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▶ Jianhua Ma
Jianhua Ma is a professor in the Fac⁃
ulty of Computer and Information
Sciences, Hosei University, Japan.
From 1983 to 2002 he researched
wireless communications, data en⁃
cryption, speech processing, multi⁃
media QoS, graphics ASIC, e⁃ learn⁃
ing, CSCW, multi ⁃ agents, Internet
AV, mobile service, and P2P net⁃
working. Since 2003 he has been de⁃

voted to what he calls“smart world/hyperworld”with per⁃
vasive smart physical u ⁃ things or i ⁃ things and character⁃
ized by ubiquitous intelligence and UbiSafe guarantee. His
current research interests include ubiquitous computing,
social computing, context ⁃ aware service, Internet of
Things, wearable technology, digital human clones, and cy⁃
bermatics. He has published more than 200 papers, au⁃
thored and/or edited more than 15 books, and has been a
guest editor for more than 20 journal special issues. He
was the founder and co⁃chair of the 1st International Con⁃
ference on Cyber Worlds (CW’02) and was the advisory
chair of the 1st IEEE International Conference on Social
Computing (SocialCom’09). He has been a founder of the
IEEE conferences on Ubiquitous Intelligence and Comput⁃
ing (UIC); Autonomic and Trusted Computing (ATC); Cy⁃
ber, Physical and Social Computing (CPSCom); Internet of
Things (iThings); Smart World Congress (SWC); Cyber Sci⁃
ence and Technology Congress (CyberSciTech); and IEEE
CIS Task Force on Smart World.
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▶ Weifeng Lv
Weifeng Lv is a professor in the
School of Computer Science and En⁃
gineering, Beihang University, Chi⁃
na. He is also the deputy director of
the State Key Laboratory of Software
Development Environment, China.
His research interests and publica⁃
tions span from wireless sensor net⁃
works and big data mining and appli⁃
cation to large⁃scale software devel⁃

opment methods and smart city. During his career of more
than 20 years, he has authored more than 100 academic pa⁃
pers and a university textbook in the field of computer sci⁃
ence. He has supervised more than 30 PhD and Master’s
degree students and won three National Science and Tech⁃
nology Progress Awards. He is now the leader of the
“Smart Cities (Phase II)”project jointly supported by the
National High Technology Research and Development Pro⁃
gram of China and the National Technical Committee on
Science and Technology Infrastructure of Standardization
Administration of China.

biquitous sensors, devices, networks, and information are paving the
way to smart cities in which computation and intelligence are pervasive.
This enables reliable, relevant information and services to be accessible
to all people. Smart objects, homes, hospitals, manufacturing, and sys⁃

tems will eventually be present in every city.
Although smart city is one of the hottest fields due to its great potential to make

our cities more efficient, it is still necessary to clarify the fundamental infrastruc⁃
tures, platforms, and practices needed for truly smart cities. This special issue is
dedicated to key technologies and representative practices for building smart cities.
Original papers were solicited from smart⁃city experts, and six papers were selected
for inclusion in this special issue. Each paper covers a different aspect of smart city
research and practice.

The first paper,“Barcelona Smart City: The Heaven on Earth”by S. Madakam
and R. Ramaswamy, covers both a comprehensive review on smart city and a de⁃
tailed smart city example. Based on extensive data collection and analysis, the au⁃
thors review smart city origin, concept, research, and applications. The paper de⁃
scribes a representative of smart practice: Barcelona Smart City. The systematic re⁃
view enables readers to have a clear image about the history and development of
smart city. The Barcelona smart city project is also a good reference for other cities
in carrying out their smart cities projects.

The second paper,“Smart Cities in Europe and the ALMA Logistics Project”by
D. El Baz and J. Bourgeois, first surveys smart city projects in Europe to show the
extent of smart transport and logistics, and then describes a smart city project relat⁃
ed to a logistic mobile application called ALMA. The application is based on Inter⁃
net of Things and combines a communication infrastructure and high⁃performance
computing infrastructure in order to deliver high ⁃ quality mobile logistic services
and that can adapt to dynamic logistics operations.

The third paper,“Smart City: On Urban Operational Collaboration”by R. Cao
and W. Kou, expounds the historic origin of urban operational coordination problem
that is essential to almost all cities, and then identifies related major challenges and
opportunities to make a city smarter. Furthermore, the authors describe the IBM In⁃
telligent Operation Center (IOC) that is a general smart city system framework as an
overall solution covering various aspects in implementations of a smart city. Finally,
the paper shows a detailed case study using the IOC in building an Emergency Man⁃
agement Centre in Rio de Janerio, Brazil.

The fourth paper,“A Novel Data Schema Integration Framework for the Human⁃
Centric Services in Smart City”by D. Xia, D. Cui, J. Wang and Y. Wang, is focused
on the effective scheme to integrate data from various sources and with different
characteristics in a city. The authors propose a novel human⁃centric framework for
data schema integration using both schema metadata and instance data for schema
matching based on human intervention similarity entropy criteria to balance preci⁃
sion and efficiency. An experiment with real⁃world dataset has been conducted to
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test and evaluate the proposed data schema integration.
The fifth paper,“Top⁃Level Design of Smart City Based on

‘Integration of Four Plans’”by J. Cheng and P. Sun, presents
a top ⁃ level design methodology for smart cities based on the
“Integration of Four Plans”covering strategic management,
spatial construction, economic development and technical sup⁃
port. The paper also discusses optimal resource allocation; co⁃
ordination of the development of urban economy, society, re⁃
sources, environment, and people’s livelihoods; and maps out
the blueprints for healthy and sustainable development of a
smart city. A case study using the proposed methodology for a
smart city top⁃level design is provided.

The sixth paper,“Smart City Development in China: One
City One Policy”by B. Wan, R. Ma, W. Zhou and G. Zhang, is

focused on the high level policy and development in managing
and promoting many smart cities from government’s view
point. The basic policy is advocated as“One City One Policy”
because cities differ greatly. Of ninety cities as first batch of pi⁃
lot smart cities announced by the Ministry of Housing and Ur⁃
ban⁃Rural Development (MOHURD), this paper introduces five
successful pilot cities (including town and district) as five dif⁃
ferent models in China’s smart city development.

We would like to express our great appreciations to all the
authors for their contributions and all the reviewers, in particu⁃
lar, Professor Junde Song, for their efforts in helping to im⁃
prove the quality of the papers. We are grateful to the editorial
office of ZTE Communications for their strong support in bring⁃
ing this special issue to press.
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News

Congratulations to the Newly Elected IEEE Fellows

Every year, the IEEE inducts about one⁃tenth of one percent of the total voting IEEE membership as IEEE Fellows in recog⁃
nition of their distinguished accomplishments in any of the IEEE fields of interest. This year, four more members of the ZTE
Communications Editorial Board became IEEE Fellows for 2016.

The ZTE Communications Editorial Office congratulates them for their achievements and wishes them further success in the
future.

Professor Chengzhong Xu, Wayne State Uni⁃
versity, USA, was named Fellow for leader⁃
ship in resource management for parallel
and distributed systems.

Dr. Fa⁃Long Luo, Element CXI, Inc., USA,
was named Fellow for contributions to adap⁃
tive signal processing for hearing and multi⁃
media applications.

Professor Jinhong Yuan, University of New
South Wales, Australia, was named Fellow
for contributions to multi ⁃ antenna wireless
communication technologies.

Professor Shigang Chen, University of Flori⁃
da, USA, was named Fellow for contribu⁃
tions to quality of service provisioning and
policy ⁃based security management in com⁃
puter networks.



Barcelona Smart City: The Heaven on EarthBarcelona Smart City: The Heaven on Earth
(Internet of Things: Technological God)(Internet of Things: Technological God)
Somayya Madakam and Ramaswamy Ramachandran
(National Institute of Industrial Engineering, Mumbai⁃400087, India)

Abstract

Cities are the most preferable dwelling places, having with better employment opportunities, educational hubs, medical services,
recreational facilities, theme parks, and shopping malls etc. Cities are the driving forces for any national economy too. Unfortunate⁃
ly now a days, these cities are producing circa 70% of pollutants, even though they only occupy 2% of surface of the Earth. Pub⁃
lic utility services cannot meet the demands of unexpected growth. The filthiness in cities causing decreasing of Quality of Life. In
this light our research paper is giving more concentration on necessity of“Smart Cities”, which are the basis for civic centric ser⁃
vices. This article is throwing light on Smart Cities and its important roles. The beauty of this manuscript is scribbling“Smart Cit⁃
ies”concepts in pictorially. Moreover this explains on“Barcelona Smart City”using Internet of Things Technologies”. It is a
good example in urban paradigm shift. Bracelona is like the heaven on the earth with by providing Quality of Life to all urban citi⁃
zens. The GOD is Interenet of Things.

smart cities; Barcelona City; Internet of Things; smart mobility; open access data
Keywords
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1 Introduction
rbanisation is one of the most glaring realities of
the 21st century. Cities are growing very fast owing
to a large scale urbanisation across the world.
Kingsley Davis (1962) explained:“Urbanisation is

a process of switching from a spread out pattern of human set⁃
tlements to one of concentration in urban centre”[1], [2]. In
the last two decades, the world has experienced phenomenal
levels of urbanization. In the near future, more than half of the
world’s population will live in cities, and the number of cities
with five to ten million inhabitants will continue to rise. About
60 cities will have more than five million people, including cit⁃
ies such as Mumbai, Karachi, Mexico, Lagos, Shanghai, and
Beijing [3]. Apart from these, now a days in everybody’s
mouth, the top most uttering global cities are Vienna, Toronto,
Paris, New York, London, Tokyo, Berlin, Copenhagen, Hong
Kong and last but not least is Barcelona. What is special about
these 10 cities? Recently even the Indian Urban Minister Mr.
Venkayya Naidu visited Barcelona to observe the city plan⁃
ning, design, architecture, and urban practises. So what is new

in this city? The business giants like CISCO, IBM, Schneider⁃
Electric, HP, Microsoft etc. are always give talk on new urban
models by exampling in the case of Barcelona city. Why they
always insist chat on particular Barcelona city only? The rea⁃
son is Barcelona is a Smart City. Let us see Barcelona.

Barcelona was founded by Romans, way back dated on circa
2000 years to its origins as an Iberian village named“Barke⁃
no.”With more than 2,000 years of history and a singular iden⁃
tity, Barcelona has always been characterised by its spirit of in⁃
novation, enterprise and nonconformity. Cerda, the city coun⁃
cil, the Spanish government, civil engineers, architects, and
land owners⁃to strengthen their role in the implementation pro⁃
cess and gain control over shaping Barcelona [4]. Thanks to
Barcelona to the bold to the adventurous spirit of her architec⁃
tures, builders and the liberal farsightedness of her planners,
is developing into one of the greatest wonder cities of twentieth
century [5]. Barcelona, the capital of the autonomous communi⁃
ty of Catalonia province in Spain, is now called“Barcelona
Smart City.”This is the world’s first and full pledged convert⁃
ed Brown Field City into Smart or Green Field. In fact this is
the Spain’s second most populated (around 1.6 million) city.
At the same time it is also standing the sixth most populous
city in the European Union behind Paris, London, Madrid,
Ruhr, and Milan. Barcelona city is well known for its rich cul⁃
tural heritage. Hands up to the 1992 Summer Olympics, a lot
of efforts went into modernizing city while keeping its ancient

This research work is carrying out in partial fulfillment of Somayya’s
Fellow Programme at National Institute of Industrial Engineering (NITIE),
Mumbai. The financial support is fully funding by Ministry of Human
Resource Development (MHRD), and the technical guidance from NITIE
Professors.
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charm. This was considered as one of the best modern Olympic
games history. It is predominantly renowned for the architectur⁃
al works of Antoni Gaudí and Lluís Domènech i Montaner. Bar⁃
celona is one of the world’s leading economic, commerce, tour⁃
ist, education, entertainment, media, fashion and Quality of
Life centres. Barcelona has a Mediterranean climate. The city
has the smallest amount of Green House Gases (GHG) releas⁃
ing in a newly study documenting how differences in climate,
population density and other factors affect GHG emissions in
global cities [6]. It is a city of culture, knowledge, business,
creativity and wellbeing, pioneering global centre, because it
wants to become a role model for Smart Cities.

2 Concepts on Smart Cities
Let us define what does mean by“Smart Cities”: Smart Cit⁃

ies are the cities in which they provide Quality of Life to the ur⁃
ban citizens along with economic development, ecologically
balance and sustainable for the future generations using com⁃
plete automated Internet of Things (IoT) technologies. These
technologies are generally marry with city sub systems of trans⁃
portation, security, governance, public utilities like water,
waste, gas, power management and other physical infrastruc⁃
ture to bring the operational efficiency. The technologies in⁃
clude Smart Cards, RFID, Quick Response Codes, Electronic
Product Code, IPv6, Sensors, Actuators, Wi⁃Fi, Bluetooth, Zig⁃
Bee, Near Field Communication, Geographical Information
System, GPS, Social Media, Business Intelligence, Ambience
Intelligence, Cloud Computing, Tele Medicine, Web 3.0, Big
Data Analytics etc.

Giffinger, et.al.(2007), defined that“A Smart City is a city
well performing built on the‘smart’combination of endow⁃
ments and activities of self ⁃decisive, independent, aware citi⁃
zens.”This definition is the milestone in the history of Smart
Cities, even though there was academic work and importance
given to Smart Cities by Laterasse and Gibson et al.,(1992).
Smart Cities are engines for the growth of any national econo⁃
my. These are cities in which, they think for urban citizens,
they do the things on behalf of them; monitor and they control
the deviations too. These cities deliver the right solutions for
urban dwellers at the right time, at the right place and with
right mode 24/7. In the future, these cities are going to talk
with people, things and even other cities without any global
partiality. These are the cities which functions in 365 days
without rest in order to provide Quality of Life (QoL) using In⁃
ternet of Things (IoT) technologies. In order to provide better
life for urban citizens, a huge number of Internet of Things
technologies have to be deployed in health, education, trans⁃
portation, governance, security and utility services. Smart man⁃
agement has to be done in public utilities like electricity, wa⁃
ter, gas and waste. Besides technological deployment, other
key performance indicators (KPIs) are governance (Central,
State, Local), land, environment concerns are required. Howev⁃

er, in these cities, first infrastructure will takes place and then
people will start to live in, because cities constitute right from
scratch. One set of people say that Smart Cities are very Specif⁃
ic, Measurable, Accountable, Relevant, Timely. Some other
people say that Smart Cities are abreacted as Sustainable Man⁃
agement Action Resource Tools for Cities. Let we have some
explanation about these in Table 1.

3 Literature on Smart Cities
The authors’bird eye view of“Smart City”pheomenon is

▼Table 1. Smart Cities

S

M

A

R

T

Explanation 1

Specific:All the city functions includingmobility, security, governance,public utilities like waste, power,gas should be clearly specify in thesoftware and network. The pre⁃defined functions, sensors,actuators etc. help to bring rightoutput.
Measurable:These are the cities, in which wecan see even consumer powermeter at central station. The SmartGrid is one of best bidirectionaltechnology. In this, suppliers alsodirectly find out power leakages,power theft at central level.
Accountable:The public data will be open.Governance is transparent. Hencecorruption by the government willbe drastically reduced. These arethe cities, in which all theoperation of transportation,governance, infrastructure, publicutility services should beaccountable for the citizens.
Relevant:Because of huge amount of data isgenerating in zeta bytes by people,devices, objects, with the help ofbest computing devices and BigData Analystics, will send relevantdata to the concerned object withsecurity mechanisms.
Timely:All citizen services should be in24×7 in 365 days. On⁃timetransportation facilities for all thecity commuters. On⁃line spotpayment systems of telephone,land, tax bills. Automated realtime incidents, events, smarthealth devices. Instantly issuing ofdate of Birth, Death, othercertificates. Real time citizensecurity using Closed Circuit TV(CCTV) or Internet Protocol (IP)surveillance systems.

Explanation 2

Sustainable:These are the cities, generallydesigned and developed in view ofecologically balanced. Usesrenewable energy resources likesolar, wind, biofuel, tidal in orderto bring carbon free environmentand prevent global warming.
Management:City with subsystems of smartpeople, IoT, smart objects(devices) will have uniqueidentities, automation, monitoringand control power. Right thingswill be done by the right object atthe right place at the right time.
Action:City Command Control Centers(C4), sitting in the city datacenters, will takes action. With thehelp of smart devices, fullyconnected City Area Network(CAN), the citizen issues can besolved. There will be solo or interoperable operating systems at eachSmart City level.
Resource:Social: Planners, developers,skilled workers, educatorsPhysical: Roads, buses, railways,rivers, dams, portsEnvironment: Waste, water, gas,electricity, forestTechnological: Hardware, software,networking, IoT, BDA.
Tools:Along with hardware, software,networking components and smartdevices, the technological GodInternet of Things will also plays avital role in order to get better cityoperational efficiency. The toolsmay be sensors, actuators, Wi⁃Fi,GIS, GPRS, analytics, cloudcomputing, data centers, web 3.0,Near Field Communication, RadioFrequency Identification, QucikResponse codes, robotics.
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shown in Fig. 1.

4 Methodology
The methodology is critical for any kind of research, analy⁃

sis, report writing, and publication. In recent years methodolo⁃

gy has been increasingly used as a pretentious substitute for
method in social, scientific and technical contexts. Research
methodology is a systematic way of solving a problem. It is a
science of studying how research is to be carried out. Essential⁃
ly, it is the procedures by which researchers go about their
work of describing, explaining and predicting new phenomena.

▲Figure 1. Author’s bird eye view of“Smart City”phenomenon.
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It aims to give the work plan, design and action of research.
The beauty of this research is a modern way of data collection
using Future Internet (FI) media. The use of Future Internet to
aid research practice has become more popular in recent
years. In fact, some believe that Internet surveying and elec⁃
tronic data collection may revolutionize many disciplines by al⁃
lowing for easier data collection, larger samples, and therefore
more representative data [16], [17]. The research has been car⁃
ried out through exploratory study.
4.1 Data Collection

The time taken for data collection is nearly two years. The
data collected in a modern methodical way is mainly searched
from Google with the key words“city”,“smart city”,“Barcelo⁃
na City”, and“Barcelona Smart City”. The searching was done
with the extension format of words (doc, docx, pdf, ppt, pptx).
The biggest online database“Google”and“Google Scholar”is
the base for lettering this conceptual article Barcelona Smart
City.“Knimbus” Indian based online database stands for
Knowledge Cloud and is a dedicated knowledge discovery and
collaborative space for researchers and scholars. It is also used
in searching articles on smart cities. Around 20 YouTube vid⁃
eos are also used for data about some of Smart Cities and Bar⁃
celona City. Lots of technical conferences, such as SecureIT-
2012 and Smart City: Delivery of Civic Services-2015, work⁃
shops, such as IT Innovations for Smart City-2015 and Smart
City: India-2015, and symposiums, such as Smart Cities Sum⁃
mit-2014 and TENSYMP 2015: Internet of Things, which are
conducted during August 2012-May 2015 to now in India and
abroad, have helped us a lot to gather knowledge and share via
technical discussions.
4.2 Samples

Since this is an exploratory study, there is no specific sam⁃
ple size. Exploratory research is defined as the initial research
into a hypothetical or theoretical idea. Barcelona is a new con⁃
cept; this phenomenon is trying to prove by several methods of
data collection. This data is in different formats including Bar⁃
celona city videos, write up articles, city pictures and audios.
The authors went for the some samples of corporate top level
management video talks and not in traditional in⁃depth inter⁃
views. These are some of interview samples given about Barce⁃
lona Cities in different context which talks more in civic servic⁃
es of city:
1) Wim Elfrink, EVP & Chief Globalization Officer (CISCO);
2) Anil Menon, President Smart + Connected Communities

(CISCO);
3) Manel Sanroma, CIO, Barcelona City Council;
4) Judith Romera, In City Promotion Director, Barcelona City

Council;
5) Toni Vives, Deputy Mayor for Urban Habitat, Barcelona

City Council;
6) Mariano Lamarca, Project Leader Smart Cities & Corpora⁃

tive, Wireless Projects, Barcelona City Council.
4.3 Narration

This is a qualitative case study and is an approach to re⁃
search that facilitates exploration of a phenomenon within its
context using a variety of data sources. This ensures that the is⁃
sue is not explored through one lens but rather a number of
lenses that allow for multiple facets of the phenomenon to be
revealed and understood [18]. We can go ahead with data anal⁃
ysis using ATLAS.ti or N ⁃ Vivo software because data is in
qualitative format. However, the analysis of data went themati⁃
cally after 360 degree level of online data observations. The
narration went on some particular writers’and research au⁃
thors scribbling and speeches. The main themes of description
about Barcelona Smart City in this paper includes city open Wi
⁃Fi, Smart Mobility using e⁃vehicles, Smart Water Management
System, Smart Lighting System and last but not least Open Ac⁃
cess Data. Apart from these, some dimensions are left without
any narration, because of page limit.

5 Barcelona Smart City
The European Commission awarded the European Capital of

Innovation (“iCapital”) prize to Barcelona (Spain)“for intro⁃
ducing the use of new technologies to bring the city closer to
citizens”[19]. In 2008, Barcelona faced challenges as the
economy crashed. There were some city mayors, architects,
planners, and designers who decided that they wanted to
mount city at the global level, which can sustain on par with
global cities even in economy crises. They started Internet of
Things (IoT) deployment in each and every city dimension for
the operational efficiency. The technological advancement also
made city planners deploy IoT technologies for better civic ser⁃
vices. The Smart City project included Open Data initiatives,
offering valuable information to urban citizens and corporate
people. The city is providing sustainable growth via resource⁃
fulness on smart lighting, smart mobility and residual energy
as well as social innovation. The city is also delivering‘smart
services’in a flexible, continuous and smart way through Inter⁃
net of Things in different parts of Barcelona. As the title of the
article“Barcelona Smart City: The Heaven on Earth”implies,
the Quality of Life in this city is very high. Here, people are ec⁃
onomically rich and with the help of technological GOD (Inter⁃
net of Things), all the citizen services are providing in round
the clock in every corner of the city through City Wi ⁃Fi net⁃
work. The city is also promoting alliances between research
centers, universities, private and public partners through work.
Barcelona is a stylish city in Spain with one of the highest den⁃
sities in Europe. Barcelona is to walk through mile after mile
of narrow streets embraced by beautiful old buildings, fronted
by small shops. But to hang out in Barcelona is also to taste a
form of urban livability almost unknown in North America. Peo⁃
ple can sit for long hours in some of the best cafes and bars in
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Europe, eating some of the best food in the world, and sur⁃
rounded by a city designed to make the street a second living
room [20]. Barcelona is one of the best economic, social and
environmentally sustainable cities in the world. Fig. 2 shows
that the Smart City initiatives consisting of Wi ⁃Fi, Open Ac⁃
cess Data, Smart Mobility, Smart Water Management System,
Smart Lighting System, Smart Waste Management System and
Smart Allotment. These technologies are described in detail in
the next sections in sequence and demonstrating how they are
bringing Quality of Life to citizen.

6 Internet of Things

6.1 Wi􀆼Fi
Barcelona City Council aims to encourage citizens to access

the internet and make it easier for citizens to incorporate this
technology into their everyday lives. Mozilla Firefox, Microsoft
Internet Explorer, and Google Chrome any browser can be
used to access the internet through citizens’laptop, Smart⁃
phone, or computer. Wi⁃Fi service provided by Barcelona City
Council enables citizens to connect to the Internet through Wi⁃
Fi access points, in hotspots located several municipal ameni⁃
ties and various public access places. These places include
centers for the elderly, civic centres, cultural centres and mu⁃
seums, sports centres, local authority and citizen advice offic⁃
es, libraries, municipal markets, residential block interiors and
enclosed parks with established opening times, night ⁃ time
study rooms and neighbourhood centres. The government de⁃
ployed its telecommunications network in 2007⁃12 with a wire⁃
less extension to reach any point of the public space. This net⁃
work aims to provide services to the citizens and corporate
workers. This network can be used as a backbone of a sensor
and actuator network. This allows a better control of the city
and the possibility to build applications [21]. Cisco is back⁃
bone network for City Access Network.
6.2 Open Access Data

This facility is free for smart phones including Android and

iPhones. This allows all urban people to communicate with mu⁃
nicipal mayors, concerned representatives and give their opin⁃
ions, assess municipal rules, regulations and policies. This
crowd sourcing became involved in the different participatory
processes established in the city through on⁃line, on any topic
that affects it. It could be bad situation about road, damage of
street light, water leakage in particular place, accident, and in
convenient law to citizens and so on. The app is designed to be
very easy to use with rich GUI interface. The Open Data servic⁃
es collect all the public information from Barcelona’s City
Hall systems in Windows Azure SQL Database. The data in⁃
cludes street maps, details about public facilities, population,
contractor profiles, city calendars, economy, businesses, travel
and election results [22]. The huge amount of data gathered
from different departments will be analyzed using Big Data An⁃
alytics software.
6.3 Smart Mobility (e􀆼vehicles)

Barcelona people really enjoy pleasant journeys with travel
choices. In the trains, buses, city Wi⁃Fi connectivity is fully ac⁃
cessed. The city bus stops (Fig. 3) mounted with electronic dis⁃
plays or kiosks, give information automatically to passengers
about buses arrival and departure timing. The touch screen fa⁃
cilities and Graphical User Interface facilities are really easy
to operate. Manuel Sanroma, the Chief Information Officer
(CIO), Barcelona City Council says that Smart bus stops
change the typical experience of wasting passenger’s time
waiting for a bus. Payment of parking for cars, bikes on public
places and road sides, will drastically bringing down the use of
cars. This will indirectly reduce traffic jams in the city. Park⁃
ing spaces are equipped with sensors and GIS integration lead⁃
ing to the commuter’s easy way to park in free spaces with the
help of Smart Mobile, PDAs. Bicycle, the last mile connectivi⁃
ty links different means of transportation stations and places.
These bicycles will be available at all stations with annual us⁃
age payment. To date Barcelona [23], city has circa 500 hybrid
taxis, 294 public electric vehicles, 130 electric motorbikes, an
estimated 400 private electric vehicles on its streets, 262 re⁃
charging points. This leading public loveble journeys.
6.4 Smart Water Management System

The efficient consumption of water in cities is a basic ele⁃

◀Figure 2.
Barcelona Smart City
dimensions. ▲Figure 3. Smart bus stop.
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ment in sustainability programmers nowadays. The Smart Wa⁃
ter Management System has become a key policy issue for the
21st century, as a growing number of factors are impacting the
delivery of already scarce fresh water. Economic growth, sea⁃
sonal climatic conditions and rising population are all mainly
affecting availability of water resources. Moreover, a number of
effects linked to climate change, such as lengthy droughts and
extreme weather events, are worsening the situation [24]. In
this light, Barcelona Smart City project is doing well for the city’s
green spaces and theme parks with smart water management
techniques. The Smart Water Management system will opti⁃
mize water consumption because it will irrigate with the proper
amount of water according to weather conditions and plant
needs. The four principles (4Rs: Reduce, Recycle, Reuse, Re⁃
store) are best practices of municipality for better water con⁃
sumption. The Graphical User Interface (GUI) is user friendly.
Sensors gather information about humidity, salinity, tempera⁃
ture, wind and several other factors that automatically regulate
the amount of water by means of a program that can be man⁃
aged with tubes, computers, smartphones, tablets and actua⁃
tors. So far, nearly 77 fountains have been mounted in the en⁃
tire city. District heating and cooling is one more kind of water
technology in which two networks provide hot water in 64
buildings spanning an area of 21 km. Water theft and leakages
can be tracked automatically. The Barcelona Smart City Depu⁃
ty Mayor Antoni Vives, indicated that Barcelona is saving $58
million annually using Smart Water technology and stated that
this new Smart Irrigation System in the city, will enable up to
25% saving of the water. So Smart Water Management System
is efficient way to use the water in our daily life.
6.5 Smart Lighting System

In the name of Smart Lighting System project, Barcelona de⁃
veloped a master plan in 2012. This project includes (1) re⁃
mote control street level lighting, (2) transitioning 50 streets,
and (3) connecting 1155 lamp posts to LED technology. From
Smart Grid to self⁃sufficient blocks, Barcelona has developed a
programme to achieve greater energy efficiency. We know that
Smart Grid is a combination of information and communication
applications that link generation, transmission, distribution,
and customer end⁃use technologies. Internet of Things [25] has
been boosted by Cisco in Barcelona, especially into more
Smart Grid technologies. The city has deployed over 19,500
smart metres in the Olympic Villa. They are now extending the
same project in city in conversion from Barcelona Brown Field
City into Smart City. With Smart Grid technology, the city’s
entire power generation, transmission, distribution and con⁃
sumption happens in efficient way. The power leakages will be
detected and power theft be controlled. With its low power con⁃
sumption LEDs, the Barcelona city night is shown in Fig. 4.
6.6 Smart Waste Management System

Barcelona's Smart City project’s Waste Management Sys⁃

tems is now a reality. Garbage vessels transmit signals to indi⁃
cate they are over 80% full and should be emptied. Using
Smart Mobile applications communication network, the signals
are sent to a web⁃based software application used by the pri⁃
vate MOBA’s Smart Waste Management System. Sensor Tech⁃
nology 4.0., deliver a differentiated image of reality, and can
transmit this image in real time via the web or internet. The
garbage is collected separately in solid and liquid sorts with
very high speed from homes and offices. In the software, the ca⁃
pacity of the container is visualized in a traffic light system,
which is taken as the basis for planning the best route for
waste collection⁃garbage trucks travel only to those containers
that actually need to be emptied. Smart ultrasonic technology
is combined with GSM communication technologies. Waste is
recycled systematically and efficiently without environmental
harm. Smart Waste Management involves [26] (1) regular re⁃
porting of measured fill levels and sensor data via mobile com⁃
munication network, (2) robust ultrasonic sensor detects fill
level regardless of the kind of waste, (3) fill level measure⁃
ments as a basis for optimized routes for waste collection, and
(4) reducing gas emissions and noise levels. These kinds of
new waste management solutions even prevent the bad smells
in residentail.
6.7 Smart Parking System

Barcelona Smart City includes around 500 parking wireless
Fastprk sensors within Gran Via de Carles III, Av. Sarrià and
Travessera de les Corts, at Les Corts District. This smart proj⁃
ect uses Sigfox telecoms technology. It aims to reduce conges⁃
tion in the area and to improve the drivers’experience while
reducing CO2 emissions. World sensing revolutionises traffic
management and the industrial world through solutions based
on wireless sensored networks allowing traffic detection and da⁃
ta capture in real time. The Smart Parking System based on
electromagnetic sensors installed in each parking bay that
senses the occupancy of each space, sending the information to
a Central Management Unit (CMU). To deliver this informa⁃
tion, Fastprk sensors are connected to the IoT network owned
by Cellnex Telecom. This information is available in real time
and is displayed through different panels in Pl. Neruda, Pl His⁃
panitat and Pl. Gaudí. Drivers will also be able to check this

▲Figure 4. Smart lighting.
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data through a mobile phone apps, through a Web Application
and on the website portal www.zonabus.cat [27]. Smart parking
payment drastically reducing un necessary travellings.

