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Preface

In developing this book, the author has drawn extensively on his Scottish 
heritage. In Scotland, there is a long tradition of heavy engineering including 
shipbuilding and bridge building. The term Clyde-built became a synonym 
for high-quality engineering that combines innovation with a practical, robust 
approach. It is hoped that this book will follow in that tradition by offering a 
robust yet innovative engineered structure that bridges the gap between data 
science and transportation. It examines the current trend for smart cities, focus-
ing on the type of transportation services that would be required in the smart 
city. While smart cities are obviously much more than transportation, a focus 
has been placed on this subject within the smart city context because of the 
relative importance of transportation in providing the conductivity and acces-
sibility required for a smart city. 

Connected and autonomous vehicles have also been given emphasis in 
this book because of the possibilities for improved efficiency, safety, and user 
experience that can be provided by driverless vehicles. Connected and autono-
mous vehicles also have a significant impact on big data and analytics because 
of the size of the data set that will be generated by such vehicles. This has the 
potential to revolutionize data collection and analysis for transportation.

The author has had the privilege of working closely with experts in trans-
portation, data science, and analytics in the course of consulting assignments 
over several years. This has offered a unique insight into the revolution that is 
taking place in data management and analytics. The concept of big data has 
emerged, enabling data sets that were previously considered to be too large for 
storage and manipulation to be treated as a single repository that can yield new 



xvi	 Big Data Analytics for Connected Vehicles and Smart Cities	 	 Preface	 xvii

insights and understanding. The author is particularly indebted to the people 
at Teradata Inc. who, in the course of consulting assignments, have provided 
knowledge, expertise, and experience in data science and analytics that the au-
thor has been able to fuse with experience, expertise, and advanced transpor-
tation technologies. Only a world leader in big data and analytics could have 
provided such experience. The opportunity to be a participant in projects that 
bridge data science and transportation was pivotal in providing the information 
and background required to create this book. The author believes that there is 
much to be gained in the application of big data and analytics techniques to 
smart cities, and hopes that this book will be instrumental in unlocking the 
power of such technologies and approaches for the good of transportation.

A large number of people from both the data science and transportation 
industries have provided impact and influence in the creation of this book. 
In fact, that are too many to mention individually. There are, however, a few 
people who should receive particular mention because of the significance of the 
impact on the author’s understanding of the subject. The foremost of these is 
Peeter Kivestu, industry consultant with Teradata Inc. The author has worked 
closely with Peeter over the past 2 years, learning a lot about data analytics 
and data science. Over the course of this experience, Peeter has become a good 
friend and a wonderful source of knowledge and inspiration. Other notable 
influences include the following people. Thanks to you all for the knowledge 
and wisdom that you have imparted.

Al Stern, Citizant
Eric Hill, MetroPlan Orlando
Mary Gros, Teradata
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1
Introduction

1.1  Introduction

This book explores the boundaries between several major subject areas includ-
ing transportation, data science, automotive design, and smart city planning. 
The intention is to provide comprehensive guidance on the major aspects of 
smart cities from a transportation perspective. This chapter sets the scene for 
the remainder of the book, orienting readers on the book’s content and the level 
of detail that is provided.

1.2   Informational Objectives of This Chapter

This chapter answers the following questions:

• What is the background within which this book was written?

• Why were the selected subjects chosen?

• Why is the book relevant now?

• Who is the intended readership of the book?

• What topics are addressed in the book?

• What should different readership groups expect to achieve by reading 
the book?
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1.3  Chapter Word Cloud

A good way to provide a visual overview of the contents of a document is by 
creating a word cloud. A word cloud presents the words used most often within 
a document with the size of the font in proportion to the frequency of use of 
the word, providing a quick and simple way to overview the document’s con-
tents. Figure 1.1 shows the word cloud for Chapter 1. Similar word clouds are 
provided at the beginning of each of the remaining chapters.

1.4  Background

This is a wonderful time to be a transportation professional. The opportunities 
that technology and data availability provide are significant, and it is a privilege 
to have the opportunity to write this book to communicate some of these won-
derful things. In 1997, I wrote a book on the use of system architecture tech-
niques in intelligent transportation systems. The motivation to write the book 
was to make valuable techniques and approaches accessible to a wide range 
of transportation professionals and others interested in applying system engi-
neering and systematic data analysis techniques to transportation. That book 
focused on the interface between system engineering and transportation. This 
book presents a similar opportunity with potentially more powerful results. 
This new opportunity lies in addressing the interface between transportation 
and data science, and thereby illuminating the usefulness and power of recent 
advances in data science and analytics within the context of smart cities and 
transportation. This book is driven by the same motivation as that for my ear-

Figure 1.1  Word cloud for Chapter 1.
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lier work: to bring to the attention of transportation professionals the existence 
of powerful possibilities for realizing the value of data in terms of safety, effi-
ciency, and enhanced user experience.

Much of the book’s content is derived from a series of consulting engage-
ments conducted by my company on behalf of Teradata, Inc. Teradata is the 
leader in big data and analytics in multiple markets including airlines, banking, 
and retail. The consulting engagements were designed to support the introduc-
tion of this experience and expertise into the worlds of intelligent transporta-
tion systems and smart cities. These assignments afforded a unique opportunity 
to explore and define the boundary between transportation and data science, 
in cooperation with leading big data and analytics experts and in coordination 
with transportation clients.

This book appears as we experience the convergence of rapidly rising data 
science capabilities and the growing availability of a wide range of transporta-
tion data. In fact, there is probably more data available regarding transportation 
infrastructure and operations than at any time in the history of transportation. 
Initiatives for smart cities, connected vehicles, and autonomous vehicles prom-
ise to add even more volume to the data already available from infrastructure-
based sensors. 

Smart cities is an umbrella term that has been widely adopted to address 
the application of advanced technologies to enhance service delivery and to 
improve the lives of both citizens of and visitors to cities. According to the  
United Nations, more people now live in cities than in rural areas [1], raising 
the importance of smart cities. The connected vehicle delivers a two-way com-
munication ability between the vehicle and the back office. This book uses the 
term back office to refer to an off-road processing or management center that 
receives data from vehicles and roadside infrastructure and subjects it to data 
processing that will convert it into information, insight, and understanding. 
The term back office is not typically used in transportation; however, the book 
describes several different processing and management centers, and it is use-
ful to have a single general term. The two-way communication capability of a 
connected vehicle also enables vehicles to communicate with each other, offer-
ing some significant safety improvements through the avoidance of potential 
crashes. The vehicle-to-back office connectivity also allows for the extraction 
of a large volume of data from vehicles and the delivery of information to driv-
ers. Autonomous or self-driving vehicles make possible private cars that relieve 
drivers of the burden of driving and freight vehicles and transit vehicles that no 
longer require a driver. These autonomous vehicle developments require signifi-
cant amounts of data for management and control purposes; at the same time, 
these advanced vehicles will generate substantial amounts of data.

Private sources of data have also emerged in recent years adding to the 
extreme volume of data that is now accessible to transportation professionals 
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and others looking to understand the trends and patterns associated with trans-
portation. Transportation professionals are endeavoring to extract value from 
the new data by managing it and converting it into information. This book 
aims to recognize and address the new challenges and opportunities faced by 
transportation professionals by providing input to decision-making and strat-
egy development associated with the application of big data and analytics to 
transportation service delivery within a smart city.

1.5  Why This Subject and Why Now?

The thinking behind this book is based on a simple question: How can all the 
valuable lessons learned about big data and data science be assembled in a single 
source? Further, how can I present these lessons in a way that is meaningful 
for people who are interested in applying these techniques to transportation in 
smart cities? I have been fortunate to be able to focus over the past two years 
specifically on the application of big data and analytics techniques to transpor-
tation. Building on a background in transportation, this period has been full of 
revelations and new insights into how emerging data science and analytics tech-
nologies may benefit transportation in smart cities. A vantage point from the 
boundary of transportation and data science offers a unique perspective on how 
the two subject areas can interrelate. Therefore, a definition of success for this 
book would be to build awareness and interest within the smart city commu-
nity, motivating practitioners to become familiar with and to make use of the 
new tools and capabilities available. Significant power can be released through 
the effective use of big data and analytics for smart city transportation. While 
the subject may have become somewhat hackneyed due to the widespread use 
of the terms big data and analytics, there are significant possibilities in applying 
these principles to smart city transportation. The fact that the terms are popular 
can also be considered positive since it implies that a wider group of people has 
at least an awareness that something is going on. Unfortunately, this awareness 
is not always based on a firm foundation. This is another reason for writing this 
book at this particular time. The hope is that this general interest in big data 
and analytics will serve as a platform for adding additional information and 
shedding light on the true nature of transportation mechanisms for both supply 
and demand.

The nature of the revolution that is taking place in data science is not just 
related to the sheer size or volume of the data. Exciting possibilities for trans-
portation exist in the fact that as the data sets get bigger, they also become richer 
in insight and understanding. So it’s about having the capability to store and 
manipulate vast amounts of data and obtaining better information from which 
deeper insights can be obtained. This is enabled by a wider data horizon that 
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stretches across the entire enterprise or organization. This also offers the ability 
to merge data into a centrally accessible repository, whereas previously it may 
have been stored in a stovepipe fashion to fit within the constraints of prior data 
management technologies. This new ability to obtain an enterprise-wide view 
of data multiplies the information possibilities by a large factor.

1.6  Intended Readership Groups for the Book

Defining the intended readership for the book, serves two purposes. First, it 
provides the author with a clear understanding of the intended target readership 
to guide the selection and presentation of the content. Second, it enables read-
ers to understand the value that can be realized by reading the book. The book 
intends to address the following readers:

• Transportation planners and traffic engineers;

• Business analysts, data scientists, data engineers, and developers;

• Automotive manufacturers;

• Smart city advocates and implementers;

• University professors and students.

The following sections describe each of these groups and explain the value 
they can obtain from reading the book.

Transportation professionals. 

This group includes transportation planners, traffic engineers, transportation 
operations and service delivery specialists, freight planners and freight opera-
tions professionals, and executive leaders in transportation. The book aims to 
provide this group with an understanding of what big data and analytics are all 
about and how they can be applied in a practical and useful way to transporta-
tion planning, operations, and service delivery.

Business analysts, data scientists, data engineers, and developers. 

Analysts, scientists, engineers, and developers are likely to be involved in de-
veloping big data and analytics systems or in applying commercial off-the-shelf 
solutions to transportation problems. The book provides these readers with an 
overview of how their technologies and solutions can be applied in a practical 
and useful way in the transportation domain.
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Automotive manufacturers. 

This group includes engineers, product planners, and designers working within 
automotive manufacturers. It also includes equipment and service providers 
that work with automotive manufacturers to deliver connected and autono-
mous vehicle solutions to drivers. The book aims to provide this group with a 
thorough understanding of how big data and analytics can be applied to trans-
portation in a practical way. The value of connected and autonomous vehicles 
within the bigger picture of data supply, data conversion to information, and 
the use of analytics to understand trends and patterns are also discussed. Au-
tomotive manufacturers and their electronics suppliers are deeply involved in 
both connected and autonomous vehicles. This book should provide valuable 
input into ongoing decision-making and product development.

Smart Cities planners, advocates, and implementers. 

This readership group includes city officials involved in planning the trans-
portation elements of a smart city, city mayors, and other executive leaders 
charged with implementing a smart city vision. The book provides this group 
with information on the elements that can be incorporated into a smart city 
from an urban analytics perspective. Further, it illustrates the power of big data 
and provides a solid business justification for incorporating big data and analyt-
ics into any smart city vision. This is an exciting time for city transportation 
with a strong focus on developing smarter and better cities. The assumption is 
that big data and analytics will form a central core for advances in smart city 
transportation, founded on a detailed understanding of transportation supply, 
demand, and operating conditions. This understanding is expected to go a long 
way toward improving service delivery for transportation in a city.

University professors and students. 

For this readership group, the book aims to provide an up-to-date and useful 
resource on the world of big data and analytics within a smart city context. It is 
hoped that an explanation of how the latest techniques and technologies can be 
applied to transportation will spur the next generation to use current efforts as 
a platform and move toward establishing the role of data and data analytics and 
transportation. In many respects, big data and analytics are building blocks that 
represent the new asphalt, concrete, and steel.

1.7  Overview of Contents

Subsequent chapters of this book address a range of subjects related to under-
standing big data and analytics, showing their relevance to transportation, and 
then defining what can be done. 
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Each chapter begins with a list of informational objectives for the chapter. 
This is an application of instructional system design intended to ensure that the 
purpose for each chapter is clearly defined in advance so that it can be addressed 
in the ensuing content. As I consider instructional system design to be the ap-
plication of system engineering techniques to instructional materials, I thought 
it would be appropriate to apply this technique in this book.

The content of Chapters 2–12 is summarized in the following sections.

Chapter 2

This chapter provides an overview of the questions that can be addressed by 
big data and analytics tools and techniques. The traditional system engineering 
approach to the development of a solution or answer to a problem defines the 
problem with a set of requirements. To a system engineer, this seems logical. 
However, experience has shown that that when people describe an issue to be 
addressed and subsequently understand possible solutions, they change their 
minds about the problem based on the new information that they have just re-
ceived about what can be done. For this reason, the book addresses early on the 
definition of questions that can be answered through the application of big data 
and analytics techniques. The idea is to fully support the operation of a what-
how cycle within the context of the book, through the adoption of a specific 
methodology as shown in Figure 1.2

The what-how methodology begins with questions to be addressed, which 
feed into requirements that incorporate needs, issues, problems, and objectives, 
defining the questions to be addressed, explaining what big data is, and then de-
fining what can be done. Using a combination of the questions to be addressed 
and the definition of the solutions that come later, it is possible to enable read-
ers to develop their own customized methodology to ensure that final solutions 
take full account of what needs to be done and how it can be done. Defining 
the questions to be addressed is placed at the beginning of the methodology to 
frame the subject and to introduce readers to the value of big data and analytics. 

Figure 1.2  The what-how cycle methodology.
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This is done in a practical way by defining questions that are valuable and 
relevant to transportation today. In some cases, readers may already be aware 
of the questions and issues that are defined here; it is hoped, however, that the 
descriptions given will reinforce readers’ preexisting knowledge and lend a bet-
ter grasp of the practical application of big data and analytics. 

The questions to be addressed can be considered as essential elements 
within the bridge between data science and transportation. It can be assumed 
that the questions lie firmly on the transportation side of the bridge and that 
the solutions lie on the data science side. Through defining the questions, we 
begin the construction of the bridge and get our readers ready to walk across it

Chapter 3

This chapter explores the nature of big data with the intention of providing 
a solid overview and understanding of this topic. This is not a data scientist’s 
definition of big data; rather, it is a transportation view of data science subjects. 
Chapter 3 addresses the different dimensions of big data, the importance of 
big data, and the relevance of big data to transportation in a smart city. In ad-
dition, Chapter 3 provides examples of big data sources that exist within the 
transportation ecosphere and the nature of that big data. The overall objective is 
to thoroughly define the nature of big data and its role in forming the enabling 
platform for analytics.

Chapter 4

Chapter 4 discusses connected and autonomous vehicles. These are two dif-
ferent subjects that are related using advanced technology for vehicles, some-
times referred to as telematics. Big data and analytics have a significant role to 
play in the connected vehicle. The connected vehicle involves the concept of 
linking vehicles to roadside infrastructure and vehicles to other vehicles with 
wireless technology. Essentially this capability enables data to be obtained from 
the vehicle and information to be provided to the driver while the vehicle is in 
motion. Chapter 4 is an important element of the book because of the huge 
potential data source that connected vehicles represent.

A recent article in Forbes magazine [3] featured the Ford Fusion Energi 
plug-in hybrid. This car, which achieves 108 miles per gallon, generates 25 GB 
of data every hour. Extrapolating this data rate across the entire U.S. vehicle 
fleet, then connected vehicles could generate approximately 2 ZB of data every 
year. This is a difficult number to comprehend, even by data scientists, but 
consider that in 2013, the entire World Wide Web generated 4 ZB. This offers 
some idea of the potential scale of connected vehicle data—50% of the entire 
World Wide Web’s volume. Admittedly, this estimate is likely to be on the high 
end because not all vehicles will be as smart as this particular Ford vehicle. How-
ever, it does give a sense of the impact that big data from connected vehicles will 
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have on transportation. The big data and analytics aspects of connected vehicles 
include managing the volume of data coming from the vehicle, conducting 
analytics in the back office, and then projecting those analytics and results back 
to drivers and other people associated with traffic and transportation operations 
and management. Chapter 4 also explains autonomous vehicles, with feature 
the ability to operate without a driver.

Chapter 5

Chapter 5 discusses the concept of a smart city. Smart City initiatives have com-
menced in many cities around the world. With respect to the United States, a 
recent smart city challenge issued by the U.S. Department of Transportation [2] 
attracted 78 responses from U.S. cities, with the city of Columbus, Ohio, se-
lected as the winning applicant. It is obvious that smart cities go beyond trans-
portation and incorporate social services, social networks, energy grids, and 
smart places to live and work. Chapter 5 aims to take a close look at smart cities 
from a transportation perspective, especially as one of the core features of the 
smart city will be extensive use of big data and analytics. Chapter 5 also briefly 
outlines other services that could be expected in a smart city, showing how big 
data and analytics along with transportation services fit into the bigger picture.

Chapter 6

Chapter 6 explains data analytics, with particular attention to its transporta-
tion aspects. Good analytics go beyond even world-class reporting and provide 
transportation professionals with the opportunity to influence the performance 
of their organizations. Accordingly, Chapter 6 discusses the nature of data ana-
lytics and presents a few examples from outside of  transportation to afford 
readers a solid understanding of this topic.

Chapter 7

Chapter 7 builds on Chapter 6 by detailing information regarding analytics that 
can be applied to transportation. The intention is to bring the term analytic to 
life from a transportation perspective. Accordingly, Chapter 7 includes descrip-
tions of analytics that have been applied and analytics that could be applied in 
the future. These are analytics that can be directly related to safety, efficiency, or 
user experience improvements. Chapter 7 also discusses the relevance of these 
applications to different aspects of smart city transportation such as planning, 
operations, and maintenance.

Chapter 8

Chapter 8 adopts the system engineering term use cases to capture systematically 
what can be done with big data and analytics. In addition, Chapter 8 presents a 
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catalog of transportation use cases that are relevant to a smart city. These will be 
presented in a standard format that contains the following use case attributes:

• Smart city transportation service addressed;

• Use case name;

• Objectives;

• Expected outcome of analyses;

• Success criteria;

• Source data examples;

• Business benefits;

• Challenges;

• Analytics that can be applied.

This chapter will provide the reader with an explanation of how the tools 
and techniques contained in the book can be applied to smart city transporta-
tion services. It also provides a logical structure that can form the basis for a use 
case catalog for a smart city. A catalog is not intended to be a comprehensive 
prescription but is a model on which to base thinking across the smart city. 
This is designed to enable progress toward formalizing descriptions of what 
big data and analytics will do. This is part of the what-how cycle, introduced 
in this chapter. This progress involves an evolution of the knowledge of what is 
required to address practical problems, in light of a growing understanding of 
how it can be done.

Chapter 9

The concept of a data lake is used to communicate the creation of a central, 
accessible, discoverable body of data. Chapter 9 discusses and explains a robust 
approach to the creation of a data lake. The approach incorporates the pitfalls 
and challenges encountered in previous projects with the creation of a data lake 
and the lessons learned from those difficulties. It is not intended to be a one-
size-fits-all recipe for the creation of a data lake, but rather, a model from which 
to build customized approaches for each implementation.

Chapter 10

Examples of the implementation of the techniques and concepts contained in 
this book provide a powerful tool for explaining the relevance and usefulness of 
the book’s contents. Ideally, the examples would represent a full implementa-
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tion of the techniques and concepts. However, since the application of big data 
and analytics to transportation is still in an early stage, there are not too many 
implementations that represent full-fledged applications. Therefore, Chapter 
10 presents a combination of implementations and concepts. Some of the ex-
amples represent implementations that have been conducted with clients, while 
others represent project concepts that have been discussed with clients but not 
yet implemented. 

Chapter 11

Chapter 11 presents a methodology for estimating costs and benefits for all 16 
of the smart city transportation services defined in Chapter 5. Several factors, 
including the size of the data, the number of users, the types of queries to be 
supported, and the query speed to be achieved, affect costs. Thus, cost estimates 
require the kind of detailed system design that is beyond the scope of this book. 
However, it is possible to provide a set of yardsticks and expected cost ranges 
based on past experience. This enables the definition of budgetary costs for 
incorporation into future plans and work programs. Accordingly, Chapter 11 
defines and explains model configurations as the basis for cost estimates. 

In addition, Chapter 11 explores the values and benefits of applying big 
data and analytics techniques to transportation. Starting with the core values 
of safety, efficiency, and enhanced user experience, it is possible to extrapolate 
a range of values and benefits that can be achieved through the application of 
big data and data analytics. The exact benefits and values to be derived will be 
significantly influenced by the nature of the problem and by the details of the 
selected design. However, it is possible to provide some ranges and estimates for 
the values and benefits that can be expected. These should be of value in creat-
ing a business justification for big data and analytics investments. Chapter 11’s 
cost estimates and benefits assessment concludes with the development of ben-
efit cost estimates. While these are approximate, they assist in defining a sketch 
planning approach to smart city transportation service evolution.

Chapter 12

The book concludes with Chapter 12, which provides an overview of the es-
sential elements covered in the book. Specifically, Chapter 12 discusses the rel-
evance of big data and analytics with respect to transportation, smart cities, and 
the connected vehicle. In addition, Chapter 12 draws conclusions on the value 
of big data and analytics to transportation and the steps that should be taken 
toward harnessing these powerful resources. Finally, Chapter 12 distills the es-
sential information provided in the book to define advice for smart city profes-
sionals, providing a concise summary of actions to consider after digesting the 
contents of the book. 
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2
Questions to Be Addressed

2.1  Informational Objectives of This Chapter

This chapter addresses the following questions:

• Why are big data and analytics important?

• How can they deliver value?

• Why questions and not answers in this chapter?

• What is the value of data?

• What questions can I answer by applying big data and analytics?

• What can I do with the questions once I have them?

2.2  Chapter Word Cloud

Figure 2.1 presents a word cloud with an overview of the content of this chapter.

2.3  Introduction 

In past discussions with clients who are interested in harnessing the power of big 
data and analytics, the client often asks the following question: “How do we get 
started?” One simple initial response would be, “Stop throwing the data away.” 
This might seem like a strange place to start, but the fact is that many transpor-
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tation agencies, for a variety of reasons, don’t retain raw data. The reasons range 
from misconceptions about the cost and complexity of storing data to concerns 
about liability associated with keeping the data. Sometimes, another factor is at 
play, namely a perception issue related to the value of data. Unfortunately, data 
is not that attractive. A large volume of data is not compelling unless you’re a 
data analyst or data scientist. The real value in data can really only be realized 
when it is converted into information, related to the users’ needs and to the jobs 
that the user is supporting daily. Asking people to preserve something makes 
it particularly important to communicate the value of it. The challenge is to 
define a way to alter the perception of data as a raw material. Consider clay, a 
relatively common raw material that is used extensively in construction. Clay is 
a somewhat unattractive substance found in the ground and has seemingly little 
value. It often has an offensive odor, and it is hard to perceive that this material 
could be the basis for future value.

In London, many of the buildings are built from a famous type of brick 
made from yellow clay. These buildings, in many cases, carry an extremely high 
perceived value and yet began their life as humble clay. It seems that if thought 
can be directed forward across the whole value chain from the basic material 
through the various conversion processes to the ultimate product that delivers 
value, then the perception of the original basic material can be altered.

So what does clay have to do with big data and analytics? Just like clay, 
our perception of the value of raw data is low. Some transportation agencies 
even summarize data and then throw the raw data away, while others don’t even 
bother collecting data. If, however, the transportation industry were to develop 

Figure 2.1  Chapter 2 word cloud.
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a future vision along the process that converts data to information, insights, 
and actionable strategies, then perhaps it would begin to recognize data as a 
raw material  that could transform transportation in smart cities. Many believe 
that the main issue is the inability to store large volumes of data because of cost 
constraints. Fortunately, our new perception of the value of data coincides with 
new abilities to store huge volumes of data at relatively low cost. This issue is 
addressed in Chapter 11, which covers cost and benefits estimates. 

Advances in data science enable the storage and manipulation of data in 
ways that were not thought possible in the relatively near-term past. Thanks to 
Hadoop, Google, and Amazon, some important new abilities to store and ma-
nipulate data are converging with the new perception of the value of data. There 
are also new possibilities for structuring and restructuring data to optimize its 
retrieval and management.

For example, a new concept known as a data lake allows data from numer-
ous sources to be merged into a single repository. Data lakes—essentially cen-
tralized data repositories that can ingest data from multiple sources and make 
it accessible across an organization or enterprise—can contain a wide variety of 
structured and unstructured data. In data lakes, the data is clean, contiguous, 
and easily accessible—unlike the contents of data swamps. Thus, data lakes 
enable an enterprise-wide view of data. Just like magnificent brick buildings 
wrought from humble clay, the data lakes and integrated data exchanges of the 
future can be constructed from data as their raw material. Chapter 10 further 
details data lakes.

2.4  Questions Instead of Answers

This chapter addresses a critical ingredient of the book. To engage the reader 
and explain why it’s worthwhile to understand big data and data analytics, it is 
important to define and frame the questions that can be addressed by such tools 
and techniques. The chapter also provides a high-level framework that paves the 
way for the discussion of use cases in Chapter 9. The questions to be addressed 
encapsulate the needs, issues, problems, and objectives that transportation pro-
fessionals encounter. Identifying and defining the questions to be addressed is 
also a first important step in a results-driven approach to the use of big data and 
data analytics. An understanding of these questions will form the basis for the 
definition of use cases and objectives for the analysis work. 

2.5  Overview of the Questions

The questions contained in this chapter are not designed to be completely ex-
haustive but rather, to show some examples of the kinds of questions that can be 
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addressed by the application of big data and analytics techniques to transporta-
tion. The intent is to confirm what can be done and raise awareness within the 
transportation profession on the sorts of questions that can be asked and that 
are probably already being asked in the wider world of commerce and business 
beyond transportation. There is a wide variety of categories to describe perfor-
mance measurement and management for transportation; performance mea-
sures are typically supplied as answers to the questions. An overview of these 
performance categories reveals that they can all be traced back to three root 
performance areas: improved safety, increased efficiency, and enhanced user ex-
perience. (This assumes that the environmental effects of transportation can be 
categorized under the efficiency performance area.) These three categories will 
be used to structure the list of questions that can be answered through the ap-
plication of analytics, summarized as follows:

• Safety-related questions;

• Efficiency-related questions;

• Enhanced user experience-related questions.

Based on conversations with transportation professionals regarding their 
needs, issues, problems, and objectives, I have created a list of 20 big questions. 
The term big questions is used to indicate that these are high-level questions to 
which several more detailed questions could be associated. It is likely that some 
of the big questions will be more pertinent to different readership groups than 
others. To address this variation, Table 2.1 relates the big questions to their 
likely readership groups.

The reader may have a question at this point in the book: why are we 
discussing questions instead of the answers? The answers will be provided as we 
move through the book. However, since the adoption of big data and analytics 
techniques in smart city transportation is at an early stage, there is consider-
able value in framing the questions as well as providing the answers. Another 
important reason for defining the questions is that this is a positive way to 
explain the needs, issues, problems, challenges, and objectives that can be ad-
dressed by big data and analytics. A question can also be thought of as a focused 
starting point, the initial step on the road toward big data and analytics. In 
many implementations beyond transportation, the quest for big data and ana-
lytics has started with a question or a problem to be addressed. Ultimately, the 
systems implemented are capable of extremely flexible and varied application 
right across a business or enterprise. Experience in the application of advanced 
technologies to transportation suggest that taking a small focused step that de-
livers immediate results while providing the basis for business justification and 
taking the next step is always the best way to ensure a successful application of 
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Table 2.1 
The 20 Big Questions

  Questions

Transportation Planning and Traffic 
Professionals

Transit Planners and O
perating 

Professionals

Freight Planners and O
perating 

Professionals

B
usiness A

nalysts, D
ata Scientists, 

D
ata Engineers, D

evelopers

A
utom

otive M
anufacturers

Sm
art Cities A

dvocates and 
Im

plem
enters

U
niversity Professors and Students

  Safety            
1 How do we maximize the safety of the transportation 

system?
      

2 What are the effects of safety improvements?       

  Efficiency            
3 What are the bottlenecks and slowdowns and the 

transportation system?
      

4 How do we optimize the efficiency of the transportation 
system?

     

5 How are transportation assets performing, and how can 
they be managed better?

     

6 How do we optimize current and future expenditures on 
operations and capital?

     

7 What impact will connected and autonomous vehicles have 
on the transportation system?

      

8 How do we make it easier for transportation customers to 
pay?

     

9 How do we improve service levels for citizens?      

10 How do we improve service levels for visitors?      

11 How do we optimize land-use?      

12 What are the service deficiencies in the transportation 
system?

     

13 What is the current demand, and what will be the future 
demand for transportation?

     

14 How do we maximize access to jobs?      

  User Experience            
15 How do we enhance the user experience for travelers in the 

transportation system?
      

16 Are transportation customers getting the best value for 
money?

     

17 How do transportation customers perceive service levels?       

18 What impact will mobility as a service have on the 
transportation system?

      

19 How can travelers make the best use of the transportation 
system?

     

20 How will better information change travel behavior?      
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the technology. That’s why the concept of the project is so important within 
transportation because it’s focused, it has objectives, it has structure, and it has 
a clearly defined set of questions to be addressed. Projects can also be scheduled 
and budgeted accurately. It is not a question of avoiding the identification and 
definition of the answers and solutions. That will indeed come in Chapters 6 
and 9, which discuss how to build a data lake and the nature of analytics. As 
a starting point, Sections 2.6–2.8 explore the questions that can be addressed.

Defining the questions also begins the thought process on another impor-
tant aspect of the organizational framework that will support big data and ana-
lytics within the organization. Within private sector organizations, there is typi-
cally one or more business analyst focused on the use of data and the extraction 
of information to improve the performance of the business. Typically, this type 
of role is less prominent within transportation organizations, as their primary 
focus is on planning, designing, delivering, maintaining, and operating trans-
portation services. While information technology plays a significant role in the 
modern transportation world, the use of data and the extraction of value from 
data is still an emerging subject. Accordingly, it is hoped that these questions 
will also start the discussion within transportation enterprises on who will be 
responsible for big data and analytics and how this role will fit within the overall 
context of the organization. In addition, questions assist us in defining what 
we are trying to achieve. Furthermore, questions can have a powerful effect by 
focusing thought and subsequent actions. For example, when my discussions 
with one client had initially focused on the virtues of big data and analytics, I 
suggested that a transportation data lake be created and that transportation data 
analytics capabilities be acquired to enable data discovery. After several minutes, 
the client asked the following question: “Can you relate all this terminology 
to performance management or active arterial management because these sub-
jects are addressed in the current work program and are eligible for funding?” 
This not only illustrates the power of a question, it also highlights the fact that 
concepts, no matter how good they are, must fit within the current needs of 
the organization and, moreover, should align with current organizational mo-
mentum. Given that procurement cycles and planning for the implementation 
of new technologies are relatively long in the public sector, it is a good idea 
for transportation agencies to continue with ongoing initiatives. These can be 
supplemented and enhanced to achieve the same effect as a radical departure. 
Another purpose of questions is to help transportation agencies to identify a 
suitable starting point that relates to current challenges. The starting point must 
also fit exactly with organizational momentum regarding preexisting plans. In 
other words, they need to tackle previously identified business problems for 
which big data and data analytics solutions have not been considered.

Before beginning the exploration of the 20 big questions, let’s consider 
four questions that are extremely valuable in considering transportation as a 
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system. These are paraphrased from a keynote speech at the Intelligent Trans-
portation Society of America’s annual meeting in Houston in 2010 in which 
the then chairman of IBM, Sam Palmisano, brought IBM’s vast experience in 
developing systems to bear on transportation [1].

In that speech, Palmisano indicated that IBM considers the following four 
questions when determining if a system is really a system:

• Does it have clarity of purpose?

• Are the major elements connected?

• Can we determine the status at any given time? 

• Can it adapt to changes in the environment?

Clarity of purpose refers to a predefined and agreed on set of objectives 
for the system. Transportation does pretty well in this respect, although we 
tend to have purposes and objectives for individual elements such as toll roads, 
transit systems, and freeways, rather than a single set of objectives for an en-
tire transportation network within a city. This leads to the second question 
regarding connectivity. There has been a tendency to stovepipe transportation, 
attaining the benefits of specialization and close control. Such stovepiping  is 
ineffective when it comes to applying advanced technologies, as many of those 
technologies are designed for sharing. For example, if your work requires you to 
travel across the country, it is not necessary to buy a plane to get there. Anyone 
can purchase a plane ticket that enables the sharing of a single plane by many 
people. Many advanced technologies are just like this; it makes much more 
sense to use various mechanisms to identify people who can share the cost and 
effort involved in achieving a given objective.

The question about status directly addresses the use of sensors and, ul-
timately, probe vehicle data for transportation, which makes extensive use of 
sensors and telecommunications networks to link transportation elements to-
gether. It can be expected that the volume of data from these sources will grow 
extremely rapidly over the next few years. 

The final question on adaptability is one of the big reasons why we need 
to continue to apply advanced technologies to transportation. It is also why 
progress toward a complete and detailed understanding of current operating 
conditions and future demand for transportation is important. Many transpor-
tation projects involve the use of asphalt, concrete, and steel. Scheduled dura-
tions for these projects can be multiyear, with the decisions made now, setting 
the scene for 30–50 years into the future. There is not a great deal of flexibility 
in infrastructure. Fortunately, however, the dynamic nature of transportation 
demand and our ability to manage capacity for better results stands in contrast 
to this inflexibility concerning our infrastructure.



20	 Big Data Analytics for Connected Vehicles and Smart Cities	 	 Questions to Be Addressed	 21

These four simple, yet powerful questions go a long way to framing the 
current state of transportation and the actions and investments required to im-
prove service delivery and to manage transportation in a much more effective 
manner.

Again, the 20 big questions are summarized in Table 2.1. As discussed 
earlier, the questions are categorized as safety-related, efficiency-related, and 
user–experience related (with the assumption that environmental effects are in-
cluded under the efficiency umbrella). While Table 2.1 identifies the intended 
readership groups for the questions, readers are encouraged to explore all of 
the questions to gain a complete overview of the subject. Please note that the 
definition of these high-level questions does not represent a deep dive into each 
of the subjects. The intention is to waterski across the subject matter to provide 
more complete coverage at the expense of detail. Sections 2.6–2.8 discuss the 
questions further.

2.6  Safety-Related Questions

The safety-related questions focus on ways in which safety can be improved 
through crash reduction and incident management, while considering the cost 
of improvement.

How Do We Maximize the Safety of the Transportation System?

The safety of a transportation system can be measured in multiple dimensions. 
For a start, there are different modes of travel such as private car, transit, bicy-
cle, pedestrian, and freight. There are also different dimensions to travel safety. 
These include crashes, incidents, the deployment of emergency resources, inci-
dent response, and, of course, human behavior. Having an accurate picture of 
the total number of crashes and the type of crashes is just a starting point. Other 
questions that can be addressed by big data and analytics include those relating 
to causal factors such as street lighting, road width, traffic speeds, weather con-
ditions, the presence of a sidewalks, and geometric parameters. Using analytics, 
we can determine the relationship between these causal factors and support the 
sort of data discovery that will lead to other questions. In the retail business, for 
example, large companies use big data and analytics to establish the probability 
that customers who buy product A will also purchase product B. This informa-
tion can be used to locate products in close proximity to each other and predict 
demand for one product based on sales of the other. Of course, analytics can 
only be achieved if a suitable central repository of data (or data lake) has been 
created, combining all the data regarding the causal factors described above. If 
data is then added regarding investment programs or work programs for safety 
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improvements, a whole new set of questions regarding the effects of safety im-
provements can be posited. A simple before-and-after comparison of key factors 
can identify the precise effects of a safety improvement. It may also be necessary 
to take account of other factors that may be influencing improvement in safety, 
such as overall economic conditions and enhancements in vehicle and road 
technology.

What Are the Effects of Safety Improvements?

Ideally, an investment in a safety improvement will lead to a positive return 
on investment, with the safety benefits quantified exceeding the overall cost of 
the improvement. This question has two dimensions. On the one hand, it is 
necessary to measure the effect of the safety improvement in terms of accident 
reduction, reduction in accident severity, and the overall impact of crashes on 
the economy. On the other hand, it is also necessary to measure the investment 
in terms of capital and operating funding. Estimation of these costs is required 
to answer the question completely in terms of absolute impact and efficiency of 
the safety investment in terms of the improvement per dollar.

2.7  Efficiency-Related Questions 

The efficiency-related questions are many and varied but all revolve around 
obtaining the highest value from the smallest amount of expenditure. This also 
includes the prioritization or targeting of investments to ensure that money 
is spent wisely. This can also include an assessment of complementary invest-
ments that reinforce each other rather than conflict with, or negate, each other. 

Where Are the Bottlenecks and Slowdowns in the Transportation System?

This question can be asked differently depending on the mode of transportation 
being considered. For example, the private car mode question can be addressed 
by measuring traffic speeds or travel times and comparing these across the en-
tire road network. For a transit system, absolute vehicle speed is less important 
than station-to-station travel times and the overall time from the traveler’s ori-
gin to final destination. Bottlenecks can be identified based on a preprepared 
and agreed on definition or template. This can be used to identify bottlenecks 
within a large data set using pattern analysis.

From a freight perspective, end-to-end travel times are an important 
part of the question along with delays incurred in interchange between freight 
modes—for example, the time taken to move the load from rail to road or vice 
versa.
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How Do I Optimize the Efficiency of My Transportation System?

This is a system-wide question since a transportation system is comprised of 
multiple modes—private car, transit, freight, airlines, and potentially, ferries. 
The question has multiple subcomponents, including what is the current ef-
ficiency level of each mode of transportation? and what is the current efficiency 
level of all modes combined? This question would probably be asked in terms of 
overall origin to destination times for travelers using multiple modes.

How Are Transportation Assets Performing and How Can They Be Managed Better?

Transportation assets consist of infrastructure such as asphalt, concrete, and 
steel, along with the telecommunications networks and devices used for data 
collection and control. Examples of the former include roads and bridges, while 
the latter includes dynamic message signs, fiber-optic networks, and roadside, 
infrastructure-based sensors such as traffic speed and flow measurement de-
vices. This question highlights the need to have an accurate inventory of in-
frastructure and devices. The question regarding type and location of existing 
assets then leads to a further question on desired performance levels for infra-
structure and devices.

How Do We Optimize Current and Future Expenditures on Operations and Capital?

A typical approach to defining budgets and work programs for transportation 
expenditures is to take the amount spent in previous years and add a percentage 
for future years. While this has been effective, we can do a lot better by asking 
questions such as, What were the effects of previous investments? What will the 
effects of my future investments be? This leads to questions such as “To achieve 
a 1% shift of modal split in favor of transit, what investment should be made 
and when?”

What Impact Will Connected and Autonomous Vehicles Have on the Transportation 
System?

The U.S. Department of Transportation estimates that connected vehicles may 
be able to reduce 70–80% of nonimpaired crashes in the United States [2]. It 
can be expected that autonomous vehicles will take this even further by com-
pletely removing driver risk. Asking this question leads to a lot more questions 
about what the impact of connected and autonomous vehicles is likely to be on 
various aspects of transportation. These aspects include fleet management, tran-
sit systems, electronic toll collection systems, and the development of mobility 
as a service (MaaS). MaaS involves providing a portfolio of public and private 
services as options to travelers. These include things like Uber, taxi services, and 
transit services, enabling travelers to choose the best option for the trip and the 
circumstances.
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How Do We Make It Easier for Transportation Customers to Pay?

In most cases, transportation customers have to pay a fee in return for service. 
This can include transit fares, tolls, and parking fees. Often the payment of the 
fee at the point of service can lead to delays and congestion. The payment of 
the fee may also be perceived as a barrier to use of the system. This question ad-
dresses the ways in which technology can be applied to make it easier for users 
to pay for transportation services. This leads to other questions such as: can I set 
up a single system to pay for all transportation modes within my city? Similarly, 
one might ask can I use the data collected from my citywide transportation 
payment system as input and for better operational management and planning?

How Do We Improve Service Levels for Citizens?

This question requires us to define what exactly we mean by service and ser-
vice level and what target service levels we are aspiring to for our cities and our 
citizens. A service can be considered to be something of value. Table 2.2 sum-
marizes the user services that were identified as part of the National Intelligent 
Transportation Systems Development program [3], a multiyear effort to define 
a national framework for the application of advanced technologies to transpor-
tation. The program defined eight user service bundles or categories, which are 
detailed in Tables 2.3–2.9. A brief explanation of each user service is provided 
in the second column of each of the tables (Tables 2.2–2.9). These notes are 
not based on the National ITS program work but on my own interpretation.

In transportation, there tends to be a focus placed on the project rather 
than the service. It could be viewed that projects are a means to delivery of ser-
vice but that it is the services that deliver the ultimate value in terms of safety, 
efficiency, and enhanced user experience. A service evolution approach to the 
application of advanced technologies such as connected and autonomous cars 
and smart cities could be a very effective way to define a rollout program over 
time, space, and level of service. With respect to level of service, there is another 
component to this question. Having identified the services that we intend to 
deliver to our citizens then what is the desired level of service to be delivered? 
This will undoubtedly involve other questions like how much are customers 
prepared to pay?

How Do We Improve Service Levels for Visitors?

It is important to consider visitors to a city as well as its citizens or residents. For 
many cities the economy is substantially impacted by the activities of visitors as 
well as residents. The same comments hold good for visitors as the ones defined 
for citizens above, with the added caveat that visitors may have additional needs 
related to a lack of understanding of the transportation system and unfamiliar-
ity with the city. This may well lead to additional services being defined and 
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delivered specifically for visitors, and this would of course require additional 
questions.

How Do We Optimize Land Use?

This rather broad question has several related subquestions. The first of these 
would be, What exactly is the impact of land use on transportation? This is 

Table 2.2 
National ITS Architecture Program Travel and Traffic Management User Services Bundle

User Service Notes
1.1 Pretrip travel information The provision of traveler information services to travelers 

before they embark on a trip.
1.2 En-route driver information The provision of traveler information services within the 

vehicle for drivers of vehicles.
1.3 Route guidance Turn-by-turn instructions to enable drivers to get efficiently 

from point A to point B. This can be based on historic data 
or can incorporate current traffic conditions.

1.4 Ride matching and reservation Matching demand for ride-sharing with available capacity 
and providing travelers with prereservation capabilities. 
Uber is a great example.

1.5 Traveler services information The delivery of information to travelers regarding services 
that are available and that may be needed on the journey.

1.6 Traffic control This includes traffic control services provided by traffic 
signals and by traffic control and dynamic message signs 
on freeways.

1.7 Incident management Services required to manage the incident process from 
detection through verification and response to clearance.

1.8 Travel demand management Services to identify and assist in the management of the 
demand for travel.

1.9 Emissions testing and 
mitigation

Services to measure, monitor, and mitigate the 
environmental effects of the transportation process.

1.10 Highway rail intersection Services to manage the potential conflict between rail 
vehicles and road vehicles at grade railroad crossings.

Table 2.3 
National ITS Architecture Program Public Transportation Management User Services Bundle

User Service Notes
2.1 Public transportation management Services to automate the operations planning and 

management of public transit systems, including buses 
and railed vehicles.

2.2 En-route transit information Services to provide real-time information to transit 
system passengers.

2.3 Personalized public transit Services that provide demand-actuated transit services 
to individual travelers.

2.4 Public travel security Services that protect and enhance the security of the 
traveling public.



24	 Big Data Analytics for Connected Vehicles and Smart Cities	 	 Questions to Be Addressed	 25

typically addressed through a series of surveys that lead to an estimate of the 
volume of trips generated by each land use. Land uses may be related to re-
tail, educational, commercial, or manufacturing endeavors. We understand to 
a certain degree how transportation affects land use. For example, it has been 
observed in many cities across the world that the implementation of a metro 
system leads to accelerated development near the metro stations. Another ques-

Table 2.4 
National ITS Architecture Program Electronic Payment User Services Bundle

User Service Notes
3.1 Electronic payment services The use of payment systems technologies to enable travelers 

to pay without cash for tolls, transit tickets, and parking.

