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Abstract—Intelligent transport systems (ITS) have at their core
technological systems that work together to improve transporta-
tion performance. However, this performance becomes uncertain
when the technologies themselves are scrutinized alongside the
benefit they deliver. This paper reviews the background theory, is-
sues, and gaps concerning the assessment of performance for ITS,
as well as a review of frameworks proposed by various authors
in the field. This paper provides an original contribution through
1) identifying twelve evaluation framework requirements, 2) pro-
posing corresponding solutions to business, and 3) the introduction
of four key performance areas for ITS. The key requirements
of ITS from the literature include improved geographical focus,
reducing conflicting stakeholder involvement, and consolidating
elements of ITS that are currently calculated in isolation. Current
indicators are biased toward economic benefit. The definition of
four key performance areas are Adaptability, Sustainability, Stan-
dardization, and Data Management. To conclude, the introduction
of technology requires a paradigm shift, in terms of reorganization
and realignment of the scope of conventional transport system
evaluation. This is needed, in order to maintain accuracy and more
fully capture performance aspects when appraising ITS.

Index Terms—Economic factors, environmental impact assess-
ment, intelligent transport systems (ITS), social factors, sustain-
ability, transport appraisal.

I. INTRODUCTION

T RANSPORTATION performance covers a wide variety of
characteristics such as traffic throughput, environmental,

social, and economic issues. The introduction of intelligent
transport system (ITS) schemes on the highway has increased
complexity by also introducing sociotechnical sources of uncer-
tainty as a result of the use of information and communications
technology (ICT) and the need to manage and store data assets.
We refer to sociotechnical systems as the feedback relationships
between the road users and the technology. In this paper, so-
ciotechnical sources include sources of uncertainty arising from
the interrelations between road users and the technology. This
covers a large number of different and sometimes conflicting
data. Uncertainty also exists in estimating the full range of
emissions arising from ITS projects, due to the construction of
gantries and technological hardware on the roadside. These new
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factors require a review of the definition of transport systems
performance and a reorganization and introduction of the key
criteria that are used to assess transport schemes.

This paper discusses the evaluation issues in ITS projects,
in order to determine the problem rationale. The framework
requirements are then outlined, which drive the possible so-
lutions. This paper then defines four key performance cor-
nerstones, which aim to provide a skeletal framework for the
development of performance criteria. The outcome of this
review is intended to stimulate the debate around development
of a unified official framework, which can be used to better
track the performance of ITS schemes regardless of config-
uration. A secondary outcome will be the ability to identify
potential improvements in the technologies themselves, where
performance suggests that improvement is needed, and suggest
potential solutions to business.

II. EVALUATION ISSUES IN ITS PROJECTS

This section explores the literature on the current evaluation
processes (ex-ante and ex-post) and performance monitoring of
ITS projects.

A. Factors in Implementation

Limited historical data exists in order to assess whether
certain ITS projects are successful [1]. Certain ITS impacts
(according to Newman-Askins et al. [2]) are of a qualitative
nature (such as driver comfort) and problematic to quantify.
In addition, limited work has been carried out to explore
the relational attributes of ITS projects and their associated
impacts, making it difficult to transfer the results in space or
time. ITS evaluation should ideally be undertaken to the same
degree of rigor as that for conventional transport projects. The
most common type of evaluation in ITS projects are currently
nonrandomized controlled study designs, with the most popular
being the controlled before and after study. These studies
are used largely by road network operators for conventional
network solutions, such as building another road, in order to
illustrate perceived benefits of the ITS intervention [3]. An ap-
propriate framework must be created, in order to integrate ITS
evaluation methods into the existing transport planning method-
ology [4]. The implementation process for an ITS system is
affected dynamically by different actors [5]. Three actor groups
(users, manufacturers, and authority) determine the dynamics
of implementation. The road user plays a role in initiating
consumer demand through to accepting the service, depending
on the role the service is intended to provide. We refer to
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Fig. 1. Actors affecting implementation (source: Bekiaris et al. [5]).

authorities such as the standard bodies and legal enforcement
agencies such as the police and government.

The second group of actors includes vehicle and system
manufacturers. They possess the highest level of knowledge on
technological competence of the proposed systems. However,
product research and development is partially dictated by the
end users’ needs and whether they are willing to pay for the
new service. Manufacturers are dependent upon legislation and
are bound by specific rules and regulations. The third group of
actors includes the authorities (such as the standard bodies and
legal enforcement agencies such as the police and government),
legislation, and administrative practices. Their goal is to protect
the welfare of users and higher level objectives. They therefore
review new system implementations and the overall impact
that the new technologies will have upon society (users and
nonusers) as well as make sure that their policy operates within
legal boundaries. User opinions may direct the implementation
of the service. Fig. 1 illustrates the actors affecting the final
implementation process.

Grant-Muller and Usher [6] developed a propensity model
to determine whether ITS services provided environmental and
economic benefits. First, underlying drivers and a synthesis
of empirical evidence was applied to determine whether such
systems can be developed. Second, modeling was used to deter-
mine whether policy priorities among national and international
stakeholders reflect a propensity for ITS deployment in order to
yield those benefits. The results indicated that ITS, in general,
can variably reduce the carbon intensity of negotiating distance
(refer to article for detailed results). However, the evidence
base concerning the real-life environmental and climate change
related impacts of ITS systems is not yet at the required level
of detail or routinely and rigorously collected to fully support
investment and related policy decisions. Future challenges in-
cluded an acknowledgement of the enduring strategic priority
of both economic and environmental sustainability, particularly
in the post economic recession. Coherent cross-sectoral policies
are needed at the national (and where appropriate, international)
level, which allow full evaluation of ICT-related measures that
impact beyond the transport sector. The research also concluded
that a governance structure is needed that is sufficiently flexible
to support financial investment and maintenance that may vary
in scale between different types and configurations of ITS. The

findings reveal a need for a better understanding of ITS benefits.
Communicating cross-sectoral synergies, in terms of benefits
and solutions, is also a necessary element to this.

B. Quantifying ITS Benefits

Social, economic, and environmental impacts are unpre-
dictable; therefore, their risks and costs are difficult to envisage.
Some authors [7]–[10] have attempted to measure the influ-
ence of ITS through simulation (including virtual reality/virtual
environment tools). However, other authors [11], [12] have
attempted to utilize existing transport appraisal tools, such
as cost-benefit analysis (CBA), to determine the impacts of
ITS. The disadvantage of applying CBA to the environmental
elements specific to ITS is that the discount rate that is applied
to tangible assets also applies to the impact of emissions. En-
vironmental impacts should be assessed separately, regardless
of timeframe [13]. Others have measured ITS performance
using three different approaches, including delay cost, fuel
cost, and emission modules. The influences, according to Thill
et al. [14], were measured before and after the system. From
an ICT perspective, ICT project selection is based upon an
evaluation of qualitative and quantitative objective measures
such as business goals, benefits, project risks, and resource
allocation [15]. These measures illustrate a direct parallel, when
attempting to select viable ITS projects. The research in ICT
project evaluation is significant, but made more difficult due to
socioenvironmental priorities.

