
Enrique Alba · Francisco Chicano
Gabriel Luque (Eds.)

 123

LN
CS

 9
70

4

First International Conference, Smart-CT 2016
Málaga, Spain, June 15–17, 2016
Proceedings

Smart Cities



Lecture Notes in Computer Science 9704

Commenced Publication in 1973
Founding and Former Series Editors:
Gerhard Goos, Juris Hartmanis, and Jan van Leeuwen

Editorial Board

David Hutchison
Lancaster University, Lancaster, UK

Takeo Kanade
Carnegie Mellon University, Pittsburgh, PA, USA

Josef Kittler
University of Surrey, Guildford, UK

Jon M. Kleinberg
Cornell University, Ithaca, NY, USA

Friedemann Mattern
ETH Zurich, Zürich, Switzerland

John C. Mitchell
Stanford University, Stanford, CA, USA

Moni Naor
Weizmann Institute of Science, Rehovot, Israel

C. Pandu Rangan
Indian Institute of Technology, Madras, India

Bernhard Steffen
TU Dortmund University, Dortmund, Germany

Demetri Terzopoulos
University of California, Los Angeles, CA, USA

Doug Tygar
University of California, Berkeley, CA, USA

Gerhard Weikum
Max Planck Institute for Informatics, Saarbrücken, Germany



More information about this series at http://www.springer.com/series/7409

http://www.springer.com/series/7409


Enrique Alba • Francisco Chicano
Gabriel Luque (Eds.)

Smart Cities
First International Conference, Smart-CT 2016
Málaga, Spain, June 15–17, 2016
Proceedings

123



Editors
Enrique Alba
Universidad de Málaga
Málaga
Spain

Francisco Chicano
Universidad de Málaga
Málaga
Spain

Gabriel Luque
Universidad de Málaga
Málaga
Spain

ISSN 0302-9743 ISSN 1611-3349 (electronic)
Lecture Notes in Computer Science
ISBN 978-3-319-39594-4 ISBN 978-3-319-39595-1 (eBook)
DOI 10.1007/978-3-319-39595-1

Library of Congress Control Number: 2016939927

LNCS Sublibrary: SL3 – Information Systems and Applications, incl. Internet/Web, and HCI

© Springer International Publishing Switzerland 2016
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology now
known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book are
believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors
give a warranty, express or implied, with respect to the material contained herein or for any errors or
omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland



Preface

This volume presents the proceedings of the International Conference on Smart Cities
2016, which was held in Malaga during June 15–17, 2016. Research in smart cities is
undoubtedly a very important topic. In fact, it is a topic of the future. Indeed many
articles are starting to appear in a few other similar conferences and journals, but the
field still needs some time to become established and recognized.

Some of the open issues are very basic: what is the meaning of smart in smart city?
Is any paper on, for example, routes between two points a smart city paper? The
number of open questions is great. However, some things are clear: there are many
topics regarding the city (mobility, energy, construction, citizens, social implications,
economy, technology, tourism) and studies on smart cities should have a corresponding
holistic vision in their content. Studies on only one of these topics, typical in research
to date, need to grow to consider the city and several of its aspects. As to the smart part,
well, who knows what is smart in the first place? The definition is fuzzy at present, and,
again, we need to go beyond the mere use of a sensor or a smartphone to make
applications intelligent.

With this conference, we hope to advance our knowledge on these and other
questions. Our expectations are large in the sense that, at the very least, we are trying to
find the correct questions. With this conference we wish to start a long-lasting series of
annual meetings in Málaga (Spain) where researchers, companies, and even municipal
authorities can find answers and advances for the benefit of citizens and local econo-
mies. With a clear scientific focus, we also hold industrial talks and demonstrations,
and promote bold thinking.

The topics of the papers in this volume include studies and tools to improve road
traffic, energy consumption, logistics, frameworks providing new services for holistic
decisions, driving assistance, electric vehicles, public transport, and surveys on smart
city concepts.

We thank Springer for helping with these proceedings, as well as the Universidad de
Málaga for their continuous support in the organization. We also thank the Spanish
project moveON (TIN2014-57341-R) for endorsing this kind of activity, and the
members of the NEO research group in Málaga for their enthusiasm.

June 2016 Enrique Alba
Francisco Chicano

Gabriel Luque
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A Holistic, Interdisciplinary Decision Support
System for Sustainable Smart City Design

Johannes M. Schleicher1(B), Michael Vögler1, Christian Inzinger2, Sara Fritz1,
Manuel Ziegler1, Thomas Kaufmann1, Dominik Bothe1, Julia Forster1,

and Schahram Dustdar1

1 TU Wien, Wien, Austria
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thomas.kaufmann,dominik.bothe,julia.forster,

schahram.dustdar}@tuwien.ac.at
2 University of Zurich, Zurich, Switzerland

christian.inzinger@uzh.ch

Abstract. With the advent of the smart city paradigm, modern cities
have become complex systems of systems with a host of increasingly
entangled dependencies and interactions among systems as well as stake-
holders from multiple different domains. Efficient design, engineering,
and operation of such systems is challenging due to the large number of
involved stakeholders and their requirements, which might be conflicting
and will change over time. In this paper, we present results from our
ongoing efforts towards engineering next-generation smart city applica-
tions to provide stakeholders with a holistic and tailored view on their
problem domain to support them in managing relevant aspects of the
city, and furthermore provide effective assistance for important decision
processes. We introduce the URBEM Smart City Application (USCA),
an interdisciplinary decision support system, and present different views
on its use by involved experts from four central smart city domains in
the context of a smart city research initiative in the city of Vienna.

Keywords: Smart cities · Data analytics · Smart city application
engineering · Smart city applications

1 Introduction

Todays cities are evolving into complex behemoths consisting of a myriad of
sophisticated entangled systems. The recent advent and rapid adoption of the
smart city paradigm that enables vital new possibilities, also has significantly
contributed to the intrinsic complexity [1] of such systems. Complex systems and
models from multiple domains, such as e-government, traffic and transportation
management, logistics, building management, smart health care, and smart grids,
have become essential drivers for sustained innovation and improvement of cit-
izen wellbeing. In order to enable sustainable, supply-secure, and future-proof
planning that can keep up with today’s rapid city growth and urbanization,
c© Springer International Publishing Switzerland 2016
E. Alba et al. (Eds.): Smart-CT 2016, LNCS 9704, pp. 1–10, 2016.
DOI: 10.1007/978-3-319-39595-1 1



2 J.M. Schleicher et al.

it is vital to enable stakeholders to make well-informed decisions. To achieve
this they rely on the expertise of domain experts who in turn use complex mod-
els for analyzing and simulating various aspects of a city ranging from building
physics, energy and mobility systems, to sociological and behavior models.

The most vital part, however, is the ability to effectively integrate these
models, allowing them to stimulate each other, which presents the enabling key
for creating the foundation for sustainable and future-proof smart city design.

In this paper, we present results from our work in the context of the URBEM1

smart city research initiative. URBEM is a joint initiative between Wiener
Stadtwerke Holding AG (Vienna’s biggest energy and mobility provider), TU
Wien, and the City of Vienna. Its aim is to research and develop an interactive
environment for analyzing scenarios for enabling “a sustainable, supply-secure,
affordable, and livable city” in a holistic and interdisciplinary manner. We imple-
ment this by enabling a reactive Smart City Loop [2] that allows to integrate
multiple domain expert models with each other and enrich them with accurate
and timely smart city data in order to provide a solid basis for well-informed
stakeholder decisions.

Additionally, we identify the following intrinsic requirements that need to be
addressed to fully enable the crucial collaboration of stakeholders and domain
experts in URBEM. First, we need the ability to integrate heterogenous, mul-
tidimensional data sources that are omnipresent when operating applications in
smart city ecosystems. Second, since in smart cities and especially in URBEM,
there are various stakeholders involved that enforce and must respect a plethora
of different compliance and privacy regulations, we need mechanisms that
allow for respecting these constraints, without impeding stakeholder interaction.
Finally, to fully support domain experts in URBEM, we can not only provide
them with pre-built services and applications, but must allow them to integrate
and facilitate their own established and well-known heterogenous tool stacks.

Based on these identified requirements, we show how we achieve this vital
integration by developing the URBEM Smart City Application (USCA) and
outline how this has benefited involved domain experts and stakeholders.

The remainder of this paper is structured as follows.
In Sect. 2, we present USCA, a representative smart city application that

emerged as a result of the URBEM research initiative, and discuss how it tackles
the identified challenges. In Sect. 3, we outline how domain experts and stake-
holders use and benefit from USCA, followed by a conclusion in Sect. 4.

2 The URBEM Smart City Application

In this section we present the URBEM Smart City Application (USCA). USCA
allows for integrating models of multiple domain experts that operate in domains
such as building physics, electrical and thermal energy, energy demand modeling,
as well as mobility and sociological behavior modeling to provide an interactive,

1 http://urbem.tuwien.ac.at/.

http://urbem.tuwien.ac.at/
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Fig. 1. URBEM cloud overview

explorable, and dynamic visualization for stakeholders. It is an application within
the Smart City Application Ecosystem (SCALE), as introduced in [3]. Figure 1
shows an overview of USCA in the context of SCALE.

In USCA, stakeholders interact with a dynamic, web-based, geo-spatial Visu-
alization that allows them to freely explore the city as well as different evolving
aspects in the context of multiple scenarios with predictions up to the year
2050. Stakeholders can not only explore the city as a whole, but also inspect it
in varying levels of detail, from districts, over blocks, down to individual build-
ings. They can enrich their view with the results of domain expert models by
dynamically adding and removing additional layers. This enables them to get a
detailed look at various aspects of the city in a dynamic and integrated fashion.
Figure 2 shows an example where specific natural gas uplinks for several building
blocks in Vienna are explored.

Each of these model interactions spawns specific requests, which are handled
by the Request Router. The Request Router acts as a smart request proxy and
is responsible for elastically scaling up and down the necessary infrastructure
resources based on the request patterns of USCA. To achieve this it utilizes the
capabilities provided by the Infrastructure & Resource Management Layer of the
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Fig. 2. Visualization of gas heating uplinks for building blocks in Vienna.

Smart City Operating System (SCOS) and the SYBL [4] language. This allows
USCA to maintain a small footprint as it can ensure that resources are only con-
sumed when needed. Additionally, the Infrastructure & Resource Management
Layer enables infrastructure-agnostic deployments [5] so that USCA can be exe-
cuted on a variety of different platforms, which is an important factor in the hetero-
geneous infrastructure landscape of current smart cities. It is further able to man-
age and operate edge infrastructure resources using LEONORE [6] and DIANE [7].
The Request Router then passes each request to the Constraint Manager, which
in turn is responsible for ensuring that USCA meets the aforementioned com-
plex compliance and privacy regulations. The Constraint Manager inspects each
request to check which data sources and domain experts’ models are needed to ful-
fill the requests. Based on this information it ensures that no privacy or compliance
constraints are violated and forwards the specific requests to the Model Container
& Computation component. If constraints are violated, the Constraint Manager
can in turn utilize SCOS’s Security & Compliance Layer to offer ad hoc compen-
sations using capability migrations provided by Nomads [8]. The Model Container
& Computation component ensures that the domain experts’ models are correctly
executed and are supplied with all necessary data. Along with the Storage Service,
these components represent the core elements of USCA and are key to enabling
a holistic, integrated city view. The Model Container & Computation component
provides means for provisioning and executing containers. We currently support
two popular container formats, Docker2 and Rkt3. This allows domain experts
to continue using their well-known and established tool stacks without sacrificing
the ability to integrate them into USCA. The containers are packaged to include

2 https://www.docker.com.
3 https://github.com/coreos/rkt.

https://www.docker.com
https://github.com/coreos/rkt
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all necessary runtime artifacts. Additionally, they can be checked and verified to
ensure that compliance and privacy constraints are not violated. This vital feature
is enabled via the Application Runtime & Management Layer of SCOS. To give
models access to required data, data containers are transparently integrated by
injecting necessary container links. This mechanism enables a minimally invasive
approach that allows domain experts to integrate provided capabilities into their
own tools. Domain experts then simply access data in the data container via the
established link and store the results of their models in the same container. In the
background the Storage Service is used to provide necessary data via these links,
as well as to store the model results in the appropriate data store. Additionally, the
Constraint Manager can check at all times if data in transit can be consumed by
the respective domain expert, which ensures that all compliance and privacy con-
straints are also met on the data level. The final element in empowering the Storage
Service is the ability to utilize theDataManagement Layer of SCOS. It enables the
Storage Service to access a wide range of city data in various formats ranging from
traditional relational data and documents, to live streaming data from the Internet
of Things. All this data in turn can be incorporated into domain models as well as
directly into the visualization.

3 Domain Expert Perspectives

In this section, we discuss the use of USCA by experts and their models from
four different smart city domains. We briefly outline the specifics of each model,
how it utilizes and benefits from USCA, and conclude with the observed benefits
from the stakeholder’s perspective.

3.1 Building Models

One of the key elements in urban city planning is to develop a proper method
that allows simulating the effects of different urban development strategies (e.g.,
for 2020, 2030, and 2050) focusing on all buildings within a district or even an
entire city. Therefore, different urban development scenarios are used as initial
parameters to run building simulations for the focused building stock. Individual
indicators (e.g., heating demand or refurbishment rates) are usually insufficient
to run commercial building simulation tools. In order to maintain good per-
formance and a time-efficient calculation period to simulate an entire urban
environment, the simulation efforts for single buildings must be as low as pos-
sible. This model generates scalable density functions for both, residential and
non-residential buildings by considering particular construction periods, differ-
ent HVAC4 technologies as well as individual occupancies in the course of a
social milieu-based approach. The result is a comprehensive matrix of simulated
density functions consisting of all possible combinations of the parameters men-
tioned above. The ability to expose this model within USCA allows the electrical

4 Heating, ventilating, and air conditioning.
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and thermal grid models to utilize generated results that enable them to use
hourly load profiles, which in turn are required for the technical simulations. In
order to generate high-resolution load profiles (both temporal and geographic)
for each building, only the input of the urban development scenarios generated
within the energy demand model and the number of buildings is needed. This
significantly increases the possible level of detail for planning decision support
in this domain.

3.2 Energy Demand Models

The model concerning the perspectives of building energy demand and sup-
ply mainly handles the long-term development of heating and cooling demands.
Additionally, it is concerned with the demand for domestic hot water (DHW)
in buildings and the interactions with grid-bound heating supply, specifically
focusing on gas and district heating. Since the building stock causes a large
part of the energy demand of modern cities and the realization of the European
energy targets5 require a decrease in this demand, a reduction of fossil fuels
(e.g., gas and oil), as well as the integration of renewable energy sources. This
can be achieved by thermal refurbishments of buildings, by changing the heat-
ing systems, and by using a different energy carrier. The used model simulates
the long-term investments in the building sector and optimizes the investments
in the expansion of the district heating and/or gas infrastructure. This model
not only considers the current legislative and policies, but also assumptions for
the future development of them [9]. The emerging results are spatially resolved.
As this analysis is from an economic point of view, the integrated approach
within USCA allows enriching the model with more technical details. Based on
a thermal grid analysis of the status quo for the base year, information about
the spatial heat losses or remaining capacities without expansion can be pointed
out and are used as input for the economic model. Subsequently, the long-term
results regarding heating and cooling demand, and the expansion of the district
heating network for several years within the considered horizon, are the basis
for thermal grid analysis. The results of the analysis allow finding appropriate
measures regarding the grid to react to these changes.

3.3 Electrical Grid Models

The model of electric supply networks can predict reliability, overloads, and net-
work utilization considering the limits of operational equipment used inside the
network. In addition, the model is capable of making statements about which
requirements will arise for future power grids through increasing integration of
decentralized energy resources, decentralized storage, and energy combined sup-
ply networks (energy hubs), while considering demographic change. Modeling and
simulating an electric supply network for urban areas requires an approach that

5 http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:178:0107:0108:
EN:PDF.

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:178:0107:0108:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:178:0107:0108:EN:PDF
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allows for incorporating large amounts of network data. Therefore, power flow
studies [10] for distribution areas fed by substations are performed. Transmission
areas inside an urban area are neglected. Furthermore, energy and infrastructure
(heat, gas, and electrical) combined systems are simulated by direct current power
flow calculations within an optimization using an energy hub approach [11]. Possi-
ble objective functions of the optimization are the minimization ofCO2 emissions,
or the minimization of line utilization, with the explicit constraint that network
capacities (electricity, gas and district heating) should not be overloaded. Results
from the energy demand and building models inside USCA form the framework
conditions and input parameters for the electric supply network model. Based on
a technical analysis for a base year, scenarios with increasing integration of renew-
ables and cooling demand that are mainly covered by electric energy reveal the lim-
its of currently used network equipment (lines, transformers, etc.). The obtained
results affect future investment decisions in network utilities to address changing
requirements within the electric supply networks.

3.4 Thermal Grid Models

Current developments of the European energy market are influencing the opera-
tional strategy of heat suppliers. Especially providers of district heating systems
fed by conventional heat production have to react with appropriate measures to
these changes. The integration of thermal storages, decentralization of heat pro-
duction, changing heating technologies or adjusting the temperature of district
heating networks make it necessary to simulate and analyze existing and future
designs of district heating systems. In order to achieve comparable conclusions
about operating behavior of district heating systems, it is essential to create
a corresponding model including main components like pipes, pumps, storages,
and valves. The basic idea of the created numerical model is the combination of
a steady state hydraulic and a transient thermal calculation of the district heat-
ing network. The results of the iterative hydraulic calculation are the pressure
and velocity distribution of the pipe network [12]. These results serve as input
parameter for the thermal calculation. To simulate the thermal behavior of the
district heating network a discretized one-dimensional pipe model is used. The
discretization is done using the finite-volume method and the resulting equa-
tion system can be solved explicitly or implicitly. A common way to define the
topology of networks is the usage of a node-edge matrix. This so-called incidence
matrix is generated automatically from given GIS data. The usage of the simu-
lation model within USCA increases the capability in terms of interactions with
more detailed data provided by other models that are integrated in USCA. The
output of the model can be used to support economic analysis from a technical
point of view or serve as additional input for analysis of energy combined sys-
tems. The possibility to link models of different disciplines extends the scope of
the overall application.
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Fig. 3. Floor-space potentials for individual buildings up to the year 2030.

3.5 Spatial Modeling and Visualization

The visualization aspect represents a vital instrument to communicate the results
of, as well as to interact with, the models of the domain experts via a simple and
intuitive interface. The ability to spatially resolve the results of the models and
to evolve them over time is an essential factor in understanding the impacts of
complex systems on the city. USCA allows to seamlessly incorporate and combine
city data with the results of domain expert models, which enable novel ways for
illustrating vital elements for city design. In Fig. 3 we see a spacial placement
of forecasted floor-space potentials for individual buildings in the year 2030.
Through USCA it is possible to incorporate various city data sources to get an
accurate picture of specific development potentials, which is an important factor
for spatial modeling.

The development of smart cities requires the integration of multiple stake-
holders from different fields. Therefore, USCA provides an easy to manage tool
for displaying all relevant information, whereas the visualization enables all
involved entities to get an overview about the complexity of the system and
to gain an understanding about the main influences and challenges within other
disciplines. The consequences of decisions (e.g., investment decisions, legislation,
definition of subsidies) within other fields and additional required measures can
be highlighted using the visualization. A representative example that illustrates
these integration benefits can be seen in Figs. 4 and 5. Figure 4 illustrates detailed
district heating demands of all blocks within Vienna’s 11th district. The founda-
tion for this is the energy demand model in combination with city data enriched
by the building models, which in turn provides detailed load profiles. These high-
resolution load profiles are then used by the electrical and thermal grid models
to deliver specific grid impacts, which can be visualized at varying spatial detail
levels via simply zooming in or out in the Visualization (Fig. 5).
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Fig. 4. Energy demand visualization for the 11th district of Vienna

(a) Energy Grid High Level Overview for
a district

(b) Detailed Energy Grid for a specific set
of buildings

Fig. 5. Energy grid visualizations

4 Conclusion

The smart city paradigm led to a transformation of today’s cities to complex
systems of systems with a plethora of increasingly complex dependencies and
interactions. A large number of stakeholders from multiple different domains
pose complex requirements on these systems that might be conflicting and will
change over time. Efficient design, engineering, and operation of such systems
is increasingly challenging but represents an essential ingredient in supporting
stakeholders to make well-informed decisions.

In this paper, we presented results from our ongoing efforts towards engineer-
ing and operating next-generation smart city applications that aim to provide
stakeholders with a holistic as well as customized view on their problem domain.
Such smart city applications must be designed to support stakeholders from dif-
ferent domains in managing and affecting relevant aspects of the city and provide
effective assistance for important decision processes. To address these challenges,
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we introduced USCA, an interdisciplinary decision support system for holistic
city planning and management. USCA is a cloud-based application built upon
our recent work on smart city application ecosystems that uses a smart city
operating system as its foundation. The application provides a holistic, inte-
grated view on multiple complex domains based on models provided by different
domain experts to support complex decision processes, while rigorously respect-
ing relevant confidentiality and security constraints. We furthermore reported
on the use of USCA by stakeholders from four central smart city domains in the
context of a smart city research initiative in the city of Vienna.
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Abstract. Recently, the energy resources have been decreased while
the global energy demand is expected to grow rapidly. This has led the
authorities associated with traffic management to seek various solutions
for enhancing energy efficiency of the huge numbers of lamps used in
traffic light systems. Hence, many metropolitan areas, like Istanbul, have
started using traffic lights equipped with LEDs instead of the conven-
tional incandescent bulbs. The energy saving, low maintenance costs,
traffic and road security improvements all contribute to an environment
friendly and economical configuration. In this paper, the (R&D) depart-
ment at ISBAK Inc., demonstrates the benefits of switching the old-style
incandescent bulbs to the LED based lamps in traffic signalization system
at Istanbul as a case study that will may be useful for other municipali-
ties and researchers. The comparison tables for power consumption show
the contribution of LED based traffic lights in Istanbul to the national
economy and environment.

Keywords: Energy savings · LED based traffic lamps · Incandescent
bulbs · Traffic safety

1 Introduction

Over the last few years, the global energy shortages have been rapidly increased;
where, on the other hand, the global energy demand is set to grow by 37 % by
2040 as the International Energy Agency (IEA) mentioned in world energy out-
look 2014 [1]. Conventional traffic lights contain bulky and powerful lamps where
these lamps consume a lot of amount of electrical power that are not efficient
enough according to the currently energy saving standards. Recently, important
governmental policies and standards were announced in order to efficiently uti-
lize the electricity during the design process of the lighting equipment [2,3]. In
order to save energy, cities switched the conventional bulbs in traffic lights to
LED based traffic lamps.

LED is a solid state optoelectronic semiconductor which converts most of the
input electrical power directly to light. Historically, in 1907, the British electrical
engineer and experimenter Captain Henry J. Round published his observations
c© Springer International Publishing Switzerland 2016
E. Alba et al. (Eds.): Smart-CT 2016, LNCS 9704, pp. 11–21, 2016.
DOI: 10.1007/978-3-319-39595-1 2
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on a curious phenomenon where a yellowish light was emitted when he applied
a certain voltage on the carborundum or Silicon Carbide (SIC) crystals [4,5].
In 1962, the first red luminescence diode (type GaAsP), developed by American
Nick Holonyak, enters the market where it has been remarked as the birth of
the industrially-produced LED. Indeed, Energy efficiency, long life, resistance
to shock and vibration, less heat production and design flexibility are the main
outstanding features of LEDs. LED technology was first used in traffic light at
1990 in the United States as the red lights in foggy road conditions for truck
routes. At 1994 in Japan, the bluish-green LED was produced and the traffic
applications, which based on LED technology, have been established in 1995 [5].

In 1998, the research and development department at ISBAK Inc. (Istanbul
Telecommunication Transportation and Security Technologies), which is an affil-
iated company to Istanbul Metropolitan Municipality, started to follow this new
technology in the designing process of the traffic lamps. The early products based
on LED technology for road intersections at Istanbul had been achieved in 2000.
Based on the European standard for Traffic Control Equipment Signal Heads
EN 12368:2000 and the revised versions in 2006 and 2015 [6–8], Turkish Stan-
dards Institute (TSE) published the Traffic Control Equipment Signal Lamps
Standard TS EN 12368 with the up-to-date version in October 2015 [9]. The
R&D group at ISBAK Inc. follows this standard during the developing and
fabricating process of the LED based traffic signal lamps. Actually, European
standard EN 12368 includes all types of lamps used in traffic control equipment
(incandescent, halogen, LED) where some issues related to the LED based traffic
lamps are not specified at this standard. For this reason, the R&D department in
ISBAK Inc. used some rules, in addition to European standard, from the Amer-
ican Standard ITE (Institute of Transportation Engineers) that focus only on
LED based traffic lamps [10]. At the end of 2006, the all traditional traffic bulbs
in Istanbul have been switched to LED based lamps. ISBAK Inc. successfully
developed and produced 200–300 mm diameter LED based traffic lamps within a
TEYDEB (Technology and Innovation Funding Programs Directorate) Project
in 2006.

From the literature, the authors in [2] at 2002 introduce the expected eco-
nomic effects, energy saving, and the main features in rep. of Korea when the
conventional traffic signal lamps will be replaced by the Korean-type LED traf-
fic signal; they expected an energy saving effect of 85 % and drop of 75 % in
maintenance fee. In 2001, the City of Portland, USA, replaced most of its incan-
descent traffic signal lights with highly efficient LED based lamps. Using an
innovative leasing arrangement to amortize the investment costs, Portlands Sig-
nal and Street Lighting Division was able to replace 13,382 red and green existing
incandescent lamps with LED based lamps. The project resulted in 4.9 million
kilowatt-hours (kWh) of annual savings in energy consumption (representing an
80 % reduction in energy usage), and a reduction of about 2,880 tons of annual
CO2 emissions [11]. In this paper, the contributions of 76869 traffic signal mod-
ules in 2101 signalized intersections in Istanbul(February 2016) to the national
economy, energy saving and environmental protection are analyzed. The rest of
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Fig. 1. The yellow incandescent bulbs and LED based lamps produced by ISBAK Inc.
(Color figure online)

Table 1. Features and advantages of LEDs.

Feature Advantages

Semiconductor light source Cost-effective solutions

Design flexibility

Bright and strong light

Low power consumption Electrical power savings

Low heat generation

Applicable to the use of solar energy

High reliability Wide MTBF (mean time between possible failure)

Wide operating temperature range

Not deteriorate by burning

Long operating life low light loss in long-term operation

No need for frequently lamp replacement

Low maintenances

this paper is organized as follows. In Sect. 2, a brief comparison between the LED
based traffic lamps and the old-style incandescent bulbs is illustrated. The con-
tributions of LED based traffic lamps to energy saving are explained in Sect. 3.
Section 4 describes the other contributions in road safety and environmental pro-
tection; then the disadvantages of LED based traffic lamps are discussed. Finally,
some conclusions are drawn in Sect. 5.

2 Comparison of LED Based Traffic Lights with
Incandescent Bulbs

LED based traffic lights use 80 to 90 percent less energy and last around ten
times longer than traditional incandescent bulbs that put out the same amount
of light [12]. Furthermore, LEDs resist the mechanical shocks and vibrations
due to their robust and non-glass outer covers which made of plastic capsule
material. For vibration resist, there are no copper Fleming wires inside LEDs as
in incandescent bulbs. Moreover, LED superior the incandescent bulb in that it
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Table 2. Differences in power consumption between the yellow old-style incandescent
and LED based traffic lamps.

Function Yellow Incandescent Yellow LED

300 mm Yellow Ball 100 W 12.500 W

300 mm Yellow Flash 100 W 12.500 W

300 mm Yellow Arrow 100 W 8.170 W

has the resistance capability to the most weather conditions as heat, humidity
and winds. A general list of features and advantages of LEDs light sources are
given in Table 1. Table 2 illustrates the difference in power consumption between
the 300 mm yellow old-style incandescent bulbs and the 300 mm LEDs based
lamps for various products. Figure 1 shows the bulb and LEDs based lamp which
produced by ISBAK Inc.

Conventional incandescent lamps require color filters to provide the desired
color of light, which causes a large amount of wasted electricity that is not
used in light producing. In contrast, LED based traffic lamps can be designed to
directly produce light as the required color. Another important advance for LEDs
is the long-term effects; for 5 mm LEDs, which used in traffic lamps, the forward
current should be between 10 mA and 30 mA in order to obtain a long-term and
good performance working hours. In AlInGaP LEDs, operating 10,000 h under
30 mA current value leads to approximately 20 % reduction of starting luminous
flux while this reduction of luminous flux will be 10 % in case of 20mA operating
current. After 50000 operating hours there will be approximately 25 % reduction
of luminous flux in case of 20mA forward current. For same case, the luminous
flux will reduces to the half of the starting one after 100,000 h (about 11 years).
On the other hand, the luminous flux of incandescent traffic bulbs, which have
a life time of 8–10 thousand hours, reduces to the half of the starting value

Fig. 2. LED lumen depreciation.
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after only 1500 h of operating. Because the lumen depreciation is very little for
LED based lamps, there is no need to change the lamps as much as in old-style
incandescent ones which leads to a remarkable minimization in the maintenance
costs. Figure 2 illustrates the lumen depreciation phenomenon of LED. The Min.
Light intensity (cd) of LEDs used in traffic light and their light wave length (nm)
are demonstrated in Table 3.

Table 3. Technical data of LEDs based traffic lamps designed in ISBAK Inc.

Operating voltage (230 VAC) 200 mm. 300mm.

Signal color Red Yellow Green Red Yellow Green

Min. Light intensity (cd) 200 200 200 400 400 400

Typ. Light wave length (nm) 630 592 505 630 592 505

3 Contributions of LED Based Traffic Lamps to Energy
Saving

In the light of these benefits of LEDs, which mentioned at previous section,
the ministry of transportation in Turkey has prepared a regulation based on
Article 7 of the Law of Energy Efficiency No. 5627 dated 18.04.2007 for the
improvement of energy efficiency. According to this regulation, it was reported
that LED based systems will be given priority for traffic signalization to regulate
the flow of traffic and to reduce the energy consumption in the signaling system
and these lamps should be designed in accordance with TS EN 12368 standard
[3]. Furthermore, within the framework of “Improvement of Energy Efficiency in
Turkey Matching Project Twinning Project”, which started in July 2005, studies
carried out with the energy efficiency of organizations at France and Netherlands,
ADEME and SenterNovem in order to establish energy efficiency concept in
Turkey which is appropriate to their counterparts in Europe. In this context,
project activities are conducted under the three main components; strengthening
the legal and institutional structures, determination of potential energy savings
and identifying barriers [13]. In 2006, the R&D group in ISBAK Inc. replaced
all the old-style bulbs for the traffic light system with new LED based traffic
lamps version. Figure 3 shows some of ISBAK Inc. products that currently used
in Istanbul. Power consumption and energy saving comparison case study has
been done at the R&D department in ISBAK Inc. between the LED based traffic
lamps and the incandescent bulbs which used in Istanbul traffic light intersection.
The average operating times for traffic lamps of the intersections in Istanbul is
illustrated in Table 4. Tables 5, 6 and 7 summarize the results of this study.

Notes:

• 1 kWh energy = 0,311494 Turkish Lira ( ) with the taxes are excluded from
this price; this energy cost is taken from the list of TEDAS-Turkish electric
distribution company for 2016 [14].
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Fig. 3. LED based lamps produced by ISBAK Inc at Istanbul city.

Table 4. Average operating times for traffic lamps of the intersections in Istanbul.

Traffic unit Red
lamp

Yellow
lamp

Green
lamp

Flash
lamp

Red pedestrian Green
pedestrian

Operating time
percentage

53.9% 2.2% 43.9% 50% 59.1% 40.9%

Table 5. Energy consumption of incandescent bulbs previously used in Istanbul.

Lamp type Pow. cons. Number of Average operating Annual pow. Annual cost( )

(watt) modules in time per hour Cons. (kWh)

Istanbul (hours)

300mm Red Lamp 100 5664 0.539 2,674,336.90 833,039.90

300mm Yellow Lamp 100 5664 0.022 109,156.61 34,001.63

300mm Green Lamp 100 5664 0.439 2,178,170.50 678,487.04

300mm Flash Lamp 100 1399 0.50 612,762.00 190,871.69

200mm Red Lamp 75 9789 0.539 3,466,510.05 1,079,797.08

200mm Yellow Lamp 75 9789 0.022 141,490.21 44,073.35

200mm Green Lamp 75 9789 0.439 2,823,372.75 879,463.67

200mm Flash Lamp 75 228 0.50 74,898.00 23,330.28

200mm Red Pedestrian 75 11221 0.591 4,356,968.43 1,357,169.52

200mm Green Pedestrian 75 11221 0.409 3,015,228.57 939,225.61

300mm Red Arrow 100 292 0.539 137,871.89 42,946.27

300mm Yellow Arrow 100 292 0.022 5,627.42 1,752.91

300mm Green Arrow 100 292 0.439 112,292.69 34,978.50

200mm Red Arrow 75 1855 0.539 656,898.17 204,619.84

200mm Yellow Arrow 75 1855 0.022 26,812.17 8,351.83

200mm Green Arrow 75 1855 0.439 535,024.67 166,656.97

Total 76869 20,927,421.00 6,518,766.08

• The currency exchange rate between dollar and Turkish Lira (Turkish Central
Bank 09.02.2016) is 1$ = 2,9471

• Pow. Cons. Is the abbreviation of Power Consumption factor.

From Table 7, the total annual Energy Savings is about 89 %. Hence, approx-
imately two million dollars of annual energy savings were achieved by switching
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Table 6. Energy consumption of LEDs based Traffic lamps in Istanbul.

Lamp type Pow. cons. Number of Average operating Annual pow. Annual cost( )

(watt) modules in time per hour Cons. (kWh)

Istanbul (hours)

300mm Red Lamp 14.440 5664 0.539 386,174.25 120,290.96

300mm Yellow Lamp 12.500 5664 0.022 13,644.58 4,250.20

300mm Green Lamp 10.420 5664 0.439 226,965.37 70,698.35

300mm Flash Lamp 12.500 1399 0.50 76,595.25 23,858.96

200mm Red Lamp 7.964 9789 0.539 368,097.15 114,660.05

200mm Yellow Lamp 7.608 9789 0.022 14,352.77 4,470.80

200mm Green Lamp 7.854 9789 0.439 295,663.59 92,097.44

200mm Flash Lamp 7.608 228 0.50 7,597.65 2,366.62

200mm Red Pedestrian 8.202 11221 0.591 476,478.07 148,420.06

200mm Green Pedestrian 8.062 11221 0.409 324,116.97 100,960.49

300mm Red Arrow 7.440 292 0.539 10,257.67 3,195.20

300mm Yellow Arrow 8.170 292 0.022 459.76 143.21

300mm Green Arrow 8.610 292 0.439 9,668.40 3,011.65

200mm Red Arrow 6.180 1855 0.539 54,128.41 16,860.67

200mm Yellow Arrow 6.570 1855 0.022 2,348.75 731.62

200mm Green Arrow 6.580 1855 0.439 46,939.50 14,621.37

Total 76869 2,313,488.12 720,637.67

Table 7. Annual energy savings with LED lamps.

Incandescent lamps LED lamps Annual savings

Annual Pow. Cons. kWh 20,927,421.00 2,313,488.12 18,613,932.88 kWh

Annual Energy Costs ($) 2,211,925.65 244,524.34 1,967,401.31 ($)

all incandescent traffic bulbs in Istanbul to LED based traffic lamps. Moreover,
the maintenance costs reduce by 91 % with LED based traffic lamps due to the
statistics result which show that just only 5 % of LED based lamps are broken
down once a year; on the other hand, the incandescent lamps are changed due to
breaking or due to the loss of luminous flux in every 6 months for overhead traf-
fic lamps. When only the energy costs are considered, the amortization period
is 2.2 years for an LED based lamps. However, this period will reduce to be
1.5 years in case of the maintenance costs are supplemented.