Table 2.5 
National ITS Architecture Program Commercial Vehicle Operations User Services Bundle

User Service Notes
4.1 Commercial vehicle electronic 
clearance

Services that support the automation of processes 
associated with commercial vehicle clearance.

4.2 Automated roadside safety inspection Services that automate the roadside safety inspection 
process for trucks and loads.

4.3 On-board safety and security 
Monitoring

Services that rely on onboard equipment to monitor 
safety and security of trucks and loads.

4.4 Commercial vehicle administrative 
processes

Services that automate the commercial vehicle 
administrative process.

4.5 Hazardous materials security and 
incident response

Services that enhance the operation of hazardous 
materials security and incident response related to 
hazardous materials.

4.6 Freight mobility Services that enhance the mobility of freight through 
maximizing trip time reliability and minimizing absolute 
trip time.

Table 2.6 
National ITS Architecture Program Emergency Management User Services Bundle

User Service Notes
5.1 Emergency notification and 
personal security

Services that enable travelers to notify the appropriate 
authorities in the event of a personal emergency our need 
for assistance.

5.2 Emergency vehicle management Services that improve the efficiency of the emergency 
response process by minimizing response times and 
optimizing the use of available resources.

5.3 Disaster response and evacuation Services improve the effectiveness of disaster response 
and evacuation with respect to the transportation system.
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tion within this group would be, How good is our understanding of the effects 
of transportation on land use and exactly how does transportation influence 
land development?

What Are The Service Deficiencies in the Transportation System?

To identify and define service deficiencies it is necessary to establish the intend-
ed level of service for each mode. Typically, most city transportation providers 

Table 2.7 
National ITS Architecture Program Advanced Vehicle Safety Systems User Services Bundle

User Service Notes
6.1 Longitudinal collision avoidance In-vehicle services that enhance cruise control with the 

ability to maintain a safe distance between the vehicle 
and the vehicle in front.

6.2 Lateral collision avoidance In-vehicle services that improve safety by providing lane 
departure or lateral collision warning.

6.3 Intersection collision avoidance In-vehicle services that can collaborate with roadside 
equipment to warn drivers of potential collisions at 
intersections.

6.4 Vision enhancement for crash 
avoidance

Services that provide enhanced vision for drivers in an 
effort to avoid crashes.

6.5 Safety readiness Services that enable driver and vehicle condition to be 
monitored along with the condition of the roadway.

6.6 Precrash restraint deployment Services that provide predeployment of safety devices 
and ancillary equipment that reduce the consequences 
of a crash.

6.7 Automated vehicle operation Driverless vehicles that are capable of complete 
operation with no human intervention.

Table 2.8 
National ITS Architecture Program Information Management User Services Bundle

User Service Notes
7.1 Archived data Services that support the use of data storage and management systems 

to extract data from intelligent transportation system applications and 
apply the data to planning and management of transportation.

Table 2.9 
National ITS Architecture Program Maintenance and Construction Management User 

Services Bundle

User Service Notes
8.1 Maintenance and 
construction operations

Services that enable maintenance and construction operations to 
take advantage of advanced technologies for fleet management, 
plant management, and overall site control
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do a good job at defining service level targets and measuring actual service lev-
els achieved. Setting service level targets and measuring service levels achieved 
across the combined transportation system involving multiple modes offers 
scope for improvement.

What Is Current Demand and What Will Future Demand Be for Transportation?

This is really a question in two parts. In the first part the current demand for 
transportation in the city is addressed. This begs the question do we have suf-
ficient data to characterize current demand? The obvious follow-up question 
is do we have sufficient capacity to meet current demand? It could be argued 
that congestion in any transportation mode is nothing more than an excess of 
demand over capacity. This argument assumes routine operating conditions, 
since congestion may also because by unexpected situations such as crashes, 
incidents, and vehicle breakdowns. The second part of the question relates to 
the future: Based on what we know of the past, is it possible for us to accurately 
predict demand into the future? The future can be defined as the next five 
minutes, the next hour, or the next 50 years. This leads to further questions 
concerning the tools that we have available to make predictions and how the 
accuracy of those tools is verified.

How Do We Maximize Access to Jobs?

In many smart city plans, a core objective is to maximize access to jobs. This 
leads to questions such as, Where do workers live? Where are suitable employ-
ment opportunities? An additional question would be, What current transpor-
tation options are there between jobs and work locations? This may also lead to 
questions such as, How can we use transportation to stimulate growth and job 
opportunities?

2.8  User Experience-Related Questions

User experience-related questions focus on customer service and how users per-
ceive the quality of service in addition to actual measurements of performance.

How Do We Enhance the User Experience for Travelers in the Transportation System?

User experience has become an important parameter for business and com-
merce to drive business activities and guide investment decisions. It is highly 
likely that transportation will follow a similar path. In order to enhance the user 
experience, it is necessary to understand user behavior, identify what the user 
needs, and identify opportunities for providing new services that don’t currently 
exist. As they say in the world of data science, the user is going to have an expe-
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rience whether you like it or not, the question is will it be a good one and will 
it be one that you have engineered?

Are Transportation Customers Getting the Best Value for Their Money?

This question relates to a combination of travel speed, travel time, reliability, 
price, and levels of comfort. This could also be defined as a traveler stress index. 
Asking the question involves a comparison between different modes to deter-
mine price, reliability, and overall travel time. This may well reveal that certain 
sections of the community are not getting a fair deal.

How Do Transportation Customers Perceive Service Levels?

This question is typically answered through a range of surveys that take snap-
shots at specific times and locations. An alternative approach to asking this 
question, in the light of current data science capabilities, would be to ask this 
question across the entire city on a continuous basis. It is obvious that user 
sentiment changes with time and location and with events in the transportation 
system such as construction and service delays. Given that user expectations are 
being set by organizations not involved in transportation, such as Netflix and 
Walmart, it is also important to ask this question within the context of how well 
we are doing compared to other people. Not just other transportation people 
but how well are we doing compared to other people who are influencing cus-
tomers. If your customer perception rating drops below that of an airline or an 
insurance company, then perhaps you should be worried.

What Impact Will Mobility as a Service Have on the Transportation System?

The impact of services such as Uber on society and traveler behavior is already 
clear. In many states the number of citations for driving under the influence 
have been significantly reduced because of the availability of the Uber service. 
As this is extended into a wider portfolio of options, then what impact will this 
have on our transportation system? This involves other questions such as how 
should transportation investments be targeted in the future and how can they 
be fully coordinated with private sector investments to achieve a portfolio of 
services.

How Can Travelers Make the Best Use of the Transportation System?

Good digital video recorders can be purchased at Walmart for less than $300. 
Purchasers who take them home would be absolutely appalled if they did not 
have a user manual in the box. In contrast, multibillion-dollar transportation 
systems are created in cities and very often don’t have an adequate user manual. 
Asking this question leads to additional questions such as, What information 
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do travelers need? What is the best way to deliver it to them? What is the best 
way to influence traveler behavior through the delivery of traveler information?

How Will Better Information Change Travel Behavior?

Posing this question requires a definition of “better” when it comes to traveler 
information. There are probably multiple dimensions to “better,” including 
faster access to information, better quality information, and more complete 
and more timely information. If these can be delivered, then what changes can 
we expect in traveler behavior. How will decision quality information change 
traveler’s choices when it comes to choice of route, choice of mode, and timing 
of the journey? These are important questions in the definition of strategies to 
manage capacity and demand for transportation.

2.9  What Do We Do with the Questions?

All of the questions that have been identified in the preceding text can be ef-
fectively and completely addressed using a data lake and analytics. It is hoped 
that defining and describing these questions will widen the scope of awareness 
of possible actions. This is important as questions are typically framed by a 
perception of what is possible. It would be valuable at this point to identify the 
questions that directly address your current needs, issues, problems, and objec-
tives. It is also useful to start thinking about the opportunities and challenges 
that are related to answering the questions, so advice on how to address those is 
contained in Chapter 12.
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3
What Is Big Data?

3.1  Informational Objectives of This Chapter

This chapter is designed to answer the following questions:

• How is big data measured?

• What are the attributes of big data?

• What has changed in the world of data science?

• What are some examples of big data from industry and commerce?

• What are some examples of big data from transportation?

3.2  Chapter Word Cloud

Figure 3.1 presents a word cloud for Chapter 3.

3.3  Introduction

Big data may potentially be as important to business and transportation as the 
Internet has been. More data leads to more accurate analyses and greater under-
standing of the underlying mechanisms that affect the operation of enterprises. 
This chapter explores the nature of big data based on best practices from data 
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science. It then brings the subject to life from a transportation perspective by 
providing some examples of big data sources for transportation. Using the right 
approach, the true value of big data can be realized. A good way to explain it is 
that data itself is difficult to handle and not very attractive and that its meaning 
is well hidden. It’s a lot like the data that forms the basis for music. The notes in 
the page and the various musical frequencies come together to form something 
that is pleasant to the year as a result of arrangement and orchestration. Data 
is brought to life when additional tools and expertise are applied to extract the 
desired result. Figure 3.2 illustrates how data and musical notation is converted 
to sound by a musician playing a musical instrument resulting in palatable in-
formation in the form of music.

3.4  How Is Big Data Measured?

In the discussion regarding the nature of big data, beginning in Section 3.5, big 
data size terms are used to indicate the relative size of big data in various trans-
portation and nontransportation applications. Therefore, before starting to ex-
plore big data, it is useful to include a discussion of how big data is measured.

Figure 3.1  Chapter 3 word cloud.

Figure 3.2  Data to information—a musical analogy.
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Like all data, big data is measured in bytes. A byte is eight bits, and a bit 
represents either a one or a zero, otherwise known as binary or numbers to the 
base 2. This numbering system is useful because switches in a computer can 
be turned off to represent 0 and on to represent one. The term bit is short for 
binary digit and can be considered the smallest unit of data in a computer. You 
might also like to know that half a byte is called a nibble. In telecommunica-
tions and Internet traffic, the speed of the connection is usually described as the 
number of bits per second. This is often referred to as bandwidth, although it 
describes the speed rather than the capacity of the communication channel. An 
ASCII character, one of the characters used to build the words in this sentence, 
consists of one byte. 

As data sizes have grown, prefixes have been placed in front of the byte to 
represent multiples of 1,000. Table 3.1 [1] shows what these prefixes mean in 
terms of the number of bytes; and to provide some context, it includes notes to 
relate the sizes to something recognizable. For example, if you know that a data 
size is 4 Zb, it is hard to comprehend. If you know that annual global Internet 
traffic is expected to pass the zettabyte threshold by the end of 2016 and will 
reach 2.3 Zb by 2020 [2] then you can start to comprehend the enormity of 
the number.

3.5  What Is Big Data?

Big data is a widely used term, and it is important that we have a clear and com-
monly agreed on definition of the subject. Big data describes data sets so large 
and complex that they become difficult to process using conventional data-
processing hardware and software. There is a trend toward assembling larger 

Table 3.1 
Orders of Magnitude of Data [1]

Size and prefix Base 10 Notes References
1,000 bytes = 1 kilobyte  3
1,000 kilobytes = 1 megabyte  6 A typical English book volume in plain 

text 
[3]

1,000 megabytes = 1 gigabyte  9
1,000 gigabytes = 1 terabyte  12 212 DVDs [1]
1,000 terabytes = 1 petabyte  15
1,000 petabytes = 1 exabyte 18
1,000 exabytes = 1 zettabyte  21 Internet traffic in 2016 [2]
1,000 zettabytes = 1 yottabyte  24
1,000 yottabytes = 1 brontobyte 27
1,000 brontobytes = 1 geopbyte 30
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data sets because these are richer sources of insights and understanding. A large 
data set allows an enterprise-wide or organization-wide view that can yield more 
information than a series of silos or smaller data sets. 

Big data can be considered to be an evolution of data science with some 
aspects that are new and some are not. For example, most potential transporta-
tion big data applications address safety, efficiency, and enhanced user experi-
ence. These are issues that the transportation profession has been addressing for 
a number of years. Aspects that are new include exponential growth in data sizes 
and new availability of data—both structured and unstructured. This combines 
with rapid acceleration in many dimensions (volume, velocity, variety, variabil-
ity, and complexity). 

Other new aspects featured by big data include the following:

• Analytics: The ability to conduct graph and path analytics, and analytics 
on new, nonrelational data types coupled with existing relational data.

• Tools: New tools that can help to uncover insights from data such as text 
in accident reports or patterns in visuals, to quickly find the signal in 
the noise.

• Economics: New capabilities with reduced cost mean that data can be 
retained. It is not necessary to throw away signal timings, speed, flow, 
and occupancy data. By leveraging new techniques, it is possible to apply 
the appropriate storage mechanism in terms of cost and performance to 
the appropriate data set. This also enables appropriate access to the dif-
ferent data types.

• Architecture: The emergence of a hybrid ecosystem that allows both old 
and new tools to work together within a single framework to enable 
rapid discovery analytics on new data.

My first exposure to the term big data in 2011 sparked an interest in how 
long the term had been in use. Subsequent research on the origin of the term 
uncovered that it can be attributed to one of two people (according to the New 
York Times [4]). Anecdotal evidence suggests that it was first introduced by John 
Massey from Silicon Graphics in the mid 1990s. He wanted to use a single term 
to describe a range of issues in data storage and data management. The other 
possible author of the term is John Diebold of the University of Pennsylvania, 
who first used the term in association with macroeconomics in his paper Big 
Data Dynamic Factor Models for Macroeconomic Measurement and Forecasting, 
which was first presented in 2000 and published in 2003. Today the term has 
to come to represent not just volume of data but also a range of dimensions, 
listed as follows:
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• Type;

• Volume;

• Velocity;

• Variety;

• Variability;

• Complexity;

• Veracity.

Let’s take a look at each of these in turn.

Type 

There are two major categories of data: real-time and archive. The literature 
indicates that these are given many different names; for example, real-time data 
may be referred to as transactional and archive data may be referred to as static 
data. They are often referred to as “hot” and “cold” data, giving the sense that 
hot data is live and used in the short term while cold data is stored for longer-
term use. The terms data at rest and data in motion are also used to differentiate 
static and dynamic data. The distinction lies in how the data is being used at any 
given time. Real-time data must be kept in a manner that is accessible quickly. 
To support this, less frequently used data can be moved to an archive where the 
data can be stored in large volumes for long periods of time at lower cost. These 
days it is also possible to conduct analytics on a real-time data stream while it’s 
on the way to being stored. The use of real-time analytics is another reason for 
separating real-time data from archive data.

Volume

The volume dimension of big data is an obvious one. The adjective big gives 
you the sense that this part of data science is about volume. In the past, there 
has been a tendency to fragment bigger data sets to store data more efficiently 
and enable fast access. These days, with the advent of fast and low-cost data 
storage, the tendency is to consolidate and bring data to a central repository. 
This has the effect of creating an enterprise-wide view of the data, which could 
be difficult if the data is fragmented and stored in silos across the organization. 
So how big is big data? Here are a few examples, from beyond transportation:

• Approximately 1 Pb of data is uploaded to YouTube every day [5].

• It is estimated that the human brain has a functional memory capacity 
of 2.5 Pb [6].

• Netflix users stream approximately 4.7 Pb of data every year [7, 8].
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I’ll contrast these numbers to an experience at the London Borough of 
Hackney in the early 1980s when a Superbrain personal computer with a 2-Mb 
hard disk was acquired. Staff and management were not sure what they were 
going to do with all that storage space! Note that a megabyte is a billionth of a 
petabyte.

Velocity

It would be simple to equate the velocity at which data arrives as the number 
of bits per second that a telecommunications link can support. For example, a 
typical Internet connection for business might support data speeds of around 
100 Mbps. However, the velocity dimension goes beyond the speed at which 
communications can be achieved to address a wider measurement of the speed 
at which we can go from sensing data to doing something about it. While data 
communications throughput and latency can measure the speed at which data 
can flow across the network, there are other factors that will influence the speed 
at which we can make use of the data and turn it into information. As shown in 
Figure 3.3, there are several steps in this process, addressed as follows.

• Sense: In this step the data is collected by several different means in-
cluding sensors, closed-circuit TV cameras, smart phones, and roadside 
infrastructure-based sensors. The data can also include anecdotal data 
and can be structured or unstructured.

• Ingest: This is the process step in which the data is assembled into a data 
platform and brought together into a meaningful and coherent body of 
data. This topic is discussed in Chapter 9.

• Process: In this step the raw data is turned into information. The huge 
volume of zeros and ones and raw signal data is converted into meaning-
ful summaries, tables, visualizations, and other such structures that allow 
humans to understand the trends and patterns within the data.

• Assimilate: In this step of the process, the humans involved assimilate the 
information and begin to think about the impact that the information 
will have on their job and their organizations. This may well lead to the 
recognition that further information is required. It may also highlight 
the need for organizational fine-tuning to ensure that the assimilation 
process is as efficient as it can be.

Figure 3.3  Steps from sensing to action.
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• Understand: The development of knowledge based on information re-
ceived such as an understanding of the underlying mechanisms that 
drive transportation demand or a detailed picture of traveler behavior. 
This may lead to what could be referred to as wow and whoops moments. 
A wow moment occurs when a connection or mechanism that was not 
previously obvious is identified and understood. A whoops moment is 
when new understanding brings a realization that there are deficien-
cies in the delivery of current transportation services. A whoops moment 
does not necessarily represent a catastrophic event. A good response to 
a whoops moment would be to recognize that a new problem has been 
identified and develop a plan with the associated budget to fix it. This 
is this step into the realm of scientific investment planning or results-
based work program development, which is discussed in more detail in 
Chapter 8.

• Act: The final step in a process involves taking the understanding that 
has been gained using the data to create new information and turn it 
into actionable strategies. It is important to consider this step even at the 
beginning of the process when data is being collected. There would be 
no point in collecting data and spending time converting it into infor-
mation, if it resulted in understanding that could not be put into action. 
At our current stage in smart city transportation this could involve the 
reassignment of resources, the definition of new capacity requirements, 
the application of more effective traffic engineering, or a change in tran-
sit service frequency.

It is noticeable that many transportation agencies embark on large-scale 
data collection exercises without a clear and detailed understanding of the use 
to which the data will be put. It is hoped that the application of big data and 
analytics techniques will encourage transportation agencies to take a wider view 
of the process and develop a detailed understanding of the proposed uses of 
the data. This will in turn lead to better approaches for defining the quality 
of the data required. In the longer term, it could also be expected that the es-
tablishment and operation of data lakes (centralized repositories of data) will 
also enable automated responses as we develop a better understanding of cause 
and effect in transportation. Chapter 9 details data lakes. Figure 3.4 illustrates 
a trend that is anticipated in industry and commerce as big data and analytics 
pervade the organization. It is to be expected that a similar trend in transporta-
tion will emerge.

From a starting point of reporting, better capabilities to analyze the mech-
anisms that relate to transportation demand and supply enable us to build the 
capability to predict future transportation demand, supply, and conditions. 
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This leads to the ability to operationalize the knowledge by applying the in-
sights that have been gained regarding transportation. This in turn leads to 
the ability to automatically activate events that are based on triggers that have 
been defined as a result of the analytics. This incremental growth is enabled by 
a parallel migration in which ad hoc analysis increases and analytical modeling 
grows, followed by the ability to continuously update and answer time sensitive 
queries. Ultimately event-based triggering becomes a reality. In transportation 
terms event-based triggering could mean automatically generating messages to 
be displayed on dynamic message signs or the automatic retiming of traffic sig-
nals based on fluctuations in demand and the occurrence of events. It could also 
include automated response to incidents including the dispatching of resources 
and the use of traffic control devices to manage traffic.

Variety 

Another dimension of big data is an increase in the variety of data that can be 
collected and processed. For example, in the world of transportation, it is pos-
sible to collect a wide range of data including the following:

• Traffic speed;

• Traffic volume;

• Travel times;

• Transit passenger counts;

• Vehicle location.

The above items can be described as traditional transportation data. In 
the era of big data, when we have no need to constrain data sizes, we can also 
add the following nontraditional data:

• Electricity consumption;

• Retail transactions;

• Smart phone position data;

• Probe data from connected vehicles.

These are just a few examples of additional data that can be blended with 
traditional data to create big data with a wider variety of data. In fact, the surface 
has just been scratched in terms of the wide variety of data that can be collected 
to gain better insights into the demand for transportation including the vol-
umes of and the reasons for travel. It is to be expected that another dimension 
of variability will lie in the expansion of data collection within transportation 
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agencies. It is typical that the central focus for data collection in a transporta-
tion agency lies in the operations department. As Figure 3.5 illustrates, there is 
much more to transportation than operations.

Note that different transportation agencies may have different terminol-
ogy used to describe each of these stages and that Figure 3.5 uses generic terms. 
In fact, one of the challenges facing transportation agencies in the light of big 
data and analytics will be how to share data and information across the entire 
organization in a seamless manner.

Variability

Data analysts and data scientists have an interesting perspective on variability. 
They love it. A typical approach to variability is to create averages and summa-
ries to be able to handle it. The data experts see this as a problem because their 
perspective is that the value is in the detail and that summaries and averages 
remove detail. A good example in transportation would be the average travel 
time between traffic signals. While this is a useful measure of performance, it 
ignores detail that would be extremely valuable. For example, if a driver trav-
els at 50 mph and then stops at a red light, then travels at onward at 50 mph 
and then stops at the next red light, it could be measured that on average the 
vehicle traveled at 30 mph. This journey is not differentiated from another 
driver who might experience a smooth, steady 30-mph journey through the 
corridor, receiving green signals at each intersection. Averaging removes some 
important detail. The use of detailed, second-by-second speed profiles for in-
dividual vehicles traveling along a signalized corridor would address this issue. 
Such profiles have, in the past, been considered to be unmanageable. It is only 
recently that data collection techniques such as probe vehicle data collection 
have enabled the acquisition of such data. In the world of big data and analytics 
the data is available, and the horsepower to convert it to meaningful informa-
tion is at hand.

Complexity

Data is becoming more complex, and the ability to capture the same data from 
more than one data source adds to this complexity. Techniques have been de-
veloped to compare the same data from multiple data sources—this is known as 
octagonal sensing. Figure 3.6 provides an information technology–centric view 
of all the factors that go along with increasing data complexity.

Figure 3.6 shows a transition from enterprise resource planning (ERP) 
that addresses the optimization of assets within an organization to customer 
relationship management (CRM) that considers the external interface between 
the organization and the customer. This leads on to extensive use of the web, 
which is not only driven by big data but can itself generate big data. This migra-
tion from ERP to big data features increasing data variety and complexity but 
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decreasing value density in the data. Value density is a way to measure the value 
that you would obtain from data relative to the size of the data. The reduction 
in value density is another reason for creating a data lake in order to be able to 
extract maximum value from the data.

Veracity

This dimension relates to the uncertainty associated with big data. As the speed 
at which data arrives increases and the variety grows to include structured and 
unstructured data, there can be a significant amount of uncertainty relating 
to the precision of the data. This requires tools and techniques that enable us 
to understand the uncertainty in the data and, perhaps, to apply rankings to 
the quality of the data. The veracity or ability to trust the data might also be 
impacted by tampering or other issues that would affect the quality of the data. 
This adds a security dimension to veracity.

3.6  Challenges

In addition to the opportunities, there are challenges associated with big data, 
listed as follows:

• Complexity analysis;

• Capture;

• Curation;

Figure 3.6  The growth of information complexity.
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• Search;

• Sharing;

• Storage;

• Transfer.

In describing these challenges from a transportation perspective, it is pos-
sible to offend the data analysts and data scientists who will read this book, 
since a simplistic view has been adopted. However, no offense is intended. The 
focus is explaining the value to transportation rather than developing a techni-
cal description of the subject. The objective is to provide an awareness of the 
challenges, to illustrate their nature and, to provide an overview of how they are 
addressed in data science.

Complexity Analysis

This is an emerging field in data analysis and data science that categorizes data 
according to its complexity. As data sets rapidly increase in scale, and process-
ing becomes automatic, multiple systems can be connected together; this leads 
to increasing complexity. If this is left unmanaged, it can lead to unpredictable 
behavior within the system and difficulties in processing the data. A typical 
engineering approach would attempt to remove the complexity, but this runs 
counter to obtaining maximum value from big data. As discussed earlier in Sec-
tion 3.5, the real value lies in the detail, so complexity cannot be avoided. Tools 
and techniques have been developed in the field of complexity analysis that en-
able the understanding of complexity and the development of new approaches 
to modeling and controlling complexity in systems.

Capture

Relative to big data, data capture represents another challenge. While the trans-
portation community is adept at capturing automated data from sensors and 
other roadside devices, the world of big data requires that multiple data sets be 
combined to give us the insights that we’re looking for. This means that unless 
the amount of resources we invest in data capture is expanded, automated so-
lutions must be considered. Data capture includes the process of bringing the 
data back to a central repository and the work required to bring the data into 
the repository. In the data world this is referred to as extraction, transformation, 
and loading (ETL). If the multiple data sources include data from beyond the 
organization, then the data capture process will also include the establishment 
of some form of data-sharing agreement. 
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Curation

One of the major challenges facing transportation with respect to current data, 
never mind Big Data, is to have an organization-wide awareness of what data is 
available and where it is located. Today, there are automated tools available to 
assist in the curation process and provide support for master data management 
and the definition of data governance techniques. One of the important ele-
ments of data creation lies in the definition and specification of who can have 
access to the data and what permissions they have to alter the data.

In order to emphasize the importance of addressing this challenge effec-
tively, here are some anecdotes from the field. The Florida Department of Trans-
portation provided the following real-life stories in a recent presentation [9]:

• A study on the feasibility of a new road was completed by a project team. 
Six months later another project team performed the same study. They 
did not know of the existence of the first study and the associated data.

• The project team was delayed and moving on to the next phase of a 
road project as they were unable to locate survey data. Due to schedule 
requirements the team had to repeat the survey and recollect the data.

• A project to resurface a particular stretch of road was completed. One 
month later, a new street lighting system was installed on the same 
stretch of road, requiring that the road surface be excavated.

These stories capture the essence of data curation and the challenges it 
poses from a transportation point of view. There is little point in investing re-
sources for data collection if the organization is not aware of the data’s existence 
and cannot access the data in a timely manner. These insights led the Florida 
Department of Transportation to embark on a major program to equip the 
organization with the latest data management technology.

Search

To be useful to transportation professionals, search tools and techniques must 
be intuitive and relatively simple to understand. It is important that the empha-
sis is placed on the use and value of the tools rather than the need to develop 
skills and expertise to make use of them. Users have grown accustomed to the 
power of Google, and this provides excellent access to search the World Wide 
Web for data. It is essential that the tools used to search big data also feature 
these intuitive capabilities. The sophistication of search tools is growing, en-
abling the presentation of more precise results rather than simply a list of pos-
sibilities. This is not only relevant to the World Wide Web but should also be 
applied to internal big data systems.
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Sharing

Data sharing has the potential to be one of the biggest challenges facing trans-
portation agencies. The physical ability to share data over telecommunications 
networks utilizing fiber optics and copper wire is just the beginning. It has been 
learned that unless there is also a data-sharing agreement in place then noth-
ing will be transmitted across the telecommunications network. Data sharing 
can also be a challenge between the public sector and the private sector. The 
definition of suitable sharing agreements is paramount to enabling data flow. To 
effectively address data sharing issues, it is also necessary to develop a business 
model for the data. One business model could be that the public sector simply 
collects the data as part of its everyday operations to deliver effective transporta-
tion and then provides this data free to private sector organizations that wish 
to make it the basis for their products and services. Under another approach, 
public sector agencies would attempt to develop agreements to enable them 
to share in the value of the products and services that are derived from public 
sector data. The definition of a business model for data would also include the 
detailed definition of how much data processing is conducted within a public 
agency and the cost of data collection and processing.

Storage

The data storage challenge revolves around the management of data sets across 
data storage infrastructure. Unless these infrastructures are properly managed 
and structured, it is possible to spend an undue amount of time and money on 
data storage. This takes us back to the distinction between real-time data and 
archive data. One of the obvious ways to address the structure of data storage 
would be to separate them so that the more expensive real-time ways to store 
and access data are used on the appropriate data set. It is interesting to note 
that this problem is being driven by an extremely positive development in the 
market—the cost of acquiring data storage has been dropping dramatically. 
However, this has led to hidden costs beyond acquisition when it comes to 
maintaining and managing the data. Figure 3.7 illustrates the reduction in the 
cost to acquire data storage, showing the average hard drive cost per gigabyte 
from 1980 to 2009 [10].

Over time, the cost of hard drive storage acquisition has dropped signifi-
cantly from a peak value $700,000 per gigabyte to a low of $0.3 per gigabyte. 
Of course, acquiring the hard disk space is only one element in the cost of 
data storage. Other elements include maintenance, upgrades, power, physical 
facilities for hosting the hard drive storage, and the cost of managing it. How-
ever, the cost of hard drive storage acquisition seems to be a good yardstick to 
indicate how dramatic the cost reduction has been. Another option that has 
emerged in recent times involves simply renting or leasing data storage space at 
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someone else’s data center or in the so-called cloud. The cloud is a network of 
servers with some servers processing data and some servers storing data.

Transfer

When a big data set gets into the high terabytes or low petabytes, data transfer 
becomes an issue. The following Table 3.2 shows data transfer times for a pet-
abyte and a petabyte of data at the various transmission speeds that might be 
available to a transportation agency.

As Table 3.2 shows, even at the fastest speed of 10,000 Mbps (10 Gbps) 
it takes almost 14 minutes to transmit a petabyte of data. This suggests that co-
location of various data ingestion and processing hubs should be given serious 
consideration in the development of a big data and analytics capability.

3.7  Big Data in Transportation

To conclude this chapter, we bring big data to life from a transportation per-
spective by exploring some potential sources of big data within the world of 
transportation. Note that the definition of big data as discussed earlier is uti-
lized in this chapter and that it’s not necessarily all about volume, but also 
variety and velocity. The intent is not to create a catalog of all possible sources 
of big data in transportation, but to provide an overview of the possibilities. Big 
Data in transportation can be viewed from the perspective of the different ap-
plication areas for advanced technologies in transportation. These are listed in 
Table 3.3, then discussed one by one.

Figure 3.7  The dramatic reduction in hard drive storage cost from 1990 to 2009 [10].
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Traffic Management

Included in this category are all activities within the traffic management area 
including traffic signal control, freeway, and incident management. Table 3.4 
lists data that could be generated from these sources, representing a sample of 
data possibilities within traffic management. A more complete catalog is avail-
able in the form of the Traffic Management Data Dictionary [11].

Traveler Information

Traveler information involves collecting data about the transportation system 
and converting it into information that can be delivered in a timely manner to 
travelers. The overall concept is to improve travel decision-making through the 
delivery of decision quality information. Traveler information can be delivered 
through multiple channels including the web and in vehicle information sys-
tems. Table 3.5 summarizes data that could be sourced from a traveler informa-
tion system.

Table 3.2 
Data Transmission Times

Data Transmission Times in Minutes
Data Transmission 
Rate (Mbps) Petabyte Terabyte
10 13,333.33 13.3
50 2,666.67 2.7
100 1,333.33 1.3
1,000 133.33 0.1
10,000 13.33 0.0

Table 3.3 
Advanced Transportation Technology Application Areas

Traffic management
Traveler information
Public transportation management
Electronic payment
Commercial vehicle operations
Emergency management
Connected and autonomous vehicles
Smart cities
Archive data
Maintenance and construction operations
Performance management
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Public Transportation Management

Public transportation management includes activities required to manage the 
fleet of transit vehicles and provide passenger information. It includes the man-
agement of fixed route, paratransit, and flexible route services. Fixed-route ser-
vices follow a predefined route and schedule. Paratransit services are typically 
on-demand and available to transportation disadvantaged customers who can-
not travel by the other public transportation services. In recent times flexible 
route services have been introduced that combine some aspects of fixed-route, 
with some aspects of on-demand. For example, one approach to flexible-route 
services would be to assign a bus within the zone or region and allow customers 
to call the bus service on-demand. The customer would be able to request bus 
service from the residence to any point within the zone or to the closest access 
point to fixed-route services. Table 3.6 lists data possibilities.

Electronic Payment

These are designed to make it easier for travelers to pay for transportation ser-
vices. They include electronic toll collection, electronic ticketing for transit, and 

Table 3.4 
Traffic Management Data Sources

Traffic Signal Timing
Traffic speed
Traffic volume
Intersection turning movement counts
Travel times between intersections
Number of incidents
Duration of incidents
Response times for incidents

Table 3.5 
Traveler Information Data Sources

Traveler Information
Demand for travel
Travel conditions
User preferences
Cost of travel
Reliability of travel time
Availability of travel options
Best route options
Ride matching options
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electronic payment for parking fees. The systems can also be significant genera-
tors of valuable data, including the data items shown in Table 3.7.

Commercial Vehicle Operations

Commercial vehicle operations address the management and operation of 
truck-based freight systems. This involves the management of the truck and the 
driver and the administrative processes associated with operating a truck freight 
business. Table 3.8 lists data items that could be generated by commercial ve-
hicle operations systems.

Emergency Management

Emergency management addresses the fleet management aspects of emergency 
response vehicles, the delivery of emergency notification alerts, and the activi-

Table 3.6 
Public Transportation Management Data Sources

Public Transportation Management
Vehicle location
Current service levels
Passenger loads
Number of passengers boarding and alighting at various 
bus stop or station
Demand for transit services
Availability of travel options
Best route options
Ride matching options
Staff resource allocation

Table 3.7 
Electronic Payment Data Sources

Electronic Payment
Passenger loads
Demand for transit
Number of passengers boarding and alighting 
at various bus stop for stations
Fares
Revenue
High-occupancy vehicle and express lane use
Transactions
Accounts
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ties associated with disaster response and evacuation. Table 3.9 lists a sample of 
data that could be generated by an emergency management system.

Connected and Autonomous Vehicles

The connected vehicle involves a supportive a two-way dialogue between ve-
hicles and back-office infrastructure and from vehicle to vehicle. Chapter 4 
delves further into this topic in its discussion of connected and autonomous 
vehicles. The ability to extract data from vehicle systems enables the sample data 
possibilities listed in Table 3.10.

Smart Cities

The transportation elements of a smart city offer considerable data generation 
possibilities that include all of the other application areas described in this chap-
ter. A smart city will have a focus on connected citizens and connected visitors. 
Table 3.11 lists additional data possibilities that could be enabled by a smart 
city.

Table 3.8 
Commercial Vehicle Operations Data Sources

Commercial Vehicle Operations
Driver credentials
Truck credentials
Load credentials
Vehicle condition
Driver condition
Load condition

Table 3.9 
Emergency Management Data Sources

Emergency Management
Emergency vehicle location
Location and nature of emergencies
Threat data
Transportation network status
Disaster response plans
Incident management plans
Hazardous materials incident response plans
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Archive Data

In recognition of the data possibilities associated with the application of ad-
vanced technologies to transportation, the U.S. Department of Transportation 
in its National ITS Architecture Development Program introduced this user 
service category. It defines the extraction of data from all the other application 
areas for the purposes of system and performance management. 

Table 3.12 lists a sample of data possibilities.

Maintenance and Construction Operations

Maintenance and construction operations involve the activities associated with 
updating and creating transportation infrastructure. This includes asset man-
agement and the various aspects of project management involved in construc-
tion and implementation. Table 3.13 lists a sample of the data possibilities.

3.8  Transportation Systems Management and Operations

Data possibilities have been grouped into application areas because data tends 
to be siloed into these categories at the current time. Transportation consists 
of a series of specialized focus areas within which specific data is collected and 
utilized. It has also been observed that in many cases the data coming into 
a transportation organization emanates from operations and may not neces-
sarily find its way to other departments, such as planning and design. This is 

Table 3.10 
Connected and Autonomous Vehicles Data Sources

Connected and Autonomous Vehicles
Vehicle operating data
Vehicle location
Instantaneous vehicle speed
Vehicle ID
Driver status
Driving behavior

Table 3.11 
Smart Cities Additional Data Sources

Smart Cities
Movement analytics based on smart phone position data
Crowd-sourced data service
Social sentiment and user perception
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something that is expected to change dramatically as the concept of big data 
is introduced. Indeed, the transportation profession is already moving in this 
direction with the introduction of the transportation systems management and 
operations (TSM&O) concept, which is intended to span the various activities. 
For example, travel time reliability and service levels in public transportation 
can be significantly impacted by the quality of traffic management. The prog-
ress made by a fixed-route transit bus is directly related to traffic congestion 
and other traffic conditions. TSM&O offers the possibility of closer integration 
between planning, design, building, operating, and maintaining transportation 
systems. The implementation of big data will be an extremely valuable tool in 
this integration and coordination.

Table 3.13 
Maintenance and Construction Operations Data Sources

Maintenance and Construction Operations
Stages of construction activities
Alternate route and detours
Work zone speed limits
Asset condition
Asset location and inventory
Construction resource assignment
Construction work zone status
Labor resource allocation

Table 3.12 
Archive Data Sources

Archive Data
Current operating conditions
Device status
Asset
Traffic
Transit
Traveler information
Public transportation management
Electronic payment
Commercial vehicle operation
Emergency management
Connected and autonomous vehicles
Maintenance and construction operations
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4
Connected and Autonomous Vehicles

4.1  Informational Objectives

This chapter aims to answer the following questions:

• How is electronics and information technology affecting the automobile?

• What is a connected vehicle?

• What are the challenges associated with connected vehicles?

• What is an autonomous vehicle?

• What are the challenges associated with autonomous vehicles?

• What are the differences between connected and autonomous vehicles?

• How do connected and autonomous vehicles fit within a smart city?

• How might connected and autonomous vehicles affect transportation?

• What are the big data and analytics aspects of connected and autono-
mous vehicles?

4.2  Chapter Word Cloud

The word cloud shown in Figure 4.1 provides an overview of the content of the 
chapter by listing the most frequently used words, with the font size propor-
tional to the frequency of use of the word.
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4.3  Introduction

Connected and autonomous vehicles fit within the bigger picture of the appli-
cation of advanced technologies to vehicles and the treatment of the vehicle and 
treatment of the road as a single system. As depicted in Figure 4.2, the electron-
ics content in private cars has been growing steadily since the 1950s. [1].

Today, between 30 and 35% of the total cost of a car is comprised of au-
tomotive electronics, and this figure is expected to grow to 50% by 2030. The 
electronics content of the vehicle represents a range of technologies summarized 
in Table 4.1 [2].

Figure 4.1  Chapter 4 word cloud.

Figure 4.2  Automotive electronics as a percentage of total vehicle cost. 
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Driver assistance and active safety systems can be considered to be part of 
the connected vehicle. Connected vehicles can be considered an evolution in 
the electronics content of the vehicle. They can also be conceived as part of a 
shift in the way vehicles and roads are perceived. For some time now there has 
been a growing realization that perhaps it would be better if we treated trans-
portation as a single system.

It would appear that we are approaching a tipping point in transportation 
service delivery that will see a surge in connectivity and enable us to develop 
a much better understanding of current operating conditions and forecasted 
operating conditions for the near future. This in turn will generate significant 
volumes of data and the tremendous need to convert this data to information 
and understand the new insights that will be available. Big data and analytics 
will play a vital role in this. 

The connected vehicle can be viewed as one element in the ultimate con-
nected transportation system, through which the vehicle is connected to a back-
office infrastructure and to other vehicles.

This chapter is not intended to provide a detailed technical exposition of 
the in-vehicle and telecommunication technologies that support connected and 
autonomous vehicles. Its objective is to provide an overview that explains the 
essential characteristics of connected and autonomous vehicles within the con-
text of smart cities, big data, and analytics. An understanding of the essentials of 
connected and autonomous vehicles and the service evolution related to them 
is of significance when considering their potential for big data and analytics ap-
plications and the wider impact that they are likely to have on transportation 
service delivery.

The subject of this chapter is both connected and autonomous vehicles. At 
first glance, the terms can be quite confusing. While both types of vehicle fall 
under a single banner known as telematics, there are major differences between 

Table 4.1 
Automotive Electronics

Automotive Electronics Description
Active safety Avoid and mitigate the effects of a crash
Chassis electronics Monitor and manage the chassis
Driver assistance Decision support for the driver
Engine electronics Monitor and manage engine operation
Entertainment systems In-car entertainment systems such as radio and 

digital music players
Passenger comfort The air conditioning, heated seats, and other 

applications to increase passenger comfort
Transmission electronics Monitor and manage the operation of the 

transmission between the engine and the wheels
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the two vehicle types. Nevertheless, both types are likely to have a significant 
impact on our transportation system and play a central role within a smart city, 
while providing new data in the form of probe vehicle data, hence the interest 
in explaining both concepts under the auspices of this book.

It is difficult to address big data and analytics and transportation without 
taking full account of both connected and autonomous vehicles. Connected 
and autonomous vehicles are a major focus for both federal and private sector 
investment. With the connected vehicle, the ability to establish a reliable two-
way communication channel between the driver and an information technol-
ogy infrastructure holds the promise of substantial advances in safety, efficiency, 
and user experience. There is more than one way for technology to support the 
two-way communication link with different approaches having different capa-
bilities and suitability for different applications.

With respect to the autonomous vehicle there are potential gains in safety 
and user experience by introducing vehicles that are capable of driving them-
selves. This could be particularly useful regarding freight and transit, where 
the driver is not attempting to reach a particular destination but is present as 
a requirement for vehicle operation. The autonomous vehicle—discussed in 
more detail in Section 4.6—is likely to be introduced on a phased basis with 
emigration from driver support and assistance to full autonomous operation. 

4.4  What Is a Connected Vehicle?

The connected vehicle essentially involves the use of wireless telecommunica-
tions along with in-vehicle equipment to support a two-way data exchange be-
tween the vehicle and the back office. There are two major approaches to the 
establishment and operation of the wireless link between the vehicle and back 
office. These can be characterized as follows:

• Wide-area wireless;

• Dedicated short-range communications (DSRC).

The wide-area wireless approach to the connected vehicle, involves the 
use of wide-area wireless via cellular wireless services to enable the two-way 
communication link between the back office and the vehicle. In this case the 
infrastructure to support communications to and from the vehicle is already in 
place in the form of wireless networks developed and operated by major carriers 
such as Verizon, AT&T, Sprint, and T-Mobile. These wireless services are uti-
lized to support cloud-based back office applications. Figure 4.3 illustrates this 
cellular wireless approach to the connected vehicle with private-sector data and 
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information making use of broadband wireless connections between the vehicle 
and cloud-based services.

Figure 4.3 shows the Airbiquity Choreo application [4] that provides 
a link between connected vehicles and automotive manufacturers through a 
cloud-based service. With this application, vehicle data, usage behavior, and ge-
olocation along with apps and content are combined or fused to provide a data 
stream from the vehicle. This can also support data delivery that can be con-
verted to information using a multichannel dynamic human machine interface 
within the vehicle (otherwise known as an in-vehicle information terminal).

The DSRC approach, as its name suggests, makes use of a dedicated com-
munication link between the connected vehicle and roadside infrastructure. 
This approach builds on years of experience that have been accumulated in the 
application of electronic toll collection systems. The advantage of this approach 
is that the technology can support high-speed, high-reliability, and low-latency 
communications to and from the vehicle. The disadvantage of this approach is 
the need to install roadside equipment (RSE) at regular intervals along roads. 
The short-range communications provided typically enable vehicles to talk to 
an RSE unit over a range of about a kilometer. The approach also requires the 
installation of special equipment in the vehicle to enable the communications 
with the roadside infrastructure.

A narrow range of wireless telecommunications frequencies (spectrum 
band) was allocated for DSRC by the Federal Communications Commission 
(FCC) in October 1999. The band spans defined 75 MHz from 5.8502 to 
5.925 GHz and lies in the microwave portion of the radio spectrum. While this 
band was initially reserved to promote the safety of life of automobile drivers, 
passengers, and pedestrians using DSRC the FCC is now considering how this 
spectrum can be shared by other users. Radio spectrum is a scarce resource, and 
growth in the use of Wi-Fi has caused a surge in demand for spectrum, causing 
the FCC to reevaluate spectrum allocation. However, sharing the band with 

Figure 4.3  Overview of the cloud-based connected vehicle.
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other unlicensed applications could place a question mark on the reliability of 
DSRC.

Figure 4.4 illustrates the application of DSRC at an intersection showing 
vehicle-to-vehicle and vehicle-to-infrastructure communications to improve 
safety [5].

4.5  Connected Vehicle Challenges

There are a number of challenges associated with the connected vehicle. These 
challenges are described in the following section.