C. Proposed ITS Evaluation Methodologies

The current literature proposes various solutions for measur-
ing ITS impacts and suggests that the evaluation process for
ITS projects should differ from the methods used for traditional
road projects. Newman-Askins et al. [2] argued that the cause-
and-effect relationships between service components are more
complex than measuring components in isolation. The most im-
portant criteria for an effective ITS methodology are described
as follows:

1) The evaluation should be transparent and allow for simple
updating of impact parameters.

2) The methodology should provide an accurate output and
should be objective, i.e., without bias.

3) The methodology should allow a comparison between
the evaluation results for ITS schemes and those for
conventional transport projects.

4) Evaluation should include rigorous sensitivity testing and
not apply false precision to the estimated impacts.

5) It should consider the combined effect of implementing
various combinations of ITS.

6) The methodology should avoid the double counting of
benefits.

7) The base and project cases studied should be based on the
same operational conditions.

8) The evaluation should account for feedback effects (e.g.,
latent demand from increased highway capacity).

9) The approach should be a dynamic one and compre-
hensive of a collection of ITS technologies working in
concert (a system).
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Several of these criteria also apply to the evaluation of
conventional projects. An ITS evaluation methodology must be
capable of evaluating the impacts of individual components of
the project as well as the impacts of various combinations of
components. For this reason, an ITS evaluation methodology
must be more sensitive and detailed than existing evaluation
models, due to the relational dynamics of the ICT equipment,
the road user, and the vehicles. It is important to note that the
ITS service implementation is not just represented in a singular
location but that it may span multiple geographical areas. For
example, an asynchronous transfer mode infrastructure is con-
trolled from a traffic control center (TCC), which may be based
at some distance from the highway itself. It can then be argued
that an environmental and socioeconomic analysis should take
into account the energy requirements of the datacenter residing
in the TCC, as well as the effects of the ITS scheme on vehicle
emissions. This is a fundamental aspect of ITS appraisal, i.e.,
that the assessment of ITS should be performed at the system
level, regardless of geographical location.

When selecting an appropriate evaluation method for ITS
projects, it is important that a balance exists between complex-
ity and cost of evaluation, as well as the cost of the project
itself. One of the main barriers to performing a successful ITS
evaluation is the lack of historical data. Very few exist due to
the evolving nature of ITS projects and differences between
technologies [2]. Their work suggested that ITS projects are
merely enhancements to increase efficiency to the network and
it may not be necessary to anticipate a full economic analysis.
When forecasting future technologies, the economic analysis
should be performed at the system level, taking into account
additional vehicle costs, ICT and roadside infrastructure, and
the energy consumption of the service. It is therefore prefer-
able to analyze the environmental and socioeconomic benefits
using conventional appraisal methods, such as CBA, cost-
effectiveness analysis, multicriteria analysis, and lifecycle as-
sessment, although environmental aspects should be accounted
separately from other benefits. This is a critical factor in the
creation of an ITS performance framework. As an example,
He et al. [1] proposed an ITS evaluation framework for measur-
ing the advantages of an urban ITS management and command
system in the city of Beijing. First, the most important indexes
are chosen to compare traffic systems performance ex-ante and
ex-post for the ITS project to be implemented. According [1],
indexes can be obtained from official sources early, and they can
also illustrate the advantages of ITS implementation. In their
research on the enhancement of traffic capacity, the economy
of human resources and the reduction of traffic accidents are
indexes of ITS performance. Since the units of these indexes are
very different in terms of values, they cannot be easily imple-
mented as a whole. Therefore, they recommend that the indexes
should be turned into economic advantages. For example, the
enhancement of traffic capacity will arguably allow the saving
of cost in road construction, traffic congestion, and pollution
control. This is currently a major issue not only in ITS but also
in transport economic evaluation, as multiple data types must
be converted to an economic value in order for the evaluation
to be relevant. Any proposed framework has to be developed
in a way that could combine data with different values, and

this is one of the main priorities in developing ITS performance
metrics.

The application of ITS will arguably save the cost of law en-
forcement and emergency services. Traffic accidents are expect
to decrease due to the use of an intelligent traffic management
system. Finally, the reduction of traffic collisions is likely to
mitigate direct economic loss and reduce the fatality rate. ITS
social and economic benefits can be calculated through the
accumulation of economic benefits within the indexes. A closer
analysis of the framework may take into account the levels of
pollution. However, it is still quite ambiguous. It ignores the
direct energy usage of the infrastructure and instead focuses
primarily on economic benefits; neither does it take into account
the energy requirements of the datacenter that communicates
with the electronic equipment. A common argument with ex-
isting ITS performance frameworks is that they only cater for
specific technologies in unique circumstances. They do not
support continuous evaluation and service improvement of an
ITS service’s compatibility toward a low-carbon environment
and, as a result, give no indication of the expected environ-
mental benefits. As part of the FP7 EU project CONDUITS,
Kaparias et al. [16] and Eden et al. [17] proposed a framework
for urban traffic management and ITS. Key performance in-
dicators were developed, focusing on traffic efficiency, safety,
pollution reduction, and social inclusion. The final stages of
the project saw the validation of the framework through an
application to four case studies. The framework also supports
forecasting through the implementation of various policies and
technologies, enabling transport authorities to evaluate them
before making a decision. However, the same weaknesses arise,
such as a high level of ambiguity in the total emissions of the
ITS scheme, a lack of analysis of energy emissions, and finally
no assessment of the embedded emissions.

D. Green ICT Policy

ITS performance evaluation should incorporate the emissions
and energy consumption of the ICT architecture connected to
the schemes. While it is important for the transport system
(including roadside infrastructure and eventually vehicles) to be
enhanced by measures implemented in order to achieve a low-
carbon vision, it is also necessary to measure and maintain a
carbon-neutral data management system [18]–[21]. According
to Shah et al. [22], the future market for green IT services will
exceed three billion pounds by the end of 2013. The use of
ICT within intelligent transport provides an integral platform
to implement and maintain advanced traffic services. ICT in-
frastructure that is directly involved in maintaining ITS must
also be environmentally balanced [23]. For example, variable
message signs and other infrastructure used by ATM are con-
trolled via a regional TCC through data linkage. A datacenter
is used to store control systems, which in turn requires energy
to operate, and must therefore be taken into account to ensure
the emission estimate is accurate. An ICT “greening” plan has
been developed by the U.K. government, in order to address
these issues [24]. According to the Cabinet Office [18], it was
proposed that, by 2012, the use of ICT by the Government’s
Central Office Estate will become carbon neutral. Since the
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U.K. has an overall target to reduce greenhouse gases (GHGs)
by 26% or more by 2020 and 80% by 2050, it is essential
to ensure that all elements that contribute to climate change
are accounted for. Other countries also possess similar targets,
which need to be achieved. The U.K. Government recently
created a Director General level post of Chief Sustainability
Officer. Governmental objectives now include performance in-
dicators for achievements against Sustainable Operations on
the Government Estate (SOGE) targets. It is hoped that, by
2020, the government will aim to achieve a carbon-neutral ICT
lifecycle.