7 Conclusions
For more than 2000 years, Barcelona has its own culture,

customs, architecture, entertainment, business opportunities,
and education facilities. Barcelona has its own vision and mis⁃
sion in which its architects, municipality representatives’and
city dwellers jointly plan, design, invest in continuously for the
development of city and for its citizen’s services. In recent
years, progress with Internet of Things technologies deploy⁃
ment in water, waste, gas and power kind of public utility ser⁃
vices, made it number one Smart City in the world. Barcelona
City Council encourages the use of mobile to access city servic⁃
es. The city has been pro⁃environment since the 1980s, and to⁃
day it is a mature city concerned with environmental issues
like waste, recycling, saving water and energy, and energy re⁃
covery. The striving for self ⁃ sufficient, with productive neigh⁃
borhoods, living at a human speed and producing zero emis⁃
sions motto and neighborhood has ensured quality of life to all
citizens. Hence this city is a productive, open, inclusive and in⁃
novative city. This is the living city with enterprising people
and healthy organized communities. Now it is the need of hour
to construct such beautiful 100 more Barcelona Smart Cities,
which are nothing but like Heavens on the Earth. With the
help of technological God, IoT, anybody can reap all the civic
services at any time, from any part of city, through any network
via any device in these Heavens for Quality of Life.
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Abstract

In this paper, a brief survey of smart citiy projects in Europe is presented. This survey shows the extent of transport and logistics
in smart cities. We concentrate on a smart city project we have been working on that is related to A Logistic Mobile Application
(ALMA). The application is based on Internet of Things and combines a communication infrastructure and a High Performance
Computing infrastructure in order to deliver mobile logistic services with high quality of service and adaptation to the dynamic na⁃
ture of logistic operations.
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1 Introduction
he growth of cities has been particularly noticeable
in the twentieth century and has raised many is⁃
sues related to pollution, health, water distribution,
logistics, and transport. The concept of smart cities

has emerged recently as a way of addressing these issues using
technology and social information. The European Union has
promoted several smart cities projects with the goal of sustain⁃
able development. One of these projects is SmartSantander, a
city⁃scale facility for experimental research on smart⁃city appli⁃
cations and services that are scalable, flexible, and open. The
project involves the deployment of 20,000 sensors in several
European cities, including Belgrade, Guildford, Lübeck, and
Santander. IoT technologies and user acceptability will be the
subjects of experimental research and testing.

Logistics and transport is of primary importance in a smart
city. For logistics operators who deliver goods to customers, op⁃
timizing quality of service, e.g., ensuring on⁃ time delivery for
reasonable cost, is of major concern. This necessitates the opti⁃
mization of truck loading and vehicle routing. The nature of lo⁃
gistics is dynamic—orders or cancellations may be made at
any time, and transportation difficulties may arise at any time.
These vicissitudes may be due to vehicle faults, traffic jams, or
weather conditions.

In this paper, we concentrate on smart cities in Europe and
present“A Logistic Mobile Application” (ALMA) project,
which proposes a mobile, real ⁃ time, IoT ⁃ based approach to
solving dynamic logistic problems and optimizing quality of
service in logistics. Mobile devices like smart phones are used

to report good delivery occurrences and incidents like an en⁃
gine fault or a traffic jam; they are also used in order to launch
computations related to the solution of a resulting routing prob⁃
lem on computing infrastructures in order to cope with inci⁃
dents in real time. The ALMA project relies on a new high⁃per⁃
formance computing (HPC) infrastructure that makes use of
clusters, grids and volunteer computing, e.g., peer⁃to⁃peer net⁃
works via a broker that takes into account computational need
and machines availability. The peer⁃to⁃peer concept has seen
great developments with file sharing applications like Gnutella
or FreeNet. Recent advances in microprocessors architectures,
e.g., multicore processors and advances in high bandwidth net⁃
works permit one to consider high performance volunteer com⁃
puting as an economic and attractive solution. The ALMA proj⁃
ect relies also on new optimization algorithms for the solution
of combined truck loading and vehicle routing problems.

In section 2, we present a brief overview of smart city proj⁃
ects in Europe. Section 3 deals with logistics issues. We pres⁃
ent ALMA architecture in section 4; in particular, we detail
the communication infrastructure and the HPC infrastructure.
Some preliminary computational results are presented in sec⁃
tion 5. Finally, conclusions and future work are introduced in
section 6.

2 Smart Cities
From the time“smart cities”was first coined in 2000 [1],

there have been numerous definitions of what a smart city is
[2]-[6]. In [1], a smart city is“the urban center of the future,
made safe, secure environmentally green, and efficient be⁃
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cause all structures—whether for power, water, transportation,
etc. are designed, constructed, and maintained making use of
advanced, integrated materials, sensors, electronics, and net⁃
works which are interfaced with computerized systems com⁃
prised of databases, tracking, and decision ⁃ making algo⁃
rithms.”In this very first definition, the technological part is
emphasized but the citizen are forgotten which is corrected in
this later definition from [4]:“Smarter Cities are urban areas
that exploit operational data, such as that arising from traffic
congestion, power consumption statistics, and public safety
events, to optimize the operation of city services. The founda⁃
tional concepts are instrumented, interconnected, and intelli⁃
gent. This approach enables the adaptation of city services to
the behavior of the inhabitants, which permits the optimal use
of the available physical infrastructure and resources.”

The turning point in Europe for the definition of smart cities
is a report of the Centre of Regional Science at Vienna Univer⁃
sity of Technology [3], which identifies six main axes defining
a smart city. These axes are: smart governance (participation),
smart mobility (transport and information and communication
technologies, ICT), smart environment (natural resources),
smart people (social and human capital), smart living (quality
of life) and a smart economy (competitiveness). The smart city
is also defined as“A city well performing in a forward⁃looking
way in economy, people, governance, mobility, environment,
and living, built on the smart combination of endowments and
activities of self⁃decisive, independent and aware citizens.”

In this report, a definition of the smart city within Europe
emerged [7]: a smart city“is a city seeking to address public is⁃
sues via ICT⁃based solutions on the basis of a multi⁃stakehold⁃
er, municipally based partnership”. This definition is still con⁃
tested but is generally accepted as the official definition.

To be classified as a smart city, a city must contain at least
one initiative that addresses one or more of the following char⁃
acteristics: smart governance, smart people, smart living, smart
mobility, smart economy, and smart environment. ICT initia⁃
tives based on these characteristics aim to connect existing
and improved infrastructure to enhance the services available
to stakeholders (citizens, businesses, communities) in a city.
2.1 Development of Smart Cities in Europe

If this latter definition is used, it is possible to evaluate the
status of smart city within the EU, counting only its 28 member
states. Ninety percent of cities with a population of more than
500,000 have implemented or are in the process of implement⁃
ing smart cities initiatives. This percentage drops to 51% for
cities with a population of more than 100,000. This means that
the concept of smart city is well⁃known in EU. The champions
are the UK, Spain, Italy, Austria, Denmark, Norway, Sweden,
Estonia and Slovenia.
2.2 State of the Art

Smart Urban Spaces (SUS) [8] is a project funded by EU in

2009. The aim of this project was to deploy innovative mobile
services in real conditions using a network of European cities.
Different applications have been developed like ticketing ser⁃
vice but the most interesting application is a museum quest a
quiz installed at the Caen museum. This application uses near⁃
field communication (NFC) tags to ask questions about the
item displayed.

The main concern at EU level for a smart city is energy effi⁃
ciency. Many different EU projects have been funded to study
how to enhance energy usage in future cities. Building Energy
Decision Support Systems for Smart Cities (BESOS) [9] inte⁃
grates diverse and heterogeneous energy⁃management systems
into a single platform, enabling higher ⁃ level applications to
take care of data and services from multiple sources. Better en⁃
ergy efficiency in buildings is also the objective of the Control
and Optimisation for Energy Positive Neighbourhoods (COOP⁃
ERATE) [10] project, which has the same idea of offering a sin⁃
gle interface for many different sensors and data. Decision Sup⁃
port Advisor for Innovative Business Models and Use Engage⁃
ment for Smart Energy Efficient Districts (DAREED) offers ap⁃
proximatively the same service but at a wider range. It also
puts the citizen at the center of the system, providing informa⁃
tion and action that can be taken to reduce energy consump⁃
tion. Within the same scope one can cite District of the Future
(DoF) [11] and Energy Efficiency in the Supply Chain through
Collaboration, Advanced Decision Support and Automatic
Sensing (e⁃SAVE).

Other projects, such as Energy Forecasting (NRG4CAST),
focus on efficient energy distribution in urban and rural com⁃
munities through real⁃time management, analytics and forecast⁃
ing. The Energy Positive Neighbourhoods Infrastructure Mid⁃
dleware based on Energy ⁃Hub Concept (EPIC ⁃HUB) project
developed a middleware to ease this task.

Finally, keeping the ease of use in mind the Environmental
Services Infrastructure with Ontologies (ENVISION) project
aims to help non⁃ICT specialists discover and combine environ⁃
mental services.

In the smart governance item, the flagship is Helsinki with
the Infoshare project [12]. Infoshare gives free access to vari⁃
ous urban statistics which can be used by businesses, aca⁃
demia and research institutes, governmental institutes or citi⁃
zens. These data are covering many different aspects of Smart
governance like living conditions, employment, transport, eco⁃
nomics and so on.

3 Logistics
Logistic applications involve difficult problems, most of

which are NP⁃complete problems [13]-[17]. The ALMA logis⁃
tic application considers combined truck loading and vehicle
routing problems. Treatment of vehicle routing problems in
conjunction with truck loading is very attractive in just⁃in⁃time
distribution context. Indeed the stock can be close to zero.
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This technique is used more and more in car manufacturing
and mass⁃market retailing. Despite the advantages of just⁃ in⁃
time distribution, in particular, cost reduction, this technique
may create weaknesses in the logistic chain in case of failures.
Therefore, it is necessary to treat dynamically and as quickly
as possible the events that may perturb the correct working of
the logistic chains.

Treatment of vehicle routing problems in conjunction with
truck loading has been discussed in the literature [13]- [16].
The ALMA logistic application concentrates on dynamic logis⁃
tic problems whereby dynamism results from new orders, can⁃
cellations, as well as traffic incidents that may occur at any
time. This leads to extremely difficult problems. Our approach
is based on the approximate solution of truck loading problems
via strip generation and beam search [17]-[19]. Vehicle⁃rout⁃
ing problems are solved via Ant Colony Optimization (ACO)
[20]. This approach relies on parallel and distributed comput⁃
ing systems because those optimization problems are difficult
to solve. We consider clusters, volunteer computing and peer⁃to
⁃peer infrastructures.

4 Global Alma Architecture
The ALMA logistic application relies on two infrastructures:

a communication infrastructure and an HPC infrastructure.
Fig. 1 displays the infrastructures of the mobile application
ALMA [21].
4.1 The Communication Infrastructure

Goods to be delivered are identified by tags. When a good is
delivered, the transporter scans the tag and transmits the infor⁃
mation in real time to the logistics centre with a smart phone
connected to the Internet 3G. The mobile application is based
on the existing telecommunication infrastructure. Similarly,

the transporter informs the center in real time of traffic inci⁃
dents, like road closed and traffic jam. In case of problems, e.
g. traffic incidents, the proposed initial route may not be valid.
Thus the transporter uses also the mobile application to ask for
a new route. The request for a new route is transmitted to the
broker of the HPC infrastructure.
4.2 The HPC Infrastructure

4.2.1 The Broker
The broker is designed in order to select a convenient HPC

infrastructure from several available parallel or distributed
computing systems. These systems may be clusters or peer⁃to⁃
peer networks. For a given vehicle⁃routing problem and meth⁃
od, the broker selects a convenient topology and number of ma⁃
chines. This represents an evolution from the approach in [22].
The main goal of the broker is to select a computing infrastruc⁃
ture that satisfies the real ⁃ time constraints of the application.
The requests of vehicle routing solution are associated with a
deadline for result reception in order to limit important vehicle
immobilization and blocking of the logistics application. The
selection of unsuitable infrastructure leads to a suboptimal so⁃
lution.

Two main phases are considered for brokering: first, the su⁃
pervision of available resources, e.g. clusters or peer ⁃ to ⁃peer
networks. Secondly, the prediction of computation time for the
considered problem and selected method. We note that these
steps can be iterated several times in order to improve predic⁃
tion. Reference is made to [23] to [25] for previous work on per⁃
formance prediction of HPC applications on distributed com⁃
puting infrastructures.
4.2.2 The Environment for Computing

The environment for computing is an extension of peer ⁃ to ⁃
peer distributed computing (P2PDC) [22]. P2PDC is a decen⁃
tralized environment for peer⁃ to⁃peer high⁃performance com⁃
puting. P2PDC is a multinetwork environment that supports In⁃
finiband, Myrinet and Ethernet networks. P2PDC is particular⁃
ly used to task parallel applications. It is intended for scien⁃
tists who want to solve difficult optimization problems or nu⁃
merical simulation problems via distributed iterative methods
that lead to frequent direct data exchanges between peers. Ref⁃
erences [26] and [27] provide more details and extensions of
P2PDC. P2PDC relies on the use of the P2PSAP self⁃adaptive
communication protocol [28] (Fig. 2) and a reduced set of com⁃
munication operations, i.e., P2Psend, P2Preceive and P2Pwait
in order to facilitate programming. The programmer cares only
about the choice of distributed iterative scheme of computa⁃
tion, e.g., synchronous or asynchronous, that needs to be imple⁃
mented and does not care about the communication mode be⁃
tween any two nodes. The programmer can also select a hybrid
iterative scheme of computation, whereby computations are lo⁃
cally synchronous and asynchronous at the global level.

HPC: High Performance Computing
▲Figure 1. Communication and HPC infrastructures of the mobile
application ALMA.
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P2PSAP dynamically chooses the most appropriate commu⁃
nication mode between any two peers according to a decision
taken at application level, such as scheme of computation and
elements of context like network topology at transport level. In
the hybrid case, the communication mode between peers in a
group of nodes that are close and that present the same charac⁃
teristics is synchronous, and the communication mode between
peers in different groups is asynchronous. The decentralized
environment of P2PDC is based on a hybrid topology manager
and a hierarchical task ⁃ allocation mechanism which make
P2PDC scalable. P2PSAP communication protocol was de⁃
signed first as an extension of the CTP transport protocol [29]
based on the CACTUS framework, which uses microprotocols
[30].

The CTP protocol includes a wide range of micro⁃protocols
including a small set of basic micro ⁃ protocols like Transport
Driver, Fixed Size or Resize and Checksum that are needed in
every configuration and a set of micro⁃protocols implementing
various transport properties like acknowledgements, retrans⁃
missions, error correction and congestion control. The P2PSAP
communication protocol takes into account Ethernet, In⁃
finiband and Myrinet clusters. Reference is also made to [31]
for details on peer⁃to⁃peer computing.

5 Experimental Results
Here, we consider loading problems and present preliminary

experimental results obtained for a 2D cutting stock problem
solved using a two ⁃ stage, two ⁃ dimensional method based on
strip generation and beam search via the decentralized environ⁃
ment P2PDC on the Grid 5000 testbed. For details on the two⁃
stage two ⁃ dimensional method based on strip generation and

beam search see [32] and [33].
Fig. 3 shows the number of active processors during the so⁃

lution of a cutting stock problem in function of the time. A max⁃
imum of twenty processors were allocated to this particular
problem. The number of active processors varies according to
the evolution of the algorithm, i.e., the need of computing re⁃
sources to treat the problem in parallel. In the beginning, the
solution requires few computing resources because the number
of nodes to explore is small. The number of processors increas⁃
es with time because more and more nodes to explore are creat⁃
ed until the limit is met, i.e., the maximum number of twenty
processors that were allocated to the solution of this problem.
At the end of this solution, the number of active processors de⁃
creases because the number of nodes to explore decreases.

Obtaining a good approximation of the best solution at a giv⁃
en processor and communicating it to other processors means
that the need for computing resources can sometimes be signifi⁃
cantly decreased. This is what we observe when the number of
processors decreases suddenly from twenty to fifteen. Neverthe⁃
less, we observe that the number of computing resources re⁃
quired may increase for a while before finally tending to zero at
the end of the computation.
Fig. 4 displays solution times for several instances of cut⁃

ting stock problems according to the maximum number of allo⁃
cated processors.
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▲Figure 2. P2PSAP protocol architecture.

API: Application Programming Interface

▲Figure 4. Cutting stock problem: solution time according to the
maximum number of allocated machines.

▲Figure 3. Cutting stock problem: number of active machines.
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Three cases are considered: a case with a maximum number
of six computing nodes (diamonds), a case with maximum num⁃
ber of ten nodes (squares), and a case with twenty nodes (trian⁃
gles). In general, the more processors that are allocated, the
smaller the solution time. This shows that our approach is scal⁃
able in terms of the number of computing resources, i.e., the
number of processors in the computing system. The design of
the architecture of the HPC infrastructure also makes our ap⁃
proach scalable when the complexity of the problem increases,
i.e., when the number of goods and vehicles increases or the
size of the city/conurbation increases due to the dedicated bro⁃
kering system and large number of computing resources avail⁃
able via cluster or volunteer computing systems.

References [34] and [35] give details on peer⁃to⁃peer distrib⁃
uted algorithms for 2D Cutting stock problems. Reference [36]
describes distributed branch and bound on peer ⁃ to ⁃peer net⁃
works.

6 Conclusions
In this paper, we have presented an overview of smart city

projects in Europe. We have shown that transport and logistics
projects are prominent in smart cities. We have detailed the lo⁃
gistics mobile application ALMA that is based on the Internet
of Things. ALMA addresses dynamic logistics problems where⁃
by new orders or cancellations or traffic incidents may occur at
any time. The ALMA application permits one to communicate
in real time the information regarding delivery of goods.

The logistics application ALMA combines a communication
infrastructure and a parallel/distributed computing infrastruc⁃
ture in order to obtain rapidly new routes for transporters that
deliver goods to customers in case of incidents like traffic jam.
The HPC infrastructure makes use of a broker to select the con⁃
venient parallel/distributed computing system as well as the
number of computing nodes to perform computations according
to a fixed deadline. Clusters or peer⁃to⁃peer infrastructures can
be selected from a pool of available parallel/distributed com⁃
puting systems. The computing infrastructure makes use of the
high ⁃ performance computing decentralized environment
P2PDC.

The mobile application ALMA also addresses combined
truck loading and vehicle routing problems that lead to very
complex optimization problems. Preliminary computational re⁃
sults for cutting stock problems solved on Grid 5000 have been
presented and analyzed in the paper. This permits us to illus⁃
trate the interest of the proposed approach.

We are presently extending the P2PSAP communication pro⁃
tocol and P2PDC decentralized environment to multiple net⁃
work context, i.e., Infiniband, Myrinet and Ethernet networks,
and heterogeneous architectures combining multicore CPUs
and GPUs. The self ⁃ organizing strategies are also studied for
deployment and efficiency purposes or for insuring everlasting⁃
ness of applications in hazardous situations or in the presence

of faults.
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1 Introduction

ince the“smart city”concept was introduced by
IBM in 2008 [1], it has been the subject of much
discussion in terms of theories, standards, and solu⁃
tions. It has been explored on a practical level

across the globe. However, the city as a human society, the
most complex and sophisticated system, issued as culture of
human civilization [2], how to efficiently operate it is the prob⁃
lem that should be fully taken into account at the beginning of
urban construction. It has been found out that the origin of inef⁃
ficiency of urban construction in operational aspects comes
from the repeated constructions and conflicts between different
parties.

This paper will discuss smart city in terms of urban opera⁃
tional coordination, on its brief history, features and best prac⁃
tices nowadays, and also probe into the future about urban op⁃
erational coordination.

2 Origin of the Urban Operational
Coordination Problem
A city evolves from the countryside, and it is a more com⁃

plex form for the gregarious than the countryside. Cities origi⁃
nated between BC 3500 to BC 3000 in Mesopotamia [3]. In the
5,000 years prior to the Industrial Revolution, cities evolved
slowly. In ancient cities with limited scale and simple func⁃
tions, urban operation is simple and pure: on Sundays, people
go to church with their families when they heard the bow bell,
or gather around in the citizen square to vote or discuss.

As cities have expanded and become more and more com⁃
plex, with various functions, urban operation has become a

problem, and urban operational coordination problem has be⁃
come crucial.
2.1 Changes of Urban Scale

Tacitly, urban scale was considered to be within a day’s
walking distance from anywhere of the city both in ancient
western and eastern culture. Citizens could walk to school, to
the shops, to hospital, and of course, to the square. In the Re⁃
public, Plato believed that an ideal city should be the size of a
speaker voice can be heard. And ancient Chinese describe city
scale as“three⁃mile inner city, seven⁃mile outer city”. [4]

In the Middle Ages, the London expanded as far as the
reach of bow bell of St Mary [5]. Xi’an was the capital of 13 dy⁃
nasties in Chinese history, and it used to be one of the most
prosperous cities in the world. The perimeter of Xi’an Circum⁃
vallation, which was built around AD600, is 13.74 km. Each
wall extends between 2.6 km to 4.2 km. [6]

Nowadays, over 50% of the world’s population live in a city.
That is equivalent to over 3 billion people [7]. London covers
1577.3 km2 and has more than 8 million residents [8]. The pe⁃
rimeter of Beijing’s 5th Ring is around 100 kms [9], and it is
always the case in rush hours that you have to drive 2 to 3
hours in order to across the city from east to the west; more
than 20 million people live in this mega city.

Not any square can accommodate all citizens, and not any
voice can be heard at the same time. The tremendous change
on scale is not simply quantitative change; the concept of mod⁃
ern city differs a lot from that in the old times.
2.2 The Diversification of Urban Functions and the

Division of Functional Departments
Cities originate from religious activities [10]. People gather
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around at a certain place to worship their ancestors, pray, and
trail sometimes. The initial function of city is a religious cen⁃
ter. Authority always accompanies religion, especially in the
early stage of human history. Not surprisingly, the city became
a center of authority. To satisfy the demands of rulers, monks
and nobility, more and more people come to the city center.
They work there, trade there, and entertain there. Naturally,
the city became trade center, traffic center, and gradually cul⁃
ture center, art center, economic center, etc. The city is like
magnet in the way it attracts people and produces a kind of
chemical reaction. It creates numerous possibilities between
groups of people.

To regulate the“product”of the chemical reactions, numer⁃
ous departments have been set up—from water management to
public safety, from traffic department to central government.
Recently a report revealed that China has around 40 million
public service staff and 1.3 million agencies while some of
them have more than one affiliates. [11]

3 Challenges and Opportunities of Urban
Operational Coordination in Modern City
In the present day, most cities across the globe are facing a

lot of operational issues. This in turn is deteriorating the quali⁃
ty of services that are being delivered to their citizens. To en⁃
sure safety and provide basic utilities, public transport, infra⁃
structure facilities, so on, cities need to collate huge amounts
of information from diverse sources and at the same time facili⁃
tate real time communication and collaboration among various
city agencies. However, there are some big challenges.
3.1 Challenge: Information Islands

There are two origins of Information Island: collaboration
mechanism and information system.

The water department plans to work on a city street in June,
while in July, the utilities team plans to replace a gas line in
the same location. How many times would the road be dug? It
depends on whether the information has been shared between
the two bureaus. This kind of information islands is caused by
collaboration mechanism.