Security

The subject of security related to connected vehicles was recently brought to 
the fore by an article published in Wired magazine, describing how researchers 
pretending to be hackers were able to gain remote control of the vehicle sys-
tems within a popular brand of vehicles [6]. The publicity associated with the 
incident caused the manufacturer in question to issue a recall for 1.4 million ve-
hicles. We live in an age of ubiquitous access to information. We have the ability 
to remain connected to the web through wireline and wireless technologies 24 
hours per day. The use of telecommunication technologies and the Internet is 
shared across the globe, enabling it to be a cost-effective communication means. 

This sharing also means that it is open to abuse. There have been numer-
ous high-profile incidents over the past few years in which sensitive data has 

Figure 4.4  DSRC at an intersection.
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been accessed by unauthorized users. There is also a perception that wireless 
communication links are not as secure as wireline. This raises concerns regard-
ing the use of wireless communications for connected and autonomous ve-
hicles. If managed appropriately, however, wireless communications can be just 
as secure as wireline [7]. 

The caveat is “if it is managed appropriately.” Encryption and passwords 
can be used to make a wireless communication link secure, and it seems to me 
that people regularly trade security for convenience. It can be convenient to not 
have to enter a password, or to use one so weak that it is easily remembered—
but such weakness also eases the path for hackers. 

The use of strong passwords and encryption is key to the appropriate 
management of wireless communication links to ensure security. It is also im-
portant to balance cybersecurity with physical security. If a savvy criminal can 
talk you out of your password information, then the strength of the security is 
irrelevant. Also, if an unscrupulous vehicle technician has direct access to your 
connected autonomous vehicle, the security of your wireless communication 
link may be a moot point. 

A balanced approach to security, requiring consideration of both cyber 
and physical security, enables a wireless communication link to be suitably se-
cure while providing ease of use to the driver. The most secure system in the 
world would not allow the user to access it!

Driver Education

At a congestion pricing symposium just outside of London, a few years ago, a 
psychologist from the transport research laboratory noted the following:

If you drive by habit you’re immune to new information.

As vehicle systems become more complicated and infrastructure becomes 
more flexible with dynamically allocated lanes, part-time hard shoulder run-
ning, variable speed limits, and dynamic routing, there may be a need to con-
sider driver education. It would seem reasonable that as the information tech-
nology content of the vehicle and transportation infrastructure increase that 
more complete training may have to be provided to the user. 

Another way to address this particular challenge would be to ensure that 
user interfaces are well enough designed to support the needs of the average 
driver. A well-defined user interface allows the user to focus on the content and 
the task at hand, rather than trying to understand the underlying technology. 
When watching TV, the focus is on the content and not on understanding how 
TV works.

At a telematics conference in 2014 [8], it was stated that, at that time, 
there were more than 173 software applications available for use in the vehicle. 
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This suggests that there is a degree of fragmentation and a lack of standardiza-
tion. Standardization is required at both the technical level and at the usability 
level. Focus groups have indicated that end users are struggling with the com-
plexity and variability of the graphical user interfaces that these applications 
use. There are also concerns about safety related to driver distraction due to the 
complexity of the applications.

In the meantime, there is a growing awareness that there could be a gen-
eration gap between younger technology-savvy, less affluent connected vehicle 
users and older technology-averse affluent users. In addition, there is a sense 
that recent revelations regarding government spying activities are making con-
sumers wary of sharing data or being tracked. On the positive side, the use of 
cloud-based services enables a high degree of portability between vehicles and 
supports situations such as stolen vehicles or vehicle changes (purchases and 
sales).

The relationship between the smart phone and the vehicle is also of great 
interest since it is recognized that the smart phone has a much larger user base 
than the vehicle. It also presents a more supportive platform for new technol-
ogy. This could be a potential area of struggle between automotive and infor-
mation technology suppliers—or an opportunity for cooperation. There is no 
doubt that automotive manufacturers view the connected vehicle as a prime 
opportunity to maintain a long-term relationship with their customers.

Data Ownership

Data ownership could be perceived as a trivial issue, but even the most ad-
vanced analytics require data. The big question is who owns the data? Clari-
fication of the ownership of data and the existence of agreements to share the 
necessary data are prerequisites to the use of big data and analytics techniques. 
The answer to the question “who owns the data?” could be one or more of the 
following:

• The driver;

• The automobile manufacturer;

• The electronic supplier;

• The cloud services operator;

• The road operator.

The driver obviously has a claim on ownership as he or she has paid for 
the automobile and the onboard equipment. However, either the automobile 
manufacturer or the electronic supplier could be in a position of power, since 
they have control over the installation of the on-vehicle devices and potentially 
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the data flowing to and from from the in-vehicle devices to the back-office 
infrastructure. 

The cloud services provider may also have a role as all data must pass 
through the cloud from the vehicle to its ultimate destination and in reverse. 
The question of data ownership is also of concern to public agencies, as the real 
potential for probe vehicle data from connected vehicles cannot be realized if 
the data is not available. In the short term, the public sector should prepare to 
engage the private sector with a view toward data exchange. 

The private sector obviously has access to a great deal of data that would 
be of benefit to the public sector. At the same time, due to the desire to have 
contextual data such as width, height, and speed restrictions, the private sec-
tor could be interested in receiving data from the public sector. A successful 
negotiation of this two-way data exchange will require that the public sector 
prepares an effective negotiating position. Public-sector data needs to be sum-
marized and accessible. Suitable marketing materials that describe the data and 
the value of the data need to be prepared. Perhaps now is a good time to open 
discussions between the public sector and the private automotive sector regard-
ing data sharing and cooperation?

Choosing the Best Telecommunications Approach

As discussed earlier the best telecommunications approach depends on what 
one is trying to do. According to the U.S. DOT, the services listed in Figure 4.5 
can be supported with connected vehicles [9].

The items in Figure 4.5 might be considered a menu for the ultimate 
connected vehicle scenario. Many of the applications require high-speed, low-
latency, reliable communications between vehicle and roadside and vehicle to 
vehicle of the type that only DSRC can currently provide, making that the best 
choice for these applications. However, the automotive industry has already 
moved ahead with some early market services that don’t require the kind of high 
speed and low latency of DSRC and can thus be supported by cellular wireless 
and cloud-based services. These include the services depicted in Figure 4.6 [10].

Figure 4.6 provides a comprehensive menu of services that can be sup-
ported by connected vehicle technologies. Such services include navigation, en-
tertainment, vehicle management, safety, and engine management. An impor-
tant point is that the range of services is wide and will influence many aspects 
of vehicle operation and driver behavior. While it is likely that the private sector 
business model and services described above will prevail in the short term, it 
is also likely that later-market safety applications will require cooperation with 
roadside DSRC equipment and, furthermore, a more significant role from the 
public sector. Therefore, it would be prudent to prepare for both approaches. In 
the longer term, the public sector should assume that roadside equipment will 
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be required for certain safety applications. Preparations should continue for the 
installation of roadside equipment and the coordination of actions required by 
the public sector in the development and deployment of infrastructure and by 
the private sector of the associated in-vehicle systems. It should be assumed that 
the private sector will lead the early market for information services and data.

However, it can also be assumed that the role of the public sector will 
grow as the market matures, with higher market penetrations providing sup-
port for safety applications such as collision avoidance. It should also be noted 
that the emergence of the autonomous vehicle with its ability to navigate roads 
and highways with no input from the driver—developed entirely by the private 
sector—could disrupt the later market for safety applications for the connected 
vehicle.

Figure 4.7 depicts a possible roadmap involving the early use of cloud-
based services followed by DSRC-enabled services in the later market. Starting 
at the bottom, Figure 4.7 depicts an incremental approach that begins with the 
rollout of cloud-based or wide-area wireless services in the first phase. Cloud-
based services addressing data collection, vehicle-to-vehicle communications, 

Figure 4.5  DSRC supported services.
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and then in-vehicle services are assumed to rollout between 2016 and 2021 as 
depicted by the dark shaded areas in Figure 4.7. This is followed by regional 
DSRC infrastructure implementation, which in turn is followed by national 
DSRC infrastructure implementation. This is assumed to rollout from 2021 to 
2026 as indicated by Figure 4.7’s dark shading. The goal is a completely con-
nected vehicle fleet across the entire nation. This is achieved from 2027 until 
2036 as represented by the dark shaded areas in Figure 4.7. DSRC rollout is as-
sumed to come later in the evolution because of the need to install DSRC trans-
ceivers at every major intersection in the United States. The timelines represent 
my best estimate of how the rollout will proceed based on discussions with 
clients, participation in conferences, and a general assessment of the market.

Approaches to the challenge should also take account of the need to select 
technology approaches that are coordinated to the life cycle of the device to 
which they are to be installed. Typical life cycles are listed as follows:

• Road: 30–50 years;

• Vehicle: 10–15 years;

• Smart phone: 9–18 months.

Figure 4.7  Roadmap depicting a possible evolution of cloud-based and DSRC services.
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These statistics make it clear that the smart phone is a more suitable en-
vironment for emerging technology as its life cycle can support accelerated de-
ployment of new technology.

4.6  What Is an Autonomous Vehicle?

An autonomous vehicle is one that is capable of operation without a driver. 
Back at the turn of the century (twentieth to twenty-first, that is) this technol-
ogy was referred to as an automated highway system, and significant demon-
strations of it took place in both the United States and Europe. At the time, 
it was considered that the best way to achieve driverless operation was the use 
of magnetic markers inserted into the road surface, although research had also 
started into the use of video and light detection and ranging (LIDAR) sensors 
to enable vehicles to operate independently of the road infrastructure. 

Today there are cars, trucks, and buses capable of completely autono-
mous operation using a combination of onboard sensors and computers. One 
such vehicle was demonstrated at the Intelligent Transportation Systems World 
Congress in Bordeaux, France, in 2015. The vehicle in question was a shuttle 
designed to carry 12 people at a time with no need for a driver. Figure 4.8 shows 
a photograph of the vehicle in operation taken in San Sebastian, Spain.

In addition to shuttle vehicles like the one shown in Figure 4.8, there 
are autonomous cars from almost every major automobile manufacturer and 
also from Google. Figure 4.9 shows a photograph of the Google autonomous 
vehicle. 

Figure 4.8  EasyMile automated shuttle in operation in San Sebastian, Spain.
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Autonomous vehicles are in various stages of testing, with most manu-
facturers agreeing that they will be on the market within the next five to eight 
years. Autonomous technology can also be applied to freight vehicles. Figure 
4.10 shows a road train of Volvo trucks that made use of autonomous vehicle 
technology to travel across Europe. 

As part of a 2016 European truck platooning challenge organized by the 
Netherlands and showcased at the intertraffic exhibition in Amsterdam, au-
tomated trucks from several manufacturers, including DAF, Daimler, Iveco, 

Figure 4.10  Autonomous truck platoon, Amsterdam.

Figure 4.9  Google autonomous vehicle.



68	 Big Data Analytics for Connected Vehicles and Smart Cities	 	 Connected and Autonomous Vehicles	 69

MAN, Scania, and Volvo, used state-of-the art technology to drive in platoons 
on public roads, from various European cities to the Netherlands. They traveled 
on the main EU ITS corridors like the Nordic Logistic Corridor and the route 
between Rotterdam, Frankfurt, and Vienna. Truck platooning involves two or 
more trucks traveling in convoy in close proximity.

The first truck had a driver while the following trucks in the platoon were 
connected to this truck using wireless communications. Autonomous trucks 
have driven millions of miles in both the United States and Europe, and the 
technology is available to operate the vehicle in an autonomous mode. 

The emergence of autonomous vehicles has been driven by the availability 
of low-cost video cameras, LIDAR, and other sensors and actuators that enable 
autonomous operation. This has been paralleled by the growth in the develop-
ment of suitable software and the emergence of artificial intelligence and ma-
chine learning techniques. The latter can be adapted to teach vehicles how to 
drive without a driver.

Substantial challenges must still be overcome before the widespread A 
particular challenge is the definition of suitable transition arrangements that 
enable autonomous vehicles to be introduced on a gradual basis within a mixed 
traffic flow situation. In this context, some vehicles are autonomous, while some 
vehicles are still operated by drivers. This is particularly problematic since not 
all vehicles will be under automated control, and drivers could be tempted to 
game the situation by exhibiting dangerous driving behavior in the knowledge 
that the autonomous vehicles will compensate accordingly.

What is not yet clear is how both the public and transportation regulators 
will react to this technology. There are also some challenges associated with the 
gradual introduction of autonomous vehicles into traffic streams comprised of 
both autonomous and nonautonomous vehicles.  

4.7  Autonomous Vehicle Challenges 

There is a range of challenges associated with the introduction and operation of 
autonomous vehicles. These are explained in the following section.

Regulation

With the introduction of any new technology, a range of challenges, some of 
which relate to the technology itself and some of which relate to how people re-
act to the technology, accompany the technology. If the technology is radically 
different, as is the case with connected and autonomous vehicles, then con-
siderable effort may need to be made to ensure that the technology fits within 
existing legal and regulatory frameworks. Otherwise, new legislation and new 
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regulations will be required. Before exploring some of the challenges associated 
with connected and autonomous vehicles, it is useful to consider how a new 
technology introduction has been handled in the past. What better example 
than the automobile? 

The automobile was invented in 1886 when Karl Friedrich Benz invented 
the first true automobile powered by an internal combustion engine, fueled 
by gasoline. Prior to that, the use of steam-powered road locomotives in the 
United Kingdom, led to the introduction of a series of locomotive acts, the 
most notable being the Locomotive Act of 1865 [11], also referred to as the Red 
Flag Act. This act stipulated that road locomotives should comply with a gen-
eral speed limit of 4 mph and 2 mph in towns. At the time, road locomotives 
were capable of speeds of up to 10 mph. The act also decreed that if the road 
locomotive was attached to two or more vehicles, a man with a red flag walking 
at least 60 yards ahead of each vehicle was mandatory. This rather draconian 
regulation was amended in subsequent legislation, which led to a relaxation of 
the speed limit to 12 mph, with the requirement for the red flag also removed.

There was a perception at the time that new technology represented a 
safety threat. It may also have been the case that vested interests related to 
horse-drawn carriages and the competing U.K. railway industry had a say in 
the legislation. A lesson to be learned here is that the economic benefits of the 
new technology (steam-driven road locomotives) were such that safety concerns 
and regulatory needs were quickly and effectively dealt with. The introduction 
of the internal combustion–driven car added to this momentum for progress. 

The past echoes as we react to self-driving vehicles in the way we reacted 
to stream-driven road locomotives in the past. It provides the basis for great op-
timism for future policymaking, as history shows that market forces will even-
tually overcome regulatory issues.

Getting There in Stages

With respect to the connected vehicle there are very few issues when it comes 
to transitioning from the current situation to the fully equipped connected 
vehicle. As discussed in Section 4.4, there are two distinct approaches but in 
any event it is possible that the technology is there and that there are few bar-
riers to implementation. With respect to the autonomous vehicle, we have a 
different situation. One of the challenges is the gradual and safe introduction 
of autonomous vehicles, moving from the current situation where every vehicle 
has a driver, through some level of partial automation, to complete automation. 
In addressing terminology associated with the autonomous vehicle, the Society 
of Automotive Engineers has developed a framework that explains the probable 
transition from today to tomorrow. This is illustrated in Figure 4.11.
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4.8  Summary of the Differences between Connected and 
Autonomous Vehicles

It is valuable at this point to provide a summary of the differences between con-
nected and autonomous vehicles. Connected and autonomous vehicles have 
considerable overlap in the communities that are conducting the research and 
development. Often conferences and meetings are held under the banner of the 
combined subject. While both involve the application of advanced technolo-
gies to transportation, it is important to distinguish between connected vehicles 
and autonomous vehicles. Figures 4.12 and 4.13 attempt to achieve this in a 
graphical manner.

Figure 4.12 illustrates that the connected car consists of a car with the 
addition of the ability to communicate with the outside world using either 
roadside DSRC technology or cellular technology, making use of cloud services. 
Of course the connected vehicle also includes vehicle-to vehicle (V2V) commu-
nications as depicted in Figure 4.13.

The autonomous vehicle is one that does not require a driver, as depicted 
in Figure 4.14.

This illustrates the point that a car with the driver removed can be con-
sidered as an autonomous vehicle. Of course, the same can be true for buses 
and trucks. It could be argued that autonomous operation is more valuable for 
buses and trucks because the driver is not attempting to get anywhere and has to 
be present in the vehicle as a requirement for operation. Substantial reductions 
in cost for transit and freight could be achieved by the introduction of autono-
mous or driverless operation. The other major difference between connected 
and autonomous vehicles is that connected vehicles are highly likely to appear 
in the marketplace in substantial numbers before Autonomous vehicles. 

Figure 4.12  The connected vehicle.
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4.8  Connected and Autonomous Vehicles within a Smart City

The smart city will provide a wider technology context within which connected 
and autonomous vehicles will operate. One aspect of the smart city will be the 
use of the internet of things (IoT). As connected and the autonomous vehicles 
have emerged, interest has grown substantially in the IoT. It is viewed as the 
next generation of the Internet, and it is predicted that it will go beyond con-
necting computers and smart phones to connecting a multitude of different 
devices including refrigerators, air conditioning systems, homes, offices, retail 
systems, and financial systems.

The notion is that the connected vehicle will reach beyond the vehicle, 
connecting to the back office, and will ultimately support connections between 
the vehicle and many other things. Google’s recent acquisition of Nest and 
Apple’s announcement of an entry into home automation support the trend 
toward the IoT. It also seems that the IoT is being used as a marketing tool to 
explain to drivers the values and benefits of the connected vehicle. An impor-
tant message of the IoT, at least from a transportation perspective, is that the 
vehicle is not the center of the universe, but part of a larger network of things 
that are connected and services that can be provided to people. Dan Teeter, the 
director of vehicle connected services for Nissan, summed this up with the fol-
lowing description of a typical day in the life of an IoT citizen [8]:

A driver named Pat drives to work in his autonomous car. His smart 
watch and seat belt sensor detect that his blood pressure and heart rate are 
elevated, so the car switches to soothing music and a back rub. Arriving at 
work, the car drops Pat off and proceeds on its own to a prepaid parking 

Figure 4.13  Vehicle-to-vehicle communications between connected vehicles. 

Figure 4.14  The autonomous car. 
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spot. It asks the home refrigerator to check for healthy food, and finding 
none, it places an order with a local health food store. When Pat decides 
to clock out early, the car alerts a connected thermostat to start cooling 
his house earlier than usual. The car figures out the best route home. It 
automatically pays tolls along the way. And it plays a comedy movie on 
Pat’s screen to help him relax.

This picture of a potential future for the connected vehicle provides a 
good illustration of the point that the private sector is considering services that 
are significantly beyond a simple connection from the vehicle to a central data-
base within a back office. It also provides an indication of how the connected 
vehicle and the autonomous vehicle will integrate within a wider framework 
such as a smart city. 

With respect to autonomous vehicles, it is likely that these will be used 
to enable on-demand transportation services using driverless vehicles. Uber is 
already experimenting with such an approach, and it is not too difficult to en-
vision the future when the Uber service is provided by autonomous vehicles. 
Smart cities are discussed in detail in Chapter 5. 

4.9  The Likely Impact of the Connected and the Autonomous 
Vehicle on Transportation

While it is likely that the private sector business models described above will 
prevail in the short term, it is also likely that later-market safety applications 
will require cooperation with roadside equipment and feature a more signifi-
cant role from the public sector. Therefore, it would be prudent to prepare for 
both models. In the short term, the public sector should prepare to engage the 
private sector with a view toward data exchange. 

The private sector obviously has access to a great deal of data that would 
be beneficial to the public sector. There is an indication, through the private 
sector’s desire to have contextual data such as road geometry, speed limits, and 
height/weight restrictions, that it could be interested in receiving data from 
the public sector. A successful negotiation of this two-way data exchange will 
require that the public sector prepare an effective negotiating position. Public 
sector data needs to be summarized and accessible. Suitable marketing materials 
that describe the data and the value of the data need to be prepared.

In the longer term, the public sector should assume that roadside equip-
ment will be required for certain safety applications. Therefore, preparations 
should continue for the installation of roadside equipment and the coordina-
tion of actions required by the public sector for infrastructure-based develop-
ment and by the private sector with respect to the connected vehicle. It should 
be assumed that the private sector will lead the early market for information 
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services and data. However, it can also be assumed that the role of the public 
sector will grow as the market matures when higher market penetrations will 
provide support for safety applications such as collision avoidance. It should 
also be noted that the emergence of autonomous vehicles, with their ability to 
navigate roads and highways with no input from the driver and developed en-
tirely by the private sector, could disrupt the later market for safety applications.

4.10  Big Data and Connectivity

An important aspect of the use of big data that is impacted by connected ve-
hicles lies in the relative cost of vehicle probe data from connected vehicles 
compared to the collection of data from fixed roadside infrastructure sensors. 
The growing availability of private sector data from the vehicle is likely to place 
the vehicle at the center of the data collection universe. In order to understand 
how this should influence future data collection and data acquisition strategies 
for the public sector, it will be necessary to assess the relative cost of vehicle 
probe data versus fixed-sensor data. The cost of installation, maintenance, sen-
sor operation, and data management should be compared against the cost of ac-
quiring data from connected vehicle operators. This latter option is like that of 
current private data operators such as INRIX [12] and HERE [13]. Both con-
nected and autonomous vehicles will benefit from the application of big data, 
converging with the two-way conductivity to and from the vehicle. Possibilities 
will emerge for automated fleet operation and a higher level of decision sup-
port for vehicles that still have human operators. The intelligence of automated 
vehicles will also improve using big data and conductivity. Analytics conducted 
on a big data set will reveal trends and patterns in both vehicle operation and 
driver behavior that can be incorporated into future artificial intelligence and 
machine learning approaches. Conductivity will support the extraction of data 
from vehicles and the provision of control and decision-support information to 
the vehicles.

4.11  Connected and Autonomous Vehicles within a Smart City

It is obvious that an important element of a smart city from a transportation 
perspective will be the use of autonomous vehicles. These will include private 
cars, transit vehicles, and freight vehicles that are able to operate without a 
driver. It is worth looking ahead to what the possible shape of a smart city that 
incorporates autonomous vehicles. 

A possible scenario for autonomous vehicles would be in support of 
on-demand transportation services. This would reduce the need to own a ve-
hicle and extend the concept of as a service from information technology to 
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transportation. The concept could emerge as driverless Uber or as an adaptation 
of the current rental car approach, with rental car companies operating a fleet of 
autonomous vehicles to provide on-demand transportation. A subscriber would 
be able to use a smart phone app to summon a vehicle on demand, and sophis-
ticated algorithms (probably already in place at Uber) would allocate the most 
appropriate vehicle and dispatch it to the subscriber. Under this scenario, it is 
likely that there would be more miles traveled by a lesser number of vehicles. 
The basis for this thinking is that autonomous vehicles would operate 24 hours 
a day, seven days a week, generating more miles than current vehicles. This 
would obviate the need for people to own their own vehicles, hence reducing 
the number of vehicles on the road. 

While it is also possible that individuals will acquire their own autono-
mous vehicles, perhaps this fleet approach represents a useful transition strategy 
from manually operated to autonomous vehicles. The operation of an autono-
mous fleet by professional managers and operators would help with the smooth 
introduction of the technology. Fleet operation of autonomous vehicles could 
also have significant impact on transit services and freight delivery services 
within a smart city. There is also considerable scope for applying big data and 
data analytics to the needs of the transportation disadvantaged. The efficiency 
and effectiveness of on-demand transportation services for those people who 
cannot use conventional route services could be greatly improved by the use of 
such techniques.

There is a convergence between the operation of an autonomous vehicle 
fleet and these needs. While considerable publicity has been generated by the 
notion that freight in urban areas could be delivered by flying drones, it is more 
likely that freight will be delivered by driving drones. Of course, all this will 
be taking place within the context of a smart city where technology has been 
harnessed to improve the quality of life for citizens and visitors.

Looking at this wider context, one can imagine that from a transporta-
tion point of view, a smart city would offer a range of complementary services 
supported by smart phone apps, a sophisticated communication network, and 
processing and analytics capability. Smart city services will be driven by a deeper 
understanding of the demand for transportation and current operating condi-
tions. This will be enabled by a richer stream of data and by more sophisticated 
analytics. Infrastructure-based sensors would be an integral part of the smart 
city, but equally important would be the data-generation possibilities from au-
tonomous vehicles and connected vehicles. It is not difficult to imagine a smart 
city the delivers a range of useful services to both citizens and visitors based on 
this new understanding of what’s going on and what the needs are any given 
time. 

This also leads to the idea that a really smart city would be aware of what’s 
going on in its surroundings as well as within the city boundaries. The sensing 
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capabilities of a smart city should extend to the original origin of visitors to the 
city and be able to understand where they’re coming from, why they are travel-
ing, and what they do when they get to the smart city.

As is the case with all emerging technologies, there is a temptation to iden-
tify a solution and then look for a problem. So the really smart city would apply 
services based on identified and defined needs, issues, problems, and objectives.

The Emerging Technologies Forum of ITS America [14] is working to 
provide support materials on this subject. A group of people drawn from both 
the public and private sectors is defining a checklist of services that would be 
expected in a smart city and a catalog of use cases that can be incorporated into 
smart city plans. A use case is simply a description of a problem that can be ad-
dressed and how it can be done.

It is likely that autonomous vehicles have an extremely important role to 
play in the future smart city and that the introduction of this technology will 
have a dramatic effect both on how we use transportation and, ultimately, on 
urban land use. It is likely that progress with autonomous vehicles will be mir-
rored by progress in back-office automation, as our understanding of demand 
and operating conditions enables a higher proportion of automated event trig-
gering. The smart city of tomorrow will make use of an internet of transporta-
tion to provide a higher level of decision support to transportation operators. 
Perhaps we will reflect on the current situation in 50 years’ time and wonder 
what the transportation profession and automotive manufacturers were think-
ing in allowing people to actually drive vehicles?

4.12  The Likely Effect of Connected and Autonomous Vehicles on 
the Automotive Industry 

Gartner predicts, “by 2020, there will be a quarter of a billion connected vehi-
cles on the road” [15], enabling new in-vehicle services and automated driving 
capabilities There is a general sense that the future direction of the automotive 
industry is becoming clearer and that technology will define the future. As we 
discussed at the beginning of the chapter, the electronics content of the auto-
mobile has been increasing steadily since the 1950s, which has set the scene for 
a much more active involvement of the IT industry in the traditional automo-
tive business. 

This is interesting since typically the automotive industry has focused 
on developing and providing robust technology, well-proven products that are 
reliable enough to avoid large-scale recalls. Automotive manufacturers clearly 
understand that the average vehicle will stay on the road in the U.S. fleet for an 
average of 11.5 years [16] and that any technology advances have to be sustain-
able enough to endure for that length of time. However, there are a number of 
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new players (and old players) offering solutions that make use of information 
technology to link the driver to a range of services and to link the driver to the 
automotive manufacturer.

It is also interesting to note the deep interest from insurance companies 
and actuaries focusing on using connected vehicle data to develop more realistic 
insurance rates based on vehicle position and driver behavior. Some people also 
believe that the connected vehicle can act as a stepping stone to the autonomous 
vehicle and consider it the job of telematics to cover both connected and au-
tonomous vehicles. It could also be imagined that insurance companies’ interest 
in the connected vehicle is in part driven by the desire to understand driver and 
vehicle behavior as the autonomous vehicle emerges.

In the meantime, some in the automotive industry are perplexed by the 
idea of technology shaping the future of the automotive industry, due to their 
concern that information technology companies will eventually lead the auto-
motive market. This has been compounded by Google’s recent announcement 
that it will develop its own autonomous vehicle and by the presence of both 
Apple and Google in the connected vehicle market. In particular, Google’s in-
tentions seem to be regarded with a degree of suspicion. However, considering 
the discrepancy between how much time we spend in the car and how much 
money is spent on in-car advertising, I view Google primarily as an advertising 
company and its entry into this market as nothing more than a logical extension 
of that activity. 

One of the most interesting aspects of the current connected vehicle mar-
ket is the number of participants who have emerged in the middle ground be-
tween the driver and the automotive manufacturer. Some of these participants 
are relatively new while others have been in the business for 10–15 years and 
support early initiatives such as General Motors’ OnStar service [17]. These play-
ers are information technology, consumer electronics, and telecommunications 
companies providing cloud-based services to the automotive manufacturers. 

They include the following companies:

• Wirelesscar;

• Airbiquity;

• Covisint;

• Racowireless;

• Sprint Velocity;

• Verizon.

An indication of the extent to which the private sector has developed and 
embraced the connected vehicle was found in some statistics from Airbiquity. 
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They show that Airbiquity had more than six million connected subscriptions 
in 2015. Over three billion connected card transactions have been processed to 
date, averaging 250 million transactions per month worldwide. They are sup-
porting more than 100 million transactions per month [18]. 

4.13  Summary

It is obvious that the connected vehicle, at least in the eyes of the private sector, 
now exists. The main focus of the private sector is now on how to monetize the 
connected vehicle. It is not yet clear whether this initiative will be driven by 
consumer electronics and information technology companies, or by automotive 
manufacturers. While there is some variation and a lack of standardization in 
many of the approaches, it should be assumed that the connected vehicle is here 
to stay and that public perception and regulations will fall into line with market 
forces. With respect to public sector strategies and activities, it is necessary to 
recognize the existence and extent of connected vehicle initiatives in the private 
sector. It is also prudent to engage some of the key private sector players to 
provide further understanding of their business directions and motivations and 
explore the possibilities for two-way data information exchange agreements.

The connected vehicle is a major focus for both federal and private sector 
investment. The ability to establish a reliable two-way communication channel 
between drivers and an information technology infrastructure holds the prom-
ise of substantial advances in safety, efficiency, and user experience. This equates 
to advances such as a reduction in crashes, more reliable trip times, and more 
effective traveler information.

For example, data regarding the current operating conditions of the ve-
hicle, the vehicle’s current location, and the vehicle ID, along with information 
on driver conditions, could be transmitted to a back office. Vehicles that experi-
ence a thunderstorm coming in one direction along the highway could warn 
vehicles coming the other way that they are about to encounter the storm. It 
is also possible that two vehicles could negotiate a mutually agreed on exclu-
sion zone around each other, thus preventing collisions and conflicts. At traffic-
signalized intersections, cooperation between connected vehicles and the traffic 
signal system could mean an end to red light running and provide warnings to 
drivers that vehicles on other approaches to the intersection may be about to 
violate a red light.

With respect to the autonomous vehicle, just like the steam road locomo-
tives of the 1860s, it can be assumed that the initial concerns regarding public 
perception and the need for new regulation will be overcome by market forces. 
The possibility that on-demand services can be supplied using autonomous ve-
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hicle fleets holds the promise of urban transportation being revolutionized and, 
further, may facilitate the provision of mobility as a service.
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5
Smart Cities

5.1  Informational Objectives

This chapter answers the following questions:

• What is a smart city?

• What objectives can be addressed by a smart city?

• What steps can be taken toward implementing a smart city?

• How can smart city investment activities be coordinated?

• How can the effects of smart city investments be evaluated?

• What challenges and opportunities are associated with smart cities?

• What Is the Sentient City concept?

5.2  Chapter Word Cloud

As provided in previous chapters, Figure 5.1 shows a word cloud for this chap-
ter, with fonts for each word proportional to the frequency of use of that word.

5.3  Introduction

The term smart cities has become increasingly popular over the past 10 years. 
Figure 5.2 shows growth in the interest in smart cities (dark gray) compared to 
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interest in intelligent transportation systems (light gray), as measured by the 
number of Google inquiries [1].

Urban population growth, coupled with a developing awareness of the 
value of technology in addressing urban problems, has driven interest in the 
subject. Smart cities has emerged as an umbrella label for the application of 
advanced technologies to the needs, issues, problems, and objectives of people 
living within the urban environment. This chapter provides an overview of the 
entire smart city spectrum of technology applications and then details transpor-
tation, mobility, and accessibility approaches to smart cities. 

Smart city initiatives are occurring within the context of significant prior 
deployment of intelligent transportation systems and services over the past 20 
years. In more recent times, this has also included research and pilot deploy-
ment of connected and autonomous vehicles. Along with the opportunities as-
sociated with the smart city comes the challenge of integrating this prior work 
with new initiatives. A smart city provides a wider context for the application 
of advanced technologies to transportation and brings a range of new partners 
with different perspectives. Successful planning, design, and implementation of 

Figure 5.1  Word cloud for Chapter 5. 

Figure 5.2  Global interest in smart cities compared to intelligent transportation systems, 
2006–2016.
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smart cities will require that the transportation profession reaches out to these 
new partners ensuring that the transportation elements of the smart city are 
seamlessly connected to other elements.

5.4  What Is a Smart City?

A search for a definitive definition of the smart city proved inconclusive. It is 
early in the development and application of smart city technologies, so perhaps 
convergence on a single definition will occur in the future. In the meantime, the 
Emerging Technologies Forum of ITS America has decided to adopt a working 
definition of a smart city to guide its work on the subject. That working defini-
tion is the following:

You know your city is smart if you poke with a stick and it reacts 
appropriately.

Although light-hearted, this definition captures the overall essence of a 
smart city at the highest level. It requires that a smart city can sense opportuni-
ties, threats, and changes within the city and the wider context. It also assumes 
that a smart city has sufficient intelligence to be able to develop an appropriate 
response. In a more detailed look at the definition of a smart city included in a 
recent White House report [2], smart city infrastructure can be summarized as 
shown in Figure 5.3. 

Note that Figure 5.3’s definition of a smart city includes energy, smart 
buildings, utilities, manufacturing, and agriculture as well as transportation. 
It is important to note that a smart city involves the application of advanced 
technologies to a wide range of services and that transportation represents a 
subset of such services. 

According to the U.S. Department of Transportation [3], which naturally 
takes a transportation-centric view of the smart city, the smart city consists of 
several vision elements, as shown in Figure 5.4 and described in the following 
sections. 

Urban Automation

Urban automation includes driverless private vehicles, freight, logistics, and 
transit vehicles. It could also cover the use of drones to make deliveries.

Connected Vehicles

The U.S. DOT envisions that connected vehicles (discussed in Chapter 4) will 
be connected to other vehicles and to back-office infrastructure via the use of 
DSRC.
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Intelligent, Sensor-Based Infrastructure 

This vision element entails the use of transportation infrastructure-based sen-
sors to provide the data required for service quality management and as the 
basis for connected citizen and connected visitor information and transporta-
tion management.

User-Focused Mobility Services and Choices 

This vision element foresees a combination of public and private mobility ser-
vices including Uber and Lyft to create a portfolio of mobility services and op-
tions for the traveler.

Figure 5.3  City infrastructure technologies.
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Urban Analytics 

Big data and analytics will be used to understand prevailing transportation con-
ditions and the demand for transportation and to provide the data required 
for insight and understanding. This also involves the provision of the analytics 
tools required to turn data into information then into actionable strategies.

Urban Delivery and Logistics

In this vision element, advanced technologies will be applied to optimize urban 
freight delivery and the logistics processes involved. This includes fleet manage-
ment and advanced technology systems to improve the efficiency of freight 
delivery.

Strategic Business Models and Partnering

This element entails the definition, establishment, and ongoing management of 
clearly defined business models that identify sources of investment and assign 
rewards, roles, and responsibilities to both public and private sector partners.

Smart Grid, Roadway Electrification, and Electric Vehicle

Smart cities should aim to optimize power distribution and implement the in-
frastructure required to support the electric vehicle and the provision of energy 
to the electric vehicle from electrified roadway installations. This also includes 

Figure 5.4  U.S. DOT smart city vision elements.
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the design, development, and establishment of a network of charging points for 
the electric vehicle.

Connected, involved citizens. 

A further vision element calls for the use of smart phones and other technolo-
gies to ensure that citizens within the smart city are fully connected with infor-
mation and government services.

Architectures and standards. 

Smart cities must also aim to use best industry practices for technology, or-
ganizational, and business model frameworks. This includes the adoption of 
relevant national and international standards and the development of local 
standards where appropriate.

Low-cost, efficient, secure, and resilient Information and Communications 
Technology (ICT). 

A further vision element calls for the use of appropriate communications and 
processing technologies, including wireless and wireline, to support data trans-
mission and information sharing.

Smart land use. 

Since there is a well-documented relationship between land use and the demand 
for transportation, a smart city should also include long-range plans to adapt 
land use to optimize transportation service delivery, accessibility, and mobility. 
In addition, smart cities can use urban analytics to improve their understanding 
of the effects of land use on transportation demand, such as the observation and 
analysis of trip generation from zones with a predominant land use.

Another perspective on the definition of a smart city is that of the smart 
cities council [4]. The council identifies three core functions of a smart city. 
These functions, which are shown in Figure 5.5, are described as follows.

• Collect: Data is collected from a wide range of devices and sensors, both 
vehicle and infrastructure-based.

• Communicate: This takes advantage of a combination of wired and 
wireless communications to bring the data back to a central back office 
for processing.

• Crunch: This is the smart cities council term for data processing, which 
is conducted for three purposes:

• Presenting;
• Perfecting;
• Predicting.
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During processing the data is turned into information, and actionable 
insights are gleaned that can form the basis for transportation service delivery 
strategies. It is interesting to note that this latter definition is close to the work-
ing definition adopted by the Emerging Technologies Forum of ITS America, 
as discussed earlier.

The service definitions described so far provide an overview of a smart 
city in terms of a wide range of services beyond transportation and begin to 
converge on the definition of a smart city from a transportation perspective. 
The remainder of this chapter focuses on the definition of a smart city from a 
transportation perspective, although we will discuss other elements of the smart 
city to retain context.

To converge on a detailed definition of a smart city, from a transporta-
tion perspective, we take the U.S. DOT smart city vision elements as a starting 
point [3] and supplement them with vision elements from each of the seven 
U.S. DOT smart city challenge finalist’s applications [5–11] to form the basis 
of the following list of smart city transportation services. Note that the vision 

Figure 5.5  Smart cities council definition of a smart city.
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elements have been transformed into services as these deliver value in terms of 
safety, efficiency, and user experience, while projects and technologies simply 
enable the establishment and operation of the service. Section 5.6 discusses this 
in more detail.

Asset and Maintenance Management Services

A smart city will consist of considerable investment in infrastructure and ad-
vanced technologies that will have to be maintained, tracked, and managed 
beyond the initial implementation. This range of services provides the tools 
and decision-support necessary to manage the smart city assets and apply con-
sistent maintenance standards in a timely manner. An investment in smart cit-
ies can be thought of as a whale-shaped investment with the head of the whale 
representing the initial capital investment and the whale tail representing the 
operations and maintenance investment. One of the challenges that have been 
encountered in the past with respect to the application of advanced technolo-
gies to transportation has been the allocation of resources to the whale tail. 
Good asset and maintenance management not only provides decision support; 
it also provides the information required to justify continued investment in this 
important area.

Connected Vehicle Services

The subject is addressed extensively in Chapter 4. In the smart city, connected 
vehicle technology will be applied to private cars, freight vehicles, transit ve-
hicles, and vehicles that provide MaaS such as Uber, Lyft, taxis, and paratransit 
entities. A range of services will be provided to smart city citizens and visitors.

Connected, Involved Citizen Services

This group of services involves the use of smart phones and other communi-
cation technologies to establish and maintain two-way communications with 
smart city citizens.

Integrated Electronic Payment Services

Payment for transportation services within the smart city will be facilitated 
through a range of electronic payment services. These will be supported by 
an integrated citywide electronic payment system that addresses tolls, transit 
tickets, and parking fees. It is also likely that this citywide system will support 
payment for government services.

Intelligent, Sensor-Based Infrastructure Services

Smart sensors and the appropriate telecommunications network technology 
will be utilized within the smart city to provide a range of data supply services 
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to both public and private sector entities within the smart city. Sensor-based 
data services will be complemented by probe vehicle data coming from con-
nected vehicles. Sensor data will also be supplemented by mobile data from 
smart phones and social media data from social media networks such as Twitter. 
This will enable smart city managers to measure performance and gauge per-
ception of services with respect to transportation. Data from smart sensors will 
also provide a significant input into back-office activities that deliver analytic 
services

Low-Cost Efficient, Secure, and Resilient ICT Services

Data will be transmitted within the smart city using a range of information, 
communication, and technology services. Some of these will be owned and 
operated by the public sector and others by the private sector. It is likely that 
a hybrid approach involving wireline and wireless solutions will be adopted 
to supply the services. The communication services will be delivered within a 
managed framework that provides maximum efficiency and security, while tak-
ing a network approach to supporting resilience.

Smart Grid, Roadway Electrification, and Electric Vehicle Services

This involves electrification of vehicles and the establishment of a network of 
charging points to enable electric vehicles to have the same range as gasoline-
powered vehicles. This will require that electric vehicle charging points become 
as ubiquitous as gas stations. The services provided will be enabled using renew-
able energy to optimize the cost of energy and the ensuing emissions. Services 
will be provided via private cars, transit systems, and electric fleets.

Smart Land-Use Services

Smart land use within a smart city will include the establishment of mobility 
and travel access hubs that support multimodal transfer and the optimization of 
the daily commute. Urban analytics will also support smart land use by provid-
ing further insight into the relationship between land use and transportation 
demand. Smart land use will also involve detailed consideration of accessibility 
to jobs and the relationship between residential zones and work zones.

Strategic Business Models and Partnering Services

The services to be delivered in the smart city will be enabled by strategic busi-
ness models and partnering. While previous models for deploying advanced 
technologies in transportation have had a predominantly public-sector focus, 
it is likely that the smart city will be supported by public-private partnerships 
that harness the resources and motivation of the private sector in addition to 
the public sector.
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Transportation Governance Services

Transportation governance services within a smart city will ensure the opti-
mized management of transportation on a multimodal basis across the whole 
city. This will require collaboration and coordination between public- and pri-
vate-sector service providers and involve cross-mode cooperation for the man-
agement of private vehicles, transit vehicles, and freight vehicles. It is likely that 
advanced data capture and data-processing technologies will be used to support  
government transportation services. This also includes the application of archi-
tecture, standards, and prevailing best practices.

Transportation Management Services

Transportation management involves the coherent and consistent management 
of all modes of transportation within the smart city. This includes private ve-
hicles, transit vehicles, freight vehicles, and nonmotorized means of transporta-
tion such as bicycling and walking. Essential elements of transportation man-
agement will include the application of performance management techniques 
to the entire transportation system. Data from various sources along with so-
phisticated data management techniques will be used to measure the perfor-
mance of transportation services and compare them to predefined yardsticks. 

Transportation management will incorporate current traffic management 
approaches to support a range of services including freeway incident manage-
ment, emission testing and mitigation, highway and railroad intersection, au-
tomated vehicles, connected vehicles, and advanced traffic signal control for 
urban surface streets and arterials. 

Traffic management services will include integrated corridor manage-
ment, travel demand management, dynamic parking management, pedestrian 
mobility applications, and the use of the IoT to increase the sustainability of 
smart city transportation approaches. Traffic management also extends to the 
management of emergency vehicles, fleet deployment, and incident prediction. 
This will also incorporate the use of big data and analytics techniques to sup-
port a range of services that will underpin results-driven investment programs, 
through which future transportation investments are guided by the effects of 
prior investments.

Travel Information Services

Travel information will be delivered on a multichannel basis that includes in-
vehicle information, smart phone information, roadside information, and the 
delivery of information services in the home and the office via the web. Travel 
information services will support the connected citizen and the connected visi-
tor and will act as a sophisticated form of transportation management by mak-
ing decision-quality information available to all citizens and visitors within the 
city. Travel information will offer choices regarding route, timing of journey, 
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and mode of travel and will include information regarding total trip time, trip 
time reliability, and cost of various options.

Urban Analytics Services

Urban analytics within a smart city will be utilized to measure and improve ac-
cess to jobs, transportation safety, and transportation efficiency and to provide 
the enabling services to manage transportation user experience. Urban analytics 
will be driven by data links, centralized data hubs, and enterprise data manage-
ment systems that make use of big data techniques to provide the raw material 
for sophisticated analytics. The services will also be enabled by open data cloud 
approaches.

Urban Automation Services

Urban automation services will be supported by autonomous vehicle technol-
ogy for private vehicles, driverless shuttles, company and public agency fleets, 
taxis, and paratransit. Urban automation will also extend to the use of driverless 
vehicles and drones to deliver packages.

Urban Delivery and Logistics Services

This involves the use of advanced information and communication technolo-
gies to improve and optimize delivery and logistics within the smart city envi-
ronment. This will include information services to the driver and fleet managers 
regarding traffic congestion and the delivery of optimized routing information 
services.

User-Focused Mobility Services

Public and private supported mobility services will be combined into a portfolio 
of choices available to the smart city traveler. It is likely that a marketplace ap-
proach will be taken to this, allowing for the acquisition of a range of mobility 
services through a central information point or website. This range of services 
will be complemented by travel information services that can provide detailed 
information on the mobility services choices available.