ICT is perceived by Crooks et al. [25] as a main source
of providing organizational efficiency and can directly enable
mass reduction in carbon offsetting by increasing performance
in decision-making and resource management. According to
Feng et al. [26] and Crooks et al. [25], energy consumption
from datacenters is argued to be at least or greater than the
carbon footprint from the aircraft industry (800 t or roughly
2% of global emissions). In relation to ITS, the methods and
approaches proposed by the British Computing Society and
similar agencies are equally important in determining how
energy-efficient current and future transport systems will be-
come. A model is introduced, which analyzes the energy output
of a vehicular network using the geographical adaptive fidelity
management protocol. The overall goal of their research was
to provide a model for a software utility, which would control
the energy consumption of vehicular networks. Since the net-
works are ad hoc, certain transceivers (estimated to be between
25 and 40 mAh) that are not connected to the vehicles must be
placed within the infrastructure. They require their own power
supply to function, which will increase the level of energy
required. The Committee for Climate Change [27] predicted
that climate levels will have peaked by 2016 but should begin
to fall based upon the distribution and implementation of new
technologies.

III. FRAMEWORK REQUIREMENTS

A. Level of Focus

It is apparent that current ITS appraisal frameworks only
assess services based upon a single location rather than the
whole system. They do not take into account components that
are located off the physical road space. For example, in the U.K.
when assessing the contribution of emission savings of ATM,
the Highways Agency did not, apparently, take into account
the emissions of the datacenter used to control the roadside
infrastructure [28]. Assessing performance at the system level
(taking into account that all services that are linked to the
ITS scheme rather than focusing on a single geographical
area) would allow the contribution of emissions and energy
consumption to be more accurately reflected in the analysis of
system performance.

The review of the literature also indicates a lack of em-
phasis being placed on performance between the actors of the
ITS service. Different actors possess different and sometimes
conflicting requirements, in terms of performance, which will
affect their perspective of the system. Therefore, an analysis

of social, economic, and environmental output between the
actors (road network operator, manufacturer, etc.) will improve
estimates of performance for future ITS technologies such
as intelligent speed adaptation (ISA) and automated highway
system (AHS). This is due to each technology being configured
in a significantly different fashion, although their overall aims
are similar in terms of reducing traffic congestion and improv-
ing traffic safety. It is also difficult to assess the performance
between schemes, due to differing configurations in technology,
scale, and cost. Performance could be assessed, regardless of
differences in configurations and scope of the technologies.
The ability of transport and ICT services to operate under a
low-carbon future requires analysis from these perspectives.
As He et al. [1] highlighted, a lack of historical data when
assessing future performance of ITS requires a reliance on very
limited real-world studies. The evaluation process in the per-
formance framework should include rigorous sensitivity testing
and not apply false precision to the estimated impacts.

Finally, index values used in current appraisal frameworks
are monetary due to the difficulty arising in combining different
value types into an absolute whole. One solution is to weight
each index value with a priority value so that a combination
of different values could be normalized through a holistic per-
formance indicator. An interscheme comparison supermatrix
containing ITS performance indexes between schemes could
then be generated. When monetizing the environmental cost
savings using traditional methods, the results are inaccurate due
to use of a single discount rate applied over long time periods,
when in reality they can only assess environmental aspects in
the current timeframe when using methods such as CBA. A
proposed framework would ideally apply dual discounting for
future ITS schemes, in order to measure environmental cost
savings for periods of more than 20 years, particularly when
forecasting into the future. Table I illustrates a summary of the
key deficiencies in the ITS frameworks that currently exist, as
well as areas that have remained untouched and require further
support.

Proposed solutions are also provided in Table I by the au-
thors, which aim to stimulate debate but are recognized as just
one approach that could be applied. Fig. 2 illustrates a flowchart
of the proposed ITS appraisal solutions applied to the U.K.
transport appraisal guidance [29].

B. Environmental Issues

According to the Department of Energy and Climate Change
of Her Majesty’s Government [30], the transport sector should
contribute a saving of 19% on CO2 emissions, between 2018
and 2020, based on 2008 levels. Sentance [31] proposes that, in
the same year, there is also a possibility for carbon reduction
through improving the technical efficiency of vehicles (includ-
ing vehicle throughput and engine performance). King [32]
proposes that, by 2030, vehicle power plants will be 50% more
efficient in terms of CO2 emissions (based on 2007 levels) if
current trends are followed. According to Sentance [31] and
Eddington [33], the majority of the transport infrastructure
will be utilized for future ITS iterations and will still be
operational by 2050 (albeit through sufficient maintenance and
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TABLE I
DEFICIENCIES IN ITS PERFORMANCE EVALUATION FRAMEWORKS

restoration). However, considering one of the goals of the
research is to reduce the use of traditional infrastructure, the
cost of maintaining future infrastructure should be kept to a
minimum. This is an indication from the literature that the lim-
itations of space, maintenance costs and environmental issues
with traditional infrastructure (tarmac roads) and widening,
results in such approaches becoming unfeasible in the future.
Therefore, the performance framework should also assess the
embedded emissions of alternative and future ITS services.
According to Patey et al. [34], no studies at that time have
focused on the embedded lifecycle emissions in the construc-
tion, operation, and disposal of ITS schemes. One exception
is the work of Kolosz et al. [35], where the emissions from
ICT and infrastructure for their whole lifecycle were considered

alongside the potential gains through traffic flow efficiency. As
the majority of future emission targets are aimed at reducing
the level of CO2 to a certain degree, environmental accounting
frameworks do not accurately illustrate the contribution of the
ITS scheme to climate change. Converting GHG emissions into
global warming potentials (GWP) would increase the accuracy
in estimating the ITS schemes’ contribution to climate change.
ICT works as an enabler within ITS systems, in order to
improve the performance of the road network by improved
control and supervision. Apart from recent developments by
Kolosz et al. [35] and [36], there is very little evidence to
date of a framework designed to assess the combination of
environmental performance with the wider impacts (such as
safety and social aspects) of ITS technologies.
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Fig. 2. Flowchart of proposed ITS appraisal solution applied to U.K. transport appraisal guidance.

There is currently no standardized methodology for integrat-
ing emissions of the infrastructure, ICT, and vehicles into the
overall analysis. Further strategies are needed to integrate the
environmental lifecycle results of the ICT datacenter, vehicle
emissions, and embedded emissions of roadside infrastructure,
to provide a cross-sectional contribution of total emissions
generated from the ITS service.

C. Socio-Technical Issues

Some authors maintain that a future transport network [37]–
[39] will consist of a variety of integrated wireless commu-
nications delivering seamless real-time data to the transport

network. Transmitting these data becomes complex due to a
wide variety of data types and transmission sources [40]–[42].
In addition, these data sources need to be protected against
malicious attacks (viruses, hackers, etc.) by maintaining its
integrity [43]. To achieve this, several factors must be taken into
account:

1) What are the data types and how can the network deal
with them?

2) What are the available transmission sources and are they
accurate and efficient?