4 Other Properties for LED Based Traffic Lamps

4.1 Contributions of LED Based Traffic Lights to Traffic and Road
Safety

Indeed, the human eyes have best response to light sources with saturated color.
Hence, the drivers can effectively distinguish the saturated color LED based light
in comparing to the other light sources under the bright sunlight. Moreover, LED
based lamp has the best light source which can be seen by the drivers in adverse
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Fig. 4. CO2 emissions of Istanbul [17].

weather conditions and can easily recognize other distracting light sources on
the opposite road lane. Furthermore, the color of the LED light source does
not change due to dimming. Previously, reflectors and colored lenses are used
in the signal units with conventional signal lamps. But the sunrays are coming
with horizontal angles especially in the morning and evening rush-hours; hence,
drivers cannot easily perceive the color of the traffic light due to the reflections
from the reflector of the traffic lights (phantom light) in east-west direction.
LED traffic signal lights get their colors from LEDs where the colored lenses and
reflectors are not used.Hence, these advantages of LED based traffic lights will
decrease the numbers of accidents in the cities.

4.2 Contribution of LED Based Traffic Lights to the Environmental
Protection

Turkey, taking part in some activities related to environmental protection, such
as the Kyoto Protocol which is taking steps to ensure the international fight
against global warming and climate change. Countries that signed the Kyoto
Protocol in scope of United Nations Climate Change Framework Agreement,
promised to reduce the re-lease of carbon dioxide and five other gases that cause
the greenhouse effect or if they cannot they promised to improve their rights
through emissions trade. The protocol was signed in 1997 and came into force in
2005. The Kyoto Protocol currently includes 160 countries on Earth and more
than 55 % of their greenhouse gas emissions. Turkey has been included in the
protocol on February 5th 2009 [15]. LED based traffic lights can be considered
to be environmental solutions for their energy saving potential. According to
statistics of International Energy Agency (IES) in 2013, 459.582 grams of CO2

emissions are released to produce 1 kWh electric energy in Turkey. 8555 tons/year
of CO2 emissions are prevented by 18614 MWh energy savings. Figure 4 show the
CO2 emissions of Istanbul. For comparison, when the most frequently used auto-
mobiles in Turkey are taken into consideration, an average automobile releases
2725 kg CO2 when it travels averagely 15000 Km per year [16]. Which means
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Fig. 5. Heavy snow conditions cover the LED based traffic lamps.

green-house gas emissions would be prevented equivalent to 3139 automobiles
withdrawn from traffic.

4.3 Disadvantages of LED Based Traffic Lamps

Nowadays, LEDs are more expensive than conventional lighting source tech-
nologies due to their initial cost. Although the payback time for the LED based
traffic lamps (about 1.5 years) decreases every passing year, the initial cost of
LEDs based traffic lamps is still higher comparing to incandescent/halogen bulbs.
Historically, payback time was 3, 3.5 years due to the leakages in technology at
the early LED based traffic lamps at 1995. In areas with heavy snow conditions,
another disadvantage for the LED based lamps is appeared; Since LEDs produce
a very little amount of heat which is not enough to melt the snow accumulated
on lamps outer lens. In this case, drivers cant recognize clearly the state of lamps
which cause to somehow a case of traffic chaos as shown in Fig. 5. Moreover, some
electronics expertise is needed to design electronic drivers in order to supply the
correct polarity, voltage and current at a constant flow.

5 Conclusion

Usage of LED based signal lamps is rapidly increasing all over the world due
to the noticeable increase in the light efficiency of LEDs, energy-saving, ease of
maintenance, their long life times and other benefits. Indeed, installation costs
of LEDs are higher than incandescent lamps; however, the energy consumption
is decreased by 89 %, the maintenance costs are decreased by 91 % and the pay-
back time for the LED based traffic lamps is about 1.5 years. In this paper, The
research and development department (R&D) at ISBAK Inc. (Istanbul Telecom-
munication Transportation and Security Technologies), which is an affiliated
company to Istanbul Metropolitan Municipality, demonstrates the benefits of
switching the old-style incandescent bulbs to the LED based lamps in traffic sig-
nalization system at Istanbul. Contribution of total 76869 traffic signal modules
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in 2101 signalized intersections in Istanbul (February 2016) to the national econ-
omy is explained. Approximately two million dollars of annual energy savings
were achieved by switching all incandescent traffic bulbs in Istanbul to LEDs
based traffic lamps and 8555 tons/year of CO2 emissions are prevented by 18614
MWh energy saving. In Turkey, which has approximately 9,000 intersections,
if all traffic signal lights are switched to LED based lamps systems then it is
clear that significant energy savings, environmental protection and the maximum
safety in traffic will be provided. Furthermore, within the context of government
policy and energy-saving practice, the transition to LED lighting with remote
control and automation applications to reduce the level of illuminance in urban
and general lighting, is on the agenda of ISBAK Inc. For that, ISBAK inc. and
Istanbul Technical University (ITU), developing a common project, with the
support of Ministry of Science Industry and Technology (MoSIT), established a
test road in Istanbul, ITU Ayazaga Campus where different road conditions and
scenarios can be practiced in order to assess and measure the visual performance
of drivers. According to the measurements and experimental results which will
be held on the test road, it is aimed to develop a road lighting automation sys-
tem working with correct dimming scenarios [18]. As a future work, we will also
constraint on the low voltage systems (< 42 VAC)for traffic light which provide
an important feature of traffic signaling due to the better monitoring and the
increased safety for the engineers working on the traffic signals at the street.
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Abstract. E-grocery is a new emerging and challenging business chan-
nel for the food and beverage market, enabling consumers to purchase
grocery products online. It combines the issues of last mile distribution
with those related to the perishability of foods, affecting the success and
profitability of several e-grocery companies. The Local Food Supply Chain
(LFSC) concerns the local production and delivery to food consumers, in
a more economically and environmentally efficient way, but it remains a
less explored business. The paper discusses whether a new LFSC model
for e-grocery is useful and proposes an innovative solution based on ICT
and mobile applications.

Keywords: E-grocery · Last mile · Supply-chain · City logistics

1 Introduction

E-commerce is drastically changing the way business is managed. In particular,
B2C e-commerce represents a new channel that completely replaces physical
shops, enabling consumers to purchase products and services online. While e-
commerce revolutionized the retail business of travel, clothes, and consumer
electronics as the big online sellers, e-grocery is still at an early stage. This
does not refer to a temporal dimension, in fact according to [1], the grocery
industry is considered pioneer in home delivery service, but e-grocery has not
been still able to find the model of success that ensures profitability to their
businesses. This paper deals with the e-grocery distribution in urban areas and
proposes a model specialized for the Local Food Supply Chain (LFSC) and the
Smart Cities environment. The project, named Simulation and Optimisation
of Urban Logistics (SOUL), develops in collaboration with Telecom Italia, a
prototype for urban B2B freight distribution fleet routing management system
in integration with business modeling and near field communications technology
for LFSC. In details, SOUL has a twofold purpose. First, reduce with the use
of ICT based solutions, the issues that affect the e-grocery (e.g., the inefficiency
of the picking and delivery operations), determining the failure of the majority
of pioneering e-grocery retails. Second, to deal the e-grocery with an innovative
c© Springer International Publishing Switzerland 2016
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point of view, paying the attention on fresh food and LFSC, which are less
considered in literature, as we will discuss. The combined usage of a Decision
Support System and mobile application let us provide a solution to increase
the effectiveness and the efficiency of the e-grocery operations. The paper is
organized as follows. Section 2 examines the literature, providing some references
about the industry state-of-the-art and an overview of LFSC. The proposed
model is introduced and discussed in Sect. 3. Finally, Sect. 4 reports some results.

2 Literature Review

The literature of e-grocery retailing can be split into two different main streams.
The first one includes the analysis of the retailer’s point of view focused on
the efficiently design and management of the e-grocery supply chain, taking
into account the relevant factors that determinate the successful of the business
model. The second stream concerns the potential benefits in terms of external-
ities reduction and the impact of e-grocery on the more comprehensive urban
freight distribution. For a more general discussion about the different aspects
of Smart Cities application, the reader can refer to [2]. Regarding the retailer’s
point of view, some papers investigate on the definition of efficient operational
models, by proposing an analysis of different models with a comparison of exist-
ing e-grocery companies ([3,4]). A great attention is paid for individuating the
main reasons of the failures that occurred, which are classified in economical
and perishability related factors. First, when designing the business and oper-
ational models, the key issues discussed in the literature are picking and deliv-
ery operations. A crucial point is in fact that the overall efficiency of these
operations is essential for e-grocer retailers, due to lower gross margins that
affect the e-grocery than in other markets. The reason are mainly economical,
in fact for traditional bricks-and-mortar, retailers that enter the Internet market
as multi-channel grocery retailers, order picking and home deliveries represent
additional costs (see Fig. 1). In traditional supermarkets, the customer picks the
desired products and bears the transportation costs from the store to home. By
contrast, in online grocery the retailer incurs the picking and last mile logistic
costs. Generally, these additional costs are higher than the fees customers are
willing to pay for delivery, which is between euros 4 and euros 7 per transaction,

Fig. 1. Comparison of traditional and online grocery shopping activities.
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depending on the market [5]. This means that only efficient picking and delivery
processes would make the e-grocer business profitable as well as strike the right
balance between cost and service [6]. Other issues, strictly related to the design
of successful fulfillment and delivery options, affect the economical efficiency of
the e-grocery supply chain, as the transportation costs related to the location
of distribution centers, and the investment required (e.g., investment for highly
automated centers). The second critical point for the failure of e-grocery solu-
tions is the difficulty to guarantee the food temperature during the entire chain
and the perishability of the food. In particular, according to the definition pro-
posed by the International Air Transport Association, a shipment is perishable
if its contents deteriorate over a given period if exposed to harsh environmental
conditions, such as excessive temperature or humidity. This peculiarity increases
the complexity related to the management of these parcels, about the need to
guarantee their health, safety and economic value. The retailers must guarantee
that frozen and perishable foods maintain their temperature all along the supply
chain. While in attended home delivery service this can be easily achieved, in
unattended delivery refrigerated containers are required. To solve this problem,
different packaging solutions have been proposed. The reception box is a refriger-
ated and locked box installed in the customer’s garage or yard. The delivery box
is a secured box with a docking mechanism delivered to the customer and retired
at the next delivery. Another type of complexity occurs when it is expected a
transit to a distribution centre (DC). In fact, it is necessary particular attention
for layout planning of DC, because the preservation of perishable goods required
that there should be at least three different temperatures: room temperature,
chilled and frozen [7]. The second literature stream is strictly related to the
impact of e-grocery on the Last Mile distribution. It includes several studies
([8–10]), focused on the potential benefits, in terms of vehicles miles traveled
and Green House Gas (GHG) emissions reductions, generated by the e-grocery
home delivery compared to the case in which individuals use their own car for
shopping trips. These papers estimate CO2 emissions reductions in the range
between 18 % and 87 %, where the level depends on the home delivery model
and the routing strategy used. Small reductions of GHG are observed when no
scheduling rules are defined and customers to serve are selected randomly. On
the contrary, larger reductions occur when the proximity assignment selection
policy is used, i.e., the deliveries are first clustered in zones and then the trips
associated to each zone are computed. [4] identify and analyzes the impacts of
the last-mile delivery strategies adopted by e-grocery retailers. They show as
Click & Collect service appears to be the most suitable, compared to HD service
and hybrid HD and Click & Collect service, with almost a 9 % GHG emission
reduction. From a holistic vision, the e-grocery emerges as a new challenging
business channel for the food and beverage market. It combines the issues of
distribution in urban areas included in the last mile logistics field with the prob-
lems arising in the manage of fresh and perishable foods. Moreover, it emerges
a lack in the state-of-the-art of e-grocery applied to local food distribution. In
particular, a framework of e-grocery LFSC combined with a business model has
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not been proposed yet. In fact, we can state that today e-grocery represents
an additional channel for food distribution and it is used to create an online
version of traditional grocery retailers (e.g., Walmart and Publix) who domi-
nates the USA and European e-grocery-retailing. Moreover, consumer interest
in local foods has increased sharply in recent years [11], also due to the policy
programs promoted by the European Commission [12]. In this context a higher
level of ICT could overcome the complexities that affect LFSC and help small
local producers to be more competitive.

In the next section, we present a project named SOUL, which aims to
response to this issue, with the integration of ICT and mobile application.

3 The E-grocery Distribution Model

As stated in Sect. 2, there is a lack of ICT application to the e-grocery LFSC.
Therefore, the short food business would do well to improve the physical dis-
tribution process and re-engineer the logistics process by connecting the supply
chain with ICT and real-time information. The ICT of the supply chain offers
two main advantages: to provide final consumers with a valuable alternative to
grocery stores and to support actors involved in the LFSC with an efficient dis-
tribution system. ICT helps to achieve these goals by solving problems related to
the cost and the effectiveness of logistics operations, the management of B2B and
B2C segments, the packaging of fresh products and the occurrence of unexpected
events during the distribution (e.g., road congestion). In this context, ICT and
Decision Support Systems (DSSs) have the potential to optimize the use of road
capacity, save manpower, reduce the number of traffic accidents, and decrease
the level of pollution [13], enhancing the quality and efficiency of the service.
The proposed DSS for e-grocery is developed in the SOUL project field. SOUL
is an attempt to consider multiple retailers that share the distribution of fresh
food in urban areas. The DSS is embedded in a mobile application that allows
retailers and consumers of fresh food to monitor the flow along the entire sup-
ply chain (e.g., order placement, inventory control, freight tracking, dispatching,
delivering) and enables the exchange of real-time shipping and traffic-related
information for the optimization of logistics operations and traffic congestion
mitigation. We use in our DSS a vehicle-to-infrastructure (V2I) system, in which
vehicles transmit their own data to a central server. The server aggregates data
from external sources, including real-time data. Thus, it moves the computing
power away from the vehicle and provides real-time information for third party
applications, such as the fastest paths for vehicles and the detection of conges-
tion in the urban area. This means that SOUL is able to retain information
about users of the reference market, to elaborate traffic data from public and
non-public sources, and to provide an intelligent core capable of processing and
distributing this information for a better use of the transportation system. More-
over, SOUL ensures the exchange of information on the mobile network and the
coordination of activities in a flexible and scalable manner. Figure 2 illustrates
the main blocks of the SOUL architecture, responsible for the execution of the
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process described. More attention is paid to the analysis of the two key elements:
Traffic Handler Service and Central Unit. On the contrary all blocks are briefly
described in this section:

– Central Unit (CU): it is the operative core block that provides two main
functions, traffic management and real-time control of fleets of vehicles.

– Traffic Handler Service (THS): it is a key block that aggregates traffic infor-
mation in order to detect the congestion of urban streets and communicate
the traffic events to the CU, which deals with them by updating in real time
the routes of the vehicles.

– Data Broker Layer (DBL): it manages and facilitates the access to information
through standard implementations and access policies. Using integration rules,
it also supports the aggregation of data sources, preserving the meaning and
the context of information. Finally, it guarantees data integrity and concurrent
updating from different sources.

– Hosted Services: they provide a hosting system for applications and tools, and
an interface to support interactions between services and users. For exam-
ple, the Supply Chain Management Unit receives orders from users and sends
them to the associated suppliers, manages information and tools for deliv-
ery planning and execution, allows electronic monetary transactions, updates
inventory levels, and collects statistics about orders, deliveries and stocks to
support distribution activities. Specific XML formats are defined to enable the
exchange of information.

– Third Party Services: they do not need a hosting system and, on the one hand,
can benefit from data aggregation and forecasting and, on the other hand,
provide functions to services hosted in the architecture (e.g., cartography).

– Enabling Technologies: internal and external enabling technologies enhance
the decision making process of ITS (e.g., map providers, localization system).
In particular, high-speed local and/or geographic networks (e.g., LAN, inter-
net) that enable the exchange of information between the various software and
hardware modules.

– External sources: traffic data are available not only from the vehicles, but
also from private or public networks of sensors (e.g., institutional and non-
institutional portals). For the city of Turin, an important source is constituted
by a broad traffic sensor network carried out by the Traffic Operation Centre 5 T
and its public portal [14],whichprovide data about the roadnetwork in real time.

– Mobile devices: they access the services hosted in the SOUL architecture.
Moreover, the smartphones of logistic providers represent possible sensors of
traffic data as they are directly in contact with the situation in real time.

3.1 Central Unit

It is an intelligent real-time vehicle routing system able to build optimised routes
for the distribution of fresh and perishable food, by taking into account changing
traffic conditions ([15,16]). The goal of SOUL optimisation tools is to make the
e-grocer business profitable reducing the costs and the criticisms of the home
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Fig. 2. Main blocks of the SOUL architecture.

delivery services, through its components: a routing optimiser and a post-
optimiser. The first is based on a Tabu Search heuristic able to address the
Vehicle Routing Problem with Time Windows (VRPTW) [17]. It computes the
cheapest routes for a heterogeneous fleet of vehicles from a single depot to a set
of geographically scattered points and considers the time windows within which
the deliveries must be made and the capacity of vehicles. SOUL also provides
solutions for the consolidation of foods from different retailers in distribution
centres [18]. The outcomes of the routing optimiser are then stored in the DBL
and retrieved by the application when the vehicles are ready. The post-optimiser
manages a Dynamic Vehicle Routing Problem (DVRP) in which the source of
dynamics is the online arrival of customer requests for goods during the oper-
ations. Once the SOUL CU has optimised the VRPTW, logistic operators or
the retailer with equipped vehicles can use the navigator provided by the appli-
cation. The navigator, based on Google Maps and navigation API defined in
Android, uses the GPS navigation device to acquire position data and to locate
the user on a road. The driver selects the vehicle from the application, which
downloads the optimal route and draws it on the map. Upon selection of the
vehicle, an association is made between the vehicle and the International Mobile
Equipment Identity code of the on board mobile device guaranteeing the iden-
tification of the vehicle in the system for the entire duration of the deliveries.
Moreover, dynamic and real-time navigation data are sent to the Traffic Handler
Service, in order to aggregate them and to provide new estimates of the urban
congestion by means of a crowd sensing aggregation module.

3.2 Traffic Handler Service

The Traffic Handler Service (THS) has two important functions. First, THS col-
lects data from external sources and aggregates data to provide real-time traffic
information. In particular, the sensory system of the traffic center (5T in the case
study of Turin [19]) periodically monitors the rate of flow (cars/hour) and speed
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(km/hour) on themain roadsandmakes themavailable online.Then,THSretrieves
the data from the public portal, collects them and performs statistical analyses
(e.g., minimum, maximum, average), useful to report congestion on routing paths.
We develop a simple detection tool based on the theory of traffic flow on freeways
([20,21]) and adapted to the characteristics of roads in cities. Periodically, THS
checks conditions of roads under monitoring and, in case of congestion, communi-
cates a new traffic event to the notification. On the contrary, when the congestion
ends, THS eliminates the event from the system. The insertion of traffic events can
bemade in twootherways: (1) anadministration screenallowsplacing trafficevents
directly from the map and (2) vehicles involved in congestion can report their posi-
tion through the mobile application. The second function provided by the THS is
the computation of the matrix of costs for the routing model corresponding to the
distances and travel times between depots of logistic providers and destinations of
delivery. Also, it computes alternative routes only for the vehicles affected by the
congestion events.

3.3 Mobile Application

To represent the information to the user, SOUL uses a mobile application
designed on the Android, written in Java, and uses db4o databases to store
persistent data. It allows users to monitor the flow along the entire supply
chain and enables different operations (e.g., order placement, inventory control,
freight tracking, and receiving management). The mobile application connects
users (consumers, supplier, retailers, and logistics providers) to the technology
infrastructure of the DSS, allowing them access to services of the proposed archi-
tecture. [22] evaluated the DSS by a framework based on the System Dynamics
methodology, which assesses the potential of and facilitates policies for benefits
of SOUL. The outcomes of the evaluation model underline the importance of
the adoption of the additional services (e.g., product tracing systems, electronic
payment systems, time sensitive deliveries) in e-grocery. The advantages origi-
nating from the use of ICT in the e-grocery supply chain, in our opinion, should
stimulate the use of SOUL-like systems, especially by retailers and consumers,
and the diffusion of e-grocery services.

3.4 Perishable Goods

As discussed in Sect. 2, perishability of goods represents a crucial aspect related
to the e-grocery LFSC and one of the levers of the SOUL project. In particular,
for these goods SOUL tracks the position and monitors the temperature during
the entire delivery from the depot to the final destination. This information
is collected through mobile and remote sensors of the vehicles. This ensures
the conditions and the reliability of perishable good, as well as signaling when
environmental conditions are not satisfied.
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4 Results

The analysis of SOUL was conducted by a simulation-optimization approach. In
more details, we built realistic scenarios validating them in a focus group with
practitioners and fresh food companies of the Turin area. Then, we used those
data gathered during the URBan Electronic LOGistics (URBeLOG) Project field
[23], to carry out a simulation where the optimization of the service was done by
means of SOUL. In particular, we have considered two different scenarios. The
first involves small-sized food companies, which are less capable to manage deliv-
eries with an own fleet of vehicles, in an efficient way. On the contrary, the second
involves medium-large sized retailers having a more consistent demand and vehi-
cles with a capacity of about 50 % greater than the previous. The alternative
in which each retailers performs the deliveries is compared with those where
the consolidation of foods from different firms in distribution centres occurs.
We performed our experiment campaign using data gathered from a database
of 16000 customers, considering networks ranging from 3 to 45 customers. The
results obtained throught the simulation are summarized in the Table 1, where
are presented the amount of deliveries composing the demand for retailers, the
percentages of improvement in terms of distances traveled, number of vehicles
used, service times and cost savings, that the consolidation generates.

Table 1. Simulation results.

Deliveries Improvement [%]

Δ N. Vehicles Δ Distance Δ Time Δ Cost

Scenario 1 30 - 50 % - 47% - 40% - 47 %

50 - 50 % - 45% - 35% - 45 %

100 - 25 % - 32% - 23% - 32 %

150 - 25 % - 25% - 17% - 25 %

200 - 25 % - 28% - 19% - 28 %

250 - 42 % - 39% - 26% - 39 %

Scenario 2 300 - 33 % - 30% - 19% - 30 %

350 - 38 % - 33% - 22% - 33 %

400 - 31 % - 28% - 28% - 28 %

450 - 40 % - 32% - 21% - 32 %

The results highlight that the consolidation of food operated by the logistics
providers allow to obtain operative and economical efficiency, in both the sce-
narios, but mainly for the small-sized retailers. As showed by the cost savings
reported in Table 1, an important benefit is the costs reduction, due to the out-
sourcing of the fleet management and the relative economical efforts. In general,
the retailers obtain a better service time, essential in a time-sensitive context
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as transportation. For example, in the first scenario, considering a small net-
work, the service time improves of about 40 %, due to the greater capacity of
the logistics provider vehicles combined to the optimization of the routes. How-
ever, considering an equal capacity both for retailers and logistics provider, these
benefits are confirmed, though to a lesser extent. In fact, serving a demand of
200 deliveries, the service time and the costs range from respectively the 19 %
and the 28 % with different capacities, to the 5 % and the 7 % if the vehicles are
identical. Notice that the adoption of logistics providers in the LFSC reduces
the number of vehicles on the road, up to the 50 % as illustrated by the results,
with a consequent positive impact on the environment. Finally, according to our
results, the dynamics of user growth does not appear to be sensitive to the vari-
ation of the service fees, even when all the LFSC players are set to be extremely
sensitive to pricing.

5 Conclusion

The simulation conducted in this paper underlines that e-grocery literature is
affected by some lacks dealing with different aspects (e.g., the organisation of
warehouses for multi-channel grocery retailers, the composition of vehicles and
the support of decision maker). The SOUL project overcomes these gaps, intro-
ducing an ICT solution and integrating the e-grocery Supply Chain with a ref-
erence business model, to achieve the efficiency required in the urban context.
However, the integration and the synchronization of the entire chain are also
required to guarantee cost-effective robust solutions, which optimize logistics
operations. The synchronization of handling operations and the fleet of vehicles
has a key role in the SFSC, where the perishability of the products requires
speedy and accurate operations. These new issues are presently tackled in a new
project funded by the Horizon2020 programme called Synchro-modal Supply
Chain Eco-Net [24].
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Abstract. In the face of sharp urbanization around the world, metropol-
itan areas have started different initiatives and projects to make cities
more efficient and sustainable. Hereby logistics and transportation activ-
ities have a major impact in the development of so called ‘Smart Cities’.
By addressing complex decision making problems through simulation
and optimization, the Operations Research community has contributed
to the development of sustainable city logistic systems. While technical
and structural problems have been extensively discussed in the literature,
many models neglect the importance of behavioral issues arising from risk
aversion, stakeholder interaction and human factors that play an impor-
tant role in the consolidation and optimization of logistical activities.
This paper reviews existing work considering behavioral factors from an
OR perspective. Simulation and optimization models to major problem
settings in City Logistics are discussed and methodologies to conquer
real-life urban L&T challenges are presented.

Keywords: Smart Cities · City Logistics · Operations Research ·
Behavioral research · Simulation-optimization

1 Introduction

Cities are the driving forces of economies around the world with 85 % of the
Gross Domestic Product (GDP) of the European Union (EU) already produced
in urban areas [25]. The importance of metropolitan areas is fostered by the
fact that the world’s urban population is expected to double from 2.6 billion
in 2010 to 5.2 billion people until 2050 [20]. This urbanization trend has both
positive and negative effects on a global level. On the one hand it leads to wealth,
jobs, and an increase in cultural activities. On the other hand, increasing city
populations augment carbon dioxide and greenhouse gas emissions, traffic jams
and waste development [13,15].

Especially activities related to logistics and transportation (L&T) of urban
freight has a major impact on urban society, environment, and economy [29,42].
In Europe alone traffic jams yield yearly costs of 100 Billion US$, equal to 1 %
of the EU’s GDP [26]. Furthermore, transportation vehicles lead to excessive
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noise levels in urban areas affecting as much as 41 million Europeans [26], while
the sector accounts for 27 % in total greenhouse gas emissions in the USA [56].
In the development of sustainable urban areas (often addressed in ‘Smart City’
innovations and projects, see [6,27]), the planning of a sustainable and effective
logistical environment is therefore of major importance.

In an approach to reduce the impact of urban freight transportation, the
concept of City Logistics (CL) has emerged as new area of L&T planning [42].
Through the coordination and consolidation of logistic activities of different
stakeholders, the aim is to develop integrated and sustainable urban logistics
systems by reducing freight vehicles numbers, control their dimensions and char-
acteristics, and optimize vehicle usage by reducing empty vehicle mileage [8].
Hereby Operations Research (OR) plays an important role by developing mod-
els to optimize and evaluate complex problem settings, e.g. the location of freight
consolidation centers, routing of electric vehicles with limited driving ranges [33],
or the scheduling of driver workplans.

Different simulation and optimization techniques to solve various real-life
problem settings concerning technological-, process- and structural challenges
have been presented by the OR community. However, behavioral issues such as
lack of trust, natural risk aversion, or decision biases of people and companies
typically lead to some kind of uncertainty in OR models, which has not yet
been discussed to the same extend [10,28]. Within the OR community the peo-
ple dimension in L&T is mainly addressed in the field of simulation to evaluate
the behavior of different stakeholders (usually shippers, freight carriers, admin-
istrators and consumers) concerning different urban L&T measures [53]. In opti-
mization issues of arising in the development of CL systems however, behavioral
factors of individual decisions and stakeholder interaction has received less for-
mal attention [5].

This paper contributes to this research line by reviewing how behavioral
aspects of different CL stakeholders in main urban L&T problem settings such
as the location of freight consolidation centers, development of routing plans, or
workforce scheduling is addressed in existing operational research. The structure
is hereby as follows: Sect. 2 highlights main concepts of CL and stresses the
importance of considering human behavior to develop realistic and sustainable
L&T systems; Sect. 3 reviews OR approaches addressing human factors in CL;
Sect. 4 discusses possible future research work and concludes this paper.

2 Considering Behavioral Issues in City Logistics
Concepts

2.1 City Logistics Concepts and Related Optimization Problems

CL is defined by Taniguchi et al. [51] as “totally optimizing urban logistics
activities by considering the social, economic, and environmental impact of
urban freight movement while providing an opportunity for the development
of innovative solutions that allow to improve the quality of life in urban areas.”
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Crainic et al. [18] focus more on the optimization and utilization of transporta-
tion resources, by defining CL as “reducing and controlling the number, dimen-
sions, and characteristics of freight vehicles operating within city limits, improv-
ing the efficiency of freight movements, and reducing the number of empty vehicle
kilometers”. The main goal is to make urban freight L&T more efficient while
reducing the negative environmental impacts by viewing CL as integrated system
instead of focusing on individual stakeholders. This process requires planning at
a strategical, tactical, and operational level, in which behavior of macro- and
micro stakeholders play a decisive role [5,8].

On a strategic level, especially the development of multi-tier transportation
systems has been discussed [39]. The aim is to keep delivery-trucks away from
city centers by consolidating logistics activities of different companies in so called
Urban Consolidation Centers (UCCs). Instead of delivering products to the final
customer, companies transport their freight to consolidation hubs which are
usually located in direct proximity to the geographic areas of interest (e.g. the
city center or a shopping mall). From the UCC, consolidated deliveries and other
logistics services such as storing or packaging are then carried out [5,21].

Through tactical planning, efficient transportation plans concerning resource
utilization and demand satisfaction are established. This leads to several OR
problems, for example the well-known Vehicle Routing Problem (VRP) and its
variants considering time windows, different load levels, and uncertainty. Also,
the use of Electric Vehicles (EVs) in freight transportation brings new challenges
to the OR community [12,33,34,36].

Operationally, human factors such as fatigue, education, or learning abilities
have to be considered in the development of employee work schedules. Also the
operational control and adjustment of transportation plans through the use of
ICT, e.g. GPS to dynamically adjust routing plans and vehicle schedules, has
been discussed in the literature [18].

2.2 The Importance of Behavioral Issues in City Logistics

The editorial for a special issue on behavioral operations of the Journal of Oper-
ations Management [19] defines behavioral operations “the study of potentially
non-hyper-rational actors in operational contexts”. Behavior of stakeholders is
often ignored in mathematical modeling of complex decision problems. Indeed,
most work in OR research considers them to be (i) a minor factor of the system,
(ii) deterministic, (iii) independent, (iv) non-developing, (v) emotionless, and
(vi) observable [10,47,55]. This is a drawback in the development of realistic
problem-solving support tools, as they often proof to be difficult to implement
in practice as they ignore important system characteristics related to behavioral
influences [7].

In the context of CL, behavior plays an important role as the integration and
cooperation among different stakeholders (public and private) and system plan-
ning does not only depend on technical and physical components, but also human
and behavioral factors. Current research in supply chain management mostly
neglects this fact and forgets about the “crucial importance of the behavioral and
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people dimension [48]”, arising from risk-aversion of decision takers or the lack of
trust and incentive misalignment between companies and their managers [7].

Urban freight transportation is the product of the interaction between differ-
ent stakeholders, mainly from the commodity, transport and infrastructure sec-
tor. Even though most situations in L&T systems can be described and solved
mathematically, the complete environment needs to be understood for the devel-
opment of realistic and suitable optimization models. In CL the integration of
logistical activities comes down to relationships between individuals, teams, and
companies which in essence consist of people [2,49].

3 OR Problems Considering Behavioral Issues in City
Logistics: A Review

OR models describing CL concepts can be generally categorized into: simula-
tion models and optimization models. In the field of simulation, behavior of
different stakeholders to different CL measures such as municipal subsidies of
UCCs, road-pricing, or time windows in city centers has been addressed. Con-
cerning optimization, different real-life algorithms to consider various combinato-
rial optimization problems (COPs) have been presented. These approaches (with
special focus on publications considering human factors and stakeholder interac-
tions) are reviewed in Sects. 3.1 and 3.2 respectively. Recently, some interesting
methodologies combining simulation into optimization (mainly metaheuristic)
based frameworks have been presented. As these techniques (e.g. simheuristics)

Table 1. Summary of reviewed papers

OR-Technique Reviewed Papers Behavioral Issues addressed

Simulation [23] Stakeholder interactions in UCCs

[57] Stakeholder interactions in joint delivery sys-
tems and car-park management

[54] Stakeholder behavior in e-commerce delivery

[50,52] Evaluation of CL measures from the point of
view of different stakeholders

[11,37] Stakeholder behavior concerning local traffic
regulations in multi-modal transportation

Optimization [17,24,40,44,45] VRPs with different constraints (e.g. time
windows, load factors)

[39,41] Multi-criteria, multi-echelon LRPs

Sim-Opt [30] LRP with stochastic demands and travel
times

[32] Different Safety-Stocks in the VRP with sto-
chastic demands

[31] Scheduling problem with stochastic times
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could be a promising tool to integrate behavioral issues such as different risk-
attitudes of route dispatchers, they are outlined in Sect. 3.3. An overview over
the discussed papers their relation to behavioral issues is given in Table 1.

3.1 Simulation Models

Simulation is often used to evaluate complex CL systems and predict the effects
of measures such as the implementation of UCCs, road pricing, truck bans in
city centers, time windows, load factor controls, or operational subsidies. Hereby,
especially Agent-Based Modeling and Simulation (ABMS) allows the considera-
tion of the behavior of different actors [38].

Stakeholder behavior in the opening of a UCC concerning different urban
congestion levels, minimum vehicle loads, and time windows in city centers is
discussed by Duin et al. [23]. Wangapisit et al. [57] use ABMS to fine tune the
implementation of UCCs in congested cities considering stakeholder interaction
and cooperation in joint delivery systems and car parking management. Teo
et al. [54] evaluate CL measures in urban road networks in a e-commerce deliv-
ery system environment. Similar ABMS models to evaluate CL systems are pre-
sented by Tangawa et al. [50] and Tanguchi et al. [52]. The use of multi-modal
transportation systems incorporating the use of EVs in consolidated logistics
systems is modeled as result of interaction between different stakeholders and
their reactions to local traffic regulations using ABMS by Boussier et al. [11].
Lebeau et al. [37] test the impact of using electric vehicles in UCCs using discrete
event simulation.

While many simulation-based models have been applied to evaluate the
behavior of stakeholders in the context of CL, the consideration of humans and
companies as non-rational factors has not been done to the same extend. Badin
et al. [4] use a representative EV simulator to test the impact of driver aggres-
siveness in the energy consumption of EVs by considering ordinary, economic,
and aggressive drivers.

3.2 Optimization Models

Different complex COPs for optimizing CL processes with real-life constraints
have been addressed by with OR solution methodologies, generally divided
into exact- and approximate methods. While exact methods (e.g. Branch-and-
Bound) are usually applied to smaller instances, approximate metaheuristics
(e.g. GRASP, Tabu Search, Simulated Annealing, etc.) are able to solve large
problem settings in short calculation times.

An overview over VRPs in the context of CL is given in Cattaruzza et al. [14].
Main VRP variants are hereby the VRP with access time windows in city centers,
multi-modal heterogeneous vehicle fleets, routing problems with restricted zones
for certain vehicle types, the 2-Echelon VRP or dynamic re-routing of vehicles
according to real-time travel information [17,24,40,44].

Very current in the optimal integration of UCCs in CL systems is also the
complex location-routing problem and its variants, in which facility locations and
connected routing activities are planned together [22]. In this context, an exact



Behavioral Factors in City Logistics 37

Branch &Cut algorithm to solve small and medium sized instances exactly of the
capacitated 2-Echelon Loading Routing Problem (2E-LRP) is proposed by [16].
Metaheuristics such as Variable Neighborhood search (VNS), GRASP, and Iter-
ated Local Search (ILS) to address different 2E-LRPs are presented by Nguyen
et al. [41] and Schwengerer et al. [46].