Learned from experiences in IBM smart city projects related
to urban information system, the systems of different parties
rarely compatible with each other. The way critical information
is often stored hinders situational awareness and makes it diffi⁃
cult for various departments to coordinate emergency response
efforts:
•Critical information is often stored in multiple disparate sys⁃

tems, across multiple, disconnected departments, hindering
situational awareness and making it difficult for city officials
to coordinate agency efforts.

•They lack a single, integrated view of events, incidents or
impending crises, and the ability to rapidly share informa⁃
tion.

Without a single, integrated view of events, incidents or im⁃
pending crises, and without the ability to rapidly share informa⁃
tion, a city might be unable to deliver services in a sustainable
way, protect citizens, or drive economic growth for the future.
However, it is not fair to criticize urban departments and their
lack of top⁃level system design because the systems were built
as cities were developing. It is a progressive process, but we
have suffered too much. It becomes the bottleneck of urban op⁃
eration capability.
3.2 Challenge: Limitation of Urban Management

Capability
As mentioned in section 2.2, cities have various functions

with considerable numbers of organizations supporting them.
Collaboration across these organizations is critical for address⁃
ing crises, completing projects, and increasing the efficiency of
daily operations. However, coordination different domains is
not easy. The cross ⁃domain collaboration capability gradually
becomes bottleneck of urban management.

According to the 1907 Survey of New York traffic, at that
time, the carriage moved at an average speed of 11.5 mph. In
the 1960s, for a car slowly driving on the road, the average
speed was about six miles per hour [12]. This may precisely
demonstrate what happened without proper management in the
1960s. In the 21st century, although people have much faster
cars and plenty of advanced technology to promote traffic man⁃
agement, the average driving speed is around 13 mph on the
street on weekdays [13].

Transportation is just part of the problem. Carrying capacity
and management capability of existing systems are also con⁃
stantly being challenged by the rapid spread of infectious dis⁃
eases—the Korean MERS [14] virus carrier concealed his ill⁃
ness when traveling to Hong Kong, Shenzhen and Huizhou and
put millions of people in danger of being infected—by vicious
terrorist group event—boomers set off booms on 2013 Boston
Marathon [15], caused four died and hundreds of injury. There
are still lots of challenges out there, more complex and sophis⁃
ticated than ever.
3.3 Opportunity: Advanced Information Technology

The past two decades have seen rapid advances in sensors,
database technologies, search engines, data mining, machine
learning, statistics, distributed computing, visualization, and
modeling and simulation. These technologies, which collective⁃
ly underpin big data, are allowing organizations to acquire,
transmit, store, and analyze all manner of data in greater vol⁃
ume, with greater velocity. In terms of the individual, internet
and mobile/wearable devices enable people to continuously ob⁃
tain or create data, location information, social opinion, physi⁃
cal data, etc. The increasing volume and detail of information
captured by enterprises, the rise of multimedia, social media,
and the Internet of Things will fuel the exponential growth of
data for the foreseeable future.
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In applying advanced information technologies in urban op⁃
eration, sensors will reduce or eliminate traffic jams and opti⁃
mize energy demand. New mapping technologies will identify
and help to correct urban problems that no one could see be⁃
fore. Social media and crowdsourcing will target big and small
problems, down to which potholes to fix—maybe even make
governments work again. Wireless devices and networks make
up the evolution of the digital nervous system (all ⁃ seeing)
“eyes”and (all⁃hearing)“ears”[16]. Considering the city as a
huge nervous system, even tiniest stimulation can be per⁃
ceived. The challenge is to build on this and other successes
with a new generation of data tools that help us identify and
collaborate effectively, especially on urban challenges.
3.4 Opportunity: Subversion of Coordination Pattern

As is mentioned in section 3.3, information technology en⁃
ables non⁃distance, non⁃time equation and non⁃cost communi⁃
cation among online people and things. Ideas spread with no
limitations; real ⁃ time gathering and sharing of knowledge is
easy and almost free. Traditional management and collabora⁃
tion patterns are being subverted.

The winning strategy of DARPA Network Challenge perfect⁃
ly illustrates how people leverage internet to efficiently collabo⁃
rate. In the challenge, teams had to find 10 red weather bal⁃
loons deployed at undisclosed locations across the continental
United States. The first team to correctly identify the locations
of all 10 won a $40,000 prize. The winning MIT team had more
than 5000 participants, all of whom were leveraging the Inter⁃
net. Their strategy was to recruit participants, and the prize
money was distributed up the chain of participants leading to
successful balloon spotting. All prize income remaining after
distribution to participants to be given to charity. The team on⁃
ly began with four initial participants. And finally, this team
found 10 red balloons across the US within 7 hours [17].

There are also many other cases that show the power of infor⁃
mation technology in connecting people to achieve something
humans never could have imagined decades ago. A classic
case in politics is how the Arab Spring revolution be affected
by Facebook [18].

4 Solutions and Practice on Addressing
Urban Operational Coordination Problem
at Present
At present, there are some solutions and practices related to

urban operational coordination issue. IBM Intelligent Opera⁃
tion Center (IOC) is a typical and relatively mature solution in
the market [19].

IBM IOC unifies applications and processes that are tradi⁃
tionally independent and isolated. It leverages real⁃time visibil⁃
ity of cross ⁃city data to reduce cost; it anticipates and proac⁃
tively manages problems to mitigate impact to services and citi⁃
zens, and coordinates cross ⁃ agency operations with business

and citizen participation to drive economic prosperity and in⁃
crease citizen involvement.

The conceptual containment layout (Fig. 1) has the follow⁃
ing key components:
1) Main viewer: The main viewer displays several views of city

information. For example, a user can switch between:
•A view showing a heat⁃map presenting an at⁃a⁃glance visual⁃

ization of the city key performance indicator (KPI) status
•A view of the KPI scorecard with a detailed textual display

showing actual versus planned metric data
The main viewer presents two types of graphical information:
•Geospatial information, which is displayed on a map where

various layers can be turned on or off depending on the level
of detail and information required. The geospatial view is
customizable to show information for a specific KPI.

•System maps, which are a schematic view of the linkages be⁃
tween various attributes.

2) Event widgets: Event widgets are the eyes and ears of the
IOC, capturing event data at the infrastructure level and
making it available to an enterprise service bus (ESB). Busi⁃
ness and process rules can be applied to further enhance de⁃
cision ⁃ making. The effect of KPIs can be determined in
near real time. As events occur, business rules can be ap⁃
plied to determine which KPIs will be affected. Geospatial
and city view: The city view widget can provide many over⁃
lays on a geospatial map including weather patterns, streets,
buildings, events, infrastructure, work order, and asset de⁃
tail. The city view widget provides key information. For ex⁃
ample a public safety official can view the current police of⁃
ficer assignments or a water operator can review pipe infra⁃
structure and current work order requests for the day.

3) Collaboration: The ability to instantly communicate and
share information within the IOC is helpful in breaking
down barriers. Interest groups, including managers and
SMEs, can be created, their status can be instantly deter⁃
mined, and real ⁃ time contact can be made for a quick up⁃
date.

4) Real ⁃ time and historical data: A key role of the IOC is to
provide all pertinent information within a well⁃defined con⁃
text. If a KPI has an attribute associated with it that cap⁃
tures data, it can then be displayed through the charting
widget. With filters, the data can be viewed over a period of
time or against other data sources. This information can be
used to show trends, comparisons, correlations, and more. If
required, the user can access the raw data and export that
data to another application for further analysis.

5) Analytics: Much value is gained by a city harnessing the ad⁃
vantages of analytics. The IOC gathers data from many do⁃
mains or departments, allowing the city to make informed
decisions. As explained in“event widgets”, a weather fore⁃
cast of heavy rainfall, along with other factors (such as street
layout and gradient) and related data (such as maintenance
requests), can be used in the analysis of the situation. Ana⁃
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lytic capabilities in the IOC provide information that a city
manager can use to analyze the effect on services (such as
street maintenance and bus routes). This information can be
used to determine action that needs to be taken to control
the extent of the flood, street closures, and other assets locat⁃
ed in the affected area.

6) Task management: The IOC can be profiled and customized
to suit the user’s preferences. A list of tasks that require ac⁃
tion by the user can be displayed, allowing the user to con⁃
centrate on what is required and increase their efficiency.
The user can update and respond to pending tasks, such as
performing impact analysis on a predicted scenario or re⁃
sponding to a directive that requires the attention of their de⁃
partment.

4.1 Mechanism: Event􀆼Based Management
Event⁃based management contrasts with traditional authori⁃

ty discipline based management. In the case that a truck scat⁃
tered some chemical on the road by accident, the bureaus of
road, traffic, public safety and environment protection are re⁃
quired to take action immediately. In practice, coordination be⁃
tween those bureaus is not as smooth and efficient as we ex⁃
pect.

The following is an example of event ⁃ based management
with intelligent operation center.

Scenario: Coordination of Resources in Response to Events
on a College Campus

On the day of a home football game with a sellout crowd, a
pipe bursts under a nearby dormitory. The university president
or management would see:
•Visualization of water pipe event location on map, and in

proximity to the football stadium, nearby dorms, and a bus
route.

•Status of campus departments, including several that have
an issue in need of attention (civil affairs, mass transit, wa⁃
ter, and housing).

•Nearby video camera that shows a live view of
area affected by the burst pipe event.
Anticipate Problems

1) Overall management problem identification
and analysis
The University Manager:

•Views the water pipe event along with other
nearby events/issues that may be effected

•Notices system notification that the event is
in the same area as the football game and cor⁃
responding bus routes, which may require
some intervention.

• Reviews current weather forecast to see if
rain might affect water cleanup/repair and/or
if it might further complicate crowd flow
around the spill.

•Escalates the event to an incident to initiate a
predefined cross⁃agency process for redirecting the crowd, re⁃
routing the bus, and evacuating the dorm.

2) Identifying coordinate resources needed and making neces⁃
sary arrangements
Campus Manager:

•Views the details of the water pipe event, and the related
events at the dorm, stadium, and bus route.

•Reviews the status of the in⁃process workflow and is able to
monitor progress as the appropriate police resources are re⁃
directing the crowd, after the dorm has been evacuated and
the bus has been rerouted.

•Collaborates with the water department to ensure that the
water pipe is being repaired.

4.1.1 How Event Information is Delivered
Events are characterized as short, self⁃contained IT messag⁃

es that have embedded information used by receivers to under⁃
stand or become aware of the incident. Events can be pub⁃
lished to topic queues and read by all interested subscribing
IT systems. Event data comes from operational control systems
and triggers processing in the IOC. One key part of the IOC is
the event processing subsystem (EPS), which stores and manag⁃
es the events.
4.1.2 Unified Event Data Format

Event data comes from operational systems in various for⁃
mats. The event data is normalized as it is received into a com⁃
mon format. The event normalizing protocol must be structured
to fit the events found in city management systems and the
IOC. A standard model manager can be used to provide a com⁃
mon dictionary of city assets and to map asset relationships.
This tool enables effective analysis and response to events
without the need for multiple translations of information.
4.1.3 How Event Alerts are Displayed

Events are self ⁃ contained IT messages that are maintained
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KPI: key performance indicator
▲Figure 1. Conceptual illustration of IBM Intelligent Operation Center [19].
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within the IOC. Alerts encapsulate
one or more events and might require
specific attention. For example, alerts
affect the operation of city systems,
such as water treatment or public
transportation, and can report ad⁃hoc
occurrences that affect city life.
Alerts that affect the operation of a
city are forwarded to the IOC from op⁃
erational systems. At the IOC, the
alert is displayed on an operations
dashboard and can be analyzed to de⁃
termine appropriate actions.

In some cases, the IOC can issue
advice to the domain or department to
consider the information being provid⁃
ed. Often an impact analysis state⁃
ment is requested from various city
domains to assess the overall impact
on the city.

Another form of communication is
notifications that are based on a sub⁃
scribe/publish service, where citizens
can be notified of information of inter⁃
est or public alerts by using an SMS.
4.1.4 KPIs Based on Event Management

Knowledge of government policies of a city, including orga⁃
nizational and authorization structure, is important for deter⁃
mining IOC requirements. These policies must be understood
at the domain and cross ⁃ domain level, enabling communica⁃
tion and coordination flows to be defined and implemented. In
addition, the measurement of governance effectiveness is im⁃
portant to many cities and can help define and measure KPIs.
Another important element is control mechanisms, which en⁃
sure compliance with various policies.

The tracking of events, alerts, directives, notifications, and
advisories is required to manage incidents and situations.
These city actions and communications (regardless of the form
they take) can be captured in the form of an audit trail, for gov⁃
ernance, and to enable learning
4.2 Data Collection and Access

4.2.1 Data Collection
A cross⁃domain operations center provides a holistic view of

the city by allowing access to information and data collected
from a shared information space (Fig. 2). This shared informa⁃
tion space contains information from various sources in the city
and enables domains to contribute relevant data and analysis.
This approach ensures that all related information is provided
to city officials, giving them a comprehensive view of prob⁃
lems. It also enables them to understand and take action in a

coordinated manner across city domains. The IOC receives da⁃
ta in a format that can be processed and updated by the system.
4.2.2 Data Access: Comprehensive and Role Tailored

Dashboard
From a user⁃experience perspective, the central challenge is

that cities are enormously complex and dynamic. The IOC
must support users ranging from city executives to domain ex⁃
perts who have a deep expertise in particular aspects of a city’s
functioning. Furthermore, there should be an executive dash⁃
board to depict the overall status of the city’s operations. This
spans individual agency ⁃ specific solution areas and enables
drill ⁃down capability into each underlying agency (e.g., water
management, public safety and traffic management), and it pro⁃
vides for integrated collaboration within the views.

IBM IOC has a comprehensive web⁃based environment that
provides consumable information that is necessary for making
informed decisions. The dashboard provides a customized user
interface based on specific user roles within a city organization
or domain, such as the following views:
•City mayor or other top officials within the city. This view

provides a high⁃level roll⁃up of key domain KPIs. By using
this view, officials can collaborate on decisions and deter⁃
mine actions or directives for the city domains.

•City operator. This view is tailored to individuals or teams
managing cross⁃domain events or incidents. These events or
incidents can have a broader effect on the city as a whole.
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IVR: interactive voice response KPI: key performance indicator

▲Figure 2. Event information flow among systems [19].
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•Incident or emergency manager.
This view helps managers under⁃
stand an incident or emergency,
manage the response, and track
it to completion.

• City domain manager or opera⁃
tor. This view helps managers or
operators track and manage
KPIs, events, and work orders.
They can view current and his⁃
torical data and participate in
cross⁃organization collaboration.

•Citizen. This view can be infor⁃
mative, e.g., provide details
about road closures, and encour⁃
age citizen input, such as real ⁃
time information about crime
and city infrastructure issues.
This interaction is intended to
be motivational and to encour⁃
age involvement in sustainable
programs, such as reducing wa⁃
ter or electricity use.

4.3 Comprehensive System
Infrastructure

IBM IOC as a system of systems
supports:
• Integration of subsystems: Stan⁃

dard interfaces and domain⁃spe⁃
cific interfaces for integrating
various systems (Fig. 3), integra⁃
tion of various reporting/alerting/
analyzing mechanisms, and por⁃
tal and user account manage⁃
ment system to ensure unified
management and scheduling
across various systems.

•Application subsystems: (Fig. 4)
Integrate subsystems such as
transport, environmental protec⁃
tion, government information li⁃
brary, etc.
Relying on the IOC, IBM also

provides systems for vertical appli⁃
cations of intelligent management
of all aspects of the city, including government services, public
security, intelligent transportation, water management, digital
city management, food safety, and logistics.

In terms of cross ⁃ domain operation and management, IBM
IOC supports: organization⁃wide dashboards, domain analytics,
event and KPI management, geospatial mapping, data model⁃
ing and integration, simulation and visualization, cross⁃depart⁃

ment collaboration, situational awareness, incident manage⁃
ment, alerts, and directives.
4.4 Citizen Engagement

By coordinating across agencies and collaborating with citi⁃
zens and new partners, cities can transform traditional work
structures to promote innovation.
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▲Figure 3. Overview architecture of IBM IOC [19].

▲Figure 4. System interactions of IBM IOC [19].
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The IOC gets data from citizens by leveraging IBM citizen
sensing platform. This platform works in three ways:
•It helps the city understand its citizens. A city planner can

understand the needs and priorities based on direct citizen
input, effectively deputizing thousands of people to report
problems and ask questions. This saves staffing costs and
improve citizen engagement.

• Timely updates to citizens and evidence of actions taken
against their requests to engage citizens in the government
process. The goal is more involved and more informed con⁃
stituents that are satisfied with the services being provided.

•The IOC can interact with citizens and visitors in numerous
ways. This communication and interaction can be bidirec⁃
tional between the city and citizens. The city can provide
citizens with important safety information and information
related to city policies. For example, if a serious traffic acci⁃
dent is blocking a main road through the city, the city can
notify the citizens. As another example, if a hazardous waste
is spilled and people in a specific area need to be evacuat⁃
ed, the city can notify citizens in that area. In addition, citi⁃
zens can report up ⁃ to ⁃ date situational information to the
city. With this information from citizens, city officials can
revise decisions or allocate resources as needed.
The IOC also provides citizens with a platform to report less

serious incidents, such as water leaks or potholes in their area.
This information can be used to schedule maintenance. Servic⁃
es can be provided to citizens so that they can subscribe to no⁃
tifications pertaining to particular areas of the city. For exam⁃
ple, public traffic notifications can identify unscheduled road
works or other unplanned disruptions. These notifications
might allow citizens to adjust their travel plans, maybe take a
different route or means of transport to work.

The IOC can also be used to develop programs and initia⁃
tives with citizens. For example, if water or electrical meters
share usage data with the IOC, this data can be used to build
usage patterns for individuals, streets, and districts. Motivation⁃
al techniques can be used to help manage this usage. These
techniques can include pricing models or incentives to those
who participate in the program and actively reduce resource
consumption. This approach has a positive benefit for the city
by reducing dependency on resources and for the citizens who
are making a difference and potentially getting paid for it.
4.4.1 A Practical Case of Citizen Collaboration: City Forward

The City Forward [20] is a free, web⁃based platform for ana⁃
lyzing and visualizing data from cities around the world. Right
now, the City Forward offers municipal data for more than 100
world cities, and it is growing.

That data is publicly available, but it is often scattered or ex⁃
ists in a variety of formats, making it hard to compare one city
or service to another. Even in a single city, such data is often
published independently by individual agencies, making it
hard to see the bigger picture. The City Forward addresses

these issues by bringing useful statistics and graphing tools to⁃
gether in one place, offering easier and more insightful analy⁃
sis. Citizens can easily access to those data and custom their
own analysis.

5 Intelligent Operation Center Case Study:
Rio de Janiero
Rio Emergency Management Centre, Brazil: The IBM IOC

powered Emergency Operations Center provides real time
alerts for floods and landslides to prevent loss of life and infra⁃
structure, better inter⁃agency coordination, better management
of resources and better preparation for addressing emergency
and disaster management situations. Rio de Janiero City Hall
deployed a Web⁃based portal that integrates information, appli⁃
cations and resources across agencies. It reduces fully de⁃
ployed disaster response times from days to hours. [21], [22]
•2009: Rio de Janeiro chosen for the 2014 World Cup and

the 2016 Olympics
•April 2010: Floods result in serious loss of life and property
•May 2010: In consultation with IBM, visionary Mayor de⁃

cides to not only address flood crisis management, but to in⁃
tegrate city’s operations across all departments

5.1 Pain Points
The city has many pain points before using the IBM IOC so⁃

lution, for examples:
•aging systems that were in silos
• no common operational picture across disaster and crisis

management teams
•legacy alert system that was very manual intensive
•lack of comprehensive disaster management plans
•difficulties in organizing and distributing disaster manage⁃

ment plans
•Decision making process for flood prediction was based on

basic weather reports and radar information, which was not
sufficient to have good predictions.

•lack of visibility of resources and overall picture of resource
requirements with wide spread disaster

•lack of radio interoperability across departments
5.2 Solution and Implementation

The solution and implementation include the following com⁃
ponents or aspects:
•common operation picture with data fusion in City Opera⁃

tions Center with Geographical Information System (GIS)
•dynamic planning tools
•consultancy to define and deliver disaster management plans
•load Operations Center planning module with new disaster

plans
• partially automate legacy alert notification system within

City Operations Center
•cross agency collaboration with collaboration suite
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•incident management tool
•recovery management tools
•integrate legacy video feeds
• future phase considerations—compatible with City Opera⁃

tions Center based on IBM’s Government Industry Frame⁃
work

•radio interoperability with Radio Connect
•full alert notification automation and GIS based alerting
•dynamic team building to do intelligent assembly of first re⁃

sponder teams from available personnel
•process automation and Re⁃engineering
•include smarter transportation elements
•flood and water level sensors
•smart Video analytics.
5.3 Accomplishment

Inaugurated in December 2010, the 400 member strong op⁃
eration center consolidates 30 municipal agencies, ranging
from emergency services to sanitation and public transport, in⁃
to a single, integrated command center that can monitor weath⁃
er, traffic, and aspects of the city and react swiftly and effec⁃
tively in face of emergencies and crises and would do so
through cutting edge technology. These cutting⁃edge technolo⁃
gies have allowed the Rio de Janeiro to not only address prob⁃
lems it faces from severe storms but also addressed other lag⁃
ging areas of the city’s public infrastructure [22]. The benefits
include:
•Using the Operations Center’s website, Brazilians can get

real time weather updates and traffic advisories (both for
public transportation and for the roads in general) for the
whole city.

•In addition, all Brazilians can view live feeds via the Opera⁃
tions Center’s web page for many of the streets in Rio de Ja⁃
neiro. On the ground, storm warning systems much like Tsu⁃
nami warning systems alert people to severe storms for their
neighborhoods and emergency tests/simulations.

•Going beyond even having a standard web presence, The Op⁃
erations Center maintains both Facebook and Twitter ac⁃
counts that regularly send out alerts and updates through
the day and night.

•As a final and important aspect of the Operation Center’s
public accessibility is its ability to have its alerts available
to Brazilians on the move during their day.

•Considering that smartphones which can easily access the
Operations Center and its updates via the website and social
media apps like Facebook and Twitter only account for un⁃
der 10% of the current mobile phone market for Brazil, near⁃
ly all Brazilians in the larger cities have some kind of cellu⁃
lar phone, all the same updates that are available for non ⁃
smartphones and emergency messages are sent out to all citi⁃
zens in the affected area through SMS messages, making it
so that even a person still using a monochromatic display
cell phone (think the greenish⁃grey phone displays) can still

receive vital messages such as incoming storms, evacuation
orders, and evacuation routes on their mobile phones.

6 Conclusions
The city, as the container of human civilization, is expand⁃

ing to its limits. While the shape of this container was decided
centuries ago, reflecting the knowledge and desire of our forefa⁃
thers. It is our chance and duty to re ⁃ define the shape, with
technology tools and deeper understanding of the society we
live in. That shape of container increases social efficiency, con⁃
venience and happiness of citizens.

In addressing the urban operational collaboration problems,
efforts are being made on capitalizing on new insights by dis⁃
tilling insights from the massive quantities and sources of data
generated by day⁃to⁃day operations, cities can approach long⁃
standing challenges in new ways; creating system⁃wide efficien⁃
cies by optimizing and integrating operations, cities can lever⁃
age interdependency between systems to do more with less.
Collaborating in new ways by coordinating across agencies and
collaborating with citizens and new partners, cities can trans⁃
form traditional work structures to promote innovation.

Looking into the future of city operation, we expect more
flexible, interactive urban operation organizations instead of
separated bureaus. We will have unified systems and well⁃man⁃
aged data instead of information islands, sharper sense to dan⁃
ger and accident, more accurate predictions, more effective
and timely actions, and finally, more democratic cities that lis⁃
ten to people, respect their demands, and protect their rights.
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1 Introduction

uman⁃centric service is an important domain of the
smart city and includes rich applications that help
residents with shopping, dining, transportation,
entertainment, and other daily activities. While of⁃

fering services, these systems have generated a large amount of
hierarchical data. Usually data from each system is incom⁃
plete, and one system complements another. Take the data of
second ⁃ hand housing for example. There are many second ⁃
hand housing information sharing application systems contain⁃
ing data for a given city in China. In Beijing, such systems in⁃
clude lianjia.com, 5i5j.com, 58.com, fang.com, iwjw.com, and
many other local forums. Since each system only contains cer⁃
tain information, a resident who wants to buy a second ⁃ hand
house or apartment needs to browse the systems one by one
and pull together all the parts of the information by them⁃
selves. In another scenario, if a city planning or market investi⁃
gation department wants to know the situation of the second ⁃
hand house market of the whole city, they also need to inte⁃

grate data from different systems. As the data schemas of differ⁃
ent systems are diverse, the schema integration, whose goal is
to establish a whole and unified schema for all the multi ⁃
sourced datasets, is necessary and crucial.

Traditional schema integration techniques are usually used
in scenarios where the number of data schemas is small, the
structure or semantic of the schemas is well understood, and
the linguistic resources for semantic matching across different
schemas are sufficient. Typical application scenarios include
the evolution of product directories in the domain of e ⁃ com⁃
merce, data system integration caused by the company merges,
and so on [1]-[5]. However, data integrating in the domain of
human⁃centric service of smart city is much more challenging
due to its distinct characteristics as follows:
1) Broad application domains and lack of domain knowledge.

Human⁃centric service is about almost everything in a resi⁃
dent’s daily life. There has not been any standard or knowl⁃
edge base providing support for the semantic matching in
this domain. For example, in second⁃hand housing data sets,
there are dozens of terms for the sales agent, such as agent,
broker, advisor, secretory, or housekeeper across various sys⁃
tems. Therefore, we need a domain specified term dictionary
to help us figure out whether two elements from two schemasThis work is funded by the National High Technology Research and

Development Program of China (863) under Grant No. 2013AA01A605.
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refer to the same concept. However, no such dictionary is
available, and it is time⁃consuming to build one. Also, tradi⁃
tional string ⁃ based matching algorithms perform poorly for
Chinese labeled elements.

2) Large number of schemas. Even in a fine ⁃ grained sub do⁃
main such as second⁃hand housing, there are dozens of sys⁃
tems from which data schemas need to be integrated. Tradi⁃
tional schema integration methods mostly involve studying
how to match or integrate two schemas, and if we simply use
them to work on every pair of many schemas, it will cost too
much time and has poor extendibility.

3) Label Incompleteness. On the one hand, some data in human⁃
centric service domain is acquired from web tables and
sometimes the labels of schema elements are missing. This
makes traditional element⁃level matching techniques unsuit⁃
able. On the other hand, instance data is usually available
and can be used to assist schema matching. However, in⁃
stance data from different systems do not always overlapped,
so we won’t get satisfying result if we simply calculate in⁃
stance overlapping level to represent similarity between two
elements.
Due to the abovementioned characteristics, the existing ap⁃

proach is incapable of handling the data schema integration for
human ⁃ centric service in smart city. Therefore, we propose a
novel approach of schema integration with data from domain of
human⁃centric services in this paper. In our approach, we use
a mediated schema to help integrate multiple schemas in a
quick manner. Every schema will be matched and integrated to
the mediated schema only once, i.e., one iteration, and the me⁃
diated schema is updated and extended after each iteration.
During each iteration, a depth⁃first⁃search algorithm is used to
control element⁃matching and integration order. Five matchers
that utilize both schema metadata and instance data are com⁃
bined for schema matching. We introduce a similarity entropy
based interactive method of human intervention controlling to
make matching results more precise. After schema matching, a
set of conflict resolution strategy is adopted to solve all kinds
of complex conflicts and then form a better and more complete
new mediated schema.