5.5  Smart City Objectives

The root objectives of the smart city from a transportation perspective are safety, 
efficiency, and enhanced user experience. These objectives can be decomposed 
into a more detailed list of objectives. It is likely that smart city objectives will 
consist of at least two levels—higher-level objectives that capture policy and 
more detailed objectives that are used to guide planning and delivery. Examples 
of high-level policy objectives are listed as follows:
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• Inducing a 1% modal shift in favor transit;

• Improving customer perception of regional transportation by 10%;

• Reducing regional traffic delays by 10%;

• Improving the reliability of trip times by 15%;

• Reducing accidents by 10%;

• Improving incident response time by 20%.

Figure 5.6 shows the more detailed smart city objectives used to guide 
deployment in a tabular fashion, with the objectives related to the smart city 
transportation services we have defined.

Note that the objectives are closely related to the 20 big questions defined 
in Chapter 2.

5.6  Steps Toward a Smart City

A roadmap toward a smart city will consist of a departure point, a journey, and 
a destination point. It is likely that the departure point for a smart city will 
vary considerably depending on the perception of need within any city and the 
pattern of prior investment. For example, if significant investment has been 
made into electronic toll systems or electronic transit ticketing systems, then a 
suitable departure point on the road toward a smart city may lie in a citywide 
electronic payment system that provides services for toll payment, transit ticket-
ing, and payment of parking fees. An electronic payment departure point also 
provides the benefit of a means to collect revenue in the most cost-effective 
manner, which is always useful at the beginning of a new program. Another 
city could have a significant prior investment in traveler information services, 
making the establishment of the connected citizen and the connected visitor 
programs an attractive option as the point of departure.

At the other end of the journey, there lies a destination point for the smart 
city. It is to be hoped that all cities will eventually share a common view of the 
destination and converge on a vision of the ultimate smart city. As discussed 
earlier in Section 5.4, such convergence does not yet exist as we are very early 
in the development and deployment of smart cities. It is vitally important that 
any smart city program has a clear definition of the ultimate outcome as this 
will play a significant role in developing the roadmap from today’s situation to 
the future desired situation.

With respect to the journey, it would be very useful to define a series of 
steps or milestones that cities can take to get from the departure to the destina-
tion point. The traditional way to define the roadmap would be to develop an 
investment program that consists of projects and programs. While this provides 
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a series of implementable steps that can be measured very accurately, it might 
make it difficult to communicate the value and benefits of the investments. 
While projects and programs can be budgeted, managed, and implemented, it 
is the services that are enabled by such projects and programs that deliver value 
in terms of safety, efficiency, and enhanced user experience. While projects and 
programs must ultimately be defined to act as the manageable building blocks, 
there is much value in adopting a service evolution approach to the roadmap. 
Such an approach is illustrated in Figure 5.7.

Define Policy Objectives 

An important starting point in the development of any investment program for 
smart cities revolves around the definition and agreement of the transportation 
policy and detailed objectives to be addressed by the implementation. The exact 
mechanism for the definition of and agreement on these objectives may vary 
from one city to another but is typically part of the transportation improvement 
plan (TIP) and long-range transportation plan (LRTP) development processes. 
Depending on the point in the cycle where the smart city investment program 
is being defined, it may be necessary to take a retrospective look at existing 
policy objectives or to look forward to the development of new policy objec-
tives to be included in a new version of the regional transportation plans. Smart 
city objectives can be developed as a customized list using the list of objectives 
defined earlier as a starting point.

Note that each policy objective should have a measurable performance 
management parameter or analytic associated with it. The definition of both 

Figure 5.7  Smart service evolution approach.
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the policy objectives and the analytics helps to support later efforts to determine 
the effectiveness of the smart city deployment using transportation analytics. At 
this point in the process, use cases will also be defined that explain the services 
to be provided and the data required and provide an estimate of the value and 
an indication of who will make use of the service. Building on these use cases, 
requirements can be defined to guide the development of the smart city frame-
work. While defining policy objectives, it may also be the case that a coalition 
of partners required to deliver the smart city is established and managed—if a 
suitable coalition does not already exist.

Understand Possibilities

This will involve the development of a solutions catalog for the smart city. 
While the policy objectives and the use cases define what is required, the solu-
tion catalog defines how it can be achieved. In the development of the solu-
tions catalog, partnership exploration can also take place to identify suitable 
private-sector partnerships that can be established to assist in the smart city 
delivery. Peer-to-peer information exchange with other smart cities may also 
be extremely valuable to understand what works and what does not work well 
developing the solutions catalog. At this stage, it would also be very useful 
to develop a funding source catalog that lists potential funding sources at the 
federal, state, and local levels as well as potential private-sector matching funds 
and initiatives.

Define Legacy

Prior investment in advanced technologies associated with transportation with-
in the city must be considered when developing a smart city framework. In this 
step, existing investments are evaluated and translated into a range of smart 
city services that have already been delivered. Note that it is entirely possible 
that a partial implementation of the service has been implemented. In this case, 
service quality and coverage most also be evaluated. Advanced transportation 
technologies have been under development and deployment around the globe 
for quite some time. 

However, mainstream application of advanced technologies to transpor-
tation really started in the 1980s. Therefore, it is highly likely that there will 
be some existing deployments within the city. It is necessary to define legacy 
systems and the results of prior investments to understand what has already 
been achieved and what can be used as a platform for future development. In 
many cases, multiple agencies may have been involved in the deployment of 
advanced technologies in the city, and the development of a comprehensive 
catalog will require information to be collected from each agency to develop a 
comprehensive catalog. The legacy catalog should address technology, organiza-
tion, and business plan frameworks that are already in place. Once a catalog of 
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deployments has been assembled it will be necessary to define the services that 
are being delivered by each of the deployments.

Define the Big Picture

Careful planning and preparation for the implementation of a smart city is 
particularly important. The type of technologies used include information and 
telecommunication technologies that lend themselves to being managed within 
a system engineering approach. In developing a plan for the future smart city, 
input should be received from a formal system engineering process that devel-
ops a system engineering management plan and a concept of operations for 
the smart city. These will help to define the technology framework of the big 
picture.

At this point organizational and business model frameworks will also be 
prepared that illuminate the shape of the future smart city framework from 
these perspectives. These frameworks will join the existing smart city frame-
work and smart city services that have already been delivered to define future 
smart city services required. Taking input from the definition of policy objec-
tives, the existing smart city framework, system engineering activities, and a 
catalog of smart city services already delivered, it is possible to define a range of 
future smart city services that are required to completely address the policy ob-
jectives, preserve legacy investment in technology, and comply with best prac-
tices in system engineering.

Define Implementation Plan

The smart city implementation plan should consist of service evolution, a lega-
cy preservation and phasing plan, a financial plan, a marketing plan, and a risk 
management approach. The plan will also identify phase 1 implementations in 
terms of the services to be delivered and the programs and projects required to 
enable the services. In this step in the service evolution approach the value of 
big data and analytics comes to the fore. 

Having the data available and analytics defined to understand the effects 
of investments provides a solid basis for the development of a smart city frame-
work and as guidance for the service evolution plan. The proposed service evo-
lution defined within the implementation plan will take full account of the 
effects of prior investments and make use of advanced data analytics techniques 
to gain insight into the likely effects of implementations and service deliveries. 

This involves the definition of how a service will be implemented on an 
incremental basis within the region. The evolution of the service can be de-
scribed in terms of two dimensions, time and space.

The term space is used as a generic term for simplicity and would in prac-
tice be replaced by a term that relates to the specific service. For example, for the 
traveler information service, the space parameter would, in fact, be the number 
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of people that have access to the information services. The term space is used as 
a proxy for any parameter that describes the extent to which the service is avail-
able in the region. The term time is of course related to the period over which 
the service is evolved over the city. Once the evolution of services over a city has 
been defined, it is possible to define projects and programs that will result in 
the implementation of the service. The advantage of using the service evolution 
approach is ensuring that the implementation and funding are closely related 
to values and benefits. While projects and programs are required to implement 
services, it is the services that deliver the value and benefits. This service ap-
proach also facilitates marketing and public outreach to explain what is being 
done in the city what the value will be to the user.

Implement Phase 1

The implementation plan will have defined the first phase of implementation 
for the smart city. During phase 1 implementations it is important to attain 
early results, define the value being delivered, communicate success to partners 
and to the public, and monitor results. Formative and summative evaluation 
should be conducted on the phase 1 evaluation with formative evaluation used 
for project management and near real-time feedback, and summative evalua-
tion used as a feed-forward mechanism to the next phase of deployment.

Learn

The results of the formative and summative evaluations are used to develop a 
series of practical lessons learned and experiences gained that will be used to 
inform subsequent deployment. This information will also be used to support 
outreach activities and to act as a guide for revising the big picture. This will 
result in the definition of a phase 2 implementation.

Continuous Smart City Implementation

Smart City implementation will continue in phases beyond phases one and 
two. The number of phases required relate to budget constraints and the avail-
ability of city resources to manage and deliver the projects.

5.7  Smart City Frameworks

In defining the big picture as part of the service evolution approach it is neces-
sary to address technology, organization, and a business plan. It is worthwhile 
to consider this in more detail as these frameworks are crucial to the success of 
advanced technology implementations in past projects.
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Figure 5.8 shows the technology framework developed by the City Pro-
tocol organization, which is based on that developed by the City of Barcelona 
[12]. The following sections examine each element of the architecture.

Smart Information Infrastructure

This is a collective term for the combined sources of data that will be provided 
to the event repository and big data management system. This could be raw 
data from sensors or probe vehicles or could be processed data, information 
coming from external systems

City Open Apps and Open Data

One of the important values of a centralized data repository or data lake is the 
ability to make access to the data available to a wide range of partners both in the 
public and private sector. Within the public sector, access to the data lake would 
enable each agency and each public-sector partner to develop its own analytics 
and strategies. With respect to the private sector, smart app developers and other 
private sector entities may use the data as the basis for new business opportuni-
ties and the development of consumer-oriented smart phone applications.

Citizens Participation Platform

The ability to channel data effectively and to turn into information can also be 
used with smart phone and web technology to support citizen participation. 
This is a two-way dialogue in which the citizen provides data and is in turn pro-
vided with information and the ability to comment on the quality of services.

Sensor Platform

This element supports the fusion of data from multiple sensors including in-
frastructure-based and probe vehicle–based sensors. It is also possible that the 
sensor platform will conduct a certain amount of preprocessing, often referred 
to as edge processing to optimize the use of communication networks as the 
data is transmitted to the back office or the city operating system.

Other Sensor Platforms

The smart city may also take advantage of other sensors that have already been 
installed by public and private sector entities. This could include sensors used 
for supervisory control and acquisition of data (SCADA).

Video Platform

This can be considered as a special type of data fusion, in which video images 
from a variety of sources can be brought together and managed. The video plat-
form might also provide the ability to share data across partners.
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Interoperability Interface

An essential ingredient in the smart city back office, the interoperability in-
terface provides a means through which various data sources are ingested into 
the back office. The interoperability interface will also support the flow of data 
from the back office to a range of public- and private-sector applications.

Event Repository and Big Data Management

The smart city data lake is comprised of an extensive data repository that covers 
events and contains the data that describes transportation demand, prevailing 
transportation conditions, and supply characteristics for the smart city.

Safety and Security

Safety and security involves the application of dynamic safety and security func-
tions that protect the confidentiality and integrity of data stored in the data lake 
and within the back office. Safety and security will also involve monitoring the 
interfaces that the back office uses to ingest and share data.

Software Development Kit (SDK) External Integrators

The software development kit provides an interface to external integrators such 
a smart application developers and other users of back-office data. This contains 
details on how to access the data, the format and content of the data, and other 
characteristics required to integrate data into applications.

Semantics and Ontology

Sometimes referred to as metadata, master data management, and data gover-
nance, this element provides the governance of data required to make sure that 
it is readily available to all users and that it is stored in an optimized structure 
within the back office.

Analytics

This describes the application of transportation analytics and other smart city 
analytics to gain insight and understanding through discovery and standardize 
business processes for the smart city. These can be used for discovery purposes 
and for business process management.

Processes

In addition to discovery analytics, a range of standardized processes are identi-
fied and supported. One of the essential ingredients for the successful applica-
tion of technology to organizations is the identification of business processes 
and the customized application of technology to either support existing pro-
cesses or implement new optimized processes.
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Services to Support Smart City Infrastructure and Business Applications

A range of data services emanate from the smart city data back office to support 
smart city infrastructure, services, and business applications. It is likely that the 
data services will include both raw data and processed data, with the back of-
fice, in many cases, delivering added value.

Situation Room

This is the smart city nerve center that supports communication to all oth-
er modes’ specific control centers and act as a nexus for developing response 
strategies.

Control Centers

Many mode-specific control centers such as traffic management centers, transit 
management centers, and event management centers already exist within the 
existing city infrastructure and can be incorporated into an overall framework.

Software Applications and Services

These are software developments that are customized to address specific ap-
plications and to deliver specific services. An example would be a connected 
citizen application that provides the smart city citizen (or smart citizen) with 
information regarding services that are available and prevailing conditions for 
transportation within the city. Another example would be a crowdsourcing ap-
plication that enables smart city citizens and visitors to provide data to the back 
office and to provide data regarding their current perception of services within 
the smart city.

Note that this is an abstract architecture designed to illustrate and com-
municate the various elements that would comprise the technology framework 
for a smart city. It is not designed to be a practical implementable framework as 
considerably more detail would be required, including a concept of operations 
and a system engineering management plan, at the minimum.

As a complement to this technology view, the City Protocol team also 
developed an organizational view of a smart city [12], as shown in Figure 5.9.

This organizational view provides a framework or a checklist for defin-
ing roles and responsibilities with respect to governance and accountability; 
information and communication technologies; and the structure, interactions, 
and societal impacts of smart cities. This organizational framework, being fully 
compatible with the chosen technological and business model frameworks, 
would be a useful starting point for a smart city working toward customizing its 
own organizational framework. 
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5.8  Evaluating the Effects of Investments

Evaluating the effects of investments in smart cities is an important element of 
planning and implementation. The ability to conduct before and after studies 
to understand the effects of implementations is supported by the availability of 
a coherent and comprehensive data source. One of the features of the applica-
tion of intelligent transportation systems within North America and Europe has 
been the lack of a consistent framework for evaluation. To counter this deficit, 
smart city planning should incorporate a detailed definition of arrangements 
for performance evaluation, including the effects of investments. 

The definition of the analytics to be used to measure the effects of invest-
ments is also of importance as this enables an assessment of the data required. 
In many cases, transportation data is collected on an ad hoc basis with levels of 
detail and quality that are unrelated to the intended purpose of the data. The 
development of a data collection plan that takes full account of the proposed 
use of the data is essential to ensure value for money and to enable a coherent 
assessment of the effects of the investment. A central data repository or data 
lake would be an essential ingredient to this approach. A data lake is construct-
ed from multiple data sources and features the ability to support multigenre 
analytics, a function that addresses the challenge of separating the effects of 
different investments.

5.9  Smart City Challenges

There is a range of challenges and opportunities associated with the smart city. 
These are discussed in this section along with a summary of practical lessons 
learned from the London Congestion Charge project [13]. Note that this is not 
intended to be an exhaustive set of challenges, opportunities, or lessons learned, 
but can serve as the basis for the development of a checklist for a specific smart 
city implementation.

New Partners from Multiple Disciplines

The application of intelligent transportation systems has already shown that 
need to manage multidisciplinary groups including transportation profession-
als, automobile manufacturers, electrical engineers, system engineers, and a 
range of other disciplines that go beyond the conventional asphalt, concrete, 
and steel transportation projects. Within a smart city environment, the number 
of participants and the characteristics of these participants cover an even wider 
spectrum. 

Participants can include staff from the mayor’s office, economic de-
velopment professionals, technology incubation leaders, renewable energy 
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professionals, and information technology companies. Since a smart city en-
compasses services beyond transportation, the participants involved in the 
project will come from a more diverse background than those working on the 
typical application of advanced technologies to transportation. This profession-
al diversity will require a special emphasis on clarity of communications with 
respect to the planned technology deployments and the definition of roles and 
responsibilities among the partners. 

Avoiding the Development of a Set of Stovepipe Projects That Do Not Connect 
Successfully

To optimize the effect of a smart city implementation, it is necessary to ensure 
that all projects and programs fit within a coherent framework that ensures 
coordination and avoids conflict or duplication of effort. The need to achieve 
early results and shorter-term return on investment can often influence smart 
city initiatives toward high-impact investments in specific areas that lack coor-
dination. The development of a big picture approach to a smart city plan and 
the definition of technology, organizational, and business plan frameworks are 
central to ensuring that the city is getting the very best from each investment 
and that each project builds on the other one.

Leveraging Sunk Investment in Legacy Systems to the Fullest Effect

While the destination point for a smart city journey will probably be very simi-
lar for all cities, the departure point can vary substantially depending on the 
perception of specific needs and prior investments in advanced technology. If 
an effective business justification is to be created from early investments in a 
smart city, it is important that prior investment in legacy systems are fully in-
corporated as a platform for moving forward. This requires an assessment and 
understanding of the services being delivered by legacy systems and the incor-
poration of relevant aspects into the technology and organizational frameworks.

Keeping the Focus on Results

A strong emphasis should be placed on defining and agreeing on objectives for 
the smart city initiative, the development of use cases and requirements, and the 
definition of arrangements for monitoring and managing the success of the de-
ployment. It is likely that a smart city initiative, due to the variety of services to 
be offered, will have a wide range of objectives. Accordingly, it will be necessary 
to ensure that all planned actions and investments are related to these objectives 
and that all objectives can be addressed fully.

Communicating the Value and Benefits to Partners and the Public

Explaining the value and benefits of the proposed smart city elements to part-
ners and to the public is one of the most important factors in the success of the 
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initiative. Accordingly, the value proposition must be clearly defined and com-
municated through the appropriate channels to partners and public alike. The 
evaluation of benefits can be achieved through both summative and formative 
evaluation techniques. Summative evaluation techniques, as the name suggests, 
provide a retrospective summary of the benefits achieved from prior actions. 
Formative evaluation provides near obtained feedback that can be used to guide 
the initiative on an incremental basis.

5.10  Smart City Opportunities

This section provides examples of the opportunities associated with smart cities.

Smart City

Through the adoption of a coherent and coordinated approach to the delivery 
of smart city services it is possible to identify and take advantage of possibilities 
for synergy between services. For example, data collection services can provide 
data that is fed into a central data lake or repository that can support multiple 
applications. These applications could include connected citizens and connect-
ed visitor services. The data collection itself may be supported by crowdsourc-
ing and the use of movement analytics. The creation and management of a data 
lake also ensures that a single version of the truth, with respect to data, can be 
created and maintained, enabling many services to take advantage of the data.

Cost Share on Project Implementation 

Like most transportation implementations, one of the most important and 
pressing aspects of smart cities initiatives lies in the identification of funding. By 
developing a coordinated framework in a big picture for the smart city initiative, 
it is possible to identify opportunities to share cost on project implementations. 
Partners can identify opportunities to cost-share or to avoid investment costs 
by relying on services to be provided by another partner. This also enables the 
definition of partnership opportunities between the public and private sector.

The Ability to Ensure that Initiatives from Different Agencies Work Together and Do 
Not Conflict 

Multiple partner agencies are likely to be involved in the deployment of a smart 
cities initiative. A high importance is placed on ensuring that the efforts of 
different agencies work together toward common goals. This avoids potential 
conflict between projects and maximizes the collective effect of individual proj-
ects. The adoption of a framework approach to Smart City planning supports a 
strong ability to optimize individual agency actions.
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Improve Transportation Services for a Wide Range of Citizens and Visitors

Due to the broad nature of smart city services, there is an opportunity to im-
prove transportation services for a wide range of citizens and visitors. Taking a 
comprehensive approach to the definition of objectives and proposed invest-
ments, it is possible to address a wide spectrum of transportation needs, in-
cluding private vehicles, freight vehicles, transit vehicles, and transit for the 
transportation-disadvantaged. The smart city can also improve access to jobs, 
increase mobility in general, and take account of the need for social equity. 
Urban analytics approaches within a smart city can provide insight and under-
standing with respect to the factors that cause resistance to travel including trip 
time, trip time reliability, and model interchange times and can help assess the 
value proposition provided to all citizens and visitors.

Optimize Land Use 

Land use tends to be a longer cycle time activity as investments in buildings 
and infrastructure typically have a design life of more than 50 years. However, 
a comprehensive approach to smart cities will include short-, medium-, and 
long-term initiatives and incorporate land-use changes and optimization into 
the overall smart city plan. Here again, urban analytics can provide new insight 
into the relationship between land use and transportation demand and support 
new insights and understanding based on observation.

Mitigate the Effects of Transportation on the Environment

Smart city transportation can affect the quality of life of citizens and visitors, 
through enhanced economic prosperity and the management of undesirable 
side effects. Transportation impacts on the environment include emissions, fuel 
consumption, noise intrusion, visual intrusion, and other factors that accompa-
ny the desirable effects of transportation. Through the application of advanced 
technologies and management solutions in a smart city, it is possible to deliver 
the desirable benefits while managing the undesirable side effects of transporta-
tion. This can include electric vehicles, optimized routing, and overall optimi-
zation of the multimodal smart city transportation system.

Gain Insight and Understanding into Transportation Supply and Demand and 
Prevailing Operating Conditions

Through the incorporation of smart sensors connected to a communication 
network, the use of probe vehicle data from connected and autonomous ve-
hicles and the use of crowdsourcing techniques from smart phones, the smart 
city manager can have an unparalleled picture of prevailing operating condi-
tions within the transportation network. This leads to an exceedingly rich data 
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stream that can support the use of analytics for new insight and understanding 
into the quality of transportation service delivery, the factors that drive the 
demand for transportation, and changes in the ability to supply transportation 
services. A mix of short-, medium-, and long-term strategies can be developed 
based on this data stream to enhance transportation planning, to provide new 
services to the full spectrum of transportation users within a smart city, and to 
optimize transportation service delivery and operations.

Develop New Response Strategies

The possibilities to support the development of new response strategies within 
smart cities are immense. A scientific approach to transportation planning, 
traffic engineering, transit management, and mobility on demand services is 
enabled by new data and new data management techniques. While these new 
possibilities will initially impact planning and operations in terms of decision 
support to professionals engaged in these activities, it is also likely over the long 
term to lead to more automation. There is considerable current focus on the 
automated vehicle, and it is to be expected that the automated back office will 
also be developed as a complement to this.

5.11  Lessons Learned from the London Congestion Charge Project

In addition to the challenges and opportunities described above, there are 
several practical lessons that can be learned based on Transport for London’s 
experience in implementing the London Congestion Charge, which was in-
troduced in 2003 [13]. The congestion charge was introduced after a consider-
able amount of study on the issue of congestion charging or road pricing. The 
study started in 1964 with the publication of the Smeed Report [14], which 
presented the results from a government panel that assessed the practical issues 
related to the implementation of road pricing within a British city. Subsequent 
studies focused specifically on London, leading to the implementation of the 
congestion charge as transportation policy in London moved away from road 
construction in favor of public transport and traffic management improve-
ments. Figure 5.10 [14] illustrates the current boundaries of the congestion 
charging zone. This represents one of the largest congestion charging zones in 
the world and was implemented with the general objectives of reducing traffic 
flows within the zone boundaries, while generating revenues for improvement 
to the public transportation system. Drivers are charged a fee of approximately 
$14 (all fees have been converted to U.S. dollars at the rate of $1.24 to the 
pound and rounded to the nearest dollar) for each day that their vehicle is 
detected as being present within the zone. The charge is in effect from 7 a.m. 
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until 6 p.m. on weekdays. Charges must be paid by midnight on the day that 
the vehicle was detected inside the zone. The charge increases to approximately 
$17 if paid by the end of the following day. A discounted rate of $13 is offered 
if the driver chooses to pay with the automated payment system. Fees for late 
payment range from approximately $80 to $160, depending on lateness of the 
payment. The charge is enforced using automated number plate recognition 
technology. Video cameras are deployed at strategic locations within the zone, 
enabling Transport for London to detect vehicles approximately 11 times for 
an average trip through the zone. Gross revenue from the program during the 
first 10 years of operation was approximately £2.6 billion, of which 46% was 
invested in transportation improvements. A further 37% was also invested in 
improvements to the bus network.

While the charge was implemented more than 14 years ago and is a con-
gestion-charging project rather than a full-fledged smart cities project, the les-
sons [15] are directly relevant to smart cities as they summarize practical chal-
lenges and opportunities associated with a real-world deployment of advanced 
technology in a major city. The lessons have been grouped into seven categories 
as illustrated in Figure 5.11, and the following sections describe lessons in each 
of these seven categories.

Figure 5.10  Current boundary of the London Congestion Charging zone.
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Politics

This encompasses the ability to gain and retain political support for the project 
by communicating the value of the services to be delivered. A structured out-
reach program is required to initially communicate the value and benefits of 
the program to political decision-makers. The outreach must then continue to 
ensure that the political support gained during the initial communications is 
maintained throughout the life of the project implementation.

It should be noted that additional policy requirements can drive up the 
cost of the project. Transport for London’s experience was that this type of proj-
ect required a larger budget for communications and marketing; this was partly 
due to the need to explain the advanced technologies involved to the public and 
partly to explain why a congestion charge was necessary and how the revenue 
would be used to improve transportation. From a smart city perspective, it may 
also be necessary to allocate a larger budget for outreach and communications 

Figure 5.11  Lessons learned from the London Congestion Charge project.
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to explain the value and benefits and appropriate usage of the services to citizens 
and visitors.

Power 

Transport for London attained a great deal of value by ensuring that legislation 
required to allow the project to be implemented had been addressed at an early 
stage. In London, the legislation required was defined, debated, and passed into 
law several years before the congestion-charging implementation was launched. 
The long study period before implementation afforded a public debate well 
ahead of the implementation decision, supporting a rational nonemotional dis-
cussion of the subject. From a smart city perspective, this could be directly rel-
evant to regulations and legislation required for the use of autonomous vehicle 
technology within a smart city framework. Early discussion and establishment 
of such regulations not only supports a full discussion, but also provides the 
basis for public-private partnerships.

Problem

Clear concise definition of the problem in terms of the needs, issues, problems, 
and objectives to be addressed, was a feature of the London project. This in-
cluded the definition of the value proposition for the end user. The develop-
ment of a clear, structured, and agreed-upon problem statement also contrib-
uted significantly to the project’s success. Accordingly, smart cities initiatives 
should follow suit, carefully defining objectives, use cases, and requirements.

Program

This includes the definition of a structured program to implement the project. 
A series of projects may be defined, phased, and linked together to achieve the 
overall objective. This requires a clear understanding of technology capabilities 
and the selection of a business model to ensure that technology capabilities are 
matched to the selected business model. This also requires effective communi-
cations and planning, strong institutional cooperation, a complete economic 
and financial analysis, and a detailed effects analysis. The development of tech-
nology, organizational, and business model frameworks for smart cities enables 
the coordination of various projects and ensures that all planned actions in 
investments can be linked back to objectives.

Procurement

The procurement approach should be selected based on minimizing life cycle 
costs and risks. It should incorporate clearly defined requirements and seek sim-
ple well understood solutions. As discussed earlier, requirements should be as 
free from ambiguity as possible. The objective of procurement should be to try 
to acquire products and services that are flexible and scalable and, preferably, that 
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feature the use of open standards and architecture. An early interactive dialogue 
with potential product and service providers using a request for information pro-
cess can be very enlightening. This provides information on current technology 
capabilities and limitations and helps to define service and product providers’ 
capabilities and constraints. This can help to ensure that the requirements and 
the procurement documents are realistic and practical. Through the adoption of 
a big picture planning approach and an incremental implementation plan for a 
smart city, the most appropriate procurement mechanisms can be applied. Given 
the important role of the private sector, it may also be necessary to be innovative 
in the procurement process to support an effective dialogue regarding the tech-
nological possibilities and the best way to deliver services.

Project Management

Project and program definition includes the use of best practices for deploy-
ment planning and phasing. This ensures that sufficient project management 
resources are made available on both the public- and private-sector sides. This 
also requires a clear definition of project objectives and a contingency plan for 
possible delays. Many public agencies don’t have the in-house expertise to plan, 
procure, and manage the deployment and implementation of a large Intelligent 
Transportation System. In many cases, specialized assistance is required. Several 
of the U.S. DOT Smart City Challenge applications feature the establishment 
of a smart city project management office to focus project management exper-
tise and support coordination across all projects.

Performance

Performance management for smart city projects supports both summative 
and formative approaches. The summative approach would incorporate lessons 
learned at the end of the project and provide information to guide subsequent 
projects. The formative approach would provide information that can be used 
to guide the project in real time and to keep the project on course. In the 
transportation profession, performance is a term often used to gauge the ef-
ficiency of system operation. It is a metric used to verify that the system does 
what it is supposed to do. Performance metrics are also established to monitor 
and manage operations. It is also worth noting the difference between perfor-
mance measurement and performance management. Performance management 
involves measurement, analysis, and the development of response strategies. An 
old management adage states, “If you are not measuring it you are not manag-
ing it.” With respect to smart cities it is also appropriate to add, “…and if you 
are only measuring it you are still not managing it.” Big data in the form of an 
appropriate data lake and the use of transportation data analytics can signifi-
cantly improve performance management.
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5.12  The Sentient City

Section 5.4 includes a rather light-hearted definition of a smart city, which I’ll 
repeat here: “You know your city is smart if you poke it with a stick and it reacts 
appropriately.” This definition makes the point that a smart city should have 
the ability to sense and the intelligence to react appropriately based on the re-
sults of the sensing. This requires a sophisticated ability to digest a wide range of 
data and to identify opportunities and threats and respond appropriately. It also 
requires the successful incorporation of data and technology into governance 
and business processes. 

The concept of a sentient enterprise was first defined by Mohan Sawhney 
(McCormick Foundation chair of technology and clinical professor of mar-
keting and director of the Center for Research in Technology & Innovation, 
Kellogg School of Management, Northwestern University) and Oliver Ratzes-
berger, Teradata executive vice president and chief product officer [16]. Figure 
5.12 illustrates how the sentient enterprise defines an organization as a single 
organism that is capable of feeling, perception, and self-awareness. This envi-
sions a future enterprise that can listen to data in real time and develop re-
sponses based on intelligence. 

A discussion regarding these abilities is currently under way within the 
private sector as there is a growing understanding of how big data and analytics 
can be harnessed to provide the level of sensing and intelligence required to sup-
port enterprise agility and robust operations. The sentient enterprise concept 
could also point the way toward the future of smart cities. 

Figure 5.12  A company as a single organism—the Sentient company.
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The increasing sophistication and capability of data science provides some 
fascinating possibilities for the future smart city to incorporate sophisticated 
sensing and migrate toward the automation of many functions. While the sen-
tient enterprise will be focused on monetizing results, the sentient city will be 
focused on optimizing safety and efficiency and enhancing user experience.

5.13  Summary

This chapter provides an overview and a working definition of a smart city. 
It defines a range of objectives that can be addressed by a smart city from a 
transportation perspective, with examples of the steps that can be taken toward 
implementing a smart city in a structured and risk-managed manner. It also 
discusses the concept of a framework approach to planning to support project 
and investment coordination and offers approaches for coordinating smart city 
investments. In addition, it describes approaches to the evaluation of smart city 
investments and the effects of initiatives.

Based on practical experience from current smart city initiatives and from 
previous investments in the application of advanced technology to transporta-
tion, the chapter identifies a range of challenges and opportunities  and presents 
some practical lessons learned.

The chapter concludes with a look to the future on how the current smart 
city might evolve into a sentient city that has the capability of sophisticated 
sensing and the intelligence to develop appropriate responses in a more auto-
mated manner.

It is obvious that the smart city concept has focused our attention on the 
application of technologies within organizational and business model frame-
works. We are learning that success requires the effective application of technol-
ogy in a manner that takes account of the human dimensions.
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6
What Are Analytics?

6.1  Informational Objectives

This chapter answers the following questions:

• What are analytics?

• Why are analytics valuable?

• What’s the difference between analytics reporting and key performance 
indicators (KPIs)?

• What are some examples of analytics?

• What are some examples of analytics applied to transportation?

• What’s the best way to use analytics?

• How do analytics and data lakes fit together?

• How do we identify data needs associated with analytics?

6.2  Introduction

The application of analytics to transportation within a smart city is a new sub-
ject. Consequently, reference material and literature available on the subject is 
scarce. This chapter addresses the need for more information by defining and 
describing analytics from a smart city transportation perspective. The effective 
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use of analytics has the potential to revolutionize transportation, by provid-
ing deeper insights and greater understanding than we have ever been able to 
achieve. The converging availability of big data, suitable analytic techniques, 
and data can unleash the power of big data. This has the potential to provide 
new insights and understanding regarding transportation supply and demand. 
It is likely that the impact of analytics on transportation will be as great as that 
of the Internet. In the same manner as we approach web services, however, care 
must be taken if the best results are to be achieved.

This chapter discusses the nature of analytics by providing an overview of 
analytics and an exploration of how analytics can be applied across the range 
of smart city transportation services defined in Chapter 5. The chapter also 
discusses analytical performance management for smart cities, explaining the 
relative merits of KPIs and analytics. The chapter concludes with a discussion of 
the relationship between analytics and data. This illustrates the power that can 
be unlocked through the application of a combination of big data and analytics. 

6.3  Chapter Word Cloud

The word cloud in Figure 6.1 provides an overview of the content of the chap-
ter by listing the most frequently used words, with the font size proportional 
to the frequency of use of the word. As the word cloud provides some insight 
into the characteristics of the chapter at a glance, it could be considered to be 
an analytic. Section 6.6 discusses the use of analytics to characterize smart city 
transportation services.

Figure 6.1  Word cloud for Chapter 6.
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6.4  What Is an Analytic?

Big data in itself contains little value. The value is there, but it is latent and must 
be activated. Some hold a low opinion of the value of data for this reason. It is 
important, however, to think of data as a raw material, from which something 
very valuable can be created. The real value in collecting and managing big data 
lies in the conduct of analytics that turn the data into information, insights, and 
actionable strategies. This chapter explores the definition of data analytics. In 
particular, it explains the difference between world-class reporting and the use 
of analytics. Making use of a sporting analogy, world-class reporting will only 
ever make you a well-informed spectator at a football match, whereas analytics 
can give you the power to change the performance of the team, just like a coach. 
Examples of analytics that have been applied to transportation and to business 
enterprises beyond transportation will be explained later in Section 6.6.

A more formal definition of the term analytic can be found in the Oxford 
English Dictionary [1], in which analytic has the following meanings:

• “The branch of logic which deals with analysis (see analytics n. 1a) 
(obs.); an analytical system, method, or approach; an analysis.”

• “Of, relating to, or in accordance with analysis or analytics; consist-
ing in, or distinguished by, the resolution of compounds into their ele-
ments.”

• “Of a judgment, statement, proposition, etc.: expressing no more in the 
predicate than is contained in the concept of the subject; true simply 
in virtue of its meaning or its logical form; having the property that its 
denial is self-contradictory.”

• “Forming part of mathematical analysis (analysis n. 5); relating to or 
involving mathematical analysis.”

• “Of a function: having derivatives of all orders at every point of its do-
main (or a specified part of its domain); locally representable by a power 
series.”

• “That analyses or has a tendency to analyse; that is concerned with or 
characterized by the use of analysis.”

• “Characterized by the use of separate words (auxiliaries, prepositions, 
etc.) rather than inflections to express syntactical relationship.”

These definitions indicate that the word analytic can mean a system and 
method or approach to analysis, fundamental truths, or a mathematical analy-
sis and breaking down of something into its individual elements. From a data 
perspective, an analytic provides insight and understanding that can be used to 
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improve the performance of a transportation enterprise, process, or delivery of 
service. 

Typically, the word analytic is used interchangeably with performance 
management parameters and KPIs. The two are typically used in association 
with performance reporting and measurement. The difference between these 
terms and the term analytic lies in the ability that an analytic provides to go 
beyond reporting and measurement, allowing for insight that can form the basis 
for actionable strategies that will affect performance, rather than just measuring 
it.

Promoting smart city managers and transportation professionals from 
spectators to coaches can be achieved through the effective use of analytics. 
This is the added value that is sought from analytics and that drives the desire 
to harness the power of big data and analytics in transportation today. There are 
many new technologies and approaches available in transportation. Combined 
with the more traditional asphalt, concrete, and steel projects, they create value 
and benefits. In order to guide the application of constrained resources into 
these areas, it is necessary to have as full an understanding as possible of the 
effects of prior and future investments. The insight and understanding that can 
be obtained from the appropriate use of analytics will have a significant impact 
on planning, design, delivery, operations, and maintenance of all aspects of 
transportation within a smart city. The nature and characteristics of analytics 
are discussed in this chapter, within the context of a smart city.

6.5  Why Analytics Are Valuable

The value of analytics lies in the ability to glean new understandings, to identify 
trends, and to reveal patterns from a big data set. The larger and more varied the 
data in the data set, then the higher the probability of new understandings and 
insights. Analytics also deliver another value in the form of the ability to extract 
information from and unlock the power of big data. 

As the application of analytics to transportation progresses, it can be ex-
pected that wow and whoops moments will be encountered. A wow moment is 
when the use of analytics reveals a new data relationship, trend, or pattern that 
we did not know about previously. For example, we may find new relationships 
between the level of tolling on toll roads and the volume of traffic on the road. 
At the current time, a simple lookup table that relates toll level to expected 
traffic volume is used. In the future we may also take account of trip purpose, 
weather, and the driver’s perception of alternative routes and modes.

A whoops moment may be encountered when new insight and under-
standing reveals deficiencies in the planning or delivery of smart city transpor-
tation services. This does not need to be the end of the world, but rather the 
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beginning of a suitable response. A suitable response to new insight and under-
standing with respect to service issues and problems would be to develop a plan 
for addressing the issue and putting together a related budget. This is simply 
an evolution into scientific investment planning based on the identification of 
issues and an understanding of the effects of the investment. 

Vast quantities of data present the challenge of making sense of the data, 
converting it into information, and doing something useful with it. The real 
value of analytics lies in the end result. As illustrated in Figure 6.2, there is a 
process involving analytics that should result in the delivery of practical value. 
The vital role of analytics lies in the conversion of the data to information, but 
even information cannot deliver value unless it supports actions and changes 
because of the new information. 

Early in the development of intelligent transportation systems, many 
transportation professionals were concerned that new sensor and telecommu-
nication abilities would reveal issues that could not be addressed due to budget 
constraints. This is another reason why the application of analytics must sup-
port the entire value chain from data collection, through information process-
ing to the definition and application of response strategies. A comprehensive 
approach to the application of analytics across the full spectrum of transporta-
tion activities from planning through design delivery and operations will also 
help to focus available resources accurately and consistently. This should realign 
budgets and release funds for the issues uncovered by new insights.

Figure 6.2 is drawn as a pyramid to indicate the dependence of the success 
of later actions on the success and completeness of the earlier ones. Good data 
leads to good information and with the help of analytics, information yields 
actionable insights. It is also important to consider all the steps in the process 
in order to achieve results.

In practice, analytics will show the relationship between different pieces 
of data in the data lake, and it is this connection that can yield new results and 

Figure 6.2  Analytics value chain.
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understanding. For example, a retailer can gain insight into customer behavior 
through analytics that show that when customers buy one product they also 
buy another one. The action that could be taken as a result of this insight would 
be for the retailer to place both products adjacent to each other within the store 
to make it easier for customers. The retailer might also decide to place another 
product adjacent to the other two in order to increase sales of the third product. 
Analytics can reveal that the customer might have a need for the third product. 
Understanding the connection between the data items based on analytics allows 
new value to be realized. 

Major banks also make use of analytics to determine the reasons why cus-
tomers move to other banks. The path that a specific customer takes through 
customer-service facilities online and by telephone might reveal causes that can 
be rectified.

In another example beyond transportation, a well-known movie studio 
made use of analytics conducted on a sample of the global Twitter feed to as-
sess the impact of a new movie, in terms of audience reaction. The insight 
gained was used as input to the decision on the timing for releasing the movie 
in theaters and subsequently moving the distribution of the movie to Netflix 
and cable.

The value of analytics also lies in the ability to go beyond reporting. Even 
world-class reporting, as discussed earlier, can only inform and provide summa-
ries of measurements. Analytics can characterize trends, patterns, and insights 
within the data and provide the basis for actionable strategies that can improve 
the performance of the organization. Like the objectives and use cases discussed 
in Chapters 2 and 9, analytics have real value when applied within an overall 
process that leads to changes in the performance of the enterprise. This makes 
it very important to make use of analytics within an overall structured approach 
to extracting value from big data.

6.6  Smart City Services Analytics

Probably the best way to explain the application of analytics to smart city trans-
portation is to provide some examples. Chapter 5 discusses the smart city from 
a transportation perspective and defines services that represent smart city trans-
portation. These sixteen services are summarized in Table 6.1 along with analyt-
ics that has been defined for each service. This linking of services and analytics 
is intended to reinforce the notion the analytics should be identified based on 
objectives that lead to the definition of uses cases. This ensures that the initial 
objectives and desired end results are kept to the forefront as the analytics are 
identified and applied. While this process is an important aspect of analysis, it 
is not the only way to approach big data and analytics these days. The emer-
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Table 6.1 
Proposed Analytics for Smart City Services

Services Analytics
Asset and maintenance 
management

Asset performance index, asset maintenance standards compliance 
measure, optimal intervention point analytic

Connected vehicle Lane changes per mile, steering angle compared to road geometry, brake 
applications per mile, driving turbulence index, minutes per trip, trip time 
reliability index, number of stops per trip

Connected, involved 
citizens

Citizens’ awareness levels index, citizens’ satisfaction levels

Integrated electronic 
payment

Transit revenue per passenger, transit seat utilization, toll revenue per 
vehicle and per trip, premium customer identification index, parking 
revenue per slot, payment system revenue achieved compared to 
forecast and addressable market

Intelligent sensor–based 
infrastructure

Data quality index, transportation conditions index, trip time variability 
index

Low-cost, efficient, 
secure, and resilient ICT

Network load compared to capacity index, network latency, cost of data 
transfer, network security index

Smart grid, roadway 
electrification, and 
electric vehicles

Electric vehicle charging points per mile, electric vehicle charging points 
per head of population, number of electric vehicles as a percentage of 
the total fleet, electric vehicle miles per day, electric vehicle miles per 
trip, electric vehicle miles between charges

Smart land use Observed trip generation rates for different land uses, observed actual 
trips between zones, land value transportation index, zone accessibility 
index

Strategic business 
models and partnering

Percentage of private sector investment, number of partnerships, 
improvement in service delivery for each private sector dollar invested

Transportation 
governance

Transportation efficiency for each dollar spent, supply and demand 
matching index, transportation agency coordination index, partnership 
cost-saving index, cost of data storage and manipulation compared to 
services provided

Transportation 
management

Mobility index, citywide job accessibility index, citywide transportation 
efficiency index, reliability index, end-to-end time including modal 
interchanges index

Traveler information Traveler satisfaction index, decision quality information index, behavior 
change index

Urban analytics Number of analytics in use, value of services managed by analytics, 
money saved through efficiencies gained by analytics

Urban automation Percentage of automated vehicles within the entire citywide fleet, 
percentage of automated vehicles in use by city agencies and private 
fleets, proportion of deliveries made by automated vehicles, proportion 
of passengers carried by automated transit

Urban delivery and 
logistics

Average cost of urban delivery, average time for end-to-end delivery, 
freight and logistics user satisfaction index, freight management 
satisfaction index

User-focused mobility Citywide mobility index, user satisfaction index, transportation service 
delivery reliability index
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gence of discovery tools that can be used on a big data set to uncover trends 
and patterns within the data provides us with a flexible approach to analytics. 
Predefinition of analytics is like having a hypothesis that will be proven by the 
data analysis. Another way to approach this is through a discovery process that 
enables the data to talk, revealing further insights. This type of approach might 
yield suggested analytics that could be used in addition to the ones that have 
been predefined. The process of discovery for transportation holds the promise 
of a fascinating role for a transportation data analyst. Using a big data set, com-
bined with a powerful discovery tool, should make it possible to build a deeper 
understanding with respect to transportation within a city or region. This will 
require a skill set that combines an understanding of data science with an un-
derstanding of transportation, a blend that seems to be rare at the moment. 
One way to address this would be to ensure that suitable data analytics expertise 
is built into a smart city planning and deployment teams. While in the short 
term executive-level staff and managers would not be expected to have a deep 
understanding of data science, they need to be supported by someone that does. 
Over a period of time, data science knowledge and awareness should grow at 
the executive level as the tools become more intuitive, enabling executive-level 
and management staff to conduct their own discovery and analytics. Perhaps, 
in the early days at least, this is an ideal role for a consultant.