Behavioral issues regarding problem owners have not been considered in much
detail, and the interaction of stakeholders is also not considered in the works cited
above. Awasthi et al. [3] employ a fuzzy model in the location planning of UCCs,
in which different evaluation criteria such as accessibility, security, connectiv-
ity to multi-modal transport, costs, environmental impact, resource availability
and the possibility for expansion are considered. Othman et al. [43] incorpo-
rate human factors into a workforce scheduling case, including aspects such as
skills, training, workers personalities, breaks, fatigues, and recovery levels. Even
though their problem setting is related to workforce scheduling in the context
of production scheduling, their multi-objective mixed programming model could
also be applied to workplan scheduling problems of drivers and UCC operative
personal.

Other human factors such as the route-choice behavior of drivers are not yet
considered in optimization approaches. They are more addressed in the field of
behavioral research, done for example by Albert et al. [1], who use advanced
traveler information systems to test the differences concerning geographic abil-
ity and sensation seeking of drivers experimentally. However, some promising
research work considering uncertainty through human behavior and risk-aversion
of decision-takers have been presented recently by combining simulation in opti-
mization based frameworks, which is surveyed in the following sub-section.

3.3 Combining Simulation with Metaheuristics to Model Behavioral
Issues

One of the main issues when modeling behavioral issues in the problem set-
tings discussed above is the inclusion of uncertainty arising through stakeholder
interactions and human factors. Simulation seems to be the method of choice
in artificially reproducing complex systems to evaluate certain measures. But
simulation itself is not an optimization tool. In this context, the combination of
simulation with optimization is becoming very popular and seems a promising
methodology to model different behavioral aspects in OR [9].

Juan et al. [35] discuss the concept of simheuristics to consider uncertainty
in COPs. By implementing simulation techniques in metaheuristic optimiza-
tion approaches, established COP plans (e.g. vehicle routing solutions) can be
assessed by showing their behavior in stochastic scenarios. In this context, for
example the VRP with stochastic demands has been discussed [32]. After finding
promising VRP solutions with a metaheuristic, the authors evaluate the effect of
different safety capacity factors (representing route planners willingness to take
risks) by using Monte Carlo simulation. Herazo-Padilla et al. [30] apply a similar
approach by combining Ant Colony Optimization with discrete-event simulation
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to consider stochastic demands and stochastic travel times (occurring for exam-
ple through different driver behavior) in the LRP. Not directly related to CL
problem settings, Juan et al. [31] discuss a simheuristic approach to the per-
mutation flow shop problem with stochastic time, a well-known COP in which
stochastic job termination times can be related to difference employee working
speeds. A similar approach could be implemented in the context of CL.

4 Future Research Work and Conclusions

This paper has identified typical OR problems in the context of the development
of City Logistics concepts and related behavioral issues. Especially simulation
(through agent-based models) has contributed to research concerning the evalu-
ation of stakeholder behavior and the interaction of different public and private
actors concerning different urban L&T measures. In the context of optimization
to establish efficient location-, routing-, and scheduling plans behavioral factors
of individuals and their interactions are only scarcely considered. The reason for
this seems to be the difficulty in including uncertainty (as one of the outcomes
when considering behavior) in traditional optimization models. The combina-
tion of simulation and optimization seems to overcome this drawback, and has
recently been successfully applied to logistical problem settings. As such, this
could be a promising future research line to overcome existing drawbacks in
modeling behavioral issues in OR.
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for city logistics. EURO J. Transp. Logistics 1, 1–29 (2015)

15. Cocchia, A.: Smart and digital city: A systematic literature review.In: Dameri,
R.P., Rosenthal-Sabroux, C. (eds.) Smart City - How to Create Public and Eco-
nomic Value with High Technology in Urban Space, pp. 13–43. Springer Interna-
tional Publishing, Switzerland (2014)

16. Contardo, C., Crainic, T., Hemmelmayr, V.: Lower and upper bounds for the two-
echelon capacitated location routing problem. Comput. Oper. Res. 39, 3215–3228
(2012)

17. Crainic, T., Perboli, G., Mancini, S., Tadei, R.: Two-echelon vehicle routing prob-
lem: a satellite location analysis. Procedia Soc. Behav. Sci. 2(3), 5944–5955 (2010)

18. Crainic, T., Ricciardi, N., Storchi, G.: Models for evaluating and planning city
logistics systems. Transp. Sci. 43(4), 432–454 (2009)

19. Croson, R., Schultz, K., Siemsen, E., Yeo, M.L.: Behavioral operations: The state
of the field. J. Oper. Manage. 31(1–2), 1–5 (2013)

20. Crossette, B., Kollodge, R., Puchalik, R., Chalijub, M.: The state of world popu-
lation 2011, United Nations Population Fund, pp. 1–132 (2011)

21. Danielis, R., Rotataris, L., Marcucci, E.: Urban freight policies and distribution
channels: a discussion based on evidence from italian cities. European Trans-
port/Trasporti Europei 46, 114–146 (2010)

22. Drexl, M., Schneider, M.: A survey of variants and extensions of the location-
routing problem. Eur. J. Oper. Res. 241(2), 283–308 (2015)

23. Duin, R., van Kolck, A., Anand, N., Tavasszy, L., Taniguchi, E.: Towards an agent-
based modelling approach for the evaluation of dynamic usage of urban distribution
centres. In: Proceedings of the Seventh International Conference on City Logistics
(2011)

24. Ehmke, J., Meisel, S., Mattfeld, D.: Floating car based travel times for city logistics.
Transp. Res. Part C Emerg. Technol. 21(1), 338–352 (2012)

25. European Commission, Cities of tomorrow - Challanges, visions, ways forward.
Publications Office of the European Union (2011)



40 A. Gruler et al.

26. Agency, E.E.: Eea draws the first map of europe’s noise exposure (2009). http://
www.eea.europa.eu/media/newsreleases/eea-draws-the-first-map-of-europe2019s-
noise-exposure

27. Giffinger, R., Fertner, C., Kramar, H., Kalasek, R., Pilcher-Milanovic, N., Meijers,
E.: Smart cities - ranking of european medium sized cities (2007). http://www.
smart-cities.eu/download/smart cities final report.pdf
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Abstract. Detecting congestions on streets is one of the main issues in
the area of smart cities. Regular monitoring methods can supply informa-
tion about the number of vehicles in transit and thus the saturation of the
streets, but they are usually expensive and intrusive with respect to the
road. In recent years a new trend in traffic detection has arisen, consider-
ing the Wireless signals emitted by ‘smart’ on-board devices for counting
and tracking vehicles. In this paper, two traffic monitoring methods are
compared: detections using a regular Inductive Loop Detector on the
road and an own Wireless Tracking System based on Bluetooth detec-
tion called Mobywit. The correlation between the day of the week and
the hour with the traffic flow in a metropolitan busy street has been
analysed. Assuming that our system is not able to defect all the vehicles,
but just only subset of them, it is expected a causality between the results
obtained using the two methods. This means, that the Bluetooth-based
system can detect the same variations in the traffic flow that the regular
loop detector, but having two main advantages: the tracking possibilities
and a much lower cost.

Keywords: Smart cities · Traffic monitoring · Traffic tracking ·
Bluetooth detection

1 Introduction

The detection of traffic congestions in streets is an essential issue inside the
philosophy of a Smart City. In it, a smart traffic system should be able of detect,
predict and, ideally, manage, these traffic troubles. An optimal management
system can provide a better performance in citizens’ displacement time, the
energy consumed by vehicles, and the resources or costs employed [1,13,15].

Regular Traffic Control Systems are based in several kinds of devices, such as
pneumatic tubes, loop detectors, floating vehicles or automatic Optical Charac-
ter Recognition [14]. Usually, those technologies are very expensive to be placed
in every street and are quite intrusive. Thus, traffic monitoring technologies can
c© Springer International Publishing Switzerland 2016
E. Alba et al. (Eds.): Smart-CT 2016, LNCS 9704, pp. 42–51, 2016.
DOI: 10.1007/978-3-319-39595-1 5
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be classified as intrusive, when they are installed over or under the pavement,
and non-intrusive, if they are not in contact with the road, so they cause a
minimal effect on the traffic flow [8].

These regular technologies are normally expensive (above a thousand euros),
they require altering the road, and they have a high cost of maintenance (several
thousand of euros per year) [9,16]. However, they are the most precise way of
measure the traffic density. That justifies their use used in important highways
and roads with heavy traffic, where just deploying a few devices it can be possible
to, virtually, monitor all the traffic.

In urban scenarios the problem is that the traffic flows move through several
different points (streets), connected between them, so it is needed to gather a
lot of information about most of these streets in order to study and model the
traffic [12]. Major cities can afford installing traffic control systems only in main
streets, but reaching most of the streets are normally beyond their possibilities.

Thus, it would be recommended to find a cheaper alternative, also less
intrusive, to gather (and provide) information about the traffic. This could be
implanted in every street, giving a fair level of accuracy, or at least, able to
detect or ‘recognise’ the traffic fluctuations as a regular system does, i.e. being
reliable.

In this line, this work applies a monitoring system called Mobywit [4] able to
collect vehicle mobility data by means of a grid of low-cost devices (or nodes)
connected to a central server. The nodes capture Bluetooth (BT) signals emit-
ted by other devices, mainly hands-free systems and smartphones on board of
vehicles. This type of traffic monitoring technology is becoming widely used in
the private sector [3,5,17,18], as it is quite cheap (about a few hundred euros),
it is non-intrusive with the road, it is easy to implement, and requires minimal
maintenance. It has also become a very profiting research area [7,10,11].

Thus, this paper presents a study comparing a Regular Traffic Control System
based in an Inductive Loop Detector and the Mobywit System. Specifically, it is
analysed if a system based in Wireless Traffic Tracking (focused on Bluetooth)
can provide the same information about the traffic flows and traffic congestion
than a regular method. For each system, the influence of the weekday and the
hour of the day in the congestion is studied. The goal is to determine if the
same variations in the data collected by the regular method are reproduced in
the data obtained using the Wireless Tracking System. And therefore a Wire-
less Tracking System can be used as an economic alternative to regular traffic
measure methods.

In order to study the relationship between both systems, the Granger Causal-
ity Test [6] is used. The Granger test is a statistical hypothesis test for deter-
mining whether one time series X is useful to forecast another series Y . That
means, it exists a causality between both time series.

The rest of the work is structured as follows: Sect. 2 presents the Wireless
Tracking functioning applied to the traffic control and why it can be approxi-
mated the number of vehicles with the number of Bluetooth devices. Then, the
problem studied is introduced in Sect. 3 that presents information about the
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data compared for each system. Section 4 shows the results of the studies of cor-
relation of the information about the traffic flow and about indicatives of traffic
saturation. Finally, Sect. 5 presents the conclusions reached in the work.

2 Wireless Tracking of Vehicles with Bluetooth

In this work the Wireless Tracking System is compared with a regular Inductive
Loop Detector working as shown in Fig. 1. And Inductive Loop essentially is a
square-form wire embedded into the road with an electric current. When a metal
surface with certain minimum area passed or is stopped above the loop, a pulse
is triggered and detected by a sensor. Two records are saved for a time interval,
number of times that turns on flow field and how much time in total has been
activated the field in that interval. With that information, it is estimated the
number of vehicles that have passed by the road and their average speed.

In Wireless Tracking, a number of devices or nodes are placed near of the
road as Fig. 2 shows. These devices are provided with antennas that are able
to search for Bluetooth beacons. A Bluetooth beacon is a type of frame that
Bluetooth devices drop for announcing a “I am here” message proclaiming their
MAC Address and other information about his nature.

The MAC Address, also called physical address, is a unique identifier assigned
to network interfaces for most IEEE 802 network technologies. MAC Addresses
are most often assigned by the manufacturer of the network interface controller
(NIC) and are stored in its hardware, such as the NIC’s read-only memory or
some other firmware mechanisms. Hence as it is assigned by the manufacturer,
a MAC Address usually encodes the manufacturer’s registered identification.

Obviously exists a huge variety of devices that use Bluetooth for their com-
munications. So in can not be considered a priori that any detected Bluetooth
device corresponds to a vehicle. In addiction, even with the energy management
enhances of Bluetooth 4.0 LE, the devices that have some type of user interfaces
(buttons, screens or dials) can disable the auto-sending of beacons for saving
battery. This means that not all th devices are sending beacons all the time.

Fig. 1. Inductive loop detector for Traffic Control



Comparing Wireless Traffic Tracking with Regular Traffic Control Systems 45

Fig. 2. Wireless Tracking of Vehicles

However a Bluetooth beacon contents information about the nature of the
device, in a bit-code named Major and Minor Device Class1. This class and the
manufacturer extracted from the MAC Address can provide information about
the type of detected device.

So on the one hand, most advanced devices are not sending beacons all time,
just those that do not have a friendly user interface. Furthermore disable the
auto-sending of beacons correspond with the necessity of save battery, so most
of the devices that not need save battery do not disable auto-sending of beacons.

Other hand, a Wireless Tracking system for traffic have some points of inter-
est in vehicles. The vast majority of new cars on the road include a Bluetooth
connection used as hands-free with a smartphone, to synchronise music player,
in GPS, cellulars for emergency calls or even because they are smartcars. For-
tunately a car is complex system, with a non-friendly user interface, in that not
worth it give an option to disable auto-sending of Bluetooth beacons. Moreover
a car have a huge and inexhaustible auto rechargeable battery when the engine
it is in movement. So there are not a real necessity of save battery evading the
auto-sending of beacons.

But all this is just a guess. It is needed to study in a functional Wireless
Tracking System the nature of the detected devices. Figure 3 shows the manu-
facturer, major and minor class of the devices detected in the interval of time
that was used in this paper by the Mobywit System.

The principal type of device detected by the System belong to hands-free
devices. A similar number of cellulars and smartphones are detected. However,
a surveys about the habits of the use of Bluetooth in smartphones made with
more than 500 people showed that the 84.6 % of users only turn on Bluetooth
when will be used, turning off it the rest of the time.

Loocking the manufacturer of the tracking devices can be seen that most of
them are tracking devices that belong to hands-free manufacturer
(PARROT, NOKIA, SAMSUNG, ERICSSON, HUAWEI, MOTOROLA, LG, ZTE and XIAOMI), GPS manu-
facturer (TOMTOM,GARMIN), music players manufacturer (PIONER, SAMSUNG, SONY),

1 www.bluetooth.com/specifications/assigned-numbers/baseband.

www.bluetooth.com/specifications/assigned-numbers/baseband
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Fig. 3. Manufacturer, Major Device class and Minor device class of every different
Bluetooth Device tracked.

manufacturers of NICs inside cars (NOVERO, TCT, TEMIC, BLUEGIGA, ALPS, RESEARCH) and
smartphones (again NOKIA, SAMSUNG, ERICSSON, HUAWEI, MOTOROLA, LG, ZTE and XIAOMI).

It cannot be generalized, but a that the significant amount of device detected
by a Bluetooth Tracking System belong to vehicles or devices travelling inside a
vehicle.

Considered that Bluetooth devices inside vehicles or vehicles are the principal
devices sending beacon, because need to save battery (the vehicle is providing
it) and they usually do not have an easy way to disable the auto-sending of
beacons.

3 Analysis of Traffic Flow in a Busy Street

Thanks to the collaboration with the Mobility Area of the Local Council of
Granada City, it had the opportunity to compare the two systems in one of the
most busy and conflicting streets of the city.

Figure 4 shows a map of the street. It is a main street that collects much of
the traffic of the north area of city and allows the driving to move to other areas.

Fig. 4. Location and detailed location of the busy street Doctor Oloriz in Granada.
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3.1 Data Sources

Historical Inductive Loop Detector. Unfortunately the council cannot yield
recent data about the traffic because the Inductive Loop is not always working.
Thus, historical data are provided from January to April 2015. Figure 5 plots
the number of vehicles per hour detected for two Inductive loops placed near
Point B of Fig. 4.
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Fig. 5. Vehicles detected by Inductive Loop by hour in point B.

Bluetooth. The collaboration with the council allow to install two Mobywit
device both A and B that have been tracking Bluetooth devices from 11 January
2016 to 29 February 2016. Figure 6 plots the number of devices detected by hour
in that period.

0

20

40

60

0

20

40

60

Point A
Point B

2016−01−11 2016−01−18 2016−01−25 2016−02−01 2016−02−08 2016−02−15 2016−02−22 2016−02−29

Number of Bluetooth Devices tracked by hour

Fig. 6. Bluetooth devices tracked by Mobywit System per hour in points A & B.

4 Experiments and Results

Figures 5 and 6 show that Wireless Tracking System detects less devices (or
vehicles) that the regular Inductive Loop Detector. It is necessary to study if
there is a correlation between both system in the variation of traffic flow and in
the indicators of a traffic congestion.
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4.1 Traffic Flow

For a smart city, it is more important to know if there is a high or less utilization
of the road than expected in the same period, than the real number of vehicles
moving on that street [2].

There are not equal periods of data for the systems, so a correlation of the
weekday and hour it is approximated. Figure 7 plots the variation and influence
of the weekday and hour of the day in the number of vehicles detected for
each system. Apparently the two systems behave similarly, but there are some
statistical evidences reflecting they are related.
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Fig. 7. Traffic Flow of Bluetooth and Inductive Loop Detector by weekday and hour.

Despite the similarity between the two measures, it is need some statistical
evidence of the causality. A simple linear regression analysis yields a R2 = 0.6389
that results insufficient to attain any conclusion. It is needed other test that uses
the data as time series. Granger Causality introduced in on Sect. 1 is an optimal
test to infer whether both series behave similarly.

The result of the Granger test yields a p-value equal to 0.0002355 that is
less than the confidence threshold. This means a big statistical evidence which
means that the variation of number of Bluetooth devices tracked by a Wireless
Tracking System can be considered for measure the variation of the real traffic
flow.

4.2 Indicatives of Saturation of the Street

Time of Use of the Inductive Loop Detector. With the use of Induction
Loops Systems can be approximated the average speed of vehicles, using the
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total time the loop has been actived divided by the total number of vehicles
and the length of the loop. This information is used for detecting congestion in
traffic. If traffic is moving slower than usual, means that there are something
hinder to the traffic go faster. However this speed is a punctual speed in the
loop, not the cruising speed.

Time to Cross the Street. In a Wireless Tracking System with at least two
nodes or devices. It can be calculated the real time needed for every single device
to go from A to B. This time can be useful to compute the average time needed
for example to cross a street or another.
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Fig. 8. Congestion indicative for Bluetooth and Inductive Loop Detector per weekday
and hour.

As it has been done previously, a correlation between the weekday and the
hour of the day has been calculated for both measures. Figure 8 plots the usual
time needed to cross the street obtained with Mobywit system, and the time of
activation of the loop for each vehicle (together with the length of the loop can
be calculated the instant speed).

Again a linear regression drops R2 = 0.4662 results poorly statistically sig-
nificant. Granger Test of the two time series obtains a p-value of 0.5844 · 10−11
that is almost zero. This means that there is a strong correlation between both
time series measures.

5 Conclusions

This paper presents has been presented theoretical and empirical evidences of the
tracking of Bluetooth devices mainly will detect vehicles (devices inside vehicles).
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The detection of other type of devices detected is insignificant, because they are
handy devices that have to save battery, and for that, usually auto-sending of
beacons was disabled. Furthermore, if any device belongs to some other major
and minor class, can be easily discounted by the node.

Has been statistically proved using the Granger Test, that there is a strong
correlation between the number of tracking Bluetooth devices and the number
of real vehicles (according to loop detections). The indicators of congestion in
the streets, in both methods, are also strongly statistically correlated according
to the Granger Test. This enables detecting the fluctuation and congestion of
the real traffic using the Bluetooth devices tracked. But using a cheaper and less
intrusive with the road system.

So finally, it can be concluded that using a Wireless Tracking System is a
valid alternative for the control of the traffic flow and the detection of congestion
on the street. That will be useful in smart cities, since it provide an economic
system to control the traffic. With advantage of vehicle tracking so, that a system
with more nodes can provide also information about the origin and destination
of the traffic or the paths they follow. This topic will be explored as a future
work in this line.
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Abstract. Behaviors of drivers have an important influence on the
throughput, safety and traffic flow of vehicular transportation systems.
Especially in simulation scenarios, a smooth, realistic and fully reliable
lane-change model is a precondition to achieve reasonable results. An
extraordinary challenge is provided by situations with multiple congested
lanes, including vehicles intending to change to the adjacent lane even
if the target lane is occupied by vehicles stuck in a traffic jam. This
paper addresses this special use case by introducing Cooperative Lane-
Change and Longitudinal Behaviour Model Extension (CLLxt), which
can be applied as an extension to models from literature. The result is
a simple but well-functioning cooperative model, which covers both par-
ticipants, the vehicle intending to change the lane and others which need
to react to this intention by providing space. The utilization of CLLxt is
demonstrated with an example in TraffSim.

Keywords: Lane-change model · Traffic simulation · Cooperative
lane-change

1 Introduction

Behavioural models have a considerable influence on results of vehicular traffic
simulation. Especially in cases where real time experiments are impossible to
execute with reasonable effort, simulation of such situations are the only way to
investigate different situations on the road. Numerous simulation frameworks of
different types exist in literature [1–5], which make use of various models that
encapsulate single tasks of the driver. The models can be separated into those
which model the drivers behaviour, such as lane-change models and longitudinal
models. Additionally, fuel consumption models or others which represent routing
decisions can be applied. For microscopic simulations, where each vehicle is mod-
elled as a separate entity with its special features (length and width, assigned
fuel-consumption, longitudinal and lane-change models), driving tasks need to
be executed fully automated on the one hand, and in a manner close to reality
c© Springer International Publishing Switzerland 2016
E. Alba et al. (Eds.): Smart-CT 2016, LNCS 9704, pp. 52–62, 2016.
DOI: 10.1007/978-3-319-39595-1 6
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on the other hand. Single-lane car-following models have been applied in the
past which successfully define vehicle movement [6]. They can describe vehicle
dynamics in different situations, instabilities or congestion situations. However,
simulations with real road networks and realistic results can only be executed
by using multilane roads. Therefore, a well-functioning lane-change and longitu-
dinal model are of vital importance, as they basically control the steering and
acceleration of all vehicles in the simulation.

The consideration of different traffic conditions and incomplete knowledge
of other vehicles intentions makes the development of a lane-change model a
complex concern. Further, safety plays an important role, as well as smoothness
of lane-changes and realistic behaviour. Several microscopic models can be found
in literature, which all are designed for specific use cases and have their pros
and cons depending on the defined requirements, the environment, density of
vehicles or characteristics of the road network [7]. An essential capability of such
a model is also to be applicable in different situations. The original intention
of changing a lane can be (1) to change to a neighbour lane to pass by a slow
vehicle, (2) to change the lane due to the traffic laws (e.g. obligation to drive
on the right in Europe), (3) to leave an ending lane (highway ramp, decrease of
lane number, lane closure) or (4) to follow the desired route, which would not
be possible on the current lane. The latter case constitutes the main focus of
this paper. In particular, turn restrictions before intersections are considered.
The intention of drivers to switch to the correct lane which allows them to
follow their desired route must be executed before entering the intersection in
order to enable automatic route guidance through the intersection. Especially in
congested situations, individual lane-changes are often not possible without the
cooperation of vehicles in the neighbouring lane. A reliable performance of the
model is very important in simulations. Vehicles must use the correct lane when
entering the intersection and this has to be guaranteed by the model. Otherwise,
unexpected and indeterministic conditions could be the consequence.

The authors introduce an extension which is applied both to lane-change
and longitudinal models. The main goal is to have a versatile and safe, but very
simple mechanism that avoids entries of the intersection on the wrong lane and
enables following the vehicles’ routes correctly. The extension is evaluated and
tested by example of the lane-change model MOBIL [8], implemented in the
microscopic traffic simulator TraffSim [5].

The rest of this paper is organized as follows. The next section gives an
overview of existing lane-change models. The extended model MOBIL [8] is
elaborated in detail. Section 3 defines requirements which are defined for the
proposed model. In Sect. 4, the cooperative extension is presented. Section 5
concludes the paper and gives an overview of planned future work.

2 Related Work

The importance of microscopic traffic simulation in general and the motion of
vehicles in particular is increasing continuously. Accompanied by technological
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progress that keeps collection of continuous traffic data getting better, simulation
models for vehicular traffic receive increasing attention since the 1980s [9]. The
lane change models can initially be grouped into models for driving assistance
(e.g. steering wheel adjustment to perform safe lane changes) [10–12], and models
for simulation purposes. These deal with the driver’s decision to perform the lane
change, evaluation of the surrounding environment to determine whether or not
a lane change is possible and different reasons for the lane change (necessity
of giving way to a merging vehicle, change for overtaking, change for leaving a
closed or blocked lane).

Lane-Change models for computer simulation can be classified into different
categories [7]. Rule-based models, such as Gipps Model [13] or ARTEMiS Model
[14]. However, those models do not consider congested situations and giving way
to a merging vehicle. A different type are discrete-choice based lane-change mod-
els, like Toledo et al’s Model [15] and incentive based models, such as MOBIL
[8]. However, very few of the introduced models in literature consider cooperative
behavior. To the authors knowledge, none of them considers special standstill sit-
uations, with multiple involved lanes and vehicles situated on the wrong lane.

The proposed extension addresses this particular question. It answers how a
present combination of lane-change and longitudinal model can be extended to
allow cooperative lane-changes before intersections.

3 Requirements Analysis

Basically, a lane-change model needs to consider the characteristics of the vehi-
cles surrounding the subject vehicle, that are relative speed, positions and gaps
between the potential new lead and lag vehicle. Further, it needs to function in
different situations, such as congested traffic, freeflow traffic and with different
speeds. An exhaustive, safe and simulation capable lane-change model needs not
only to decide whether or not the current or a neighbor lane is optimal. Sup-
plementary, it also has to deal with situations where the intended lane-change
decision is impossible to execute without cooperation with other vehicles. This
is essential especially in congested situations, where the target lane is occupied
by other vehicles. Figure 1 shows such a situation, which is likely to happen
before multi-lane intersections. In the left part, no problem will occur because
the target lane for vehicle 4 is free and it can change without any problems. In
contrast, Fig. 1b shows a problem situation where the vehicles 9 and 10 intend
to move to the right lane that leads to exits B or C, but are blocked by vehicles
7, 11 and 13 which occupy this lane.

Vehicles 9 and 10 cannot stay on the current lane, because the upcoming
intersection restricts turns to the left, which is not the intended direction. For
this situation to solve, the lane-change model on its own cannot achieve satisfying
results. Therefore, an interface to the longitudinal model needs to be defined,
which can influence the acceleration and movement behavior to let the neighbor
vehicle align and merge into the own lane. A realistic representation also requires
consideration of multiple vehicles in front of the subject vehicle, on both the



Cooperative Lane-Change and Longitudinal Behaviour Model Extension 55

(a) Free target lane (b) Occupied target lane

Fig. 1. Simple and problematic lane-change situations before intersection

right and left neighbor lanes. As soon as any of the front vehicles expresses its
intent to change its lane to the subject lane, the model needs to take this into
account when calculating its acceleration, speed and target lane. A deterministic
strategy for providing space and letting the neighbor vehicle merge needs to be
defined.

To conclude the requirements, the following aspects must be considered
by a comprehensive behavioral model (including lane-change and longitudinal
d movement):

1. Own interest
(a) address lane-changes for reasons of speed advance (pass by slow vehicles)
(b) follow own route (consider turn restrictions on lanes)
(c) avoid standstill on obstacles or exits (accident, closed lane, road narrows)

2. Common interest
(a) stick to traffic rules (obligation to drive on the leftmost/rightmost lane

of the road)
(b) lane-changes for providing space for other vehicles (highway-ramp)
(c) brake for letting other vehicles change their lane

The presented model will focus particularly on the impacts of points 1.(b)
and 2.(c) of the enumeration above. All other requirements are basically covered
by lane-change models from literature.

4 Cooperative Lane-Change and Longitudinal Behavior
Extension (CLLxt)

This section describes the extension to a given lane-change model, which then
allows tactical lane-changes before intersections. It consists of two aspects which
need to work together seamlessly, that are the perspective from the invoking vehi-
cle A that needs to change its lane, and from one or more supplying vehicle(s)
B providing space for vehicle A. The freeflow situation is not focus of this work,
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rather the situation before intersections as elucidated in Sect. 3. Further, route
destinations are assumed to be assigned to each vehicle in the simulation. Also,
basic knowledge of the road network is expected, which includes drivers aware-
ness of turn restrictions or speed limits.

4.1 Perspective of the Invoking Vehicle

Determination of the Target Lane. First, the decision whether a lane-
change is necessary to continue driving on the current route needs to be made.
For performance reasons, the evaluation of the target lane is not accomplished
continuously in each simulation time step, but starts not before a certain dis-
tance to the next intersection is undershot. This maximum distance dmax for
considering lane-changes before an intersection is defined as

dmax = (texit + tchange ∗ (Nlanes − 1)) ∗ vlimit. (1)

This equation includes the following model parameters. The time threshold in
seconds before arrival of the vehicle at the intersection is defined as texit. Further,
tchange denotes the time that is needed for a vehicle to perform a lane-change.
Nlanes is the number of lanes on the current road segment (hence Nlanes − 1 is
the maximum number of lanes to change), and vlimit represents the speed limit.

As soon as a vehicle’s computed distance to the next intersection is lower
than dmax, the evaluation of the preferred lane in order to follow the route
starts. Figure 2 shows a multilane intersection, with necessity of changing the
lane for vehicle 1, which just at the moment reaches the range of influence of
CLLxt by falling below dmax. For a better overview, only the relevant connecting
lanes are included in the intersection.

The simulator needs to determine if the current lane is appropriate for driving
along the defined route. If not, as is the case for vehicle 1 in Fig. 2, the simulation
framework is assumed to deliver the desired direction of change. If the change can
be achieved without any issues due to occupied lanes, the activity of CLLxt ends
here. Otherwise (vehicles 9 and 10 in Figure 1b), the urgency of the change is
calculated and potential neighbor vehicles’ speed may be influenced if necessary.

Fig. 2. Intersection with lane restrictions and required lane-change of vehicle 1
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Urgency Function. Once a vehicle gets closer to the intersection at an inap-
propriate lane, the need of changing to a suitable lane becomes more and more
vital. This urgency U is described by the urgency function in Eq. (2), depend-
ing on the current distance to the junction, denoted as djunc. Additionally, a
safety gap D is implemented, which specifies the minimal gap between vehicle
and intersection border before the lane-change must be completed. Equation (3)
defines the maximum needed distance dchange for reaching the target lane. It is
also applicable for more than one lane-change by consideration of the difference
in lanes between the current and target lane nlanediff . The resulting urgency U
in the interval [0, 1] is used for slowing down and waiting for a chance to execute
the lane-change.

U = min
[
1, 1 − djunc − D

dchange

]
(2)

dchange = (texit + tchange ∗ nlanediff ) ∗ vlimit − D (3)

Longitudinal Control. If the lane-change is not possible, the invoking vehicle
needs to slow down until a safe change is feasible. In the worst case, this leads to
a standstill, which can happen presumably before red traffic lights or in traffic
jams.

However, the calculated urgency is used for this deceleration of the vehicle.
An interface to the longitudinal model needs to be provided. We propose to
simply adapt the maximum allowed speed on the current road segment, which is
an input parameter for most longitudinal models [16–19] and therefore generally
applicable. In TraffSim, the implemented longitudinal model IDM (Intelligent
Driver Model) [19] is extended by this mechanism.

4.2 Perspective of the Supplying Vehicle(s)

In order to allow invoking vehicles to align in the lane, adaptation of the own
longitudinal movement, i.e. braking may be needed to allow completion of the
lane-change maneuver. Figure 3 depicts a situation, where invoking vehicles 9 and

Fig. 3. Supplying vehicles (11 and 13) braking for invoking vehicles (9 and 10)
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10 try to merge to the right lane to reach their destination exit C. The drivers
of vehicle 11 and 13 recognize this intention through the direction indicator and
reduce their speed to create a gap in front of them and let the invoking vehicles
enter.

A politeness function is defined, which considers neighbor vehicles and adapts
the calculated longitudinal acceleration appropriately. The following pseudocode
describes the politeness function in detail, as extension to the longitudinal model.
It can be parametrized by a defined amount of vehicle to look forward.

1: function updateAcceleration(acccurrent, vcurrent, lookForward)
2: accmin ← Infinity
3: for ilf = 1 : lookForward do
4: vneighbor ←getNeighborVehicle(vcurrent, ilf ) � check for potential

neighbor vehicles
5: if vneighbor �= null then � calculate the longitudinal gap
6: gaplong ← vneighbor.position - vcurrent.position
7: accnew ← calcAcceleration(vcurrent, vneighbor, gaphorz)
8: if gaplong > gapmin then � check for minimal gap
9: accmin ← accnew

10: end if
11: end if
12: end for
13: return min[acccurrent, accmin]
14: end function

The method basically calculates an alternative to the standard accelera-
tion value yielded by the applied longitudinal model. This alternative accmin

is determined by using the acceleration calculation function of the longitudinal
model with a virtual front vehicle instead of the real front vehicle. The func-
tion getNeighborVehicle yields the virtual vehicle, which is the nth vehicle
on the right or left lane next to the current lane, where n equals the parame-
ter lookForward (line 4). Figure 4 shows examples for the virtual front vehicle
determination with different lookForward distances. {L1..L3} and {R1..R3}
mark the front vehicles of vehicle V on the left and right side, respectively (as
returned by the getNeighborVehicle function), where the index number con-
forms to the lookForward distance. F is the direct front vehicle. After a check
of the gap between the supplying vehicle and potential candidate vehicle for
lane-change (line 8), which must not undershot a minimal longitudinal distance,
the minimum gained acceleration (longitudinal model value or politeness value)
is returned.

4.3 Application Example

The proposed model is applied within the traffic simulator TraffSim [5], as an
extension of the MOBIL lane-change model [8]. The implementation supports
both the IDM longitudinal model [19] and an ACC (Adaptive Cruise Control)
longitudinal model [20].
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Fig. 4. Examples for neighbor vehicles with lookforward distance

Figure 5 shows the applied model in action within TraffSim, where the left
part (Fig. 5a) shows the time of decision and the right part (Fig. 5b) illustrates
the situation after completed lane change. The colors of the vehicles denote
the current acceleration value, where green means positive acceleration, red
describes negative acceleration (braking) and blue and black imply zero acceler-
ation (steady drive and standstill, respectively).

Fig. 5. Snapshots of lane-change maneuver before intersection (Color figure online)

In order to provide better understanding of the influence of CLLxt, Fig. 6
shows history graphs of speed and acceleration over time for the affected vehicles
56 and 90, obtained from a TraffSim simulation. It’s the very same situation as
in Fig. 5. The blue solid line represents speed history, the red line shows the
acceleration and time is plotted on the X-axis. The green dashed line t1 and
the orange dotted line t2 mark significant timestamps. At time t1, the driver
of the supplying vehicle (in this example number 56), recognizes the intended
lane-change of the invoking vehicle (here vehicle 90). This behavior is reflected in
the drop of acceleration, which becomes negative and the vehicle brakes. Thus,
certainly also the speed drops and the gap between the vehicle 56 and its original
front vehicle becomes larger. At time t2, the gap is large enough for the invoking
vehicle 90 to merge. As a consequence, the acceleration and speed graphs in
Fig. 6b rise and the lane-change can be completed. Figure 5a depicts the bird’s
view at exactly this point in time.
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(a) Diagram of applying vehicle 56 (b) Diagram of invoking vehicle 90

Fig. 6. Speed and acceleration graphs for both supplying and invoking vehicles (Color
figure online)

5 Conclusion and Outlook

This paper introduces an extension to existing lane-change models called Coop-
erative Lane-Change and Longitudinal Behavior Extension (CLLxt). It is par-
ticularly customized for application in situations where lane-change models from
literature are stretched to their limits. CLLxt covers all situations which can lead
to standstill of traffic flow and some vehicles are still driving on the wrong lane.
This use case frequently happens before regulated multi-lane intersections, which
involve multiple input lanes with turn restrictions. A change to the correct lane
is then not possible due to lack of space on the target lane. CLLxt solves this
by reacting to lane-change demand and creating gaps for merging. The authors
present a very simple but well-functioning model for solving such situations by
cooperative mechanisms. However, no bidirectional communication is assumed
and thus a realistic vehicle movement is guaranteed. The utilization of the model
is very simple, since it operates as extension to existing lane-change and longitu-
dinal models. Additionally, the application of the extension is demonstrated by
an example using the microscopic traffic simulator TraffSim [5], the longitudinal
model IDM [19] and lane-change model MOBIL [8].