The rest of the paper is structured as follows. Section 2 re⁃
views related work. Section 3 gives the framework of our ap⁃
proach. Section 3 describes detailed algorithms. Section 4 de⁃
signs and conducts experiments to do validation. Section 5 con⁃
cludes this paper and analyzes future work.

2 Related Work
Schema integration can be divided into two parts: schema

matching and mediated schema generation. Schema matching
involves forming mapping between elements in different sche⁃
mas, which have the same or similar semantics, while the medi⁃
ated schema generation is to generate a whole and unified sche⁃
ma for all the integrated schemas based on the result of sche⁃

ma matching.
2.1 Schema Matching

According to the input, schema matching can be divided in⁃
to two categories: metadata based matching and instance ⁃
based matching. Metadata⁃based matching uses the metadata,
including labels and structures of the elements in the input
schemas, as the input of the matching. The most basic match⁃
ing algorithms in this category are called element⁃level match⁃
ers, which maps the elements from different schemas based on
the their labels according to the string similarity [1], [2], [6],
linguistics⁃based semantic relationship [7], [8], or word co⁃oc⁃
currence in schemas [9], [10]. Another kind of metadata⁃based
matching algorithm is called structure ⁃ level matchers, which
not only take the element information into consideration but al⁃
so the structure of the element information. Typical structure⁃
level matchers include graph ⁃ based matchers [11], [12] and
path⁃based matchers [3], [13]. Although metadata⁃based match⁃
ing algorithms are fast, they may be unfeasible when the meta⁃
data of the schemas are incomplete. On the other hand, in⁃
stance⁃based matching algorithms do not depend on the meta⁃
data of schemas. Instance ⁃ based matchers dig similarity be⁃
tween elements from instance data. Typical instance ⁃ based
matchers calculate the similarity among elements according to
instance statistical features [14] or the overlapping instances
[15], [16].
2.2 Mediated Schema Generation

Based on the results gain from the schema matching, mediat⁃
ed schema generation algorithms try to resolve conflicts in ele⁃
ment naming, definition, and structure inconsistency from dif⁃
ferent schemas. Then, such algorithms form a mediated sche⁃
ma containing all of the elements in the integrated schemas to
make the heterogeneity of schemas transparent to the data us⁃
ers [4]. In addition to the conflict resolution, the number of in⁃
put source schemas has great impact on mediated schema gen⁃
eration. Traditional resolution, such as XSIQ [4], is applied to
two source schemas. However, when there are many schemas
to be integrated, techniques that apply to two schemas greatly
increase complexity. XINTOR [17] provided a global schema
integration technique for multiple source schemas. It uses the
statistical characteristics of element structure to generate a me⁃
diated schema. XINTOR greatly increases the efficiency of
matching multiple schemas but it has poor extensibility. Anoth⁃
er idea is taking mediated schema as an intermediate product
and integrating all the other schemas into it. This increases
both efficiency and extensibility. In some research [18], human
experts are required to develop a mediated schema. However,
under the background of human ⁃ centric services which have
massive multi⁃source heterogeneous datasets, these techniques
pose too much burden on experts. Automatic generation of me⁃
diated schema will avoid large number of human effort, for ex⁃
ample, PORSCHE [19]. PORSCHE integrates one schema with
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mediated schema for one time and in the meantime updates
the mediated schema. It only takes advantage of schema infor⁃
mation, which results in limited accuracy. Moreover, it has sim⁃
ple conflict resolution strategy and some conflict types are not
considered. Hence, the quality of mediated schema generated
by PORSCHE is low.

3 Framework Overview
The framework of our approach is shown in Fig. 1. There are

three kinds of input into the system. The first kind is schema
metadata of the data sources, which defines the structure of the
data, and the elements making up the structure. For example,
the source schema in Fig. 2 is part of the schema metadata of
the web application called‘Anjuke’, and it consists of three
string labels. The second kind is the instance data of every leaf
element, providing the actual useful information, such as the
leaf element‘Mingzi’in the source schema in Fig. 2. The in⁃
stance data are real names of second⁃hand housing agents. The
third kind is human intervention. The major output is the medi⁃
ated schema. In our approach, the mediated schema serves as

intermediate product and all the other source schemas will be
matched and integrated to it sequentially, resulting in its up⁃
date and expansion.

Element clustering module takes all the source schemas as
input and uses element level matcher to calculate the similari⁃
ty of any two elements from different schemas. Based on these
similarity values, all elements will then be classified into sever⁃
al clusters, which are used to reduce the complexity of the fol⁃
lowing computation.

The schema integration module takes source schemas, cur⁃
rent mediated schema, and instance data as input to complete
schema integration task under the support of experts’knowl⁃
edge and elements clustering result. In this module, first, one
of n source schemas is chosen as the initial mediated schema.
Then, the left n⁃1 source schemas are integrated into the medi⁃
ated schema sequentially in an n⁃1 iteration. Each iteration is
a complete schema integration process: the integration control⁃
ler submodule traverses the matching source schema in depth⁃
first ⁃ search order and for every element that is traversed and
finds its candidate matching elements in the mediated schema
using the clustering result. Then schema matching submodule
calculates similarities between the traversed element and its
candidates only, thus avoiding the similarity calculation of all
element pairs. In the schema matching submodule, element
level matcher, ancestor path matcher, tree edit distance match⁃
er, which make use of schema metadata, and statistic based in⁃
stance matcher, content based instance matcher, which make
use of instance data are used. Some of these matchers are modi⁃
fied or redesigned to adapt to Chinese labels, and different
matchers are reasonably and efficiently combined according to
their characteristics. Also, human intervention based on simi⁃
larity entropy is introduced. Questions are generated and sent
to experts if the schema matching algorithm cannot automati⁃
cally decide which candidate is the most appropriate one to the
traversed element. The matching decider submodule sends
these questions, gathers experts’feedback, and determines the
final matched element pair. When matched, the conflict resolu⁃
tion submodule will be used to solve conflicts between the two
matched elements. The mediated schema is updated and ex⁃
panded after every iteration, and at the end of the last iteration,
the final mediated schema and element mapping table is ob⁃

tained.
Only an element clustering process and anoth⁃

er iteration process of schema integration are
needed when a new source schema is added in.
All the updates and expansions brought by the
new added source schema are incremental and
the pre⁃existing results of schema integration will
not be reversed.

4 Algorithm Design
Here, we describe the algorithms of the four▲Figure 2. Nested path conflict type three.

▲Figure 1. Approach framework.
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most important modules: element clustering module, integra⁃
tion controller submodule, schema matching submodule, and
conflict ⁃ resolution submodule respectively. In schema match⁃
ing submodule, the five different matchers, the combination de⁃
sign and the human intervention design are introduced in order.
4.1 Element Clustering

This module clusters elements according to the similarity
calculated by the element level matcher. We use and modify
the Kruskal algorithm which is originally used to calculate the
minimum spanning tree, to do the clustering job. First, we cal⁃
culate the similarity values of every element pair using the ele⁃
ment level matcher, which is the quickest among all matchers.
Then we sort them in ascending order and every time pick an
element pair that has the smallest similarity to be clustered.
The intuition behind this algorithm is to make the difference
among clusters to be as large as possible.
4.2 Integration Controller

During each round of the iteration, the current source sche⁃
ma is matched and integrated into the mediated schema. We
traverse the current source schema in depth⁃first⁃search order
to ensure that whenever an element is about to be matched, its
father element is already matched. The detailed steps are de⁃
scribed as follows:
1) The root elements of all source schemas should all be

matched because all the source schemas are from the same
domain. We traverse the current source schema from the
root’s first child element.

2) Denote the currently traversed element as element a. Find
the cluster containing a from the clustering result, denoted
as A. If the size of A is one, go to step 7.

3) Extract all elements which exist in the mediated schema
from A to form another set B. If the size of B is zero, go to
step 7.

4) For each element bi in B, invoke schema matching submod⁃
ule to calculate its comprehensive similarity with a, denot⁃
ed as Si, i is from one to the size of B.

5) Calculate Entropy(a) using S1 to S|B|. If Entropy(a) is great⁃
er than T*ln|B|, send question to experts to receive human
intervention and get the right matching element bm, other⁃
wise, choose the element that has the greatest comprehen⁃
sive similarity with a, denoted as bm as well.

6) Match a to bm and invoke conflict resolution submodule to
solve possible conflicts. Update the mediated schema and
record elements mapping relationships. Go to step 8.

7) If no element in the mediated schema can be matched to a,
find the father element of a, denoted as fa. Denote the ele⁃
ment that has been matched to fa as fb, and add a to the me⁃
diated schema as fb’s right⁃most child element.

8) If a is not a leaf element, get the first child element of a and
repeat step 2. Otherwise get a’s next brother element and
repeat step 2. If a is the last element in depth⁃first⁃search

order, algorithm ends.
4.3 Schema Matching

In our approach, we use five matchers for schema matching.
Both schema metadata and instance data are utilized, and dif⁃
ferent matchers are reasonably and efficiently combined ac⁃
cording to their characteristics. Interactive human intervention
based on similarity entropy is introduced to improve matching
accuracy.
4.3.1 Element Level Matcher

Traditional element level matchers primarily acquire similar⁃
ity value between elements according to their string⁃based sim⁃
ilarity and semantic ⁃based similarity. Commonly used string ⁃
based algorithms perform poorly whereas processing Chinese
label, and semantic ⁃ based algorithms rely deeply on external
domain synonyms dictionary. Therefore, we use Word2Vec
[20] to help calculate element level similarity. Word2Vec is a
tool to map words to K⁃dimension real vector space, so the simi⁃
larity between two words can be represented by the cosine val⁃
ue of the two K⁃dimension vector. If trained by a large corpus
in a particular domain, similarity values calculated can not on⁃
ly represent the string⁃based similarity of words but also cover
parts of their semantic⁃based similarity. This matcher runs fast
and can be served as a standalone matcher in most cases, but
it only has an ordinary accuracy, not satisfying enough. Algo⁃
rithm 1 shows the process of this matcher.

4.3.2 Ancestor Path Matcher
Ancestor path matcher is a kind of structure level matcher.

The idea of this matcher is that two elements are similar to
each other if they have matched ancestors and the paths from
the matched ancestor to them are short enough. This matcher
strictly control the matching relation of elements based on

Algorithm 1. Element level matcher

Input:：s1，s2：labels of two elements to match
Output：Element_Similarity：element level similarity
1. begin
2. TokenList1 􀲓 Tokenize(s1)
3. TokenList2 􀲓 Tokenize(s2)
4. Element_Similarity 􀲓 0
5. for each token1 ∈ TokenList1 do
6. for each token2 ∈ TokenList2 do
7. Element_Similarity += Word2VectorSimilarity(token1,
token2)
8. end for
9. end for
10. Element_Similarity /= sizeof(TokenList1)*sizeof(TokenList2)
11. end
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their ancestor elements’matching relation. By using this
matcher we can effectively avoid mismatching case such as
falsely matching an element labeled‘Xingming’whose father
element is labeled‘Zhiye Jingli’to another element labeled
‘Xingming’whose father element is labeled‘Yezhu’. Algo⁃
rithm 2 shows the process of this matcher.

4.3.3 Tree Edit Distance Matcher
Tree edit distance matcher is another kind of structure level

matcher. The idea of this matcher is that two elements are simi⁃
lar if their subtrees are alike. To measure the likeness of two
trees, we use tree edit distance, the definition of which is the
minimum number of operations required to transform one tree
into another [12]. We use dynamic programming to calculate it.
This matcher runs slowly but can measure the similarity be⁃
tween elements according to their subtree structure. For exam⁃
ple, elements labeled‘Zhiye Jingli’and‘Goufang Jingjiren’
can be very hard to match using other matchers, such as ele⁃
ment level matcher. However, we can obtain a pretty high simi⁃
larity through tree edit distance because the two element both
have child elements labeled‘Xingming’,‘Dianhua’, ’Gongsi’.
One obvious weakness of this matcher is that useless for leaf el⁃
ements, which have no child element.
4.3.4 Statistical Based Instance Matcher

A statistical⁃based matcher is a kind of matcher that uses el⁃
ement instance data and focuses on statistical indexes of this
data. We first calculate Eigenvectors of every leaf element us⁃
ing its instance data, then we use the Back Propagation Neural
Network Algorithm to get a classifier for every source schema
each.

Thirteen features are chosen for Eigenvector. For instances
of numeric type, features are computed using its value, while
for instances of entity type, features are computed using its

length. We have six data type features: integer, floating num⁃
ber, URI, date, string and text, and seven statistical feature:
maximum, minimum, mean, standard deviation, mean⁃squared
difference coefficient, number of bytes and precision.

When calculating the similarity value between two leaf ele⁃
ments a and b, we will put the eigenvector of a and b into the
classifier of schema A and B respectively to get two similarity
values, then we take the average of them as the statistical
based instance similarity between a and b.

This matcher uses element instance data, but for instances
of entity type, it only takes their lengths into account and ne⁃
glects their content. This matcher has high recall rate but low
precision rate when used alone, and it runs fast.
4.3.5 Content Based Instance Matcher

Content based matcher is another kind of matcher that utiliz⁃
es elements’instance data, it focuses on the content of ele⁃
ments’instance data. For two leaf elements, the overlapping
level between the contents of their instance data can represent
a sort of similarity between them. We first classify elements in⁃
to three data types: text, entity and number. Then we calculate
the content based instance similarity between two leaf element
a and b as follows: 1) If a and b differ in their data type, the
similarity value is 0. 2) If their data types are both text, we
merge their instance data into two documents, count word fre⁃
quency separately, and use the vector space model to convert
the two documents to two vectors to calculate cosine value as
their similarity value. 3) If their data types are both entity, for
every instance of a, find the instance of b that has the smallest
edit distance with it. We accumulate these smallest edit dis⁃
tance values and average it to get the similarity value between
a and b. 4) if their data types are both number, we calculate
their standard deviations and means of data instance separate⁃
ly, and acquire the similarity value between a and b as follows:

This matcher uses element instance data and focuses on the
content of instance data. Due to the impact of instance subset
problem, this matcher is precise but has a low recall rate when
used alone. It runs slowly because a lot of computation is need⁃
ed when getting the overlapping level.
4.3.6 Matcher Combination Algorithm

So far, we have introduced five matchers with different char⁃
acteristics. Element level matcher runs the fastest but is not ac⁃
curate enough, ancestor path matcher cannot be used alone but
is a very good supplement, tree edit distance matcher is use⁃
less for leaf elements, and statistic based instance matcher and
content based instance matcher both apply to leaf elements on⁃
ly. How to reasonably and efficiently combine them to get a
comprehensive similarity for element pairs is a crucial prob⁃

Algorithm 2. Ancestor path matcher

Input:：a，b：two matching elements
Output：AncestorPath_Similarity：ancestor path similarity
1. begin
2. c 􀲓 parentOf(a)
3. AncestorPath_Similarity 􀲓 0
4. while c ≠ null do
5. d 􀲓 MatchingNodeOf(c)
6. if d.isAncestorOf(b) = true
7. then break
8. else
9. c 􀲓 parentOf(c)
10. end if
11. end while
12. AncestorPath_Similarity 􀲓 1/length(c, a)
13.end

Content_Similarity = 2/æ
è
çç

ö

ø
÷÷

|| std1 - std2
std1 + std2 + ||avg1 - avg2

avg1 + avg2 (1)
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lem concerned in this section.
Element level matcher has the highest calculating efficien⁃

cy, so we use this to help with element clustering. The other
matchers are less efficient and only work on parts of the whole
element pairs based on the clustering result, thus the total cal⁃
culation is greatly reduced.

The two matchers that use element instance data are comple⁃
mentary, so we can combine them in advance. Statistical based
instance matcher has high recall rate and low precision, and a
high similarity calculated by this matcher is actually not so re⁃
liable. On the contrary, content based matcher has high preci⁃
sion rate and low recall rate, and a low similarity calculated by
this matcher is actually not so reliable. Considering that statis⁃
tical based matcher is much quicker than content based match⁃
er, we can first use statistical based matcher to get a similarity,
and only when this similarity is high enough will we use con⁃
tent based matcher to adjust the unreliable result. This combi⁃
nation method can guarantee both a high accuracy and a high
efficiency. We call this similarity instance similarity, and it
can be calculated as follows, Sta_Sim is the statistical based
matcher, Con_Sim is the content based matcher and d is an em⁃
pirical threshold.

We then combine instance similarity with the result of tree
edit distance matcher because the former applies to leaf ele⁃
ments only whereas the latter is useless for leaf elements.
When two matching elements are both leaf elements, the in⁃
stance similarity between them is calculated; otherwise, we use
tree edit distance matcher to determine the similarity. We de⁃
note this combined similarity as subtree similarity. As for the
other two matchers—element level matcher and ancestor path
matcher, we call their result as element level similarity and an⁃
cestor path similarity.

At last, we get the comprehensive similarity of every ele⁃
ment pair by calculating the weighted mean value of subtree
similarity, element level similarity and ancestor path similarity.
4.3.7 Human Intervention Design

The comprehensive similarity calculated above sometimes is
still not accurate enough, so we introduce human intervention
to our framework. We assume that experts’advice is always
right but the number of expert queries must be controlled.

For every matching element in a source schema, there are
several comprehensive similarity values that belong to it and
its candidates. The idea of our human intervention is that if
one of these similarity values is significantly higher than oth⁃
ers, then it is the match. However, if these similarity values are
so close, we cannot determine a prominent one. In the latter
case, we can form questions and send them to experts to get a

real match.
We use similarity entropy to decide whether there is a need

to query experts. The equation to calculate the similarity entro⁃
py is as follows:

For a candidate set consisting of K elements, Entropy(x)
ranges from 0 to lnK. We import a threshold T and we ask ex⁃
perts for advice only if Entropy(x) is greater than T*lnK, other⁃
wise we will choose the element that has the greatest compre⁃
hensive similarity with the matching element.
4.4 Conflict Resolution

Conflicts may arise when elements get matched. Conflicts
and our solution strategies are as follows:
1) Synonym conflict. Our resolution is to reserve old element’s

label to be the one in the mediated schema but also record
the new matching element’s label for later use.

2) Data type conflict. Our resolution is to reserve the one of
higher precision type or stronger expression. Data type con⁃
version is needed.

3) Element substructure conflict. This conflict occurs when a
leaf element is matched to an internal element. Our resolu⁃
tion is to reserve the internal element’s substructure. In
fact, this kind of conflict can be automatically resolved dur⁃
ing the operation of algorithm in section 4.2.

4) Nested path structure conflict. This kind of conflict is the
most complicated one. It arises from the inconsistency of
two paths from currently matched elements and already
matched ancestors elements in two schemas.
The nested path structure conflict can be subdivided to

three types of conflicts:
1) Path in mediated schema contains nested element. See Fig.

3, there is an intermediated element labeled‘Jiaotong’be⁃
tween‘Shenghuo Peitao’and‘Gongjiao’the in mediated
schema. This kind of conflict can be automatically resolved

Instance_Similarity( )a,b =
{Sta_Sim(a,b), Sta_Sim(a,b) < d
d +(Sta_Sim(a,b) - d)*Con_Sim(a,b), Sta_Sim(a,b)≥ d (2)

Entropy( )x = -∑
j = 1

k

p( )simj *lnp( )simj ,

p( )simj = simj

∑
i = 1

k

simi

(3)

▲Figure 3. Nested path conflict type one.
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during the operation of algorithm in section 4.2.
2) Path in source schema contains nested element. See Fig. 4,

there is an intermediated element labeled‘Jiaotong’be⁃
tween‘Shenghuo Peitao’and‘Gongjiao’the in mediated
schema. If we do not take any measures, the integrated me⁃
diated schema will look like new mediated schema 1 be⁃
cause we cannot find a matching object for‘Jiaotong’, it
will be added to the mediated schema as the right ⁃ most
child element of‘Shenghuo Peitao’, which is a mistake.
However, this kind of mistake can be detected later when it
comes to‘Gongjiao’, its original father element‘Jiaotong’
in source schema now becomes its brother. Our solution is
to cut down the connection between‘Gongjiao’and‘Shen⁃
ghuo Peitao’in the mediated schema and add a connection
between‘Gongjiao’and its new father element‘Jiaotong’.
Finally, we get the correct mediated schema, the new medi⁃
ated schema 2.

3) There are nested elements in two schemas and the two nest⁃
ed elements are falsely not matched. See Fig. 2,‘Goufang
Jingjiren’and‘Zheye jingli’are dissimilar in string, so
they are falsely not matched and‘Zheye jingli’is placed
into the mediated schema as brother element of‘Goufang
Jingjiren’. This forms a new mediated schema 1, which is a
mistake. However, this kind of mistake can be detected lat⁃
er when it comes to element‘Mingzi’; its original father el⁃
ement in source schema now becomes its father’s brother.
Our solution is to cancel the previous matching decision of
element‘Zheye jingli’, and match it to the element‘Gou⁃
fang Jingjiren’according to the matching result of their
child elements. Finally, we will get the correct mediated
schema, the new mediated schema 2.

5 Evaluation

5.1 Datasets
Experimental data is collected from multi ⁃ source heteroge⁃

neous data sets in second⁃hand housing domain, including sec⁃
ond⁃hand housing information published by anjuke (http://www.
anjuke.com), 5i5j (http://bj.5i5j.com), and lianjia (http://www.
lianjia.com) in January 2015. Their XML schemas contain 51,
50 and 46 elements, respectively. We first do data integration

on these schemas manually to get a standard result. Basic infor⁃
mation about experimental data set is shown in Table 1.
5.2 Metrics and Baseline Method

We compare the matching result of our approach and the
manual result, and primary evaluating metrics are precision

rate (precision), recall rate (recall), and F⁃measure (F_measure).
The equations used to calculate these are as follows. TP is the
number of matching element pairs that exist in both results. FP
is the number of matching element pairs that exists only in re⁃
sults of our approach. FN is the number of matching element
pairs that exists only in the manual result.

Performance oriented schema mediation (POSCHE) is the
most similar related work with us, and we both do data integra⁃
tion in an incremental manner. Therefore, we choose POSCHE
for comparison. In the meantime, whether there exists manual
intervention in our framework imposes great impact on experi⁃
mental result. Our framework makes decision on its own if
there is no human intervention. Also, we conduct experiments
on the effect of human intervention extent on the accuracy of
our approach.
5.3 Experimental Result

5.3.1 Influence of Manual Intervention
We set the threshold of similarity entropy, denoted T, to 0.0,

0.5, 0.6, 0.7, 0.8 and 1.0 to conduct six experiments, respec⁃
tively. We record the number of expert queries and F⁃measures
for every experiment. T=0.0 represents that decision is made
all by human while T=1.0 represents decision is made all by

machine. Experimental result is shown in Fig. 5.
We can see that more human intervention corre⁃
sponds to better F ⁃ measure. In overall consider⁃
ation of human degree of effort and approach per⁃
formance, we set T to 0.7, under which little hu⁃
man effort is paid but performance is much im⁃
proved.
5.3.2 Performance of Schema Matching

We compare the performance of POSCHE, our
framework without human intervention (T=1.0),▲Figure 4. Nested path conflict type two.

▼Table 1. Basic information about data set
Number of
source
schemas

3

Total number
of elements

147

Total number
of instance
data items
30􀆯121

Total number
of element

pairs
7196

Number of
matched

element pairs
108

Number of
elements in manual
mediated schema

73

Precision = TP
TP +FP × 100% (4)

Recall = TP
TP +FN × 100% (5)

F_measure = 2 × Precision ×Recall
Precision +Recall (6)
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our framework with human intervention (T=0.7) in three experi⁃
ments. Evaluating indicators are precision rate, recall rate and
F⁃measure (Fig. 6).

Our framework with human intervention is better than our
framework without human intervention in terms of all three in⁃
dicators. Our framework without human intervention is better
than POSCHE. In the experiment using our framework with hu⁃
man intervention, only 52 questions were posed to experts,
which account for only 0.7% of the whole search space (totally
7196 pairs) and 12.4% of all questions (totally 420 questions
are needed if all handled by human), but the F⁃measure reached
up to 97.7%.

6 Conclusion
Aiming at the problems in domain of human⁃centric servic⁃

es, we propose a novel approach of schema integration with da⁃
ta from domain of human⁃centric services. In our approach, we
use a mediated schema to help quickly integrate multiple sche⁃
mas. Every schema is matched and integrated to the mediated
schema only once (i.e., one iteration) and the mediated schema
is updated and extended after each iteration. During each itera⁃
tion, a depth⁃ first search algorithm is used to control element
matching and integration order. Five matchers which utilize
both schema metadata and instance data are combined to com⁃
plete schema matching. We introduced a similarity entropy
based interactive method of human intervention controlling to
make matching results more precise. After schema matching, a

set of conflict resolution strategy is used to solve
all kinds of complex conflicts and then form a
better and more complete new mediated schema.
We finally use real second ⁃ hand housing data
from the internet to design and conduct experi⁃
ments. The results show that our approach per⁃
forms very well and requires very little human
intervention.

A limitation of our approach is that although
the degree of human intervention can be mini⁃
mized, performance is not satisfactory if there is
no human intervention. In the future, we will fur⁃

ther study automatic schema matching and integration algo⁃
rithms in order to improve matching performance with no hu⁃
man intervention. Another future work is to study entity match⁃
ing work which is another important technique to fully accom⁃
plish the task of forming a complete data set in smart city.

▲Figure 5. Human intervention experiment.

▲Figure 6. Schema matching experiment.
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1 Top􀆼Level Design Guiding Smart City
Construction

city is composed of many ecosystems, which is
called a“System of System”. From the perspective
of urban structure, a city is a combination of interac⁃
tive elements, such as the economic structure, so⁃

cial structure, and spatial structure. From a technical perspec⁃
tive, a city is a complex system composed of multi⁃field, multi⁃
class, multi⁃level, and multi⁃directional heterogeneous sub⁃sys⁃
tems for collaboratively processing different types of massive
data in different areas. A city has the following features:
•Rapid changes in demands
•Technological diversity
•Complex internal structure
•Frequent external interactions
•Coexistence of old and new systems
•Needs for continuous improvement.

Evolving information technologies and requirements for ur⁃
banization are jointly spurring the development of smart cities.
A smart city is a new idea and model for urban construction,
management, and development to improve urban management
efficiency, facilitate public life, and promote technological in⁃
novation using information and communications technologies
(ICTs), such as high ⁃ speed Internet, big data, Internet of
Things (IoT), and cloud computing. Smart cities have been wit⁃
nessing rapid development in China since 2012. Statistics
shows that national ministries have approved a total of 529 pi⁃
lot smart cities in Eastern, Central and Western China [1].

However, in the existing administrative systems, due to a
lack of experience in smart city construction, different under⁃
standing and organization of smart cities across regions, and
absence of state ⁃ level standards and evaluation systems, if
without overall planning and guidance, many existing and new
issues, such as lack of coordination, information silos, the
same picture of different cities, and low degree of smartness,
may arise again during the implementation process, increasing
the risks of failure.

In respect of the complexity of smart city construction, this
article proposes the top⁃level design of smart city as well as its
implications, scope of planning, key planning contents, imple⁃
mentation strategies, and typical cases, to provide a feasible
way for smart city construction through coordination of all lev⁃
els and elements.