Again, Table 6.1 shows a series of analytics for each of the 16 services 
identified in Chapter 5. The focus is placed on services since the concept of 
smart cities is to take full advantage of technology to provide better services to 
city residents and visitors. It is intended to act as a starting point by providing 
a sample of analytics in order to illustrate the nature and characteristics of ana-
lytics. It is expected that a smart city team would build on these and develop a 
set of customized services and analytics specifically for the city in question. It 
is also likely that analytics for one service will be combined with analytics for 
another service to create hybrid analytics that will address either one service, or 
the other, or both. For example, trip time reliability from the intelligent sensor–
based infrastructure service could also be used to measure the performance and 
effectiveness of other services. It is also likely that analytics derived for use in 
integrated payment, connected and autonomous vehicles, and travel informa-
tion will find application in transportation performance management. This is 
another reason for taking a structured, coordinated approach to the definition 
of analytics for each service rather than an ad hoc one.

Asset and Maintenance Management

Analytic applied to asset and maintenance management associated with smart 
city transportation services will have the potential to improve the efficiency of 
service delivery. This will, in turn, improve the effectiveness and efficiency of 
the other services that are supported by asset and maintenance management. 
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“Mean time before failure” is a parameter often quoted with regard to opera-
tional performance of intelligent transportation system devices. This provides 
a measure of a single aspect of asset performance and a single data element. 
An analytics approach would produce a wider view of asset performance by 
taking into account multiple factors such as cost versus performance index, 
cost of maintenance, and overall design life in addition to the meantime before 
failure. This index would take account of partial as well as total failures. The 
index would be used to identify poorly performing devices and as input to an 
overall maintenance and replacement strategy; a smart city would also define 
and agree to set performance targets and maintenance standards for critical 
assets. Analytics can be identified to compare actual maintenance standards 
against those implemented and to generate an index that compares the total 
cost of maintenance for each device compared to the value delivered by the 
device. This approach can extend to all assets within a smart city including 
devices, telecommunications assets, vehicle assets, and all other assets associ-
ated with the delivery of the 16 transportation services identified for smart city 
implementation. The ability to identify trends and patterns with respect to asset 
performance and expenditure on asset maintenance will be a powerful element 
in the smart city due to the ability to ensure that resources are being utilized 
effectively and that value for money is being achieved. It is to be expected that 
life-cycle analytics will also reveal that the cheapest assets (low initial capital 
investment) may not present the best value for money over the life of the asset.

Connected Vehicle

It is anticipated that the connected vehicle will provide a richer stream of data 
in a big data set that features volume and velocity—with respect to data, that is, 
not the vehicle. This will allow the identification use of analytics that make com-
parisons between different data elements. For example, usage-based insurance 
professionals would be very interested to measure the number of lane changes 
made by a vehicle for every mile. This combined with steering angle compared 
the road geometry could provide some valuable insight into driver behavior and 
consequent risk. The number of brake applications and accelerator depressions 
per mile would form the basis for a driving turbulence index that could form 
the basis for crash prediction and certainly provide valuable information on the 
effectiveness of traffic signal timings and the number of minutes taken for each 
trip across the city; the reliability or variability of each trip would provide valu-
able input into overall transportation performance through the use of trip time 
and trip time reliability indexes. 

Connected, Involved Citizens

The notion of a connected and involved citizen implies the ability to have a 
two-way dialogue with the citizen. In one direction, crowdsourcing, movement 
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analytics, and social media data might be retrieved from the citizen. This will 
of course be summarized and anonymized before use. In the other direction, 
services and information can be pushed to the citizen to enhance smart city 
living and provide the equivalent of a user manual for smart city transporta-
tion services. This will be particularly important as the concept of MaaS is 
implemented, when citizens will be offered a range of mobility choices across 
multiple modes and from both the public and private sector.

This two-way dialogue will be enabled by the use of wireless and wire line 
communications networks that will link citizens to back offices and ultimately 
to the IoT, which connects a wide range of devices and appliances, along with 
connected vehicles, to a single network of networks.

The dialogue will support the use of citizen awareness analytics that can 
provide continual measurement regarding the perception of citizens with re-
spect to services and the awareness of citizens with respect to available services. 
These can include trip modal choices and route and timing choices. A citizen 
satisfaction survey can also be conducted on a rolling basis making use of the 
two-way communications to determine how citizens feel about the quality of 
transportation service within the city and at given locations at any given time. 
This could be particularly useful for the evaluation of maintenance of traffic 
through major reconstruction zones, for example.

Integrated Electronic Payment

Citywide integrated electronic payment that supports payment of tolls, pur-
chase of transit tickets, and payment of parking fees as well as payment for 
government services could support a number of financial analytics that measure 
the effectiveness and efficiency of the payment system. These could include 
the total volume of transit revenue per passenger, transit seat utilization, toll 
revenue per vehicle and per trip, and the identification of premium customers 
for all modes of travel. This latter would be achieved through a combination 
of electronic payment system and origin and destination data that would reveal 
the most valuable routes and customers.

Other analytics could be used to identify total citywide payment system 
revenue achieved compared to forecast and compared to the size of the address-
able market. Due to the volume of data regarding prevailing transportation sup-
ply and demand, it is likely that this service will also support analytics for trans-
portation performance management and travel information, at a minimum. 

Intelligent Sensor–Based Infrastructure

Intelligent sensor–based infrastructure will allow multiple readings to be taken 
of the same data element and enable what is known as orthogonal sensing. This 
would support the definition of a data quality index that provides detail on the 
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quality of the data being collected in terms of accuracy and completeness. A 
transportation conditions index could also be created from data that emanates 
from sensor-based infrastructure that shows the ebb and flow in the quantity 
and quality of transportation services being provided within the smart city. This 
could be supplemented by time and trip time variability indexes. Sensor data 
could also be combined with probe data from movement analytics and con-
nected and autonomous vehicles to provide hybrid analytics.

Low-Cost, Efficient, Secure, and Resilient ICT

Assuming that low-cost, efficient, secure, and resilient ICT also includes man-
agement capabilities to measure the volume and use of each datalink, then ana-
lytics can be created to compare the total network capacity to the load on each 
link any given time. Network latency on a total network and individual link 
basis along with the cost of data transfer and a network security index could also 
be determined to measure the performance and gain insight and understanding 
into the delivery of information and communication technologies. This will 
support the application of network management techniques to transportation 
communication networks. It is also interesting to note that such techniques 
are likely to be applied to transportation services within the smart city in the 
future. The concept of a network manager is long established for computer and 
energy networks. The availability of data and analytics should make it possible 
to identify and support a “transportation network manager” role for the future 
smart city. It is now feasible, with the help of big data and analytics, to manage 
transportation service on a network and citywide basis. 

Smart Grid, Roadway Electrification, and Electric Vehicles

The smart grid, roadway electrification, and electric vehicles service involves the 
use of electricity as an energy source for vehicles in a smart city. Analytics that 
can be used to characterize this service include those that relate to the availabil-
ity of electric vehicle charging points and those that relate to the performance 
of the electric vehicles. For example, an analytic that defines the number of 
electric vehicle charging points per mile could be used to define the viability of 
electric vehicle operation in a smart city. Another analytics measure—electric 
vehicle charging points per head of population—could also be used to define 
the progress being made toward making electric vehicles ubiquitous in a smart 
city. The number of electric vehicles as a percentage of the total fleet, electric 
vehicle miles per day, electric vehicle miles per trip, and electric vehicle miles 
between charges could also be used as analytics to define the performance of 
the electric vehicle. An overarching analytic for the entire electric vehicle system 
would be the amount of energy being consumed for all vehicles over the entire 
city, compared to the degree of mobility made available by the service.
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Smart Land Use

It has always been understood that there is an extremely close relationship be-
tween land use within various zones of the city and the demand for transporta-
tion. This is currently determined through the use of mathematical simulation 
modeling techniques. The use of urban analytics will enable us to make use 
of observed data regarding the demand for transportation and the behavior of 
transportation users in the smart city. Observed trip generation rates for differ-
ent land uses can also be determined from national probe data and data from 
infrastructure-based sensors to enable us to have a high-resolution picture of 
the demand generated by each zone within a smart city. Observed actual trips 
between zones can also be combined with data regarding retail transactions to 
go beyond the definition of volume and to provide additional information on 
why travelers are traveling. These analytics could be combined into a single land 
value transportation index that would characterize the change in the value of 
the land within the zone in relation to the mobility and accessibility associated 
with the zone. This could also support the definition of a zone accessibility in-
dex for various trip purposes such as work, education, and leisure.

Strategic Business Models and Partnering

Strategic business models and partnering refers to an indirect set of services 
to be provided in the smart city. These could be viewed as enabling services 
that provide support for the services that deliver direct transportation. Business 
models and partnering can be characterized by an analytic that shows the pro-
portion of private sector investment compared to total investment in a smart 
city. Another analytic that defines the number of partnerships compared to the 
improvement in service delivery for each private sector dollar invested could 
also shed light on the efficiency of the partnerships. This is an important aspect 
of smart cities that does not deliver smart city transportation services directly, 
but that can have a significant impact on the efficiency and effectiveness of ser-
vice delivery. Public private partnerships for toll roads have also demonstrated 
that effective engagement of the private sector can substantially accelerate the 
deployment of projects and technologies. Such partnerships are likely to in-
volve the work required to establish smart city transportation services and the 
resources required to deliver them.

Transportation Governance 

The efficiency and effectiveness of transportation governance could be ad-
dressed through a number of different analytics. For example, an analytic that 
defines transportation efficiency for each dollar spent could be used to show 
the relationship between investment and improvements in transportation ef-
ficiency. Another way to measure the effectiveness of transportation governance 
would be to show how closely supply and demand are being matched. This 
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could be represented by a supply and demand matching index that shows the 
difference between supply and demand for transportation in the smart city at 
any given time. Transportation governance should also include responsibility 
for coordination between the activities of various agencies that deliver transpor-
tation the city. This could be addressed by a transportation agency coordination 
index that defines the effectiveness of coordinated plans and activities between 
agencies. With respect to public-private partnerships a partnership cost-saving 
index could be used to show the financial advantage of public-private partner-
ships. With respect to big data, the cost of data storage and manipulation could 
be compared to services provided in an analytic that measures how effectively 
the entire city is collaborating on the use of big data. This is another crucial 
aspect of success in transportation delivery for a smart city as the technologies 
and services involved are best utilized in a sharing and coordination environ-
ment. Transportation has historically been operated by a number of highly fo-
cused agencies that derive great efficiency from specialization. Coordination 
and partnership must be added to this specialism if smart city transportation 
services are to be delivered in the most effective manner. This may require a 
reorganization and redefinition of arrangements for governance and manage-
ment to accommodate the new challenges. Existing transportation agencies also 
require a certain degree of autonomy to implement policies and procedures 
without reference to other organizations. A balanced approach to autonomy 
and coordination will be required.

Transportation Management

It is expected that within a smart city, transportation management will be con-
ducted on a multimodal basis across all transportation services delivered within 
the city. This will require the use of analytics that characterize the effectiveness 
and efficiency of all services. One such analytics could be a mobility index that 
measures the real mobility to and from each zone within the smart city in addi-
tion to an overall mobility measure for the entire city. A citywide job accessibil-
ity index analytic could also be used to characterize the ease or difficulty associ-
ated with trips to and from work. These analytics could be used in combination 
with a transportation efficiency index, a travel time reliability index, and a total 
travel time index to develop a complete picture of transportation management 
efficiency within a smart city. At the highest level analytics could be defined 
that compare the volume of public and private sector investment to the results 
obtained. This would include the application of scientific investment planning 
techniques discussed earlier in Section 6.5.

Efficient transportation management would also address parking manage-
ment as part of the analytics approach. Analytics could be applied to revenue 
management, parking space utilization, user satisfaction with parking informa-
tion, and parking supply planning topics, at a minimum.
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Effective transportation management must address the same challenges 
as defined under transportation governance. Services are currently delivered by 
a range of autonomous transportation agencies, with the exception of a few of 
the largest cities in the world, where a single unitary transportation authority 
has been established. Examples include Seoul and London. As smart cities will 
face the additional challenge of integrating other services, such as smart energy 
and smart places to live and work, with transportation, there may be a need to 
revisit transportation management models within smart cities. 

Traveler information services within a smart city will involve the delivery 
of decision-quality travel information to both citizens and visitors. A traveler 
satisfaction index could be used to measure citizens’ and visitors’ perceptions of 
the quality of traveler information services. A decision-quality information in-
dex could also be used to characterize the effectiveness of the travel information 
in terms of change and efficient use of the services within the smart city. This 
type of sophisticated decision-quality information delivery could be viewed as 
the equivalent of a user manual for the smart city transportation network, or 
as a soft form of transportation management that influences user behavior and 
makes system use more effective. 

Urban Analytics

Urban analytics are used to characterize trends, patterns, and insights gained 
from the big data set collected by a smart city. However, this does not mean 
that we should not apply analytics to the performance of the analytics. Suitable 
analytics to characterize the performance of urban analytics would be the num-
ber of analytics in use, the value of services managed by analytics, and money 
saved through efficiencies gained by analytics. The total cost of applying urban 
analytics could also be compared to the value delivered and the money saved 
through the use of the analytics.

The definition of costs and benefits for smart cities, based on prior imple-
mentation experience, is a very important aspect of the business and financial 
aspects of the smart city. The identification of early winners along with the 
quantification and estimation of the value that can be realized is central to the 
justification of further investment in smart city analytics. This is discussed in 
more detail in Chapter 11.

Urban Automation

Urban automation includes the use of automated vehicles for transit, freight, 
and private vehicle travel. The main reasons to apply urban automation to the 
smart city would be to achieve benefits in terms of safety, efficiency, and en-
hanced user experience. Therefore, analytics could be defined for each category. 
With respect to safety, the number of crashes avoided or mitigated compared 
to the investment in urban automation would yield insight into improvements 
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in safety. Defining another analytic that compares such reductions with invest-
ment in safety-related systems would also yield insight into the performance of 
such investments.

With respect to efficiency, an overall improvement in trip times and trip 
time reliability including wait times and modal transfer times would provide 
insight into efficiency improvements. Enhanced user experience could be char-
acterized by the use of a user perception index supported by smart phone apps 
or the in-vehicle unit within the automated vehicle. Other analytics that would 
characterize the progress being made toward full automation of the city would 
be the percentage of automated vehicles within the entire citywide fleet, the 
percentage of automated vehicles in use by city agencies and private fleets, the 
proportion of deliveries made by automated vehicles, and the proportion of 
passengers carried by automated transit vehicles. These would all take account 
of the resources invested in the services and the availability of the services over 
time, space, and quality levels within the city.

Urban Delivery and Logistics

Analytics to characterize urban delivery and logistics would address cost, time, 
and reliability of delivery. For example, an analytic that characterizes the average 
cost of urban delivery in comparison to the number of deliveries would shed 
light on the efficiency gain related to automated deliveries. Another analytic 
that characterizes the average time for end-to-end delivery, taking account of 
the volume of deliveries, would also provide insight into efficiency gains. Im-
provement in user experience could be measured by a freight and logistics user 
satisfaction index and a freight management satisfaction index. These would 
measure the increased levels of satisfaction from the end user and from the 
freight operator, respectively. It is likely that such analytics will be closely re-
lated to and used in combination with transportation management analytics 
that characterize trip time and trip time reliability across the city. Ultimately 
this could support a more sophisticated approach to money-back guarantees 
for failure to deliver on time. This might even be extended to address mobility 
and transit services.

User-Focused Mobility

User-focused mobility services will make use of many of the analytics previously 
defined for the other 15 services. This would include a citywide mobility index 
to measure the increase in mobility caused by the service, a user satisfaction 
index to measure user perception of mobility services, and a reliability index for 
transportation services within the smart city.

An ultimate analytics for user-focused mobility services would compare 
the level of mobility afforded compared to the proportion of the population 
serviced and the resources invested in capital and operations.
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6.7  Analytical Performance Management for a Smart City

As discussed in Section 6.5, the use of analytics will go beyond reporting to 
provide smart city managers with the ability to influence the performance of the 
city from a transportation perspective. This could be viewed as an extension to 
existing approaches to performance management and transportation. The use 
of analytics not only adds an extra dimension but also reinforces the need to 
consider the entire performance management process and not simply measure-
ment. Analytics places a focus on the conversion of data to information and 
the use of information to create actionable strategies and insights. The use of 
analytics provides an extra layer in the analysis process of big data in the smart 
city. Analytics differ from KPIs or performance measures that are typically used 
for transportation service evaluation.

In the field of performance management, the term KPI is used to describe 
the parameters or data that are collected in order to measure performance. As 
discussed earlier, that is the difference between an analytic and a key perfor-
mance indicator. Figure 6.3 [2] shows a list of KPIs from a European report that 
was designed to provide input into a cooperative framework for the application 
of advanced technology to transportation. It should be noted that the European 
experience with respect to analytics-driven performance management for trans-
portation is slightly ahead of that of the United States at this point.

Note that each of the seven KPIs focuses on one aspect of transportation 
data. In comparison, an analytic typically draws on multiple data items and 
creates the relationship between them. For example, the analytic equivalent of 
KPI N1 would combine the change in peak period journey time data with addi-
tional data regarding the investment in intelligent transportation systems along 
the corridor to provide a characterization of the effectiveness of the investment. 
The analytic would be the percentage change in peak hour journey time per 
dollar invested in intelligent transportation systems along the corridor. Note 
that Figure 6.3 contains both long-list and short-list KPIs. The long list of KPIs 
was the result of a series of interviews with transportation stakeholders in Eu-
ropean Union member states and industry experts. The short list represents an 
amended version of these KPIs, taking into account the inputs provided during 
a stakeholder workshop.

In fact, the name KPI provides insight into its use. The last word in the 
expression, indicator, conveys that these parameters are designed to indicate 
performance rather than provide insight into trends, patterns, and relation-
ships. While analytics are not a substitute for KPIs or performance measures, 
they are a valuable addition to the tools that we can use for performance man-
agement in transportation and the smart city.
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6.8  How Do Analytics and Data Lakes Fit Together?

On the basis that analytics tend to show relationships between different data 
elements, it is likely that greater insights will be revealed from more complete 
data sets. In this respect, analytics and data lakes fit together. The data lake is a 
rich set of data that has been drawn together across all transportation modes and 
transportation services within the smart city. Therefore, the data lake provides 
the source material for the use of analytics. The smart city transportation data 
lake will go beyond the traditional transportation data warehouse and include 
data elements that could be viewed as nontraditional, or data that would be 
stored in a separate location. For example, data regarding proposed investment 
plans and work programs would be combined in the data lake along with other 

Figure 6.3  List of KPIs [2].
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items such as energy demand and retail transactions. A full-fledged, multisource 
data lake will not be created overnight but will evolve from supporting a few 
important primary use cases into a wider capability as other data is added, and 
the capability of the data lake is extended. One of the important elements of a 
data lake is the ability to draw data together from across an organization and an 
enterprise and create an enterprise-wide view of the data. In many transporta-
tion agencies, data is collected in silos and may even be stored for the use of 
individual staff members. This type of fragmented stovepipe data storage makes 
it very difficult to get the best value for the money from analytics. Fortunately, 
however, it is possible to create a virtual data lake, in which data resides in its 
original location but is indexed and accessible to the central repository. Chapter 
9 details this subject.

6.9  How to Identify Data Needs Associated with Analytics

There is a chicken and egg problem that must be addressed with respect to 
the use of analytics. What comes first—the data or the analytic? The answer is 
typically that the analytics will be created first of all on the basis of needs that 
have been identified. However, it is not possible to conduct an analytic when 
the data required is not available. Therefore, in practice the initial list of data 
analytics would be filtered to ensure that the early analytics have the required 
data available. It is also the case that objectives are linked to use cases, which 
are linked to analytics. The best approach would be to pick one or two use 
cases that deliver clear and immediate value to the end user and for which any 
necessary data is available. The initial pass on the analytics should deliver value 
to the user through the use of actionable insights. The results of the initial ana-
lytics should also provide the business justification for further investments of 
time and money. It may also be the case during the initial analytics that ways 
in which the results can be improved through better data will be revealed. This 
sets the scene for the development of a structured data acquisition and use plan.

6.10  Summary

This chapter discusses the nature and characteristics of analytics from a trans-
portation perspective. It presents a formal definition of the term analytic and 
interprets it for use in transportation and smart cities. In addition, the chapter 
addresses the difference between reporting, analytics, and KPIs, illustrating the 
point that all three are intended to work together for a smart city, while ana-
lytics reveal detailed insights into trends and patterns and create the basis for 
actionable insights that can influence the performance of smart city transpor-
tation services. Moreover, the chapter discusses the value of analytics in terms 
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of its role in unlocking the value of big data. As big data grows in volume and 
variety and is collected at higher velocity, the value of analytics grows as a means 
to manage the sheer volume of data and turn it into meaningful information 
and insights. Accordingly, the chapter also discusses the progression from data 
to information to actionable insights. To show the relevance of analytics to 
transportation in a smart city, the smart city services defined in the previous 
chapter are assigned specific analytics. This illustrates the analytics that could be 
used to characterize the performance of service delivery under the 16 headings.

These analytics could be used as a starting point for the development 
of a specific set of transportation data analytics customized to the smart city. 
The chapter also discusses the use of analytics for transportation performance 
management within the smart city, including a direct comparison of KPIs from 
a European project to analytics. This is intended to emphasize the difference 
between key performance indicators and analytics. The chapter concludes with 
some information on how analytics and data links fit together, illustrating the 
symbiotic relationship between the two. The chapter also discusses the evolu-
tion of a data lake for smart city transportation, introducing the concept of 
early analytics work with carefully selected use cases, leading to business justifi-
cation and further enhancement of the data lake.

Finally, the chapter introduces the identification of data needs for analyt-
ics, including the concept of early analytics work leading to further revisions 
and additional data collection. Analytics have the power to inform smart city 
managers and professionals from all aspects of transportation service delivery. 
To attain this, it is necessary to construct a bridge between data science and 
transportation. The middle ground role that interfaces between these two vital 
subject areas, will be both important and lucrative.
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7
The Practical Application of Analytics to 
Transportation

7.1  Informational Objectives of This Chapter

This chapter answers the following questions:

• What would make a good departure point for a smart city program?

• How would analytics be applied in integrated payment systems, Mobil-
ity as a Service (MaaS), traffic management, transit management, and 
performance management?

• What would make a good departure point for a smart city program?

• What are integrated payment systems, MaaS, traffic management, tran-
sit management, and performance management?

• What analytics should be applied to integrated payment, mobility ser-
vice, traffic management, transit management, and to performance 
management?

• What services are enabled by integrated payment, MaaS, traffic manage-
ment, transit management, and performance management?

• How should analytics be applied?
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7.2  Chapter Word Cloud

Figure 7.1 presents a word cloud to provide an analysis of this chapter’s contents, 
at a glance. The word cloud captures the most frequently used words within the 
document, with the font of each word in proportion to the frequency of use.

7.3  Introduction

This chapter explains the application of the analytics defined in Chapter 6. At 
this time, there are few examples of the use of analytics in U.S. cities. Therefore, 
the number of examples shown is limited; it, nevertheless, provides consider-
able insight into the practical application of analytics from a smart city trans-
portation perspective. The objective is to build on Chapter 6 by explaining how 
analytics can be applied within a practical context in a transportation setting. 
To best explain the practical application of analytics to transportation, it would 
seem reasonable to use a series of examples. 

During recent assignments on smart cities, it has become apparent that 
an important element of a smart city approach plan lies in the choice of the 
departure point. In this case the departure point is defined as a starting point 
for the proposed smart city initiative. If we assume that a smart city initiative 
will consist of the current situation, the implementation plan, and the ultimate 
smart city deployment, then it can be thought of as a journey, a departure point, 
a sequence of en-route activities, and a destination point. 

Figure 7.1  Word cloud for Chapter 7.
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It is likely that all cities will have a similar destination point in mind, 
assuming, of course, that we can all agree on the definition of a smart city. 
However, the departure point and the en-route activities will vary considerably 
depending on the current situation within the city and previous investments in 
advanced technologies. Therefore, there is an opportunity in this chapter to ad-
dress two objectives simultaneously. The initial objective, and still the primary 
goal, is to explain the practical application of analytics within a transportation 
environment. The secondary goal is to explain a selection of departure points 
and make use of these as the examples for the application of the analytics. Five 
departure points are listed as follows, as examples for the practical application 
of analytics:

• Integrated payment systems;

• MaaS;

• Traffic management;

• Transit management;

• Performance management.

These departure points have been selected from the services introduced 
and defined in Chapter 5. As discussed in Chapter 5, the most robust approach 
to defining a smart city initiative is to make use of services that deliver value 
and benefits to citizens, visitors, and transportation service delivery organiza-
tions. For consistency, a selection of services has been identified as the starting 
or departure point for a smart city initiative, enabling the practical application 
of analytics to be illustrated. 

The departure points are discussed in Sections 7.4–7.18, with each sec-
tion explaining the major elements of the departure point as well as why it 
would make a good departure point for a smart city initiative. These explana-
tions go deeper than the descriptions provided in Chapter 5 where the concept 
of services for a smart city are introduced Tables 7.1–7.5 list some candidate 
analytics that can be used in measuring the effectiveness of the departure points, 
along with some notes on the practical application of the analytics.

7.4  Integrated Payment Systems—What Are They?

An integrated payment system for a smart city would consist of the following 
elements:

• Electronic toll collection;

• Electronic ticketing for transit;
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• Electronic fee collection for car parking.

An integrated payment system would incorporate all three to enable a 
single account to be used by a traveler to pay for all three services. While a 
single account would be used, it would be possible for the traveler to use one 
of a selection of defined payment instruments, such as a transponder for elec-
tronic toll collection, a smart card or a smart phone for transit ticketing, or fee 
collection for car parking. The single account for tolls, ticketing, and parking 
payments would be administered by an integrated back office capable of sup-
porting transaction processing, customer service, and analytics.

The integrated back office could be achieved by the deployment of a 
single system or through conductivity between separate electronic toll collec-
tion, electronic ticketing for transit, and electronic fee collection for car parking 
systems. While a single integrated system may provide more benefits, the best 
use of sunk investment in legacy systems will probably be achieved through 
the development of middleware and interfaces between existing single-purpose 
systems.

7.5  Why Does Integrated Payment Make a Good Departure Point 
for a Smart City?

Many cities around the world have a significant investment in electronic pay-
ment systems of one form or another. These include electronic toll collection, 
electronic transit ticketing and electronic fee collection for car parking. This 
legacy of sunk investment in electronic payment systems is one reason why it 
would make a good departure point for a smart city. It is not just the dollars 
involved; it is also the acumen and experience that has been accumulated over 
the course of the investment in electronic payment systems.

Another reason for starting with an integrated payment system is an obvi-
ous one—it can generate revenue. An electronic payment system provides the 
mechanism for transportation services to be paid for on a pay-as-you-go basis. 
This provides an alternative to common funding for transportation services 
through taxation. This mechanism also provides a pathway for the private sec-
tor to be involved in the development of projects and the delivery of services. 
The ability to pay provides a mechanism for a return on investment by the pri-
vate sector in return for the capital and operating resources required to establish 
the service. It is highly likely that the private sector will seek to find opportuni-
ties where profit is possible and where mechanisms for payment also exist. This 
might be one of the reasons why traffic signal systems have never really been 
privatized, certainly not in the United States.
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A third and perhaps less obvious reason for starting with an integrated 
payment system within a smart city initiative is that the connectivity required 
to support payment could also form the basis for connected citizen and con-
nected visitor service. The communication channels—the back office and the 
smart apps used to enable electronic payment and make payment for services 
fast and convenient—also have the potential to support a two-way informa-
tion exchange between the back office and the traveler. In a similar fashion, an 
integrated payment system could also support many aspects of the performance 
management data collection required for a smart city. The ability to know when 
and where a transaction occurred as well as how much the transaction was 
worth could form the basis for a performance management system by providing 
data regarding the demand for transportation and current or prevailing condi-
tions on the transportation network.

With respect to performance management in a smart city, an integrated 
payment system can also enable the use of congestion pricing, variable tolling, 
and variable parking fees to manage the demand for transportation. The Lon-
don congestion charge discussed in Chapter 5, for example, explains the use 
of a mandatory congestion charge to manage the demand for private car use 
in central London. In the United States, while this concept has been studied, 
the focus has been placed on the provision of additional service quality levels 
in return for a fee, rather than a mandatory charge. This includes the imple-
mentation of express lanes where the toll charged is varied to achieve a specific 
predefined level of service. There are numerous examples of the application of 
dynamic tolling to express lanes in the United States [1]. Similar techniques 
can be applied varying parking fees to affect the demand for parking within 
the smart city. It is also possible to apply the same techniques to transit tickets, 
although there are likely to be institutional and political barriers to the applica-
tion of variable pricing to transit.

7.6  Integrated Payment System Analytics and Their Practical 
Application

Table 7.1 contains a sample of analytics that can be used for an integrated pay-
ment system. 

The analytics shown in Table 7.1 are applicable to electronic toll collec-
tion and electronic transit ticketing.

7.7  MaaS—What Is It?

MaaS is a relatively new concept that has been the subject of considerable dis-
cussion within the context of a smart city approach. It recognizes the emer-
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gence of Uber and Lyft and their ability to drive privately operated mobility 
services to customers. It could be argued that such companies have successfully 
addressed the challenge of ride-sharing, which has been the subject of much 
investment and planning within the public sector. The emergence of these pri-
vate services is also likely to change user perception with respect to the business 
model used to deliver transportation services. For example, it is possible that a 
traveler could decide not to purchase a personal vehicle, but make use of Uber 

Table 7.1 
Candidate Analytics for Integrated Payment

Candidate Analytics Application Notes
Active accounts as a 
proportion of total accounts

This would enable inactive accounts to be highlighted and 
action taken to either encourage customers to become active 
or to cancel accounts, thus reducing cost and increasing 
revenue.

Cost to manage each account This enables the cost of managing each account to be 
determined and form the basis for cost-reduction exercises.

Proportion of transactions 
supported by each payment 
channel

Provides an indication of the balance of the different payment 
channels being used, enabling capacity optimization and 
repricing of payment channels if necessary.

Cost per transaction for each 
payment channel

Supports evaluation of the cost of each transaction by 
payment channel, thus providing guidance to marketing and 
outreach to promote each channel.

Revenue losses as proportion 
of total enforcement 
expenditure

A measure of comparative efficiency of the enforcement 
process against other integrated payment systems, 
forming the basis for improvement in the efficiency of the 
enforcement process.

Expenditure on revenue and 
fraud control as a proportion 
of total revenue

Compares the total resources expended in enforcement 
to the total revenue of the integrated payment system, 
providing a yardstick for the efficiency and effectiveness of 
the enforcement process.

Reduction of fraud or leakage 
as a proportion of expenditure 
on revenue and fraud control

This relates the total expenditure on fraud control and 
enforcement to the effects achieved in terms of a reduction 
in fraud and violations.

Revenue per customer Provides an indication of the size of the customer base and 
an assessment of whether revenues are coming from a small 
or large number of customers.

Cost per statement Provide an assessment of the efficiency of the billing system.
Customer satisfaction index This will form the basis for improvements to customer 

outreach, communications, and service quality levels
Highest volume origin 
destination pair

This and other trip pattern analytics would enable careful 
matching of capacity with demand.

Location of premium 
customers

Knowing the location of premium customers would enable 
service improvements to be focused on those customers 
providing the highest value and car parking fee collection
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and Lyft services instead. This introduces the concept of MaaS, under the aus-
pices of which a traveler will acquire transportation on an as needed and pay-
as-you-go basis as a service. Payment for the service could be related to use, or 
it could be provided for a fixed monthly fee. This offers the traveler an option 
to pay the monthly fee, rather than invest the money into the acquisition of a 
personal vehicle. The whole concept of MaaS is still evolving but will probably  
include the following elements:

• Uber- and Lyft-style on-demand vehicle services: On-demand private car 
transportation services provided on a ride-sharing basis. Both Uber and 
Lyft match available drivers and vehicles to those requiring transporta-
tion, making use of an advanced technology platform [2, 3].

• Demand-actuated transit systems: These services are typically operated by 
the public sector and involve the use of technology to enable transit pas-
sengers to call for service on demand.

• Fixed-route transit services: These services are also typically operated by 
the public sector and involve the use of transit vehicles operating along 
predefined routes and operating to a fixed schedule.

• Flexible-route transit services: These are a hybrid of demand-actuated and 
fixed-route services where transit vehicles operating within a zone can be 
diverted according to the demand for transit.

• Paratransit services: A specialized form of demand-actuated transit de-
signed for people that cannot use any of the above services. Users should 
be preregistered to make use of the service before being able to reserve 
services in advance. Such services typically should be reserved at least 
one day in advance.

In the future, these services could also incorporate the use of fleets of self-
driving or autonomous vehicles.

A service portfolio including the above elements would be presented to 
the traveler via web and smart phone applications. Information would be pro-
vided regarding the availability, the estimated travel time, the reliability, and the 
cost of each of the service options, enabling the traveler to choose the most ap-
propriate option for the situation. There may also be close cooperation between 
public and private service operations. For example, currently, in central Florida, 
there are several cities that work in close cooperation with Uber. When the 
paratransit service funded and operated by the city closes at the end of normal 
working hours, it is possible for a paratransit user to make use of Uber instead. 
The city provides a subsidy for the Uber fare.
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7.8  Why Does MaaS Make a Good Departure Point for a Smart 
City?

MaaS is a relatively new term that encapsulates considerable potential for im-
proving transportation service delivery within a smart city. Over the past few 
years, significant privately financed and operated transportation service alterna-
tives have emerged in the form of Uber and Lyft. These are overlaid on publicly 
funded transit services to offer the possibility of creating a portfolio of options 
for the traveler. The development and communication of this portfolio has the 
possibility of influencing the traveler away from the private vehicle and perhaps 
ultimately influencing decisions on whether to acquire a vehicle or simply ac-
quire transportation as a service. 

Convenient ways to request transportation and to pay for it provide sig-
nificant influence in traveler decision-making. As most cities around the world 
are battling with congestion and the surplus of demand for private car transpor-
tation compared to public transit, MaaS could be viewed as one of the solutions 
to this issue. Cities also struggle with a lack of available land and the amount of 
land that car parking requires. In fact, there is a significant investment in private 
cars that at any given time is sitting in a parking lot and not returning value. 
MaaS offers the possibility for flexible and dynamic matching of supply and 
demand as it fluctuates over time and space within a smart city.

7.9  MaaS Analytics and Their Practical Application

MaaS represents a combination of both public and private transportation ser-
vices that can be offered to the traveler as a portfolio. Table 7.2 lists some can-
didate analytics for MaaS and provides notes on the practical application of the 
analytics.

7.10  Traffic Management—What Is It?

The traffic management element will encompass the management of freeways, 
arterials, and city streets. It is often the case that these elements are managed 
independently, but we will assume that in a smart city there will be coordinated 
management across them. Freeway management includes the use of infrastruc-
ture-based and probe vehicle data collection, the use of in-vehicle systems, and 
roadside dynamic message signs to communicate with drivers and decentralize 
dispatching of incident clearance and recovery resources. In most cases, closed-
circuit TV cameras are also used to understand the nature of the incident to 
provide input to the selection of resources to be dispatched. 
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This will also include coordination with emergency services. Arterial traf-
fic management involves the use of advanced traffic signal control to manage 
traffic at intersections. Sensors are used to measure traffic volumes, and sophis-
ticated software programs are used to adjust signal timings to align with changes 
in traffic demand and to ensure coordination between adjacent intersections. 
The same techniques and technologies are applied to urban surface streets, 
where intersections are typically grouped more closely, and in many cases, the 
road pattern forms a grid with multiple traffic flows at intersections, in contrast 
to the corridor-like context of arterials.

For all three of these elements associated with advanced traffic man-
agement, the objective is to minimize congestion and delays by ensuring the 
smooth operation of freeways, arterials, and surface streets. Operation can be 
considered to take place under both recurring and nonrecurring congestion 
conditions. Nonrecurring congestion would be that associated with an inci-
dent, roadwork, or a special event. Recurring congestion is associated with the 
typical daily commute pattern and is usually caused by an excess of demand 
overcapacity at certain times of the day. Traffic management presents both a 
geographical and temporal challenge that can be very effectively addressed by 
analytics.

Table 7.2 
Candidate Analytics for MaaS

Candidate Analytics Application Notes
Number of services 
available

The number of services available as a yardstick of transportation 
service choice; can form the basis for adding or supplementing 
services.

Destination served The number of services available is another dimension of the choice 
available to the traveler. This can be matched to the demand for 
transportation to make sure that mobility has been provided.

Total cost of each service The absolute cost of each service enabling comparisons between 
services and comparisons of cost of travel between different zones.

Cost of each service 
as a proportion of total 
household income

Enables the measurement of the affordability of each service and 
can be contrasted by trip and by zone.

Overall reliability of all 
services

Provides an indication of the quality of the service being delivered 
and could form the basis for strategies to improve reliability through 
investment in additional vehicles or advanced asset management 
techniques.

Reliability of each service Focuses on the reliability of individual services as an indication of 
how desirable each service is.

Availability of the service Availability can be measured in terms of routine availability and 
events that cause a reduction in the availability for each service.

Overall availability of all 
services

A measure of the overall level of availability for the service portfolio, 
hence providing a measure of service for the zone or traveler.
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7.11  Why Does Traffic Management Make a Good Departure Point 
for a Smart City?

Traffic management is a good departure point for a smart city, not just because 
of the considerable sunk investment in transportation management systems 
within most urban areas, but also because of the high level of impact the traffic 
management systems can have on the smooth operation of city streets. Traffic 
management could be viewed as one of the original applications of advanced 
technology to transportation with electrical signal systems implementation dat-
ing back to the 1930s and earlier in Europe. Traffic management systems also 
provide one of the most visible applications of advanced technology that have a 
direct impact on the traveler. 

Traffic management infrastructure, dynamic message signs, and traffic 
signals are highly visible in a very clear sign that an investment is being made 
to improve the transportation situation and the quality of the service deliv-
ery. Traffic management systems also benefit from a large base of expertise and 
experience gained over several years of implementation. There are many ex-
perts available in the field of traffic operations and traffic engineering that can 
support traffic management as an essential early element within a smart city 
initiative. Another important reason that traffic management is a good depar-
ture point for a smart city initiative lies in the visibility to the traveler. Major 
components of traffic management, including dynamic message signs, roadside 
sensors, and other roadside infrastructure, are extremely visible to the driver. It 
also doesn’t hurt that a traffic management center provides an ideal photo op-
portunity for a politician.

7.12  Traffic Management Analytics and Their Practical Application

Table 7.3 lists a range of services that can be provided by traffic management 
along with some candidate analytics and some notes on how the analytics can 
be applied in a practical context.

7.13  Transit Management—What Is It?

Transit management entails the following activities:

• Transit fleet management: The use of advanced location technologies to 
develop a picture of the transit fleet at any given time. This typically 
captures the location of the vehicle and the vehicle identification.
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Table 7.3  
Candidate Analytics for Traffic Management

Candidate Analytics Application Notes
Number of stops per vehicle This analytic would be used as part of an overall approach 

to minimize the number of stops that a vehicle encounters 
along the route.  This would require the use of optimization 
software on a network-wide basis and data regarding the 
traffic conditions encountered by each individual vehicle, 
from connected vehicle sources.

Travel time per vehicle As above this would be part of an overall approach to 
minimize travel time for vehicle and to minimize the 
variability of travel time.  This would also make use of 
optimization software and connected vehicle data sources.

Total incident response time Total incident response time would span the process 
from incident detection, through verification, to dispatch 
of resources, then incident clearance and include traffic 
management over the duration of the process.  Based 
on an incident response time study, incident response 
procedures can be streamlined and the assignment 
of resources on a geographical basis could also be 
considered.

Recurring congestion A detailed analysis of recurring congestion, typically 
caused by commuters with a regular travel pattern. The 
study would lead to recommendations for increasing 
capacity and for better management of the recurring traffic 
conditions.

Number of pedestrians, cycles, 
buses, freight vehicles and private 
cars move through an intersection 
per hour

This analytic supports the optimization of the performance 
of each intersection on a multimodal basis.  This would 
involve the read timing of traffic signals for private cars, 
transit vehicles, pedestrians, and bicycles.

Pedestrian, circle, bus, freight 
vehicle and private car delays at 
intersections

This analytic supports the optimization of the performance 
of the citywide traffic network on a multimodal basis.  
Would involve the re�timing of traffic signals for private 
cars, transit vehicles, pedestrians, and bicycles.

Number of stops per vehicle for 
each trip

Enables the use of connected vehicle and optimization 
software to determine the number of stops per vehicle for 
each trip.

Variability of travel time per vehicle 
for each trip

As above but would address the variability of travel time 
per vehicle for each trip.

Signal timing is designed to 
optimize the trajectory of each 
vehicle through the intersection

Makes use of connected vehicle data to understand 
individual vehicle trajectories in in terms of instantaneous 
vehicle speed and stops.  Signal timing will be optimized 
in the light of this new information to attempt to smooth 
traffic flow by reducing acceleration and deceleration due 
to stops.

Coordinated signal timings 
designed to optimize the trajectory 
of each vehicle through the 
network

As above but on a network-wide rather than individual 
intersection basis.
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• Passenger information: The use of information technologies such as the 
web and smart phones to provide information to passengers regarding 
choices, service availability, service reliability, and support for payment 
of services. These include at-home services for trip-planning purposes 
and on-trip services to provide information regarding the next bus and 
route choices. 

• Transit ticketing: Support for payment services can come from smart 
card–based electronic ticketing systems or more recently using Google 
pay or Apple pay, which both take advantage of host card emulation 
(using your phone as a credit card) and near field communications (us-
ing your phone to communicate with nearby payment devices) tech-
nologies. Note that with respect to transit ticketing, this departure point 
overlaps with the integrated payment.

7.14  Why Does Transit Management Make a Good Departure Point 
for a Smart City?

Transit management is a good departure point for a smart city for one simple 
reason: It can have a direct impact on the number of people that use transit. 
There are some cities around the world where the proportion of trips carried by 
public transit can be as high as 70% of the total trips made, but this is not the 
case in U.S. cities. In the United States, the total trips carried by public transit 
can vary from as little as 5% to more than 50%, leaving considerable scope for 
influencing the traveler toward using transit as a mode of travel. The efficiency 
of public transit is beyond question; for example, it is estimated that a 40-pas-
senger bus could take off the road 40 private cars [4].

Travel by public transit is also cost-effective, space-efficient, and fuel-effi-
cient. Transit management, with a focus on the most effective and efficient fleet 
management, combined with decision-quality information to passengers, has a 
significant potential to raise the market share for a smart cities transit system. 
Transit vehicles may also represent an early pathway for vehicle automation and 
improvement to vehicle fuel consumption and emissions.

In general transit management makes a good departure point, because in 
most cities there is a strong need to increase the ridership for public transit. This 
is particularly the case in most U.S. cities with a few exceptions (Washington, 
D.C., New York, and Boston come to mind). Most cities around the world 
have much higher public transit usage than U.S. cities, but it is still important 
to ensure proper usage and proper investment in public transit and to make 
sure that travelers are aware of the options and opportunities afforded to them.
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7.15  Transit Management Analytics and Their Practical 
Application

Transit management involves the application of advanced technologies to tran-
sit fleet management, the delivery of passenger information, and the support for 
electronic payment services for transit. Table 7.4 captures candidate analytics 
that can be used for transit management applications. Table 7.4 also contains 
a column that provides a brief overview of how these analytics can be used in a 
practical situation.

7.16  Performance Management—What Is It?

Performance management involves the measurement of performance param-
eters for various aspects of transportation service delivery, followed by the de-
velopment of insight and understanding based on these measures. The overall 
objective is to improve transportation service delivery based on a detailed un-
derstanding of how things work and prevailing operating conditions. A com-
prehensive approach to performance management would address each stage of 
the transportation delivery process, listed as follows:

Table 7.4 
Candidate Analytics for Transit Management

Candidate Analytics Application Notes
Travel times for each passenger Makes use of movement analytics; travel times for each 

passenger on the transit network are measured and analyzed.
Travel time variability for each 
passenger

As above focusing on travel time variability for each passenger.

Bus utilization This analytic can include the number of passengers per bus and 
the miles traveled by the bus, so the hours of service and support 
service optimization.