Future work will cover application of the presented model in large-scale micro-
scopic traffic simulations. Additionally, an integration of human driver behavior
into the model is planned, which covers reaction times, disturbance factors like
cell phone or noise, external conditions such as rain or type of the driver (e.g.
attentive, careful, aggressive).

Acknowledgments. This project has been co-financed by the European Union using
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Abstract. Road transportation is becoming a major concern in modern
cities. The growth of the number of vehicles is provoking an important
increment of pollution and greenhouse gas emissions generated by road
traffic. In this paper, we present CTPATH, an innovative smart mobility
software system that offers efficient paths to drivers in terms of travel
time and greenhouse gas emissions. In order to obtain accurate results,
CTPATH computes these paths taking into account the layout and habits
in the city and real-time road traffic data. It offers customized paths to
drivers (including personal profiles) in a distributed and intelligent way
so as to consider the whole city situation.

Keywords: Smart mobility · Green transportation · Bi-objective
shortest path

1 Introduction

Road traffic is becoming a major concern in modern cities, mainly because of
the continuous increment of private and vehicle fleet operations. This generates
serious problems related with road safety (e.g., increment the number of car
accidents) and traffic efficiency (e.g., waste of time of the road users stuck in
traffic jams), not to mention the continuous growth of pollution in modern cities.
For this reason, new smart mobility solutions based on Intelligent Transportation
Systems (ITS) are being developed to mitigate this type of problems [15].

Road traffic efficiency problems provoke longer road trips, economical costs
in terms of fuel consumption, and higher pollution (greenhouse gas emissions).
However, most of existing smart mobility solutions are focused on reducing the
time and/or the distance of the journey without considering the generated pollu-
tion (e.g., iGO1 and TomTom2). These solutions are based on the shortest path
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problem [4] and, thus, they only consider one criterion, such as time, distance,
or any other.

However, the modern actors in a city (citizens, governments, and business
organizations) demand a shift in the focus so as to consider reducing greenhouse
gas emissions, because they are very sensitive about the environmental, healthy,
ecological, and social effects of pollution. Thus, green road transportation has
come as a discipline to limit and reduce the pollution generated during road
trips, e.g., transportation by means of electric vehicles. An important approach
to design green road transportation is to design environmental-aware logistic
policies, i.e., to explicitly take into account the pollution when computing effi-
cient paths for drivers.

In this paper, we propose CTPATH3, which is an innovative software system
(developed as both, a Web application and a smartphone app) that solves a
bi-objective version of the shortest path problem to provide ecological and fast
vehicle paths. One of its main features is that it considers real-time information
about traffic conditions, including different types of vehicles, and driving profiles
in order to allow a holistic and dynamic vision of road traffic in its computations
that is unique in the present literature. In fact, it is also unique since it considers
the whole chain of work from pure abstract and scientific problem solving up to a
final user product for actual utilization in a real city. As a case of study, CPATH
is being applied to the city of Málaga (Spain) where it successfully provides
environmental friendly paths to road users.

This article is organized as follows: Sect. 2 formulates the bi-objective shortest
path problem solved by CTPATH. Section 3 analyzes some previous related work.
Section 4 presents the bi-objective optimization algorithm devised to provide the
efficient paths computed by CTPATH. Section 5 describes the global architecture
of the CTPATH system. Finally, Sect. 6 draws the main conclusions and the
future research work.

2 Problem Formulation

The problem solved by CTPATH is a bi-objective shortest path problem [9],
where the two objectives are travel time and CO2 emissions. The main difference
between this formulation and other bi-objective shortest path formulations is
the way in which the objective functions are computed. While in previous bi-
objective shortest path formulations the edges of the graph are labeled with
two real values (one for each objective) that are fixed in the instance, in our
formulation these values depend on three aspects that make the formulation
more realistic: the traffic state, the vehicle used in the trip, and the driving profile
of the driver. We will explain in this section how these real-world aspects are
considered in the formulation at the same time that we detail how the objective
value is computed.

Let G = (V,E) be a directed graph that represents the road network of the
city. An edge e ∈ E is a street segment where no intersection occurs and the
3 CTPATH Web Site - http://maxct.lcc.uma.es/ctpath.php.

http://maxct.lcc.uma.es/ctpath.php
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vertices u ∈ V are the intersections of streets. Each edge is labeled with two
invariant quantities: the length of the edge l(e) and the maximum velocity in
the edge m(e). In order to consider traffic state, we will also label each edge
e ∈ E with two additional values: the probability of traversing the edge without
stopping due to traffic conditions ρ(e), and the time to wait in the case of
stopping due to traffic conditions τ(e). These values can change as the traffic
conditions change in the city. Traffic lights, for example, affect both, ρ(e) and
τ(e). In particular, ρ(e) increases with the fraction of time that the traffic light
is in green and it decreases with the length of the street segment e.

In the shortest path problem an origin vertex s ∈ V and a destination vertex
d ∈ V are given by the user. A candidate solution to the problem is a path in
the graph starting at s and ending at d, that is, a solution for the (s, t) pair is
a sequence of edges σ = (e1, e2, . . . , ek) with ei = (ui, wi), such that s = u1,
d = wk and ui+1 = wi for 1 ≤ i ≤ k − 1. Abusing of notation, we extend the
definition of the labeling function ρ to paths in this way:

ρ(σ) =
∏
e∈σ

ρ(e), (1)

that is, the probability of traversing a path σ is the product of the probabilities
of traversing each edge in the path. The previous expression assumes that the
events of traversing different edges in a path are independent.

2.1 Speed Profile for a Path

Given a solution σ, we need a speed profile in order to compute the objective
functions (time and CO2 emission). A speed profile is a pair (v, tmax), where
tmax ∈ R is the time required to traverse the path σ and v : [0, tmax] �→ R is a
function that gives the speed of the car at each instant from the start of the trip
(t = 0) to the end (t = tmax). The speed profile depends on the driving profile
of the driver and the traffic state.

In order to compute the speed profile, the path σ is first decomposed in
several subpaths σ1, σ2, . . . , σp in such a way that the probability of traversing
each subpath (except the last one) is below a threshold, that is, ρ(σi) < θ for
1 ≤ i < p. The subpaths σi cannot contain other subpaths with a traversing
probability lower than θ, they are the longest subpaths with ρ(σi) < θ that give
σ if they are concatenated. Intuitively, the subpaths σi are sequences of edges
that we assume the car can traverse without stopping. Thus, we will called them
non-stop subatphs. Let us denote with N(σ) the sequence of non-stop subpaths
of σ. Observe that N(σ) depends only on the ρ labeling function.

In our formulation, we assume that the car is at rest at the beginning of each
non-stop subpath. Then, it accelerates until it reaches a cruise speed, and, finally,
it decelerates at the end of the non-stop subpath until it completely stops and
waits for τ(e) time, where e is the last edge of the non-stop subpath. It repeats
this process with the next non-stop subpath in the sequence until the destina-
tion is reached. We characterize the driving style of the driver using three values:
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the acceleration α, the deceleration β, and a cruise speed factor γ, which deter-
mines how fast the driver cruise speed is compared to the maximum speed of
an edge. This kind of speed profile is the one used in the SUMO traffic simu-
lator [14]. While traversing a subpath, the driver could change the cruise speed
to adapt it to the maximum velocity. During these changes we assume that an
acceleration of α or a deceleration of β is used if possible. If there is no distance
in an edge to use the characteristic acceleration or deceleration of the driver,
we assume that the acceleration or deceleration is exceeded. Let us formalize all
these ideas in the following. Let us assume that S(l, α, β, v0, vc, vf ) is a speed
profile for an edge of length l starting at speed v0, reaching a cruise speed of
vc and ending the edge at speed vf . The acceleration should be α if possible
and the deceleration should β if possible. If (v, tmax) = S(l, α, β, v0, vc, vf ) we
should have: ∫ tmax

0

v(t)dt = l, (2)

v(0) = v0, (3)
v(tmax) = vf . (4)

If possible, dv/dt should take three possible values at most: α, 0, and −β.
When dv/dt = 0, then v should be vc. However, these constraints could not be
satisfied in very short edges (small l). In such cases we assume that dv/dt could
take different values: appropriate values to satisfy (2), (3) and (4).

Let (v, tmax) + (v′, t′max) be the concatenation of two speed profiles to give
another one. Intuitively, it corresponds to a speed profile where v is followed by v′.
Formally, the concatenation (v′′, t′′max) = (v, tmax) + (v′, t′max) is defined as:

t′′max = tmax + t′max, (5)

v′′(t) =
{

v(t) if t ∈ [0, tmax],
v′(t − tmax) if t ∈ [tmax, t′′max]. (6)

Observe that the concatenation is not commutative. We can now define the
speed profile of a non-stop subpath as follows:

Pns(σ = (e1, e2, . . . , ek)) = S(l(e1), α, β, 0, γ · m(e1), γ · m(e1))

+
k−1∑
i=2

S(l(ei), α, β, γ · m(ei−1), γ · m(ei), γ · m(ei))

+ S(l(ek), α, β, γ · m(ek−1), γ · m(ek), 0). (7)

With the help of function Pns, defined over non-stop subpaths, we can now
define the speed profile for a complete path σ as follows:

P (σ) =

(
p−1∑
i=1

(Pns(σi) + (0, τ(last(σi))))

)
+ Pns(σp), (8)

where (σ1, σ2, . . . , σp) = N(σ), and (0, tmax) is a speed profile where the car is
at rest during tmax time.
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2.2 Objective Functions

Once we have computed the speed profile of a path σ we can easily define the
objective functions. The first one is simply the time required to traverse the
path, which is given by the speed profile. The second objective function is the
amount of CO2 emitted during the path. We use the HBEFA model [11] for
the emission rate. This model estimates the CO2 emission rate using the speed
profile as follows:

h(v) = max

(
0, c0 + c1v

dv

dt
+ c2v

(
dv

dt

)2

+ c3v + c4v
2 + c5v

3

)
, (9)

where the coefficients ci with 0 ≤ i ≤ 5 depend on the car. Observe that h is a
functional (transforming a function into another one) and h(v) is a function of
time, as v is. We can compute the total CO2 emitted during the trip through
path σ integrating h(v) between 0 (start time) and tmax (end time). Finally, the
two objective functions to minimize are:

f1(σ) = tmax, (10)

f2(σ) =
∫ tmax

0

h(v)dt, where (v, tmax) = P (σ). (11)

It is possible to define a new graph G′ based on G where the nodes are
augmented with probability values and transition speeds of the vehicles and the
edges are weighted with 2-dimensional weights (one for each objective) such that
the bi-objective optimization problem defined above is transformed into the bi-
objective shortest path problem in G′. The transformation is possible thanks to
the additivity of the two objectives.

3 Related Work

Some previous works on vehicle shortest paths have solved the single-objective
shortest path problem to optimize aspects such as distance [2], costs [12], con-
gestion of the traffic [3], etc. There are many variables that are interesting when
improving road trips. Some of them are the congestion on the roads [13] and
the emissions of polluting gases [1]. The latter is especially relevant nowadays.
Among all types of pollutant gases, CO2 is a good starting point for reducing
the pollution and improving air quality in cities. However, existent algorithms do
not usually take into account traffic or vehicle aspects [17] and they only shorten
the travel time to get a reduction in carbon emissions. Instead of improving just
one metric, we want to minimize both, travel time and CO2 emissions. Thus, we
need to solve a bi-objective shortest path problem (BSP), which was defined by
Hansen [9] in 1980.

While the single-objective shortest path problem can be solved in O(|E| +
|V | log |V |) time using Dijkstra’s algorithm with Fibonacci heaps [18], the BSP
is NP-hard [16]. In BSP the goal is to obtain a set of efficient solutions, that is,
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solutions that can be improved in one of the objectives only if they are worsened
in the other (also called Pareto optimal solutions or non-dominated solutions).

Dijkstra’s algorithm can be easily extended to solve the BSP [6], but it can
take too much time to find a solution, due to the NP-hardness of the problem.
One of the most recent advances in the exact solution of the BSP is the work by
Duque et al. [5] where an exact algorithm, called Pulse, is proposed to solve the
problem. The algorithm implements a depth-first search combined with several
strategies to prune suboptimal paths. This algorithm is able to find the efficient
set of solutions for cities with up to 2.8 millions of nodes in around 2 s.

Exact algorithms to find the complete set of efficient solutions for BSP have
an exponential runtime in the worst case. This is not satisfactory for a real appli-
cation providing paths to users. These applications should provide an answer in
a fraction of a second. In addition, users are generally not interested in the
complete set of efficient solutions, they only want a few options to select from.
These two drawbacks of exact algorithms (runtime and amount of solutions) are
avoided in this work by finding only supported efficient solutions of the Pareto
front (see Sect. 4). We take the idea from the first phase of the Two Phase
Method proposed by Ulungu and Teghem [19].

Most of the proposed solutions for BSP are maintained in the academic
field [7,8] and usually they are not implemented on real-world applications.
Commercial systems offer several routes according to different objectives (e.g.,
Michelin4, TomTom, Waze5) but only tend to focus on one at a time. However,
few systems like iGO, have an explicit goal of reducing ecological footprint. iGO
takes into account the type of vehicle to calculate pollution emitted but this is
not the only variable to take into account. It is important to consider the level
of road congestion, as it is done in Google Maps6, and which directly affects
commuting times and therefore CO2 emissions. Our proposal, CTPATH was
designed with the idea of being exploited in practice by the citizens, and not
only as a mere academic work.

4 Optimization Engine of CTPATH

This section describes the optimization algorithm used by CTPATH to provide
different vehicle paths to the users. The main goal of CTPATH is computing
vehicle paths that minimize both, the time to get the destination and the amount
of CO2 emitted during the trip (Eqs. (10) and (11)). The work of Duque et al. [5]
has shown that the Pareto front for the BSP problem can be exactly computed
in reasonable time for relatively large graphs. However, since BSP is NP-hard,
we cannot certify to have the Pareto front in a short time, and a low response
time is essential for our application. On the other hand, we don’t need all the
solutions in the Pareto front, showing the user a few solutions is enough for our
purposes. For this reason, instead of solving the BSP problem, our approach is
4 http://www.viamichelin.es/web/Itinerarios.
5 https://www.waze.com.
6 http://maps.google.com.

http://www.viamichelin.es/web/Itinerarios
https://www.waze.com
http://maps.google.com
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to find supported efficient solutions of the Pareto front, that can be obtained
in polynomial time. A supported efficient solution is one that can be computed
by solving a single-objective version of the problem where the objective is a
weighted sum of the two original objectives:

f = wf1 + (1 − w)f2. (12)

On one hand, this allows us to transform the BSP into a single-objective
shortest path problem, which can be solved using Dijkstra’s algorithm or other
more intelligent techniques like A* algorithm [10]. On the other hand, we can
obtain a limited number of solutions to show to the user: one for each value we
assign to the weight w in (12).

In our case, we provide the user up to three different solutions. The first one
is the fastest solution, which is obtained when w = 1 in (12). The second one
is the greenest solution, obtained with w = 0 in (12). The greenest solution is
the one that emits less CO2 during the trip. Finally, we obtain a third solution
between the fastest and the greenest. In order to do this we apply the idea used
in the first phase of the Two Phase Method [19] to find a supported efficient
solution in the rectangle determined by the fastest and the greenest solution in
the objective space. Let x by the fastest solution and y the greenest solution,
then the weight used to find the third (efficient) solution is:

ws =
f2(x) − f2(y)

f2(x) − f2(y) + f1(y) − f1(x)
. (13)

If the solution obtained with ws has the same objective values as x or y,
then no other supported efficient solution exists. In this case, only two different
solutions are shown to the user. It could even happen that only one solution exist.
In order to solve the single-objective shortest path problem, we use Dijkstra’s
algorithm.

5 The Developed CTPATH System

This section presents the CTPATH software, which has been developed to
address the shortest path problem taking into account the travel time and CO2

emissions. CTPATH has been applied to the city of Málaga in order to provide
efficient and green routing paths.

5.1 CTPATH System Architecture

CTPATH is an intelligent and holistic route planner for urban environments. It
is intelligent, because of the type of technology and the computer algorithms
used, and it is holistic, because it analyzes not only the user or the city as
other competitors do, but also the entire context of trips (and also in a dynamic
fashion). In short, it aims to provide routes to drivers in the city. In spite of the
fact that there already exists software that provides routes (e.g., Google Maps,
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Fig. 1. Characteristics and components of CTPATH.

GPS navigators as TomTom or iGO), there are several key differences in our
case as it evaluates the routes according to several opposed criteria.

The main functionality of CTPATH consists in providing routes to drivers
in order to minimize travel times and greenhouse gas emissions. These routes
are calculated by an intelligent central system and the final service which can
be accessed by using mobile devices such as smartphones or tablets, as well as
personal computers. Furthermore, the routes provided to users who have the
application installed into their mobiles phones are personalized for them, as
they are calculated according to their driving profile. Additionally, the central
system is fed with data from the state of the city streets and driving behavior of
its users, something that cannot be found in existing similar systems. Figure 1
shows the characteristics and components of CTPATH.

The system architecture consists of the components of the central server sys-
tem (Fig. 2) and the components of the communication system (Fig. 3) described
as follows.

– Central Data Collector: The central data collector receives data from the
mobile app running in the users’ devices and from the sensors distributed
across the city. In this way, we have data from users and from the city itself
where they move. All data received such as users’ position, speed, and accel-
eration are stored in the local database.

– Intelligent System of Estimation and Prediction: This component
accesses to the data stored in the database by the central data collector to
process them in order to estimate: (i) the existing traffic in each street of the
city; (ii) the driving time spent in each street; (iii) the future expected traffic
(several minutes); and (iv) the driving profile of the registered users (how they
accelerate, which is their cruise speed, etc.). These estimations are stored in
the database as well, so that they can be used as source data for the route
calculator.
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Fig. 2. Architecture of the central server system.

– Route calculator: The route calculator is accessed through a REST web ser-
vice which allows the users to select the shortest/eco-friendliest route between
source and destination. This web service is used by a single page web applica-
tion included in the web server and the mobile applications. This component
uses the traffic estimations and predictions as well as the user profile created by
the intelligent system of estimation and prediction. Another important func-
tionality of the route calculator is the management of the CTPATH users’
accounts for personalizing the routes provided to them. Finally, the route
calculator takes care of the user rankings according to the amount of CO2

emitted per distance.
– Communication system: As can be seen in Fig. 3 data is collected via 3G

sensors, Wi-Fi networks, and 3G infrastructure. Additionally, users can inter-
act directly with the server in real time in order to send kinematic information
(position, speed, acceleration, etc.) which will be used to infer the current traf-
fic state as well as their driving profile. By doing this, users are behaving as
mobile sensors, improving not only the granularity of the traffic information
but also the estimation accuracy.

5.2 CTPATH Application

As aforementioned, the CTPATH system can be utilized via a web-based inter-
face and a mobile based application (for smartphones and tablets). This section
shows the interfaces of the two types of applications and summarizes a perfor-
mance evaluation of the application.

Figure 4 shows the web based application layout, which is divided in three
main areas:
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Fig. 3. Architecture of the communication system.

– Road map: It covers the entire web browser screen and shows the road map.
After a given itinerary request, it illustrates in different colors the different
routes computed by the system.

– Itineraries details: It is located in the top-left corner of the web browser,
however it can be moved. It contains text information about the itineraries
returned, including travel time, CO2 emission, route indications, etc.

– Trip options: This area is located in the bottom-left corner of the web page and
provides the application interface that allows users to introduce the options
about the itinerary, e.g., the starting and ending points of the route, the
departure time, and the vehicle type.

The mobile based application is shown in Fig. 5. As the screen size of mobile
devices is limited, this application requires a higher number of different views
to show the same information than the web based application. The road map
and trip options are shown together (see Fig. 5a) and the itinerary details are
presented separately (see Fig. 5b).
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Fig. 4. The CTPATH web based application. (Color figure online)

a) Road map and trip options. b) Itinerary details.

Fig. 5. The CTPATH mobile based application.

In order to evaluate the performance of the system, we have measured the
response time of the system after submitting an itinerary request. As this time
depends on the current network and server load, we have performed 30 requests
of the same itinerary and computed their response times. The average response
time measured was 32.267 milliseconds with a standard deviation of 10.546,
which is a competitive response time to foster user interactions.
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6 Conclusions and Future Work

In this work we have presented CTPATH, a route planner for vehicles that takes
into account the traffic state of the city, the driving profile of the users and the
car they drive to provide customized paths to go from an origin to a destination
in a city. Three different paths are provided: the fastest, the greenest (minimum
CO2 emissions) and a third one between these two. Sensors spread in the city
and mobile apps in the users collect data to build a traffic model of the city and
driving profiles for the users, increasing the accuracy of the computations.

Future research will focus on the estimation of the values for the traffic model
proposed considering the transition probability and waiting time. Different ways
of doing this estimation from the traffic data are possible and we should analyze
them to select the best one. The driving profile presented here is simplistic
and some additional variables could be introduced to better model the driving
behaviour.
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Abstract. Last-mile management distribution is a growing challenge in big cities
that affects to quality of life of many citizens. A way to mitigate greenhouse gas
(GHG) emissions and congestion, as well as to promote and develop Smart Cities,
is electrifying urban distribution by means of electric tricycles. This article eval‐
uates the GHG of a tricycle logistics company (B-Line) in downtown Portland,
OR. The goal is to analyze carbon footprint potential savings between electric
tricycle last-mile distribution against a traditional diesel-powered van system.
Real-world GPS and warehouse data were collected to assess B-Line operations.
Results show a huge GHG emissions reduction, being tricycle logistic system
twice more efficient that the traditional one.

Keywords: Smart city · Externality · Electric vehicle · Last-mile distribution

1 Introduction

Cities are evolving towards sustainability and efficiency; cities are moving to be smart.
Globalization and the constant growth of world trade [1] have made transportation a key
sector and a major contributor to progress and development. However, transportation
activities frequently make indirect negative impacts on the environment such as air
pollution and noise, usually named externalities. At the same time, people are concen‐
trating around major urban areas. Actually, more than 50 % of world’s population in
2014 lived in urban areas [2] what implies a high number of commercial deliveries in
cities [3]. Consequently, commercial vehicles presence in urban areas has dramatically
increased as some studies showed that vehicle miles of travel has rose 20 % from 1996
to 2006 [4].

Indirect effects of an economic activity are said to be externalities since those are
out of the price system [5]. Research interest in externalities of freight transportation
has continuously expanded because of the increasing impacts on economy, environment,
climate, and society. Air pollution, noise, congestion, road damage and accidents are
the usual externalities related to transport activities, nevertheless, due to the fact that

© Springer International Publishing Switzerland 2016
E. Alba et al. (Eds.): Smart-CT 2016, LNCS 9704, pp. 76–84, 2016.
DOI: 10.1007/978-3-319-39595-1_8



transportation activities account for a third of total greenhouse gas (GHG) emissions in
the United States [6], air-pollution-related externalities are the most studied ones [7].
Air pollution is caused by emission of air pollutants such as particulate matter (PM),
NOx and non-methane volatile organic compounds that affect people, vegetation, global
climate and materials. Climate change or global warming impacts of road transport are,
mainly, generated by emissions of greenhouse gases (GHG): carbon dioxide (CO2),
nitrous oxide (N2O) and methane (CH4). Nevertheless, CO2 is the dominant anthropo‐
genic GHG, and the remaining GHG can be expressed as CO2 equivalent (CO2e) [8].

With regard to urban freight transportation, also known as last-mile distribution
because it covers the movement of goods from a central hub in the city to a final desti‐
nation [9]; several studies have shown that its contribution to total GHG emissions is
extremely relevant. Actually, a fifth of CO2 emissions come from urban freight vehicles
[10]. Additionally, urban freight internal combustion engine vehicles (ICEV),
commonly diesel-powered, are known to seriously affect public health. Diesel motor
vehicles are a major source of air contaminants produced during the diesel combustion,
like NOx which is responsible for acid rain.

In order to mitigate externalities, transportation policy makers are evaluating the
possibility of electrifying urban delivery vehicles [11]. Advantages concerning Electric
Vehicles (EV) in last-mile distribution have to do with their higher efficiency in the
urban environment [12] and that is feasible the regular charging or battery swapping
[13]. Thus, the switch from a fossil fuel combustion fleet to an electric-powered fleet
seems like a suitable solution to reduce urban emissions. Moreover, actual cities go
towards Smart Cities where a sustainable and efficient management of their resources
must be considered [14]. Therefore, in the context of Smart Cities, EV development and
adoption play a critical role. Even though there are several types of EV that could be
used in urban freight transportation, electrically-assisted cargo tricycles are an ideal low-
carbon alternative to transport light cargo in city centers. This situation is due, not only
because their emissions-free nature, but also because their small size and easy access to
congested city centers. Unlike conventional internal combustion vans, tricycles can
legally use bike paths and be dropped on and off, on sidewalks or inside business [15].
Because the freight that is delivered by tricycle is often light and small, diesel vans are
the natural competitor. Although electric tricycles do not produce tailpipe emissions,
GHG emissions from electricity generation should be considered leading us to consider
a Life Cycle Assessment (LCA) [16] ranging from extraction of resources to build up
the vehicles, the operation phase, and disposal at the end.

Thus, this article aims to analyze the greenhouse gas (GHG) emissions potential
savings of electric tricycles over their life time for last-mile delivery operations. B-Line
[17], a tricycle logistics company in downtown Portland, OR, is used to record data
related to route and warehouse and to test the methodology. The goal is to compare B-
Line’s carbon footprint against the footprint that B-Line would make using traditional
diesel-powered vans.

The next section presents a brief literature review, and the following sections present
the methodology used to compare different vehicle technologies, the case study, the
results, and some concluding remarks.
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2 Literature Review

Literature about EVs is spreading out during the last years due to a growing interest
among researchers [18], mainly focused on Smart City contexts [19]. Most of them focus
on challenges regarding batteries limitations [20] and their final adoption [21]. Hybrid
vehicles are also studied in the literature as a mix alternative between ICEV and EVs
[22]. Real cases analyses are also performed, for instance, how charging points distri‐
bution affect EVs [23]. However, from the best of the authors’ knowledge, there are no
published carbon footprint assessments of a tricycle logistics company in the existing
literature. Urban distribution is often called last mile distribution because it occurs in
the final echelon of the logistics chain, when goods go from an urban distribution center
to final customers. Literature regarding last mile distribution using EV is mainly focused
on European cities such as Brussels, London and Paris [24, 25].

In this paper, a Life Cycle Assessments (LCA) [16] will be carried out using real
tricycles and diesel-powered vans in order to elicit their carbon footprint, which is the
total set of greenhouse gas emissions caused directly and indirectly as a consequence of
providing the transport service expressed as CO2 equivalent (CO2e), that is, translating
all GHG into CO2 using the Intergovernmental Panel Agency recommendations [26].
According to the GHG Protocol (an accounting tool to understand, quantify, and manage
GHG emissions [27]), there exist 3 different scopes of GHG emissions depending on
whether the emission sources are controlled by the company. Hence, Scope I is used to
categorize all direct emissions, Scope II includes indirect emissions from consumption
of purchased electricity, heat or steam; and Scope III consists of other indirect emissions,
such as the extraction and production of purchased materials and fuels, transport-related
activities in vehicles not owned or controlled by the company. While carbon footprint
distinguishes between the 3 broad scopes, LCA considers the life cycle phases (ranging
from extraction of resources to build up the vehicles, the operation phase, and disposal
at the end) in such a way that it avoids shifting emissions from one phase to another.

Tricycles used in this paper have a maximum payload of 600 lbs. with curb weight
of 500 lbs. Their maximum speed is around 10 mph being able to cover 30 miles and
usual tricycle life expectancy estimation is around 5 years. On the other hand, alternative
internal combustion engine vans can load 4,160 lbs. with a curb weight of 4,781 lbs.
Their maximum speed is approximately 50 mph covering up to 465 miles when the tank
is full and we will assume that van life expectancy is approximately 12 years [28]. Urban
areas characteristics make tricycles as an ideal way to deliver light goods given the
possibility of reducing and shortening the route by using pedestrian areas or riding up
one-way streets on a sidewalk in the opposite directions as well as using sidewalks or
business to park. Furthermore, taking into account that riders have to pedal, energy
tricycle energy efficiency improves given the fact that on average fitted person could
pedal a bicycle with the power output of 75 watts without suffering fatigue for 7 h [29].
Among cargo tricycle disadvantages, it is remarkable their limited payloads capacities
which may make them reject orders that exceed the vehicle limit. In addition, the short
travel range and the low speed in free-flow conditions are also highlighted.
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3 Methodology

In order to compare carbon footprint of both logistic systems (electric tricycles and
traditional vans such as the previously specified), the GHG Protocol methodology using
the Scope III was followed; that is, including all life cycle emissions associated with the
production, use and disposal of vehicles [30]. Splitting the logistic service into sources
of emissions, we consider the following ones:

1. Vehicle. It covers the emissions made during the whole life of the van/tricycle, from
raw material extraction (aluminum, plastic…), transport and disposal or recycling.

2. Well-to-tank. Emissions coming from energy production and distribution: electricity
in tricycles and fuel in the van case.

3. Tank-to-wheel. Derived from the service provided itself. In that case emissions only
came from diesel-powered vans.

Data necessary to carry out the analyses were collected from the Environmental
Protection Agency [31] and, the eGRID database [32]. Finally, Life Cycle Assessment
was performed using the Greenhouse gases, Regulated Emissions, and Energy use in
Transportation (GREET [36]) a full life-cycle model that evaluates energy and emission
impacts.

3.1 Vehicle

Applying the information about physical characteristics of the vehicles proposed, it is
possible to estimate the carbon footprint of the vehicle life using GREET. In this phase
we are considering the whole vehicle life cycle: extraction of raw materials (aluminum,
iron, plastic…), transport to factories to product the materials needed, transportation to
the plant where the materials are going to be assembled, final production of vehicles,
transport and distribution of them to dealers, and lastly, disposal. By using the mass as
the functional unit (in lbs.) vehicle life cycle GHG emissions are 2,677 lbs. of CO2e for
an electric tricycle and 32,073 lbs. of CO2e for a diesel-powered van.

Note that the tricycles batteries were not considered in the previous calculation.
Usually, electric tricycles use Lead-Acid (PbA) batteries, which last, on average, for 4
years. By using GWP values recommended by the International Panel on Climate
Change it is estimated that battery life cycle GHG emissions are 3.94 lbs. CO2e per PbA
battery lb.

3.2 Well-to-Tank

The fuel that a diesel-powered van consumes has been extracted as oil, transported,
refined and transported again to stations. These upstream GHG emissions were estimated
to be about 5.10 lbs. of CO2e per gallon of conventional diesel using average values
from GREET model.

The electricity that a tricycle consumes does not produce emissions when it is
running. However, some emissions have been made to generate and distribute the elec‐
tricity. Using the information of eGRID [33] with the U.S. average coal-based electricity
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generation as well as adding the estimated electricity that is lost due to transmission and
distribution, we get 1,238.5 lbs. of CO2e/MWh.

3.3 Tank-to-Wheel

According to Environment Protection Agency [34] burning one gallon of diesel makes
22.47 lbs. of CO2. By applying the GHG equivalent ratio, CO2e emissions are estimated
as 22.75 lbs. CO2e/gallon. Electric consumption in tricycles is computed by measuring
energy in batteries before and after a route is run. However, we should take into account
the battery efficiency because it is a function of it state of charge [35]. This implies that
from 0 % to 85 % of charge, batteries efficiency is almost 90 % meanwhile it decreases
to 55 % when batteries are charged upper 85 %. Finally, CO2e emissions in both cases
are converted in terms of distance travelled (lbs./mile).

4 Case Study

The methodology proposed was applied to a real case in order to compare carbon foot‐
print between the two logistics configurations: electric tricycles and diesel-powered
vans. The case study was held in Portland, OR; a bike-friendly city in U.S which its
rather flat downtown area makes biking very convenient. Consequently, a company such
as B-Line Sustainable Urban Delivery [17], a last-mile distribution service provider that
operates in Portland downtown, has succeeded. B-Line transports a wide range of prod‐
ucts (baked goods, office suppliers, bike components…) to businesses using electric
tricycles. Moreover, B-Line also diversified its business by advertising and promoting
companies and products through their eye-catching cargo box. B-Line logistics business
model, which consisted of 8 partners and 80 final destinations, is organized as follows:

– Four partners, those that are far away from city center, deliver their products to B-
Line distribution center and then B-Line transports them to final destinations.

– Four partners, those that are in the city center, wait for B-Line to picks-up products
of their locations and distribute to final destination.

Data from B-Line operations were collected on May–June 2015 and it includes many
days of detailed B-Line GPS routes and warehouse operations. B-Line fleet is
compounded of 6 electric tricycles with 2 PbA batteries each in order to allow swaps.
Using private information, fuel economy median is estimated at 48.50 W-h/mile. B-Line
Carbon footprint can be calculated using the previous data.

Then, a hypothetical scenario is built considering that B-Line would provide the
same service as it currently does using diesel vans as well as maintaining the previous
partner structure. B-Line managers made hypothetical routes that diesel-powered vans
would do in order to minimize the total distance traveled keeping customer service level.
In this hypothetical scenario, neither time windows nor capacity constraints are assumed,
because the van payload is much greater than the tricycle payload. However, service
time per client using a van is likely to be greater than service time using a tricycle because
tricycles can park on sidewalks while vans have to find parking slots. Hence, to cover
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the 80 final destinations and assuming 10 min service time each, at least two vans are
required to maintain the tricycle service level. GHG emissions made by those partners
that have to transport their product to B-Line’s warehouse are also included in the
computation as they are inside Scope III we have adopted. On average, the daily distance
covered by B-Line’s partners, from their depots to the B-Line distribution center is 25
miles.

Therefore, a comparison between the B-Line current carbon footprint, against the
footprint of a traditional diesel van delivery company can be made.

5 Results

Current B-Line carbon footprint is assessed and compared against traditional diesel-
powered van system carbon footprint. Figure 1 shows that CO2e emissions as a result
of tricycle delivery system fall from 23 to 12 tons of CO2e emissions per year, which
implied a 50 % of reduction. Thus, B-Line is avoiding approximately 11 tons of CO2e
emissions per year. However daily distance traveled increase significantly resulting in
an increment of 50 % of miles traveled, even though here we are not including the 25
miles that the four farther partners have to travel to transport their products to B-Line’s
depot. That is not trivial at all because those 25 miles per day account for 60 % of total
GHG emissions tricycle system does. Nevertheless, we should take into account that
diesel-powered vans travel in congested streets at slow speeds. Subsequently, the global
impact is not a reduction in CO2e emissions for the traditional diesel company.

Figure 2 distinguishes between partner activity impacts showing lbs. CO2e emis‐
sions per delivery using electric tricycles and vans. Thus, a huge reduction can be
achieved without including partner’s transport activities: 6 tricycles have 80 % less
environmental impact in terms of CO2e emissions than 2 common diesel cargo vans.
Actually, a delivery made by an electric tricycle emits just 0.2 lbs. of CO2e while the
same trip made by a van would emit 5 times more: 1 lb.
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6 Conclusions and Ongoing Work

Last-mile management distribution is a growing challenge in big cities that affects life
quality of citizens due to GHG emissions, noise or congestion. Therefore, sustainability
and efficiency in that environment is threatened along with the concept of Smart City
itself. Thus, electrification of last-mile deliveries, for instance using electric tricycles,
would play an important role in reducing GHG emissions noise, congestion or service
time. In this article, we have developed a methodology to evaluate carbon footprint of
electric tricycle and common vans. This methodology was tested in the real case of B-
Line [17], a logistic company that works in Portland, OR. B-Line currently operates an
electric fleet of 6 cargo tricycles in last-mile urban distribution. Then, we compared its
carbon footprint with the one that B-Line would make if they use traditional diesel-
powered vans. Results show a huge saving of GHG emissions of electric tricycle with
respect to a traditional fleet by halving them. This result is consistent with Browne et al.
[36] that estimated a reduction of 54 % CO2e emissions due to the use of an urban
distribution center and electric vehicles in London.