Top⁃level design is a concept of system engineering, and em⁃
bodies the“overall idea”of a project. In order to complete a
large project, overall planning from a global perspective with
“common ideas, functional coordination, unified structure, re⁃
source sharing, and standardized components”is needed. In
addition, a smart city is a long ⁃ term and sustainable systems
project to reform the urban management ideas and models of
governments, and cannot be promoted effectively without an
appropriate top⁃level design [2].

When the smart city construction is implemented all over
China, the following common problems arise from the practice
during the top⁃level design process：
1) Focus on technologies rather than services

Top⁃level design was driven by technologies, and is merely
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in pursuit of application of hi ⁃ techs, such as the IoT, cloud
computing, and mobile Internet. Without considering in⁃depth
integration of ICTs with urban function modules or elimination
of deep⁃seated contradictions, top⁃level design was always un⁃
attractive to the public. A smart city does not depend on ad⁃
vanced technologies but should properly tackle existing prob⁃
lems.
2) Focus on construction rather than management

The current smart city planning and design basically put em⁃
phasis on technical architecture and specific applications, but
seldom take into account the closely⁃related operation manage⁃
ment mechanisms, service models, policies, and measures, for
example, how to build the libraries for information resource
sharing, examination and approval lists, and public service
lists, and how to implement dynamic management. Due to a
lack of national standards, regulations, and procedures, and
great differences in local circumstances, these are often diffi⁃
cult to achieve, and are usually the weaknesses of IT profes⁃
sionals. However, these are the basis and guarantee for achiev⁃
ing the goals of smart cities.
3) Focus on planning rather than implementation

Although a series of projects are planned in top ⁃ level de⁃
sign, local governments fail to implement these projects due to
insufficient funding. The governments do not have constructive
ideas on how to innovate in business models, attract social in⁃
vestments, involve financial institutions in smart city construc⁃
tion, and promote the development of the industry chain. Nei⁃
ther do the governments make clear plans for opening up the
charged information resources of governmental departments or
motivate the community through purchase of services, thereby
prohibiting sustainable development of smart city construction.

The top⁃level design of smart cities is an innovative activity
to promote urban development through research on urban plan⁃
ning, current urban situation, and urban economic and social
development planning.
1) Future⁃proof plans, and practical and forward⁃looking blue⁃

prints can be formulated through the top ⁃ level design of
smart city based on regional positioning and advantages of
cities, and the requirements and trends for social, economic,
and technological development in quite a long period of time.

2) Overall planning should be conducted from the perspectives
of the demand framework, technological implementation, in⁃
vestment and financing modes, and industrial support, to im⁃
prove organizational collaboration and achieve the highest
efficiency and optimal resource allocation at the lowest costs.

3) Innovations should be made in IT project implementation,
and the mechanisms and modes are designed deliberately to
involve more enterprises in smart city construction, leverag⁃
ing more social investments at a small amount of governmen⁃
tal expenses.

4) The core demands of governments, the public, and enterpris⁃
es should be considered systematically to build a livable
and sustainable smart city, and a convenient, fair, inclusive,

high⁃quality, and efficient public service system, so that the
public can enjoy the convenience and comfort of the smart
city.

2 Implications of Top⁃Level Design of Smart
City
Based on scientific methodologies, the top ⁃ level design of

smart cities involves strategic planning and overall design of a
city to optimize resource allocation, coordinate the develop⁃
ment of urban economy, society, resources, environment, and
people’s livelihood, and map out the blueprints to guarantee
healthy and sustainable development of a smart city. The top⁃
level design of a smart city is not only for the city itself, but al⁃
so for urban development and public experience. Urban devel⁃
opment involves social, economic, and cultural value aspects,
while public experience refers to an IT ⁃based living environ⁃
ment that brings perceivable welfare to people.

From a different dimension, the top⁃level design framework
of a smart city includes the basic element system, industrial
economy system, public service system, social management
system, evaluation system, as well as five security systems
(technical support, security, legal protection, standards, and
operational security), as shown in Fig. 1.

The basic element system, which is the foundation for opera⁃
tion and development of a smart city, improves efficiency, and
facilitates innovation and coordination between urban opera⁃
tion lines and functional elements, including the economic, so⁃
cial, resources, environmental, cultural, infrastructure, and IT
fields. The industrial economy system transforms and improves
traditional industries through the new ⁃ generation information
technologies to accelerate transformation and upgrade, and pro⁃
mote the rapid development of emerging strategic industries.
The public service system is a comprehensive service system
involving the public and enterprises to meet the main needs of
the city. The social management system, which is at the core of
the city’s comprehensive regulations and management, imple⁃

▲Figure 1. Top⁃level design framework of smart city.
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ments intelligent analysis and control of urban operations on
the basis of efficient operations of the urban resource element
system. The evaluation system guarantees that the city devel⁃
ops towards people ⁃ orientation, smart people, intelligent
things, and optimal development of economic and social activi⁃
ties. The five security systems support and guarantee the opera⁃
tions, management, and services throughout the life cycle of
the smart city.

Having made lots of practices, ZTE proposes the top ⁃ level
design methodology with“Integration of Four Plans”. Namely,
strategic management planning, spatial construction planning,
economic development planning, and technical support plan⁃
ning are indispensable and their collaboration should be con⁃
sidered in the top⁃level design process of smart cities.

Based on strategic management planning, with the goal of
economic development planning, guaranteed by technical plan⁃
ning, with overall spatial deployment, equal basic public ser⁃
vices should be actively promoted to avoid redundant construc⁃
tion, and promote rational distribution and full use of resources
to establish a unified smart city planning system with function⁃
al complementation. On this basis, a complete top⁃level design
of smart cities can be formulated by involving security and
standards planning (Fig. 2).

The key to top⁃level design is to develop a complete and fea⁃
sible smart system. In this system, all parties can independent⁃
ly construct the system to build a sustainable framework for a
smart city with a clear division of labor and joint efforts.
Through the top⁃level design of smart cities, with unified strate⁃
gic planning for urban development, the city positioning, and
the contents, modes, and overall design of smart city construc⁃
tion should be identified to avoid decentralized investment and
redundant construction, providing a feasible way of resolving
the difficulties in the development of smart cities.
1) Strategic management planning

Strategic management planning, with the highest priority
among the four plans, identifies urban development goals, re⁃
gional planning, policy environment, and security systems
based on the current status and typical features of the city, as

well as makes reversal correction to city positioning.
2) Spatial construction planning

Spatial construction planning includes urban spatial plan⁃
ning, land use planning, and municipal facilities planning
based on the city positioning. It is a complicated systematic
project involving the deployment and arrangements for politi⁃
cal, economic, cultural, social, and land resources. Spatial con⁃
struction planning is closely associated with the smart city to
improve urban planning, promote the optimal design of public
facilities, and achieve scientific and accurate urban planning
using big data.
3) Economic development planning

Economic development planning includes planning for in⁃
dustrial development, economic environment, investment and
financing, and financial services based on city positioning, in
order to ensure sustainable construction and operation of a
smart city. For example, industrial transformation and upgrade
should be facilitated by planning the development paths for
key industries, proposing recommendations for investment and
financing models, and integrating information technologies, to
ensure sustainable development of the smart city.
4) Technical support planning

Technical support planning is to achieve the strategic goals
of a smart city by means of IT, where the difficulties include in⁃
terconnection between systems, information mining, and mass
data processing. With the development of the new⁃generation
information technologies, such as the IoT, cloud computing,
big data, and mobile Internet, data becomes ubiquitous, and is
accumulating at any time. How to eliminate the long ⁃existing
information silos and conduct data mining to benefit people,
promote business, and improve governance is key to the smart
city construction, and needs to rely on technical support plan⁃
ning [3].
5) Security planning

Security planning is to build a unified information security
system that involves security management, technical defense,
secure operation and maintenance (O&M) capabilities, and uni⁃
fied management and control of the physical layer, sensor, net⁃
work transmission, data, application, and O&M risks, to ensure
data security and secure Internet access for a smart city.
6) Standards planning

A smart city involves a large number of areas, processes, sys⁃
tems, interfaces, as well as managers, constructors, and main⁃
tainers, and therefore needs to establish unified technical stan⁃
dards and regulations based on a sophisticated system for effi⁃
cient collaboration, and standardize smart city construction
projects through a unified, open, and operable construction
standards system.

3 Contents of Top⁃Level Design of Smart
City
In accordance with the planning concept of“Integration of

▲Figure 2. Top⁃level design of smart city based on“Integration of Four
Plans”.
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Four Plans”for top ⁃ level design, strategic management plan⁃
ning should be developed by analyzing the demands for smart
cities. Strategic management planning for a smart city includes
the following contents:
1) Guiding principle

Everything develops by following related principles, and the
same is true for smart city construction, which also needs an
appropriate guiding principle. In August 2014, the Guiding
Opinions on Promoting Healthy Development of Smart City was
officially released, clearly putting forward the guiding princi⁃
ple for smart cities: In accordance with the general require⁃
ments for following an intensive, intelligent, green, low⁃carbon
road of urbanization, the market should play a decisive role in
resource allocation, and governmental guidance should be
strengthened and improved for coordination of materials, infor⁃
mation, and intellectual resources, to promote the application
of the new⁃generation IT innovations, strengthen construction
of intelligent urban management and service systems, proac⁃
tively develop intelligent applications for public services, and
enhance network security, thereby improving the city’s com⁃
prehensive capacity and residents’happiness, and enhancing
the quality and level of urbanization.
2) Development goals

Construction will be in disorder without clear goals. There⁃
fore, the social, economic, and livelihood goals of smart city
construction should be determined in accordance with the city’
s regional positioning, strengths, development opportunities,
and industry features. Social goals include caring public servic⁃
es, rational social management, optimal resource allocation, en⁃
vironmental improvement, effective economic development,
people’s welfare, and harmonious social trends. Economic
goals include healthy development of industrial economy, con⁃
tinuous cost reduction, and increasing efficiency and benefits.
Livelihood goals are to provide people with better living and
guarantee services, such as basic housing, community, and
public education services.
3) Key tasks

With adequate research on and analysis of demands, in ac⁃
cordance with smart city construction and development goals,
key tasks and projects should be determined, target tasks and
responsibilities should be specified, and construction require⁃
ments, leaders in charge, leading departments and accountable
persons, and assistance departments and accountable persons
should be identified for all construction projects. Key tasks
should be prioritized in the planning process, highlighting pri⁃
orities and implementation methods. For example, priorities for
IT applications shall be specified in urban planning and man⁃
agement, public services, social management, infrastructure,
and industrial development, and the issues constraining urban
development should be addressed to explore and promote the
sound development of information networks, technological in⁃
novations, industrial transformation, and social applications.
4) Strategic steps.

In accordance with the top⁃level design, a smart city should
be conducted step by step by tackling easier issues first, focus⁃
ing on usability, and launching pilot projects, to build, use,
summarize, adjust, and improve the smart city simultaneously.
For example, infrastructure should be improved with the guid⁃
ance of“Broadband China”, and big data centers should be
built with the guidance of“ICT Benefiting People”, including
four basic databases for natural persons, legal persons, macro⁃
economics, and spatial geography. Furthermore, corresponding
subsystems, such as smart transportation and smart tourism,
should be built to meet different local needs. The smart city
construction is in progress, and will never end.

Upon the completion of strategic management planning, fur⁃
ther measures should be taken for the collection, integration,
storage, mining, and sharing of information resources.

First, a technical support system should be developed for
the smart city. A smart city has a long⁃term development pro⁃
cess, and therefore needs a scalable, flexible, and evolving
technical system. This system coordinates all project levels
and elements from a global perspective, analyzes the current
status, target architecture design, interconnection specifica⁃
tions, and comprehensive construction constraints in respect of
services, data, systems, and technologies, and designs imple⁃
mentation path for the target architecture [3].

Second, a service application system should be developed
for the smart city. With the goal of fully supporting government
functions, the service application system is the infrastructure
for planning and designing service functions of a smart city,
breaking the limitations of specific department functions, and
reviewing the services in respect of serving the public, in order
to adapt to the changes in urban management, economic devel⁃
opment, people’s livelihood, and public services. This system
better serves the general public, governmental departments,
and enterprises by building related service application sys⁃
tems, such as urban planning, construction, operations, and
management services.

Third, a policy and standards system should be developed
for the smart city. Currently, the level of standardization has
become an essential element of core competitiveness of all
countries and regions in the world. In the top ⁃ level planning
stage of smart cities, great importance should be attached to
standardization. There must be guides for planning smart cit⁃
ies, standards for building shared platforms, and references for
collaborative application and development, to achieve orderly,
high⁃quality, and significant development.

Fourth, an evaluation system should be developed for the
smart city. The evaluation system should be established for sci⁃
entific measurement of smart city construction, and specifying
and setting indicators for the smart city, to ensure rational ur⁃
ban investment, efficient management, livable environment,
and happiness of residents. The evaluation system identifies
the construction goals and standards of the smart city, to help
smart city administrators make objective judgment on the con⁃
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struction process and results, and qualitative and scientific
evaluation of the construction achievements. This system has
become an effective means for assessing smart city construc⁃
tion, and is of great significance and value for solving these
problems. In accordance with the upcoming state⁃level evalua⁃
tion indicators for a smart city, based on the actual conditions,
detailed evaluation systems can be developed for all cities [1].

Fifth, an investment and financing system should be devel⁃
oped for the capital industry of a smart city. Smart city con⁃
struction is a complicated systematic project that has wide cov⁃
erage, and needs huge capital investments. It cannot be effec⁃
tively supported by relying on only the public expenditure of a
nation. It is an inevitable choice to meet the funding needs of
smart city construction through various flexible investment and
financing models. For example, the public-private partnership
(PPP) model can be used to introduce market mechanisms into
smart city construction projects. In this way, additional fund⁃
ing needs can be fulfilled by enterprises and financial institu⁃
tions, achieving the goals of shared and win⁃win project con⁃
struction involving multiple parties. This will become an inevi⁃
table choice for investment and financing models of smart city
construction projects in China.

4 Cases of Top⁃Level Design of Smart City
Y City, located to the south of the Yangtze River and to the

north of the Changsha⁃Zhuzhou⁃Xiangtan City Group, has rich
natural and tourism resources, and is well ⁃ known as“a land
flowing with milk and honey”, the“Land of Black Tea”, the
“Land of Ramie”, the“Land of Nan Bamboo”, and the“Land
of Culture”in China. With distinctive geographical advantages
and rich element resources, Y City has witnessed the rapid de⁃
velopment of various undertakings, increasing economic
strength, improving information infrastructure, rapid develop⁃
ment of the information industry, and better environment for IT⁃
based development in recent years, laying a solid foundation
for smart city construction. However, Y City also faces a series
of problems and challenges:
•Closed platforms and imbalanced development result in in⁃

formation silos, and information sharing and opening up
lack intrinsic motivation or external regulation mechanisms.

• Overall planning and construction should be further im⁃
proved due to poor IT⁃based coordination.

• IT infrastructure does not meet the development require⁃
ments, with a low level of intensive development and weak
information security capabilities.

•Due to low investment in IT, Y City suffers a severe shortage
of talents.
Based on its actual conditions and geographical advantages,

with adequate research and demand analysis, Y City proposes
the purposes of providing high⁃quality services, benefiting peo⁃
ple, and promoting development, and the goal of enhancing the
city’s core competitiveness for smart city construction through

“strategic management planning”. Y City promotes the im⁃
provement and optimization of public infrastructure through
spatial construction planning, determines to promote the trans⁃
formation and upgrading of traditional industries and strategic
development of the IT industry through economic development
planning, and identifies to build an urban platforms for public
services to achieve city ⁃ level information gathering and re⁃
source integration through technical support planning. In addi⁃
tion, Y city guarantees smooth implementation of the smart
city through security planning and standards planning.

Y City uses the top ⁃ level design with“Integration of Four
Plans”, and formulates the framework of smart city construc⁃
tion, including three major tasks, ten major projects, and five
key platforms (Fig. 3).

Based on the development strategy of“Ecological City, and
Harmonious YY”, in accordance with the general require⁃
ments for following an intensive, intelligent, green, low⁃carbon
road of urbanization, with the goal of enhancing the city’s core
competitiveness, this top⁃level design promotes the application
of the new⁃generation IT innovations, and boosts economy re⁃
structuring and social management innovation, providing im⁃
portant support and laying a solid foundation for build livable
Y City with economic prosperity, social civilization, and beauti⁃
ful environment.

To ensure the smooth implementation of the smart city, Y
City starts from improving information infrastructure, building
smart application systems, and promoting industrial develop⁃
ment to lay a solid foundation for smart city construction,
achieve standardized, accurate, and intelligent urban construc⁃
tion and management, and cultivate and develop emerging stra⁃
tegic industries, creating new economic growth poles.

To effectively promote citywide public resource sharing,
achieve collaborative and efficient operations of people, logis⁃
tics, information flow, and capital flow, and improve its opera⁃
tional efficiency and public services, by focusing on providing
high⁃quality services, benefiting people, and promoting devel⁃

▲Figure 3. Case of top⁃level design of a smart city.
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opment, Y City makes overall planning of ten projects, includ⁃
ing smart security, smart urban management, smart livelihood,
smart education, smart healthcare, smart ecology, smart tour⁃
ism, smart transportation, smart industry, and smart communi⁃
cations networks.

To promote intensive construction of the smart city, and ra⁃
tional use of existing resources to avoid redundant construc⁃
tion, ZTE provides a full range of support for key projects of Y
City through overall planning of five major platforms, such as
the cloud service platform, geographic information sharing plat⁃
form, the public information platform, e⁃government cloud plat⁃
form, and emergency service platform, thereby raising the over⁃
all level of the smart city.

Through the top ⁃ level design of a smart city, starting from
big data mining and applications, Y City implements online
processing of all governmental activities, formulates citywide
information resource data standards, launches information re⁃
source update, exchange, sharing, and opening⁃up policies and
measures, and improves the governmental information resource
catalog system and exchange system. In addition, Y City uses
big data technologies for multi⁃dimensional analysis and judg⁃
ment of economic and social development, to fully explore and
enhance the value of data resources, and provide support for
scientific prediction, correct decision⁃making, and quick pro⁃
cessing. By improving appropriate security mechanisms for
smart city development, such as accelerating urban informa⁃
tion infrastructure and strengthening information security, Y
City focuses on the construction of major smart application
projects, and makes great breakthroughs in urban management
and public services.

5 Summary
In general, smart city construction in China is still in the ear⁃

ly and the exploratory stage. What is a smart city? How to
build a smart city? Due to different understanding of these fun⁃
damental questions, many cities may encounter such problems

as information silos, same images of different cities, and low
degree of smartness during the smart city development. The
root causes include management without collaboration due to
lack of top⁃ level design and overall planning, lack of innova⁃
tions in systems and mechanisms, and potential network securi⁃
ty risks. Some places even have the signs of muddy thinking
and blind construction, and are therefore in urgent need of
strengthening guidance. Based on overall needs for smart city
development, through the top⁃level design concepts and meth⁃
odology of smart city with“Integration of Four Plans”, we
should integrate and coordinate all resources from top to bot⁃
tom, identify the relationships between all tasks, and design
the implementation path systematically to ensure healthy and
sustainable development of the smart city.
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1 Introduction
hina’s smart city development officially started in
2012, when the Ministry of Housing and Urban ⁃
Rural Development (MOHURD) announced 90 cit⁃
ies or towns to be the first batch of pilot smart cit⁃

ies. In April 2015, MOHURD announced the third batch. Now,
MOHURD and the Ministry of Science and Technology are pro⁃
moting the smart city pilots to work together, and in total, the
number of three batch of national“pilot smart city”reaches
300. [1]

The overall idea of the national smart city pilot project is to
start with solving the actual problems of a city or town through
the comprehensive application of modern science and technolo⁃
gy in order to add smartness to a city. The purpose of smart
city development includes: urban planning and management of
cities/towns/districts, the allocation of urban resources, creat⁃
ing liveable environment, and using cultural heritage and inno⁃
vation. In other words, the development of smart cities aims to
promote the happiness of citizens and focus on urban sustain⁃
able development.

Therefore, in the process of development of smart city, MO⁃
HURD asks all pilot cities and towns to insist on an issue⁃ori⁃
ented, demand ⁃ oriented and goal ⁃ oriented approach. This
means one city has to work out a comprehensive plan and fol⁃
low five guide points from MOHURD. The guides are focusing
on:“one city one policy, people⁃centered strategy, city⁃indus⁃
try integration, urban⁃management system innovation; market⁃

leading and optimizing resource allocation.

2 Five Pilot Smart Cities in China
After three years of development on smart city practice,

some good results have been presented. Here, cases of five cit⁃
ies (towns) are introduced as models of China’s smart city de⁃
velopment. They are Guilin City, Yunlong Demonstration
Zone, Panyu District, Yangling Agricultural Hi ⁃ Tech Indus⁃
tries Demonstration Zone, and Lecong Town.
2.1 Smart Tourism in Guilin

Guilin is a prefecture ⁃ level city in the northeast of the
Guangxi Zhuang Autonomous Region, China. It is situated on
the west bank of the Li River, bordering Hunan to the north.
The name Guilin means“Forest of Sweet Osmanthus,”owing
to the large number of fragrant Sweet Osmanthus trees located
in the city. The city has long been renowned for its karst moun⁃
tains and is one of China’s most popular tourist destinations.
At the end of 2014, Guilin city’s permanent resident popula⁃
tion was 4.91 million—2.24 million urban population and 2.67
million rural population. Guilin’s urbanization rate is 45.6%.
The natural population growth rate is 6.34%. [2]

Guilin as an international famous tourist city is chosen by
the State Council of China as one state⁃level tourism reform pi⁃
lot area. In November 2012, the National Development and Re⁃
form Commission (NDRC) agreed“Guilin international tour⁃
ism destination construction development plan”, so the devel⁃
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opment of Guilin tourism is also a national strategy. Therefore,
the Guilin municipal government attaches great importance to
the“smart tourism”as a new breakthrough in transformation
and upgrading of tourism, also as a new area to promote other
industries of Guilin. Fig. 1 shows demonstration spots of the
smart tourism in Guilin.

Smart tourism involves using advanced technologies such as
cloud computing, Internet of things, mobile communications,
intelligent application, high performance information process⁃
ing, data mining, and other ICT technology, to build a smarter
application system for visitors, travel agencies, departments of
Tourism Administration.

Guilin is building its smart tourism framework as“one plat⁃
form, four systems, two demonstration projects, and eight se⁃
ries of tourism products”. In details, one platform is the Guilin
public travel information service platform; four systems of
smart tourism include service system, management system,
marketing system, and tourism enterprises system; two demon⁃
stration projects are“one characteristic small town”and“one
characteristic low carbon small town”; eight series of tourism
products are water sightseeing, leisure vacation tourism, histor⁃
ical and cultural tourism, national culture tourism, red tourism,
ecological village tourism, outdoor sports tourism and romantic
wedding tour.
2.2 Yunlong Demonstration Zone: The Road Map for

Low􀆼Carbon Society and Eco􀆼City
The Yunlong Demonstration Zone, established in 2009, is a

new district of Zhuzhou City, Hunan Province. Fig. 2 shows
one image map of Yunlong Demonstration Zone. It is located in
the northern part of Zhuzhou City, is the Fifth District of Zhu⁃
zhou, with a total area of 105.8 km2 with a total population of

66,400 people, leading two towns, 22 villages and three com⁃
munity committees. [3] From the beginning, Yunlong summa⁃
rized the road map for low⁃carbon society and eco⁃city, its ur⁃
ban design and planning aim to the two goals. And the Demon⁃
stration Zone is divided into three areas: tourist area, cultural
park area and new industrial area as shown in Fig. 3.

Yunlong made six detailed plans for its development: 1)
green traffic, 2) low carbon energy, 3) ecological and environ⁃
mental protection, 4) comprehensive utilization of water re⁃
sources, 5) low carbon industrial, 6) urban management. Using
the concept of smart city and technical tools, it will enhance
the capability of urban infrastructure, command operations,
ability to respond emergency events, better public service, etc.

In detail, the green traffic plan will develop public transport
first, manage road usage, build public transport system and
green road system. In water resources comprehensive utiliza⁃

Jinjiang Palace

▲Figure 1. Demonstration spots of the smart tourism in Guilin.

Huixian wetland Karst mountains

Yangshuo street
▲Figure 3. Land planning map of Yunlong Demonstration Zone.

▲Figure 2. One image map of Yunlong Demonstration Zone.

New industries area
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tion, water conservation is as the core; the plan will promote
the optimization of water resources allocation and recycling,
strengthen the water ecological restoration and reconstruction,
rationalize the use of rainwater, strengthen the surface water
conservation, to build a safe, efficient, sustainable water envi⁃
ronment. In land use, Yunlong will pay attention to developing
towns and villages, reserving agricultural land at rural areas,
and maintaining high ⁃ density development at urban areas so
that the relative proportion of urban construction land, ecologi⁃
cal land, and agricultural land use will be 1:1:1.

Finally, Yunlong new area is trying to use of build⁃operate⁃
transfer (BOT), public⁃private partnership (PPP), transfer⁃oper⁃
ate⁃transfer (TOT), building⁃transfer (BT) and other new financ⁃
ing model, to attract foreign capital and private capital, pro⁃
mote the construction of infrastructure.
2.3 Smart Public Service at Panyu District

Panyu is a district of Guangzhou in southern China. It was
formerly a county⁃level city before it became a district of Guang⁃
zhou. The name of Panyu dates back to the conquest of Guang⁃
dong by Qin Shi Huang. It was the old name of present ⁃ day
Guangzhou. The district covers an area of about 661.88 km2. It
is consisted of six towns, 10 streets, total of 177 administrative
villages, and 84 community committees. [4]

Panyu District has maintained a rapid economic develop⁃
ment and the size of the population is also growing rapidly.
Now the actual resident population is 3 million, far more than
the population that has household registration. At present, one
unresolved problem is that the effective supply of public ser⁃
vice is not good enough to satisfy the public, and this problem
is becoming increasingly prominent.

Therefore, Panyu District’s goal in terms of smart city devel⁃
opment is to promote people’s livelihoods and provide better
information services. Panyu plans to implement four projects
related to people’s livelihood: 1) file management plan, 2) live⁃
lihood service cards, 3) service points, 4) livelihood services.
In particular, is to promote the“cloud services + smart service
card + smart App”plan to push construction of a comprehen⁃
sive and highly integrated intelligent ICT, providing the public
with a number of smart services, such as emergency services,
community services. Fig. 4 shows the public service hall of Pa⁃
nyu government. For example, in 2013, the“Rental Housing
Safety Management”worked well and is in charge of 643,000
rental housing sets. The coverage rate of 94.4%; and the“Citi⁃
zen Hotline of the Panyu District”got 140,036 complaints or
comments, 138,880 cases received satisfied reply, wind ⁃ up ⁃
case rate was 99.17%.
2.4 Smart Agriculture at Yangling Agricultural Hi􀆼Tech

Industries Demonstration Zone
YanglingAgriculturalHi⁃Tech IndustriesDemonstration Zone

is located in Yangling District, Xianyang, Shaanxi. It is under
the direct governance of Shaanxi Province, and is the only

such zone within the People’s Republic of China. It was creat⁃
ed on 29 July 1997. This district has the planning area of
22.12 km2, and its population is 80,000 people. [5]

Yangling Demonstration Zone believes that it is very impor⁃
tant for modern agriculture to control whole agricultural indus⁃
try chain of quality and safety and to improve food safety pro⁃
duction. One vegetable factory at Yangling is shown in Fig. 5.