Revenue per bus This analytic makes use of data from the integrated payment 
system to determine revenue per passenger in revenue per bus.

Passenger satisfaction index Makes use of social media analysis of passenger satisfaction; an 
index can be developed that characterizes customer perception 
of service levels.

Revenue per passenger Uses integrated payment system and movement analytics data 
to determine the revenue per passenger for service and payment 
structure optimization.

Revenue per route Uses integrated payment system data and revenue per route 
service and payment structure optimization.

Comparison between schedule 
data and actual performance 
data

Schedule variation analytic is determined by comparing the 
scheduled to the actual performance as a measure of system 
reliability.
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• Planning;

• Design;

• Project delivery;

• Operations;

• Maintenance.

Within each stage of the transportation delivery process, a complete per-
formance management approach would include measurement of data, the con-
version of data into information, the development of insight and understand-
ing, and the definition of response and reaction strategies based on the insight 
and understanding. This is illustrated in Figure 7.2.

In the first step, data is collected that characterizes the performance of 
the mode or modes under consideration. In the second step, the collected data 
is converted into information through the aggregation and summarization of 
the data. In the third step, insight and understanding is developed based on the 
information provided from the previous step. This insight and understanding 
could include the identification of new connections and mechanisms. In the 
last step, strategies based on the insight and understanding developed in the 
previous step are implemented, and the effectiveness of the strategies is moni-
tored using data collection and the rest of the process.

Historically, performance management has been addressed on a mode-
specific basis with freeway management, traffic signals, transit, and freight all 
addressed separately. With the advent of smart cities and integrated corridor 
approaches, there is a new awareness of the need to coordinate and integrate 

Figure 7.2  The performance management process for transportation.
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performance management across all modes and across large geographic areas. 
The current state of the art of performance management in the United States 
focuses on measurement with less resources being placed on the other steps in 
the chain. However, money spent on data collection will not necessarily result 
in benefits unless the entire chain is addressed. Accordingly, it is vital to mon-
etize the effort involved in performance measurement and ensure that it leads 
to actionable strategies for measurable improvements in the way that the enter-
prise operates, rather than just individual departments.

7.17  Why Does Performance Management Make a Good Departure 
Point for a Smart City?

As the old management adage goes, “If you cannot measure it then you can-
not manage it.” Performance management makes a good departure point for 
a smart city because of the ability provided to transportation service provid-
ers and city managers to measure and manage transportation service delivery. 
These days we would add something to the adage: “If you cannot measure it, 
you cannot manage it, and if you’re only measuring it, you are still not manag-
ing it.” A critical point in performance management is to make a difference, 
and just collecting data and reporting the information does not make a differ-
ence unless you take it the whole way toward action, strategy application, and 
reaction based on the new insights. 

A comprehensive approach to performance management within a smart 
city can achieve these objectives and provide the basis for insight and under-
standing that will guide the establishment and operation of smart city trans-
portation services in the most cost-effective and efficient manner. One of the 
critical reasons that performance management is important as a departure point 
for a smart city initiative is that it provides the ability to build a business case 
for investment. This includes sunk investment and future planned investment. 
The performance management system also provides the basis for ensuring that 
operations and service delivery are optimized, and every dollar provided for 
these is clearly subjected to high-quality stewardship.

7.18  Performance Management Analytics and Their Practical 
Application

Table 7.5 shows a sample of services that can be supported by performance 
management. Table 7.5 also lists a range of analytics that could be used, along 
with some notes on the practical application of those analytics.
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7.19  Summary

This chapter provides some information on the practical application of analyt-
ics to transportation. To provide the context for the application of the analytics, 
the chapter first identifies a series of departure points for a smart city initia-
tive. These are explained in terms of the elements that comprise the departure 
point initiatives and the services that can be delivered by each departure point. 
For each departure point, a small selection of candidate analytics are defined 
and some advice is provided on the practical application of these analytics to 
improving service quality levels for transportation. Note that these are not the 
only possible departure points and that this is not intended to be a catalog but 
rather a practical exposition of how to apply analytics to transportation within 
a smart city environment. Nevertheless, the departure points included are ones 
that are likely to be attractive to a city when considering the needs of  a smart 
city initiative. 

Each smart city initiative will likely develop its own set of analytics based 
on specific needs. It is further likely that the early analytics for pilot projects 
and for proof of concept in the development of business case justifications will 
consider the value proposition that the use of each set of analytics will unleash 
and the availability of suitable data to support at least the first wave of analy-
sis. This is likely to be an iterative process with lessons learned and practical 

Table 7.5 
Candidate Analytics for Performance Management

Candidate Analytics Application Notes
Ease or resistance to travel from 
home to health, education, and 
employment opportunities

Uses movement analytics (smart phone location) and transit 
schedule data to determine the ease or resistance to travel 
from essentially residential zones to those zones containing 
health, education, and employment opportunities.

Effectiveness of investments and 
matching of investment to problem 
locations

Uses movement analytics and work program data to 
analyze the effectiveness of investments by comparing 
before and after characteristics and considering the match 
between the location of the investments and the location of 
transportation problems

Optimizing the transportation system 
citywide to minimize accidents

Uses a combination of crash statistics to characterize the 
current situation and then develop a range of strategies 
designed to optimize citywide transportation service delivery 
from a safety perspective.

Adjusting the different modes 
of transportation to maximize 
conductivity required

As above but placing a focus on the transfer time or 
connectivity of different modes.

Price analysis by market segment 
and time of day. Price per passenger, 
price per origin/destination pairs. 
Value proposition for each passenger 
and each trip

Uses movement analytics and mode price data to compare 
the value proposition offered by different modes.
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experience from the early analytics providing input and recommendations for 
the improvement of data acquisition and data collection for subsequent analy-
sis. This chapter intends to build on the information in Chapter 6 by providing 
some practical insight into how analytics can be defined and applied for trans-
portation service delivery within a smart city and initiative or context.

It should also be noted that some analytics will be discovered during early 
analytics work. The nature of the analytics process allows for a certain amount 
of discovery, and the latest approach to data and information management is to 
find ways for the data to speak. A skilled analyst working with a combination 
of data sets within a data lake is highly likely to uncover some new relationships 
that will lead to the definition of new analytics. Therefore, it is probable that a 
range of predefined analytics will be used to support the initial analytics work 
and that these will be supplemented with additional analytics that are discov-
ered during the analytics work. This provides the potential for breakthroughs in 
understanding and insight as new analytics, new connections, and new mecha-
nisms are identified and defined because of the combined data set or data lake. 
This feature has the scope for considerable innovation on the interface between 
transportation and data science and is likely to be a fertile subject area for re-
search and the practical application of analytics to transportation.

The application of analytics is likely to take place within a wider context 
of evaluation and understanding the effects of transportation investments. It is 
useful to consider analytics, along with the data lake, as tools that work very 
well together, with the availability of data enabling a rich set of analytics. 

As a final note in this chapter, it is also worth considering the future role 
of analytics within a path toward total automation of the back office. In fact, 
the ease with which data can be sourced for the purposes of smart city transpor-
tation analytics is significantly impacted by the formation of a data lake. Cur-
rently, data is often kept in a fragmented, poorly cataloged form. Merging data 
and having an organization-wide view of available data is an important step in 
enabling the analytics discussed in this chapter.

There is considerable effort and interest in the concept of autonomous 
vehicles, and this could be considered as the application of automation to one 
component of the overall vehicle and the highway infrastructure. It is reason-
able to assume that the back-office component of transportation systems will 
also be subject to the same level of automation. Today, we have transportation 
management center operators and managers reviewing and evaluating data re-
garding current transportation conditions, in some cases with the help of so-
phisticated decision-support systems. 

Future traffic management systems could feature a higher level of automa-
tion, based on a more detailed understanding of causes and effects. This defines 
the role for analytics in the future transportation system. We can start now by 
identifying analytics that characterize transportation conditions both now and 
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in the future and develop a better understanding of cause and effect. This can 
form the basis for artificial intelligence and machine learning that can pave the 
way for more automation.
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8
Transportation Use Cases

8.1  Informational Objectives of This Chapter

This chapter answers the following questions:

• What is a use case?

• What information will it capture?

• What use cases could be valuable in a smart city transportation context?

• How can use cases be applied?

• How can use cases be related to smart city services as defined in Chap-
ter 5?

8.2  Chapter Word Cloud

A typical way to visualize a set of data or document an overview is to create a 
word cloud, a diagram that lists all the most frequently used words within the 
document, sizing the font of each word in proportion to its frequency of use. 
Figure 8.1 shows the word cloud for this chapter. 
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8.3  Introduction

On first approach, the term use case can be daunting. However, it is a term that 
is a widely used in software and system engineering. Use cases have also been 
adopted in big data and analytics practice, making it worthwhile to become 
familiar with the term. Furthermore, use cases can be used in effectively in 
smart city planning and implementation to guide the application of big data 
and analytics techniques. This chapter provides an overview of the use case as 
applied to smart cities. The intention is to explain the definition of a use case, 
illustrate how use cases are applied in practice, and provide some examples of 
smart city transportation use cases. These examples are not intended to be a 
complete or comprehensive catalog of all use cases that could be identified and 
defined for a smart city. Specific use cases that are applicable to a smart city will 
vary according to smart city needs and the smart city departure point and will 
be customized to individual smart city initiatives. 

The application of big data and analytics to transportation within the city 
is a relatively new area, and it is hoped that the provision of these illustrations 
and examples will stimulate detailed thinking that will lead to the definition 
of a wider range of use cases. This chapter adopts a standard format for the 
documentation of use cases. It does not follow the rigorous system or software 
engineering format but is tailored to the needs of smart city transportation 
services. The focus is on linking the objectives or questions to be answered 
with the analytics that support the attainment of objectives. Sixteen smart city 
transportation use cases have been identified, described, and explained. Each 
use case is related to an initial set of objectives, and the intended user of the 

Figure 8.1  Word cloud for Chapter 8.
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analytics will be defined and described. A high-level set of intended results or 
benefits is also identified.

8.4  What Is a Use Case?

The term use case means different things to different people, depending on 
what they are trying to achieve using the use case.

According to Wikipedia [1], a use case is defined as:

…a list of actions or event steps, typically defining the interactions between 
a role (known in the Unified Modeling Language as an actor) and a system, 
to achieve a goal. The actor can be a human or other external system. 
In systems engineering, use cases are used at a higher level than within 
software engineering, often representing missions or stakeholder goals. 
The detailed requirements may then be captured in the Systems Modeling 
Language (Sims) or as contractual statements.

This is a software and system engineering definition. In the world of soft-
ware and system engineering the use case has a prescribed format and is com-
prised of rigorous definitions of data flows, actions, events, and interactions 
between people and systems. In this case, they form the basis for system and 
software design requiring such rigor and detail. 

The purpose of the use case within the context of this book is as a sig-
nificant component in the bridge between smart city needs and data science 
capabilities. An understanding of the term can be derived by decomposing it 
into two elements: use and case. Use indicates that it describes the application 
or use of the proposed analytics. It also indicates that the end result should be 
useful. Case indicates that it is an example or an illustration of how the analytic 
can be applied. Putting the two together yields an explanation of the use case 
as an illustration of how the analytics will be applied and how they will deliver 
results. This, in the simplest of terms, is the function of the use case as defined 
for the purposes of this book. For the purposes of applying big data and analyt-
ics to smart cities, a simplified, less rigorous use case definition is appropriate. 
The objective is not to support software or system engineering design, but to 
act as a bridge and as a communication tool between smart city transportation 
experts and data science experts. 

The identification and definition of suitable analytics for smart cities re-
quires an understanding of the transportation needs and services to be sup-
ported combined with an understanding of the capabilities of data science and 
analytics. Smart city transportation use cases are designed to capture things that 
can be done, the objectives of the analysis, and the data needs. They are used 
to explain to the end user that needs and objectives have been understood and 
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addressed and that the value proposition of conducting the analyses has been 
thought through and documented, at least in outline. The use case sets the 
scene for the conduct of the analytics work, acting as a major guiding force to 
ensure that the analytics are firmly focused on objectives and business value. An 
initial overview of data requirements also ensures that use cases are developed 
with full recognition of available data. Use cases are used to link analytics to 
objectives. They also serve as a communication tool in two directions. In the 
first direction, objectives are linked to analytics ensuring that end users can see 
how their objectives are being matched. This could be thought of as feedback. 
Use cases also support communications in the other direction, which could be 
considered to be feed-forward. The use case communicates the problem and 
details of the proposed data and analytics to the data scientists or analyst.

8.5  Smart City Transportation Use Case Examples

Appendix A identifies and describes a collection of 17 smart city transportation 
use case examples. Table 8.1 provides an overview of the use cases and the smart 
city transportation services to which they relate.

Each use case example in Appendix A follows the same format, with the 
following elements:

• Smart city service: A description of the smart city service that is addressed 
by the use case. The use cases are directly connected to the 17 smart city 
services defined in Chapter 5. 

• Use case name: A short label for the use case that reflects the subject area. 
The label is intended to make it easy to refer to the use case in a short-
hand manner during the application.

• Objective and problem statement: A concise definition of the business 
challenge to be addressed by the use case. This is to ensure that user 
needs and objectives have been understood and captured.

• Expected outcome of analysis: A description of the outcome of the analysis 
that will deliver benefits. This ensures that the desired outcome of the 
analysis has been clearly defined at the outset.

• Success criteria: Critical success factors in the delivery of the use case. 
The support for and objectives-driven approach to analytics, reinforcing 
the focus on objectives and user needs, avoiding a disconnect between 
the analytics and the objectives.

• Source data: A high-level description of data content, data latency, data 
detail, and any further information regarding the nature of the data nec-
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essary to ensure that data is available to support the use case and ana-
lytics. This will be an initial review of data requirements to avoid the 
development of use cases that require data that is not available. It is likely 
that data requirements will evolve as the analysis takes place.

• Business benefits: Key benefits to be delivered by the use case in terms of 
safety, efficiency, and user experience enhancement. These are stated as 
business benefits since a methodology was drawn from significant ex-
perience in working with private sector companies. These can translate 
into public benefits such as accident reduction and reduced travel time 
and improve travel time reliability and provide a better understanding of 
user experience and perception.

• Challenges: The identification of challenges that need to be addressed to 
ensure successful delivery of the use case. This represents an initial list of 
challenges that can be predefined before the analytics work takes place. 
These will be supplemented by additional challenges and covered during 
the work. This initial list is intended to support the early identification 
of challenges in the development of appropriate approach plans.

Table 8.1 
Smart City Transportation Services and Use Cases

Smart City Service Use Case Name
1 Asset and maintenance management Asset and maintenance management
2 Connected vehicle Connected vehicle probe data
3 Connected involved citizens Connected, involved citizens
4 Integrated electronic payment Variable tolling
5 Integrated electronic payment Ticketing strategy and payment channel 

evaluation
6 Intelligent sensor–based infrastructure Intelligent sensor–based infrastructure
7 Low-cost, efficient, secure, and 

resilient ICT
ICT management

8 Smart grid roadway electrification and 
electric vehicles

Electric fleet management

9 Smart land use Mobility hub
10 Strategic business models and 

partnering
Partnership management

11 Transportation governance Transportation governance system
12 Transportation management Customer satisfaction and travel response
13 Travel information Travel value analysis
14 Urban analytics Accessibility index
15 Urban automation Urban automation analysis
16 Urban delivery and logistics Freight performance management
17 User-focused mobility MaaS
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• Analytics to be used: A list of the proposed analytics that will form the 
basis of the output of the analysis work. Here again, this is an initial list 
of analytics to be used and will be supplemented by additional analytics 
that will be discovered during the work. The analytics can be supported 
by several different analytics techniques, including the following:

• Graph analytics: Initial relationships between data elements and peo-
ple; can also show the strength of the relationship based on data at-
tributes.

• Text analytics: These can uncover underlying sentiment within so-
cial media, and compliance are infractions and communications and 
documents of all kinds. They can also be word cloud visualizations as 
used in this book.

• Path pattern and time series analytics: These provide insight on inter-
action patterns between people, products, or data elements.

• Structured query language (SQL): This is a standardized query lan-
guage for requesting information from a database. It provides flexible 
ways to manipulate data and to make queries from a big data set using 
the language of business tools.

• Statistical modeling: This includes statistical modeling techniques 
such as linear least squares regression, nonlinear least squares regres-
sion, weighted least squares regression, and locally weighted scatter-
plot smoother (curve fitting).

• Machine learning: Techniques to sift through data with minimal hu-
man input to gain new insights previously undetected. This can form 
the basis for decision support and automation.

This format is an approach adopted by a major big data and analytics 
practitioners and solution providers [2] with many years of experience in de-
veloping and implementing use case descriptions associated with big data and 
analytics projects. 

The purpose of Appendix A is twofold: to explain a few transportation use 
cases and to illustrate how the use cases are put together in practice. The inten-
tion is to provide practical examples of use cases that can be applied to smart 
city transportation initiatives. These can be used as a starting point for a more 
complete set and as a model on how to create a practical use case template.

8.6  Summary

The use case is a very important tool to gauge the implementation of big data 
and analytics techniques regarding smart city transportation. This chapter ex-
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plores the definition of the term use cases and explains a simplified version of 
the traditional use case that best serves the need for smart city transportation. 
The chapter also identifies and defines a sample of 17 smart city transportation 
use cases along with the type of information that would be captured in the 
use case and practice. These serve to illustrate the application of the use case 
technique and provide some examples of smart city transportation use cases. 
Furthermore, they are intended to stimulate thought on the definition and de-
velopment of a wider range of smart city use cases. It is expected that smart city 
use cases will be customized for each smart city implementation. As the term 
use case can be difficult to grasp at first, this chapter explains the concept and 
how it can be adapted for use in smart city transportation service delivery. The 
ability to document user objectives and the value proposition to be delivered as 
a result of the analytics work is crucial to justifying the effort required in apply-
ing big data and analytics to the smart city transportation environment.
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Appendix A: Smart City Transportation Use Case Examples 

Use Case Example 1: Asset and Maintenance Management

Smart City Service: Asset And Maintenance Management

• Objectives: To improve the quality of asset and maintenance manage-
ment, to minimize cost and maximize results, and to support a consis-
tent and appropriate quality level for assets across the city.

• Expected outcome of analyses: Better cost versus performance results for 
asset and maintenance management, more consistent and appropriate 
levels of maintenance, better understanding of relevant intervention 
points and replacement.

• Success criteria: Better asset and maintenance management performance, 
improvement in asset performance, improved consistency of mainte-
nance, and development of strategies for optimum asset and mainte-
nance management.

• Source data examples: Asset location, asset condition, maintenance logs, 
maintenance schedules, maintenance service specifications and stan-
dards, maintenance program expenditure data, cost of individual device 
maintenance, cost of individual device replacement, cost of network 
maintenance, and cost of network replacement.

• Business benefits: Reduced costs, enhanced life cycle, managed mainte-
nance costs, and better maintenance planning.

• Challenges: Establishing suitable maintenance standards, agreeing on 
maintenance standards across multiple responsible agencies, and devel-
oping an asset inventory.

• Analytics that can be applied: Establishing suitable maintenance stan-
dards, agreeing on maintenance standards across multiple responsible 
agencies, and developing an asset inventory

Use Case Example 2: Connected Vehicle Probe Data

Smart City Service: Connected Vehicle

• Objectives: To support maximum use of data that can emanate from con-
nected vehicles and provide new data feeds that can be incorporated into 
existing ones; lessen the dependence on infrastructure-based sensors.

• Expected outcome of analyses: Significantly improved picture of transpor-
tation operating conditions and the demand for transportation in urban 
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areas; integrated use of probe vehicle and sensor-based data; and maxi-
mizing the value of the data delivered and minimizing the cost of data 
collection.

• Success criteria: Use of vehicle probe data for the full spectrum of 
transportation activities; effective integration of probe- and sensor 
based data; and optimization of data collection and acquisition invest-
ments.

• Source data examples: Connected vehicle data including vehicle location, 
instantaneous vehicle speed, vehicle ID, and vehicle dynamics and en-
gine management data.

• Business benefits: More comprehensive and higher resolution picture of 
transportation supply conditions and transportation demand.

• Challenges: Agreeing on access to connected vehicle data and improving 
market penetration of connected vehicles.

• Analytics that can be applied: Connected vehicle data accessibilty, con-
nected vehicle market penetration.

Use Case Example 3: Connected, Involved Citizens

Smart City Service: Connected, Involved citizens

• Objectives: To support a two-way dialogue between data sources and citi-
zens and to enable citizens to provide crowdsource data and feedback 
concerning perception of quality and satisfaction levels.

• Expected outcome of analyses: Better informed citizens and enhanced abil-
ities for citizens to provide data and opinions on transportation service 
delivery.

• Success criteria: Higher levels of citizen satisfaction and an increased 
awareness of citizen perception of traveler information service quality.

• Source data examples: Movement analytics data; citizen perception data; 
and quality of transportation service data.

• Business benefits: Enhanced user experience; increased understanding 
of user perception; and lower cost of data collection by incorporating 
crowdsourcing.

• Challenges: Developing a suitable data collection that can also enable 
user perception feedback and integrating user perception and crowd-
sourcing data with other data.



164	 Big Data Analytics for Connected Vehicles and Smart Cities	 	 Transportation Use Cases	 165

• Analytics that can be applied: User perception index, user perception 
comparative index.

Use Case Example 4: Variable Tolling

Smart City Service: Integrated Electronic Payment

• Objectives: To understand the relationship between levels of tolls and 
demand for use of toll roads. This is typically referred to as elasticity. 
The objective is to make use of observed data to improve the accuracy of 
descriptive and predictive elasticity analytics.

• Expected outcome of analyses: A more detailed understanding of toll 
elasticity, taking account of additional factors such as weather and trip 
purpose, and better predictions regarding the relationship between toll 
levels and demand for travel.

• Success criteria: Improved understanding of the relationship between toll 
levels and the demand for travel and toll roads.

• Source data examples: Toll transaction volumes, toll revenues, volume of 
traffic on each segment of the toll road, prevailing toll rates, trip purpose 
data, prevailing weather data, and origin and destination data.

• Business benefits: Maximized revenue through the successful application 
of a more detailed understanding of elasticity and improved user experi-
ence due to a stronger ability to preserve levels of service.

• Challenges: Trip purpose data could be a challenge that will require a 
creative approach.

• Analytics that can be applied: Revenue related to traffic flow and toll level 
related to traffic flow, taking into account weather and trip purpose fac-
tors.

Use Case Example 5: Ticketing Strategy and Payment Channel Evaluation

Smart City Service: Integrated Electronic Payment

• Objectives: To conduct what-if analyses on various ticketing strategies to 
identify the optimum strategy that will achieve objectives while offering 
the best value for money to travelers; to analyze the cost and value of dif-
ferent payment channels such as smart cards and host card emulation to 
determine the optimum balance between payment channel use; and to 
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develop strategies for the achievement of the optimum payment channel 
use pattern.

• Expected outcome of analyses: Better use of payment channels and optimi-
zation of ticketing strategies that deliver greater efficiency and enhance 
the user.

• Success criteria: Maximizing revenue from each payment channel, com-
pared to the cost of operating each channel and identifying and applying 
the most appropriate ticketing strategy for each mode.

• Source data examples: Volume of revenue from each payment channel; 
ticketing strategy data; and effects of strategies on revenue data.

• Business benefits: Lower cost of payment channel operation; enhanced 
user experience; and maximized revenue.

• Challenges: Collecting performance data on each payment channel and 
developing a catalog of possible ticketing strategies.

• Analytics that can be applied: Payment channel efficiency, ticketing strat-
egy effectiveness, cost of money collection, relative use of each payment.

Use Case Example 6: Intelligent Sensor–Based Infrastructure

Smart City Service: Intelligent Sensor–Based Infrastructure

• Objectives: To optimize the balance between the cost of intelligent sen-
sor–based infrastructure and the quality of the data delivered and to 
promote an integrated approach to data collection that blends together 
infrastructure-based sensors and probe vehicle sensors.

• Expected outcome of analyses: Better use of infrastructure-based and vehi-
cle-based sensors in an integrated fashion.

• Success criteria: More efficient data collection, reduced cost of center 
operation, better integration of sensor data with other data.

• Source data examples: Sensor-based data including volumes and speeds; 
cost of data collection by different means; and quality of data by differ-
ent means.

• Business benefits: Lower cost of data collection; better and more com-
plete data; and better management of investments in infrastructure.

• Challenges: Establishing data quality targets; measuring data quality; and 
integrating data from multiple sources.

• Analytics that can be applied: Data quality index, sensor efficiency, cost-
benefit to sensors.
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Use Case Example 7: ICT Management

Smart City Service: Low-Cost, Efficient, Secure, and Resilient ICT

• Objectives: To obtain the best value for money from investment in infor-
mation and communication technologies; to optimize operations of the 
communications network; to minimize the cost of data transfer; and to 
maximize network security.

• Expected outcome of analyses: Optimized use of information and com-
munication technologies; better management of investments to achieve 
maximum results with minimum expenditure; and better use of private 
sector resources.

• Success criteria: Minimum cost communication services and optimized 
load-balancing.

• Source data examples: Cost of implementation and maintenance for in-
formation and communication technologies; network load data; and 
network demand data.

• Business benefits: Lower cost of network operation and higher standards 
of network operation.

• Challenges: Measuring network load; measuring network demand; and 
developing better utilization strategies for the network.

• Analytics that can be applied: Network load, network demand, network 
utilization, efficiency of network utilitzation strategies.

Use Case Example 8: Electric Fleet Management

Smart City Service: Smart Grid Roadway Electrification and Electric Vehicles

• Objectives: To support the analysis of electric vehicle charging point lo-
cation patterns and the determination of energy use patterns associated 
with electric vehicles; to support a detailed analysis of energy use pat-
terns; and to support the development of strategies for managing energy 
use.

• Expected outcome of analyses: Appropriate location of electric vehicle 
charging points to maximize availability to electric vehicle users and bet-
ter matching of supply and demand from an energy perspective, taking 
account of the new energy consumption patterns related to electric ve-
hicles.
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• Success criteria: Availability of electric vehicle charging points; optimized 
energy consumption related to electric vehicles; and increased use of 
electric vehicles and the urban environment.

• Source data examples: Number of electric vehicles; energy and demand 
related to electric vehicles; population distribution; electric vehicle dis-
tribution; energy consumption data for electric vehicles; and electric ve-
hicle use data.

• Business benefits: Energy efficiency; etter matching of energy supply and 
demand; reduced omissions; and reduced dependency on fossil-based 
fuels.

• Challenges: Determining demand for electric vehicle charging; collecting 
electric vehicle use data; and collecting electric vehicle ownership data.

• Analytics that can be applied: Demand for charging electric vehicle use, 
electric vehicle ownership, market penetration of electric vehicles, miles 
traveled for electric vehicles as compared to other vehicles.

Use Case Example 9: Mobility Hub

Smart City Service: Smart Land Use

• Objectives: The use of observed data to provide a detailed understanding 
of the relationship between land use and transportation demand.

• Expected outcome of analyses: More accurate and detailed assessment of 
the effects of land use on transportation demand.

• Success criteria: The development of better strategies for relating land 
use, transportation demand, and transportation supply.

• Source data examples: Origin and destination data; movement analytics 
data; smart manufacturing data; smart retail data; and smart healthcare 
data.

• Business benefits: Better decision-making data and deeper understanding 
of the relationship between land use and transportation demand.

• Challenges: Access to observe data; access to mobility analytics; charac-
terizing existing land use; and developing a catalog of land use transpor-
tation impacts based on observe data.

• Analytics that can be applied: Mobility hub efficiency, mobility hub 
throughput, mobility hub cost-benefit index.
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Use Case Example 10: Partnership Management

Smart City Service: Stragic Business Models and Partnering

• Objectives: To support the establishment and effective management of 
partnerships between the public and private sector with respect to smart 
city initiatives.

• Expected outcome of analyses: More effective public-private partnership 
management.

• Success criteria: Maximum leverage of private sector resources and 
achievement of public policy objectives with optimized investment.

• Source data examples: Partnership objectives data; costs related to the 
partnership; rewards related to the partnership; and transportation ser-
vice delivery data.

• Business benefits: More effective partnerships; more sustainable partner-
ships; better leverage of private sector resources to achieve public sector 
objectives; and the development of sustainable new business enterprises 
within the smart city environment.

• Challenges: Collecting data on public-private partnerships; establishing 
objectives of public-private partnerships; and determining revenue data 
for public-private partnerships.

• Analytics that can be applied: Partnership efficiency, private sector invest-
ment levels.

Use Case Example 11: Transportation Governance System

Smart City Service: Transportation Governance

• Objectives: To support more effective transportation governance by pro-
viding the means to analyze the likely impacts and effects of various 
governance structures and to provide insight into the relationship be-
tween the delivery of smart city services and the required organization 
for success.

• Expected outcome of analyses: Governance structures are carefully aligned 
to the needs of transportation service delivery in a smart city.

• Success criteria: More effective governance related to transportation ser-
vice delivery in urban areas.
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• Source data examples: Transportation cost data; transportation benefits 
data; transportation supply data; transportation demand data; transpor-
tation coordination data; and data storage cost data.

• Business benefits: Better more effective governance; lower cost of gover-
nance; and better support for transportation service delivery in a smart 
city.

• Challenges: Developing a catalog of suitable government structures; mea-
suring governance efficiency; and collecting supply and demand data.

• Analytics that can be applied: Efficiency of government structures, ef-
fectiveness of governance strategies, cost of governance as a proportion 
of total budge.

Use Case Example 12: Customer Satisfaction and Travel Response 

Smart City Service: Transportation Management

• Objectives: To support a comprehensive approach to transportation 
management that includes insight into customer satisfaction and travel 
response as well as technical parameters related to transportation service 
delivery performance.

• Expected outcome of analyses: Transportation service delivery strategies 
that take account of user perception and satisfaction as well as technical 
performance parameters.

• Success criteria: Higher customer satisfaction with respect to transporta-
tion services and improved performance management that takes account 
of user perception in addition to actual performance measurements.

• Source data examples: Customer satisfaction data from smart app; actual 
transportation service delivery performance data; mobility data; jobs 
data; and travel time data.

• Business benefits: Enhanced user experience and improved performance 
management.

• Challenges: Collecting user satisfaction data,; collecting mobility data; 
and collecting accessibility data.

• Analytics that can be applied: User satisfaction index, mobility accessibili-
ity, model select.
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Use Case Example 13: Travel Value Analysis

Smart City Service: Travel Information

• Objectives: The determination of traveler value for each mode and route, 
taking into account total trip time, trip time reliability, and cost of travel 
as a proportion of household income.

• Expected outcome of analyses: Ensuring equity for all travelers and opti-
mizing transportation service delivery across the city.

• Success criteria: Improved social equity; improved transportation servic-
es; and better balancing of travel value across the city.

• Source data examples: Origin and destination data; trip travel time data 
trip cost data; and household income data.

• Business benefits: Better traveler decisions; improved equity; and better 
matching of transportation services to user needs.

• Challenges: Collecting traveler satisfaction and perception data and col-
lecting behavior change data.

• Analytics that can be applied: Traveler satisfaction index, perception ana-
lytics, behavioral change analytics.

Use Case Example 14: Accessibility Index

Smart City Service: Urban Analytics

• Objectives: Determination of the ease or difficulty of travel from residen-
tial zones to job opportunities, healthcare, and education opportunities.

• Expected outcome of analyses: The configuration of transportation ser-
vices to maximize accessibility to jobs, education, and healthcare.

• Success criteria: Improved accessibility to jobs, healthcare, and educa-
tion.

• Source data examples: Origin and destination data; residential zone data; 
jobs on data; healthcare zone data; and education zone data.

• Business benefits: Enhanced accessibility achieved by better matching 
transportation needs to transportation service provision. 

• Challenges: Access to job, healthcare, and education opportunity data; 
and access to residential zone demographics data.

• Analytics that can be applied: Job accessibility, healthcare accessibility, 
education accessibility, residential zone demographics.
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Use Case Example 15: Urban Automation Analysis

Smart City Service: Urban Automation

• Objectives: Analysis of progress toward the application of urban automa-
tion, including the movement of people and goods.

• Expected outcome of analyses: Accelerating the deployment of automation 
within the urban environment.

• Success criteria: Accelerated progress in implementing urban automa-
tion.

• Source data examples: Automated vehicle use data and transportation 
demand data.

• Business benefits: Transportation service cost reduction; improved trans-
portation service reliability; and better transportation service response.

• Challenges: Access to data on ownership and use of automated vehicles.

• Analytics that can be applied: Vehicle ownership data, automated vehicle 
use data.

Use Case Example 16: Freight Performance Management

Smart City Service: Urban Delivery and Logistics

• Objectives: Detailed assessment of the cost of urban delivery for goods, 
average time for entering delivery and quality of delivery service

• Expected outcome of analyses: More effective urban delivery for goods; 
better value for money for goods customers; and an increase in service 
quality.

• Success criteria: Lower-cost urban goods delivery; minimized cost of 
goods delivery; and maximized goods delivery service quality.

• Source data examples: Urban delivery cost data; urban delivery trip time 
data; user satisfaction data; and operator satisfaction data.

• Business benefits: Reduced freight cost; enhanced freight delivery time 
reliability; and enhanced user experience.

• Challenges: Access to freight delivery costs and access to delivery times.

• Analytics that can be applied: Freight delivery costs, delivery times, deliv-
ery time reliability.



172	 Big Data Analytics for Connected Vehicles and Smart Cities	

Use Case Example 17: MaaS

Smart City Service: User-Focused Mobility

• Objectives: Optimization of transportation services to maximize mobil-
ity across the city.

• Expected outcome of analyses: Providing more flexible choices for mo-
bility within an urban area including information regarding currently 
available options for mobility from both the public and private sector.

• Success criteria: Raised awareness of transportation service options and 
improved decision-making with respect to transportation choices.

• Source data examples: Origin and destination data and transportation 
service option data including availability, cost, and reliability.

• Business benefits: Increased mobility; transportation service cost reduc-
tion; enhanced user experience; and improved transportation service 
reliability.

• Challenges: Establishment of a mobility as a service portfolio; access to 
origin and destination data; and access to transportation service delivery 
data.

• Analytics that can be applied: Percentage of utilization of each transpor-
tation service, cost of transportation, travel time, travel time reliability.
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9
Building a Data Lake

9.1  Informational Objectives

This chapter addresses the following informational objectives:

• It describes current fragmented approaches to data collection storage 
and management.

• It defines the data lake concept.

• It explains how a data lake works.

• It describes the key elements of a data lake.

• It explains the value of a data lake.

• It identifies some challenges that will be faced in the creation of a data 
lake, based on previous experience.

• It describes an approach to building a data lake.

• It explains the possibilities for organizational fine-tuning around the 
operation of a data lake.

9.2  Chapter Word Cloud

Figure 9.1 shows a word cloud for this chapter.
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9.3  Introduction

Chapters 2, 3, and 5–7 touch on data lakes, with a basic definition provided in 
Chapter 2 when the term was first introduced. This chapter provides a detailed 
explanation of the term data lake, an explanation of the value of the data lake 
and a suggested robust approach toward building a data lake. The data lake is 
an analogy for bringing data together from different sources, making it acces-
sible and transforming it into a format that can be useful across the enterprise 
or organization. The analogy or visual offered by the term is an extremely useful 
communication tool, and it is valuable when introducing new data science and 
data analytics concepts to transportation professionals. Ideally, transportation 
specialists will be able to maintain a focus on their area of expertise, while mak-
ing use of new data science and analytics tools to assist in gaining new insights 
and understandings. The data lake analogy allows the overall characteristics of 
the concept to be discussed and a value to be defined without diving into the 
weeds with respect to data science and data analytics. Bearing in mind that this 
book is designed to provide an overview of big data and data analytics tech-
niques for smart cities, the data lake analogy provides an ideal communication 
tool. The purpose of this chapter is not to provide a how-to guide on selecting 
and using technology related to dig data and analytics. Rather, it is intended to 
provide an overview of how the data lake fits within the bigger picture and the 
value that can be delivered by taking this radically new approach to the storage 
of data. Providing an overview, rather than a detailed exposition, also avoids 
technology selection or bias toward a specific set of tools. While some specific 
solutions and approaches are used to illustrate the data lake concept, the over-
all approach allows the selection of multiple technologies and solutions to fit 
within the needs of the specific smart city. 

Figure 9.1  Chapter 9 word cloud.
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There is a multitude of alternatives with respect to technologies that can 
be deployed to establish and maintain a data lake. However, the most important 
aspect associated with developing data lakes lies in taking a robust planning ap-
proach. Such an approach should take full advantage of previous experience and 
lessons learned to accommodate a flexible choice of technologies and solutions.

The emergence of large-scale data storage and manipulation technologies 
such as Hadoop [1] enables a new philosophy of data aggregation and consoli-
dation into a single repository, rather than the earlier approach where data had 
to be divided and partitioned to make it manageable. A data lake is a virtual 
concept as it is feasible to allow data to remain in the existing source while mak-
ing a copy available for use in the data lake. Again, this depends on the exact 
choice of the solution of technology to be deployed.

The contents of this chapter will be akin to a waterskiing adventure across 
the data lake, rather than a deep dive into specific technologies and products 
within data science and analytics.

As stated in Chapter 2, the data lake analogy is useful in as it suggests a 
clean or filtered body of water that contains useful and accessible data. It is not 
a data swamp, which would contain both useful and not so useful items in a 
mixture that would make the data less accessible. The data lake concept places 
an emphasis on bringing data together, making it accessible and visible across 
an organization or enterprise.

The creation of a data lake involves the removal of silos and partitions 
that are present because of the way the data has been collected managed and 
utilized in the past. Work assignments with several transportation agencies have 
revealed a natural tendency for data to be collected in what could be referred 
to as cockpits, with a cockpit being an array of data that is assembled by an 
individual or team with the objective of supporting a specific job function. For 
example, a traffic engineer might collect intersection turning movement and 
highway flow data to support the calculation of traffic signal timings. Making 
use of spreadsheets and other tools, the engineer can create a toolbox of data 
that is specifically designed to support the tasks involved in the job. Unfortu-
nately, while this provides specialist support for the job in hand, it prevents an 
enterprise-wide view of data. 

With the capabilities of data science today, it is possible to leave the cock-
pit intact while also copying the data to the data lake. Just like a real lake, it is 
then possible to use tools to waterski and to deep dive, exploring the data and 
revealing insights. It is worth noting that the concept of a data lake also implies 
that early judgment should not be applied regarding the usefulness of data. It is 
possible that a seemingly useless piece of data can combine with another piece 
of data in the data lake to create a valuable insight. 

A fragmented data collection and management approach is analogous to a 
skilled worker such as a carpenter, who has assembled a collection of tools over 
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the years and brings these tools to bear on each project. Carpenters do not look 
to a larger organization for these tools but expect to bring them as part of the 
experience and knowledge that they have gained over the years. This approach 
breaks down when specialist tools are required, and it may not be feasible to 
own these on a personal basis. It also does not provide the basis for sharing the 
cost of developing and implementing the tools.

The old English term bodger comes to mind. The term was first used to 
describe skilled carpenters who would set up an impromptu wood shop near a 
forest and, relying on their skills rather than specialist tools, create furniture and 
other wooden objects. These days the term refers to anyone who creates objects 
from a mishmash of found or improvised materials. While the skill required to 
be a bodger is laudable, the whole approach does not lend itself to the time sav-
ings and quality improvements that can be achieved using specialist tools on a 
shared basis. This is the essence of the conversion of data within an organization 
from silos and cockpits to an enterprise-wide data horizon. This also suggests 
that organizational and cultural change will be required to take full advantage 
of centralized data repositories, or data lakes.

The benefits of economy of scale, the ability to apply specialist tools to 
data management, and the conversion of data into information mitigates to-
ward the centralization of data. In an ideal situation, centralized data would 
be used in combination with appropriate decentralized data, and the resulting 
information would be distributed in an optimal pattern across the enterprise. 
It would also be possible for anyone within the enterprise to view a catalog 
of available data and to be able to explore the value of enterprise data to the 
specific job function. In many situations, this is not the case, and data is kept 
in a computer or server next to a desk that is not visible to other members 
of the department or to other departments. The individual or team doesn’t 
expect to rely on a central data repository or look to the enterprise to provide 
for information needs. While this is very efficient from the myopic viewpoint 
of the team or individual, it is inefficient in not supporting an enterprise- or 
organization-wide view of data. We have learned over the years that data is best 
used when it can be shared across multiple job functions. The old adage “put 
data in once, use many times” still holds good. Taking a function-specific view 
of data collection and management also prevents the achievement of coopera-
tion and economy of scale. Fragmentation also causes duplication and hardware 
and software resources and provides a challenge with respect to configuration 
management—the need to keep one single version of the truth with respect to 
data for the organization. 

Another issue with this conventional approach to data collection and 
management is that it becomes very difficult to know what data has been col-
lected by the organization in its entirety. In the fragmented approach, it is high-
ly likely that data is collected many times and perhaps used once, if at all. As a 



176	 Big Data Analytics for Connected Vehicles and Smart Cities	 	 Building a Data Lake	 177

side note, experience in working with departments of transportation and cities 
in the United States indicates that a disproportionate value can be achieved 
through the creation of a data catalogue. While data analysts and data scientists 
would see this as a mere steppingstone toward the good stuff, it is obvious from 
a practical point of view that simply knowing what data the organization has 
collected and where it is located is extremely valuable to smart city and trans-
portation professionals.

9.4  Definition of a Data Lake 

Up to this point in the book, the focus has been describing big data and analyt-
ics and the questions to be addressed. This chapter focuses on the techniques 
required to build and manage a big data repository. One explanation of the 
term data lake is as follows:

The idea of data lake is to have a single store of all data in the enterprise 
ranging from raw data (which implies [an] exact copy of source system 
data) to transformed data, which is used for various tasks, including 
reporting, visualization, analytics, and machine learning. The [data lake] 
includes structured data from relational databases (rows and columns), 
semistructured data (CSV, logs, XML, JSON), unstructured data (e-mails, 
documents, PDFs) and even binary data (images, audio, video) thus 
creating a centralized data store accommodating all forms of data [2].

The data repository is often referred to as a data lake, and this analogy 
will be used in this chapter. A data lake is a concept or analogy that is used to 
explain the centralization of data into a single repository. It is a collection of 
data from multiple sources that is accessible on an enterprise- or organization-
wide basis and that takes advantage of the dramatically reduced cost of storing 
and manipulating data because of technologies such as Hadoop. It is a hardware 
and software environment that supports data sharing and supports the creation 
of a data catalogue. The creation of a data catalogue is an important dimension 
in the creation of a data lake as it informs the entire organization with respect 
to data available.

Data science capabilities continue to evolve and emerge. The latest evolu-
tion allows for the conduct of real-time analytics on data as it is being streamed 
from the collection point to the storage area. For the purposes of this book, this 
technique is referred to as the data river, as it involves processing on a stream, 
rather than a static body. It is feasible that real-time processing on data streams 
on the way to the data lake and analytics conducted on static data already in a 
data lake can be supported within one framework for managing data and infor-
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mation. A robust approach to the creation of a data lake would accommodate 
such data streaming analysis as well as the analysis of archived or static data.

9.5  How a Data Lake Works

Another perspective on data lakes that provides good insight into their nature 
and characteristics is to consider how they operate. Figure 9.2 shows a generic 
data lake configuration that can be considered as a model for a smart city data 
lake.

The major elements of the data lake are discussed in the following sections.

Data sources

One of the important aspects of a data lake lies in its ability to ingest data from 
multiple sources. Within smart city and transportation contexts, this would 
include infrastructure-based sensors such as traffic and passenger counters and 
probe data emanating from connected and autonomous vehicles. Data for the 
data lake could also be sourced from existing systems and databases such as those 
previously deployed for traveler information, traffic management, freight, and 
transit management. Data could also take the form of social media feeds such as 
twitter, image and video data from cameras, and other image processing–based 
sensors. A rich stream of data could also be sourced from smart phone apps 
operated by the public or private sector. In developing a roadway transportation 
data plan, the U.S. DOT [3] considers the following sources of data:

• Infrastructure data: Roadway geometry, roadway inventory, intersection 
characteristics, and the state of system controls.

• Travel data: Vehicle location, presence and speed within the system, in-
ternal vehicle status, transit vehicle location, speed and status, passenger 
counts, and schedule adherence data. Fred vehicle location and position-
ing with cross weight or data regarding the type and time critical nature 
of goods carried.

• Climate data: Prevailing weather and pavement surface conditions col-
lected from roadway weather information systems (RWISs).