3) What measures are in place to protect the wireless net-
works from software interlopers?
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Technical performance areas, such as data management and
the level of adaptability, are not cross-referenced with envi-
ronmental and socioeconomic areas; therefore, hidden cause-
and-effect relationships may alter the performance during a
forecast of future systems. For example, wireless networks that
maintain safety-critical functions, such as maintaining vehicle
headway, may fail due to interference from the natural land-
scape. This will have a cascading effect on not only safety but
also the acceptance of the technology involved. Defining per-
formance areas and relational analysis using dynamic modeling
methodologies would allow an increased understanding of how
technical systems affect emission reduction, safety levels, and
acceptance in future ITS implementation.

D. Performance Categories

Performance management in ITS must take environmental
issues into account, in order to assist in the reduction of climate
change. Low-carbon manufacturing processes resulting in the
creation of ITS infrastructure should be in place to negate
the effects of GHG emissions and energy wastage [44], [45].
The European governments’ targets of not only reducing trans-
port but also applying pressure on providing a “green” ICT en-
ergy consumption means that maintaining a low-carbon future
is a high priority [18], [25], [26], [46]. Additional performance
measures are needed to estimate the success of carbon and
energy initiatives within ITS (transport and ICT perspectives)
in order to achieve the goals for the future. Performance in ITS
also requires a certain level of adaptability. Vehicular networks
must be able to maintain a constant connection and level
of resilience. For example, wireless networks may encounter
interference from natural landscapes (hills, mountains, etc.) and
artificial data blockades such as tunnels [47]. In addition, a
sociotechnical perspective must indicate how future ubiquitous
services will behave and perform in a way that allows road
users the guarantee of optimal safety, navigation, and origin-
destination planning [48], [49]. Indicators must be developed
to define how ITS services maintain user adoption. The per-
formance definition should focus on standardization and allow
true network compatibility across the varying technologies both
now and in the future. Network standards should be devel-
oped, which are universally compatible with infrastructure, data
types, and transmissions [40], [50], [51]. Four major areas of
performance within ITS can be mapped within the context
of environmental and socioeconomic performance, with each
possessing specific attributes, as follows:

1) Data Management and Information Complexity (IC);
2) Sustainability;
3) Standardization;
4) Adaptability.
The proposed areas represent general performance categories

for managing ITS within an interurban environment (although
they could be applied to urban-based services.) Each area
features its own performance index, and the ITS performance
management frameworks’ route to optimization (see Fig. 2) is
expressed by the “standards highway”. All performance areas
should be linked via cause and effect variables. They represent
the technical side of maintaining continual service improvement

(ITS is built from an ICT/technical infrastructure; therefore,
performance measures must be implemented objectively). They
also aim to reinforce the governance of existing and future
transport appraisal based upon governmental policy [30]. The
framework to be developed should also be compatible with
the appropriate government targets. Due to the current issues
surrounding climate change, it is necessary that any current or
future ITS-based solution must be aligned with the targets of
these bodies.

E. Solutions to Business

Accurate performance management in terms of ITS will
provide several solutions to business. First, an official stan-
dardization framework will enable successful monitoring of a
large number of information sources and sift them, presenting
the relevant facts to the transport stakeholders and enabling
the road network operators to make decisions about taking up
opportunities. As a result, businesses will be well informed
about ITS developments in the rest of the world, particularly
Europe. This will enable road network operators to exploit these
opportunities and become more integrated with Europe, thereby
improving services to travelers on the network.

Appropriate guidelines for data collection and traffic feed-
back will reduce the uncertainty in the capabilities of each
ITS technology and generate scheme comparisons, allowing
business to more accurately predict the expected performance
of technologies, potentially reducing project overheads, and
providing better decision making on which technologies should
be selected. Relational linkages between emission targets will
allow stakeholders to apply improved leverage on internal and
external emission quotas, reducing overall business losses to
emissions penalties.

The weighting of each ITS performance factor will de-
pend heavily upon the level of role and prioritization that the
stakeholder has, in terms of their relationship toward the ITS
technology. It is advisable to first apply a balanced weighting to
determine default performance before prioritizing; however, the
weights should be developed based upon a quantitative (where
a distance-to-target method could be used) and qualitative
approach (for the general opinion of the stakeholder advisory
team).

IV. PERFORMANCE MANAGEMENT FOR

ITS: A PROPOSED KPI SUITE

A. Data Management

This section discusses data management as one of the four
foundations for ITS performance evaluation. It is separated into
factors concerning IC, managing information through ITS and
some of the challenges overall.

Defining IC: Information-based complexity is defined by
Traub [52] as the study of:

“infinite-dimensional continuous problems. These are
problems where either the input or the output are elements
of infinite-dimensional spaces.”
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IC is concerned with the ability to handle various amounts
of data. Due to the ad hoc nature of vehicular networks, some
data may be hard to compute or even track because of the
unpredictability of traffic movements [54]–[56]. Meier et al.
[57] refer to IC within the context of ITS as a selection of data,
which are organized within a suitable model. With reference
to response times, the terminology reflects an IT-based data
retrieval measure. Data management was chosen as a perfor-
mance category in this paper as ad hoc vehicular networks
rely on communication via data packets, which are sent via
a vehicle or through a node point within the system (traffic
control, Global Positioning System (GPS) transmission, etc.).

Possessing the ability to measure the response time of the
network will offer significant insight into the improvement
of data retrieval [58]. Estimating IC is a low-resource (data
processing) task, which can include several variables over a
fixed period (time and space, for example). Estimating the level
of information offers significant insight into the improvement of
data retrieval [58]. IC within traditional systems uses minimal
resources due to the simplistic algorithm that is involved.
However, managing the complexity of data within a transport
network can become very difficult to maintain. Therefore,
performance measures should be developed, in order to not only
measure levels of complexity but also to assess and manage
data integrity and to reflect how it can be integrated in future
highway systems.

Managing Information Through ITS: With respect to intel-
ligent transport networks, the management of data will involve
assessing how efficient vehicular networks are at dealing with
multilayered driving information that is sent from multiple
sources to a receiver based within a vehicle. It is apparent from
the research that the majority of the data being transmitted will
be based upon localization techniques, in order to track the
vehicle as it progresses through the network. GPS receivers
are the most common example; however, the literature also
discusses sensor networks, cellular localization, and wireless
devices that operate upon a particular frequency. Boukerche
[55] refers to the limitation of existing GPS technology in that
current systems are not always available as well as the accuracy
being generally low.

Different ITS systems have been proposed based on function-
ality; however, they lack the ability to interconnect with other
systems, leaving certain data items redundant. McQueen and
McQueen [59] refer to a solution known as an ITS architecture.
This architecture is a data model, which supports multiple
layers of data that can be connected to other networks in
order to share and maintain information within repositories.
Meier et al. [57] proposed an IT Architecture known as iTran-
sIT. The architecture has the ability to utilize real-time data
in order to connect to legacy systems that are currently being
used by the network. It is noted that they use different quality-
of-service rules compared to traditional management systems.
They propose a layered data model, which can support data
modules from different systems. The data can then be processed
using filters to remove “noise” and irregularities in the informa-
tion. The various forms of communication offer varying levels
of complexity. In addition, there is a real-time data stream,
which requires an instantaneous update of information.