Yangling Demonstration Zone affixed to two dimension code
as identification to its all agricultural products. Consumers can
scan the code only using a smart mobile phone, can easily que⁃
ry the time of sowing, picking time, fertilization time and fertil⁃
izer name, the pesticide name used, time and production manu⁃
facturers, etc. In this way, all these agricultural products have
an“ identity card”. Fig. 6 shows one customer checks his
food’s identity. And, four local standards have been worked
out for safety of Yangling agricultural products. These are stan⁃
dard for the management of traceability, technical specifica⁃
tion for products⁃examination, examination criteria, and certifi⁃
cation inspection standard.
2.5 Smart City in Lecong Town: Focusing on Industries

Lecong Town is situated in the hinterland of the Pearl River

▲Figure 5. One vegetable factory at Yangling.

▲Figure 4. Public service hall of Panyu government.

Figure 6. ▶
One customer checks

his food’s identity.
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Delta, the northwestward of Shunde and the south of the cen⁃
tral urban area of Foshan. It is less than 30 km from Lecong to
Guangzhou and more than 100 km to Hong Kong and Macau.
The National Highway 325 runs through from the south to the
north. Lecong town covers 78 km2, owns five community com⁃
mittees, 19 villages, household registration population of 100,
000 people, and resident population of 260,000 people. [6]

As a small town of only 78 km2, Lecong gains its achieve⁃
ments being the world’s largest furniture market, the country’s
largest iron and steel market, South China’s largest trading
market of plastic. With the acceleration of urbanization and se⁃
rious market competition, Lecong is facing many difficulties,
such as wrong land planning, low end market, environmental
degradation, and public service challenges.

From 2012, Lecong local government started the develop⁃
ment of Internet of things (IOT) industry as a new starting
point, to increase investment, to start building“smart town”
and to promote upgrade of Lecong’s other traditional indus⁃
tries. Until now, IOT Industrial Park has been successfully
opened, attracted more than 30 famous research institutions
and enterprises into this Park, such as South Korea’s Samsung
data.

Lecong is one typical small town of China’s first batch of
smart pilot cities.“Smart Lecong”development is an impor⁃
tant example in the eastern coastal areas different with other
big cities. Through the IOT industry and other new ICT innova⁃
tion with other industries, Lecong promotes the upgrading and
transformation of traditional industries and the development of
urban area. It has become a model of smart development in
China’s small cities and towns. Fig. 7 shows a Lecong night
scene.

3 Smart City Standardization and
“One City One Policy”
Now, smart city development is in full swing, the demands

of the standard system are also increasingly strong. At the end
of 2012, MOHURD published“national smart city (town, dis⁃
trict) pilot standards system (for trial)”, a guide book for 90 pi⁃
lot smart cities that year.

This indicator system contains six aspects of smart city: stan⁃
dards, infrastructure, construction and liveable, management
and services, industry and economy, and security and mainte⁃
nance. It can be divided into five levels and covers 18 techni⁃
cal areas, including 126 professional standards of industries.

The smart city indicator system and 57 indexes for the pilot ⁃
project are shown in Table 1. Here are 57 indexes of these 6
aspects as third level. And these indexes are flexibly divided
into required index, optional index and innovational index.

MOHURD’s pilot smart cities are located in more than 30
provinces around China, and are different in many ways. For
some small cities or underdeveloped areas, both the urban in⁃
frastructure and the ICT service could not take the same stan⁃
dards and criteria with developed areas. So China advocated
“One City One Policy”, will not judge all pilot cities with same
standards and evaluation indicators in future.

National Smart City Joint Lab of Chinese Society for Urban
Studies (CSUS) was set up in 2012. The joint lab consists of
over 30 enterprises and research institutions, such as National
Engineering Research Center for Information Security, Hua⁃
wei, ZTE, Microsoft, IBM, MIT, HITACHI, Baidu, Xinhua
News Agency Modern Express, Economic Daily, etc. The lab
focus on the research and construction of all concerning with
smart cities, such as ICT, public information platform, city se⁃
curity, and water engineering. Beginning with solving practical
issues, the lab is endeavor on putting forward scientific, thor⁃
ough and executable solutions for smart city construction, as⁃
sisting pilot smart cities governance and offering consultation
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▲Figure 7. Lecong night scene.

▼Table 1. Smart city indicator system

Smart City Indicator System (Pilot, SCI)
First Level

Guarantee
system
and
infrastructure

Smart
construction
and livability

Smart
Administration
and Service

Smart
industry
and economy

Second Level
Guarantee
system
Network
infrastructure
Common platform
and database
Administration
of city
construction

Promotion of
city function

Governmental
service
Basic public
service

Special
service

Industry planning
Industry
upgrade
Development
of emerging
industry

Third Level
Planning outline, implementation scheme,
organization guarantee, policy and regulation, funds
guarantee, management of operation
Wireless network, broadband network, next⁃
generation broadcasting network
City common basic database, city common
information platform, information security
Urban and rural planning, digital city administration,
construction market administration, house property
administration, landscaping, historical and cultural
preservation, building energy conservation, green
building
Water supply system, drainage system, water
conservation application, gas system, garbage
classification and disposal, heat supply system,
lighting system, underground pipeline and spatial
integrated administration
Decision support, information disclosure, online
service, governmental service system
Basic public education, labor employment service,
social insurance, social service, medical and health
service, public culture and sports, service for
disabled, basic housing guarantee
Smart transportation, smart energy, smart
environmental protection, smart land administration,
smart emergency, smart security, smart logistics,
smart community, smart house and home, smart
payment, smart finance
Industry planning, innovation investment
Industrial factors agglomeration, traditional industry
transformation
High and new technology industry, modern service
industry, other emerging industry



December 2015 Vol.13 No.4ZTE COMMUNICATIONSZTE COMMUNICATIONS44

service.
Based on over 200 pilot smart cities practical experiences,

the National Smart City Joint Lab is cooperated with its part⁃
ners to continue standardization work of smart city. Recently,
ISO/TC 268’s TR37150 Chinese version has been published
as one guidebook for city mayors and leaders.

4 Conclusion: Smart City and China’s
Urbanization
China is in a crucial stage of development. There is steady,

coordinated progress in advancing the new type of industrial⁃
ization, IT application, urbanization and agricultural modern⁃
ization. However, there is a large urban⁃rural gap in develop⁃
ment. Population in the central, western and northeastern re⁃
gions accounts for over 60% of the national total. And per capi⁃
ta GDP has just exceeded US $5000. Narrowing the gap be⁃
tween urban and rural areas and between different regions will
unleash huge potential for growth. China will implement a new
type of people⁃centered urbanization and address the bifurca⁃
tion between urban and rural areas. The government will in⁃
crease support and use market tools to rebuild more rundown
areas this year. Government will also promote the development
of green industries, new energy, and energy⁃conserving and en⁃
vironment friendly technologies and products to foster new
growth areas, and resolutely eliminate backward production fa⁃
cilities in this process to ease the resources and environmental
constraints.

The international experience has proved that when urbaniza⁃
tion reaches 50% to 70%, social problems tend to increase. Cit⁃
ies become sick; problem of unemployment, the gap between
rich and poor, housing shortage, traffic congestion, energy
shortage and environmental pollution, and other issues become
serious. China’s urbanization rate for the first time reached
50% in 2011. China’s urbanization is in a critical period. To
achieve people⁃centered urbanization,“smart city”helps. Smart
city development requires to solve various urban diseases exist⁃
ed, and at the same time to prevent new problems or troubles
in urban areas. The main purpose of developing a smart city is
to serve the people better.
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1 Introduction
s mobile technology develops, mobile devices
have become more powerful with high transmission
speed, low power consumption and low cost.
Hence, the paradigm of multihop ad hoc network⁃

ing has become popular. An established mobile ad hoc net⁃
work (MANET) can cooperate with various network systems to
extend communication areas for applications and ensure better
user experience. The application domains, e.g. public safety
[1], intelligent transportation system, mesh community and mo⁃
bile data off⁃loading [2], can benefit from such integration. One
of the major challenges of the integrated networks is to serve
large amount of traffic data from end devices with limited re⁃
sources. Thus, in order to satisfy the Quality of Service (QoS)
of the different applications and devices, proper and efficient
mechanisms should be developed for suitable allocation of
available network resources.

In an integrated system, a MANET node can communicate
with external networks via gateways. A gateway node, with mul⁃
tiple interfaces and protocols, acts as interworking unit respon⁃
sible for forwarding traffic between different types of network.
To provide interoperability and end⁃to⁃end network connectivi⁃
ty for end devices, gateways need to be implemented with vari⁃
ous networking functions that regulate data and control traffic.
To optimize network resource utilization and achieve satisfied
QoS, the data transmissions must be distributed and make best
use of allocated resources accordingly which can be achieved
by proper gateway selection mechanisms. However, due to the
distributed behavior of mobile nodes and limited network re⁃
sources, there are still some issues to be addresses when de⁃
signing gateway selection mechanisms.

In this paper, we investigate the gateway⁃selection problem.
The main contribution of this paper is to provide a survey of
gateway selection mechanisms in a MANET based integrated

networks. The previous studies are categorized in terms of dif⁃
ferent criteria, such as information discovery method, selection
metric, and decision ⁃making entity. We present explanations
and comparison of the studies in each category, and specify
some load⁃balancing based algorithms. With the development
of hardware techniques, networks such as machine⁃to⁃machine
network (M2M) and Internet of things (IoT) can also be integrat⁃
ed with MANETs for data aggregation. With a large number of
mobile devices and enormous amounts of data, load⁃balancing
is essential for alleviating traffic congestion and even traffic
distribution in order to improve network performance. We also
point out future study directions based on the surveyed papers
and analysis.

The rest of the paper is organized as follows: In section 2,
we discuss and state properties of gateway selection problem.
In section 3, the current gateway selection mechanisms in
terms of different categories are reviewed. In section 4 we high⁃
light the open research challenges and issues for future re⁃
search. Finally, in section 5, we conclude the paper.

2 Gateway Selection Problem Statement and
Discussion
In order to communicate with external networks, mobile

nodes should target one or more trusted gateways to direct
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their traffic to. During this procedure, several aspects need to
be considered. Firstly, the gateways are limited by processor
capacity and outgoing transmission link capacity. Thus, the
amount of traffic that goes through a gateway must not exceed
the capacity of the gateways; otherwise, the data packets will
be dropped. This may lead to more packets having to be re⁃
transmitted, longer delay, and poorer throughput. In addition,
gateways may have different capacities of connections that are
not known by the mobile nodes. This may cause unevenly utili⁃
zation of gateways’resources. Furthermore, mobile nodes se⁃
lect gateways spontaneously without considering other nodes,
it is possible for them to have the same preferable paths at the
same time, which may cause congestions on wireless channel
both in⁃network and around gateways.

In order to make best use of the network resources and avoid
problems, it is essential to consider network performance dur⁃
ing gateway and path selection, when there are multiple paths
and gateways available in network. Gateway selection prob⁃
lems include 1) which gateway to select for each data packet
flow, 2) how to route the flows through multi⁃hop network paths
established between mobile nodes and selected gateways, and
3) increase network throughput and improve QoS in integrated
system. Gateway selection problem can be broken into three
steps: measurement, decision and execution [3]. The first step
is path/gateway information discovery and collection. Informa⁃
tion accuracy is guaranteed in this step. The second step is de⁃
cision phase that concentrates on the algorithms and decision
metrics. Based on the information collected in the measure⁃
ment step and algorithm designed, a certain path/gateway is de⁃
cided in this step. Execution, the last step, illustrates which
terminal devices make the decisions. The decisions can be
made in nodes locally, or they can be made centrally and dis⁃
tributed to nodes.
Fig. 1 illustrates the topology under consideration. The con⁃

sidered topology is formed from a MANET with large number
of mobile nodes that can communicate with each other within

communication range. Any mobile node can be the source
node which requires external communication. Multiple gate⁃
ways are available to provide external links and multiple paths
are possible to route to gateways. In Fig. 1, for the source node
s, there are currently three gateways available. They have dif⁃
ferent properties: gateway 1 and gateway 3 are able to handle
more traffic and have higher capacity compared with gateway
2. And clearly, the node density around gateway 3 is higher
than that around gateway 1 and gateway 2, which means it is
highly possible that interference needs to be considered when
it comes to gateway 3. In terms of location position, gateway 1
is the most far away one, which means hop distance delay is
the largest theoretically. For gateway 2, there are two paths es⁃
tablished with different hop distance and node density (trans⁃
mission interference). Should the decisions made in node s or
in other designed entity? How to make sure the validation and
accuracy of these information? With all these information,
which gateway and path should be selected to the node s to
achieve the best network performance? Gateway selection aims
at solving these questions.

3 State􀆼of􀆼the􀆼Art Gateway Selection in an
Integrated MANET
Various approaches have been proposed and in this section

we present a literature review of the studies in gateway selec⁃
tion problem. Different gateway selection mechanisms are de⁃
signed to achieve various functions and objectives in different
systems. The studies are categorized in terms of various as⁃
pects as shown in Fig. 2. A basic category criterion is the way
a gateway is discovered and how the gateway/path information
is collected. For this purpose, proactive, reactive and hybrid
mechanisms are proposed. Each mechanism has its own advan⁃
tages. Another criterion is the means of decision ⁃making for
gateway selection in network level. The decision can be made

▲Figure 1. Target MANET topology with multiple gateways and
available paths. ▲Figure 2. Category illustration of gateway selection algorithms.
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in a central point (central controller) and a centralized mecha⁃
nism is needed in this case. On the contrary, the decision can
be made at local nodes that require the mechanisms to be dis⁃
tributed. The decision making we discuss here mainly focus on
the terminal devices that make the decisions and the means of
execution. Hence, the decision making is related to the execu⁃
tion process. Based on the objective of algorithm design, the
studies of gateway selection can be categorized into QoS ⁃
aware, Medium Access Control (MAC)⁃aware and load balanc⁃
ing based group. Table 1 summarizes the studies briefly in
terms of different criteria. In the following part, these studies
will be illustrated with more design details.
3.1 Decision Making

Based on the way of decision ⁃ making, the studies can be
grouped as centralized solutions and distributed solutions. The
most common methodology proposed to address gateway selec⁃
tion problem is to have a centralized controller that collects
network information and runs an algorithm to determine gate⁃
ways for mobile nodes which are grouped as centralized solu⁃
tions. Gateways can also be responsible for making selection
decisions, and we group these as gateway centralized studies.
On the contrary, decision ⁃ making can occur in local nodes
and based on this, the distributed solutions are designed for
node ⁃ centric behavior. Based on the collected gateway and
path information, mobile nodes make their own decisions for
choosing which gateway to deliver traffic flows to.

The work in [4] considers 1) eliminating the gateway flap⁃
ping, 2) avoiding harmful effect caused by gateway selection in⁃
terference, and 3) balancing traffic at TCP flow level and im⁃
proving the performance and fairness of flows. It is assumed

that there is routing protocol executed to establish routes and
perform routing within network. The network topology graph
and routes are assumed to be obtained from the routing proto⁃
col. Gateways are connected to a central controller by wired
network. When a set of flows passes through the gateway, the
topology and path information is passed to the controller.
Based on this, the controller executes a fast gateway selection
algorithm and informs the gateway new association.

The selection algorithm is periodically executed to refresh
the associations and all the flows of a node have the same gate⁃
way association. The node⁃gateway association is decided ac⁃
cording to two ranked lists. The unlocked nodes (nodes with no
gateway association) are ordered according to the number of
valid paths (gateways). The valid paths are ordered in ascend⁃
ing order based on the gateway load (number of nodes the gate⁃
way serves) and path cost (expected interference and hop dis⁃
tance). Unlocked nodes are assigned one by one to the gateway
with minimum load and cost. Even though the aim is balancing
the load at the flow level, this paper only explains node⁃gate⁃
way association.

Based on the network⁃wide information, centralized solutions
are likely to determine the most suitable gateway for a certain
node and make optimized decisions for all the considering
nodes. However, they suffer from the fact that all the informa⁃
tion has to be collected at a single point. In the topology ⁃dy⁃
namically ⁃changing network, to capture the latest overall net⁃
work condition is challenging.
3.2 Selection Criteria

As mentioned, there are questions in gateway selection pro⁃
cedure: 1) which gateway to select for each traffic flow, 2) how
to route data flows through multi⁃hop network paths established
between selected gateways and mobile nodes. Various ap⁃
proaches to addressing these issues significantly affect the
performance of the entire system. They can be designed to in⁃
crease network throughput, improve QoS, and increase the effi⁃
ciency of network resource usage. Considering the objective
and emphasis of selection criteria, the studies can be classified
into different categories: QoS⁃based, MAC⁃aware and Load bal⁃
ancing based algorithms. Selection criteria, which determine
decision metrics, should be categorized to the decision process.
3.2.1 QoS Based Studies

To improve QoS, some performance metrics are designed to
evaluate the quality of path/gateway based on network and
gateway parameters. QoS based gateway selection mechanisms
favours some network parameters, such as hop distance, end⁃to⁃
end delay, link connectivity, and residual load capacity of gate⁃
ways. Some early works were designed based on a single met⁃
ric, however, single metric based algorithm sometimes needs to
sacrifice another network performance. Hence, trade ⁃ off be⁃
tween network parameters should be taken into account and al⁃
gorithms with multiple metrics are proposed.

▼Table 1. Studies of gateway selection

Information discovery

Proactive

Reactive

Hybrid

Ref.
[7]

[18]

[15]

[8]

[9]

[14]

[4]

[10]
[19]

[5]

Selection criteria
Expected throughput;
MAC link interference
Expected link quality;
Interference ratio;
Gateway load
Gateway capacity;
Hop distance
Contention level;
Congestion level;
Hop distance
Hop distance;
Traffic volume
Gateway traffic load;
Hop distance threshold
No. of Register nodes;
Expected interference;
Hop distance
Traffic volume
Gateway traffic load;
Hop distance
Path available period;
Path capacity;
Path latency

Decision making

Distributed

Centralized
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The authors in [5] consider multiple QoS path parameters
such as path availability period, available capacity and laten⁃
cy. In order to achieve considerations of both in⁃network and
gateways, the parameter of the end⁃to⁃end path between a mo⁃
bile node and a gateway node are computed. The path avail⁃
ability period is estimated based on mobility model and epoch
length caused by its movement is considered. To avoid in⁃net⁃
work bottlenecks, the residual load capacity of a path is formu⁃
lated as the minimum available load capacity at any node
along the path. Each node makes an independent decision on
which gateway to choose based on the metric value to each
gateway. The metric is based on a linear combination of the
three terms.

The authors in [6] aim at balancing the inter/intra⁃MANET
traffic load over multiple IGWs (Internet gateways). The paper
provides a metric consisting three components: shortest Euclid⁃
ean distance (hop count), inter⁃MANET traffic load and intra⁃
MANET traffic load. The metric is a linear combination of
these three components. The inter⁃MANET traffic load is repre⁃
sented by the number of registered MANET nodes (both local
and visiting) at the IGW. The intra⁃MANET traffic load within
the network is related to the optimal node density to delivery
traffic successfully. However, the definitions of inter and intra⁃
MANET traffic given in paper are partly redundant and not val⁃
idated well.
3.2.2 MAC Based Studies

The selection decision over different routing paths depends
on link performance indicators, which are influenced by the
MAC parameters. Hence, the appropriate routing metric
should adapt to the corresponding MAC parameters for effi⁃
cient joint functioning. In [7], authors develop load balancing
algorithm on top of expected throughput (ETP) routing metric.
ETP is a MAC⁃aware routing metric which takes into account
the capacity reduction of a link due to its interaction with other
links in its contention domain. ETP takes into account all the
existing flows on the paths at a node. It aims to determine a de⁃
lay ⁃ optimal routing forest. Unlike the algorithms mentioned
previously, this study does not explicitly use gateway advertise⁃
ments or requests to gateways from nodes. All the information
is achieved by neighboring messaged exchange. Control mes⁃
sage overhead is sufficiently decreased. In this paper, the bit
rate and the packet success probability of a link to all its poten⁃
tial parent nodes is available at current node. Based on these,
next hop with minimum expected delay experienced by a bit is
chosen which achieves local optimization. Benefiting from the
distributed manner, it is expected to minimize the expected
per bit delay over the entire network.
3.2.3 Load Balancing Based Studies

Due to the distributed behavior of mobile nodes, nodes in
certain locations could be more vulnerable to congestion be⁃
cause they may have a higher number of neighbors or they are

responsible for transmitting the majority of the packets. Gate⁃
way nodes can also be vulnerable to congestion because they
aggregate all the network traffic. The congestion is caused by
unevenly distribution of the traffic. Load balancing schemes
are essential to distribute the traffic evenly and alleviate con⁃
gestion. Furthermore, the load balancing schemes can be used
to decrease the potential delay caused by congestions and im⁃
prove the resource utilization. Therefore, load balancing is an
important consideration for improving network performance.
There are a number of studies that have been performed to fo⁃
cus on balancing network traffic and they differ in the metric
used for representing path/gateway traffic load. These studies
can be sub⁃categorized into: in⁃network load⁃balancing, gate⁃
way load ⁃ balancing and combine network and gateway load ⁃
balancing.

The in⁃network load⁃balancing mechanisms emphasize that
the traffic between source nodes and gateways is distributed
between a set of alternative paths in order to avoid congestions
and improve network performance. Most of them focus on de⁃
sign of path performance metric. In [8], the contention level,
congestion level, and hop distance are combined as the a selec⁃
tion metric to avoid areas which have high data traffic or many
nodes contending for channel access. The authors in [9] pro⁃
pose a potential⁃field⁃based routing scheme to reflect both dis⁃
tance and traffic volume at each node to multiple gateways.
Based on different path quality metrics, these studies distrib⁃
ute data traffic across the network. However, compared to mo⁃
bile nodes, the gateway nodes are more vulnerable to conges⁃
tions and easier to become bottlenecks because they aggregate
all the network traffic.

The gateway load⁃balancing mechanisms aim at distributing
traffic load among multiple gateways in order to reduce gate⁃
way load imbalance and to maximize the total network through⁃
put. The related approaches mostly consider gateway load for
selection and the gateway load is evaluated with different gate⁃
way parameters, such as actual amount of traffic [10], residual
capacity [11], the number of active flows, average queue length
[12], the number of registered nodes [13], and so on. The au⁃
thors in [14] consider the gateway load and channel contention
in cost function for gateway selection. Each node calculates its
own cost contribution to a gateway by multiplying the hop dis⁃
tance by the reciprocal of the number of nodes whose traffic is
forwarded. Each gateway receives route requests from all mo⁃
bile nodes, calculates total costs (summation of the reciprocals
of the number of nodes for which traffic is forwarded) and then
includes the related information in its periodic advertisement
message to mobile nodes. There is also a hop count threshold
introduced, and the gateways that are more than a certain hop
distance are not considered as a candidate. However, the cost
function is not explained very well and is not justified as a
good metric.

In [15], the authors design a practical, robust framework for
load ⁃ balanced routing and gateway selection under variable
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traffic loads. In this architecture, end⁃to⁃end QoS provisioning
and network resource management are deployed on a central⁃
ized controller called the Network Manager (NM). The NM is
responsible for collecting information on the network topology
and the available capacities of all links, maintaining a list of
active flows. Two schemes are proposed: (i) to assign a given
flow to the gateway with maximum residual capacity (MRC),
(ii) to assign the flow to the gateway with maximum normalized
capacity (MNC), which is the ratio of residual gateway capacity
to hop distance. To always select gateways with a lighter load,
these solutions may evenly distribute data packets among mul⁃
tiple gateways in average during a period. However, they do
not take into account the effects of route⁃switching, which may
cause gateway flapping and also degrade in ⁃ network perfor⁃
mance [16].

There are only a few studies about combining load balancing
within the network and among gateways. In [17], gateway load,
route interference and expected link quality are combined as
metric for nodes to choose the best gateway. The gateway load
is defined as the average queue length at the network interface
of accessing gateway. To estimate the gateway load accurately,
an exponential weighted moving average is used to smooth out
variations. Route interference is defined as the sum of the link
interferences along the route. Link interference is the maxi⁃
mum of the node interference, where node interference is de⁃
fined as the percentage of the time nodes sense wireless activi⁃
ties in the channel. Finally, the expected link quality is de⁃
fined as the forward link packet delivery ratio. Using the com⁃
bined metric (of gateway load, route interference, and expected
link quality), the aim is to evenly distribute traffic across the
network and equalize the traffic load on gateways. However, in
real scenarios, gateways may have different capacities. Even
though the data traffic is uniformly distributed between multi⁃
ple gateways, a few gateways may still be overloaded. Hence,
the utilization, which is defined as ratio of traffic load over
maximum capacity of a gateway, should be considered in fu⁃
ture work. Moreover, this study uses proactive approach for in⁃
formation discovery, where gateways periodically broadcast ad⁃
vertisement packets including gateway load and mobile nodes
periodically broadcast probe packets including node interfer⁃
ence factor and packet delivery ratio. A proactive approach
may keep routes up to date, but it increases interference due to
large number of routing packets.

In [18], a source based gateway selection scheme is pro⁃
posed and it combines path metric and gateway load. Path met⁃
ric is a function of link metric, which is defined as a combina⁃
tion of expected link quality and interference ratio. Expected
link quality is the success rate of transmitted probe packets.
The interference ratio is the ratio of the sum of interference
power from all interfering nodes over the maximum tolerable
interference at the receiver. The gateway load is based on the
average interface queue length and represented as gateway ca⁃
pacity. The gateway capacity is the sum of the capacities of

three interfaces in each gateway, where the capacity of each in⁃
terface is defined as subtraction of maximum interface queue
capacity and current interface queue length. This study also
proposes a waiting time before switching to a better path be⁃
cause an immediate switch may cause congestion and oscilla⁃
tions when several source nodes switch to a better path at the
same time. However, it does not consider that the better path
may change during this waiting time period. Even though the
gateway load is part of selection metric, this study focuses on
decreasing packet loss/retransmission, instead of balancing
network load. Another issue of this study is that only source
nodes are designed and implemented with gateway/path selec⁃
tion algorithm. In practical scenarios, source nodes are normal⁃
ly far away from gateways and they may not be sensitive
enough to catch the latest network conditions which dynamical⁃
ly change. Hence, the intermediate nodes should also be able
to make decisions based on the latest path information to im⁃
prove selection accuracy.
3.3 Gateway and Information Discovery

The gateway/path discovery is about information collection
and the accuracy of path parameters is an important design ob⁃
jective. The functionality mechanisms (QoS aware, MAC⁃aware
and load balancing) are usually built on top of discovery algo⁃
rithm. Things that need to be considered with the different
methods for gateway/path discovery are network control over⁃
head packets, computation complication of algorithm, and ini⁃
tial delay of path setup.

In [6] and [14], gateways proactively broadcast their current
information of the number of registered nodes and network to⁃
pology periodically. For proactive behavior, there will be large
control packets transmitting in network, which consumes net⁃
work resources. Besides, the path/gateway information may not
be updated frequently enough to keep up to date. The advan⁃
tage is the routing information will be always available in mo⁃
bile nodes and packets can be redirected immediately when it
arrives at the node.