• Modal data: This includes border crossing data from U.S. customs and 
border protection regarding trucks, trains, containers, buses, personal 
vehicles, passengers, and pedestrians.

• Travel behavior data: Travel behavior, changes in travel characteristics 
over time, travel behavior related to demographics, and the relationship 
of demographics and travel over time
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• Other data programs: Programs that provide access to federal data sets 
and tools across government agencies.

• Real-time data capture and management: The data resources testbed 
(DRT), the concepts and analysis testbed (CAT), and the cooperative 
vehicle highway testbed (CVHT).

Data coming into the data lake could also be unstructured data such as 
PDF files, e-mail, and other documents.

Data Ingestion

Data can take the form of static archived data or real-time streams from field 
devices and other sources. The Internet of Things will generate large volumes 
of data from sensors and other connected devices. The data is ingested into the 
data lake to create a single repository that can be accessed for data exchange and 
for analytics purposes. This activity would also include the establishment of 
suitable data-sharing agreements to enable the data to be accessed and shared in 
a manner to make it accessible to the data lake.

Data Preparation

The data preparation element consists of wrangling, cleansing, and defining 
governance arrangements for the data. Data wrangling can be a manual or semi-
automated process making use of decision support tools to bring data to com-
mon formats and locational referencing systems. Data would also be verified at 
this stage by comparing the same data from different sources and identifying 
potential gaps or weaknesses in the data. Duplication and errors are removed 
in a cleansing process as part of data preparation. At this stage, data governance 
arrangements are identified to manage data sourcing, data access, and data dis-
tribution. This will also include arrangements for sharing analytics that are de-
rived from the data lake during the data discovery process. The U.S. DOT in 
developing a roadway transportation data business plan [3] also noted the need 
to address data quality. U.S. DOT recommendations include the development 
of a policy to define responsibilities for data quality and adopting data quality 
standards for data collection, processing, application, and reporting.

Data Discovery

In the data discovery element, data is searched, accessed, and analyzed. A range 
of search and access tools such as structured query language (SQL) and other 
statistical functions can be used to detect trends and patterns in the data to 
reveal new insights and understanding. Analytics functions that could be used 
during data discovery include statistical, cluster analysis, data transformation, 
past, pattern and time series, decision tree, text, and graphic.
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Data and Analytics Exchange

This element of the data lake supports both data exchange and analytic sharing. 
Experience shows that providing multiple users with data is not enough to mo-
tivate and enlighten them regarding the use of the data for their own purposes. 
It is also important to share analytics for two major reasons. In the first case, 
analytics may be directly applicable to the user’s job function. In the second 
case, the analytics can be used as a communication tool or model to illustrate 
how analytics could be applied to the user’s job function.

The ingestion, preparation, discovery, and exchange of data is supported 
within the data lake environment that includes both hardware and software. 
In addition to supporting these essential functions, the data lake environment 
can also support the appropriate security arrangements and the definition of 
metadata, data lineage and other master data operations required to maintain 
a single version of the truth and catalog the data within the data lake. The data 
lake technology environment would also support operations such as the admin-
istration required to keep the data lake running.

Delivery of Insight and Understanding to Smart City Practitioners

The analytics that result from the discovery process are presented to smart city 
practitioners to form the basis for response strategies in the light of the insight 
and understanding. The whole data lake configuration is designed to support 
a strong connection between data and such insight and understanding. To har-
ness the full value of the analytics it is necessary to develop actionable work 
items and strategies that represent a response to new information regarding 
prevailing transportation conditions and the quality of transportation service 
delivery in the smart city.

Support for Smart City Services

Ultimately the strategies derived from new insights and understandings will 
provide support for the 16 smart city services defined in Chapter 5. For exam-
ple, with respect to the smart grid, roadway electrification, and electric vehicle, 
the output from the data lake could provide insight into optimum placement 
for the electric vehicle charging points. It could also provide insight into en-
ergy requirement changes that would result from large-scale adoption of electric 
vehicles in the smart city. With respect to the integrated electronic payment 
service, the data lake could provide insight into the optimum fee or ticketing 
structure to maximize user experience, minimize operating costs, and ensure 
that revenue is as predicted.

It is expected that support for smart city services would cover the spec-
trum of transportation activities from planning, design, and operations through 
maintenance. The support would address both public- and private-sector needs. 
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This indicates that the private sector may also have access to both data and 
analytics from the data lake.

9.6  Value of a Data Lake

While the ultimate value of a data lake lies in providing support for smart city 
services and the delivery of insight to smart city practitioners, there is a range 
of benefits that are realized when a data lake is developed. These include the 
following:

• Enterprise-wide data access for timely analytics and insights;

• The foundation for large-scale proactive analytics;

• A steppingstone toward automation through predictive analytics and 
machine learning;

• Reduced costs due to data management duplication and processing 
duplication;

• Improved safety, efficiency, and user experience by accelerating analytics 
work;

• Better data governance with a single consistent version of the truth and 
better control on who, what, and when data is accessed or provisioned;

• The ability of data elements to combine for new analytics;

• Discovering value in unused data and relationships between data sets 
regarding customer behavior and transportation service delivery quality;

• Providing a platform for innovation in smart cities and transportation;

• Providing support for smart city service delivery.

Now we consider each of these in turn.

Enterprise-wide Data Access for Timely Analytics and Insights

While bringing the data together in creating the data lake, the data assets for 
the smart city become visible. In addition to creating a data catalog that enables 
all users to see the data that has been collected, the data is made available to a 
wide range of users for further analysis. The analytics that have been derived 
from processing data in the data lake can also be shared across the organization, 
providing motivation and stimulus for further use of the data lake and develop-
ment of customized analytics for specific job functions such as transportation 
planning, traffic engineering, and asset management.
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The Foundation for Large-Scale Proactive Analytics

The data lake is also the basis for further efforts related to large-scale proactive 
analytics. While this will also require cultural and organizational change, the 
existence of the data lake opens the way for the smart city organization to apply 
large-scale analytics that will guide many aspects of planning and delivery for 
smart city transportation. This enables the adoption of results-driven actions 
and the establishment of scientific approaches to transportation service delivery, 
based on observation, understanding of mechanisms, and data.

Steppingstone Toward Automation Through Predictive Analytics and Machine 
Learning

There is considerable interest in activity in the concept of an automated vehicle, 
and it would seem relevant to also consider how automation can be applied 
to back-office processes in the smart city. While it may not be appropriate or 
even desirable to leap toward an automated back office overnight, the establish-
ment of analytics and the development of ability to make predictions can form 
the basis for the past toward automation. The availability of the data in the 
data lake can also form the raw material for the support of machine learning 
and deep learning techniques that support the stated development of artificial 
intelligence in the smart city back office. It is likely that this will begin with 
sophisticated decision support for the humans involved, with full automation a 
possibility over the longer term.

Reduce Costs Due to Data Management Duplication and Processing Duplication

Adopting a fragmented approach to data collection storage and management 
will inevitably lead to duplication. In fact, the cost of duplication may be buried 
within the overall cost of operating and maintaining the current data collec-
tion, storage, and management system. The process of creating a data lake is 
likely to shine a light on the volume of duplication and provide estimates of 
the costs involved. Cost savings are likely to be identified in data collection, as 
well as data storage and processing. Based on experience, the average transporta-
tion agency supports multiple redundancy with respect to data collection, with 
considerable amount of ad hoc data collection for project-specific purposes. If 
such data is not visible across the organization, then it is likely that other ad 
hoc initiatives will collect the same or similar data. In some cases, awareness of 
the data is insufficient, and an inability to access the data in a reasonable time 
frame forces project specific data collection to go ahead even if duplication is 
understood. Cost savings are also likely to be realized with respect to software 
licenses. Multiple software licenses may have been procured to support a frag-
mented approach to data storage and management. As the data lake is created, 
opportunities may be revealed to save money by consolidating software licenses.
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Improved Safety, Efficiency, and User Experience by Accelerating Analytics Work

There is often a significant time lag between smart city practitioners under-
standing the need for data analytics work and the work that has been put into 
practice. The creation of the data lake and the number of self-service tools and 
opportunities present their ability to parallel-stream work efforts and shorten 
the time from realization of need to satisfaction of need with respect to data 
analytics.

Better Data Governance with a Single Consistent Version of the Truth, Better Control 
on Who, What and When Data Is Accessed or Provisioned

Bringing data together in a data lake allows better possibilities for data gover-
nance and configuration control. A single repository is much easier to manage 
with respect to access control on data going into the lake and data analytics 
emanating from the lake. A single repository also makes it easier to upgrade 
software at a single point rather than at multiple points in a fragmented system.

Enabling Data Elements to Combine for New Analytics

The new big data approach to data storage and manipulation allows us to delay 
judgment on the value of data. Data storage costs have reduced to the point 
where a new strategy can be implemented. In simple terms this strategy involves 
the capture of as much data as possible; the data will be ingested into the data 
lake and then allowed to demonstrate its value. In this scenario, a seemingly 
useless piece of data may combine with other data in the data lake to create 
a new and valuable insight. There is a significant element of discovery that is 
supported by the establishment of a data lake that would be unachievable in a 
fragmented data storage and management approach.

Discovering Value in Unused Data and Relationships Between Data Sets Regarding 
Customer Behavior and Transportation Service Delivery Quality

Building on the previous point, new value can be realized from data that has 
either been hidden or unused within the overall smart city organization. Sunk 
investment in data collection can be revitalized through the discovery of new 
uses for the data. This also extends to the understanding of new relationships 
between data sets. This is particularly relevant with respect to customer be-
havior and monitoring of transportation service delivery. Deeper insights into 
how travelers behave and the prevailing transportation conditions they face will 
ultimately lead to better strategies and tactics in the smart city.

Providing a Platform for Innovation in Smart Cities and Transportation

The use of analytics and big data techniques is only a small part of the overall 
innovation that can be achieved by a smart city. However, the focused nature 
of the work in creating a data lake can be used to propel the use of big data and 
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analytics; it can also form a stimulus for innovation on a wider front within 
a smart city. Deeper insights into and understanding of travel behavior and 
transportation service delivery can provide the raw material on which to design 
innovative strategies and services for both the public and private sector.

Providing Support for Smart City Service Delivery

Finally, the establishment of a data lake will provide support for smart city ser-
vice delivery. By enabling the management and measurement of smart city ser-
vice delivery, the data lake provides better management possibilities and richer 
opportunities for smart city service delivery improvement.

9.7  Challenges

Based on prior experience, there are many challenges that must be addressed 
when building a data lake. These can be summarized as follows:

• Lack of clear strategy;

• Existing data scattered and not well understood;

• Difficulty in turning data into action;

• Lack of big data skills;

• Insufficient governance and security;

• Degradation of the data over time without data quality control;

• Lack of self-service capabilities and long development times;

• Lack of features to motivate and enable smart city and transportation 
exponents.

Each of these challenges is explained in the following sections.

Lack of Clear Strategy

Like many information technology tools, the hardware and software environ-
ment required to create a data lake can be acquired with little thought to the 
overall strategy or endgame. While this enables rapid progress, if the direction 
and the ultimate destination are not known or ambiguous, it is highly possible 
that the entire initiative will end up in a dead end. It is necessary to have a 
clear strategy that incorporates the goals of the exercise and clearly articulates 
the value and benefits. From a smart city and transportation perspective, it is 
important to define the safety, efficiency, and user experience objectives and to 
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define how the proposed data lake will fit in to the overall picture of data and 
information exchange on a citywide basis.

Existing Data Scattered and Not Well Understood

It is highly likely that the existing transportation data is scattered and not well 
understood. There may or may not be an existing data catalogue, and even if 
one exists, it may not be complete and up-to-date. To create a data lake, it is 
necessary to identify the sources of data and plan to have access to the data 
that will be placed in the data lake. In many cases this can take a considerable 
amount of time and consume significant resources.

Difficulty in Turning Data into Action

Bringing the data together into a data lake does not guarantee results. To har-
ness the value of the data lake, it is necessary to support an entire process that 
results in actionable insights and the development of strategies to be applied in 
response to the new insight and understanding. In many cases, this may require 
some organizational adjustment to empower staff to take advantage of the ana-
lytics developed from the data lake.

Lack of Big Data Skills

The use of big data techniques and analytics is relatively new to transportation 
in smart cities. Therefore, it is likely that the big data skills required to success-
fully establish and operate the data lake may not exist within smart city or trans-
portation organizations. When planning for the establishment of a data lake, it 
will be necessary to identify the required skills and decide how those skills will 
be sourced, whether by outsourcing or new hires.

Insufficient Governance and Security

The adoption of a bottom-up approach that is not guided by a clear strategy 
or an unambiguous understanding of the final big picture can lead to insuffi-
cient governance and security. Taking advantage of the power and flexibility of 
available technology can support rapid progress, but it can also allow essential 
activities related to governance and security to be bypassed.

The Degradation of Data Over Time without Data Quality Control

An unfortunate trend in the application of advanced technologies to transpor-
tation is the creation of a trajectory for technology application. In the trajectory, 
considerable progress is made in the implementation of advanced technologies, 
and the target levels of service are attained. These service levels then degrade 
over time as insufficient resources are allocated to operations and maintenance 
of the initial technology deployment. The same challenge exists with respect to 
data lakes for smart cities and transportation. It is necessary to take steps to not 
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just launch the data lake, but to ensure that it does not degrade over time. This 
also includes taking the necessary steps to monitor, manage, and ensure data 
quality both entering the data lake and being maintained within the data lake.

Lack of Self-Service Capabilities and Long Development Times

Very often in technology-driven data lake implementations, the data lake is 
developed as a tool that requires highly specialist operation. This leads to a situ-
ation in which end users cannot have direct access to the data or the analytics. 
The absence of such self-service capabilities can produce a heavy workload on 
a few members of staff, leading to long development times and slow responses 
to end user needs.

Lack of Features to Motivate and Enable Smart City and Transportation Exponents

In a similar vein to the above challenge, an information technology–driven data 
lake program can ignore the need to motivate and enable end users in smart city 
and transportation contexts. This can lead to a lack of interest on the part of the 
end users and a consequent inability to monetize the investment made in the 
data lake. Early experience indicates that it is not sufficient to merely share data; 
it is also necessary to provide models and illustrations that can motivate the end 
users. This would include helping end users to understand the data lake and 
to understand the analytics possibilities through the communication of model 
analytics and the support of a dialogue on the development of custom analytics 
for the end user’s specific job function.

9.8  An Approach to Building a Data Lake 

Early experience in the creation of data lakes for multiple organization types in 
both the public and private sector has revealed that there are a few pitfalls to 
be avoided in the successful development of a data lake. Learning lessons from 
this early experience, it is possible to put together a robust approach that mini-
mizes the chances of encountering these barriers while maximizing the chances 
of success. To provide practical advice on the creation of a transportation data 
lake, a data lake creation methodology has been identified and is defined in 
subsequent sections of this chapter. The approach is based on the experiences 
of a company called Think Big [4], and it has been evolved as a direct result of 
experience gained in working with public- and private-sector clients. The origi-
nal approach methodology has been adapted based on experience with several 
transportation clients to create an approach that is specifically adapted to the 
needs of transportation and smart cities. Figure 9.3 presents an overview of the 
approach methodology.
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The overall philosophy behind the approach is to make incremental or 
stepwise progress toward the establishment and operation of the data lake. Ini-
tially the focus is placed on a very small number of use cases that are addressed 
in a pilot project. The pilot use cases are then used as the basis for conducting 
the approach methodology on a pilot project. During the pilot project, all ele-
ments of the operation of the data lake are brought into play, including inges-
tion, preparation, discovery, and exchange of data. Each step in the methodol-
ogy is explained in the following sections.

Preparing for the Data Lake

Preparation or planning for the data lake includes exploring requirements and 
objectives with the target end users. In the case of a smart city transportation 
initiative, end users typically consist of city officials and other city transporta-
tion partners such as departments of transportation, transit agencies and other 
transportation service providers. It would also be helpful to bring relevant pri-
vate-sector participants into the dialogue at this early stage.

Identifying Pilot Subjects

The use case concept is employed as a major tool in identifying subjects for 
the pilot. The use case pilot described in Chapter 5 can be an effective format 
for capturing the use case information. Whether the format is used or not, it 
is essential to capture the primary ingredients for the pilot, including the data 
to be used, the expected value to be achieved, and an initial understanding of 
the analytics to be applied. The selection criteria for the use cases are as follows:

• The use cases deliver immediate value to the city.

• Data to support the analytics required for the use cases is readily available 
either from city sources, transportation partners, or the private sector.

Figure 9.3  A proposed approach methodology for the implementation of a smart city and 
transportation data lake.
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The overall intent is to deliver early results that enable the communica-
tion of the potential for the data lake. The early results also enable an effective 
dialogue with our range of users who might find the data and analytics useful; 
this also promotes interest and activity around the use of the data lake for mul-
tiple purposes.

The delivery of business value to smart city exponents is also crucial in the 
implementation of the pilot project. The pilot implementation allows the focus 
to be moved from data and data management to the delivery of insight and 
understanding and the subsequent incorporation of these into new strategies 
and new ways of doing business. The definition of business value involves the 
identification of the objectives to be addressed by the analytics and the problem 
statement that summarizes the need issue problem to be addressed. At this stage 
in the process, a catalogue of available data sources is created. This represents 
the state of available data and captures the data’s format, structure, and current 
location. This would also include the establishment of suitable data-sharing 
agreements between smart city transportation partners. It is also beneficial to 
develop a preliminary list of analytics that will be conducted on the pilot data 
lake along with an identification of the proposed users of the analytics and the 
likely benefits that will be attained through the availability of the new insights 
and understanding. This will form part of an overall summary.

Conducting the Approach Methodology on the Pilot Project

The entire approach methodology is conducted on a pilot basis, focusing on the 
use cases selected for the pilot. This allows experience to be gained in data inges-
tion, preparation, discovery, and exchange. During this stage of the pilot, data 
governance and data exchange arrangements would be defined and put into 
pilot operation. This would also include significant dialogue with end users on 
the use of the pilot use case analytics, on the possibility to extend the data lake. 
The conduct of the analytics should address other job-specific needs.

Developing a 12-Month Roadmap for a Full-Capability Data Lake

Based on the results of the pilot and the experiences gained, a 12-month road-
map for a full-capability data lake can be prepared. While the exact contents of 
the roadmap will depend on the needs of the city and organizations in question, 
it would typically contain the following at a minimum:

• A full set of use cases to be addressed and supported by the full-capabil-
ity data lake;

• Sequencing of the use cases across the 12 months;

• The development of a six-month action plan with required investment 
and business justification based on the experiences of the pilot project;
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• The development of plans and briefing materials for senior executives to 
form the basis for further decision-making;

• The definition of a complete hardware and software environment or 
architecture to support the full-capability data lake;

• An implementation plan including activities, schedule, and budget esti-
mates for the expansion of the pilot project to full capability.

Table 9.1 provides a summary of how the proposed approach meets the 
challenges defined in Section 9.7.

9.9  Organizing for Success

It is hoped that when a transportation organization embarks on the creation of 
a data lake, the effort will also result in a new approach to data collection and 
acquisition. All too often in transportation, data is collected on a speculative 
basis with little concern for the eventual use of such data. The establishment of 
a data lake and organizational alignment to the data lake should provide some 
guidance and insight into a new approach to data collection based on the needs 
of the data and the need for which the data has been collected. Ideally, data 
collection and acquisition will lead to the conversion of data to information 
using analytics, and experience gained using analytics will provide feedback on 
the need for additional or higher-quality data. In this respect, the data lake cells 
function as a feedback mechanism to guide data collection and acquisition. In 
an ideal environment, data collection and acquisition will be driven by a clearer 
understanding of the use to which the data will be put. For example, the use of 
the initial data lake to conduct some preliminary analytics may result in a much 
more detailed understanding of the completed data set required to get results. 
This will also provide insight into the required accuracy of the data. While 
early results are not invalid as they may provide insight that was not previously 
available, even better results may be possible with better data. Accordingly, the 
use of a data lake can provide significant input into a structured and planned 
approach to data collection and acquisition. Prior experience in the application 
of information and communication technologies to transportation within a sys-
tem engineering framework has indicated that, in most cases, the technology 
solution that results from the planning and design process represents a theo-
retical ideal. Approaches to the development of system architectures assume 
that the ideal technology solution will be applied and that it will be necessary 
to adjust or fine-tune organizational arrangements to match the needs of the 
technology solution. It is more likely that the ideal technological solution will 
be adjusted and perhaps suboptimized to fit existing organizational arrange-
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ments. This is unlikely to provide the best return on investment for the creation 
of a smart city data lake. In order to realize the new potential and possibilities 
offered by the data lake, it is necessary to implement organizational change 
and to build awareness among end users regarding the potential. One possible 
way to address this challenge is the development of an organizational plan as 
part of a pilot project. The transportation data analytics that emanate from the 
pilot project can also be used to support pilot arrangements for fine-tuning the 
organization. This may also require a cultural change that focuses on the orga-
nization’s ability to adopt innovative techniques rather than following existing 
processes and procedures. In this respect, data analytics can be used as a bridge 
from the data lake to job functions for end user staff. I have grappled with the 
issue of how to develop organizational arrangements that would be the best fit 
for both technological and commercial layers of the architecture for some time. 

Table 9.1 
How the Approach Addresses the Challenges

Data Lake Challenges How the Approach Addresses the Challenges
Lack of clear strategy The approach allows the development of a clear strategy that 

can be tested and practiced using a pilot. This strategy will then 
be revised and enhanced in the light of lessons learned and 
information received during the pilot.

Existing data scattered and 
not well understood

The adoption of an incremental approach allows early results 
while providing the time necessary to bring scattered data 
together. Early results will also act as a communication tool to 
motivate staff to identify additional data and help to bring it 
together.

Difficulty in turning data into 
action

The delivery of early results illustrates the full process from data 
collection to creation of a data lake, demonstration of ability to 
turn data into action, and the development of real-life strategies to 
serve as models for future analytics.

Lack of big data skills The approach enables both public- and private-sector resources to 
be combined and transitions to be created from initial project to 
full-scale project.

Insufficient governance and 
security

Data governance and security arrangements are tested during the 
pilot project.

After initial establishment, 
degradation over time without 
data quality control

Data quality control measures can also be tested and developed 
during the pilot project, forming a practical platform for preventing 
degradation of operation over time.

Lack of self-service 
capabilities and long 
development times

The ability to share data and analytics in pilot use cases enables 
the establishment of self-service capabilities and shortened 
development times using agile development approaches.

Lack of features to motivate 
and enable smart city and 
transportation exponents

Early delivery of practical results provides the tools necessary to 
motivate smart city and transportation exponents on the use of the 
data lake. This also stimulates exponents to consider their own 
use of the data and what further analytics would be required. This 
has the added benefit of enabling results-driven data collection 
and acquisition.
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I have decided that perhaps the solution lies in the application of transportation 
data analytics. Organizational change would take the form of changes in job 
objectives and descriptions and the adoption of a new culture. To address the 
idea of a new culture, consider the following football analogy.

World-class reporting will enable staff within an organization to be ex-
tremely well-informed spectators at the football game. Great transportation 
analytics will empower the same staff to be coaches and exert influence on the 
performance of the organization, our team. It is expected that transportation 
data analytics will significantly impact the planning, design, and operations of 
transportation while providing guidance for future transportation investment 
programs. As an example, an interesting analytic might be dollars per percent-
age modal shift toward public transportation. This would be a measure of the 
effectiveness of investments designed to influence the modal shift in the region 
in favor of public transit.

So how exactly would transportation data analytics shape the organiza-
tional arrangements within a transportation enterprise? Analysis of big data sets 
using suitable discovery tools will reveal the trends, patterns, and underlying 
mechanisms of transportation. Transportation data analytics will be defined 
and can be used to manage planning, design, implementation, operations, and 
maintenance of transportation. These transportation data analytics would then 
be incorporated into job descriptions and objectives for the staff involved in 
transportation service delivery. 

A simple example would be the role of the traffic signal engineer. At the 
moment, the job of the traffic signal engineer is to run the traffic signal sys-
tem. Perhaps in the future, the job objectives of the traffic signal engineer will 
be stated as the minimization of stops and delays across the corridor or the 
network. There may also be other advanced analytics yet to be discovered that 
could be suitable for use as job objectives. The job description for a traffic signal 
engineer would then be written around the attainment of the job objectives.

For example, a narrow view of this would suggest that the change in em-
phasis could be unfair to the traffic signal engineer, as some factors affecting 
stops and delays are not within his or her control. Perhaps the job description 
could be written to include the need to cooperate and collaborate with others 
whose actions affect the primary objectives. This also leads to the thought that 
perhaps ITS user services could have analytics associated with them for the pur-
poses of measuring the effectiveness of the delivery of the services. This concept 
holds out the possibility of building a bridge between the various layers of an 
ITS architecture, while also setting the scene for a laser focus on results rather 
than activity.

The emergence of big data and the connected vehicle and growing under-
standing of the data science possibilities from outside of transportation means 
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that our business is going to change. Perhaps this is the ideal opportunity to 
take a close look at how we organize for success?

9.10  Summary

The creation of a data lake requires the application of hardware and software 
and suitable organizational change. To attain the full benefits of the data lake, it 
is necessary to use the data, the analytics, and the new insight and understand-
ing that is made available to develop responses, strategies, and actions that will 
support the delivery of smart city transportation services. This chapter provides 
a detailed definition of a data lake, along with an exposition of the various ele-
ments that are brought into play when a data lake operates. The chapter aims 
to explain the term data lake and to show, at a planning level, how it can be 
implemented. However, it does not provide guidance on the selection of spe-
cific technologies, as there are many such options. This is beyond the scope of 
this book.

The chapter also provides an overview regarding the challenges that are 
likely to be encountered in the creation of a data lake for a smart city, along with 
a summary of the likely benefits that can be achieved by adopting the data lake 
strategy. Advances in data science have enabled us to aggregate data in ways that 
were not possible in the past, allowing data to combine in new and interesting 
ways, while providing an enterprise- or organization-wide horizon on the data.

The innovative nature of the data lake also presents an opportunity to 
reevaluate the shape and structure of smart city and transportation organiza-
tional arrangements, with respect to data analysis. Consequently, the chapter 
concludes with some initial thoughts on how organizational fine-tuning might 
be achieved using the data lake and data analytics as an important tool in the 
process. It is difficult to overemphasize the importance of the pilot project ap-
proach and the methodology. Many of the technologies and the resulting in-
sights will be alien to smart city and transportation professionals, and the con-
duct of a pilot provides an opportunity for awareness and understanding that 
will support the extraction of the best possible value from the data lake invest-
ment. The approach also supports a focus on actionable insights and enables 
smart city and transportation staff to maintain their focus on transportation 
service delivery and results.
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10
Practical Applications and Concepts for 
Transportation Data Analytics 

10.1  Learning Objectives

This chapter addresses the following learning objectives:

• It provides practical examples of how analytics can be applied to trans-
portation subjects;

• It explains how analytics can be used for speed variability in freeways;

• It describes how analytics can be used to measure accessibility in a smart 
city;

• It explains the application of analytics to develop a performance analytic 
for toll roads;

• It defines an analytic approach for arterial performance management;

• It explains how analytics can be used to support better decision-making 
for transit bus acquisition;

• It illustrates the use of analytic techniques;

• It discusses analytics and how they can be applied to other subjects.
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10.2  Chapter Word Cloud

A word cloud, shown in Figure 10.1, has been prepared for this chapter to pro-
vide an overview of content. 

10.3  Introduction

This chapter describes implementations and concepts for the application of 
analytics to transportation. One of the challenges in explaining big data and 
analytics in transportation is to show a strong connection between user needs 
or the real situation to be addressed, with the capabilities of data science and 
analytics. While it is likely that data science and analytics can address almost 
every transportation problem, experience has shown that most progress is made 
in the application of data science to transportation when a narrower focus is 
placed on specific areas of need. To narrow down the focus to the practical 
application of big data and analytics techniques, five concepts have been iden-
tified: freeway speed variability analysis, smart city accessibility analysis, toll 
return index for toll road performance, arterial performance management, and 
decision support for bus acquisition. The concept of freeway speed variability, 
which was implemented in cooperation with a client, has been the subject of 
extensive development and application. In the other cases, the concepts have 
been developed in coordination with a range of potential users but have not 
yet been implemented. In any event, all the concepts shed significant light on 
how data science can be applied to practical needs within the smart city and 
transportation realms.

Figure 10.1  Word cloud for Chapter 10.
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10.4  Concepts

The concepts discussed in the following sections were defined to illustrate the 
application of data analytics techniques to transportation.

Freeway Speed Variability Analysis

This concept entails the application of big data and analytics techniques to un-
derstanding speed variability in bottleneck formations on a major freeway. This 
concept was applied to a major urban freeway in close cooperation with a large 
Department of Transportation in the United States. The experience provided 
some rich insight into the use of analytics for traffic engineering under freeway 
conditions and yielded some lessons regarding the data quality and the analytic 
discovery process. This concept has the largest amount of documentation in 
this chapter, because of this practical experience.

Smart City Accessibility

This concept entails adopting an analytics approach to defining the ease or dif-
ficulty of movement from residential zones to work, healthcare, and education-
al opportunity zones. It was developed in close cooperation with a city in the 
United States, implementing a smart city initiative. One of the core objectives 
of the smart city initiative is to improve accessibility to jobs, healthcare, and 
education opportunities. The concept is at an advanced stage of development 
but has not yet been implemented.

Toll Return Index 

This involves the creation of a composite toll return index that communicates 
the benefits delivered by a toll agency in return for the toll paid. The toll paid 
is divided by the total benefits delivered to create the index. The benefits are 
comprised of three primary components: safety, efficiency, and user experience. 
The concept has been discussed and evaluated by both current and former ex-
ecutive-level toll management, but it is still in the course of being implemented 
by toll agencies.

Arterial Performance Management

This concept involves the application of analytics techniques related to traffic 
turbulence to determine the technical performance of arterial corridors and 
networks. It is supplemented by social sentiment analysis and context-specific 
keywords analysis of Twitter feeds to determine driver perception in addition to 
technical performance of the corridor.
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Decision Support for Bus Acquisition

This concept entails the application of analytics to develop a decision-support 
tool for bus acquisition. The concept considers the prevailing traffic conditions 
encountered by buses as they service their bus routes and provides decision 
support to identify the optimum timing for the acquisition of new buses. The 
concept was developed in cooperation with a large suburban bus operator, but 
it has not yet been put into practice.

Each of these concepts is described in more detail in the following sections.

10.5  Freeway Speed Variability Analysis

The analysis of speed variability on freeways is an important subject that can 
yield significant insight into the operational efficiency of the facility. This fol-
lowing section explains how analytics can be applied to this important subject.

Overview

Not every highway has the appropriate sensors installed to allow traffic speeds 
to be determined. However, several private companies have invested in the 
ability to collect probe data from both vehicle fleets and individuals using the 
appropriate smart phone app. With the application of suitable software, it is 
possible to take fleet data and individual data as a sample, extrapolate it, and 
combine it to provide a comprehensive speed data set across a city. While the 
data is based on a sample, it allows for the creation of a comprehensive data set 
for an entire citywide area. Making use of this data source, an evaluation was 
conducted on the effects of variable speed limit (VSLs) on a major freeway in 
the United States. 

The problem addressed relates to understand the effects of applying VSLs 
to a major urban freeway. Conventional approaches may support the level of 
detail analysis required to identify specific effects. The objective of the VSL 
implementation was to address dramatic speed reductions within slowdowns 
or bottlenecks, caused by recurring or nonrecurring congestion. The work was 
implemented as a proof of concept in cooperation with the U.S. Department of 
Transportation. Over the course of discussions with the Department of Trans-
portation, interest was identified in the use of big data and data analytics for 
transportation. It was also identified that the data science and data analytics 
world represents a separate community from the world of the transportation 
professional. To create a bridge between these two specialized and very impor-
tant communities, it was decided that a proof-of-concept exercise would be 
conducted centered on an evaluation of the state DOT’s VSL project.

VSL is a concept that has been adopted in many parts of the world but 
is relatively new to the United States. The quantification of customer service, 
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safety, and efficiency benefits of VSLs is extremely important to transportation 
practitioners. This fits within a wider need to understand the specific effects 
of investments in smart city services and other transportation systems and in-
frastructure. While there is a great deal that can be done with data science and 
analytics in transportation, this approach decided to focus on this relatively 
narrow application as it provides an ideal opportunity to demonstrate the range 
of capabilities of data analytics and provides direct input to a subject area that is 
of importance to the state department of transportation in question.

The VSL approach involves the application of dynamic message sign tech-
nology to the control of traffic on interstate highways (freeways) around a ma-
jor urban area. Dynamic message signs placed at regular intervals along the free-
ways and connected via fiber-optic communications to a traffic management 
center are used to display mandatory speed limits to drivers. The prevailing 
speed limits are determined by measuring traffic conditions along the section of 
freeway using roadside sensors.

As explained on the state DOT website:

VSL are speed limits that change based on road, traffic, and weather 
conditions. Electronic signs slow down traffic ahead of congestion or bad 
weather to smooth out flow, diminish stop-and-go conditions and reduce 
crashes. This low-cost, cutting edge technology alerts drivers in real time 
to speed changes due to conditions down the road. More consistent speeds 
improve safety by helping to prevent rear-end and lane-changing collisions 
due to sudden stops. Our ability to remotely change the speed limit on the 
corridor is not intended to create speed traps. Rather, the changing speed 
limits are designed to create safer travel by preventing accidents and stop-
and-go conditions.

The section of the regional road network that was the subject to this proof 
of concept was equipped with 88 electronic speed limit signs at locations ap-
proximately a half mile to one and a half miles apart. The signs were located on 
the outside shoulder and the median of the highway. The ability to change the 
speed limits remotely is designed to create safer travel by managing stop-and-go 
traffic conditions by creating smoother traffic. Speed limits are adjusted in 10-
mph increments from 65 miles per hour to a minimum 35 mph. 

The VSL project began operation in September 2014, with the following 
stated objectives.

• Reduce congestion and traffic delays by harmonizing traffic flow and 
reducing traffic crashes;

• Reduce travel times;
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• Reduce crash frequency, severity, and the likelihood of secondary crashes 
by reducing the speed of vehicles as they approach an incident, traffic 
queue, or stoppage;

• Stabilize and smooth traffic flows (consistent speeds within lanes and 
between lanes). 

VSL has been implemented in other cities and studies show the following.

• VSL allows travel at a slower, but more consistent speed, as opposed to 
the constant stop-and-go traffic typical of rush hour conditions.

• By regulating traffic speed, VSL also helps reduce rear-end and lane-
change collisions associated with sudden stops at the back of congested 
areas.

• This more consistent speed improves safety, saves motorists gas, and 
lessens harmful emissions from idling in stopped traffic.

Approach

The overall approach to the work involves a before-and-after analysis of traffic 
speeds at one-minute increments on segments that comprise the study area. To 
understand the underlying patterns of traffic variation along freeways in the 
study area, the before data set consisted of almost two years, or seven quarters 
of prior data from September 2012 to September 2014, and one quarter of post 
data (quarter four, 2014). The VSL project went into operation in September 
2014. This limited the scope of the after data set to a single quarter, quarter 
four, 2014. It was considered that three months of after data would be sufficient 
for the effect of the implementation to stabilize. The following objectives were 
defined for the evaluation:

• To demonstrate the power of data analytics on an application that is 
within the state DOT’s current focus;

• To illustrate the application of external professional resources for data 
analytics;

• To demonstrate how the application of analytics and predictive tech-
nologies can optimize the use of internal staff resources.

A review of previous evaluations of the VSL project suggests that there are 
two primary approaches to the evaluation of VSLs. The first includes the use 
of a traffic simulation model, and the second involves the analysis of before-
and-after data. Since the VSL project has already been deployed and one of the 
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key objectives of the work was to demonstrate the use of analytics on a large 
observed data set, it was decided to adopt the latter approach.

Initial Analytics Approach—Speed Variability

The analysis makes use of privately sourced Inrix speed data collected from 
2013 to 2014 on the subject freeway, approximately 36 miles in each direc-
tion. There are 138 TMC locations for which Inrix [1] data was available on a 
minute-by-minute basis.

 While direction signs on the freeway make use of formal directional des-
ignations based on compass headings at various locations of the freeway (east/
west or north/south), for purposes of the analysis, the data was arrayed in clock-
wise and counterclockwise directions, proceeding clockwise from mile marker 
9.97 in the west to mile marker 46.3 in the east, and vice versa proceeding 
counterclockwise from mile marker 46.5 in the east to mile marker 10.0 in the 
west. Note that the data analytics were conducted in Teradata Aster, with sum-
maries and visualizations developed in Tableau.

Figure 10.2 shows a summary of the available data for the two directions 
for the full year and illustrates the speeds when considering only weekdays and 
then only weekday peak periods. An analysis of the data was conducted to 

Figure 10.2  Summary of available data for two directions for the full year.
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determine that the morning peak occurs from 6:00 a.m. to 9:00 a.m. and in 
the evening from 3:00 p.m. to 7:00 p.m. Using this definition, the peak periods 
span about 27% of the available data points. 

Figure 10.3 shows the data for the fourth quarter, as the fourth quarter 
was the only quarter for which a direct comparison could be made between 
quarter four, 2013, without VSLs and quarter four, 2014, with the VSLs imple-
mented. The VSL system was implemented in September 2014.

Figure 10.3 illustrates the speed variability for the entire study on week-
days during peak periods. This encompasses eight separate quarters, or 520 
weekdays of data. The shading indicates the average speeds, and the width of 
the line represents again the standard deviation of the traffic speeds. Figure 10.3 
illustrates that traffic conditions are in fact highly variable on the freeway, even 
during some of the most heavily traveled time periods.

Figure 10.4 shows the speed profile that was assumed for a bottleneck. 
This represents a formal data definition for a subjective traffic engineering 
term: bottleneck.

Figure 10.4 is adapted from industry best practice with respect to the 
definition of a bottleneck in terms of speed [2]. The bottleneck begins when the 
observed speed of traffic falls below 60% of the reference speed. The reference 
speed is an INRIX [1] data parameter, which represents the 85th percentile of 
the observed speeds. This roughly equates to the speed limit enforced on fixed 
speed limit signs along freeways. The slowdown is then assumed to persist until 
the traffic begins to climb back through 60% of reference speed. Note that this 
simplified template describing a bottleneck assumes that there will be only one 
slowdown per bottleneck and that when the traffic climbs back through 60% of 
reference speed, the bottleneck is over. There is the potential to define a chain 
of bottlenecks with one reduction in speed, when, in reality, the chain of bottle-
necks could be one single bottleneck. This will be discussed later in this section.

Figure 10.4 illustrates speed variability across a length of freeway that 
is split into a series of TMC sections. A TMC segment is an industry stan-
dard definition of a section of freeway. Note that this should not be confused 
with the more general meaning of TMC as a traffic management center. This 
definition goes back to an earlier European project known as the Radio Data 
System—Traffic Message Channel project (RDS—TMC). Segment definitions 
were developed especially for this project to enable location-specific traffic mes-
sages, and they have been adopted on a wider basis since the project was com-
pleted. INRIX [1] adopted TMC segments as the basis for the current version 
of the data that was used for this work. 

The vertical axis of the graph in Figure 10.4 represents traffic speed in 
miles per hour, averaged over one-minute time increments. The horizontal axis 
represents distance, with the arrow indicating the direction of travel for the 
traffic. 
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The rightmost black dot on Figure 10.4 indicates the beginning of the 
bottleneck. This is the point at which the speed of the traffic drops below 60% 
of the reference speed. The leftmost black dot in Figure 10.4 represents the end, 
or the point at which traffic climbs through 60% of reference speed. 

The gray shaded area in the center of the diagram represents bottleneck 
conditions where the traffic speed has dropped below 60% and is not yet recov-
ered back to 60% of reference speed. The area to the right of the box represents 
pre-bottleneck traffic speed, and the area to the left of the box represents post-
bottleneck traffic speed. The bottleneck is defined as the width of the gray box.

Along the bottom of the graph in Figure 10.4 a series of boxes is arrayed 
to represent the TMC segments of the freeway. The two rightmost white boxes 
are labeled TMC PRB (pre-bottleneck). The small gray boxes under the large 
gray box are labeled TMCB (bottleneck). 

Note that from a data perspective the bottleneck can be defined as a se-
quence of two pre-bottleneck TMC segments followed by one or more bottle-
neck segments.

This template provides us with a mechanism for analyzing speed variation 
to identify and characterize bottlenecks. It also provides the definitions and 
labels required to explain the analysis.

Making use of the template, an nPath analysis was conducted on the data 
set to identify bottlenecks, and to characterize bottlenecks by the length of the 
queue. Figures 10.5–10.7 show several different ways to visualize the results of 
the analysis.

In Figure 10.5, the size of the circles is proportionate to the duration of 
the bottleneck measured in minutes below reference speed.

Figure 10.4  Bottleneck speed profile template.
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The data set used to generate the graphic in Figure 10.5 consisted of 
traffic in both directions over weekday peak periods. Another way to visualize 
the location of bottlenecks is to identify the nearest major intersection to the 
bottleneck. Figure 10.6 shows bottlenecks located to major intersections. The 
data set used to generate this visualization was for all months of 2013 and 2014. 
The size of the boxes is proportionate to the duration of the bottleneck.

 In our last example of a bottleneck visualization, shown in Figure 10.7, 
the bottlenecks are plotted on a map base of the freeway, with bottlenecks rep-
resented by a dot at the location of the bottleneck. The size of the dots corre-
sponds to the duration of the bottleneck in minutes.

The dataset used to generate Figure 10.7 is for the evening peak period 
for a specific day in a single direction along the freeway. The horizontal axis 
represents the distance along the freeway, denoted by mile markers. The verti-
cal axis represents the time of day. The size of the dots indicates the duration 
of the incident in minutes. Therefore a comet trail of bottlenecks stretching 
back from a higher mile marker to a lower one, as time of day increases, can 
be interpreted as a chain or sequence of bottlenecks that are probably related. 
Earlier bottlenecks are likely to be causing later ones. This data was selected to 
enable the comet trail patterns to be made visible in Figure 10.7. The sequences 
of bottlenecks illustrate the analysis constraint discussed earlier in this section. 
Since the template assumes a single dip in speed below the reference speed, the 
results of the nPath analytics provide a sequence of bottlenecks. It is likely that 
the comet trails are not a sequence of bottlenecks but, in fact, a single bottle-

Figure 10.5  Location and duration of bottlenecks.
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neck that is exhibiting multiple speed drops and increases around the reference 
speed represent a single bottleneck.

Unfortunately, the speed variability, bottleneck, and characterization 
work discussed above did not yield a statistically significant difference between 
the conditions before the VSL sign implementation and afterward. This led to 
discussion and consideration of alternative approaches to the analytics.

Speed variability and bottleneck characterization techniques were applied 
as part of the original analysis. Unfortunately, this did not yield a statistically 
significant result that showed an improvement from the before situation to the 
after situation. Speed variability on its own did not provide a useful measure of 
the effects of the VSL signs.

At the midway point of the work, some six months into the schedule, a 
briefing and discussion with the client provided a breakthrough insight into the 
evaluation problem. In a discussion regarding the subjective effects of the VSL 
signs, a senior member of the state DOT staff stated:

When you drive the corridor during incidents conditions, you get the 
impression that the traffic is somehow more tranquil than before we 
installed the variable speed limit signs.

This insight led to a review of the parameters that were adopted for the 
evaluation. It became clear that simple speed variability, standard deviation, 
or averages may not provide insight addressing the subjective statement. The 
evaluation team then considered the word tranquil and realized that the op-
posite of tranquil would be turbulent. This thought led to the determination 
that an evaluation parameter that measured traffic turbulence may be a more 
appropriate measurement and might yield a clear result. 

Subsequent discussions with the data science team identified a new can-
didate evaluation parameter—traffic turbulence. Traffic turbulence was defined 
as the change in speed between adjacent segments times that occurrence of that 
event. Further analysis also identified that the most significant location to mea-
sure traffic turbulence is at the end of the queue, where it would be expected 
that the VSL effects would be most pronounced due to the warning given to 
drivers approaching the end of the queue.

This represented a discovery moment. While the previous analytics work 
did not yield a statistically significant result, it did form the basis for under-
standing the characteristics of the data sufficient to form the foundation for a 
traffic turbulence analysis. Given a new understanding of the complexity of the 
analysis, the team decided to focus on traffic turbulence analysis based on traffic 
speeds, while putting the other factors to one side.
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Revised Approach—Traffic Turbulence Analysis 

The team identified that a traffic turbulence analysis would be a more appropri-
ate approach to the evaluation of VSLs. The analysis was also focused on the 
end of the bottleneck within the zone of influence but beyond the bottleneck. 
To facilitate the analysis a revised bottleneck speed profile template was created 
as illustrated in Figure 10.8.