Zhang et al. [60] defined an ITS architecture called D2ITS,
which aimed to support the current state of ITS and to provide a
framework for future advanced services. It is supported by large
amounts of data that are collected from various resources. They
are described as systems that would allow users to interactively
utilize data resources that pertain to transportation systems,
access and employ data through more convenient and reliable
services to improve the performance of transportation systems,
and realize and extend the functions of the six fundamental
components of ITS. Examples of real-time data streams include
lane guidance and critical traffic information (to alert the driver
of any upcoming obstacles) to the more advanced technologies
such as automatic navigation and control of the car via platoon-
ing. At this point, the amount of information that is circulating
across the network is very dense; therefore, suitable measures
must be developed, in order to manage this complexity and
harness the data stream by delivering an efficient service.

Potential Issues: Zargayouna et al. [61] proposed a travel
middleware framework utilizing a set of agents, which will
minimize IC via automated message passing. The system is
referred to as a traveler information system, and the overall
objective of an agent is to receive the information relating to
the appropriate driver information at the right time. The liter-
ature in relation to vehicular ad hoc networks (VANETs) [43],
[62], [63] discusses several overheads, which may affect the
complexity of the information being sent through the network.
This includes traffic validation (i.e., the vehicles on the road)
and the protection of the network from abuse [64]–[68].

Network abuse in ICT systems includes two groups of attack,
which can also be applied to ITS systems: passive and active.
Passive is prone to “eavesdropping” when spying on data,
which may act as reference points for vehicle location; active
may include a direct impact such as denial of service and bogus
information attacks, which can scramble and rearrange data.
There are a variety of different attacks, which are grouped under
these two forms of attack. According to Parno and Perrig [62],
a denial of service is where an attacker attempts to jam all
communications, therefore blocking all critical data. Message
suppression attacks are used to confuse drivers into choosing
the wrong lane or forming a traffic jam on a section of the
road. A fabrication attack occurs when a false message is sent
to the network. The final and most malicious attack available
is the alteration attack, whose main purpose is to alter data
to suit the goal of the attacker. This type of attack can be
very serious, particularly if the data that refer the driver to an
oncoming obstacle are deceived because the vehicle may not
actually exist. Understanding the structure and flow of data
within ITS is a prerequisite to developing the correct standards,
in order to control key aspects of a VANET and other forms of
communication. How these data are secured is vital to ensure
the safety and integrity of the system [69], [70].

B. Standardization

This section discusses the current status of ITS standards
within Europe and the rest of the world. These standards are
then critically evaluated, and the research approach to the key
performance indicator (KPI) of the standards is also discussed.
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TABLE II
ITS TRAFFIC AND TECHNICAL STANDARDS

Standards Highway: Intelligent transport networks have
been implemented on the highways for a period of at least
30 years; however, there is still a significant lack of stan-
dardization within methods and approaches according to the
literature. Vehicles are not well standardized other than in
the very basic fact that most (but not all) have four wheels.
Standardization should reinforce the compatibility of systems
working together, which should provide a basis for future
intelligent transport development. For example, within wireless
networks, application protocols have been proposed by several
authors, such as Torrent-Moreno [71], who propose a new stan-
dardization protocol (IEEE 802.11e), which delivers improved
reliability or IEEE 802.11p for vehicular network control [72].
However, there are many wireless protocols that exist and
have not yet been chosen in order to support a suitable driver
data stream.

In addition, a network infrastructure that is free of physical
obstruction must be proposed from a top-level perspective,
which will have a suitable capability to perform at a strate-
gic (nationwide) level. This is to ensure that communication,
product versions, and protocols within the infrastructure are
standardized, which will lead to a more efficient level of control
and compatibility. Internationally, various standards are being
developed, which are focused toward the various actors, tech-
nological systems, and services. Standards are being developed
for ITS based upon organizational bodies, which have prior
knowledge and a record of international standard excellence.
It is rare that new organizations emerge with the role of de-
veloping standards. Existing bodies have used their wealth of
experience to articulate their own definitions and perspectives
(usually from an ICT background) to maintain technological
service equality.

The services and products that are offered to ITS are placed
within a rough field known as telematics, which is arguably a
combination of interdisciplinary fields brought together. Ac-
cording to the literature [73]–[75], telematics covers ICT-

based communication, including vehicle-to-infrastructure com-
munication, wireless technologies, safety, information access,
vehicle tracking, fleet management, online navigation, and
road-user charging. The main advantage of incorporating such
standards within ITS is not only to ensure compatibility be-
tween transport services and ICT but also to increase the
competitiveness of the vehicle manufacturers and ICT to deliver
a superior product. The various bodies that control the makeup
of standards for ITS are split into two distinct groups: stan-
dards development organizations (SDOs) and national standard
bodies (NSBs).

Current ITS Standards: At the time of writing, the Highways
Agency (U.K. based) has a project underway known as ITS
Radar International. Its main task is to assess and main-
tain awareness of current standards that have been introduced
by the NSBs and SDOs within Europe and internationally.
According to their recently updated ITS standards tracking
database, the Highways Agency have already adopted numer-
ous standards that have been developed internationally [51].
Of the standards listed earlier, the Highways Agency have
adopted a select few from each of the technical bodies. Several
telematic traffic standards exist, and their activities are defined
in Table II.

The International Telecommunication Union (ITU) is rec-
ognized as the leading United Nations agency for formulating
policy for the latest technological and communication issues
and is based in Geneva, Switzerland. Formed 145 years ago,
ITU’s recent mission is to provide telecommunication solutions
through ICT in both slowly developing and mature regions and
cultures of the world. Originally, ITU supported ITS by deliver-
ing requirements through radio communication. However, since
2003, they have been working on other areas, combining their
expertise into the majority of transport services and ICT. In their
recent ITU-T Technology Watch Report [50], research reported
on the standardization of ITS technology in several key areas in-
cludes the following: vehicles, human users, roadside elements
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TABLE III
ITS TRAFFIC AND TECHNICAL STANDARDS

(infrastructure), and external information through ICT services.
They perform a cross-comparison, which highlights how each
SDO contributes to standardization. The goals and objectives
from all standards have a number of commonalities. They have
been created to develop specifications, harmonize technological
interoperability, and provide services in the support of ITS
and the sustainability of ICT to ensure optimal use of road
transport. However, it should be noted that the standards that
each SDO/NSB develops will only contribute to the interests
of the organizational body in question. In other words, each
SDO may only cover certain aspects of standardization related
to their own market identity and research interests. For example,
the IEEE’s SCC32 standard will focus on software development
and wireless protocols that will be used in the development
of ITS systems; however, it may overlook environmental (cli-
mate change, low carbon, etc.), political, and social aspects.
Therefore, NSBs were developed, in order to bring a suite of
standards from multiple sources together. This is accomplished,
in order to give clarity, to standardize goals and objectives,
and to reach vital conclusions, which will enable an agreement
between the SDOs. The following NSBs have been identified
in Table III.

C. Adaptability

This section discusses ITS adaptability, which includes sys-
tem compatibility, geometric robustness, and response times.
The research approach to the KPI is also discussed.