The authors in [19] use reactive behavior to collect the path/
gateway information, which means only when the route to a cer⁃
tain destination is required, the mobile node will initiate a
route request. The current path/gateway condition will be inte⁃
grated into the route reply packets. Control packets in this case
include route request and route reply packets which will be
much smaller than those in the proactive algorithm. On the
other hand, the route initiation takes time, which increases the
end⁃to⁃end delay of packet transmission.

In [5], the authors use a hybrid gateway discovery algorithm.
The proactive and reactive zones are divided by the number of
hops from mobile nodes to gateway node. Each gateway periodi⁃
cally broadcast the gateway advertisement message which con⁃
tains its parameters within a proactive region of k hops. The
nodes in reactive zone discover the gateway node and path in⁃
formation by sending gateway discovery message. In this case,
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the number of control messages will be reduced compared with
the proactive scheme. Also, the nodes within k ⁃ hop distance
have less route establishment time compared to the reactive
scheme. However, it requires more complicated computation
work in this scheme and how to define the optimal proactive re⁃
gion is critical in this scheme.

4 Open Issues and Challenges for Future
Studies
Integration of MANET and other networks has been well

studied, but when it comes to gateway selection, there are still
some additional issues that must be taken into account and ad⁃
dressed. In this section, the challenges and issues are ex⁃
plained and discussed. Table 2 summaries the challenges and

future directions.
4.1 Routing Flapping

The most distinguished feature of ad hoc networks is that
the self⁃organization which makes it impossible to achieve ac⁃
curate, instant⁃react routing management in⁃network. Most of
the protocols are designed in a distributed manner, and there
will be latency for nodes’reaction to changes in the network
topology. It is likely that at one time all the nodes find out the
current default gateway is overloaded, so they turn to register
in another gateway. This leads to overloading on the targeted
gateway. The overloading cannot be alleviated until the time
that the overloaded information of this gateway is known by the
majority of mobile nodes. At this time, the other gateway starts
to overload again. This synchronized rerouting problem causes
routing flapping (also referred to as the ping pong effect). It is
hard to maintain an absolutely balance in load distribution,
however, optimal schemes can be applied to alleviate this flap⁃
ping effect. There must be coordination between gateways and
mobile nodes to intelligently select the gateway and alleviate
flapping.

Furthermore, a route change in a node may affect others,
leading to affect overall network performance. The more aggres⁃
sive of the gateway switching/route change is, the more likely
to be poor network performance is. The trade⁃off between route
decision and network performance also need to be considered.
Thus, how to evaluate the effect of route changes and how to
control the changes to achieve the best performance gain must

be further studied.
4.2 Performance Trade􀆼Off

With respect to the network view, there is a cost if addition⁃
al improvements are made beyond the natural network behav⁃
ior. To achieve realistic situation, multiple⁃objectives are nor⁃
mally required, for example, to achieve load ⁃ balancing and
multi⁃QoS at the same time. However, when a certain objective
is achieved, normally some other may not be accomplished. In
this case, how to coordinate the behavior and performance of
different metrics is crucial and the trade ⁃ off of different
achievements needs to be considered.

For example, when path reliability is of high priority, a more
reliable, longer distance path may be chosen for higher reliabil⁃
ity. In this case, the overall data delivery ratio will be in⁃
creased but also the end⁃to⁃end delay. Due to large amount of
data aggregated, it is likely to be congested when the nodes
have a large number of neighbor nodes or the nodes are on the
shortest path. To alleviate the congestion, a less traffic path
with longer hop distance can be selected. For example, gate⁃
way 1 will be chosen instead of gateway 2 and gateway 3 in
Fig. 1. Load ⁃ balancing is achieved but delay is increased as
the cost.

Different QoS and priorities need to be considered for vari⁃
ous applications and scenarios/topologies. In terms of applica⁃
tions, the voice message values the transmission delay and jit⁃
ter. On the other hand, file transmission prefers high delivery
ratio other than delay. When it comes to application scenarios,
emergency response integrated system requires both delay and
delivery ratio to be high level performance. Most of the mecha⁃
nisms are designed to be effective in a specific scenario. The
challenging issue in this case is the design of coefficients that
should be able to not only achieve promising performance in
theory but affect the realistic situation. Besides, the goal is to
make best use of network resource and sacrifice the least.

Furthermore, the most challenging part is how to design an
adaptive mechanism that is able to cope with different cases
through its own learning/adaptive function and achieve the re⁃
lated goals.
4.3 Information Update Frequency

(Trade􀆼off Between Accuracy and Cost)
The route/gateway selection decision depends on current

path conditions. Parameters of path conditions are collected
from nodes by different information discovery methods. The fre⁃
quency of path parameter updates determines how accurately a
node can adapt to changes. There is a trade ⁃ off between ac⁃
quired accuracy and resource efficiency including overhead
packets and energy consumption (Fig. 3). More frequent up⁃
dates may achieve more accuracy when adapting to network dy⁃
namics, but it may also cause higher control messages con⁃
sume and higher energy consumption. If the update is not fre⁃
quent enough, the changes of state of gateways/paths may not

▼Table 2. Challenges and directions for gateway selection

Challenge
Route flapping
Performance
trade⁃off
Path information
update

Problem Statement
Synchronization rerouting;
Traffic unevenly distribution
Multiple objective;
Resource and cost conflict
High accuracy cost, energy
and network resource
consuming

Direction
To evaluate route change effects;
Traffic control
To evaluate costs (individual and
combine objectives)
To evaluate information update cost;
Maximize frequency and limit
resource consuming
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be informed to mobile nodes in time. The information stored in
nodes could be out of date. Hence, how to limit the update fre⁃
quency and at the same time achieve the desirable accuracy
needs to be investigated. In addition, route changes may affect
the diffusion of path information. Hence, to make sure the in⁃
formation is disseminated efficiently, the route change effect
should also be considered as one aspect.

In multihop Wireless Sensor Networks (WSNs) with static
gateways, the nodes close to the gateways are more likely to de⁃
plete their battery supplies before the far ⁃away nodes due to
the intersection of multihop routes and concentration of data
traffic towards the gateways. To achieve uniformity of energy
consumption, the usage of mobile gateways is proposed and ex⁃
plored recently [20], [21]. As the gateway moves, the hotspot
nodes around the gateway change and energy increaseingly
drains through the network. Furthermore, to harvest multiple ⁃
input multiple ⁃ output (MIMO) gains in WSNs, several nodes
which are equipped with one or more antennas emulate a multi⁃
antenna node and independent paths between the transmit and
receive sides can be realized by having multiple spatially sepa⁃
rated nodes [22], [23].

5 Conclusions
To provide inter ⁃ connection between intrinsically different

networks, data aggregation function and network performance
guarantee, the gateway in an integrated system is vital to satis⁃
fy requirements. The gateway selection problem can be ad⁃
dressed as a centralized optimization problem, where perfor⁃
mance metrics (e.g. end⁃to⁃end delay, overall network through⁃
put, etc.) should be maximized. To achieve the objectives, the
network topology and traffic flows need be assumed to be static
and known. However, either network topology or traffic flows
are uncertain and highly dynamic in the system. The gateway
selection problem, on the other hand, can be addressed as a
network performance improvement problem in terms of differ⁃

ent routing metrics (e.g., traffic load, path delay, multiple QoS
metrics, etc.). The information is gathered in a distributed
learning way that may decreases timeliness. Besides, in order
to achieve local optimization, certain paths may be sabotaged
by related nodes.

Algorithms for future designs should be elaborated to cope
with realistic scenarios and deal with the challenges stated in
the last section. Update of path/gateway quality parameters
must be designed carefully and efficiently, in which case it
guarantees the information accuracy and achieves performance
gain with the least network cost. Due to dynamic topology and
real ⁃ time traffic condition, the route decisions should be dy⁃
namic and based on current information. It is desirable to de⁃
sign the algorithm manageable and adjustable to different net⁃
work conditions. Furthermore, the problem can be further ex⁃
tended to gateway selection in multi⁃domain wireless networks
[24], [25], where the inter⁃domain costs need to be considered.▲Figure 3. Trade⁃off between control overhead and information accuracy.
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Call for Papers
ZTE Communications Special Issue on

Multi􀆼Gigabit Millimeter􀆼Wave Wireless Communications
The exponential growth of wireless devices in recent years

has motivated the exploration of the millimeter⁃wave frequen⁃
cy spectrum for multi ⁃gigabit wireless communications. Re⁃
cent advances in antenna technology, RF CMOS process,
and high⁃speed baseband signal processing algorithms make
millimeter⁃wave wireless communication feasible. The multi⁃
gigabit⁃per⁃second data rate of millimeter⁃wave wireless com⁃
munication systems will lead to applications in many impor⁃
tant scenarios, such as WPAN, WLAN, back⁃haul for cellu⁃
lar system. The frequency bands include 28 GHz, 38 GHz,
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1 Introduction
ith continuous and rapid advancements in

communications, networking, computers, semi⁃
conductors, and displays technologies, screen
content coding (SCC) becomes a key technolo⁃

gy for some emerging popular applications such as cloud com⁃
puting, cloud ⁃mobile computing, Wi ⁃ Fi display, smartphone
and tablet second display, ultra⁃thin clients, remote desktops,

and screen sharing [1]- [3]. The challenging requirement of
SCC is to achieve both ultra⁃high visually lossless quality and
ultra ⁃ high compression ratio up to 300:1- 3000:1. In recent
years, SCC has attracted increasing attention of researchers
from both academia and industry [4]-[30]. ISO/IEC MPEG and
ITU⁃T VCEG have set up the Joint Collaborative Team (JCT)
for a joint project of developing a SCC version of High Efficien⁃
cy Video Coding (HEVC, also known as H.265) standard and a
joint call⁃for⁃proposal has been issued in January 2014 [14].

Characteristics of computer screen pictures are quite differ⁃
ent from those of traditional pictures, for which traditional
block⁃matching and transform⁃based hybrid coding technique
can compress efficiently. In general, computer screen pictures
are essentially a mix of two⁃type contents: discontinuous⁃tone
content such as text, chart, graphics, and icon, and continuous⁃
tone content such as photograph, movie/TV clips, natural pic⁃
ture video sequences, and sophisticated light⁃shaded and tex⁃
ture ⁃mapped virtual ⁃ reality scenes. Continuous ⁃ tone content
features relatively smooth edges, complicated textures, and
thick lines with virtually unlimited colors. In contrast, discon⁃
tinuous⁃tone content features very sharp edges, uncomplicated
shapes, and thin lines with few colors, even one⁃pixel⁃wide sin⁃
gle⁃color lines. General screen content pictures are often seen
in web browsing, video conferencing with document sharing, of⁃
fice document editing, engineering drawing, hardware design
engineering, software programming, gaming, map navigating,
address direction searching, and other computer use cases.

Actually, typical computer screens for daily use are often
rich in small and sharp bitmap structures such as text, menu,
icon, button, slide⁃bar, and grid. There are usually many simi⁃
lar or identical patterns in a screen picture. These similar or
identical patterns may have very different sizes from a few pix⁃
els to a few thousands of pixels and very different shapes. Ex⁃
isting techniques such as intra⁃prediction and intra block copy
(IBC) [15]-[17] is not always efficient to code similar or identi⁃
cal pattern within a picture, because they use only 1⁃D pattern
or 2⁃D pattern of a few fixed sizes and a few fixed rectangle or
square shapes.

In order to address the issue and improve the coding effi⁃
ciency of repeated patterns with different sizes and shapes,
this paper proposes a coding technique based on string⁃match⁃
ing (also called intra string copy or ISC). It provides a very ge⁃
neric and flexible solution to string matching of variable sizes
and different shapes.

Two reference buffers are used in the proposed technique.
One is primary reference buffer (PRB) that is typically the tra⁃
ditional reconstructed picture buffer to provide reference string
pixels for the current pixels being coded. The other is second⁃
ary reference buffer (SRB), a lookup table (LUT) storing a few
of recently and frequently referenced pixels for repetitive refer⁃
ence by the current pixels being coded. For any starting pixel
in an encoding process, searching of optimal reference string is
performed in both PRB and SRB. Either a PRB string or a SRB

W
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string is selected as an optimal reference string on a string⁃by⁃
string basis. A PRB string has two string⁃matching parameters.
One is an offset that specifies the relative position (2D coordi⁃
nates), i.e. 2D displacement from the reference string to the
current string. The other is a length that specifies the number
of pixels in the reference string. It is obvious that the reference
string and the current string have the same length. A SRB
string also has two string ⁃matching parameters: an index that
specifies the address of the reference pixel in the SRB and a
length that specifies the duplication count of the reference pix⁃
el to reconstruct the current string. The string⁃matching param⁃
eters are then entropy⁃coded and put into the final bit⁃stream.
At the decoder side, the string⁃matching parameters are actual⁃
ly string ⁃ copying parameters. In the decoding process, the
string⁃matching (i.e. string⁃copying) parameters are parsed, de⁃
coded, and used to obtain the reference string pixels from ei⁃
ther PRB or SRB. The values of the reference string pixels are
then assigned to the current pixels being decoded to recon⁃
struct the current string.

In Section 2, a general architecture of string ⁃matching en⁃
hanced coding system using both PRB and SRB is proposed
and the details of horizontally and vertically scanned 2D⁃shape
⁃preserved matching modes are described. Section 3 presents a
flexible hash⁃table framework specially designed for speeding
up reference string searching in PRB. Section 4 describes a
method to seamlessly mix PRB search with SRB search inside
a coding unit (CU), and to select one⁃by⁃one either an optimal
PRB string or an optimal SRB string based on average rate⁃dis⁃
tortion (RD) cost evaluation. In section 5, the proposed tech⁃
nique is compared with HM⁃16.4+SCM⁃40 reference software
[31] that is developed based on HEVC Software Model HM ⁃
16.4 by JCT for SCC testing. The experimental results show
that the proposed technique can achieve significant bit⁃distor⁃
tion rate (BD⁃rate) [32]-[33] reduction in lossy coding and bit⁃
rate saving in lossless coding using the test suite defined by
JCT Common Test Condition[30]. We conclude the paper and
introduce the future work on string⁃matching coding technique
in section 6. In this paper, the proposed SCC algorithm is de⁃
scribed for pictures of YUV4:4:4 and RGB formats, but it can
also be applied to pictures of YUV4:2:2 and YUV4:2:0 formats
with some modifications. This paper is partially based on JCT⁃
video coding (VC) documents [18]-[27].

2 String􀆼Matching Enhanced Coding System
A general architecture and major components of string ⁃

matching enhanced coding system are shown in Fig. 1.
In the encoder of the string⁃matching enhanced coding sys⁃

tem, the string ⁃ matching encoding subsystem performs color
clustering, PRB string searching, and SRB string searching.
The rest of the encoding system performs other traditional en⁃
coding operations such as intra ⁃ prediction, inter ⁃ prediction,
transform, quantization, entropy encoding, IBC, and palette

coding. The input CU O is fed to both string⁃matching encod⁃
ing subsystem and the rest of the encoding system. The string⁃
matching encoding subsystem codes O to generate coded bit⁃
stream b1 and reconstructed CU P1. The rest of the encoding
system also codes O to generate coded bitstream b2 and recon⁃
structed CU P2. O, P1, b1, P2, and b2 are sent to RD⁃cost⁃based
selector that calculates the RD cost of two results and selects
the one with the best RD performance as the final coding result
for the CU. The corresponding coded bitstream b1 or b2 is se⁃
lected and put into the output bitstream. Also, the correspond⁃
ing reconstructed CU P1 or P2 is stored in reconstructed picture
buffer, which is shared by both string⁃matching encoding sub⁃
system as PRB for string⁃matching and the rest of the encoding
system for inter prediction and IBC. The input CU O is also fed
to a color cluster unit to obtain a few of most frequently oc⁃
curred pixel colors. Some of the colors are put into the SRB
LUT for SRB string searching.

In the decoder, the input bitstream is first parsed by CU cod⁃
ing type parser to get the CU_coding_type_flag that indicates
whehter the current CU being decoded is coded by the pro⁃
posed string⁃matching technique or by traditional coding tech⁃
niques. If the CU is coded by the string ⁃matching technique,
the CU layer bitstream is sent to the string⁃matching decoding
subsystem that decodes and reconstructs the CU P1, which is
stored in reconstructed picture buffer and is also the final re⁃
constructed CU output Õ. If the CU is coded by traditional cod⁃
ing techniques, the CU layer bitstream is sent to the rest of the
decoding system that performs traditional decoding tasks such
as intra ⁃ prediction, inter ⁃ prediction, inverse ⁃ transform, de ⁃
quantization, IBC, and palette decoding. The CU P2 is eventual⁃
ly reconstructed, which is stored in reconstructed picture buf⁃
fer and is also the final reconstructed CU output Õ.

The string ⁃ matching coding subsystem has two CU level
matching modes: horizontally scanned 2D ⁃ shape ⁃ preserved
matching and vertically scanned 2D⁃shape⁃preserved matching
(Fig. 2). A CU is pre⁃coded by both the modes. The mode mini⁃
mizing RD cost is selected as the final string ⁃matching mode
for the CU. The CU size in Fig. 2 is 16x16 pixels in the packed
pixel format (e.g. a Y sample is followed by a U sample and
then a V sample, or a G sample is followed by a B sample and
then an R sample).

The vertically scanned 2D⁃shape⁃preserved matching mode
is used to code CU m in Fig. 2. In this mode, PRB is treated as
a 2D plane while CU m is considered a vertically scanned 1D
pixel string. Starting from the 1st pixel of CU m, the encoder
searches the optimal (e.g. longest in lossless case) string in the
PRB searching range that matches the pixel string in CU and
also keeps exactly the same 2D shape as the pixel string in CU
m. The string found in the searching range is called a refer⁃
ence string and the pixel string in CU m is called current
string. Fig. 2 shows the first two current strings in CU m and
their corresponding reference strings:
1) The 1st reference (and current) string in yellow has 15 pix⁃
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els and the 2D⁃shape⁃preserved reference string is located
across CU 1 and CU h+1;

2) The 2nd reference (and current) string in cyan has 20 pixels
and the 2D ⁃ shape ⁃ preserved reference string is located
across CU 1, CU 2, and CU h+1.
The horizontally scanned 2D ⁃ shape ⁃ preserved matching

mode is used to code CU m+1 in Fig. 2. In this mode, PRB is
treated as a 2D plane while CU m+1 is considered to be a hori⁃

zontally scanned 1D pixel string. Starting from the 1st pixel of
CU m+1, the encoder searches the optimal string in the PRB
searching range that matches the pixel string in CU m+1 and
also keeps exactly the same 2D shape as the pixel string in CU
m+1. The string found in the searching range is called a refer⁃
ence string and the pixel string in CU m+1 is called the cur⁃
rent string. Fig. 2 shows the first three current strings in CU m+
1 and their corresponding reference strings:
1) The 1st reference (and current) string in pink has 24 pixels

and the 2D ⁃ shape ⁃ preserved reference string is located
across CU 1 and CU 2;

2) The 2nd reference (and current) string in black has 15 pix⁃
els and the 2D⁃shape⁃preserved reference string is located
across CU h and CU h+1;

3) The 3rd reference (and current) string in orange has 18 pix⁃
els and the 2D⁃shape⁃preserved reference string is located
across CU 1 and CU 2.
There are usually two types of pixel scanning methods (and

paths) available for a CU or a largest coding unit (LCU). One is
raster⁃scan: a CU or LCU is scanned line by line, either hori⁃
zontally or vertically, and all lines have the same scan direc⁃
tion (Fig. 2). The other is traverse⁃scan: a CU or LCU is also
scanned line by line, either horizontally or vertically, but odd
lines and even lines have opposite scan direction. Once a scan⁃
ning method (and path) is determined, all pixels inside a CU or
LCU are lined up following the scanning path. Thus, starting
from a current pixel being coded inside a CU Pm,n, a current
string curSm,n can be defined following the scanning path. The
pixels of curSm,n are designated as Sm,n(0), Sm,n(1), ... , Sm,n(L ⁃1),

String⁃matching encoding subsystem

CU: coding unit IBC: intra block copy PRB: primary reference buffer RD: rate ⁃distortion SRB: secondary reference buffer

▲Figure 1. String⁃matching enhanced coding system architecture.

▲Figure 2. Two matching modes of string⁃matching coding.

1st current string (pink) has 24 pixels
2nd current string (black) has 15 pixels
3rd current string (orange) has 18 pixels

1st current string (yellow) has 15 pixels
2nd current string (cyan) has 20 pixels

CU: coding unit
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following the order of the pixels on the scanning path, where L
is the length of the string in unit of pixel. Using the designa⁃
tion, curSm,n and its pixels can be expressed as curSm,n = {Sm,n(k):
0≤k<L}. Given a current string curSm,n and a reference pixel Pi,j,
a reference string refSi,j = {Si,j(k): 0≤k<L} is the string that
starts from Pi,j, i.e. Si,j(0) = Pi,j, and has exactly the same 2D
shape and scanning order as curSm,n.
Fig. 3 illustrates an example of the current string curSm,n =

{Sm,n(k): 0≤k<L} starting from the current pixel Pm,n inside a 8×8
CU of horizontal traverse⁃scan and its reference string refSi,j =
{Si,j(k): 0≤k<L} starting from the reference pixel Pi,j. Both curSm,n

and refSi,j have identical 2D shape and length of L = 9.
Obviously, given a current pixel Pm,n, the current string curSm,n

of length L can be uniquely specified within a CU with known
size and scanning method, and a reference string refSi,j is
uniquely specified by a displacement vector (DVh, DVv) = (i⁃m, j
⁃n). In Fig. 3, DVh = i ⁃m is the horizontal displacement be⁃
tween curSm,n and refSi,j, and DVv = j⁃n is the vertical displace⁃
ment between curSm,n and refSi,j.

A matching reference string refSi,j = {Si,j(k): 0≤k<L} for
a given current string curSm,n = {Sm,n(k): 0≤k<L} satisfies the
constraint that the difference between Si,j(k) and Sm,n(k) is within
a predetermined threshold for all k. One common option used
for difference measurement is the absolute difference |Si,j(k)Y ⁃
Sm,n(k)Y|, |Si,j(k)U ⁃ Sm,n(k)U|, and |Si,j(k)V ⁃ Sm,n(k)V|, where the sub⁃
scripts Y, U, V designate the Y color component, U col⁃
or component, and V color component for the corresponding
pixels Si,j(k) or Sm,n(k).

3 String􀆼Matching Oriented Hash􀆼Table
Framework
String⁃matching coding performance heavily depends on the

PRB searching range. The larger the searching range is, the
better the coding performance can achieve. However, the lon⁃

ger the searching time is, the more the computing power re⁃
quires. Hash ⁃ table can be used to speed up reference string
searching. Therefore, the key to design a practical string ⁃
matching encoding subsystem is to have a single and efficient
string searching oriented hash ⁃ table that should work and
speed up the searching in all two matching modes.

In the string ⁃matching oriented hash ⁃ table framework, the
basic role of a hash⁃table is to quickly find the first matching
reference pixel in the PRB searching range by table⁃look⁃up.
First of all, we need to define a pixel⁃order for all pixels in the
PRB searching range. Naturally, we use the order defined in
the horizontally scanned string matching mode, that is, all pix⁃
els are ordered one LCU followed by another LCU in LCU cod⁃
ing order. Within an LCU, horizontal scanning is employed to
order pixels. All pixels with the same hash⁃value are chained
together, following the pixel⁃order. The hash⁃value of any cur⁃
rent pixel being coded is calculated and the encoder only
needs to search through the hash chain of the same hash⁃value,
instead of all pixels of the entire PRB searching range, to find
a potential matching reference pixel. This potential pixel is the
first pixel of a potential reference string. In this way, the
searching time can be significantly reduced.

In Fig. 4, the pixels (in the searching range) lined up in pixel⁃
order are P0,0, P1,0, P2,0, P3,0, ... , Pi,j, Pi+1,j, Pi+2,j, Pi+3,j, ... , Pi,j+1, ... ,
followed by the current pixel being coded, Pm,n. The hash val⁃
ues ha_val0,0, ha_val1,0, ha_val2,0, ha_val3,0, ... , ha_vali,j, ha_vali+1,j,
ha_vali+2,j, ha_vali+3,j, ... , ha_vali,j+1 are computed from the corre⁃
sponding pixels. There are three hash chain examples in this
figure.
1) Example 1

Three pixels P0,0, Pi,j, and Pi+2,j have the same hash value, i.e.
ha_val0,0 = ha_vali,j = ha_vali + 2,j = x. Coordinates (0, 0), (i, j),
and (i+2, j) of the three pixels are stored in the hash⁃table and
form a hash chain of hash⁃value x. The hash⁃table actually has
two parts: chain⁃head and chain⁃body. Among the three coordi⁃

nates, the coordinates (i+2, j) having the largest pix⁃
el⁃order is stored in the chain⁃head slot of address
x. The coordinates (i, j) having the second largest
pixel⁃order is stored in chain⁃body location of coor⁃
dinates (i + 2, j). The coordinates (0, 0) having the
third largest pixel⁃order is stored in the chain⁃body
location of coordinates (i, j). Finally, ⁃1 is stored in
the chain⁃body location of coordinates (0, 0) to indi⁃
cate the end of the chain.
2) Example 2

Two pixels P2,0 and Pi + 1,j have the same hash val⁃
ue, i.e. ha_val2,0 = ha_vali + 1,j = y. Coordinates (2, 0)
and (i+1, j) form a hash chain of hash⁃value y in the
hash⁃table. In the hash chain, the coordinates (i+1, j)
having the largest pixel⁃order is stored in the chain⁃
head slot of address y. The coordinates (2, 0) having
the second largest pixel⁃order is stored in the chain⁃
body location of coordinates (i+1, j). Finally, ⁃ 1 is
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CU: coding unit.

Si,j (0)=Pi,j

▲Figure 3. An example of current string and its reference string.

Si,j (1) Si,j (2) Si,j (3) Si,j (4) Si,j (5) Si,j (6)
Si,j (8) Si,j (7)

A reference string refSi,j forthe current string curSm,n

Vertical displacement between curSm,n and refSi,j =j-n

Horizontal displacement between curSm,n and refSi,j =i-m

A current string curSm,n of 9pixels inside a 8×8 CU Current CU of 8×8 pixels

Sm,n (1) Sm,n (2) Sm,n (3) Sm,n (4) Sm,n (5) Sm,n (6)
Sm,n (8) Sm,n (7)

Sm,n(0)=Pm,n
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stored in the chain⁃body location of coordinates (2, 0) to indi⁃
cate the end of the chain.
3) Example 3

The third hash chain has only one pixel P1,0 whose hash val⁃
ue is ha_val1,0 = z. Therefore, the coordinates (1, 0) is stored in
the chain⁃head slot of address z and ⁃1 is stored in the chain⁃
body location of coordinates (1, 0) to indicate the end of the
chain.

