen were evaluated. This study aedlyficiency scores in
view of transit planning, operation and qualitysefvice

By combining DEA, Geographic Information Systemdamulti-objective
spatial optimization, a new approach has been dpeelfor evaluating public
transit services for operational efficiency and esscequity. The proposed
approach has been applied to public transit sesvo€&Vasatch Front, Utah.
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