Defining Adaptability: Response times, data stream robust-
ness, and resource sharing within vehicular networks are placed
into a KPI known as Adaptability. They are based upon the
estimated speed of delivery for real-time data, the ability to
utilize different connection modes and compatibility between
different infrastructure and networks (including data) and to
reinforce geometric connectivity robustness [47]. Zhao and Cao
[58] refer to multihop delivery as a very complicated process
because of the frequent disconnection of the vehicular network.
This is because the network is very free-form, and therefore,
data that are sent to a specific vehicle might be delayed. They
therefore propose several vehicle-assisted data delivery proto-
cols (VADD) to forward data packets (data stored in electronic
clusters) to the best possible route with the least delay. The data
in particular will be (in most cases) safety critical and must
be predicted using a set of algorithmic expressions. Wu et al.
[76] proposed a mobility-centric data dissemination algorithm
(MDDV) for vehicular networks. Vehicles perform local behav-

ior based upon their own knowledge, while having a global
outlook. This approach arguably saves decision-making time;
therefore, this specific KPI will be important in the selection of
an appropriate algorithm to maintain the flow of information.

Response Times: Parno and Perrig [62] discuss the need to
maintain high response times since this will directly affect the
safety of the driver. This is because the data stream will be
operating in real time; therefore, there must be a quick level of
response, which will directly relate to the level of complexity
within the data stream. There will need to be an additional
investment in resources, in order to cope with the additional
infrastructure. The infrastructure may include sensors attached
to the vehicle or other solutions such as an information gen-
eration and sharing framework [56]. In addition, it will be
necessary to design (and eventually implement) a suitable level
of middleware, which will be utilized to maintain the highest
performance possible. Response times can be measured in a
variety of ways. Throughput in network performance terms is
the number of messages successfully delivered per unit time.
Data throughput is controlled by available bandwidth, as well
as the available signal-to-noise ratio and hardware limitations.
Various metrics are available; however, since vehicular net-
works are dynamic (ad hoc), the performance may vary.

Geometric Connectivity Robustness: Spanos and Murray
[47] created a function known as Geometric Connectivity Ro-
bustness. However, this term has been redefined in this paper
to reflect adaptable networking within the KPI, for example, to
take into account loss of signal and geometric barriers (such as
tunnels, etc.). Any proposed ITS evaluation framework needs
to not only measure response times but also reflect the need
to remain connected to the network despite various motion
and geographical constraints. The function, therefore, has the
role of reflecting the motion constraints brought on by the
requirements of connectivity.

The framework is designed to coincide with other mobile
networking research and models. Most control algorithms do
not base their requirements on information flow rather the
connectivity. There is never a need to identify shared variables
between vehicles. However, the number of connections (ac-
cording to Spanos and Murray [47]) has a definite bearing on
the stability and performance of the network. In addition, work
has been produced on embedded cooperative radars, in order to
gain a high signal output for guided services in tunnels [77].
While this work was originally designed for trains, it may have
practical use in combination with platooning, which is also a
guided technology.
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Resource Sharing: Resource dissemination and data fusion
are of particular importance when communicating with the
network [78]. Such communication that occurs in vehicular
networks includes peer-to-peer (P2P) networking [79]–[81].
The network must be able to successfully share resources in
an efficient manner [82]. This has a direct impact on the speed
of resource dissemination, which depends on the complexity of
information within the network. According to Galluccio et al.
[80], the performance parameter (i.e., service capacity) is still
an open problem within mobile networking. Their research
performed a service capacity analysis on P2P networks, where
nodes are dynamically moving and dependent on the current
state of the traffic. Various actions of the vehicle are ac-
counted for, including acceleration, breaking, and minimum
safe headway between vehicles. In addition, because the net-
work is in a constantly moving state, resource dissemination
is performed.

Their proposed model proved to be valuable in estimating the
effect node density and traffic correlation has upon information
dissemination within the traffic network. Lin et al. [83] discuss
the evaluation of a new generation of telematics system, which
incorporates a social media-based network using novel-based
multicriteria decision-making (MCDM) techniques. The crite-
ria are not independent but incorporate feedback mechanisms,
and the system features navigation, safety, communication,
information, and entertainment as possible criteria along with
a set of weights.

D. Sustainability

Due to the current issues surrounding climate change, it is
necessary to be aware that any current or future ITS-based
solution must coincide with the targets of these bodies, in
particular, those of the U.K. and Europe. International bodies
have their own specific criteria. The scope of the environmental
evaluation for an ITS scheme is proposed to comprise three
main foci: the roadside infrastructure, the datacenter situated
within the regional TCC, and the vehicles traveling on the
highway. Any future framework should also aim to assess the
energy consumption of future vehicular networks, although the
ability to undertake this will depend on whether historical data
are available.

Vehicle Emission Modeling Issues: Modeling of vehicle
emissions can be undertaken on several levels. According to
Ferreira and d’Orey [84], emission models can broadly be
categorized into macroscopic, mesoscopic, and microscopic
models. The macroscopic approach, which is based upon av-
erage travel speed, has been the most common methodology
used for estimating vehicle emissions [85]. In Europe, for
example, most inventories of exhaust emissions at the fleet
level, or for a city as a whole, are still calculated according
to the COPERT methodology (a software program to calculate
air pollutant emissions from road transport developed from
the European MEET project) [86]. These macroscopic models
entail enormous simplifications on the accuracy of physical
processes involved in pollutant emissions. An important draw-
back of this methodology is that it calculates emissions per
kilometer for vehicle trajectories using primarily the average

speed. Although the overall trip speed is an important factor
influencing emissions, instantaneous speed fluctuation plays
a greater part. For the same average speed, one can observe
widely different instantaneous speed and acceleration profiles,
each resulting in very different fuel consumption and emission
levels [84], [87]. For the compilation of emission inventories
of large areas and over long time periods, this microscopic
effect may be ignored, and the results from the macroscopic
models may give reasonably good estimates. In relation to
estimating ITS service performance over a longer time period,
this appeared to be the most suitable option as microscopic
accuracy becomes less important over a long-term forecast
and may give a more accurate estimate. Mesoscopic models
that take traffic dynamics partially into account by partition-
ing the traffic situations in several classes have been less
widely used.

More sophisticated hybrid approaches, such as the Assess-
ment and Reliability of Transport Emission Models and In-
ventory Systems (ARTEMIS), which is a 42-month project
started in 2000, are still in their infancy [88]. Mesoscopic mod-
els use more disaggregate trip variables, such as the average
speed, the number of stops, and time stood in congestion, to
estimate a vehicle’s emission rates on a link-by-link basis.
Some regression models that were developed were found to
predict fuel consumption and emission rates of hydrocarbons,
carbon monoxide, and nitrous oxide to within 88%–90% of in-
stantaneous microscopic emission estimates [89]. Microscopic
emission models overcome some of the limitations of large-
scale macroscopic models mainly by considering individual
vehicles’ dynamics and their interactions. Emissions and fuel
consumption are estimated based on instantaneous individual
vehicle variables that can frequently be obtained (e.g., second
by second) from a microscopic traffic simulator or another
alternative source (e.g., the GPS data logger). Commonly,
these parameters are divided into the following two cate-
gories: vehicle parameters and traffic/road parameters. Vehicle
parameters include, among others, vehicle mass, fuel type,
engine displacement, and vehicle class. On the other hand,
network parameters (traffic and road conditions) account for
instantaneous vehicle kinematics (e.g., speed or acceleration),
aggregated variables (e.g., the time spent in the acceleration
mode), or road characteristics (e.g., road grade). Due to the
fact that microscopic emission and fuel consumption models
have higher temporal precision and better capture the effects of
vehicle dynamics/interactions, they are better suited to evaluate
the environmental gains derived from an ITS measure, such
as the virtual tape library system. Several microscopic models
have been proposed by the scientific community. These models
can be classified into emission maps (speed/acceleration lookup
tables), purely statistical models, and load-based models [90].
Major contributions in this field were given by Akcelik and
Besley [91], Barth et al. [92] with the comprehensive modal
emission model, Ahn et al. [93], and Cappiello et al. [90]
with the emissions from traffic (EMIT) model. In addition,
the recent work of Barth et al. on dynamic ecodriving pro-
vides interesting results with up to 12% emission improvement
for the algorithm that was developed [94]. Several models
that focus on the macroscopic and mesoscopic level seemed
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Fig. 3. Environmental scope within an ITS system.