When the current pixel Pm,n is encoded and the current
string starts from Pm,n, the hash value ha_valm,n of Pm,n is first
computed and then used as the chain⁃head address to find the
1st coordinates in the hash chain of the same hash value. In
the hash chain examples in 0, if ha_valm,n = x, the 1st coordi⁃
nates is (i+2, j); If ha_valm,n = y, the 1st coordinates is (i+1, j);
If ha_valm,n = z, the 1st coordinates is (1, 0). The content of the
1st coordinates in the chain⁃body is the 2nd coordinates in the
hash chain of the same hash value, and the content of the 2nd
coordinates in the chain ⁃ body is the 3rd coordinates in the
hash chain of the same hash value, and so on. Therefore, the
string⁃matching encoder can use the hash value of the current
pixel being coded to find all pixels and their locations that
have the same hash value in the searching range. Moreover, a
hash chain starts from a hash ⁃ head slot, the 1st coordinates
have the largest pixel⁃order, the 2nd coordinates have the sec⁃
ond largest pixel⁃order, and so on.

For a pixel P = (Y, U, V) or (G, B, R), where Y, U, V (or G,
B, R) are three 8⁃bit color components of P, a 12⁃bit hash val⁃

ue ha_val is computed. For lossy coding, ha_val is computed
by concatenating 4 ⁃bit most significant bit (MSB) of Y, U, V
(or G, B, R) to form a 12⁃bit value. For lossless coding, ha_val
is computed by cyclic redundancy check (CRC)⁃ 12 algorithm
[34] to get a 12⁃bit value. Obviously, all the pixels are always
located in the same hash chain, no matter they have the identi⁃
cal 4⁃bit MSB component value in a lossy coding case or the
identical 8 ⁃ bit component value in a lossless coding case.
Therefore, a hash chain with the same hash value provides a
small and efficient candidate set of reference pixels for the
starting pixel of a potential reference string.

4 PRB and SRB Based String􀆼Matching
In the proposed string⁃matching technique, a current string

being coded gets reference pixels from either PRB or SRB.
When a current string gets the reference pixels from PRB, the
reference pixels form a reference string that has exactly the
same 2D shape and length (number of pixels) as the current
string. The reference string can be in any valid location inside
PRB. When a current string gets the reference pixels from
SRB, it actually gets only one single reference pixel color from
SRB LUT and all pixels of the entire string has the same color.

A CU coded by the string⁃matching technique can have both
PRB and SRB strings (Fig. 5). In the figure, the 1st string in
purple dots is a 4⁃pixel PRB string. Its reference string is just
above it and has the same horizontal line shape and length of 4
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▲Figure 4. Hash ⁃table structure and contents.

▲Figure 5. A CU coded by string ⁃matching technique.
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Positions (2D coordinates) of all pixels in
searching range are stored in hash⁃table for

fast search of matching reference pixel
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pixels. The 2nd string in red dots is a 2⁃pixel SRB string. Its
reference pixels are the 1st SRB LUT pixel color duplicated
twice. The 3rd string in purple dots is a 43⁃pixel PRB string.
Its reference string is located across the boundary between cur⁃
rent coding tree unit (CTU) and above CTU. The PRB string
and its reference string have exactly the same horizontal tra⁃
verse⁃scan shape and length of 43 pixels. The 4th string in red
dots is a 6⁃pixel SRB string. Its reference pixels are the 15th
SRB LUT pixel color duplicated six times. The 5th string in
purple dots is a 5⁃pixel PRB string. Its reference string is locat⁃
ed across the boundary between current CTU and left CTU.
The PRB string and its reference string have exactly the same
horizontal line shape and length of 5 pixels.

In a string ⁃matching encoder, the best matching reference
string for a current starting pixel Pm,n being coded is found via
the following steps:
1) Searching the best reference PRB string for a current string

curSm,n via three sub⁃steps:
a) Calculating the hash value ha_valm,n of Pm,n.
b) For the pixel coordinates (i, j) obtained from the hash

chain with the same hash value ha_valm,n, determining the lon⁃
gest matching reference string refSi,j = {Si,j(k): 0≤k<Li,j}, i.e. de⁃
termining the largest Li,j that satisfies the constraint |Si,j(k)Y ⁃ Sm,n

(k)Y| ≤ E, |Si,j(k)U ⁃ Sm,n(k)U| ≤ E, |Si,j(k)V ⁃ Sm,n(k)V| ≤ E for all k <
Li,j, where E is a predetermined threshold. After going through
all the pixel coordinates (i, j) on the hash chain of hash value
ha_valm,n, multiple matching reference strings are found as best
reference PRB string candidates.

c) The best reference PRB string is selected from the best
reference PRB string candidates, based on average RD cost
evaluation. For a given current string curSm,n and its reference
string refSi,j of length L, the average RD cost is calculated by (1)

avgRDcost(curSm,n, refSi,j) = [λbits(refSi,j) +
distortion(curSm,n, refSi,j)]/L (1)

where bits(refSi,j) is the number of bits for coding the reference
string refSi,j, λ is a weighting factor, and distortion(curSm,n, refSi,j)
is the distortion between the current string curSm,n and the refer⁃
ence string refSi,j.
2) Searching the best reference SRB string, which is straightfor⁃

ward because a reference SRB string is a simple duplication
of an SRB pixel color.

3) Either the best reference PRB string or the best reference
SRB string is selected as the best matching reference string
based on average RD cost evaluation.
If no PRB string or SRB string can be found for the current

pixel Pm,n being coded, the pixel itself is coded directly as an
unmatched pixel.

5 Experimental Results
As an implementation example, the proposed string⁃match⁃

ing technique is integrated into HM⁃16.4+SCM⁃4.0 reference

software [31]. All experimental results were generated under
the common test conditions and configurations defined in [30]
for HEVC SCC project.

Thirteen test sequences (Table 1) are used in the experi⁃
ment. The test sequences are classified into four categories:
text and graphics with motion (TGM), mixed content (MC),
camera captured (CC), and animation (ANI). Each test se⁃
quence has a RGB color format version and a YCbCr (YUV)
color format version. Therefore, there are 26 sequences in total
used in the experiment.

To evaluate the overall coding performance, the HEVC BD⁃
rate metric [32], [33] is used for lossy coding and bit⁃rate sav⁃
ing metric is used for lossless coding. In lossy coding, an aver⁃
age BD⁃rate reduction is calculated by three color components
G/Y, B/U, and R/V for each color format and category. In loss⁃
less coding, four bit ⁃ rate saving values (total, average, mini⁃
mum, and maximum) are calculated for each color format and
category. Both lossy coding and lossless coding experiments
used three configurations: all intra (AI), random access (RA),
and low delay B (LB). Encoding and decoding software runtime
were also compared for evaluating the complexity of the encod⁃
er and decoder.

Two coding methods were compared:
1) HM⁃16.4+SCM⁃4.0 (SCM) with default setting. In particular,

the IBC search range is full frame.
2) HM⁃16.4+SCM⁃4.0 integrated with string ⁃matching tech⁃

nique (SCM⁃SM). The string ⁃matching search range is the
current LCU and left LCU.
Table 2 shows coding performance comparison (BD⁃rate re⁃

duction percentage in negative numbers) between SCM and
SCM⁃SM in the lossy coding case. Table 3 shows coding per⁃
formance comparison (bit ⁃ rate saving percentage in negative
numbers) between SCM and SCM ⁃ SM in the lossless coding
case. Each row of data in the two tables corresponds to a com⁃
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▼Table 1. Four⁃category test sequences

*Only the first 300 frames of this sequence are used.
**Only the first 250 frames of this 10 ⁃bit sequence are used, and InternalBitDepth is set to 8
***Only the first 120 frames of this 10 ⁃bit sequence are used, and InternalBitDepth is set to 8
ANI: animation
CC: camera ⁃captured content
MC: mixed content

TGM: Text and graphics with motion

Resolution

1920×1080

1280×720

2560×1440

Sequence name

sc_flyingGraphics_1920x1080_60_8bit
sc_desktop_1920x1080_60_8bit
sc_console_1920x1080_60_8bit
MissionControlClip3_1920x1080_60p_8b444
EBURainFruits_1920x1080_50_10bit
Kimono1_1920x1080_24_10bit
sc_web_browsing_1280x720_30_8bit
sc_map_1280x720_60_8bit
sc_programming_1280x720_60_8bit
sc_SlideShow_1280x720_20_8bit
sc_robot_1280x720_30_8bit
Basketball_Screen_2560x1440_60p_8b444
MissionControlClip2_2560x1440_60p_8444

Category

TGM
TGM
TGM
MC
CC
CC
TGM
TGM
TGM
TGM
ANI
MC
MC

fps

60
60
60
60
50
24
30
60
60
20
30
60
60

Frames to
be encoded

0⁃299*
0⁃599
0⁃599
0⁃599
0⁃249**
0⁃119***
0⁃299
0⁃599
0⁃599
0⁃499
0⁃299
322⁃621
120⁃419
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bination of one color format and one category. There are totally
eight combinations. Each combination contains 1−7 sequenc⁃
es. The encoding and decoding runtime ratios are also shown
in the tables.

The experimental results include:
1) In the lossy coding case, SCM⁃SM can achieve up to 4.33%

for AI, 2.68% for RA, 2.04% for LB average BD⁃rate reduc⁃
tion over SCM.

2) In the lossless coding case, SCM ⁃ SM can achieve up to
14.5% for AI, 9.9% for RA, 6.46% for LB maximum bit⁃rate
saving and 5.17% for AI, 3.47% for RA, 2.76% for LB aver⁃
age bit⁃rate saving over SCM.

3) The improvement of SCM⁃SM over SCM depends on the con⁃
tents. In YUV TGM case, the average bit ⁃ rate saving is
5.17% in lossless coding case and the average BD⁃rate re⁃
duction of components Y, U and V are 4.19%, 4.31% and

4.33% , respectively in lossy coding case for AI configura⁃
tion. SCM⁃SM also has good BD⁃rate reduction over SCM for
mixed content in all configurations, but no coding perfor⁃
mance improvement for camera captured and animation con⁃
tents.

4) In the lossy coding case, encoding runtime increase is about
22% for AI, 11% for RA, 7% for LB. In lossless coding
case, encoding runtime increase is about 52% for AI, 11%
for RA, 7% for LB

6 Conclusions
This paper proposes a string⁃matching coding technique for

SCC. Both PRB and SRB are used for string⁃matching. The re⁃
sulting bitstream is a combination of PRB string coding param⁃
eters, SRB string coding parameters, and unmatched pixel
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▼Table 2. Performance comparison between SCM and SCM⁃SM in the lossy coding case

SCM: HM⁃16.4+SCM⁃4.0 SCM⁃SM: HM⁃16.4+SCM⁃4.0 integrated with string⁃matching technique

Anchor: SCM
Tested: SCM⁃SM
RGB, text & graphics with motion, 1080p & 720p
RGB, mixed content, 1440p & 1080p
RGB, Animation, 720p
RGB, camera captured, 1080p
YUV, text & graphics with motion, 1080p & 720p
YUV, mixed content, 1440p & 1080p
YUV, Animation, 720p
YUV, camera captured, 1080p
Encoding time (%)
Decoding time (%)

All intra

G/Y
-3.77%
-1.15%
0.02%
0.03%
-4.19%
-1.51%
0.01%
0.04%

121.69%
100.04%

B/U
-4.23%
-1.68%
-0.03%
0.02%
-4.31%
-2.52%
-0.02%
0.03%

R/V
-4.19%
-1.70%
-0.02%
0.03%
-4.33%
-2.79%
-0.03%
0.04%

Random access

G/Y
-2.48%
-0.62%
0.07%
0.11%
-2.38%
-0.85%
0.02%
0.10%

111.08%
106.50%

B/U
-2.65%
-1.01%
0.02%
0.07%
-2.38%
-1.95%
-0.18%
-0.07%

R/V
-2.68%
-1.03%
0.08%
0.14%
-2.64%
-2.36%
0.17%
0.04%

Low delay B

G/Y
-1.79%
-0.15%
0.00%
0.06%
-1.72%
-0.31%
0.20%
0.02%

106.73%
107.87%

B/U
-1.92%
-0.95%
0.05%
0.01%
-1.95%
-1.74%
0.18%
0.03%

R/V
-1.95%
-0.77%
0.10%
0.04%
-1.85%
-2.04%
0.31%
0.09%

▼Table 3. Performance comparison between SCM and SCM⁃SM in lossless coding case

SCM: HM ⁃16.4+SCM ⁃4.0 SCM ⁃SM: HM ⁃16.4+SCM ⁃4.0 integrated with string ⁃matching technique

Anchor:SCM

Tested: SCM⁃SM

RGB, TGM
RGB, MC
RGB, ANI
RGB, CC
YUV, TGM
YUV, MC
YUV, ANI
YUV, CC

Encoding time (%)
Decoding time (%)

All intra

Bit⁃rate
change
(Total)
-3.87%
-0.63%
0.00%
0.00%
-4.39%
-0.73%
0.00%
0.00%

152.10%
100.67%

Bit⁃rate
change
(Avg)
-4.64%
-0.69%
0.00%
0.00%
-5.17%
-0.78%
0.00%
0.00%

Bit⁃rate
change
(Max)
-14.0%
-1.19%
0.00%
0.00%
-14.5%
-1.31%
0.00%
0.00%

Bit⁃rate
change
(Min)
-0.47%
-0.16%
0.00%
0.00%
-0.31%
-0.15%
0.00%
0.01%

Random access

Bit⁃rate
change
(Total)
-2.19%
-0.11%
0.01%
0.00%
-2.39%
-0.12%
0.01%
0.00%

111.39%
106.44%

Bit⁃rate
change
(Avg)
-2.99%
-0.10%
0.01%
0.00%
-3.47%
-0.11%
0.01%
0.00%

Bit⁃rate
change
(Max)
-9.56%
-0.11%
0.01%
0.00%
-9.90%
-0.14%
0.01%
0.00%

Bit⁃rate
change
(Min)

-0.26%
-0.09%
0.01%
0.00%
-0.16%
-0.08%
0.01%
0.01%

Low delay B

Bit⁃rate
change
(Total)
-2.06%
-0.06%
0.00%
0.00%
-2.23%
-0.05%
0.01%
0.00%

107.15%
105.89%

Bit⁃rate
change
(Avg)
-2.28%
-0.06%
0.00%
0.00%
-2.76%
-0.06%
0.01%
0.00%

Bit⁃rate
change
(Max)

-6.12%
-0.08%
0.00%
0.00%
-6.46%
-0.07%
0.01%
0.00%

Bit⁃rate
change
(Min)
-0.20%
-0.04%
0.00%
0.00%
-0.13%
-0.04%
0.01%
0.01%
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mixed on a string⁃by⁃string basis. The experiments using com⁃
mon test condition [30] show that the string ⁃matching coding
technique can achieve a lossy coding BD⁃rate reduction of up
to 4.33%, 2.68%, 2.04% for AI, RA, and LB configurations re⁃
spectively, and a lossless coding average bit⁃rate saving of up
to 5.17%, 3.47%, 2.76% for AI, RA, and LB configurations re⁃
spectively.

Our future work includes: 1) implementing rate ⁃ control in
string⁃matching enhanced coding system; 2) optimizing string⁃
matching coding to improve coding performance and reduce
coding complexity further; 3) achieving idempotent (re ⁃ loss ⁃
free) [35] coding in repetitive (multi ⁃ generation) compression
using the string⁃matching enhanced coding system.
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Throughput prediction is essential for congestion control and
LTE network management. In this paper, the autoregressive
integrated moving average (ARIMA) model and exponential
smoothing model are used to predict the throughput in a sin⁃
gle cell and whole region in an LTE network. The experimen⁃
tal results show that these two models perform differently in
both scenarios. The ARIMA model is better than the exponen⁃
tial smoothing model for predicting throughput on weekdays
in a whole region. The exponential smoothing model is better
than the ARIMA model for predicting throughput on week⁃
ends in a whole region. The exponential smoothing model is
better than the ARIMA model for predicting throughput in a
single cell. In these two LTE network scenarios, throughput
prediction based on traffic time series leads to more efficient
resource management and better QoS.

ARIMA; exponential smoothing method; throughput prediction
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1 Introduction
n recent years, there is a trend towards users accessing
the Internet from a variety of applications and without
restriction in terms of geographic location. This has re⁃
sulted in an exponential increase of wireless traffic. In

2012, global wireless data traffic grew 70 percent year on year
[1]. Thus, mobile network operators have to make a use of limit⁃
ed resources to meet ever⁃increasing traffic demands. To plan
and run networks efficiently, it is important to understand the
statistical characteristics of data traffic by analyzing the real
traffic.

In [2], the authors use the throughput measured from a real⁃
work cellular network to statistically model time ⁃ varying
throughput per cell and the distribution of instantaneous

throughput per cell over different cells. The proposed statisti⁃
cal models can be used to simulate the time⁃varying and loca⁃
tion⁃varying throughput of cells. In [3], the authors analyze sev⁃
eral widely accepted throughput network⁃performance indica⁃
tors in LTE. Their analysis is based on counters and call traces
of a live network. However, neither [1] nor [2] describe a sce⁃
nario where throughput in a whole region changes over time. In
[4], the authors estimate this throughput using a formula that
expresses the behavior of TCP throughput. We consider
throughput data as a time series that can be predicted using da⁃
ta measured in the past.

In this paper, we consider two practical scenarios: whole re⁃
gion and single cell. In the first scenario, we constructed a bet⁃
ter model than both the individual ARIMA model and exponen⁃
tial smoothing model for predicting downlink throughput on
weekdays and weekends in a whole region. In the second sce⁃
nario, the traffic load in a single cell is uncertain and varying
over time. We construct a model for predicting the instanta⁃
neous downlink throughput in a single cell of a large urban cel⁃
lular network.

2 Data Set and Modeling Methodology

2.1 Data Description
Our data set includes records of Internet downloads and up⁃

loads in Hong Kong. The data was collected from 1352 cell
sites across the city over 21 days between February and March
2014. Each data session includes the throughput of the down⁃
link and uplink, timestamp, and cell ID. Each cell ID is also
associated with the GPS coordinates of the corresponding cell.
In this paper, LTE throughput is modeled as a time series and
then predicted using an ARIMA model and exponential
smoothing method.
2.2 Time Series Analysis

Time series data is an important class of data. Any change
of an attribute value as a function of time can be considered
time series data. Such data may derive from the atmosphere,
commodity production, geography, sensors, the stock market,
or inventory control. The throughput data in an LTE network
can also be viewed as a time series. Prediction of time series is
based on the idea that historical data related to past behavior
can be used to predict the future behavior.
2.2.1 ARIMA Model

The autoregressive integrated moving average (ARIMA)
model was introduced by Box⁃Jenkins [5]. ARIMA (p, d, q) is
an autoregressive moving average (ARMA) model based on dif⁃
ferenced time series data. The original time series data is dif⁃
ferenced on the order d to make the data stationary. A station⁃
ary time series can be modeled as an ARMA model of order (p,
q), where p is the order of the AR process and q is the order of
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the MA process. ARMA ⁃modeled current time series data is
given by:

where yt - 1,yt - 2 ... yt - p are the data at past time points,
et - 1,et - 2 ... et - 2 are the errors at past time points, et is a pre⁃sent error (ARMA assumes this error is Gaussian⁃distributed),
a1,a2, ...,ap are the AR coefficients, and b1,b2, ...,bq are the
MA model coefficients [6].

ARIMA (p, d, q) modeling involves making the data station⁃
ary, then identifying suitable values for the model order, then
predicting the time series data from the model.
2.2.2 Exponential Smoothing Model

Exponential smoothing is a trend ⁃ analysis and prediction
method based on the moving average method. Exponential
smoothing method has three main submethods—linear expo⁃
nential smoothing, secondary exponential smoothing and cubic
exponential smoothing—that differ in terms of smoothing times
[7]-[8]. The most common of these methods is secondary expo⁃
nential smoothing, given by:
F

(1)
t = αY (1)

t +(1 - α)F (1)
t - 1,F (2)

t = αY (1)
t +(1 - α)F (2)

t - 1 (2)
Yt +m = at + btm (3)
at = 2F (1)

t -F (2)
t (4)

bt = α1 - α ( )F
(1)
t -F (2)

t (5)
where F

(1)
t is the smoothed value of period t, F

(2)
t is the second

smoothed value of t, F
(2)
t - 1 is the second exponential smoothed

value of t - 1 , and α is the smoothing factor [9].
2.3 Metrics

Root⁃mean⁃square error (RMSE) and R⁃squared are used to
determine how well the model fits. RMSE represents the mean⁃
squared error statistics of the output model. These statistics
show the difference between the model’s predictions and real
values, i.e., the standard deviation of the residuals. The unit of
measure is consistent with the original data. The RMSE is giv⁃
en by [10]:

RMSE = 1
N∑i = 1

N

( )yi - ŷi 2 (6)
where ŷi is the real value, and yi is the predicted value.

R⁃squared [11] is the square of the correlation between the
measured (empirical) value and the predicted value. A higher R⁃
squared means a better ⁃ fitting model. The maximum R ⁃
squared value is 1. When the time series contains seasonal
trends, a stationary R⁃squared statistic is better than a normal
R⁃squared statistic.

In this paper, we use stationary R⁃squared as the evaluation

index for data with obvious seasonal trends. We use RMSE as
the evaluation index for data with no obvious seasonal trend,
such as throughput data from a single cell.

3 Modeling and Results
Here, we analyze two practical scenarios. In the first scenar⁃

io, each cell is divided into regions, and the throughput of an
entire region is predicted. In the second scenario, the through⁃
put of a single cell is predicted according to historical data.

The reason for creating these two scenarios is that network
operators are constantly constructing, adjusting, and optimiz⁃
ing their network, and single cell throughput prediction alone
is not enough. If a new cell is built next to cell A, then the
throughput of cell A is bound change, and the former data is
discarded. Therefore, the first scenario is proposed. QoS can
be improved by knowing the network throughput in advance.
3.1 Throughput Prediction for a Whole Region

We first investigate how downlink throughput in a whole re⁃
gion changes over time. Fig. 1 shows the mean throughput in a
region on weekdays and weekends. The weekday mean
throughput was obtained by averaging the throughput in the
whole region over 10 consecutive weekdays, and the weekend
mean throughput was obtained by averaging the throughput
over two consecutive weekends (four days). For both weekdays
and weekends, the mean throughput in the whole region was at
its lowest at 05:00. On a weekday, the mean throughput
peaked at 09:00 and 19:00. On the weekend, throughput
peaked at 13:00. We divided the throughput in the whole re⁃
gion in weekdays and weekends for further statistical analysis

To analyze the throughput on weekdays, we used the hourly
data of ten consecutive weekdays. Five days of this data was
used for modeling, and the other five days was used to deter⁃
mine the accuracy of the prediction.

In Fig. 2, the real throughput on weekdays in the whole re⁃

yt = a1yt - 1 + a2yt - 2 + ... +apyt - p + b1et - 1 +
b2et - 2 + ... +bqet - q + et (1)
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▲Figure 1. Weekday and weekend mean throughput in a whole region
over 24 hours.
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gion is seasonal. Therefore, we use the ARIMA (2, 0, 1) model
and exponential smoothing with α = 0.600 to predict through⁃
put on weekdays in the whole region. Although there are gaps
between the measured and predicted throughput in the whole
region, the predictions by both models are highly accurate. The
ARIMA model is more accurate in the valleys of the real
throughput curve, which occur at around 05:00, 11:00 and
15:00 every weekday.
Table 1 shows the degree of fit statistics for the prediction

models. Both the fit of the curve and the stationary R⁃squared
statistic indicate that the ARIMA model is better than the expo⁃
nential smoothing model for predicting throughput on week⁃
days in a whole region.

To study the throughput on weekends, we used hourly
throughput data from two consecutive weekends. Two days of
this data was used for modeling, and the other two days of data
was used to determine the accuracy of the prediction.

The prediction models for throughput of weekends in a
whole region is ARIMA (1, 0, 2) and exponential smoothing
method with α = 0.500 . Fig. 3 shows predicted weekend
throughput in a whole region using the ARIMA model and ex⁃
ponential smoothing model separately. The throughput predict⁃
ed using the exponential smoothing model is closer to actual
throughput that that predicted using the ARIMA model on a
weekend in a whole region (Table 2). The degree of fit statis⁃
tics supports this. Hence, we obtain the result, that exponential
smoothing method is better to predict the weekends’through⁃ put in a whole region.

3.2 Throughput Prediction for a Single Cell
A single⁃cell traffic time series is highly unpredictable and

has no obvious seasonal trend. Even within the same cell,
throughput changes greatly on different days. Although there
are gaps between the real and predicted throughput curves, a
time series model for a single cell still has some use in network
optimization. Here, we use the throughput data of an LTE net⁃
work over eight consecutive days. Seven days of this data is
used for modeling, and the other day of data is used to deter⁃
mine how well the model fits.

The stationary R⁃squared statistic is usually used as an eval⁃
uation index when the time series contains seasonal trends. Be⁃
cause there is no significant seasonal trend in the throughput
of a single cell, we use RMSE as an evaluation index.
Fig. 4 shows the throughput prediction for single cell. The

prediction models are ARIMA (1, 1, 1), and exponential
smoothing with α = 0.100 . Fig. 4 shows that these two models
do not accurately predict abrupt changes of throughput in the
single cell. The exponential smoothing model is a little more
accurate between 17:00 and 23:00. Table 3 shows the accura⁃
cy statistics of the two models.

We chose 100 cells randomly and modeled them. Then we
obtained the RMSE statistics for these cells. Fig. 5 shows the
distribution of RMSE for prediction using the ARIMA model
and exponential smoothing model in 100 cells. The RMSE of

ARIMA: autoregressive integrated moving average

▲Figure 2. ARIMA model and exponential smoothing model are used
to predict the throughput on weekdays in a whole region.

▼Table 1. Degree of fit statistics for models used to predict throughput
on weekdays in a whole region

ARIMA: autoregressive integrated moving average

ARIMA model
Exponential smoothing model

Stationary R⁃squared
0.880
0.664

▲Figure 3. ARIMA model and exponential smoothing model for
predicting the throughput on weekends in a whole region.

ARIMA: autoregressive integrated moving average

▼Table 2. Degree of fit statistics for models used to predict throughput
on weekends in a whole region

ARIMA: autoregressive integrated moving average

ARIMA model
Exponential smoothing model

Stationary R⁃squared
0.460
0.723
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the exponential smoothing method is mainly distributed be⁃
tween 0 and 0.3, and that for the ARIMA model is mainly dis⁃
tributed above 0.3. In general, the exponential smoothing mod⁃
el is better for predicting throughput in a single cell.

4 Conclusion
In this paper, LTE throughput is modeled as a time series,

and future values of the traffic time series are predicted using
the ARIMA model and exponential smoothing model. Using
different time series models, we studied throughput in both a
single cell and a whole region within an LTE network. When
studying throughput in a whole region, we considered weekday
and weekend separately because their throughput patterns
were different. The ARIMA model is better than exponential
smoothing for predicting throughput on weekday in a whole re⁃
gion, and exponential smoothing model is much better than the
ARIMA model for predicting throughput on weekends in a
whole region. Exponential smoothing is more accurate than the
ARIMA model for predicting throughput in a single cell.
Throughput prediction based on time series models can be
used in the design, management, planning, and optimization of
networks.

▲Figure 4. ARIMA model and exponential smoothing method for
predicting the throughput of a single cell in an LTE network.

ARIMA: autoregressive integrated moving average

▼Table 3. RMSE of the prediction model (single⁃cell throughput)

ARIMA: autoregressive integrated moving averageRMSE: root⁃mean⁃square error

ARIMA model
Exponential smoothing model

RMSE
0.193
0.153

▲Figure 5. RMSE statistics for throughput prediction in 100 cells.
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RMSE: root⁃mean⁃square error
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