Future research directions will face the economic aspect of electric vehicles adop‐
tion. This should be done taking into account the operation cost of both policies as well
as the investment on vehicles. Moreover, a monetary valuation of GHG savings should
be done in order to incorporate to the previous analysis to cover not only internal cost
but also external. Finally, since this paper has compared a current electric logistic system
against its hypothetical diesel-powered alternative; it would be interesting to do the same
in an actual diesel-powered fleet against its electric alternative.
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Abstract. Under the term “Smart City”, numerous technology-based initiatives
are emerging to help cities face contemporary challenges while the concept itself
is evolving towards a more holistic approach. Nevertheless, the capability of
smart initiatives to provide an integrated vision of our cities is still very limited.
Eventually, many of these initiatives fail to understand the complexity, diversity
and intelligence that characterize contemporary cities. The purpose of this paper
is to display an urban functional system, capable of interpreting the city in a more
holistic way and of facilitating effective involvement of local stakeholders in the
planning process of SCs initiatives.

Keywords: Smart City · Urban complexity · Urban diversity · Urban intelligence

1 Introduction

Besides the growing debate that Smart Cities (SC) initiatives are stirring up among
their advocates and critics, the seemingly unapproachable complexity and intricate
diversity of contemporary cities are hindering conceptual and technical progress in
this kind of initiatives. Recent academic contributions recognize the need for devel‐
oping more integrated and holistic approaches to SCs [1, 2]. In fact, the SC concept
is evolving from the simple inclusion of technology in the city to the development
of solutions to urban challenges in an interconnected and synergic manner; however,
little real progress can be observed in this direction [3, 4].

Therefore, this paper proposes a novel approach that displays the systemic func‐
tioning of cities so that SC initiatives can be better assessed not only by technolo‐
gists and urban planners, but also by a wide range of local stakeholders with no
profound expertise in either technology or urban planning. In our view, the use of
functional systems provides useful insights about how contemporary cities operate
and evolve, and it facilitates the involvement of local stakeholders in the planning
process of SCs.
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2 Characteristics of Contemporary Cities

Complexity, diversity and intelligence are three key attributes that characterize most
contemporary cities [5, 6]. A close look at those three characteristics may provide a
clearer understanding of cities’ nature to professionals not directly involved in city
sciences.

The first common feature to all large and medium size cities is the high level of
complexity of operational processes that take place within the city limits and on its
hinterland. Indeed, it is widely accepted that cities are one of the greatest examples of
complex systems because they generate an intricate and dynamic network of societal,
economic, environmental and political relationships [7, 8]. That is why complexity has
been a recurrent handicap for urban planners because it makes difficult urban analysis
and policy making.

The second feature inherent to any big and medium size city is diversity. This
important, but elusive feature is generated by the heterogeneity of local agents who
intervene in the socioeconomic activities of a city [9, 10]. In brief, diversity is an impor‐
tant asset of cities as far as the different interests of urban stakeholders are harmonized
in benefit of the whole community.

The third attribute of contemporary cities is intelligence. For some authors, urban
intelligence means maximizing all the possible connections within the city to improve
its operations [11], while for others, the term intelligent city is closely related to the
concept of Smart City because it applies a wide range of technological devices [12]. In
this paper, we understand the term intelligence as the capability of urban stakeholders
to use effectively and efficiently new technologies for managing city operations and for
making well informed policy decisions.

Confronted with these challenges, many cities have found in SCs initiatives a stra‐
tegic option to pull out from present and future problems by heavily investing in tech‐
nology-oriented solutions. Nevertheless, SCs are presently subject to a heated debate
about its advantages and disadvantages. Advocates express the potential of SCs to solve
urban challenges [13, 14], while there is growing group of critical voices who warn
about their potential threats [12, 15, 16]. Despite their pros and cons, SCs could provide
reasonable answers about how to approach urban complexity, diversity and intelligence.

3 How to Approach Urban Complexity

One way to deal with the complexity of contemporary urban territories is to conceptu‐
alize the city as an evolving functional ecosystem. Based on several contributions made
in the field of systems theory [17–19], a general system may be defined as a large number
of elements which interact among themselves and with the context in which they operate.
More specifically, complex systems are characterized by being emergent since they have
the ability to generate a new collective behavior through self-organization.

A city may be regarded as a complex ecosystem of connected elements or parts
with common purposes, in which human activities, linked by communications,
interact as the system evolves dynamically within a given socioeconomic and
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physical context [20, 21]. In other words, a city is built from multiple singular initia‐
tives taken through time by a great number of players who are tightly intercon‐
nected among themselves. In this ecosystem, any spatial or structural alteration in
one of its elements can modify the other parts of the system. Cities, understood as
complex systems, are adaptive as they evolve and are not readily predictable because
they do not necessarily act in a deterministic fashion.

Compared to other functional systems, cities have some distinctive features that
should be taken into consideration [5, 22]. The change process in the city is not sequential
(one thing directly affecting another), but rather simultaneous (many things happening
at the same time). The city is a functional system with a heavy inertia, so there are limits
to a city’s ability to accelerate or slow down the pace of change. Cities are immersed in
a space configured by infrastructures and natural features, all of which influences its
functional dynamics. Finally, such a complex system is constantly reacting to external
changes, so cities strive to adapt or dominate them, otherwise, they decline.

For the purpose of explaining the complex functioning of a contemporary city, a
conceptual model has been developed recently [23] in which the urban ecosystem is
synthesized and visualized as a set of different interrelated subsystems (see Fig. 1).

Fig. 1. City’s functional system

First of all, urban demand (composed of citizens, economic agents, societal institu‐
tions and visitors) is placed in the center of the model. All of them pose a number of
requirements on resources, services and infrastructures provided by the urban subsys‐
tems so that they can live and work in a city under good conditions. Secondly, acting as
suppliers, the city’s societal, economic, environmental and political subsystems strive
to interpret and satisfy requirements from the different demand segments. Every
subsystem is described by its resource capital, operating agents, services provided and

How to Incorporate Urban Complexity, Diversity and Intelligence 87



technology used. Thirdly, those four subsystems request specific physical conditions to
the spatial subsystem to operate properly. Thus, the spatial subsystem, regulated by
urban planning, is responsible for providing basic infrastructures, transport systems and
a wide range of community facilities and housing units. Fourthly, all the previous func‐
tional subsystems and demand segments are serviced by a technological subsystem made
up of multiple platforms, which ideally should be of transversal nature, though they
usually operate for a single sector. Finally, the overall urban system is subject to external
change factors, such as demographic transformations, economic cycles, technological
innovations or environmental impacts, which affect its functional balance. Indeed, in
reality this flow does not happen in such a linear sequence since there are plenty of
feedbacks among urban subsystems.

Though it can be perceived as reductionist, this systemic conceptualization of the
city has a clear advantage: it displays a simplified, intelligible abstraction of the inherent
complexity of our urban reality, which is easily understood by technicians, local stake‐
holders and citizens. It also analyzes the diverse relationships between urban compo‐
nents as well as it exposes the dominant or dependent positions of both stakeholders and
functional subsystems. Thus, the systemic approach strives to reach a better under‐
standing of the urbanization process as well as to establish a common ground for recon‐
ciling technologists and urban planners.

4 How to Approach Urban Diversity

This paper proposes an approach to urban diversity which is based on the different
functionalities performed by cities and on the disparity of local agents. From the func‐
tional point of view, cities differ among them because of their geographical location,
their spatial pattern, their economic vocation and their socio-demographic structure.
Obviously, the bigger and more complex the city is, the most diverse will be.

One way to gain a better understanding of urban diversity is by segmenting and
analyzing different city typologies according to the functions performed [24, 25]. In this
paper, we use a simple, but didactic segmentation matrix made up of two sets of varia‐
bles: ranking categories and key functions (see Fig. 2). In that matrix, a qualitative
evaluation of the importance of each function is made for every urban typology that may
be encountered in the Spanish and European context.

A brief description of the five urban typologies is given as follows:

• Global City. Its influence overpasses national borders. It is characterized by a high
level of connectivity, strong technological capacity, wide offering of advanced and
financial services, and relevant cultural projection. Multinational corporations are
the major urban stakeholders. One of its main challenges is urban governance.

• National Metropolis. It extends its area of influence all over the national state and
is strongly linked to other national capitals. They are usually strong decision and
administrative centers just as well as important knowledge and transport centers.
Some of them are also important industrial centers and tourism destinations. One of
their main challenges is to reach a sustainable urban mobility.
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• Regional Center. Its influence is circumscribed to the regional scale and it serves as
a link between national metropolis and intermediate cities. Regional centers tend to
be a stronghold of administrative services and they also perform a wide array of urban
functions. They are well connected at the national level.

• Intermediate City. It’s a key element in structuring urban systems because they play
the role of interlinking rural areas with large metropolis as well as balancing territorial
development. Because of their limited size, most intermediate cities only specialize
in few urban functions. Decisions are taken by local stakeholders.

• Small City. Its influence is usually limited to county borders. Small cities operate as
transport centers at the sub-regional level and their economic base is dominated by
primary sector activities. Though there are exceptions, in general terms small cities
hardly have any specialized functions.

Obviously, this evaluation will vary from country to country, and from continent to
continent, when taking into consideration climatic and socio-cultural differences. Never‐
theless, this simple segmentation approach may provide plenty of clues for differenti‐
ating cities when planning and implementing Smart Cities initiatives. Moreover, intel‐
ligence could be considered as an additional transversal variable for further enrichment
of the segmentation exercise.

5 How to Approach Urban Intelligence

Nowadays, Smart Cities are still a growing phenomenon which is conceptually ambig‐
uous, so there are many “labels” or categories attempting to define the concept [26].
Some of this labels draw attention towards technological aspects [27], while others turn

Fig. 2. Segmentation matrix of urban typologies
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into business models [28], level of implantation [29], or maturity of operational
processes [30].

Taking into account those contributions, in a recent article we discussed three basic
models of Smart Cities with different levels of evolution [31]:

• Sectoral model. It corresponds to the first SCs initiatives which were oriented to
satisfy specific vital urban functions, like improving energy efficiency or diminishing
CO2 emissions. Some authors refer to this model as ad-hoc projects or technological
silos. It is governed by a top-down approach.

• Multi-sectoral model. It constitutes a qualitative improvement of the prior model.
Its main purpose is to cluster different sectoral SCs initiatives in order to foster
collaboration and synergies among various urban stakeholders. A common language
is developed and barriers to adoption are identified. Sustainable funding models and
governance issues become a focus.

• Integrated model. It represents the future direction towards which SCs initiatives
should be geared. It is an open model which is supported by a citywide technological
platform, capable of managing diverse city demands such as environmental sustain‐
ability, social inclusiveness, economic competitiveness and citizen participation. It
is governed by a mix of top-down and bottom-up approach. In brief, this model
constitutes an integrated system of systems and continuous improvements.

According to the integrated model of Smart Cities, urban intelligence is understood
as a growing level of connection and integration of services to improve management
and decision-making in urban contexts as well as an important tool to empower urban

Fig. 3. Integrated model for Smart Cities initiatives
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demand for getting involved in the development of their cities (see Fig. 3). Consequently,
all smart devices will be integrated in a transversal platform which will provide smart
services to all urban subsystems.

In this context, intelligence becomes a critical part of large and complex city subsys‐
tems, which deliver a wide range of products and services requested by a growing smart
demand. Therefore, the degree of interoperability or connectivity among urban subsys‐
tems will be a key indicator of smart city maturity.

6 Implementing the Concepts into a Mass Tourism Destination

As stated before, not all contemporary cities are the same. This paper has opted for
displaying just one city typology in order to show the potential of the proposed holistic
approach. The selected typology has been a mass tourism destination analyzed in a
previous foresight study [32]. Mass tourism destinations are well represented in Spain
by cities such as Benidorm, Marbella or Salou.

If we were to plan a future mass tourism destination using the proposed systemic
approach, a number of guidelines would be given as follows (see Fig. 4):

Urban Demand: It will be made up of visitors very heterogeneous, demanding and
well-informed. City residents will be strongly involved in planning the destination.
Economic Subsystem: It will be driven by innovative tourist business models, adapted
to the requests of incoming visitors. Tourism clusters will be developed including
several destinations. Tourism services will improve their technological level. Local
consumption behavior will be influenced by external demand patterns.
Social Subsystem: The social fabric of the city will be constantly threatened by the
large volume of visitors. Destinations will have to manage seasonal immigration flows
of low-skilled workers. Social services will have to be adapted to seasonal needs of
visitors and workers.
Environmental Subsystem: Mass tourism destinations will have to enhance the value
of natural and landscape ecosystems. Tourists’ seasonality will be managed to mini‐
mize environmental impacts. Attention will be paid to prevent natural hazards.
Political Subsystem: Local governments will implement integrated strategic planning
to guide their tourism model. Collaborative planning processes will be based upon
citizens’ consensus. Tourism demand will be assessed on real time.
Spatial Subsystem: There will be excellent transport connections with tourists’ home
markets. Within destinations, non-motorized transportation modes will be dominant.
Destination’s public spaces will be connected to external natural spaces. Tourism
facilities will be widely diversified and highly specialized.
Technological Subsystem: Mass tourism destinations will become test-beds for urban
technological innovations. New technologies will be tested and applied to urban infra‐
structures, tourist facilities, transport and public spaces. During holiday periods,
tourists will be relaxed and willing to try and enjoy urban innovations.
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Fig. 4. Functional system of a future mass tourism destination

Some additional interpretations are needed to fully understand Fig. 4. First of all,
urban demand is composed of various segments – citizens, business and visitors—with
significant differences; however, they share a common interest, the development of the
destination under strict sustainability criteria. Secondly, the economic, social, environ‐
mental and governance subsystems are well-linked among themselves so as to give
timely and effective response to urban demand‘s requirements. Additionally, the envi‐
ronmental subsystem plays a key role. Thirdly, the spatial subsystem is made up of
diverse elements, some of them displaying two concentric circles that show the changing
seasonal demand for urban services. Fourthly, besides developing sectoral smart initia‐
tives to solve ad-hoc needs, a citywide technological platform is needed to provide
common intelligence to tourism operators, visitors and residents.

7 Conclusions

This paper has raised the issue of employing a systemic approach in the development
of Smart City initiatives so as to deal with the attributes of complexity, diversity and
intelligence, inherent to most contemporary cities.

A set of conclusions related to the systemic approach can be drawn from our paper.
Understanding the city as a functional system will allow for an integrated and iconic
representation of urban complexity which will be intelligible to most stakeholders. This
approach will provide information about how particular subsystems deal with contextual
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issues and how they interact among themselves and develop over time. Increased
knowledge about subsystems will improve their operational effectiveness by incorpo‐
rating technology or other technical resources. Just as well, a systemic approach will
facilitate the identification of urban stakeholders, their role and power relations within
the community. Finally, under this approach, technology will appear in Smart Cities not
like the dominant player, but as a set of tools that will improve malfunctions and will
support, in an integrated fashion, the operations of the whole functional system in order
to maximize efficiency.

In brief, the employment of a systemic approach will certainly reinforce urban anal‐
yses and will provide solid grounds for development strategies, especially when dealing
with SCs initiatives. This approach will take into consideration the three key features of
contemporary cities –complexity, diversity and intelligence—and will allow for the
integration of the Smart City elements.
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Abstract. Cities are currently undergoing a transformation into the Smart
concept. The Smart concept emerged in the same way as Smartphones or Smart
TVs. A number of initiatives are being developed in the framework of the Smart
Cities projects; however, there is a lack of consistent indicators and method-
ologies for assessing, financing and prioritising these kind of initiatives. The
main aim of the research is to develop an evaluation model for Spanish cities
and show dynamically in a map the degree of Smart development and their
territorial characteristics. The study was carried out in 62 cities of the Spanish
Network of Smart Cities (RECI) in 2015. The map is a tool to overcome the
deficiency of information and methodologies, easy-to-use to evaluate smart
cities projects. Moreover, it is a way of manage knowledge and information
advances about Smart City initiatives. The map offers a database query and
dynamic display characterizing Spanish cities.

Keywords: Map � Tool � Evaluation � Progress � Indicator � Monitoring
Center � Visualization � GIS � Query � Citizens � Smart � Cities

1 Introduction

The concentration of people, companies and institutions in cities promotes creativity,
innovation, diversity and economic growth [12]. Moreover, the synergy between dif-
ferent sectors increases the economies of scale thus becoming a key in a country’s
sustainable development [3]. Although over 80 % of global GDP is generated in cities,
nonetheless, cities also have the highest pollution levels worldwide [7, 8].

Urban development has brought about several imbalances in cities. Cities must
embark on a process of transformation by developing strategies to meet the challenges of
creeping urbanization, demographic change and the new demands caused by climate
change and the depletion of natural resources. Having these challenges in mind, it is
crucial to manage and plan the expansion of a city by supporting economic growth and
competitiveness, as long as maintaining social cohesion and environmental sustain-
ability [3, 4, 10]. This involves multiple actors, high levels of interdependence, and
different fields of action, in addition to conflicting goals and social and political com-
plexity; consequently a holistic and multidisciplinary approach is necessary [1, 9, 11].

Urban planning today is regarded as the integration of a plurality of interests and
active public participation. Urban planning now takes a more participatory approach,
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with new ways of representing data such as Geographic Information Systems (GIS) and
new techniques for participation thanks to Information and Communications Tech-
nologies (ICT).

The concepts of Digital City or Connected City are closely linked to ICT in urban
management and urban planning. A recently coined and related popular term is Smart
City. The Smart City concept differs from the others by emphasizing environmental
and social capital, and not only technology. It implies the use of ICT to provide
sustainable economic development, tools for the judicious management of natural
resources, and improvements to our quality of life, and offers an excellent opportunity
to manage the urban future. ICT tools are essential for transforming traditional city into
a Smart Cities [1, 13, 14, 16, 18].

Interest in Smart Cities has generated several theoretical discussions, but as yet
insufficient progress has been made at implementing and evaluating related initiatives
and projects. A Smart initiative must be evaluated through an integrated approach
covering environmental, social and economic needs [2]. There are rankings of different
city attributes such as quality of life and environment, and comparative studies between
cities are emerging based on the Smart City concept [5, 11, 14, 15, 17, 19].

2 Objectives

There are numerous Smart City initiatives underway in the Spanish and European
framework [6, 11, 14, 18]. However, indicators and standardized methodologies are
required to evaluate, prioritize, implement and manage this type of projects. There is a
lack of easy-to-use visual tools for interpreting vast amounts of information produced
by these projects. The 2014 European report: “Mapping Smart Cities in the EU” clearly
highlights the potential of mapping the situation of Smart Cities [14].

The +CITIES project is a research project coordinated by Rosa M. Arce from the
TRANSyT (UPM) and funded by the Spanish Ministry of Economy and Competitive-
ness’ State Plan for Scientific and Technical Research and Innovation 2013–2016. This
project goes one step further, by using maps as a dynamic tool to visualise the database
and not only a way of representing data as static result. It solves the absence of visual
tools and serves as a systematic evaluation method for assessing Smart City projects.

The +CITIES project is aimed at developing a comprehensive framework for
assessing mobility and urban services projects to advance knowledge in this field and
define methods for making informed decisions on smart investment strategies in a
Smart Cities context. This system is of great interest to public and private bodies as a
tool for prioritizing, developing and implementing strategies. Figure 1 shows the
structure of the project development.

The project takes into account an expert opinion to complete the assignment. The
vision of experts from a range of institutions and countries is essential to reinforce and
validate the project. Consequently a survey was conducted involving experts in dif-
ferent fields related to cities.

The expected outcome of the +CITIES project is the improvement and development
of more sustainable practices based on the application of ICT in transportation and urban
services. This will lead to more effective management of energy consumption and
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improve mobility. It will also establish conditions to help business and economic
activity in a context of maximum respect for the environment and a more efficient use of
resources.

3 Methodology

A methodology for the evaluation of cities was developed according to the holistic
concept of Smart Cities, and applied in 2015 to all cities in the Spanish Network of
Intelligent Cities (RECI, www.reci.es). The aim was to contribute to the understanding
of the processes of urban transformation designed to transform the conventional city
into a Smart City (Fig. 2).

The purpose of this paper is to show the current information on Spanish Smart
Cities on a dynamic platform. A query tool was developed by creating a dedicated
database with a combined dataset, and merging it with a viewing platform. The data

STATE OF THE ART IN 
SMART CITIES

• Acquire deep knowledge of 
the current context in 
Spanish Smart Cities.
• Define the concept of 

Smart City and understand 
how Smart Cities can 
contribute to meet the 
priorities of urban 
development.

MAPS AND REPORT WITH 
A SET OF RELEVANT 

INDICATORS

• Make knowledge of Smart 
Cities and data accessible 
through a visual tool 
(Dynamic Map)
• Characterise of cities 

through territorial 
indicators using GIS tools 
that can help develop 
strategies for decision 
making in Smart City 
projects.

SMART CITY PROJECT 
EVALUATION MODEL

• Develop a methodology for 
assessing Smart City 
projects in the fields of 
Mobility and Urban 
Services
• Develop a methodology to 

evaluate and prioritize 
Smart City projects  in 
Mobility and Urban 
Services

• Develop guidelines to 
implement and manage 
Smart City projects, with 
special focus on Mobility 
and Urban Services 
initiatives.

Fig. 1. +CITIES project structure

Dynamic Visualization Tool
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Indicators

Vizualizing Platform: ArcGIS 
Online

Factors evaluated about Smart 
Cities 

DATABASE 

Fig. 2. General outline of the methodology
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used for the tool are classified into two clusters: an assessment model for Smart City
initiatives from a city inhabitant point of view found in a previous work [15]; and some
territorial indicators such as demographic or economic data for the 62 cities from the
RECI study.

3.1 Smart City Evaluation Factors

+CITIES analyse the current situation of the Smart Cities in the RECI up to September
2015, when the present study concluded. This evaluation involved assessing the fac-
tors, taking into account “citizen’s experience” The rating consists of a scale of 0 to 4,
in which a factor of over 2 is defined as Smart (SC). A score of 2 or less refers to a
conventional city (C).

The website of city councils and other services were visited to compile the relevant
information and services needed to rate the below mentioned factors. The study adds
value to statistical information, which is the usual source of information for similar
comparative studies [5, 11]. In Fig. 3, it is shown the factors of each of the analysed
axes.

A Smart degree of deployment is assigned for Governance, Mobility, Environment,
Economy, Living and People issues for each city, which is the average value of the
factors in each city axis. Finally, a development level was assigned to each Smart axis
and the average of the six scores was calculated for the degree of Smart City devel-
opment. The aim was to obtain an overview of how far the 62 cities tested have
advanced in the process of transformation toward a Smart City.

The analysis involved an evaluation of 18 factors related to the six axes of a smart
city: Government (Go), Mobility (Mo), Environment (En), Economy (Ec), Living
(Li) and People (Pe) [11]. In Table 1 are included the factors and assessment criteria in
the six pillars of the Smart City.

Fig. 3. Evaluated factors in the six Smart City axes
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3.2 Territorial Indicators

The Territorial database indicators was classified into four groups (see Fig. 4). The
information was extracted from several sources such as INE (National Statistics
Institute), IGN (National Geographic Institute), local city council website, the LaCaixa
yearbook, and the Ministry of Finance and Public Administration among others. The
completed database using an extensive set of territorial indicators for the visualization
tool was created and exported to a viewing platform.

Table 1. Factors assessed in the six Smart City axes

Axis Factors Evaluated Smart City (SC) or Conventional City (C)

G
O

V
E

R
N

A
N

C
E

 
(G

O
)

(go1) Electronic Headquarters 
SC: >2 With Electronic Headquarters 

C: =2 
Electronic Headquarters in process and an easy-to-use source 
of information. 

(go2) Transparency 
SC: >2 With a completed Transparency website 
C: =2 Transparency website in process or incomplete 

(go3) Online Municipal Street 
Maps 

SC: >2 
A Street map georeferenced with extra information for the cit-
izen 

C: =2 Google maps or a basic map without extra information 
(go3) Communications Channels 

with the citizen 
SC: >2 Municipal website, App with feedback 
C: =2 Traditional medias (email, telephone…) 

M
O

B
IL

IT
Y

  
(M

O
) 

(mo1) Sustainable Mobility Urban 
Plans (SMUP) 

SC: >2 With SMUP 
C: =2 Without SMUP 

(mo2) Payment Integrated in Multi-
modal transport system 

SC: >2 Smart Card, Smartphone 
C: =2 Impersonal ticket  

(mo3) Deployment of alternative 
modes 

SC: >2 Integrated payment with Public Transport 
C: =2 Bicycle registration 

(mo4) ICT in traffic control 
SC: >2 ITC integrated 
C: =2 Just basic control  

E
N

V
IR

O
N

M
E

N
T

 
(E

N
) 

(en1) Energy efficiency 
SC: >2 With two or more initiatives to reduce energy consumption 
C: =2 With at least one initiative to reduce energy consumption 

(en2) Efficiency in water consump-
tion 

SC: >2 With two or more initiatives to reduce water consumption 
C: =2 With at least one initiative to reduce water consumption 

(en3) Monitoring and reducing at-
mospheric emissions 

SC: >2 With two or more ICT initiatives to monitor emissions 
C: =2 With at least one plan to monitor emissions 

E
C

O
N

O
M

Y
  

(E
C

) 

(ec1) Open Data 
SC: >2 Open Data information in the website 
C: =2 No accessible Open Data 

(ec2) Entrepreneurship Support 
SC: >2 An Action Center with innovative initiatives  

C: =2 
Traditional information in a physical center (events, basic in-
formation to create a company…) 

L
IV

IN
G

 
(L

I)

(li1) eHealth 
SC: >2 Telecare or telehealth with follow-up 
C: =2 Conventional health assistance and health tips in the website 

(li2) Accessibility 
SC: >2 Measures with ICT technology: Accessible touristic route... 
C: =2 Conventional measures: Tactile Pavement 

(li3) ITC to Improve the Quality of 
Life 

SC: >2 At least a municipal project with an ICT infrastructure 
C: =2 ICT application in some punctual municipal events 

P
E

O
P

L
E

 
 (

P
E

) 

(pe1) Free WiFi 
SC: >2 

WiFi in public space (parks, streets or squares) with the acces-
sibility information in the website 

C: =2 Some WiFi points around the city, without information 

(pe2) Training 
SC: >2 

With training courses or initiatives about accessibility  to 
Smart services and participative approach of the city  

C: =2 Without a training program offered in Smart Services 
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3.3 Mapping Platform

A visualization tool was developed to represent and display the result, combining the
RECI study database and the territorial indicators in a viewing platform. The platform
used to visualize the results is ArcGIS Online by ESRI (Environmental Systems
Research Institute), and is a complete, cloud-based mapping platform that makes and
shares maps.

4 Results

The outcomes are presented as a set of graphics and 3 maps, which are the result of the
tool. A sample of 62 Spanish cities with a population of over 50,000 inhabitants was
analyzed. The sample represents 35 % of the Spanish population and 43 % of Spanish
population living in municipalities with more than 50,000 inhabitants; it also includes
all Spanish cities with more than half a million inhabitants.

Figure 5 shows, for each of the six axes, the percentage of cities in the Spanish
Smart Cities Network with a Smart Factor classification above 2. The labels on each
column indicate the number of cities classified as Smart. The six dash lines indicate the
average mark of cities classified as Smart in each axis. A solid grey continues line
shows the number of cities classified as Smart out of the total, the average of the six
axes, and the percentage it represents.

It is worth pointing out the low presence of Smart Cities in Environmental (14
cities) and Economic (16 cities) aspects. In contrast, the best results are for the Mobility
(71 %) and Living (77 %) axis.

If the results are analyzed in more detail, those obtained for the factors in each of
the axes have wide differences between the several factors that can be observed. The
worse valued factor is Training (18 %) and the best results are in eHealth (100 %).

From the 62 cities, 61 have at least one axis valued as Smart and the majority of
RECI cities have at least three Smart axes (Fig. 6). The top-scoring cities with six axes
Smart are Barcelona and Madrid (Table 2). The Top Ten rated cities in Smart Cities has
a minimum of four Smart axes.

LOCATION

• Coordinates (λ, φ)
• Region
• Autonomous region
• High Speed  Rail 

Station
• Commercial airport
• Commercial port
• Coast Municipality
• ...

DEMOGRAPHY

• Population
• Population 

unemployed
• No Spanish 

population
• Density of population
• Area
• ...

SOCIAL

• Average income
• Population with 

higher education
• Cars per capita
• College and 

Universities
• Inequality Index
• ...

ECONOMIC

• Municipal budget
• Municipal Public 

Debt
• Number of Shopping 

Centers
• Number of companies 

(construction, 
industry, 
transportation, 
services, finance, 
health ...)

• ...

Fig. 4. Territorial indicators
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Figures 7, 8 and 9 are examples of the kind of data that can be represented on maps,
such as the score for an evaluated factor–Transparency or Reduction of emissions in
Fig. 7- or whether a city is classified as Smart in Mobility area (Fig. 8). In addition to
the factors rated, the maps also show territorial factors such as the motorisation rate,
population or the municipal budget per person in each city (Figs. 8 and 9).

Fig. 5. Smart cities in each analysed factor

 

2%
1

11%
7

27%
17

23%
14

18%
11

16%
10

3%
2Number of Smart axes

0 1 2 3 4 5 6

Fig. 6. Cities classification by the number of Smart axes
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Table 2. Top ten cities

Ranking 
Smart City 

Municipality Number of  
Smart axes 

Population in 
2014 

Smart Score 
(0-4) 

1 Barcelona 6 1602386 3.29 
2 Madrid 6 3165235 3.11 
3 Valencia 5 786424 2.68 
4 Zaragoza 5 666058 2.67 
5 A Coruña 5 244810 2.56 
6 Sevilla 5 696676 2.55 
7 Málaga 4 566913 2.54 
8 Santander 5 175736 2.53 
9 Gijón 4 275735 2.51 
10 Pamplona 5 196166 2.47 

Fig. 7. Transparency, emissions reduction, population with higher education and type of city
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Fig. 8. Smart mobility cities, population and motorisation rate

Fig. 9. Number of Smart axes, unemployed population and municipal budget
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5 Discussion and Conclusions

The process towards what are known as Smart Cities is a reality, and, as can be seen,
there is not a single model of Smart City [15]. There are many different kinds of smart
cities: heterogeneous demographics, cities noted for their social or innovative com-
mitment or cities with privileged contexts for certain businesses.

Cities evolve rapidly, the same as technology or society. The effect of cities on the
lives of city dwellers requires good effective management of cities of each of the six
axes described. Spanish smart cities have the good results for mobility and
quality-of-life factors, which are key aspects in a city for inhabitants (Fig. 10).

An example of Sustainable City due to the Smart City concept might be the Smart
City Project in Málaga. This initiative was coordinated by Endesa “Smartcity Málaga”
and has achieve an energy saving of more than 25 % in 5 years. This reduction means
at the same time a decrease of 20 % of CO2 emissions.

The map described in this study serves as a tool for the visualization and dynamic
query of the status of Smart initiative and the features of the cities, and is intended to
serve as the basis for a Spanish Smart Cities observatory. The purpose of this tool is to
provide a graphic support to inform users about advances in the processes of urban
transformation in the Smart City concept. In the future, this research should include
more cities in the analysis and, more features that reveal their impact on the concept of
Smart Cities. The culmination of this project is a National Monitoring Centre for
Spanish Smart Cities to prioritize, develop and implement smart city strategies.
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Abstract. Given a group of people traveling from the same origin to
multiple destinations, the Taxi Sharing Problem consists in assigning
taxis to each person such that the total cost spent by the group of people
is minimized. This problem arises in the context of Smart Mobility, where
the resources of a city must be optimized to save costs and pollution while
the mobility services are improved for the citizens. We propose a mixed
integer linear programming formulation as an accurate way to solve the
problem of taxi sharing. We empirically analyze our formulation solving
different real-like instances of the problem with 9 to 69 people.

Keywords: Taxi Sharing Problem ·Mixed Integer Linear Programming ·
Smart Mobility · Smart City

1 Introduction

The concept of Smart City implies the use of information and communication
technology to improve the quality and performance of urban services in order to
reduce costs, increase efficiency in the use of resources and allow the participa-
tion of more active citizens [4]. Transportation systems have a central role in a
city. When applied to Transportation Systems, the use of information and com-
munication technology leads to the concept of Smart Mobility. In this context,
shared trips (known under the term carpooling) raised great interest among the
public in recent years. Sharing vehicles with people on their way to nearby desti-
nations generates benefits both economically and ecologically, at the individual
and at the collective level [8].
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The benefits of shared trips have resulted in various initiatives to address the
public interest. Some examples are the exclusive lanes for shared trips present in
many cities [9], campaigns to share the trips to and from the workplace [5], and
a variety of online applications developed to find traveling companions. Some
examples are BlaBlaClar1 and Carma2. Taxis are a quick and reliable mean of
transportation, especially in those cities where the public transportation system
is very inefficient. However, taxis rarely travel with full capacity, thus its impact
on traffic congestion and pollution in cities is usually important. Furthermore,
fare rates can reach considerable values, which generally discourage the use of
this model of transportation for the general public.

Currently there are some applications to find people to share a taxi, e.g.,
Carpling3 and Sharetransport4. However, the majority of applications merely
display the place where users can manually look for the shared trip. In the best
case, they use very simple algorithms to propose traveling companions based on
proximity, origin and destination. Using these algorithms we cannot certify that
the minimum cost solution is taken. We are interested in this paper in finding
optimal solutions to the taxi-sharing problem and compare them with solutions
obtained using metaheuristic algorithms, in particular, Genetic Algorithms [6].

The organization of the rest of the paper is as follows. Section 2 presents the
Taxi Sharing Problem and Sect. 3 proposes a Mixed Integer Linear Programming
formulation to solve it using MILP solvers. The results of a preliminary exper-
imental study are presented in Sect. 4. Section 5 presents the most important
related work, and Sect. 6 concludes the paper.

2 Taxi Sharing Problem

Let us imagine that a group of people in the same place decides to travel to
different destinations using taxis. The Taxi Sharing Problem is a combinatorial
optimization problem which consists in determining the appropriate number of
taxis, the assignment of people to taxis and the order in which the taxis must
drop the people off, in order to minimize the total monetary cost of the group
of people. Each taxi can be shared by a maximum number of people, depending
on the capacity of the taxi (usually four people).

The cost of each trip depends on the distances traveled by each taxi and
the specific fares of the city where each instance of the problem is defined. We
also consider a minimum constant fare that does not depend on the distance
traveled. In this version of the problem, we do not consider other possible costs
related to events, special origins or destinations, or extra charges for luggage.
However, the costs due to special origins or destinations could be easily included
in our formulation without changing it. The costs associated with travel time
are not covered (this would be equivalent to consider traffic flow scenarios). The
problem, as it is defined here, was proposed in [18].
1 https://www.blablacar.es.
2 https://carmacarpool.com.
3 https://www.carpling.com/info/taxi.
4 http://www.sharetransport.sg.
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In the following we will present the mathematical formulation of the problem.
Let P = {p1, p2, ..., pn} be a set of n passengers that are in the same location
d0. Let us denote with di the location where passenger pi wants to go. Let us
assume that the maximum capacity of the available taxis is k (usually 4 people)
and let us denote with b the minimum fare to pay in each trip regardless the
distance traveled. The cost to travel from point di to dj will be given by the
matrix element cij of a cost matrix.