applicable. The U.K. National Transport Model, for instance,
uses a combination of ARTEMIS and COPERT IV emission
factors. Generally, there was a very good agreement between
the shapes of the emission curves in the National Atmospheric
Emissions Inventory and the various models tested, but the
results varied with vehicle category and pollutant [95]. Rigor-
ous testing was performed, where available, in an attempt to
improve the results in several vehicle categories, leading to the
conclusion that the current U.K. emission factors should not be
changed, but improvements using the models aforementioned
were made. Fig. 3 illustrates the desired scope of the environ-
mental evaluation of an ITS scheme at the system level.

V. FORECASTING ISSUES IN ITS TECHNOLOGIES

The basic approaches to forecasting include regression and
time series methods, which aim to make predictions about
likely future events. It is a useful form of research in that
it attempts to cope with the rapid changes that are taking
place in ITS and predict the impacts of these changes on
individuals, organizations, or society. However, it is a method
that is fraught with difficulties relating to the complexity of
real-world events, the arbitrary nature of future changes, and
the lack of knowledge about the future. Researchers cannot
build true visions of the future, but only scenarios of possible
futures and so impacts under these possible conditions. The
performance of regression analysis methods in practice depends
on the form of the data-generating process, and how it relates
to the regression approach being used. Since the true form of

the data-generating process is generally not known, regression
analysis often depends to some extent on making assumptions
about this process. This is a key issue within the ITS field,
in terms of emissions reduction, energy requirements, safety,
and cost. There is a limited amount of historical data through
real-world trials available. Assumptions in this paper must be
carefully formulated or there is a risk that the forecast that the
past data are built on may be inaccurate to the point that it
becomes invalid. The study area that is to be selected needs to
be chosen based upon the quality and availability of historical
data. Some uncertainty exists in terms of the future hardware
configuration. This depends upon the approach that will be
taken by the road network operator and their appropriate tech-
nological roadmap. It is acknowledged that the future network
within interurban ITS involves four different modes [96]. The
prediction of the future system must therefore be carried out
with care. TCCs regulate the control of traffic and will also
act as a central repository for information. Within the field
of ITS, TCCs may be responsible for processing information
from different sources, in order to manage the traffic network
more efficiently. Each mode can be used in conjunction with
another. From a system dynamics approach, these communi-
cation modes have been categorized based upon the possible
system types.

According to Sterman [97], system dynamics modeling gen-
erally follows a five-stage iterative process where the prob-
lem is defined (boundary selection). A dynamic hypothesis
is generated from the problem, which is then formulated us-
ing the modeling diagrams. The model is then tested using
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Fig. 4. Communication modes of an ITS System.

existing variables and expected results of dynamic behavior.
A policy is then formulated, and evaluation of the system is
displayed. The following list represents the possible types of
communications, as proposed within the current Cooperative
Vehicle-Infrastructure Systems project. The system configura-
tion based upon a system dynamics method is in brackets, as
follows:

• V2V: vehicle-to-vehicle (reinforced, closed-loop,
endogenous);

• V2I/R: infrastructure/roadside-to-vehicle (reinforced,
closed-loop, endogenous);

• V2C: vehicle-to-control center (exogenous, open system);
• V2X: vehicle-to-nomadic devices (exogenous, open

system).

The V2X designation implies that this type of services will
also be equipped to maintain a connection to the network
(even if the driver has left the vehicle) via a mobile device,
although this is considered to be public access and will typically
involve integration via some form of social network service.
Gil-Castineira et al. [98] discuss a revolution in dedicated short-
range communication (DSRC). DSRC is a selection of one-way
or two-way short- to medium-range wireless communication
channels that are designed specifically for vehicular use. Proto-
cols and standards are designed to use these specific channels.
DSRC can be referred to as a form of telematic because it is
used to understand the interactions of technology to provide
services, which incorporates sensor wireless devices, vehicle
tracking, and online navigation, as well as vehicle operators and
road network managers. Fig. 4 illustrates the varying commu-
nication types possible within an ITS service. It is important to
note (according to Ammoun and Nashashibi [99]) that current
communications standards have not been tested within this
environment and neither have communications services been

proposed. In one future scenario, it may be possible to extend
the National Road Telecommunications Services to accommo-
date the latest and future advances within the communications
research domain.

V2V is a form of communication within the Vehicular Net-
work field. The vehicle sends data to other vehicles, which
can be used to manage safety and inform other road users of
oncoming traffic as well as the current capacity of the traffic
network [55], [73], [96], [100]. This form of communication
is one of the main topics for debate within the intelligent
transport literature and also carries the most uncertainty. For
example, it is assumed that V2V communication will be able
to operate independently of other infrastructure. This form of
communications architecture is looking increasingly feasible
from a standpoint of security [101], [102]; the general consen-
sus is that some form of infrastructure will still be required
on the roadside to monitor the network. This is because the
vehicles are in a constant state of movement. It would prove
impossible for a vehicle to possess all data containing all
regions; hence, one approach has been to introduce a tagging
system, where a vehicle that comes into contact with another
vehicle is sent a message about the local area within that current
timeframe.

In addition, a sifting method would need to be installed
onboard the vehicle, in order to remove data noise, to verify
that the data are true and to enforce secure communication.
This method would prove more advantageous than having to
verify traffic data that are unsuitable due to a different highway
or location being assessed, for example. When forecasting
future ITS services in this paper, these assumptions must be
taken into account. The advantages of the V2V communication
system is that it provides notification on hazards and collision
avoidance between vehicles [101], [102]. However, accord-
ing to Rezaei et al. [103], tracking vehicles using wireless
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communications will be a tough task, due to the vast differences
of location and speed of the vehicles. However, Mincheva [104]
refers to handling instances of data in a virtual subcenter (VSC),
as illustrated in Fig. 4. The VSC aims to manage and dis-
tribute data depending on the time and location the connection
was made.