A solution to the problem is a set of m sequences of locations {s1, s2, . . . , sm}
such that every destination di with i ≥ 1 appears exactly in one sequence (and
no more than one), and the origin d0 is the first location in all the sequences.
Each sequence of locations represents a taxi ride, where the destinations in the
sequence are visited in the order they appear. The length of each sequence sl
will be k+1 at most, since k is the maximum capacity of the taxis and d0 is the
first location in all the sequences. The total cost of a solution is given by:

cost({s1, s2, . . . , sm}) =
m∑
l=1

⎛
⎝b +

∑
(di,dj)∈sl

cij

⎞
⎠ , (1)

where we use (di, dj) ∈ sl to iterate over all the pairs of destinations that are
adjacent in the sequence sl.

The objective of the problem is to find a solution that minimizes the cost
function defined in (1). This formulation does not provide a mechanism to dis-
tribute the cost associated with travel passengers who share a taxi and it is
assumed that the decision is delegated to users. Some ideas to do this distribu-
tion of costs can be found in [18].

This formulation of the Taxi Sharing problem is NP-hard. We can prove this
by transforming the Hamiltonian Path Problem into Taxi Sharing. The version
of the Hamiltonian Path Problem we need is one in which the starting vertex
v ∈ V is given. Formally, this variant of the Hamiltonian Path Problem consists
in finding a Hamiltonian path (visiting all the nodes exactly once) in a graph
G(V,E) starting in the vertex v. This variant is NP-hard, since we can use
the same transformation from Vertex Cover to the Hamiltonian Path Problem
provided in [10].

The transformation from Hamiltonian Path to Taxi Sharing is as follows.
Given the graph G = (V,E) where the Hamiltonian Path has to be found, we
build a complete graph G′ = (V ′, E′) where all the nodes in G are also in G′:
V ′ = V . The starting vertex v ∈ V is d0 in Taxi Sharing, the location where
the passengers are picked up. G′ is a complete graph, thus, E′ = V ′ × V ′ and
the weight of an edge e ∈ E′ is 1 if the edge is also in E and 2 if it is not in E.
Finally, the minimum fare is the sum of all the weights in the complete graph
and the capacity of the taxis is the same as the number of vertices in the graph
minus one. These last requirements ensures that the optimal solution will have
only one taxi. If the cost of the optimal solution is the minimum fare plus the
number of vertices minus one, there is a Hamiltonian Path starting at vertex
v ∈ V . Otherwise, no such path exists.
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3 Mixed Integer Linear Programming Formulation

The Taxi Sharing Problem presented in the previous section can be transformed
into a Capacitated Vehicle Routing Problem instance where the number of vehi-
cles is unknown. This served as a motivation to adapt existing Vehicle Routing
MILP formulations to solve Taxi Sharing. In particular, we base our formulation
in that of Kulkarni [15]. Although this formulation has an error in it [1], it does
not affect the Taxi Sharing problem presented here, since the error is related to
the limit in the travel distance, which does not apply in Taxi Sharing.

In the CVRP the goal is to minimize the cost to serve a set of customers
with goods stored in a depot. There is a fleet of vehicles that can serve the
customers. Each vehicle has a maximum capacity that cannot be exceeded. All
the vehicles have the same starting location, the depot, and they transport the
goods to different destinations in order to satisfy the needs of customers. Each
customer must be visited only once by one vehicle.

There is a similarity between CVRP and Taxi Sharing if we relate the cus-
tomers with the passengers and the depot with the origin of all the passengers.
The vehicles are the taxis and the maximum capacity is the number of people
each taxi can take. The main differences are: (1) the taxis do not have to go
back to the depot (as in CVRP), (2) there is a minimum fare that is not related
to the distance traveled and, (3) there can be several passengers that want to go
to the same location. We can transform a Taxi Sharing instance into a CVRP
instance if we find a way to deal with these three differences.

In order to model the fact that taxis do not need to go back to the depot,
we can do the cost of return equals zero. This way, although the solutions will
be composed of closed paths, there is no cost related to the final segment (that
goes back to the origin). The minimum fare can be added to the cost of the first
segment of any path. In particular, it can be added to all the edges that leave
the origin. Finally, all the passenger destinations can be considered as different.
If some of them are the same in a particular instance of the problem, we add a
zero cost edge between them. With these considerations, we can adapt the MILP
formulation of CVRP to Taxi Sharing.

We assume c0i is the cost from the origin to the location plus the minimum
fare that the customers have to pay to the taxi. The values ci0 will be 0 as
explained above. The Mixed Integer Linear Program formulation of the Taxi
Sharing problem is:

min
n∑

i=0

n∑
j=0

cijxij , (2)

subject to:
n∑

i=0

xij = 1 for 1 ≤ j ≤ n, (3)

n∑
j=0

xij = 1 for 1 ≤ i ≤ n, (4)
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yi − yj + nxij ≤ n − 1 for 1 ≤ i �= j ≤ n, (5)
ui − uj + kxij ≤ k − 1 for 1 ≤ i �= j ≤ n, (6)
xij = 0 or 1 for 0 ≤ i �= j ≤ n, (7)
ui, yi ∈ R for 1 ≤ i ≤ n. (8)

Constraints (3) and (4) ensure that each location is visited only once. Con-
straint (5) is designed to ensure that no subtours are formed and, thus, ensuring
that all routes must visit the origin. The yi variables are introduced to avoid
subtours. They assign a value to each node where all the nodes in a tour have
always increasing values. If xij = 1, that is, if node j is visited after node i,
then yj ≥ yi + 1. This way, subtours cannot exist unless they pass through the
depot where the corresponding constraint is not applied. Constraint (6) ensures
that the taxi capacity is not exceeded. The ui variables follow the same idea as
the yi ones, but using the capacity instead of the length of the tour. If xij = 1,
then uj ≥ ui + 1. This way, the ui are increasing in a tour, and the difference
between the minimum and the maximum value of ui in a tour can never exceed
k, which means that no more than k destinations are visited. Constraints (7)
and (8) define the domains of the variables.

4 Experimental Results

In this section, we show the results of a preliminary experimental study in which
we compare the performance of CPLEX solving the MILP formulation presented
in Sect. 3 with the parallel micro evolutionary algorithm (pµEA) proposed by
Massobrio et al. [18]. Our approach provides an optimal solution, since we use a
Mixed Integer Linear Programming solver to solve the problem, while (pµEA) is
a metaheuristic algorithm that provides suboptimal solutions. Thus, it is clear
that our approach will provide better quality solutions to the problem. The
research questions we want to answer with this first experimental study are:

– RQ1: How much cost is it saved by using the MILP approach?
– RQ2: How long does it take to find the optimal solution using the MILP

formulation?
– RQ3: When is it better to use a MILP solver instead of pµEA to solve the

problem?

In order to answer these questions, we will run the MILP solver using a set
of 24 instances and we will compare the cost of the obtained solutions and time
required to solve the instances with that of pµEA.

4.1 Instances

In order to evaluate our approach and compare it with pµEA, we use the same
set of real-like instances used in [18]. These instance were provided by the authors
of [18], but they were originally generated with the help of Taxi Query Genera-
tor (TQG). This tool uses information from basic taxi trajectories obtained using
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GPS devices installed in one week to 10,357 taxis in the city of Beijing, China. The
data used to generate the instances are a subset of those used by Ma et al. [17].

TQG produces a list of origins and destinations for individual trips. To adapt
those data to this problem, Massobrio et al. grouped the destinations having
the same origin. They built instances with different sizes: small, with 10 to 25
passengers, medium, with 25 to 40 passengers, large with 40 to 55 passengers,
and very large, with 55 to 70 passengers. This way, they created a benchmark of
24 realistic instances of the Taxi Sharing Problem.

4.2 Algorithms

In order to solve the Taxi Sharing Problem using the MILP formulation described
in Sect. 3, we use IBM Ilog CPLEX 12.6.2 for Windows. The experiments were
performed in a machine with Intel Core i5-4210U processor at 1.7 GHz, 8 GB of
RAM, and Windows 10 operating system. Regarding the parallel micro evolu-
tionary algorithm, several configurations of the algorithms were tested in [18].
For the comparison we use the configuration that reported the best results in [18].
This configuration uses 24 subpopulations (and CPU cores) with 15 solutions
each, and a greedy initialization strategy. These experiments were run in the
FING cluster with Dell Power Edge servers assembled with Quad-core Xeon
E5430 processors at 2.66 GHz, 8 GB of RAM and Gigabit Ethernet.

4.3 Results

Tables 1, 2, 3 and 4 show the solution quality (cost) and the runtime required by
our approach and pµEA to solve the 24 real-like instances of the Taxi Sharing
Problem. In the case of pµEA, we report the average and the standard deviation
of the cost in 20 independent runs of the algorithm.

We can observe in all the cases that the cost obtained by the MILP solver
is significantly lower than the cost obtained by pµEA. We knew that the cost
should be lower, since the MILP finds the optimal solution (except for small
floating point errors). However, the results of the experiments show that the
difference between the cost obtained with pµEA and the MILP solver is large
enough to justify the MILP approach. There is an important benefit. In some
cases, the MILP solver reaches almost half of the cost of the pµEA solution

Table 1. Comparison between the MILP solver and pµEA with 24 subpopulations and
greedy initialization strategy for the small instances of the Taxi Sharing Problem. For
pµEA, the average cost and standard deviation of 20 independent runs is reported.

Passengers 9 12 17 21 23 24

pµEA Cost 125.5± 0.0 168.8± 0.0 191.2± 0.5 215.6± 0.1 298.4± 0.3 252.2± 2.4

Time (s) 0.0 0.0 0.0 0.0 0.3 2.1

MILP Cost 86.5 126.8 124.1 137.5 162.4 157.2

Time (s) 0.1 0.1 0.1 0.1 0.2 0.2



112 H.E. Ben-Smida et al.

Table 2. Comparison between the MILP solver and pµEA with 24 subpopulations and
greedy initialization strategy for the medium instances of the Taxi Sharing Problem.
For pµEA, the average cost and standard deviation of 20 independent runs is reported.

Passengers 26 27 33 33 37 39

pµEA Cost 344.5± 5.6 323.1± 3.4 801.2± 4.2 357.4± 3.4 443.7± 3.8 367.0± 5.0

Time (s) 5.6 3.6 4.2 3.4 3.8 6.1

MILP Cost 245.0 212.3 486.2 233.7 301.5 274.2

Time (s) 1.0 1.2 2.1 3.2 5.1 6.1

Table 3. Comparison between the MILP solver and pµEA with 24 subpopulations and
greedy initialization strategy for the large instances of the Taxi Sharing Problem. For
pµEA, the average cost and standard deviation of 20 independent runs is reported.

Passengers 42 44 44 46 53 54

pµEA Cost 429.9± 7.1 319.8± 7.5 425.0± 4.3 367.7± 3.2 446.3± 2.6 562.1± 4.3

Time (s) 3.7 7.5 4.3 3.3 4.8 4.3

MILP Cost 312.7 189.0 287.6 244.5 301.9 376.1

Time (s) 7.2 7.8 12.1 15.3 19.0 45.0

Table 4. Comparison between the MILP solver and pµEA with 24 subpopulations and
greedy initialization strategy for the very large instances of the Taxi Sharing Problem.
For pµEA, the average cost and standard deviation of 20 independent runs is reported.

Passengers 57 57 59 62 66 69

pµEA Cost 637.7± 3.6 524.8± 4.5 498.4± 3.5 744.9± 6.1 560.6± 4.7 1424.6± 6.1

Time (s) 3.6 7.7 3.5 8.0 4.7 6.1

MILP Cost 462.4 327.5 332.0 503.2 398.4 N/A

Time (s) 4927.0 6180.0 7353.0 69487.0 > 64000 > 64000

(see solution with n = 23 in Table 1). This observation is generalized, and it
does not seem to change with the number of passengers of the instances.

Regarding the execution time of the MILP solver and pµEA, we have to be
careful with the conclusions, since both algorithms are run in different machines,
with different cores. Although an accurate comparison is not possible here, we
can take some conclusions just seeing the order of magnitude of the runtime.

As we could expect both approaches require, in general, more time as the
number of passengers grows. In the case of small and medium size instances, the
MILP solver and pµEA require a few seconds (or fractions of seconds) to solve
the instances. We can observe that the time in this case is in the same order of
magnitude. The same is true for some of the large instances. However, in large
and very large instances, the time required by the MILP solver grows up to
impractical values. The execution time of pµEA in these instances is negligible
compared to the one of the MILP solver.
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4.4 Answering the Research Questions

We are now able to answer the three research questions. We can answer RQ1 on
comparing the cost of the solutions obtained by pµEA and the MILP solver. We
can observe that the difference in the cost is in all the cases significant in favor
of the MILP solver. Regarding RQ2, the MILP solver takes a few seconds to
solve small and medium instances, but requires from minutes to hours to solve
large and very large instances.

Finally, RQ3 requires an analysis of the benefits and drawbacks of pµEA and
the MILP solver. Considering the results of Sect. 4.3, we can conclude that the
MILP solver is clearly the best option to solve small and medium instances. It
obtains optimal solutions, with a significant quality improvement compared to
the pµEA solutions, and in the same time. In the case of large instances, the
MILP solver can still be useful in a real scenario, since the time required to
exactly solve the instances is less than one minute, which is a reasonable time if
we take into account the significant cost saving. Finally, for very large instances,
the MILP solver requires too much time (hours of computation) while the pµEA
only needs a few seconds. In this case, pµEA is the best option to solve the
problem.

5 Related Work

The problem of taxi-sharing has several points in common with the problem of
sharing a car (Car Pooling Problem, CPP). Hartman et al. [11] study the CPP
as a graph theory problem, distinguishing two scenarios. In the first one, the set
of drivers are known in advance. This scenario is equivalent to the assignment
problem in bipartite graphs, for which there are polynomial time algorithms [12].
In large instances of the problem, however, the runtime of exact algorithms
becomes prohibitive. For this reason, they propose a greedy algorithm to solve
the problem. The solution obtained by the greedy algorithm attains an average
of 96 % compared to the optimal solution. In the second scenario, there is no
knowledge on who will act as driver or passenger. This variant of CPP is NP-
hard, as it was proven in [14]. To solve it, two greedy algorithms are proposed
and evaluated using data generated from simulations of movement in the region
of Flanders, Belgium.

Yan and Chen [20] presented a formulation of a variant of CPP that
uses information from past solutions: CPP with pre-matching information or
CPPPMI. The information used in the CPPPMI includes the assignment of pas-
sengers to vehicles, selected routes and schedules for each car in previous assign-
ments. The integration of previous data increases the stability in the allocation
of passengers to vehicles over time, avoiding frequent changes of passengers. The
problem is modeled as a special case of Multi-commodity Network Flow Prob-
lem, which is NP-hard [7]. The experimental evaluation was performed on a set
of 30 test instances (between 600 and 1400 passengers), generated from informa-
tion of the traffic in the city of Taiwan and setting preferences of each passenger
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randomly. The results show that the proposed algorithm converges to less than
3 % away from the optimal solution in all test instances.

A problem closely related to the CPP is known as Dial-a-Ride problem
(DARP), where the main difference with the CPP is that the owners of the vehi-
cles are not part of the group of passengers who wish to share the trip. Cordeau
and Laporte [3] solve the static DARP for a set of vehicles that leave from the
same deposit and must care orders from a customer group. In the variant studied,
the goal it to minimize the operational cost of all vehicles, subject to the desired
time windows for each passenger to leave his origin and reach his destination. A
bound for the maximum time that a passenger can stay within a vehicle is given
and considered a hard constraint. The problem is modeled through a graph and
is solved using Tabu Search. The experimental evaluation was performed on a
set of 20 test instances (between 24 and 144 orders) randomly generated using
realistic information about the city of Montreal, Canada. They also used six real
cases corresponding to a transport company services in Denmark. The results
show that the implemented algorithm is able to find solutions less than 1.5 %
of the optimal solution, in a runtime which varies (depending on the instance)
between 2 and 90 min.

Chevrier et al. [2] presented a multi-objective formulation of DARP, which
seeks to minimize the number of vehicles used, the travel duration and delays
perceived by passengers. This problem is related to the multi-objective variant
of the taxis ride sharing, which seeks to minimize the total cost of the group of
passengers and perceived delay by each one. An experimental evaluation is per-
formed which seeks to compare both computational performance and the quality
of the solutions reached for each of the three Multi-Objective Evolutionary Algo-
rithms implemented. The results of a set of 30 test instances between 100 and
1000 passengers randomly generated, suggest that the algorithm IBEA [21] is
able to achieve better solutions than its two competitors, in less execution time.

Several studies have addressed the problem of taxis ride sharing, or Taxi
Pooling Problem, from the point of view of both the taxi company that seeks
to optimize its operating costs, and the passengers, who are looking to save by
sharing their trips with other passengers.

Hosni et al. [13] propose a centralized system to receive customer orders and
assign them to a set of taxis. The system comprises two mobile applications
(one for passengers and another for taxi drivers) and a central server running
the planning algorithm. The planning algorithm implemented oversimplifies the
problem defining a predetermined region for each Taxi. It only assigns a taxi
orders from the its region, reducing the search space. To solve the problem, an
integer programming algorithm which considers the demand of taxis, preferences
of drivers and customer orders is used. The experimental evaluation is realized
through a single simulation using the open source traffic simulator SUMO (Sim-
ulation of Urban Mobility). The results show that the proposed model leads to
a fair distribution of income among drivers and that the execution time of the
algorithm can be integrated into an online application.

Lin et al. [16] studied the route optimization for taxis sharing, considering the
interests for both drivers and passengers. The problem to solve is to minimize the
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operational cost of the vehicles (so to increase profits of drivers) and maximize
passenger satisfaction (measured by travel time and waiting time). The problem
is reduced to a single-objective formulation, having different weights for each
objective that seeks to optimize. A simulated annealing algorithm is proposed
to solve the problem after performing a preprocessing in order to reduce the
search space, eliminating unfeasible solutions due to restrictions on time windows
for each order. The experimental evaluation is performed on a screenplay with
9 geographical points acting as both sources and destinations in a total of 29
orders.

Ma et al. [17] studied TPP in their dynamic variant, which seeks to plan the
orders of users in real time, as they are being generated. Given a fixed set of taxis
and a flow of user requests, the problem is to define the taxi which serves each
order, seeking to minimize the additional distance that should be traveled to
address this new order. The proposed strategy is greedy, in the sense of seeking
to minimize the additional distance traveled as arising each new order, which
does not guarantee the minimization of the total distance traveled by all taxis
in the overall planning. The experimental evaluation was performed using data
taxis in the city of Beijing, China, composed by GPS trace over 33,000 taxis,
collected over a period of 87 days. The results on a stage with 6 orders by taxi,
show that the proposed algorithm can attend more than 25 % of orders thanks
to the use of carpools, achieving the minimization of 13 % the distance traveled
by all taxis.

Tao and Chen [19] presented two greedy heuristics to solve the TPP in its
variant of a common origin to many destinations and in the reverse variant
from many sources to the same destination. The algorithm groups the passen-
gers according to the time windows of each one and considering the preferences
indicated by each one about his travel companions. Each passenger can set the
maximum number of people that he wants to share the trip, and if he agrees to
share with a male or female. The algorithm forms groups of passengers assigned
to each taxi, considering a fixed maximum capacity of four passengers per taxi.
The experimental evaluation was performed through a real application of the
algorithm in a system of shared taxi rides in the city of Taipei, Taiwan, made
up of 10 taxis and 798 passengers. The reported results show a saving in the
distance traveled thanks to sharing trips.

6 Conclusion

In this work we present a Mixed Integer Linear Programming formulation to
solve the Taxi Sharing Problem. The experimental results show that for instances
with 9 to 54 passengers, the MILP solver can find the optimal solution to the
problem in a reasonable time (less than 1 min in all the cases). However, for very
large instances the time required to find the optimal solutions is not reasonable
(several hours). The parallel micro evolutionary algorithms previously proposed
for this problem in the literature, is able to solve the problem in a few seconds
regardless the size of the instance, but it only obtains far from optimal solutions.
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The problem formulation of Taxi Sharing used here is very simple. A future
line of research for this problem would be the consideration of traffic data in
real time. It is also possible to enrich the formulation with real-world details,
like different capacities of the taxis, or time constraints of the passengers.
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Abstract. The present work shows an application to detect cars in night
environments as a means to assist the car driving through HSV (Hue, Saturation,
Value) colour extraction and geometric modelling. The developed algorithm has
been implemented in smart devices through the platform Android. The detection
and tracking of vehicles are implemented in low visibility environments such as
night time, raining or snowing conditions; the different tests carried out confirm
high performance rates of detection (p = 95.2 %). The information provided by
the different sensors of the smart devices have been used to generate virtual
information in a real driving environment (Augmented Reality) in order to
complement the functionalities of the purposed solution. This information
consists of visual, vibratory and auditory warnings that detect possible collisions
and dangerous driving situations.

Keywords: Color extraction � Geometrical features � Smart devices �
Augmented reality � Assisted driving

1 Introduction

According to the Global Status Report on Road Safety 2015 published by World
Health Organization (WHO) [1] each year around 1.2 million people die by traffic
injuries around the world and 1 million people lives are affected with permanent health
issues due to this cause. The traffic crashes increases in low visibility conditions such as
night time, raining and snowing. The proportion of tools that help to reduce the risks
caused by these conditions are a current priority and the motivation of this work.

In addition, a study carried out in [2] the automation of the driving improves the
capability of reaction in car incidents and generates security to the drivers. These
statements are confirmed by the simulations carried out in [3] where it could be
confirmed that the risk of collision decreases in an 80.7 % when the systems that
provide early warning in an event of collision are present. The majority of the assis-
tance in driving systems has been developed to be applied in daytime or in good
lighting conditions [4] without considering other kind of conditions. The required
information to assist the automatic driving is mainly obtained from the driving
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environment through different kinds of sensors, which include the optical ones. The
video cameras provide visual information of the driving environment and the algo-
rithms extract information of interest that let identify traffic signals, pedestrians,
pavements, traffic lights etc. Currently the smart devices provide other information
different than visual that helps in the detection task and generates the timely warnings
to avoid vehicle collisions and accidents.

This work shows a warning system to avoid vehicle collisions in low visibility
environments, especially in night conditions, through the detection of vehicles by
identifying the tail lights and using the sensors of the smart devices. The system
guarantees an effective detection and the processing rates are very low as the tracking is
continuous and the warnings are activated in real time. Also, the system is easily
noticed as produces both visual and sounding warnings. The final result has been the
generation of augmented reality through the introduction of virtual information in
actual driving in night time environments. The development has been based on tools of
free access and has led to create a specific APP that can be applied to Android devices.

The present article consists of the following sections. In the Sect. 2 related works to
this work are commented. In the Sect. 3 the method and materials used in the devel-
opment of the application are explained. In the Sect. 4 an extensive set of tests with
their respective results are shown. In the Sect. 5 the main conclusions and future work
are shown.

2 Related Works

The night vision systems have been used in the task of cars detection but they are
unaffordable for many users due to their high cost [5] and are of limited efficiency as
their use increases the risks of collision, especially when they are out of place or
wrongly located [6]. In addition, the computational cost generated by this kind of
sensors during the data processing is high. In [7] for example, neuromorphic vision
sensors are used to classify and detect cars and trucks but the time of the processing of
information can reach up to 200 meters making difficult the detection task in real time.

The approach of this implementation is based on the detection of cars acquiring the
characteristics of their tail lights and the geometric relation between them. Some works
showed in the state of the art use these characteristics to carry out detections in night
time stages. In [8] a method for the detection of vehicles considering the variation of
intensity levels of grey of the tail lights is presented, also an estimation of the distance
from the monitor vehicle to the target vehicle considering the geometric relation
established in [9] and a virtual horizon is presented. In [10] the detection of light of the
tail lights using the space of colour L*a*b is done allowing the detection of vehicles in
low visibility conditions. Also in [11] the distance between two tail lights as a source of
information to the detection of cars in night time is considered; these detections do not
take place in real time but through videos recorded previously. In the same way in [12]
the tail light is segmented through a multilevel threshold histogram as a previous stage
to the detection of vehicles and the estimation of distances. Following the same line in
[13] a series of sensors to assist in the night time driving are implemented. The vehicle
is detected through the identification of its tail lights. The monitoring and presentation
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of warnings take place in real time at the rate of 10 fps. In the same way in [14] the
brightness of the tail lights is used to establish the geometric relations and temporary
space in the detection and tracking of cars in night time, in this case the system is not
implemented in real time. In [15] the implementation of the whole net of sensors and
cameras to acquire information from both the external and internal, which refers to
vehicle elements, driving scenarios are shown. These sensors are not embedded on an
only platform.

Nowadays the miniaturization of the components has allowed that the smartphones
mechanisms include sensors such as GPS, accelerometer, gyroscope, camera and others
embedded on the same platform. These sensors provide useful data to establish posi-
tion, location, acceleration and visual information. This data has been used in appli-
cations of driving assistance applications such as iCarBlackBox, Drivea, Augmented
Driving, iOnRoad and Car Safe available in Android and IOS platforms. These
applications have been developed to reach a good performance in controlled conditions
but they make mistakes when lighting variations take place [16].

3 Materials and Methods

3.1 Materials

Multiple tools of software and hardware have been used in the detection and collision
warning approach. Software tools have been chosen taking into consideration free
access environments that guarantee functionality such as Open CV version 2.4.8
libraries on the operative system Android 4.4 Kit Kat. For the programming environ-
ment Eclipse, running on an Intel Core i5@3.1 GHz computed has been used. The tests
have taken place in different smart devices, which characteristics are shown in Table 1.

3.2 Method

In the developed application the accomplishment of the following requirements has
been verified, they are: the execution of different kinds of Android terminals, the
detection of different sorts of cars, the extraction of information of spatial location of
the cars in the scene and the presentation of the parameters speed, precision, areas and
calculation of the lighting centre of the vehicles’ headlights. In addition, the system
shows the visual and audible warnings screen, a friendly environment for the user and

Table 1. Technical characteristics of the smart devices.

Characteristic Type 1 Type 2

Operating system Android v2.1 Android v4.4
RAM 576 MB 2 GB
Processor 1 GHz 2.2 GHz
Display 3.7’’ (480 � 800 pel.) 4.95’’ (1080 � 1920 pel.)
Sensors Accelerometer, GPS Accelerometer, GPS
Camera 5 MP (2592 � 1944 pel.) 8 MP (3264 � 2448 pel.)
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avoids an adverse impact on the experience of processing data or when the system
stops working momentary. Figure 1 shows the whole diagram of the system.

Summarising the system includes the following modules:

• The Launcher and Test. The launcher executes the application using the “Activity
Splash Screen” function. The application menu is shown by the “Main Activity”
function. On the other hand the calibration and operational tests of the
accelerometer, GPS and the camera are executed. In this first part of the process an
identification label is assigned to each of the functions of the sensors through a
variable.

• Acquisition of Values and Updates. In this module the information of each of the
variables is acquired. The GPS can serve as an example. In the GPS the coordinates
acquire the location and the variables of speed and precision are updated, also the
location changes taken place in the device are registered. In relation to the
accelerometer a horizontal adjustment of the smart device is done allowing to obtain
a spatial location of the smart device in a continuous form in relation to the 3
coordinate axis (x, y, z). On the other hand a register of the HSV values previously
defined as thresholds according to a colorimeter study is done.

• Data Processing. In the data processing the function “Location DAO” is used to
make a comparison. Here a comparison of the values of the thresholds corre-
sponding to the outline bright and the colour of the tail lights in relation to the
values obtained in whole image. The data inside the thresholds is automatically
selected establishing regions of interest known as ROI’s. The ROI’s are labelled and
the necessary variables for the detection of the corresponding outlines of those
ROI’s are initialized. In relation to the GPS an automatic register of the changes
happening in the GPS signal is done continuously. In the same way continuous
adjustments and registers of the spatial location of the smart device through the data
collected by the accelerometer take place.

Fig. 1. General diagram of the driving assistance system.
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• Car Detection. Here the outlines of the ROI’s are established. A bounding box is
assigned to each ROI, a symmetry analysis between each of those ROI’s is done and
their values of areas, centres and dimensions are compered. Finally an analysis of
the spatial location of the ROI’s is done taking into consideration a framework. In
other words it can be said that the ROI’s are evaluated in relation to the virtual
horizons. In this way a couple of ROI’s that are symmetrically equal or almost equal
and spatially aligned are obtained. These couple of ROI’s correspond to the vehicle
tail lights. In addition the values of the increase or decrease of the distance from the
centre of the framework to the target vehicle are calculated through Euclidean
distance and registered in other file. Also the increase or decrease of the obtained
speed is registered by the smart device located inside of the car used in the test.

• Warning. Once the target vehicle is detected, its spatial location is recorded in a
file, a new label is assigned and a continuous tracking of the different frames that are
video frames takes place. The approaching or distancing of the target vehicle will
generate different values of distance in relation to the vertical limits of the frame-
work. The warning of the dangerous approaching is effectively generated when the
decrease of distance values surpasses the established limits. This means that the
target vehicle is approaching the framework and there is a risk of imminent colli-
sion. The warning is reinforced when it detects an increase of the speed obtained by
the phone. In addition, audible and vibration warnings take place in order to make
the system suitable to people with special needs. Figure 2 shows how the appli-
cation works.

3.3 Colorimetric Study

The colorimetric study carried out in this work has allowed to define the values of HSV
aligned to the tail lights bright and to the red light around that bright. The reason why
this space of colour has been chosen is because of the high level of true positives
(TP) and the low false positives (FP) obtained against to the models RGB and YCrCb
from different tests developed. The lighting changes generate important problems of

Fig. 2. The application shows information about the velocity, distance, spatial location, HSV
colour components, detections and warnings in real time.
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detection, especially in the RGB model due to a modification of any of the channels
that affects in general, the global calculation and therefore the values of the thresholds
should be valued continuously. On the other hand although the YCrCb model shows a
better respond in processing time, the detection rates in relation to HSV are lower.

The model HSV allows the visual information to be more easily interpreted because
separates the luminance from the chrominance. These sources of information refer to
the colour tone (H) and saturation (S). The H values are acquired from the highlight of
the reds that are presented in the tail light outlines. The S parameter is captured from
the white colour of the intensity light. In the same way the two parameters, H and S, let
adjust the component value (V) to the maximum tail light bright.

The intensity of the light emitted by the tail lights in cars are regulated under global
standards that car manufacturers should follow. Therefore their values are kept constant
and the thresholds that allow detecting these values should be of common use. The next
step is to find the value of HSV in the tail lights outlines and in the bright. The HSV
value rank considering 8 bits vary from 0 to 255, the decimal value obtained then is
transformed into a binary value due to calculation reasons. For the conversion of RGB
into HSV the maximum values of RGB have been considered in the way that M ¼
maxðR;G;BÞ and the minimum values m ¼ min R;G;Bð Þ. From these two considera-
tions S and V are given by:

S ¼ M  m
M

; ð1Þ

V ¼ M
255

: ð2Þ

Where V is the result of the max (R, G, B) that is the maximum value that the pixels
could have up to 255. The component V is generated by the bulb of the tail lights. The
component H, between the values 0 to 255 or 0–1, if the components have normalized.
The values change in function of the angle h that varies from 0 to 360º. This angle is
formed between the two lines of the primary colours RGB. Due to conventional reasons
the colour red has been chosen as one vertex, other vertex is formed by the white colour
and finally the third vertex is formed by the green or blue. The value of H is expressed
according to the relation shown in (3).

H1 ¼ arc cos
ðR GÞþ ðR BÞ

2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR GÞ2þðR BÞðG BÞ

q : ð3Þ

Where H ¼ H1 if B�G and H ¼ 360�  H1 if B[G. After the tests have been
carried out, the average value of HSV obtained for the detection of tail lights bright is
H = 42, S = 71, V = 255 and for the detection of the red colour of the outline is
H = 62, S = 2, V = 55. These values have presented the highest rate of TP taking into
account that multiple evaluations have been carried out at 15, 10 and 5 meters.
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3.4 Geometrical Features in the Detection of Cars

The geometric features considerate for the detection of cars are the following: sym-
metries, distances, areas, geometric centres, shapes in a way that makes possible to
identify a car in the scene.

The detection process starts with the matching between the thresholds of the values
HSV found and the ones present in the scene, in this way is how the detection of the
ROIs is done. Taking into consideration the characteristics of the ROIs such as the area
measured in number of pixels, the centre, the maximum and minimum dimensions of
height and width are calculated to locate the ROIs in the scene. Also a framework is
implemented that represents the visual horizons as in Fig. 2 and descripted in the
Sect. 3.1. The framework is related to a resize of the screen and allows efficiency in the
processing due to the fact that carries out an initial rejection of the ROIs that are not
inside of this. Also in order to ensure the detection of cars and to reduce the false
positives, 4 regions of occurrence (R) are established. These regions are formed by
dividing the framework in a way through which the vanishing point of the scene forms
a series of triangles in perspective taking into account the lower vertex of the frame-
work. It is necessary to indicate that this vanishing point is inside of the line of the
virtual horizon. The R are weighed (W), so W will be higher where there is a higher
likelihood of vehicles presence. This relation is presented as:

W3 [W1;W3 [W2;W3 [W4 ð4Þ

The R vary according to the vanishing point spatial location in different places
determined by the coordinates x, y. This proposal has resulted effective according to the
evaluations carried out in different environmental conditions and are presented in the
Sect. 4. The R3 in general is the one with the highest occurrence of detections including
when the vanishing point is moved near to the ends of the virtual horizon. The
graphical description is shown in Fig. 3. On the other hand the virtual horizon and the
upper and lower ends of the framework serve as a reference of the couple of bounding
box that contains the tail lights to establish their alignment and effective detection as it
is shown in the Sect. 3.

Fig. 3. Zone of detection probabilities based on regions and weights
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4 The Experimental Tests and Evaluations

The experimental tests have been carried out, firstly, in a laboratory to extract the
values of HSV, establish outlines and estimate distances. Afterwards different tests
have been carried out in real conditions taking into consideration the detection of
vehicles in urban and interurban routes at night time when raining slightly and heavily
and when snowing as it is shown in Fig. 4.

The confusion matrix is used for the validation of the precision of the detection and
therefore for each of the tests the values of the TP are acquired when a vehicle is
predicted and the prediction is right; the values of the FP are acquired when the system
registers a detection when actually there is not one; the values of true negatives
(TN) are acquired when a vehicle is not predicted and the prediction is right and the
values of false negatives (FN) are acquired when the system does not register a
detection but the detection exists. This appreciation can be quite subjective, however,
taking into consideration that the evaluations have been carried out in a laboratory by
observing each pre-recorded video frame of a total of 500 and externally, it can be said
that the evaluations are more reliable. In the external validations have been used
more than one evaluator and two cars in a coordinated way. From the obtained data,

the calculation of: false positive rate FPR ¼ FP
FPþ TN, the Dice index DI ¼ 2:0 pxr

pþ r

� �

that allows to calculate the precision grade of the detections, Jaccard Index
ðJI ¼ TP

TPþFPþFNÞ that valuate the right detections against the mistakes, Manhattan
ðMh ¼ TPþ TN

TPþFPþFPþFNÞ carries out a global evaluation of the detections, the values of
the precision of the system ðp ¼ TP

TPþFPÞ and recall ðr ¼ TP
TPþFNÞ has been done. Where

the closer the value is to 1, the higher the refinement grade is. The evaluation results are
presented in the Table 2.

The results show that the overall detection index (DI) is 94. 81 % in night time
driving conditions. On the other hand the ID is 82.44 % in low visibility driving
conditions when snowing. Taking into account the adverse and the low visibility
conditions that the experimental environment shows, generally it is observed that the

                  (a)                                           (b)                                          (c) 

Fig. 4. Tests carried out under different climatic conditions: (a) detection when raining slightly
(b) detection when raining heavily (c) detection when snowing.
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proposed solution is effective as it is completely developed to be used in real time in
contrast to [7, 13]. In addition, the result of precision of a 95.20 % is included in the
ranks reached by [14] with the difference that the presented system is implemented on a
platform with a limited resolution capacity considering that a better resolution of the
optical sensor guarantees better results and it is totally accessible, compact and
handheld.