Hence, a group of vehicles in a V2V connection that is
composed on a network protocol level is known as a VANET
cluster. They can communicate, but only within an instance
relative to a timeframe at that particular moment and with
vehicles that are driving in the same direction. A VSC is
maintained via a knowledge-sharing community or vehicular
event sharing, as discussed by Delot et al. [81] earlier. All the
vehicles provide their knowledge into their VSC network, in
order to make systems that are independent work together. Data
redundancy is therefore approved in this situation since any
vehicle can disconnect from the network as they traverse the
road network (changing roads, etc.). They are also operated in a
decentralized manner but possess a common transport interest
[104]. Each vehicle also receives and acts upon these data
independently, taking in factors that are unique to the vehicle’s
status. When traveling alone, vehicles may use other forms
of communication to remain updated on current situations.
For example, a V2C connection will allow users to maintain
updated and basic information about the surrounding area or
region. The average lifetime of a VSC instance is short (due
to communication ranges, etc.), and a plug-and-play system
should allow for an immediate connection and sudden situation
awareness.

Vehicle-to-infrastructure communication is a derivative of
V2I. Vehicles communicate to the infrastructure displaying
various information, which is required to update the traffic
network in real time as well as the governance of safety-
critical data [105]. Information includes the relaying of current
position, speed, etc. Infrastructure devices can include non-
road-bearing devices such as GPS and the forthcoming Galileo
(EU GPS equivalent). Future technologies, such as platooning,
will require new forms of infrastructure that are time sensi-
tive, in order to deliver accurate safety-critical information.
Galileo, for instance (which is scheduled for a 2014 activation
date), features 30 geographically synchronized satellites that
are strategically placed around the Earth’s orbit, with a 90%
visibility ratio of four satellites in any location on the planet’s
surface. According to the European Space Agency [106], each
satellite has two atomic clocks onboard capable of keeping time
to within one billionth of a second per hour. While an analysis
of this accuracy leads to the conclusion that it is still inaccurate
to sustain the timing of more advanced ITS technologies such
as platooning, it is a definite improvement over GPS’s current
accuracy performance (up to a few meters). This is as the
accuracy of the clocks allows a triangulated position of up
to 45 cm. Recent breakthroughs in 2010, such as the world’s
first quantum clock, may allow for these technologies to be
implemented in the near future [107]. In addition, Galileo will
be fully interoperable with GPS’s 24 satellites and serves to
improve upon poor polar latitude service by GPS.

According to Dar et al. [108], infrastructure-based technolo-
gies are equipped with several base stations to relay communi-

cation signals over an extended range. One example of this is
mobile phone networks with voice data exchange. Due to time-
based requirements, they have low latency at the expense of
reduced reliability. Mobile networks have similar characteris-
tics; however, the implementation is very different due to the
following attributes.

1) They possess low latency because voice data has higher
priority than text data, which increases delay.

2) They are not suitable for broadcasting purposes since they
support point-to-support communication.

3) The use of mobile networking technology requires oper-
ating fees via the network operator.

Despite these drawbacks, however, ITS applications may be
powered by existing mobile networks provided that they require
moderate delay, long-range communication, and low data rates.
V2I communication requirements for ITS applications differ,
depending on the service that is required.

Finally, driver behavior and user acceptance, while this
communication mode is in operation, should be monitored for
more successful adoption [109]. Communications between the
vehicle and TCC or regional control center (RCC) sends infor-
mation including the current position, speed and other variables
associated with the management of the traffic network. The lit-
erature argues that TCCs are acting as a distributor rather than a
communication choice. Mincheva [104] proposes that the future
network will maintain a constant communication mode, which
is used to transmit “global” information about the region. This
form of communication is bidirectional between the vehicle and
the RCC. The purpose of this mode is to fill in the data “gaps”
when vehicles are traveling alone in isolated conditions (such
as B roads, quiet periods, and country access). The type of
data transmission will be long range; therefore, the data packets
will be small compared to other communication modes. The
types of data to be sent include information about the region
as well as the tracking of the vehicle, although certain privacy
legislation may be violated unless an agreement is made. The
advantages of this mode include a constant connection to the
control center, regardless of where the vehicle is located as well
as low levels of latency. In addition, during an event where
safety is at stake, the driver can contact the control center
for immediate assistance. The drawbacks to this approach
include small data packets and data rate due to the distance
and communication mode. V2X deals with the vehicle sending
data to nomadic (mobile) devices, which may include mobile
phones, moving nodes, and the provision of ICT-based ser-
vices, in order to maintain management of the traffic network.
Gil-Castineira et al. [98], [110] discuss the nomadic properties
of devices, which would be integrated into a vehicles automo-
tive system. They argue that consumers demand ICT services
to be available at the touch of a button; therefore, according
to Fensel’s [111] Web 3.0 vision (the forthcoming third gen-
eration of Internet-based services), information is abstracted
from software based around a service-oriented architecture.
In other words, the Internet from a transport network view is
seen as a platform as opposed to an information repository.
Devices that are not connected to an ICT system may quickly
become outdated and therefore obsolete. Information related
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TABLE IV
COMMUNICATION REQUIREMENTS FOR ITS APPLICATIONS

to incidents and traffic status is constantly being updated;
therefore, automotive systems would benefit from a constant
connection to Internet-based services to receive safety, naviga-
tional, and news updates. This communication type may also
allow connection to a pedestrian mobile phone network to alert
them of dangerous driving and traffic activity [112]. A success-
ful forecasting of ITS services required an understanding of the
technical and also potential cost of the system. While some ITS
services, such as ISA, may not require communication with the
infrastructure, other more safety-critical systems, such as AHS,
require constant information in order to remain active. Table IV
shows the individual characteristics of a wireless connection
standard compared to the applications that are on offer. The type
of system architecture also has a direct impact on the level of
embedded emissions and energy requirements. To estimate the
sustainability of advanced services such as platooning, for ex-
ample, the support infrastructure, the datacenter that resides in
the TCC, and the vehicular network all need to be taken into ac-
count, in order to give an accurate reading. Care must therefore
be taken when attempting to estimate the feasibility of future
ITS technologies.

VI. CONCLUSION

In this paper a review has been undertaken of the state of
the art concerning the evaluation of ITS performance. The
goals of the review were to identify the fundamentals and
challenges of ITS performance evaluation, highlighting the
main differences with established methodologies for standard
schemes. These have been used to determine four perfor-
mance cornerstones for ITS, which are identified as follows:
1) Data Management and IC, 2) Sustainability, 3) Standardiza-
tion, and 4) Adaptability. The guiding principle was that the
framework as a whole should, where possible, draw on best
practice in other evaluative tools. This was desirable in order
to retain familiarity and ease of use in practice by transport
stakeholders.

The research has demonstrated that the task of estimating
the performance of ITS is complex. It relies upon a number
of actors, including manufacturers, users of the system, and the
supporting legislation requirements, such as carbon reduction
targets. Methods that support the combination of varying data
types from socioeconomic and environmental perspectives, as
well as ICT usage in multiple geographical locations such as the
datacenter, were needed to capture performance. A summary of
the key deficiencies in ITS evaluation frameworks and proposed
solutions arising from the research are provided in Table I.
While the main focus of the research here has concerned
interurban highways, similar challenges in evaluation exist for
urban-based ITS. As a result, the findings presented here may
also be applied, in order to enhance the evaluation method for
urban-based ITS.
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