5 Conclusions and Future Work

The present work shows a developed application in the operating system Android,
which purpose is to provide a tool that helps the driving especially in night time
scenarios when the visibility is limited. The system accomplishes with all of the stages
for the technological implementation. It begins with an analysis of the requirements, it
goes through the functional design of experimental tests and it reaches the validation of
the obtained results. Here also it is shown how the integration of the obtained infor-
mation by the different sensors of the smart device, the application of specific
thresholds in HSV, the use of geometric relations of different kind allow the precise
detection of the cars tail lights. Also it is important to mention that the strategy to
eliminate the false positives through the extraction and weigh of the zones of occur-
rence has resulted effective. The precision of the detection of cars is of a 95.20 %. This
percentage shows high chances to generate warnings related to possible collisions.
Finally the virtual information of speed, distance and warnings generated to be applied
in real driving conditions known as augmented reality makes of this application a
highly practical and useful tool. The promising results obtained let make future
developments associated with the traffic sign recognition and take automated driving
decisions in low visibility conditions.

Acknowledgment. This work was supported by Spanish National Plan for Scientific Technical
Research and Innovation, project number TEC2013-48453-C2-2-R.

Table 2. The results of detections in different weather conditions.

Weather conditions Average
velocity
(Km/h)

TPR/r FPR P JI DI Mh

Night
(good conditions)

73 0.9441 0.0457 0.9520 0.9014 0.9481 0.9489

Night + Light rain 57 0.9347 0.0477 0.9204 0.8648 0.9275 0.9458
Night + Hard rain 25 0.8474 0.0893 0.8576 0.7428 0.8524 0.8862
Night + Snow 24 0.8244 0.1071 0.8244 0.7012 0.8244 0.8669
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Abstract. This paper gives an overview of two divergent approaches to what
the Smart City can be, based on evolutions in the market today. A very top-down
view on the Smart City sees corporate interest as a main concern, while purely
bottom-up initiatives face challenges of scale, incentive and sustainability. This
paper then proposes a point of view that bridges these two and makes an appeal
for the city as a local innovation platform that balances different interests. Rather
than remaining theoretical, we introduce the City of Things Lab that explicitly
puts this approach into practice.

Keywords: Living labs · Smart city · Local innovation · Platforms

1 Introduction

While the concept of the Smart City has been developing for some time, the year 2008
signified a turning point in the field for three reasons. For the first time (1) there were
more mobile than fixed broadband subscriptions active, (2) more “things” than people
were connected to the internet, and (3) more than half of the world’s population lived
in cities [2, 9, 23]. The first point shows the growing importance of mobile connectivity.
As prices for smartphones decrease and their capabilities to run more advanced and
appealing software increase, consumers are depending on these devices more and more
when travelling in their own cities or other areas, using more services that can increase
their productivity, efficiency, communication skills or create experiences that enhance
their quality of life.

The second turning point shows how context-awareness and network connectivity
is increasingly added to physical objects around us. Sensors are gaining importance in
this respect, while the prices for simple and complex sensors are decreasing dramatically
[23], making more and innovative applications and services based on (real-time) sensor
data a reality, an idea captured in the Internet of Things concept (IoT). Rather than
relying on static or out-of-date data, sensor networks allow us to gather accurate statistics
on a whole range of variables that can impact urban quality of life, and as a consequence,
act on these variables. As more technologies gain the potential to interconnect, we
however also need to be increasingly aware of the digital footprints and data trails we
leave behind when using them.
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The final point indicates that since 2008, more than half of the global population
lives in cities. The UN estimates this number will only grow, to a predicted 70 % by
2050 [26]. As more citizens (and consumers) move to urban areas, actors from the ICT
and mobile telecommunications naturally become increasingly interested in offering
services that are tailored to life in the urban environment. Cities and local governments
are at the same time exploring the role that new ICT services and products can play in
increasing the quality of life of their citizens. In recent years, this quest is often captured
in the “Smart City” concept. The concept has become key in bridging the research,
projects and initiatives exploring the role of technology in urban life.

There is some hyperbole surrounding Smart Cities today. The Smart City concept
has been criticized, a.o. for its self-congratulatory tendency, as well as its focus on
I(C)T and the potential consequences towards reinforcing a digital divide [10, 14]. If
insufficient attention is paid to this topic, the strong focus on information technologies
in the Smart Cities discourse can dramatically impact the digital divide in the negative
sense, creating even larger inequalities and social divisions in the city [10], a far cry
from what would be labelled as ‘smart’.

Considering these critiques and the three turning points introduced above, the need
for new approaches to researching the Smart City topic is increasing and the still quite
young field of so-called “Living Lab” research is beginning to provide answers [20]. By
bringing together all relevant stakeholders and explicitly focusing on end users and the
ways in which they adopt new technologies into their daily lives is providing new
insights to the research community, as well as large and small companies developing or
experimenting with new services and products. In order to properly respond to the trends
above however, this paper proposes a more intensive approach to what a Living Lab can
be, particularly in an urban context. We start with an overview of two very different
approaches to the Smart City and aim to formulate a way to bridge these on an abstract
level. In the subsequent sections, we introduce how the newly founded City of Things
Lab in the city of Antwerp, Belgium wants to turn this vision into practice.

2 Different Approaches to the Smart City

The Smart City has been operationalized in many diverse ways, which can differ dramat‐
ically based on the perspective of the stakeholder describing the concept. This section
briefly outlines two of those extreme approaches and a final one that aims to meet them
in the middle.

2.1 The Top-Down Smart City

The first approach we assess here adheres to top-down dynamics, often closely related
to the technologically deterministic idea of a “control room” for the city [12]. It aims at
providing an ICT-based architecture to overview urban activities as well as the tools to
(automatically) interact with infrastructures and adjust parameters to predefined optima
[15]. Hall’s definition of a Smart City above illustrates the strong emphasis on optimi‐
zation through technology. Apart from gathering vast amounts of data, a large part of
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the processes that essentially constitute this approach consists of the calculations, visu‐
alizations and predictions based on the gathered metrics [3].

In its most extreme manifestation, a top-down approach translates to cities that are
planned, designed and built from scratch with the optimization of urban processes
through technology in mind. The examples of Songdo and Masdar can be seen as the
pinnacle of this particular vision of the Smart City. But both have been heavily criticized
for being sterile, overly planned, prohibitively expensive, anonymous, uniform and
conformist [6, 21, 24] and the result is that these cities struggle to be completed within
the predicted budgets and timeframes and/or do not attract enough economic activity
(and thus jobs) so that people actually want to move there.

Of course in most cases, technology will need to be integrated into existing urban
infrastructure. There are large potential benefits tied to having an integrated Smart City
solution in a city: many different services and infrastructure systems can be managed
from one central hub, keeping oversight on many divergent aspects of life in the city.
The huge economic potential is - at least to the same degree as its potential for improving
the urban sphere - the main driving force behind this approach and the main reason for
its formation. Many major IT companies and municipalities around the world are looking
for their slice of the Smart City pie (e.g. Cisco, IBM, Siemens) [25]. Market researchers
and consultants of Pike Research have predicted that global investment in Smart City
technology infrastructure will reach $108 billion by 2020 [19]. Cities at the same time
are eager to adopt these technologies in some cases, as it can be a strong marketing tool
on the one hand [15], but also promotes visions of increased efficiency, efficacy and
reliability, which sound very appealing on the other. After all, which city would not
want to be called “smart”?

Certain kinds of top-down visions have been heavily criticized with the main argu‐
ment that they are dictated by commercial interests, and that they entail questions of
control and privacy [14]. The “control room” Smart City approach, which aims at moni‐
toring all aspects of urban life might soon result in an ubiquity of data collection,
presenting a “set of potentials disturbingly consonant with the exercise of authoritari‐
anism” [11]. Too much monitoring and too many integrated technologies and infra‐
structures can pose actual threats for freedom and privacy, whether controlled by private
actors or ruling bodies.

The approach to the Smart City, as assessed above, then becomes an ambiguous
one. On the one hand, top technology vendors have resources and knowledge at their
disposal, on which the public sector needs to rely while facing urban challenges.
Furthermore, the business potential in this context is too high for companies with
ambitious commercial targets to resist. On the other hand, cities are about citizens,
about the people who live and use them; in terms of for whom they are built, but also
in regards of the potential for innovation and finding appropriate solutions to the
challenges that are actually pertinent to these citizens. Therefore, this top-down
vision is contrasted by the opposite: a purely bottom-up view on the Smart City,
which is outlined in what follows.
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2.2 The Bottom-Up Smart City

These architectural, topical, infrastructural or top-down viewpoints are juxtaposed
against a more experimental, bottom-up understanding of what a Smart City could be.
In this perspective, change and improvement comes only from the people “using” the
city. It dismisses any form of top-down urbanization, in particular with the involvement
of powerful private companies. The bottom-up Smart City is, foremost, about the Smart
Citizen; those who live, work, and engage in all kind of activities in the city. Rather than
working towards centralization, such a view on the Smart City takes a decidedly distrib‐
uted approach, supporting and accepting some form of chaos [7].

Although these characteristics have positive impact on the local scale, they often
conflict with objectives of decision-makers, urban-planners, and dynamics of the global‐
ized economy. Chaotic bottom-up processes oppose the idea of a master plan, an ‘ideal’
state of place. Examples of these purely bottom-up approaches can be found in citizen
initiatives and even (semi)-illegal interventions in the public space, such as so-called
guerrilla bike lanes where citizens, unhappy with local biking infrastructure, gather via
social media and paint bike lanes on the street without authorization [19]. These types
of initiatives are also referred to as tactical urbanism [13]. Tactical urbanism tends to
consist of “small scale interventions [that] are characterized by their community-focus
and realistic goals” [1] and are often short-term or temporary, cheap and aimed at
increasing quality of life in a certain way or addressing a specific neighbourhood
concern. In such a perspective, what defines the Smart City is not the infrastructures or
architecture it offers, but the ways in which its citizens interact with these systems as
well as each other.

Bottom-up initiative can also come from large and small businesses or start-ups that
aim to instigate innovation in a certain urban sector. One such well-publicised example
is the mobile app Uber that offers an alternative private driver service that is completely
organised within and via the app. In each city Uber has launched so far, protest has risen,
in particular from the taxi services operating in these areas that saw it as a threat to their
business. Nevertheless, Uber continues to operate and serves as an illustration of how a
commercial entity can also be seen as a bottom-up approach to a Smarter City, even
though it may clash with existing regulation or disrupt existing infrastructure (online
housing sharing platform AirBnB could be another example).

Whereas the idea of a master plan, an ideal, measurable and controllable state often
delivers deficient outcomes, relying solely on bottom-up processes also appears unlikely
or even infeasible. Citizens are not detached from the wider urban context they live in,
with other stakeholders playing - in some cases powerful - roles. Although the examples
listed above can be appealing or charming and have in some cases impact and effect
some change, they lack a vision on the issue at hand, are often (very) short term, can
conflict with some long term goals set out by local policy and in some cases even be
illegal. We like to argue for a “Smart Citizen” [27] that uses a variety of tools (that can
be commercially developed) to interact with and move around the city, and for whom
the emphasis lies on his/her citizenship, rather than technology as a primary factor.
However, relying purely on bottom-up initiatives remains problematic with regards to
scalability, regulation, interoperability, barriers and incentives to entry. Thinking about
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the city of the future then cannot only place any and all responsibility for its success
with its citizens or entrepreneurs.

2.3 The Smart City as a Local Innovation Platform

While both views and approaches to the Smart City have their merits, we have also
illustrated that they each exhibit substantial problems: “Change seldom arises from
purely top-down or bottom-up systems and processes.” [22] Therefore, we propose a
more nuanced interpretation, one that combines top-down and bottom-up approaches,
and establishes the Smart City as a platform that fosters collective (local) intelligence
of all affected stakeholders. After all, cities essentially constitute shared responsibility
and resources [3]. This means looking at the Smart City as a meeting place where the
public sector, private interest and citizens can come together to generate new value, to
collaborate and innovate together, an idea that has also been referred to as the triple helix
(private sector, government and university actors) or quadruple helix (including citizens,
the public or the user, depending on the formulation) [16, 28]. Smart Cities can only be
successful if they act as local innovation platforms that bring together all involved
stakeholders, however difficult this may be [22]. The “government as a platform” [18]
is the intermediary, the enabler of interaction of multiple actors who have corresponding
interests or needs. The delivery of public services in such a reciprocal relationship
between all stakeholders, for instance, is very appealing and promising for developing
truly Smart Cities [4].

In this light, the concept of open innovation is of course highly relevant [5]. It is
about ‘public-private-people partnerships’, i.e. organized collaboration between all
involved stakeholders (governments, businesses, academia, users/citizens etc.). It
includes co-creation of services, products and much more, and the availability of open
platforms that facilitate the necessary collaborative processes and interaction [8]. Open
innovation is already being practiced, in the form of Living Lab projects that muster the
stakeholders required to make an innovative initiative become a success [20]. Living
Labs provide the platforms for open innovation, which facilitate productive collabora‐
tion and thereby ensure that development complies with real problems and needs.

We have illustrated that a purely bottom-up or top-down view on the Smart City will
struggle to be effective and future-proof, and therefore suggest looking at the city as a
platform. But also local innovation platforms are not without their potential difficulties.
Organizing such an intense collaboration as required by this approach is not easy and it
can run into issues of various natures: diverging visions, operational issues, financial
inhibitors and so on. Alongside organizational difficulties, valorisation can be an issue
of local innovation platforms as well. How one transcends the project context and can
move a concept or idea into a real application or service that adds value to citizens is
one of the major challenges.

2.4 Proposed Operationalization of a Smart City

These different approaches lead us the following operationalization of the Smart City
concept. It should be clear we consider cases that are linked to the urban space and the
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interactions between the physical and the virtual, which are mediated by ICTs (be they
social media, innovative wireless networks, mobile devices, cloud technology and so
on) or developed using innovative methods (such as co-creation, living labs research,
ppp-business models and so on), and that involve or engage citizens in innovative expe‐
riences with the goal of increasing their quality of life in meaningful ways. Smart Cities
should capture creative and collaborative innovation through (direct) interactions
between public bodies, businesses and citizens in:

• dealing with the next data flood, digital footprint and data trails (coming from use of
linked open data, big data, IoT, sensor data etc.);

• identifying and tackling new relational complexities between actors;
• facing grand societal challenges in a local context (e.g. mobility, security, local and

participatory governance etc.);
• offering new and engaging experiences to citizens.

These are the emphases we want to make in the on-going discussion and operation‐
alization of the Smart City concept. We argue that collaboration is the key in making
cities smarter. This refers not only to cooperation of citizens, companies or local govern‐
ments amongst each other (i.e. horizontal collaboration). More difficult but also more
important is vertical collaboration, working with all stakeholders on all levels; academia,
public, private and citizens. It is working together in dealing with the vast amounts of
information and data that modern cities increasingly produce that will allow them to
tackle some of the major urban challenges of the future and today.

At the core of the Smart City then, we see the interdependence and interaction of
three conditions as being the constituting characteristics of a future looking, “smart”
city that is truly innovative: being collaborative, collective and contextual (Fig. 1).

Fig. 1. The constituting characteristics of the smart city

As we have illustrated and argued above, a purely top-down view on the Smart City
carries a danger of authoritarianism with it, while a bottom-up-only approach leans towards
chaos and lack of long-term vision. We argue that rather than trying to find the perfect
definition for what the Smart City is or should be, approaching the concept using the three
characteristics presented above is one way of trying to keep a holistic perspective.

While appealing from a theoretical perspective, the true challenge lies in turning this
operationalisation and idea into practice. Precisely this is the goal of the City of Things
Lab, recently established in the City of Antwerp, Belgium.
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3 Operationalising the City as a Local Innovation Platform:
The City of Things Lab

We propose the challenge described above is best tackled through a living lab approach
that pushes the concept to a new level by focusing on scale, sustainability and stake‐
holders. In recent years, a number of living labs have taken the form of ‘smart city living
labs’, i.e. living labs in urban settings that are able to gather and process data about the
city and citizens, and are increasingly able to combine linked (open) data (government,
enterprise, etc.) and sensor data (environment, smartphones, transactions, etc.) with user
feedback data and collective intelligence methods. The objective of such living labs is
to provide companies, cities, and researchers with an accessible infrastructure for data-
driven service innovation and business model experimentation that takes into account
aspects of Big Data, the Internet of Things, service co-design, and business modeling.

What some of these labs have lacked so far however are (1) a truly large scale for
experimentation involving a vast amount of citizens; (2) an approach that pays explicit
attention to post-project sustainability and business models; (3) the direct participation
of both the city and a commercial partner with this same focus on long-term collabora‐
tion, rather than project-based agreements; and (4) keeping very close links to the
startups, SMEs and the local incubation scene.

It is in this context that iMinds has established the City of Things Lab in Antwerp.
This initiative is part of a strategic cooperation agreement with iMinds, the largest
Flemish ICT research institute, the City of Antwerp and the MVNO Mobile Vikings.
Test users for any type of new mobile or location-based service or product can be selected
from the Mobile Vikings community (over 200.000 members) and in the near future
from the CityLife merchant community. From past projects with Mobile Vikings, it has
been shown that response rates on user surveys surpass 17 %, which is exceptional in
these types of living lab tests. Test panels and online focus groups can be selected based
on the profile of the users and the objectives of the project. Users can easily be incen‐
tivized to participate to tests and experiments through so-called “Viking Points”, the
successful loyalty scheme that the MVNO already has in place. This potential panel of
living lab participants is then supplemented by the panel iMinds already has access to
in light of previous projects and living lab experiments.

The goal of this strategic cooperation is to make City of Things Europe’s largest
urban infrastructure for data-driven mobile service experimentation and innovation.
This direct cooperation between academia, the city and a commercial player creates a
triple win. It allows iMinds to expands its expertise related to living labs and scale up
experiments to much higher numbers, allowing for innovative ways of testing as well.
The combination with the community reward system and virtual currency that Mobile
Vikings already has in place, not only allows for accessible incentives towards end users,
but also facilitates experimental economics and real-life business model variation testing
for example. For Mobile Vikings, the value of their participation is in learning more
about their tight community of users and allows them to further capitalize on the inno‐
vative and young character this group. Participation also gives them more insight into
the habits and interest of their customers, as well as in which types of innovative services
they may be interested. Finally for the city of Antwerp, City of Things Lab can be a
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vehicle to more easily participate to European innovation projects and leapfrog when it
comes to the innovative character of the city (which has been in something of laggard
position in the last decade). Additionally, the city is keen to attract and support startups
and SMEs in innovative areas and stimulate local economic activities related to tech‐
nology and the urban sphere.

A first project that illustrates this triple win is related to the existing loyalty scheme of
the City of Antwerp, called the “A-Card”. This NFC enabled card currently allows citi‐
zens to physically check in at kiosks in the public city locations (e.g. pools, libraries, youth
centres, museums and so on) to gather points that can be redeemed in those same locations
(e.g. a free swim, a discount in the city shop etc.). The City has plans to expand the func‐
tionality of the card as well as the loyalty scheme and an experiment in the framework of
City of Things will be the first step. iMinds will outfit the existing kiosks with iBeacons and
develop a mobile application that automatically adds the A-points to the citizens online
account (the A-profile) as soon as they walk in to the city location, with no other action
required. In cooperation with Mobile Vikings, the city’s loyalty scheme will be tied to that
of the Vikings in an effort to make it more appealing to citizens and giving them more
options to redeem their credit. By jointly running this project in a living lab setting, all
partners get access to more relevant data and insight into the usefulness of such an approach
and can better gauge the potential of such a city-related loyalty scheme.

By partnering academia and research, the public sector, a private company and the end
user, City of Things’ goal is to put the quadruple helix [16] into practice in a sustainable way
and ensure that the city can play the role of a local innovation platform as described above.

4 Conclusion

This paper puts forward two divergent views to what the Smart City can be, based on
evolutions in the market today. A very top-down view sees corporate interest as a main
concern; while purely bottom-up initiative faces challenges of scale, incentive and
sustainability. This paper then proposes a point of view that bridges these two and makes
an appeal for the city as a local innovation platform that balances these different interests.
Rather than performing this exercise from a theoretical perspective, we introduce the
City of Things Lab that explicitly puts a quadruple helix approach into practice. The
goal of the initiative is to push forward the scale and applicability of living lab research,
while ensuring value and return for the involved stakeholders (the city, companies,
startups, SMEs and citizens) in the longer term, by focusing explicitly on sustainability
beyond the project context.
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Abstract. New Internet of Things (IoT) applications that leverage
ubiquitous connectivity, big data and analytics are enabling Smart City
initiatives all over the world. These new applications introduce tremen-
dous new capabilities such as the ability to monitor, manage and control
devices remotely, and to create new insights and actionable information
from massive streams of real-time data. Supporting this new approach
requires the adoption of new paradigms. In this paper, agent tecnology is
combined with the emergent concept of Fog computing to design control
systems based on the decentralization of control functions over distrib-
uted autonomous and cooperative entities that are running at the edge
of the network. We describe the Rainbow platform that is designed to
bring computation as close as possible to the physical part. Multi-agent
systems running on top of Rainbow create smart services using adaptive
and decentralized algorithms which exploit the principles of collective
intelligence.

Keywords: Smart City · Fog computing · Multi agent system · Internet
of Things · Cyber-physical systems

1 Introduction

The Internet of Things (IoT) is a remarkable transformation of the way in which
our world will soon interact [1]. Much like the World Wide Web connected com-
puters to networks, and the next evolution connected people to the Internet and
to other people, the IoT can interconnect devices, people, environments, virtual
objects, machines and internet services with the goals of reducing the com-
plexity of creating opportunities for a closer integration of the physical world
with computer-based systems and developing efficient solutions for smart city
services. Developing smart city services [2] such as transportation, parking, light-
ing, traffic, waste and safety requires the availability of a platform which permits
speeding up and reducing the implementation costs of the services themselves,
providing new capabilities for automation, analysis at multiple levels, greater
scalability and virtualization. The IoT extends the current Internet-based tech-
nology by connecting different types of thing (objects or devices) with each
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other and enabling them to communicate. However, while the things are con-
nected with each other they are not necessarily able to cooperate with each
other. Their ability to communicate with each other is determined by the simi-
larity of the services that every object provides. Connected objects should also
have the capability to learn about, think about, and understand both physical
and social worlds by themselves [3]. Therefore, a new paradigm that enhances
the current IoT with the ability to make decisions and support smart interaction
between things must be developed. In the future IoT, interconnected things or
objects will behave as autonomous agents, with minimum human intervention,
and must have the ability to sense and analyse the environment where they are
immersed and subsequently take intelligent decisions and actions to achieve their
objectives.

We propose to use smart agents to mitigate the issues of lack of reason-
ing and intelligence in things in the IoT systems. The idea is that every thing
should have embedded reasoning and intelligence capabilities. The intelligence
in things can be achieved using software agents embedded in things. Their abil-
ity to reason about their environments can contribute to useful outcomes for
humans, using collective intelligence techniques. Swarm intelligence [4] is the
discipline that studies phenomena whereby a system composed of many locally
acting individuals displays a meaningful global behaviour. Such swarm systems
make use of self-organising, decentralised control mechanisms. Smart agents can
exploit these techniques and their own capacity to sense their environmnet to
cooperate, learn and adapt in order to reach a specific goal. This evolutionary
perspective allows cities to develop new smart services exploiting a smart urban
infrastructure which needs to be designed open, flexible, scalable and secure so
as to execute smart agents that interact virtually among themselves from the
external borders up to the cloud network. This vision is made possible using the
concept of fog computing.

The term fog computing, also referred to as edge computing, essentially means
that, rather than hosting and working from a centralized cloud, systems operate
on network ends [5]. That concentration means that data can be processed locally
in smart devices rather than being sent to the cloud for processing. This app-
roach is particularly interesting in the context of IoT because it allows action
in real time on the incoming data and working within the limits of available
bandwidth. By using this kind of distributed strategy, we can lower costs and
improve efficiencies.

In this paper we present Rainbow, an architecture that permits an easy
development of smart city applications. The novelty of Rainbow is that it relies
on the adoption of a distributed multi-agent layer on top of the physical part
that is, in turn, wrapped in suitable virtual objects (VO), running at the edge of
the network and assisted by cloud services. Rainbow aims to hide heterogeneity
and to cope with complexity and real-time issues. Adaptive and decentralized
algorithms have been explored as multi-agent systems for developing large-scale
cyber-physical applications on top of the Rainbow architecture, such as those
related to smart cities, acoustic maps, smart drainage systems and so on.
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The paper is structured as follows: Sect. 2 describes the three-layer software
architecture of the platform Rainbow. Section 3 presents the use of Rainbow plat-
form for three smart city applications, showing: (i) a bio-inspired CPS (Cyber-
Physical System), where smart agents are used to map noise pollution inside a
city area, (ii) a fully decentralized approach for controlling an urban drainage
network, and (iii) a real smart street application set up in the city of Cosenza
(Italy). Finally, Sect. 4 concludes the paper.

2 Rainbow Architecture

Rainbow [6] is a three-layer architecture designed in order to bring the computa-
tion (i.e. the controlling part) as close as possible to the physical part. Since CPS
provides for physical entities spread across a large (even geographic) area, the
previous assumption implies the controlling part to be intrinsically distributed.
Our proposal provides for the use of a distributed agent-based layer in order to
address the aforementioned issues. The agent paradigm has several important
characteristics, such as: (i) local views, with no agent having a full global view
of the whole environment but behaving solely on the basis of local information
and (ii) decentralization, i.e. no “master” agent controlling the others, but sys-
tems made up of interacting “peer” agents. Through these basic features, multi-
agent systems make it possible to obtain complex emergent behaviours based
on the interactions among agents each having a simple behaviour. Examples of
emergent behaviour could refer to the properties of adaptivity, fault tolerance,
self-reconfiguration, etcetera. In general, we could talk about swarm-intelligence
when an “intelligent” behaviour emerges from interactions among simple enti-
ties. There is a plethora of bio-inspired swarm intelligence approaches in the
literature that could be properly adopted in the context of CPS [4].

Rainbow architecture is shown in Fig. 1. As can be seen, the architecture
could be divided into three layers. The bottom layer is the one that is devoted

Fig. 1. Rainbow architecture.
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to the physical part. It encloses sensors and actuators, together with their rel-
ative computational capabilities, which are directly immersed in the physical
environment.

In the Intermediate layer, sensors and actuators of the physical layer are
represented as VOs. VOs offer to agents a transparent and ubiquitous access
to the physical part due to a well-established interface exposed as API. VO
allows agents to connect directly to devices without caring about proprietary
drivers or addressing some kind of fine-grained technological issues. Each VO
comprises “functionalities” directly provided by the physical part. Essentially, a
VO exposes an abstract representation (i.e. machine readable-description) of the
features and capabilities of physical objects spread in the environment. Func-
tionalities exposed by different types of VOs can be combined by agents in a
more sophisticated way on the basis of event-driven rules which affect high-level
applications and end-users. In summary, all the devices are properly wrapped in
VOs which, in turn, are enclosed in distributed gateway containers. The compu-
tational nodes that host the gateways represent the middle layer of the Rainbow
architecture. Each node also contains an agent server that permits agents to
be executed properly. Gateways and agent servers are co-located in the same
computing nodes in order to guarantee that agents exploit directly the physical
part through VO abstraction. Instead of transferring data to a central processing
unit, we actually transfer the process (i.e. fine-grain agent’s execution) toward
the data sources. As a consequence, less data needs to be transferred over a
long distance (i.e. toward remote hosts) and local access and computation will
be fostered in order to achieve good performance and scalability. Furthermore,
since agents and VOs can be added or removed dynamically, if a system is well
designed, it can be reconfigured dynamically and extended taking into account
new physical objects and desired behaviour. More details on the Rainbow multi-
agent system and VOs, along with a sketch of the API specification and some
code examples can be found in [6].

The upper layer of Rainbow architecture concerns the cloud part. This layer
addresses all the activities that cannot be properly executed in the middle layer,
for instance, algorithms needing complete knowledge, tasks that require high
computational resources or when an historical data storage is mandatory. On
the contrary, all tasks where real time access to the physical part is required
could be suitably executed in the middle layer. In the cloud part, a set of Rain-
bow nodes are properly virtualized and deployed on an existing cloud infrastruc-
ture. Such nodes lack of the VOs gateway since, obviously there are no physical
entities connected. For this reason each node consists solely of the agent server.
Communication between the nodes connected with the physical part and the
nodes in the cloud occurs by means of message exchange. Agents located on the
cloud nodes act as intermediary between the Rainbow MAS and cloud analytics
services. The feature of adding new agents at runtime can be used to link new
services in the cloud during the execution of the system (no reboot is needed).
The Rainbow cloud part is PaaS (Platform as a Service), as it provides a software
stack and a set of libraries for the application execution (Fig. 2).
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Fig. 2. Rainbow cloud layer.

The above described architecture is fully compliant with the paradigm of
edge computing. A way to look at edge computing is to consider it as a virtu-
alized platform that is typically located between end user devices and the cloud
data centers hosted within the Internet. Thus edge computing can provide better
quality of service in terms of delay, power consumption, reduced data traffic over
the Internet etc. The main feature of edge computing is its ability to support
applications that require low latency, location awareness and mobility. This abil-
ity is made possible by the fact that the edge computing systems are deployed
very close to the end users in a widely distributed manner. Edge computing
nodes hosted must possess sufficient computing power and storage capacity to
handle the resource intensive user requests.

3 Using Rainbow for Smart City Applications

In the following, we detail three applications for Smart City, which exploit the
features and capabilities provided by the Rainbow framework. Section 3.1 con-
cerns the design of an application which aims at mapping the noise pollution on
an urban area, and shows how Rainbow can be exploited to run swarm intel-
ligence algorithms in order to realize CPS applications owning properties such
as adaptivity, fault tolerance, self-reconfiguration. Section 3.2 provides both a
sketch of a CPS for urban drainage networks, which is able to reduce their
environmental impact when heavy rainfall event occur, and a set of prelimi-
nary simulation results underlining the benefits of the proposed system. The
last application proposed concerns a smart street environment, physically set up
in the city of Cosenza (Italy).
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3.1 Noise Pollution Mapping

Many environments, such as airports, road works, factories, construction sites,
and other environments producing loud noises, require effective noise pollution
monitoring systems. Noise pollution is a common environmental problem that
affects people’s health by increasing the risk of hypertension, ischemic heart dis-
ease, hearing loss, and sleep disorders, which also influence human productivity
and behavior [7]. For this reason the European Community passed the direc-
tive 2002/49/EC [8], which declares noise protection as one necessary objective
to achieve a high level of health and environmental conservation. The directive
imposes several actions to be made upon member states, including the mapping
of noise in larger cities via noise maps. On the basis of these maps, the countries
can formulate plans to counter the threat of noise pollution.

Noise maps are mostly based on numerical calculations providing good esti-
mates of long-term averaged noise levels. However, such maps do not take into
account the real-time variation of the noise levels. Using the rainbow platform
we designed an agent-based, self-organizing system for the real-time construction
of noise maps and identification of the sources of noise. Noise sensors are spread
across the environment, linked to the computational nodes, and suitably wrapped
inside the VOs. Each agent is directly associated with a VO representing a noise
sensor. During the deployment phase, each agent is supplied by the knowledge of
its neighbours (i.e. agent associated with a spatially near by sensor).

We use a simple self-organizing algorithm, proposed by [9], to let the sensor
network self-organize in regions, with the partitioning based on similar sensing
patterns (noise levels). Regions can grow or shrink according to the dynamic
variation of noise levels. Organization in regions occurs by creating an overlay
network made by agents connected by virtual weighted links. Agents belonging to
the same region will have strong links, while agents belonging to different regions
will have weak (or null) links. In the following the details of the algorithm are
presented. Let si and sj be two neighbour sensor agents. Let n(si) and n(sj) the
values of noise sensed by si and sj , respectively. Let us assume that a distance
function D can be defined for couples of v values. Region formation is then based
on iteratively computing the value of a logical link l(si, sj) for each and every
agent of the system as in following update link procedure:

Update link:
if(D(n(si), n(sj)) < T{

l(si, sj) = min(l(si, sj) + Δ, 1)
}else{

l(si, sj) = max(l(si, sj) − Δ, 0) }

Where: T is a threshold that determines whether the measured values are
close enough for l(si, sj) to be re-enforced or, otherwise, weakened; and Δ is a
value affecting the reactivity of the algorithm in updating link. Based on the
above algorithm, it is rather clear that if D(n(si), n(sj)) is lower than threshold
T , l(si, sj) will rapidly converge to 1. Otherwise it will move towards 0. Transi-
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tively, two nodes sh and sk are defined in the same region if and only if there is
a chain of agents such that each pair of neighbours in the chain are in the same
region.

In order to map the noise pollution properly, it is necessary that each and
every agent within a region is locally provided with information related to
the overall status of the region. To this end, it is possible to integrate forms
of diffusive gossip-based aggregation [10] within the described general scheme.
The algorithm requires that the agents periodically exchange information with
their neighbors about some local value, locally aggregate the value according to
some aggregation function (e.g., maximum, minimum, average, etc.), and further
exchange in the subsequent step the aggregated value.

The proposed approach is planned to be implemented on top of smart street
environment shown in Sect. 3.3.

3.2 Urban Drainage Networks

Recently, urban floods have become more frequent as a result of the increase
of impervious areas and the occurrence of extreme weather conditions due to
climate change. Furthermore, in conjunction with intense rainfall, obstructions
and blockages due to infrequent maintenance of pipes and catch basins often
challenge the hydraulic efficiency of an urban drainage system. In order to man-
age urban flooding, centralized stormwater measures, such as detention tanks
and retention basins, have been introduced [11]. However, those solutions are
not easily applicable because of a lack of space, especially in densely populated
areas.

Our solution relies on a CPS which exploits the Rainbow architecture. A set
of water level sensors and smart gates are spread in the drainage network, and
directly linked on a set of interconnected computing nodes. The nodes network
host a distribuited and decentralised cooperating agents application which aims
at adjusting the gates in order to dynamically optimize the water load on all the
conduits of the network. Such optimization makes the network able to exploit
the full storage capacity of the pipeline by accumulating the excess stormwater
volume that otherwise would overflow on the side-walks and street paving.

In our approach, we run the gossip-based algorithm [10] for computing the
average of the water load as measured by all the agents of a generated network.
When the algorithm converges, the estimated average value is exploited by each
gate-agent for tuning its gate so as to bring water loads closer to that average.
The relationship between the actuation upon the gate (i.e. its opening degree)
and the actual change of water level is determined by the structure of the whole
network and the dynamics of the water flowing through the system, so it is very
hard or even impossible to deduce a tractable mathematical model for it. For
this reason this task is accomplished exploiting a PID controller. This approach
also allows the algorithm to adapt dynamically to unforeseen events occurring
in the drainage network (e.g. damage, occlusions and so on).

Preliminary experiments were carried out using EPA SWMM software [12],
which is widely used in the hydraulic scientific community, in order to simulate
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the behaviour of realistic urban drainage networks which include gates during
severe rain events. SWMM software was customized, permitting it to communi-
cate in real time with a separate multi-agent Java controller which implements
our algorithm developed exploiting Rainbow Cyber-Physical middleware.

Our findings have shown that our algorithm used as a real time controller for
an urban drainage system equipped with a series of moveable gates is actually
able to control flooding by utilizing the storage capacity of the less overwhelmed
conduits of the system during intense rainfall events. The results shown in Fig. 3
demonstrate that the proposed approach is able to decrease the flooding vol-
ume (the area between 1 and the dashed lines) in an urban drainage network
significantly during a heavy rainfall event. Other results can be found in [13]

Fig. 3. Comparison of water loads (degree of filling) in different conduits, represented
with different colors: base-line (a) vs. controlled (b) scenarios. The areas above 1 and
under the dashed lines represents the flooding volume of each conduit.

3.3 Smart Street

In the context of the Res-Novae1 project, a smart street environment has been
designed and implemented in the city of Cosenza (Italy), exploiting the features
of the Rainbow platform. This smart environment is called Smart Street Cosenza.
The goal is to furnish the city with an IT infrastructure which provides services
to the citizens, and which can be further extended over time, either covering
new areas or providing new features and functionality. The target areas for a
first deployment are shown in Fig. 4(a) and are located in the centre of the city.
Specifically, the infrastructure covers: (A) a Bus Station, (B) a square, (C) the
main commercial street of the city, (D) part of one of the main driveways and
(E) the area around a commercial centre.

Over the chosen areas, a set of thirteen computational nodes (Fig. 4(b)) and
seventy wireless sensors nodes (Fig. 4(c))are deployed. Each computational node
consists of a Raspberry Pi mod.2 board, is mains powered, and hosts the Rainbow
middleware. Each sensor node has a battery embedded and is powered by a solar
panel. Sensor nodes can be of two types: type A nodes host noise, temperature,
relative humidity and luminosity sensors, and type B nodes host air quality

1 The RES-NOVAE - “Buildings, roads, networks, new virtuous targets for the Envi-
ronment and Energy” project is funded by the Italian Government (PON 04a2 E).
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(a) (b) (c)

Fig. 4. Smart Street Cosenza. (a) Target areas; (b) Computational Nodes; (c) Sensors
nodes. Green locations host one type A node and one type B node, blue locations hosts
only a type A node.

sensors, measuring the concentration of CO, CO2, NO and O3. All the sensor
and computation nodes are connected using a wi-fi network infrastructure, also
deployed in the same areas.

Currently, the described CPS infrastructure hosts an application devoted to
real-time monitoring the status of the areas involved. Raw measures are collected
by the computational nodes, then filtered and aggregated and finally sent to a
remote server that stores the data in a DBMS. A web portal is available showing
geo-referenced sensor measures as well as aggregated information indexes such
as Simmer Summer Index (SSI), Humidex and Air Quality Index (AQI). This
information is available to the citizens, who can use it to figure out how much
the different areas are comfortable and healthy, to the city administrator, who
can monitor critical climatic or pollution events, and the research community,
who can use it for further investigations and analysis. Both the cyber-physical
infrastructure and the monitoring application are up and running since December
2015, with only a few sensors failures.

4 Conclusions

The paper presented the Rainbow platform and three smart city applications
designed exploiting it, one of which is physically deployed and running in the
city of Cosenza, Italy. Rainbow fosters the combination of multi-agent systems
and fog computing, so as to allow the creation of distributed and swarm intelli-
gence applications which can interact directly and in real time with the physical
world. The case studies provided shows sketches of how to properly exploit this
combination to develop applications for smart cities. Future work will be devoted
to both enriching the Rainbow platform, providing social and analytics modules
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which can be exploited in the multi-agent level and to developing more services
for the real Smart Street here described.
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Abstract. Urban traffic planning is a fertile area of Smart Cities to
improve efficiency, environmental care, and safety, since the traffic jams
and congestion are one of the biggest sources of pollution and noise.
Traffic lights play an important role in solving these problems since they
control the flow of the vehicular network at the city. However, the increas-
ing number of vehicles makes necessary to go from a local control at one
single intersection to a holistic approach considering a large urban area,
only possible using advanced computational resources and techniques.
Here we propose HITUL, a system that supports the decisions of the
traffic control managers in a large urban area. HITUL takes the real traf-
fic conditions and compute optimal traffic lights plans using bio-inspired
techniques and micro-simulations. We compare our system against plans
provided by experts. Our solutions not only enable continuous traffic
flows but reduce the pollution. A case study of Málaga city allows us to
validate the approach and show its benefits for other cities as well.

Keywords: Traffic lights planning · Multi-objective optimization ·
Smart mobility

1 Introduction

Traffic lights are increasingly important elements for the efficiency, environmen-
tal care, and safety of our cities. These devices were initially positioned at road
intersections, pedestrian crossings, and other locations to control conflicting flows
of traffic and avoid possible accidents. At each intersection, all traffic lights are
synchronized to carry out a sequence of valid phases periodically. Each phase
consists of a combination of color’s states and has a time span that vehicles are
allowed to use a roadway. The assignment of the time span for each phase in
the phase sequence of all intersections at an urban area is what we call a Traffic
Lights Plan (TLP).

Finding the best TLP is crucial for reducing the number of stops for red
lights thus minimizing the travel time of vehicles through the road network.
Intuitive examples are the well-known green waves, which facilitate a continuous
traffic flow in one main direction. Reducing the travel time of drivers prevents
them from losing time and arriving late to their destination. As a side effect, this
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also helps reducing the fuel consumption and CO2 emissions while the vehicle is
stopped for red lights.

Nowadays, the large number of vehicles and citizens moving around rises
the inefficiency of current traffic control systems, designed to set local control
policies but unable to optimize a global, real city scenario. In this article we
present HITUL, a decision support system that helps traffic managers to generate
optimal TLPs for actual cities, leading to above-mentioned potential benefits in
terms of energy consumption, traffic flow management, pedestrian safety, and
environmental issues. Unlike decentralized self-regulated lights, or traditional
queue based systems, the use of metaheuristic algorithms [6,10] to find successful
TLPs is still an open issue. The ability of metaheuristics and Nature inspired
techniques [1,15] to solve very large problems with many restrictions and in
competitive running times make them unique to build HITUL.

In addition, we use the well-known SUMO (Simulator of Urban Mobility)
traffic simulator [4,14], which offers a detailed source of information about the
vehicle’s flow (velocity, fuel consumption, emissions, journey time, etc.), giving
rise to configurations of realistic scenarios according to real patterns of mobility
of the target city. This is a key difference from our systems to other solutions: not
only the large dimension of the zones considered (previous works go for a street
or a corner while we go for a city), but also the level of details and reality in our
studies (e.g. real maps, driving regulations, car and driver individual analysis,
times, pollution, etc.).

The remainder of this article is as follows. In Sect. 2 we mention some related
works which have addressed this problem. Then, we introduce the HITUL system
in Sect. 3. The Sect. 4 describes the practical case of Málaga city to validate our
approach. Finally, Sect. 5 states conclusions and the future work.

2 Related Work

This problem has been tackled by both industry and academia, showing the impor-
tance and the impact of having an appropriate TLP to alleviating traffic jams
which also allows to reduce hazardous substances emitted with car exhaust gas.

On the one hand, the industry has proposed several solutions (for example,
SPROUT [17], Cross Zlin [7], or ATC [2]) but in general are focused on the real-
time configuration of a single traffic light junction and they make use of some
additional infrastructure which provides online information of the changing traf-
fic situations. For example, the SPROUT System [17] proposes the utilization of
ultrasonic detectors and optical beacons on the road to detect cars, thus deter-
mining the movement of cars on the road. Using this information, it predicts
in real time when cars will arrive at streets corners, and estimates the num-
ber of times a car stops and the time of each stoppage, then it calculates and
implements an appropriate traffic signal pattern.

On the other hand, in the academia this problem has been divided into two
separate (but related) phases: the first one is about how real-time information
of the current traffic can be gathered; while the second one focuses on the design
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of systems which provide optimized TLP using that previous information. In
the first research domain, we can mention DATLCES [18], GLOSA [5] or POVA
[19]. These works analyze the utilization of different technologies to gather the
data (from classical detectors or cameras to recent communication systems such
as RFID, VANET communications, ...). The second research domain focuses
on the optimization of the TLPs using existing traffic information. The most
common search engines used are queueing theory [18], fuzzy systems [12], and
metaheuristics [9].

As it can be observed in the previous paragraph, this problem has been
tackled in very different ways and with different objectives, but we have detected
some topics which can be improved:

– Most current approaches are based on a limited number of traffic elements
(roads, traffic lights, urban areas).

– Take a single goal (e.g., reduce the number of stops) and do not take into
account other metrics such as emissions, travel time, ...

– Even when dealing with it, they will not quantify the benefits on emissions
and other indicators.

Our proposed tool will solve these issues by addressing a large urban area
(a complete city), with both mono- and multi-objetive optimization, and using
real and open data to provide solutions to real scenarios.

3 The HITUL System

HITUL is a support tool for decision-making regarding the planning of the city
traffic light network, one of the ways to deal with congestion and traffic jams.
Figure 1 illustrates this relationship between our proposed HITUL system and
the external components or actors in the system.

In the context of a metropolitan area, the HITUL system takes advantage of
open traffic data and information services to provide its functionality. These data
sources are available to everyone without copyright restrictions or licensing fees.
An example is OpenStreetMap [13], a free repository of geographic information
supported by over 1.6 million users around the world, who collect data using
manual survey. HITUL also uses information publicly provided by the city Traffic
Control Center (TCC), such as the traffic intensity measured in specific locations
of the road network.

In the following, the main functionalities implemented are listed. Next, the
proposed design according to these software requirements is discussed, including
the underlying functional architecture and the planning algorithm. Finally, the
optimization strategy used to implement the system is described. Let us start
with the main system functionalities.

3.1 Main Features

The HITUL system aims at supporting the decision-making of an officer at
the TCC. Its main feature is the automatic generation of optimized TLPs (see



150 Y. Bravo et al.

Fig. 1. Perspective of the HITUL system.

Sect. 3.3 for more details). But it also includes some additional characteristics in
order to interact with the traffic center manager and make easy the utilization
of our generated plans. The following list briefly outlines the major features that
the system provides:

1. Combine different objectives. HITUL generates optimal plans based on
a selection of different objectives at the same time: waiting time, number of
stops, or carbon footprint. This functionality is intended to search for more
stable TLPs according to multiple, possibly conflicting criteria, instead of sat-
isfying one single requirement. Multi-criteria decision making is an important
and hot issue in research not yet well exploited in final real applications.

2. Consider different traffic profiles. Adapt to the real behavior of the road
traffic according to the time of the day, the day itself, and the moment of the
year. Our system provides a list of available options: working day, rush hour
working day, Saturday, Sunday, Saturday rush hour, and Sunday city return
hours.

3. Select an urban zone or optimize the whole city traffic. This function-
ality allows to select a zone, a single district or the whole city, whose traffic
lights are required to be optimized. The remainder city signals are config-
ured according to a TLP provided by the traffic manager or by our system.
This is a very practical feature for the traffic manager, since it helps them
implementing temporal, localized traffic control policies.

4. Comparisons between TLPs. The system allows to compare obtained
TLP among them, as well as compare a plan obtained by the system with
another plan provided by an expert in a standard format. The plan selected
to compare with is named base plan. As a result, the main differences will be
drawn in a visual representation so that the officer can easily identify those
traffic lights which differ more with respect to the base plan.
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5. Export/Import optimal TLPs. The system supports the export of each
TLP obtained using the XML standard format. At the same time, the system
allows to load the base plan to compare with as far as it satisfies the afore-
mentioned file format. This functionality enables the integration with other
present and future TCC systems.

3.2 Architecture Overview

In this section we provide a technical overview of our proposed HITUL system.
It is structured in three layers, each one grouping close related software compo-
nents. First, a front-end server provides a single page application (SPA) exposing
the traffic optimization dashboard, as well as the interfaces to take useful open
data coming out from the software package.

Also, the system has a back-end numerical server running data processing
and optimization tools in a Java EE platform that provides a high level of
availability, reliability, and scalability. Implemented algorithms for computing
optimized TLPs are based on bio-inspired techniques and some multi-objective
versions based on crowding and using numerical archives for non-dominated solu-
tions whose core intelligence is regulated mainly by the Non-Dominated Sorting
Genetic Algorithm (NSGA-II) [8].

Fig. 2. Overview of the HITUL system Architecture.
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Finally, the HITUL architecture involves a database server, comprising the
data collections and the interfaces to manage them. We use a regular relational
database since we have not relevant reasons to go for a non-relational data
storage and access.

Figure 2 summarizes the main components at each layer as well as their inter-
action with other components in our software package. This flexible architecture
will allow to develop future extensions of the HITUL service. A Client/Server
utilization is amenable both for a truly remote internet access, or an in-house
utilization, where users are in a room (floor, building) and the actual computa-
tional servers are in a cold room or computer facilities center, with data always
flowing inside the premises, respecting the standard security measures of the
TCC. This is highly dependent on the city, hence our decisions have been taken
to help new scenarios of use in different cities.

3.3 Optimization Strategy

The objective of optimizing TLPs is to find cycle (timing) programs for all the
traffic lights located in a given urban area with the aim of reducing the global
journey time, emissions, and fuel consumption. Consequently, the solution is
represented with a tuple of positive integer numbers Z+ within the time interval
[30, 120]1 meaning the phase duration of the different states in all the traffic
lights of the studied area. We have also added an integer value associated to each
intersection that is called offset within the time interval [−30, 30]. The offset of a
signal is the delay of the beginning of the initial phase of the intersection. When
offset is used it is possible to get green waves, which occurs when a series of traffic
lights are coordinated to allow continuous traffic flow over several intersections
in one main direction.

The proposed algorithm sets a value in the time interval [30, 120] in each
position of the vector solution that represents a phase and a value in the interval
[−30, 30] in the positions of the offset of each intersection. Let us say our largest
instance has 3800 phases and 961 offsets, the problem search space would consist
of 913800 × 61961 candidate solutions. Therefore, efficient automated approaches
are required to tackle it. Evolutionary algorithms [3] have shown to be very
effective in solving hard optimization tasks. For this reason, in the case of mono-
objective optimization we used the so-called Genetic Algorithm (GA) [11]. Our
implementation of the genetic algorithm in this paper typically uses a ranking
method for parent selection and elitist replacement for the next population, that
is, the best individual of the current population is included in the next one. The
operators used are single point crossover and integer polynomial mutation. Note
that the search algorithms used have been implemented using jMetal 5.0 [16], a
Java framework aimed at the development, experimentation, and study of meta-
heuristics for solving optimization problems. The source code of the algorithms
used in this tool are publicly available at GitHub2.

1 Recommended interval by the Mobility Delegation of the Málaga’s City Council.
2 https://github.com/jMetal/jMetal.

https://github.com/jMetal/jMetal
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On the other hand, when more than one objective must be optimized at the
same time and are considered as equally important, we used the Non-Dominated
Sorting Genetic Algorithm (NSGA-II) [8]. NSGA-II is a genetic algorithm which
is the reference algorithm in multi-objective optimization. Its main characteristic
is the use of a ranking procedure and a density estimator known as crowding
distance to sort the resulting population. The solution obtained by means of
NSGA-II is not a single solution, but a number of them called non-dominated
solution set. This is a set composed by solutions which are not worse than any
other solution for all objectives. The representation of this set of solutions in the
objective space is known as Pareto front.

As above noted, the evaluation of the generated TLP is performed by means
of the well-known SUMO [14] traffic simulator, which offers a continuous source
of information about the vehicle’s flow (velocity, fuel consumption, emissions,
journey time, etc.), giving rise to configurations of realistic scenarios according
to real patterns of mobility. The output of a SUMO simulation is registered in a
journey information file that contains data about each vehicle’s departure time,
the time the vehicle waited to set off (offset), the time the vehicle arrived, the
duration of its journey, and the number of steps in which the vehicle speed was
below 0.1 m/s (temporal stops in driving). Other output files gather information
about emission traces in vehicles (CO2, NOx, PM , etc.) and hydrocarbon con-
sumption. This information is used to evaluate the quality of alternative traffic
light cycle programs.

Fig. 3. Differences between base plan and the optimized traffic lights in whole Málaga
city map (with 961 intersections). Red color indicates a big difference, yellow a medium
one, and green a small one. (Color figure online)
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4 Practical Use and Benefits: Case Study of Málaga

Since we are interested in developing an optimization tool capable of dealing
with close-to-reality and generic urban areas, we have generated an instance
by extracting actual information from real maps of Málaga, obtained from the
Mobility Delegation of the City Council. To illustrate this case of study, we
created 11 digital maps representing ten different districts and the whole city. In
Fig. 3 is shown the traffic lights of a selected area of Málaga city. In the whole
city, there are 961 intersections, composed by multiple traffic lights (from 4 to
16) each. Therefore, the optimization of the phases time span of each intersection
is a great challenge for the optimization solver, and even more challenging for
the team in charge of the Mobility in the city.

In Fig. 3 can be seen the result of the traffic light optimization of the entire
city. Our tool generates a sequence of optimal TLPs, that is the result of optimiz-
ing the current plan continuously. This search process stops when the algorithm
is unable to find more accurate plans or by demand of the operator.

Every time the user selects an optimized plan, the application shows the
differences with respect to a base plan, also selected by the user. As this tool is
aimed at helping to make changes in the traffic light phase duration that benefit
the traffic flow, the differences between the base plan and the optimized plan are
highlighted in different colors. When there are big differences between the phase
time of an intersection, the marker which represents the intersection is colored in
red, a medium difference is represented in yellow, and a small or null difference is
represented in green color. This color scale might help decision makers to focus
on a subset of intersections looking for possible problems in the programming of
those traffic lights, in which differences in time were longer.

Fig. 4. Results of the execution of HITUL. On the left, the comparison between the
based plan and the selected optimal plan, for several pollution indicators (CO2, HC,
NOx, and PMx ). On the right, the set of optimized plans proposed is shown, using a
triangle mark to highlight the plan selected for the comparison with the base plan.
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Using HITUL, the decision maker could generate traffic light schedules to
minimize waiting time, journey time, and emissions. The improvement achieved
with HITUL in solution quality with respect to the expert’s solution is remark-
able. In Fig. 4 left, it can be seen a comparison of the emissions of the base plan
generated by the expert’s algorithm and an optimized solution using HITUL.
This optimized solution is highlighted in Fig. 4 right by using a triangle mark.
In this case, it represents the plan that produces less pollution to the environment
at the expense of a longer waiting time for drivers. Finally, the HITUL system
allows the user to select the non-dominated solutions to compare with, which is
a very useful functionality for decision-makers to match occasional traffic needs
in terms of the two optimization criteria selected.

The TLP problem is, in fact, a multi-objective problem since the drivers
want to minimize the waiting time and journey time, meanwhile the municipal-
ity wants lower gas emissions. For this reason, HITUL is able to run a multi-
objective algorithm which provides a Pareto front with non-dominated solutions
considering two objectives at the same time. In Fig. 4 right, it is shown a Pareto
front taking into account waiting time and gas emissions as equally important
objectives. Then, the decision-maker could pick one non-dominated solution up
from the generated Pareto front.

5 Conclusions

In this paper, we present a decision support system, named HITUL, that helps
traffic managers to generate optimal TLPs for actual cities, leading to high
potential benefits in terms of energy consumption, traffic flow management,
pedestrian safety, and environmental issues.

The proposed system addresses most of the drawbacks of current existing
systems considering very large zones and realistic information. Also the system
provides some facilities for making easier the decisions of the traffic managers,
such as allowing the comparison between traffic plans, highlighting the impor-
tance of each individual traffic light in the final plan, or allowing to restrict
the zone to be considered, the traffic profile used or even the main goal that
s/he wants to optimize. The validation of the system in Málaga, a medium-large
spanish city, has demonstrated that HITUL is able to provide real support for
decision makers regarding the planning of the city traffic light network.

As future work, we plan to extend the study to other cities, aiming to address
different types of network topologies and traffic densities. Also, new optimization
algorithms will be applied, as well as hybrid approaches built for selecting the
algorithm that best solves the traffic problem for the real city characteristics.
Finally, we plan to integrate our tool with other systems that provide us with
more city data in real time (e.g., based on sensors) for more accurate solutions.
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Abstract. The concept of Smart City is not yet statically defined, and thus, in
the last years, several scientific articles and papers have been written focusing on
the subject. The main objective of this research is to identify and compare the
different discourses that stakeholders involved in Smart City projects build
around the concept. The definition of the Smart City concept has been the key
element selected to be analyzed, being used to stablish the conceptual basis that
structures the different points of view that stakeholders have about the topic.
The research about the Smart City definition has consisted in the analysis of

32 different Smart City definitions in which 404 terms have been tagged or
classified following a methodology that is divided in 3 steps of definition
regarding stakeholders, key issues and text analysis. As a result, a compre-
hensive definition and different strategies have been developed.

Keywords: Smart City � Discourses � Definitions � Text analysis �
Stakeholders � Governance

1 Introduction

The concept of Smart Cities has been extending since the 90s in parallel with the
liberalization of telecommunications and the development of services through internet.
The term Smart City has become in recent times synonymous with extensive use of
information technology cities, although a Smart City means much more than that [1].

The first public draft of the Operational Implementation Plan for the European
Consortium for Innovation in Smart Cities focused efforts in 3 main fields: energy,
mobility and ICT [2]. But the scientific literature on the subject was already widening the
limits of the concept including other topics that are core in the city, as well as integrating
them in a holistic approach. The concept of Smart City is not yet statically defined, and
thus, in the last years, several scientific articles and papers have been written focusing on
the subject. In the scientific literature, the emphasis on social and environmental capital
distinguishes the concept of “Smart Cities” of pure technology-centered approaches, and
drives the new goals of ICT as a vehicle to promote the objectives of cities from the
multidimensional perspective.

At a theoretical level, methodologies that attempt to correlate the basic parameters
of the Smart City concept are being developed. Triple Helix methodologies are used to
analyze the dynamics of knowledge-based systems, taking into account three pillars:
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university, industry and government, in a highly related interaction with the concept of
Smart City with respect to their global positioning [3].

Which are the discourses of the different stakeholders regarding the Smart City con-
cept? The main objective of this research is to identify and compare the different
discourses that stakeholders involved in Smart City projects build around the concept.
It will provide conclusions about the differences and similarities existing among the
points of view of stakeholders, providing information that is key to understand the
interaction among them. The definition of the Smart City concept has been the key
element selected to be analyzed. Being an open concept which does not have a static
character, the Smart City definition is being used to stablish the conceptual basis that
structures the different points of view that stakeholders have about the topic. It includes
the main goals and the most important topics and describes the role that technology
plays in the approaches of the different stakeholders.

2 Methodology

The research about the Smart City definition has consisted in the analysis of 32 dif-
ferent Smart City definitions in which 404 terms have been tagged or classified fol-
lowing a methodology that is divided in 3 steps:

Definition of the main stakeholders participating in the Smart City through lit-
erature. Firstly, the main stakeholders that take part of the Smart City have been
defined. Smart city has been identified as a knowledge based system [1] and thus, the
model that has been used is the knowledge-based triple helix models. Four stakeholders
groups have been defined: universities, private companies and governmental institu-
tions, both at local level and large scale.

Civil society is defined by several authors as one of these groups [4, 5] but it was
not possible to find their provided definitions in this study up to this point. Examples of
Smart City definitions have been selected through documents produced framed in each
of these groups (Table 1).

Definition of the key issues to classify the Smart City concepts: Smart City action
fields, Smart city main goals and technological approach. These key issues have
been defined through the analysis of the existing literature on the topic.

On a first step, the Smart City projects have been divided into the six main fields
that Smart City strategies are considering in the city: governance, economy, environ-
ment, mobility, people and living [33]. This classification has been chosen being the
most used in the literature by different authors and adopted by the European Com-
mission in the report Smart cities in the “Mapping Smart Cities in the EU”.

A second step consisted in identifying the main goals of the Smart City, which have
been synthesized into three main goals: sustainability, quality of life and efficiency.

Technologies play a key role in the development of the Smart City, but there exist
different points of view about the role technology play in the city. It can be seen as a
tool, as a way of connection or as a goal, and it is seen whether as a wide concept
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including every kind of technology used within the city, or reduced to the use of ICT,
even sometimes just as the management of information.

Analysis of Smart City concepts through text analysis techniques. The Smart City
definitions have been studied using text analysis tagging techniques, a methodology
frequently used in social sciences research. Definitions key words have been separated
and analyzed according to the defined key issues. The definitions have been tagged and
grouped according to their correspondence with the issues according to cited literature.
Excel tables have been used to classify the main words in the definitions to obtain the
first outcomes in a non-automatic process.

A total number of 404 terms have been extracted from the 32 definitions and
analyzed. Some of them appear several times. Analysis provided an overview of the
different terms used to make reference to the categories defined. In the analyzed def-
initions, terms are not only directly mentioned, but are also referenced through element
that configure its identities and structure (i.e. in the analyzed definitions, governance is
mentioned not only as the term itself, but also referenced through elements that con-
figure governance systems (citizens, stakeholders, leaders, government, agencies, etc.).

Table 1. Stakeholders definitions reviewed

Academic
institutions

Governmental
institutions

Local governments Private companies

Politecnico di
Milano, Universita
degli Studi di
Milano (Italy) and
VU University, the
Nederlands [6];
Institution of
Engineering and
Technology
(UK) [7];
Technical
University of
Lisbon [8]; State
University of New
York, U.S. [9];
University college,
London [10];
Bartlett School of
Architecture,
London [11]; TEI
of Larissa and
Aristotle
University of
Thessaloniki,
Greece [12]

European
Commission [2],
Conseil des
Communes et
Regions d’Europe
Council of
European
Municipalities &
Regions [13], and
European
Innovation
Partnership on
Smart Cities &
Communities. [14]
United Smart
Cities [15],
Intelligent
Community Forum
[16]

European cities:
Amsterdam [17],
Barcelona [18],
Zaragoza [19],
Manchester [20];
Non-European
Cities: Boston
[21], New York
[22], Singapur
[23], and
Medellín [24]

IBM [25], CISCO
[26], Telefónica
[27], Ferrovial
[28], Indra [29]
and Siemens
[30]. Boyhugues
[31],
GE-Allstom [32]
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3 Definitions by Stakeholders

In a first stage of this research, definitions from a first selection of stakeholders have
been analyzed separately (Fig. 1).

Smart Cities from the point of view of Academia. (See Fig. 1) Among the concepts
that appear in the academic papers, the ones related to people present a higher number
of mentions. Concepts related to people are the key element in Smart Cities, appearing
in 6 of the 8 definitions analyzed, appearing in several occasions. “Mobility” does not
appear as a topic in any of the analyzed definitions.

Regarding the goals of Smart cities, to reach a higher quality of life is highlighted as
their main objective (5 terms), being efficiency and sustainability mentioned each in just
one of the analyzed definitions. Another conclusion is that in this kind of definitions,
objectives are being focused on the processes more than in the goals.

The theoretical point of view of technology within the Smart City is mainly
focusing in ICT (7 times mentioned) as a tool (3 times) for connection (6 times) within
the city. Connection and tool are also important in the definitions, whether directly
mentioned or implicitly expressed. For the academic institutions researched, the topics
selected are the main ones, and urban and city concepts are the only ones slightly
outstanding among the other concepts included in the classification.

Smart City approaches by Governmental Institutions. (See Fig. 1) Concepts related
to governance and environment are the main ones highlighted by the analyzed defi-
nitions of Smart Cities provided by institutions followed by concerns about people. The
city as a services provider, in the living action field, does not appear to have such as
important role in the definitions provided by Inter-governmental institutions. Economy

Fig. 1. Classification of terms in academic Smart City definitions.
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appears to be less important, becoming the social aspect the part of sustainability
enhanced in these definitions. Finally, mobility appears just once.

The main goal of Smart Cities, as described by inter-governmental institutions
analysed definitions, is related to the enhancement of more sustainable cities, but
besides quality of life also appear to have a key role in Smart City definitions. Concepts
related to efficiency do not have any relevance in the definitions proposed by the
Inter-governmental entities.

Definitions of Inter-governmental entities do not consider technology from a wide
point of view to become as part of the Smart City, but understands ICT as the main
technological element to be considered. Supporting this focus in ICT, its role as a
connection, becoming a tool in the approaches of 4 of the definitions and not and
objective itself.

Innovation, equity and stakeholders are other terms mentioned in this set of
definitions.

Local governments and Smart Cities. (See Fig. 1) Local governments Smart Cities
definitions are mainly focused in concepts related to people (society and citizenship),
even though governance concepts also play a key role. Other aspects of sustainability
(economy and environment) appear mentioned in a smaller number of occasions.
Mobility is mentioned in only one of the analyzed definitions.

Local governments approach of Smart cities is almost equally driven by the goals
of sustainability, quality of life and, mainly, efficiency. But it is also important to
highlight that the definitions local government provide are not highly focused in the
objectives, but in the elements that compose a city and in the citizens that inhabit it.

Local governments definitions have a wider perspective of technology within the
city, mentioning any type of technology as key for a city to become Smart. Despite this
fact, ICT is also appearing in 4 of the 8 analyzed definitions. The use of technology and
ICT as a tool is appearing a smaller number of times than in the definitions previously
analyzed. Innovation for local governments is a key topic, appearing in 6 of the 8
definitions and being as important as technology, and even being a substitute of this
concept considering technology to be the element behind the term of innovation.

Private companies defining Smart Cities. (See Fig. 1) Concepts related to gover-
nance are the most highlighted by private companies among the ones referring to the
different action fields. Economy and environment terms appear in 7 of the 8 analyzed
definitions, being also an important element. Terms related to people and services that
can be provided (living) do not play and important role. Mobility appears as a topic in
the half of the analyzed definitions. The goals are mostly focused on efficiency, which
appears in all definitions, but sustainability and quality of life also appear in 7 and 6 of
the analyzed definitions respectively.

While in the previous analyses the most important concepts where people or
governance, included in the action fields, in the Smart City definitions provided by
private companies, the term that is mentioned a higher number of times is a techno-
logical one. Connection is the most important aspect highlighted by Private companies
in their definitions about Smart Cities. ICT only appears in 2 of the definitions, not
limiting the scope of private companies to a type of technology. It is important to

Stakeholders Approach to Smart Cities 161



highlight that technology is not understood as a tool, this concept only appearing in one
of the analyzed definitions.

The definition of the Smart City they provide emphasizes the city, the urban
aspects. They define the Smart City from the point of view of providers of management
solutions aiming to improve the efficiency of the city, and present a strong relationship
with the local governments definitions. Innovation is also important, appearing in 5 of
the 8 analyzed definitions and being mentioned more than once in some of them.

4 Comparative Analysis

The final step is to compare the results of the semantic analysis of the Smart City
definitions provided by Universities, Institutions, Local Governments and Private
Companies. These comparisons aim to help understanding the differences and the
common approaches among the different stakeholders taking part in the Smart City.

Classification of topics (Fig. 2) is distributed in a similar way in the definitions of
Academia, Institutions and Local Governments paying special attention to the action
fields, composed of more elements and thus of more terms. Private companies defi-
nitions include a more balanced approach to the topics. In their definitions, weight is
less placed in the variety of action fields and more in other concepts.

Secondly, key words have been classified into the defined Smart City dimensions
(governance, economy, environment, mobility, people and living) (Fig. 3). Regarding
the definitions provided by Academia and local governments, people is the most
mentioned element of a Smart City. The analyzed definitions of Inter-governmental
Institutions focus in environment, governance and people, while for private companies,
governance concepts play a major role, followed by the economy and environment.

Fig. 2. Distribution of concepts among the analyzed aspects

Fig. 3. Comparison among approaches regarding Smart City action fields
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Environment is not such an important element, even if it is the focus of great invest-
ments and the concepts of the initial definitions of Smart City where highly related to
this field [2]. Mobility appears mainly in the discourses of companies, and it is men-
tioned once in definitions of Academia and Local governments.

Regarding the main goals of the Smart Cities (Fig. 4), in analyzed academia def-
initions, the quality of life is the most important objective of a Smart City, while
governmental institutions state that sustainability is the key goal of a Smart City,
followed by quality of life. Local Governments and Private Companies focus on effi-
ciency as the main issue that the Smart City concept should address, local governments
having a slightly more balanced vision of the goals of the Smart City. Efficiency does
not play a key role on the definition of the Smart city provided by institutions, and has
the same importance as sustainability for Universities.

In definitions of Academia and Governmental Institutions, a Smart City is defined by
the use of ICT (Fig. 5). Regarding technology, connection is the principal issue for them.
On the other hand, Local Governments and Private Companies approaches to technology
are wider and include many other possibilities. Understanding technology as a tool to
reach the Smart city goals does not appear as an important issue to Local Governments
and Private Companies, but is one of the main approaches presented by Institutions.

5 Conclusions. Defining Smart City: A Cooperation
and Agreement of Stakeholders

One of the basis of the Smart City concept as defined by the European Commission [2]
is to be a “multi-stakeholder, municipally based partnership”. The approach of the
different stakeholders varies in the fields to act in, the objectives and their point of view

Fig. 4. Comparison among approaches regarding Smart City goals

Fig. 5. Comparison among approaches regarding technology in Smart City definitions
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about technology. Only understanding the differences and providing guidelines for the
connection of the different stakeholders to include all points of view it will be possible
to get the holistic approach that is essential to the Smart City, providing this
multi-stakeholder partnership. A comprehensive definition that involves all the
approaches must be stablished.

However, this definition means that multiple stakeholders have to be involved in
the smart city, but local governments have the role of stablishing the basis for the
development of the concept. Local government analyzed definitions, when compared in
the analyzed fields, show a close approach between the objectives of municipalities and
the ones of private companies. This can seem obvious regarding the customer-provider
relationship they have, seeming that private companies are being better able to
understand local governments needs, but poses two questions. First of all, it is not clear
who is influencing who and remarks the danger of municipal investments being driven
by market interests. But it also highlights the challenge that Academia and
Inter-governmental institutions must face in better understanding which are the real
needs of municipalities.

Meanwhile, there exist important similarities among the definitions provided by
universities and inter-governmental institutions, presenting a wider point of view that
places the citizen and the quality of life in the center of the Smart City concept. In the
analyzed definitions, all stakeholders focus in governance and people as the main
action fields in which a Smart City must be based and focus on, leading to citizen
centric approaches.

Results also show independence between the results of Academia and Inter-
governmental institutions and the ones of private companies in all the analyzed fields.

However, regarding technology, the definitions of these three groups of stake-
holders understand connection as key, while municipalities definitions express a wider
need of technology implementation and is thus not so focused in the idea of integration.

As a conclusion, a definition is provided aimed to set the basis for future works in
the field of Smart cities:

A Smart City is a system that enhances human and social capital wisely using
and interacting with natural and economic resources via technology-based solu-
tions and innovation to address public issues and efficiently achieve sustainable
development and a high quality of life on the basis of a multi-stakeholder,
municipally based partnership.

This definition includes the main action fields (governance (multi-stakeholders,
municipality)), economy, environment, people and living (services and public issues).
Technology appears in the definition following the wide idea of analyzed municipal-
ities definitions, but also as a tool for connection and in a wide perspective that include
several kinds of technologies. Innovation is an important vector mentioned by defi-
nitions by all groups of stakeholders. Finally, the goals of the Smart City (Sustain-
ability, quality of life and efficiency) must be included in a balanced way (Fig. 6).

This research has a limited scope including only a small part of existing definitions,
and will be extended by automatizing the research through software to reach a wider
number of definitions. However, some guidelines for the future are already suggested
by the results.
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Firstly, tools for assessment are necessary to enhance a balanced implementation of
Smart City strategies and initiatives, specially tools that allow local governments and
local decision makes trace the guidelines for the development of their cities if they are
supposed to lead the way to a smarter city. This approach would avoid a strong
influence of market interests driving municipal investments.

Another conclusion if that to get the citizen centric approach that can be extracted
from definitions, awareness and participation of citizenship and civil society should be
enabled, creating and promoting their own visions.

Besides, inter-governmental institutions must be able to reach municipalities in
order to materialize their policies. Economy plays a key role for municipalities
according to this analysis. Financing provided according to criteria of Governmental
Institutions like UN or EU through their financing entities (World Bank, European
Investment Bank) can play a key role in the development of Smart Cities through the
projects they support, getting a more balanced approach to the Smart City concept
aligning local projects with policies that these institutions develop.

Finally, a close research about municipalities and their needs can help to align
Academia objectives with the ones of municipalities, helping to improve the benefits
that research can have in the whole society, in a world that is increasingly urbanized.
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