Like Figure 10.4, the vertical axis of the graph in Figure 10.8 represents 
traffic speed in miles per hour, averaged over one-minute time increments. The 
horizontal axis represents distance, with the arrow indicating the direction of 
travel for the traffic. The rightmost black dot on Figure 10.8 indicates the be-
ginning of the bottleneck. This is the point at which the speed of the traffic 
drops below 60% of the reference speed. The leftmost black dot represents 
the end, or the point at which traffic climbs through 60% of reference speed. 
The gray shaded area in the center of the diagram represents bottleneck condi-
tions where the traffic speed has dropped below 60% and has not yet recovered 
back to 60% of reference speed. The area to the right of the box represents 
pre-bottleneck traffic speed, and the area to the left of the box represents post 
bottleneck traffic speed. The bottleneck is defined as the width of the gray box.

Along the bottom of the graph in Figure 10.8, a series of boxes is arrayed 
to represent the TMC segments of the freeway. The two rightmost white boxes 
are labeled TMC PRB (pre-bottleneck). The small gray boxes under the large 
gray box are labeled TMCB (bottleneck). 

Figure 10.8  Modified bottleneck template with zone of influence segments at the end of the 
queue.
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In Figure 10.8, two additional boxes have been added—the leftmost black 
boxes that are labeled “TMC LAG1” and “TMC LAG2.” These represent post-
bottleneck traffic speed conditions.

This post-bottleneck traffic zone can also be defined as the zone of influ-
ence of the bottleneck, and the zone speed has been defined as the average of 
speeds observed in TMC LAG1 and TMC LAG2. The addition of these two 
segments makes it possible to conduct analysis on the zone of influence with 
respect to traffic turbulence.

To provide an intuitive measure of the impact of turbulent speed change 
between adjacent TMCs, we adopted a calculation of acceleration/deceleration 
and cumulatively calculated the total absolute value of these acceleration/decel-
eration calculations. The methodology for measuring the acceleration between 
two adjacent TMC’s (x and y) is as follows: 

	

 
 ∗       =   
  ∗   −      

_ _

_ _

_ _

_ _

sum across all pairwise TMC segments of

TMC x speed
Total number of

TMC x speedTraffic turbulence
pairwiseTMC segment

TMC y speed
comparisons

TMC y speed

	

where

TMC x speed is the speed observed on segment X for 1 minute;

TMC y speed is the speed observed on segment Y for one minute;

TMC x pmm is the pseudomile marker for segment X;

TMC y pmm is the pseudomile marker for segment Y.

The measurement units for the above calculation are (miles/hour) per 
minute

Developing this analytic for peak period traffic on weekdays, using the 
two post-bottleneck TMC segments, TMC LAG1 and TMC LAG2, yielded 
the results summarized in Figure 10.9.

Figure 10.9 shows the results of the turbulence analysis for the fourth 
quarter of 2014 compared to the fourth quarter 2013. As explained earlier the 
VSL signs were turned at the beginning of the fourth quarter of 2014, defining 
the after period. The results show a clear reduction in turbulence and speed at 
the end of the bottleneck. The result was not checked for statistical significance 
but was of sufficient significance to satisfy the client’s needs. Note that there are 
approximately 71.5 million data points in the turbulence calculation.
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Toll Return Index Concept

Toll agencies face a specific problem with respect to justifying the level of tolls 
that users must pay. In many cases, the focus is placed on the amount of the toll 
to the detriment of a simple explanation of the benefits delivered in return for 
the toll. The challenge is that the level of toll paid is a simple number, while the 
benefits delivered may be distributed across multiple departments and multiple 
budgets within the agency. The toll return index concept attempts to address 
this challenge by making use of analytics to generate a simple number that 
represents the benefits delivered in return for the toll. The toll return index is a 
single number that represents the amount of toll paid divided by the total ben-
efits delivered. The total benefits delivered are comprised of safety, efficiency, 
and user experience benefits. The concept was developed in close association 
with a leading toll agency and the relevant professional society [3].

Analytics Used

In this example, the toll return index is composed of four primary components:

• Toll paid: There are a number of different ways in which the toll paid 
could be characterized. In this example, the total tolls paid by a user dur-
ing an average commute day will be used. This means that the benefits 
portion of the toll return index will also be calculated in the same basis 
to determine the index.

• Safety benefits: The value of safety benefits is related to the number of 
crashes avoided through the increased safety on the toll road. The in-
creased safety can be because of better traffic management, better road 
geometry, or better overall operations. It is determined by comparing 
crash statistics for the subject freeway to comparable local, regional, and 
national roads. Crash statistics are also normalized by considering the 
volume of traffic. Therefore, the crash statistics will be quoted in terms 
of crashes per vehicle mile traveled. Crash statistics will be obtained 
from local crash databases. Traffic volumes may be obtained from traffic 
count data available from the local transportation agency, or from the 
toll agency itself. In some cases, traffic volumes may be estimated using 
mathematical simulation models. Crash statistics are typically classified 
as follows:

• Fatal;

• Injury;

• Damage-only.
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According to U.S. DOT statistics, the lifetime comprehensive cost to so-
ciety for each fatality is $9.1 million, of which 85% is attributable to lost qual-
ity of life [4]. Each critically injured survivor has an assumed cost to society of 
$5.6 million USD on average. Lost quality of life accounts for 82% of this fig-
ure [4]. The statistics for injury crashes could be further classified according to 
injury severity, with different comprehensive cost figures for each subcategory. 
The previous data for critically injured survivors is the highest level of severity. 
These can be applied to the crash savings to determine an estimate of the safety 
benefits.

• Efficiency benefits: Efficiency benefits are derived primarily from time 
savings attributable to the toll road providing a faster route than par-
allel alternatives. Efficiency benefits are evaluated by comparing time 
required to travel on the specific road segments, to the time required to 
travel on alternative routes. The data can be obtained from journey time 
surveys of both the target road segments and the alternative routes or 
from a regional transportation model (mathematical simulation model). 
Another factor that can be considered in the determination of efficiency 
benefits is the variability or reliability of the trip time on the toll road 
compared to parallel alternative routes. In the case of speed variability, 
the average speed variability for each trip using the toll road would be 
compared with an equivalent trip using alternative routes. The differ-
ence in variability between toll road trips and parallel road trips will 
be quoted in minutes. If the reduction in variability or an increase in 
reliability will unlock extra minutes for the driver, a value of time calcu-
lations can then be made. Once the time savings and reliability improve-
ments have been determined, an estimate of the value of time can be 
applied to determine a dollar figure for the value of efficiency benefits, 
either as a function of absolute travel time savings, or also incorporating 
travel time reliability as a factor.

• User experience enhancement benefits: Determining the value of user 
experience enhancement benefits is the most challenging of the three 
components. User experience is subjective and difficult to measure. The 
proposed approach involves the use of social media analysis, which, in 
the case of this example, is the analysis of a Twitter feed. The Twitter 
feed is processed to include only those tweets that relate to the target 
road segments and the alternative routes. Context-specific text analytics 
are conducted to identify positive and negative comments for users of 
both groups of road segments. It is then necessary to apply a dollar value 
to different levels of positive and negative comments. Research on the 
subject was unable to identify published data regarding the value of pub-
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lic perception; therefore, the toll agency would have to develop specific 
values for the agency. As an example, if user perception is measured on a 
scale from 0 to 100% for both the road in question and parallel alterna-
tives, then a positive difference in perception of 1% could be valued at 
$10,000. This is an arbitrary number intended to provide an example of 
the calculation. In practice, the value could be calculated as a percentage 
of the total expenditure of the toll agency in marketing and outreach. 
For example, if the toll agency spends $5 million per year on marketing 
and outreach, then a proportion of this figure could be used to represent 
the value of a 1% improvement in user perception.

Another approach to establishing the value of a 1% change in user per-
ception would be to conduct direct surveys on the user population. The survey 
would ask users to place a dollar value on the improved experience delivered 
by the toll road. Smart phone apps could be used to make this an efficient and 
continuous process.

10.6  Smart City Accessibility Index

Many of the objectives related to smart city initiatives center on improving ac-
cessibility to jobs, education, health, and retail opportunities. This involves the 
measurement of the ease or difficulty of travel between residential zones within 
the smart city region and zones that contain such opportunities. In close coop-
eration with movement analytics data providers, smart city analysts and smart 
city practitioners, the following concept was developed to address the needs of 
accessibility analysis within a smart city. Typically, transportation accessibility 
has been defined in urban areas by making use of synthetic data from trans-
portation land-use models. These take relatively small samples of real trans-
portation conditions and apply modeling techniques to develop a big picture 
for prevailing and future conditions. With the advent of movement analytics 
from smart phone apps, it is possible to revisit the approach and define a new 
approach based on observed data. Movement analytics involves the capture of 
GPS data from smart phones in an aggregated and anonymized manner that 
enables patterns of travel to and from zones to be determined at a relatively high 
sample rate. In addition to providing an assessment of overall demand between 
zones in the smart city region, movement analytics can also provide a strong 
indication of the modes and routes that are chosen to make the trip. Through 
the definition of an accessibility index, which is comprised of travel time, travel 
time reliability, and cost of travel between major zones in the smart city region, 
it is possible to evaluate accessibility. Note that the movement analytics data 
also enables the identification of residential zones and those that contain jobs, 
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education, healthcare, and retail opportunities. Movement analytics data can 
also be blended with U.S. census data to provide additional insight into the 
characteristics of each zone. While this approach still contains an element of 
estimation, it is based on observed data that can consider the dynamics of ac-
cessibility over time.

Analytics Used

The primary analytic used is known as the accessibility index and it is com-
prised of the following components:

• Estimated travel time between residential and opportunity zones: Zones 
within the smart city region are defined, based on U.S. census tract 
boundaries as census data will be required to define demographics for 
each zone. Movement analytics from smart phone applications will be 
used to characterize travel between zones and to identify overnight resi-
dential locations for smart phone users. Opportunity zones will be iden-
tified based on U.S. census data. Travel time analytics will be determined 
to illustrate average travel times between residential zones and opportu-
nity zones. This analytic will be a factor in the overall accessibility index.

• Estimated travel time reliability between residential and opportunity zones: 
By considering travel times between zones over a suitable period it is 
possible to develop an estimate of travel time reliability between residen-
tial and opportunity zones. This analytic will also be a factor within the 
overall accessibility index.

• Cost of travel between residential and opportunity zones as a proportion of 
household income: U.S. census data would be used to estimate household 
income for each residential zone. Cost of travel between residential and 
opportunity zones will be determined based on the travel time and travel 
time reliability between zones and an assumed hourly cost of travel. This 
latter figure is typically related to the average earnings per hour for the 
city, but it could also consider the average earnings per hour for each 
zone. The three analytics are combined into a single accessibility index, 
which is defined as: accessibility index from zone 1 to zone 2 = travel 
time between zones, travel time variability between zones, and the cost 
of travel as a proportion of household income between zones. Note that 
it would also be possible to apply the type of generalized cost modeling 
used in transportation simulation models as an alternative to this ap-
proach.
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10.7  Arterial Performance Management

Arterial performance management has become a very important subject area 
within the transportation industry. Federal government legislation has placed 
an emphasis on results-driven investments for transportation service delivery. 
This makes arterial performance management a valuable analytics concept for 
a smart city. The nature of arterial performance management analytics is de-
scribed in the following section.

Overview 

The basis of the concept is to take the technique applied to freeway management 
as described in Section 10.6 and apply it to arterial performance management. 
Freeway and arterial performance environments vary considerably with respect 
to average traffic speed and the expected variation in speed. Arterial roads are 
subject to additional factors of complexity, such as conflict between mainline 
traffic sites, rate traffic, and from pedestrians. Also, the spacing between inter-
sections in arterials is expected to be considerably less than that of freeways, and 
while a freeway can be treated as a linear corridor, arterials require treatment 
as a network of nodes and links. To address arterial performance management, 
the same traffic turbulence analytic developed for freeways would be applied 
to characterize the severity of acceleration and deceleration being experienced 
by traffic along the length of the arterials. This could also be supplemented by 
social media analysis to provide an additional perspective on driver perception 
with respect to arterial performance management.

Analytics 

As discussed earlier, the traffic turbulence analytic would be the primary tool to 
be used to conduct the evaluation on arterial performance management. This 
would be combined with traffic flows and an analysis of traffic speed variability 
along the length of each segment to determine the technical performance of 
each arterial. A user sentiment index would also be used, based on context-spe-
cific keyword analysis of Twitter feeds to determine the percentage satisfaction 
of drivers along the arterial corridor.

10.8  Decision Support for Bus Acquisition

This concept was developed in discussion with a leading transit agency [5]; the 
challenge of selecting the appropriate timing for bus acquisition was identified. 
The purchase of buses to support regional and local bus services represents a 
significant investment. Each bus can cost $300,000–600,000 depending on 
the exact specification and the choice of bus. This represents a significant capi-
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tal investment, placing significant value on any tools or insight that can make 
such investments as cost-effective as possible. It was identified that one of the 
major factors in the decision to buy new buses related to the traffic conditions 
experienced by buses on the roads along which the routes are operated. The 
transit agency in question operates approximately 1,000 buses in the suburban 
area of a major city. Consequently, many of the routes operate on arterials and 
other roads with traffic signals. The overall concept for the use of the analytics 
support approach to bus acquisition is to characterize prevailing traffic condi-
tions as experienced by the bus fleet, by applying analytical techniques to traffic 
flows. In this case, rather than focusing on traffic turbulence, the average travel 
time and travel time variability experienced by individual buses on bus routes 
is the subject of the analysis. The approach is to develop an index that com-
bines travel time and travel time variability, along with data regarding schedule 
compliance, to identify the optimum point at which bus acquisition should be 
considered. It should also be noted that the use of adaptive coordinated traffic 
signal management techniques, bus priority at intersections, contra flow bus 
lanes, and special bus right-of-way could also be effective strategies to improve 
the conditions encountered by buses and bus service quality levels along cor-
ridors, in addition to the acquisition of new buses.

Analytics 

It is envisaged that the following analytics will be used in the development of a 
bus acquisition support tool:

• Bus travel speeds per route;

• Individual bus schedule compliance;

• Average traffic speeds per route;

• Bus travel speed variability per route;

• Acceptable bus schedule compliance variation;

• Cost of bus schedule compliance variation.

10.9  Thoughts on the Use of Analytics

A few additional thoughts are offered in each of the five concepts, in terms of 
the use of the analytics and the insight that can be achieved.

Freeway Management

During the analytics work several challenges were encountered. Some of the 
challenges related to the building of a bridge between data science and transpor-
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tation. The effort required in building such a bridge and bringing data scientists 
up to speed, so to speak, on the characteristics of traffic data was underestimat-
ed. Similarly, the effort required to communicate data science to transportation 
professionals was also underestimated. Other challenges related to the discovery 
nature of the undertaking. The whole process of applying a discovery tool to 
a data set, by its very nature means that things that were not perceived at the 
beginning of the process can become important. It is also the case that one 
discovery leads to another. This was certainly the case in this exercise, and con-
siderable effort was expended on the initial analysis of a significant extension 
in the originally envisioned schedule for the work. The original work schedule 
spanned a period of approximately two months, when, in fact, the actual work 
spanned a period of more than 12 months. 

Another challenge lay in the definition of TMC segments. These vary 
in length from 500m to more than 2,000m. This limits the resolution of the 
evaluation, as effects can only be analyzed over the length of the segment and 
not within the segment. Since the work was completed, INRIX [1] has intro-
duced a new data set with shorter and more consistent segment lengths. This 
supports a high-resolution of analysis and enables the possibility that this data 
source could be used on arterials where the distances between intersections and 
the variability in traffic speeds is greater. The technique developed during the 
study will also be extremely valuable when used in conjunction with the con-
nected vehicle data. Connected vehicle data offers the possibility of second-by-
second speed profiles emanating from connected vehicles. This high-resolution 
data set could be utilized with the techniques developed here to provide greater 
insight into the driver behavior at the beginning, during, and at the end of a 
bottleneck.

A significant discovery element of the project was a realization that the 
analysis could form the basis for a new scientific approach to traffic engineer-
ing. As more data becomes available and as the accuracy and resolution of the 
data grows, the principles revealed in this project could be applied to the adop-
tion of a scientific approach to traffic engineering. 

This would be based on a detailed understanding of the variations in 
traffic conditions and on the detailed effects of traffic management tools and 
devices. With the advent of connected vehicle technology, which would enable 
instantaneous vehicle speed, vehicle location, and vehicle ID to be gathered 
on a large scale, it is likely that the ground will be prepared for a scientific ap-
proach to traffic engineering. It is our belief that connected vehicle data will 
need to be incorporated into an integrated transportation data set that includes 
crashes, incidents, road geometry, roadmaps, road signs, weather conditions 
and other data on which discovery techniques can be applied to support a sci-
entific approach.
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Scientific traffic engineering would ultimately lead to the design of traffic-
management strategies driven by data and effects. One could also ultimately 
foresee a day when design documents could be rewritten to take account of this 
new scientific approach. In parallel with the adoption of scientific traffic engi-
neering, it would also be possible to take a scientific approach to the planning 
for future investments in transportation facilities including intelligent trans-
portation systems. Access to an integrated data set covering multiple aspects of 
transportation service delivery and prevailing conditions would also support 
before studies to be conducted at any point in the span of the data set. Identify-
ing and understanding the exact effects of investments made in the past would 
lead to finely targeted investments in the future. This could well be the genesis 
of a new scientific approach to transportation planning and engineering.

A thought related to the scientific approach lies in the need to define, 
from a data perspective, terms that are typically used by transportation people 
on a subjective basis. These include terms like recurring and nonrecurring con-
gestion and bottleneck, as illustrated in this chapter. 

A final thought related to the freeway speed variability work concerns 
the availability of performance data beyond the boundaries of the agency. The 
availability of such data sources could put pressure on local agencies regarding 
operational efficiency. As an example, during the freeway work the data science 
team noted the occurrence of an incident on September 20, 2014 between 3 
and 4 p.m. In discussion with the client team, it turned out that this was the 
time and date of a major snowstorm. The significance in this interaction lies 
in the fact that an independent data science team could identify performance 
issues with no recourse to public agency data.

Accessibility Index

An interesting aspect of the accessibility analytic lies in the ability to use ob-
served data where typically synthetic data from a transportation model would 
be used. There is a possibility that the observed data could be combined with 
this synthetic data to provide a more complete picture of the smart city. How-
ever, it would be necessary to consider the accuracy of the resultant data set, 
since data from the transportation model is likely to be based on a much smaller 
sample size than the observed data.

Toll Return Index 

Once the toll return index framework has been established, it is possible to use 
in-depth analytics to understand how changes in safety, efficiency, and user 
experience will affect the toll return index. While the toll return index has been 
calculated for an entire toll network in this example, it would also be possible 
to explore the dynamics of the toll return index for different segments of the 
total network to understand the variations in safety, efficiency and user experi-
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ence alongside the variation in toll revenue. The toll return index could also be 
a useful tool in the analysis of variable tolling techniques. In such approaches, 
the toll is varied dynamically to achieve a specific level of service objective. In 
many cases, the level of service objective is an average speed of 45 mph over the 
variable tolling section of the network. The toll return index could be used as 
an objective function in the calculation of the toll to be charged any given time. 
Current dynamic tolling implementations rely on a lookup table that compares 
traffic volumes and speeds with different toll levels. This typically takes no ac-
count of factors such as trip purpose when determining the elasticity associated 
with the variable tolling deployment (with elasticity being defined as the num-
ber of vehicles that are redirected from the toll road to alternative parallel rights 
for each incremental increase in the toll level).

Arterial Performance Management

The incorporation of user perception using social media analysis is likely to 
yield some interesting results. While traffic and transportation engineers op-
timize based on the total delay along the corridor, discussions with drivers in-
dicate that they might hold the number of stops along the corridor as more 
important than the total delay. This seems to be because drivers won’t mind a 
slightly longer journey time along the corridor provided it is a smoother jour-
ney with less stops. This would suggest that a lower average speed would be 
acceptable to drivers if the number of stops were minimized.

Decision Support for Bus Acquisition

While this analytic has been described in terms of a tool to enable better deci-
sions regarding bus acquisition timing, it also forms part of a larger picture 
involving the use of scientific investment planning, supported by data and ana-
lytics. The principles involved in decision support for bus acquisition could 
equally be applied to other infrastructure elements that support transportation 
service delivery within a smart city.
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11
Benefit and Cost Estimation For Smart 
City Transportation Services

11.1  Informational Objectives

This chapter aims to do the following:

• Explain a conceptual framework for estimating benefits and costs associ-
ated with smart city transportation services.

• Illustrate assumed configurations for subsystems that support the deliv-
ery of smart city transportation services.

• Describe examples of cost estimation for smart city transportation ser-
vices.

• Provide examples of benefits estimation for smart city transportation 
services.

• Explain the basis for planning and high-level screening evaluation of 
smart city transportation services.

11.2  Chapter Word Cloud 

Figure 11.1 presents a word cloud that provides an overview of the contents of 
the chapter.
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11.3  Introduction

This chapter explores the costs and benefits that are associated with smart city 
implementations. The subject is approached in a balanced manner to achieve 
benefit and cost guidelines that are of practical value, while managing an im-
portant issue. This is a challenging subject as detailed costs and benefits are 
typically identified as a result of a detailed design process. This detailed design 
process customizes the implementation to a specific city and a specific set of 
circumstances. In the design process, technology choices are made that shape 
the intended deployment in a specific direction that is best suited to the city in 
question. To determine life-cycle costs that include both capital and operating 
costs, it is also necessary to understand operating and maintenance costs for 
the services. This chapter aims to provide general guidance that should be ap-
plicable to any smart city.

This book advocates a service evolution approach to determining starting 
points and identifying the roadmap for smart city deployment. Continuing 
this theme, the 16 smart city services identified in Chapter 5 can also form the 
basis for a benefit-cost sketch planning framework for smart city transporta-
tion. Such a model can provide the high-level guidance required to shape and 
influence investment patterns for a smart city. It is also recognized that the 
analytical approach defined in Chapter 5 can be applied to refine benefit and 
cost estimates for smart city services. Therefore, the cost and benefit model de-
scribed in this chapter can also be viewed as a starting point or platform that can 
be refined over time as benefit and cost data from smart cities is collected, and 
analytics that characterize these are developed. While the benefit-cost frame-
work defined in this chapter has immediate and independent value, it is likely 
that the major elements and its value will ultimately lie in setting the founda-
tion for future enhancement and development. The intention is to describe the 
framework and the overall approach to estimating benefits and costs for smart 

Figure 11.1  Word cloud for Chapter 11.
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city transportation services, then continue to improve the model incrementally 
using such analytic techniques. The goal is to develop an advanced decision-
support system for smart city service evolution. This will take account of smart 
city policy objectives and provide guidance on what services should be deployed 
and the order in which the deployment would take place to optimize several fac-
tors. These include benefit-cost ratios, incorporation of legacy systems, and in 
nature of prior investments. The definition of an optimum sequence of services 
sets the scene for detailed prioritization and staging and the delivery of services 
through the definition and implementation of projects. As noted earlier, proj-
ects are essential since they represent manageable units of deployment that can 
be subject to schedule and cost control and represent a standalone step toward 
future big picture. However, it must be recognized that value and benefits are 
in fact delivered by the services that are enabled by the projects. Making use of 
services to communicate the plan investment pattern also enables more effective 
outreach to a range of smart city partners and to the public, or end users of the 
proposed services.

Another important goal in defining a benefit-cost framework is to provide 
guidance to smart cities on the data required for effective before-and-after eval-
uations. In prior investments in advanced transportation technology, before-
and-after data collection has been inconsistent, presenting a challenge to direct 
comparisons of before-and-after situations and comparisons between cities [1].

11.4  Overview of the Approach

Figure 11.2 illustrates an overall approach to the estimation of benefits and 
costs for smart city transportation services. Each step is described in the follow-
ing sections.

Define Smart City Transportation Services

The starting point in the methodology is to create a definition of the smart city 
transportation services to be deployed. While these are likely to vary from city 
to city the 16 services identified in Chapter 5 are used to explain and illustrate 
the general approach. The 16 services are as summarized in Tables 11.1–11.3. 
Note that these are copies of tables from Chapter 5, showing the objectives 
mapped to the services. There are two reasons for this. First, objectives provide 
some insight into the types of values and benefits that may be delivered by the 
service, and second, it is desirable to reinforce the connection between services 
and objectives. The primary goal in delivering the services is to achieve the pre-
viously defined objectives. The objectives are also grouped according to safety, 
efficiency, and user experience objectives.
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Separate Services into Those That Deliver Direct Benefit and Those That Are 
Enablers

The 16 services can be divided into those that deliver direct value and benefits 
and those that act as enablers to allow the other services to deliver the value. 
This does not suggest that the enabling services have no value; rather it indi-
cates that their value is closely related to the support of the other services. 

Describe Assumed Configurations for Direct Benefit Services

While detailed designs are not available when considering a generic smart city, 
it is necessary to describe the high-level configurations that are assumed for 
cost and benefit estimation purposes. These can be likened to high-level system 
architectures that describe the overall components and explain the basis for the 
benefits and cost estimates.

Table 11.1 
Smart City Transportation Services Mapped to Safety Objectives

�� Services

Objectives

A
sset and m

aintenance m
anagem

ent

Connected vehicle

Connected, involved citizens

Integrated electronic paym
ent

Intelligent sensor-based infrastructure

Low
 cost efficient, secure and resilient ICT

Sm
art grid, roadw

ay electrification and electric vehicle

Sm
art land use

Strategic business m
odels and partnering

Transportation governance

Transportation m
anagem

ent

Traveler inform
ation

U
rban analytics

U
rban autom

ation

U
rban delivery and logistics

U
ser focused m

obility

Safety
Maximizing the safety of the 
overall transportation system

           

Balancing safety, efficiency, 
and user experience to create 
a holistic approach

     

Understanding the effects 
of safety improvements and 
investments


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Table 11.2 
Smart City Transportation Services Mapped to Efficiency Objectives

Objectives
A

sset and m
aintenance m

anagem
ent

Connected vehicle

Connected, involved citizens

Integrated electronic paym
ent

Intelligent sensor-based infrastructure

Low
 cost efficient, secure and resilient ICT

Sm
art grid, roadw

ay electrification and electric vehicle

Sm
art land use

Strategic business m
odels and partnering

Transportation governance

Transportation m
anagem

ent

Traveler inform
ation

U
rban analytics

U
rban autom

ation

U
rban delivery and logistics

U
ser focused m

obility

Efficiency
Identifying bottlenecks and 
slowdowns in the transportation 
system and developing strategies to 
manage these         

Optimizing the performance 
of transportation assets and 
infrastructure      

Optimizing the performance of the 
overall transportation system     

Minimizing capital and operating 
costs and optimizing current and 
future expenditure       

Improving service levels for citizens 
and visitors              

Identifying and addressing service 
deficiencies in the transportation 
system      

Assessing current and future 
demand for transportation      

Optimizing access to jobs      

Optimizing transportation service for 
the transportation-disadvantaged 

Understanding the relationship 
between cost of travel and demand 
for travel 
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Establish Cost Units for Services

As described in Chapter 5, the services will evolve over time and space. In this 
case, space represents the geographic extent or the proportion of the city popu-
lation that is exposed to the services at any given time.

Establish Benefit Units for Services

In a similar manner to the cost units described above benefit units can be de-
termined for each service. The benefit can be related to space, time, and quality 
of service.

Table 11.2 (continued)

Services

Objectives
A

sset and m
aintenance m

anagem
ent

Connected vehicle

Connected, involved citizens

Integrated electronic paym
ent

Intelligent sensor-based infrastructure

Low
 cost efficient, secure and resilient ICT

Sm
art grid, roadw

ay electrification and electric vehicle

Sm
art land use

Strategic business m
odels and partnering

Transportation governance

Transportation m
anagem

ent

Traveler inform
ation

U
rban analytics

U
rban autom

ation

U
rban delivery and logistics

U
ser focused m

obility

Enhanced user 
experience
Understanding current 
user experience

       

Developing strategies and 
techniques for optimizing 
user experience

    

Delivering the highest 
value for money for all 
transportation customers

       

Identifying customer 
perception of current 
transportation service

      

Assessing the effect 
of transportation as a 
service on the overall 
transportation system

   
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Determine Life-Cycle Cost for Services

Life-cycle costs represent a combination of the capital cost and operating costs 
required to deliver the services. Both are likely to have a direct relationship to 
the spatial extent and quality of the service.

Table 11.2 (continued)
Services

Objectives
A

sset and m
aintenance m

anagem
ent

Connected vehicle

Connected, involved citizens

Integrated electronic paym
ent

Intelligent sensor-based infrastructure

Low
 cost efficient, secure and resilient ICT

Sm
art grid, roadw

ay electrification and electric vehicle

Sm
art land use

Strategic business m
odels and partnering

Transportation governance

Transportation m
anagem

ent

Traveler inform
ation

U
rban analytics

U
rban autom

ation

U
rban delivery and logistics

U
ser focused m

obility

Enhanced user 
experience
Understanding current 
user experience

       

Developing strategies 
and techniques for 
optimizing user 
experience

    

Delivering the highest 
value for money for all 
transportation customers

       

Identifying customer 
perception of current 
transportation service

      

Assessing the effect 
of transportation as a 
service on the overall 
transportation system

   
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Table 11.3 
Smart City Transportation Services Mapped to User Experience Objectives

Services

Objectives
A

sset and m
aintenance m

anagem
ent

Connected vehicle

Connected, involved citizens

Integrated electronic paym
ent

Intelligent sensor-based infrastructure

Low
 cost efficient, secure and resilient ICT

Sm
art grid, roadw

ay electrification and electric vehicle

Sm
art land use

Strategic business m
odels and partnering

Transportation governance

Transportation m
anagem

ent

Traveler inform
ation

U
rban analytics

U
rban autom

ation

U
rban delivery and logistics

U
ser focused m

obility

Enhanced user experience
Understanding current 
user experience

       

Developing strategies and 
techniques for optimizing 
user experience

    

Delivering the highest 
value for money for all 
transportation customers

       

Identifying customer 
perception of current 
transportation service

      

Assessing the effect 
of transportation as a 
service on the overall 
transportation system

   

Ensuring that travelers 
make the best use 
of the transportation 
system, taking account 
of transportation demand 
and prevailing conditions

          

Understanding the 
relationship between 
high-quality traveler 
information and travel 
behavior

        
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Determine Benefits for Services

Service benefits are derived from prior implementation experience, assuming 
that a similar level of benefit will be derived for the smart city as experienced 
in previous deployments. As there are only a small number of prior smart city 
deployments, previous deployments include intelligent transportation system 
deployments as well as smart city deployments.

Summarize Benefits and Costs

The final step in the process is to summarize the benefits and costs in prepa-
ration for using these figures as input to decision support for service delivery 
sequencing

11.5  Assumptions

Even at a sketch planning level, it is necessary to make some overall assumptions 
regarding the size and nature of the smart city as the basis for a cost and benefit 
estimation. A model smart city has been defined and can be described by the 
parameters listed in Tables 11.4–11.6. The numbers have been selected to be 
as realistic as possible, but as noted earlier, detailed cost and benefit estimates 
require a detailed design exercise. Table 11.4 summarizes U.S. national param-
eters used in the cost estimation.

These figures were used as the basis for cost estimation. U.S. population 
statistics were obtained from census data [2]. National figures for gas stations 
[3] were proportioned according to the U.S. population.

Private car operating costs and urban truck operating costs were obtained 
from the AAA website [4], assuming that an urban delivery truck would have 

Table 11.4 
U.S. National Parameters Used to Model the Smart City

USA National Parameters  
U.S. population 324,838,897
Gas stations in the United States 123,807 
Population per gas station 2,624 
Private car operating costs per mile $0.580
Urban truck operating costs per mile $0.708
Private car emissions costs per mile $0.011
Urban truck emissions costs per mile $0.026
Electric vehicle operating cost per mile $0.140
Value of time in dollars per hour $12.5
Average time spent traveling per person per day in minutes 79.5
Total cost of ownership of 1 TB of data per year $12,000
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Table 11.5 
Estimation of the Number of Devices in the Smart City

Number of Devices 
in the Smart City Miles

Devices 
per Mile

Total 
Devices Notes

Length of smart city 
freeways

51 4 204 One vehicle detection station and one 
dynamic message sign in each direction 
per mile

Length of smart city 
arterials

126 2 252 One intersection per mile, one traffic 
controller, and one vehicle detection 
system per intersection

Length of smart city 
urban surface streets

989 4 3956 One intersection every half mile, one 
traffic control and one vehicle detection 
system for each intersection

Length of smart city 
bus routes

372 4 1488 No LRT or commuter rail
Two devices per mile in each direction 
along each route

  Total 
devices

5,900

Table 11.6 
Smart City Characteristics

Smart City Characteristics  
Addressable traveling population in the smart city 1,000,000 

Number of buses in the smart city 539 
Number of private cars in the smart city 807,990 
Number of taxis in the smart city 7,200 
Number of rental cars in the smart city 7,121 
Number of urban delivery vehicles in the smart city 80,799 
Annual vehicle miles traveled per capita 9,442 
Proportion of VMT by private car 88%
Proportion of VMT by truck 12%
Deliveries per day in the smart city 5,000 
Number of parking spaces in the smart city 323,237 
Number of smart factories in the smart city 200 
Number of smart educational facilities in the smart city 200 
Number of smart healthcare facilities in the smart city 200 
Electric vehicle charging points in the smart city 381
Average cost of urban package delivery in the smart city $10.00
Electric vehicle operating cost reduction in the smart city 76%
Electric vehicle emissions reduction in the smart city 100%
Fatalities per 100,000 population per year 10.69
Injured persons per 100,000 population per year 752 
Average data volume per year in TB 365
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similar operating costs to the four-wheel-drive SUV at the highest end of the 
AAA cost spectrum. This may be conservative, as the number of stops incurred 
by an urban delivery truck may well increase operating cost. Cost of emissions 
for private cars and urban trucks were obtained from nationally published fig-
ures [5]. The value of travel time in dollars per hour [6] and the average time 
spent traveling per person per day [7] were derived from published data. The 
total cost of ownership of 1 TB of data per year was derived from a published 
white paper [8].

Table 11.5 illustrates the estimation of the number of devices in the smart 
city. Notes are provided to explain the assumptions on which the estimates are 
based.

The basis on which these numbers were derived is discussed as follows. 
For freeways, arterials and urban surface streets, per capita estimates were de-
veloped from national figures [9] and proportioned for a smart city population 
of 1 million people. Bus routes were derived from published data from the 
Chicago Transit Authority website [10], proportioned according to population. 

Table 11.6 provides details of smart city characteristics used in cost es-
timation. These have either been assumed or derived from the national data 
shown in Table 11.4.

The addressable population is assumed to be 1 million people. Note that 
this does not include the very young and the very old and is assumed to rep-
resent the traveling population. Number of buses was derived from published 
data from the Chicago Transit Authority regarding the number of buses and 
population served, proportioned according to population. This is likely to cre-
ate a conservative estimate as CTA makes use of commuter rail and may be 
less dependent on buses than a typical city. CTA was used as a data source as 
full-service details regarding the number of buses, route miles, and population 
served are available in a single table on the CTA website [10]. It is assumed that 
the model smart city does not feature light rail transit or commuter rail.

The number of private cars within the smart city was derived from na-
tional figures [11] proportioned according to the smart city population.

Annual vehicle miles traveled per capita [12], proportion of VMT by pri-
vate car, and proportion of VMT by truck were derived from national figures 
[13], proportioned according to the smart city population.

The number of urban delivery vehicles in the smart city is assumed to be 
an additional 10% of the private car total. 

The number of deliveries per day in the smart city is a conservative estimate.
The number of taxis in the smart city is derived from national statistics 

[14], proportioned according to population. 
Rental cars and parking spaces were also subject to the same treatment 

using national figures for rental cars [15] and parking spaces [16], proportioned 
according to population. 
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The numbers for smart factories, educational facilities, and healthcare fa-
cilities are based on a best estimate of one facility for every 5,000 population. 

The average cost of urban package delivery was assumed as a best estimate 
of $10 USD. With respect to electric vehicle charging points, it was assumed 
that a smart city will eventually feature the same density of electric vehicle 
charging points as currently exhibited by gas stations in the United States. Na-
tional figures for gas stations [3] were proportioned according to the smart city 
population to derive the number of electric vehicle charging. U.S. population 
statistics were obtained from the U.S. Census website [2]. 

The electric vehicle operating cost reduction was derived by comparing 
published cost of electric vehicle operation, (assuming an electricity cost of 
$0.10 USD per kilowatt), against the cost of operating a private vehicle [17]. 

Regarding safety statistics, fatalities per 100,000 population per year and 
injured persons per 100,000 population per year were derived from nationally 
published figures [18], proportioned according to the population of the smart 
city. The assumed societal cost of fatalities and injury accidents were derived 
from the same reference [18]. With respect to calculations involving the value 
of travel time saved, the average travel time per person per day [7] was propor-
tioned by the population of the smart city. 

With respect to big data and analytics it is assumed that total cost of own-
ership of 1 TB of data is approximately $12,000 USD per year [8] and that a 
smart city will generate approximately 1 TB of data every day [19]. 

11.6  Smart City Cost and Benefit Estimation

Following the methodology explained in the Section 11.5, smart city benefits 
and cost estimates for each of the 16 services are explained in the following 
sections.

Define Smart City Transportation Services

As noted in Section 11.5, the 16 smart city transportation services that were de-
fined in Chapter 5 are used as a basis for this methodology. Since several of the 
services do not provide direct benefit, but act as enablers to release benefit from 
the other services, it is necessary to separate the services into two categories for 
the purposes of the methodology. This is described in the next section.

Separate Services into Those That Deliver Direct Benefit and Those That Are 
Enablers

Table 11.7 shows the 16 services grouped according to direct benefit and ben-
efit-enabling services.

Services are categorized as enablers for the following reasons.
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• Intelligent sensor–based infrastructure: These represent the sensors that 
are installed at the roadside and at waypoints along the transportation 
system. They provide the data that describes prevailing traffic and trans-
portation conditions that acts as inputs to planning and operational 
decision-making. As such they deliver no direct value, but play a critical 
role in service delivery and performance management.

• Low-cost efficient, secure, and resilient ICT: These represent the commu-
nication network that is used to provide connectivity within a smart city. 
Data is communicated from sensors, crowdsourcing, and other systems 
and from connected vehicles to a central back office or a smart city trans-
portation management center for conversion to information, insights, 
understanding, and action. Such technologies deliver significant value 
but not in their own right. Their value lies in enabling data to be trans-
mitted and supporting the conversion of data to information.

• Strategic business models and partnering: These services focus on the defi-
nition of and agreement on business models and partnering arrange-
ments that underpin the efficient delivery of smart city transportation 
services. A business model defines the following:

• Revenue sources;
• Intended customers;

Table 11.7 
Smart City Transportation Services Categorized as Direct Benefit or Indirect Benefit Enabler

Direct In direct Benefit or Enabler
1 Asset and maintenance management
2 Connected vehicle
3 Connected, involved citizens and visitors
4 Integrated electronic payment
5 Intelligent sensor–based infrastructure
6 Low-cost efficient, secure, and resilient ICT
7 Smart grid, roadway electrification, and 

electric vehicle
8 Smart land use
9 Strategic business models and partnering
10 Transportation governance
11 Transportation management
12 Traveler information
13 Urban analytics
14 Urban automation
15 Urban delivery and logistics
16 User-focused mobility
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• Services to be delivered;
• Financing and funding arrangements.

A business model should also illustrate the balance between who pays 
for the delivery of the service and who benefits from any return revenue or 
profit. Typically, the business model will also form the basis for partnering ar-
rangements that define who does what and under what terms and conditions. 
Business models and partnering arrangements do not deliver direct value but 
are essential to the optimization of service delivery in a smart city through the 
incorporation and convergence of both public- and private-sector resources and 
motivation.

• Transportation governance: To support the effective delivery of transpor-
tation services in a smart city, it is necessary to define a government 
structure that will support the effective planning and operation of the 
services. The concept of operations can be defined that identifies roles 
and responsibilities for the various transportation partners involved in 
the smart city. Here again, this service delivers no direct value, but plays 
an essential role in optimizing the delivery of transportation services in 
a smart city

• Urban analytics: This is a major subject of the book. Although these 
measures do not deliver direct value, they act as major enablers in the 
decision-making process for planning and operations of smart city trans-
portation services. Effective analytics will shape the performance of the 
smart city from a transportation service perspective in terms of service 
delivery and efficiency of the overall transportation management and 
government structure.

Each of the above enabling services will be subject to separate treatment 
with respect to cost and benefit analysis. It is assumed that each of the services 
deliver no independent benefits and that the benefits lie in the enablement of 
the other services. The cost of each service will be derived as a proportion of 
the cost of delivering the direct benefit services or as a proportion of our overall 
project scale factor.

11.7  Assumed Configurations for Cost Estimation Purposes

For the 11 direct-benefit services a series of assumed configurations was defined 
to identify elements of the system that would support the delivery of the ser-
vice. These are described in the following section.
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Asset and Maintenance Management

Three elements have been identified for the system that will support the deliv-
ery of the asset and maintenance management service, as illustrated in Figure 
11.3. The sensor-based data subsystem element represents the equipment and 
software required to enable data to be collected from each device being man-
aged in an automated fashion. The manual data input subsystem represents the 
hardware and software required to enable manual entry regarding device con-
dition and performance. This includes remote terminal and input to a central 
asset management data and analytics system. The asset management data and 
analytics element represents a centralized hardware and software system that 
conducts the functions required for efficient asset and maintenance manage-
ment for the smart city.

Connected Vehicle

The configuration that has been assumed for the connected vehicle system that 
will support the delivery of connected vehicle services as described previously 
and illustrated in Figure 11.4. 

 There are four essential elements of the connected vehicle system: the pri-
vate car in-vehicle subsystem, the urban delivery vehicle in-vehicle subsystem, 
the rental car/taxi vehicle subsystem, and the connected vehicle data and ana-
lytics subsystem. All three in-vehicle subsystems are assumed to be similar with 
respect to cost estimation and consist of the hardware and software required 
to manage data to and from the vehicle and support the connection from the 
vehicle subsystem to the connected vehicle data and analytics subsystem. The 
connected vehicle data and analytics subsystem is a hardware and software envi-
ronment required to support all functions associated with the data management 
and analytics regarding connected vehicles.

Figure 11.3  Assumed configuration asset and maintenance management service.
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Connected, Involved Citizens and Visitors

The assumed configuration for the connected, involved citizens and visitors 
system is illustrated in Figure 11.5. It is comprised of two subsystem elements: 
the connected citizen and visitor application for a smart phone and the con-
nected citizen and visitor data and analytics subsystem. The connected citizen 
and visitor application is assumed to be available to both smart city citizens 
and visitors and consists of a smart phone application that can be installed 
and operated on a wide range of currently available smart phones. The smart 
phone application will manage the interface between the citizens and visitors 
and the connected citizen and visitor data and analytics subsystem. The com-
munication link will support two-way communications with information being 
delivered to citizens and visitors via the smart phone application and data being 
collected on a crowdsourcing basis from the smart phone application, on an 
opt-in basis. The connected citizen and visitor data and analytics subsystem will 
be comprised of a hardware and software environment capable of supporting 
all functions required for data management and data analytics associated with 
connected, involved citizens and visitors.

Figure 11.4  Assumed configuration for connected vehicle subsystem.
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Integrated Electronic Payment

The integrated electronic payment system that supports the delivery of inte-
grated electronic payment services for the smart city is assumed to consist of five 
elements: a smart phone payment application, an electronic parking fee collec-
tion subsystem, an electronic toll collection subsystem, an electronic ticketing 
for transit subsystem, and a payment data and analytics subsystem. These are 
illustrated in Figure 11.6.

The payment applications subsystem is assumed to be a smart phone 
application that can be used across a wide variety of smart phone devices. The 
software can support the interface with the user and two-way communications 
between the payment application and the integrated payment data and ana-
lytics subsystem. The electronic parking fee collection subsystem will consist 
of a hardware and software environment that will support all revenue and 
management functions associated with electronic parking fee collection for 
both surface and parking structure spaces within the smart city. These func-
tions will include the collection of data and information delivery with respect 
to availability and location of spaces. The electronic toll collection subsystem 
will consist of a hardware and software environment that will support all as-
pects of electronic toll collection including account management, transponder 
management, transaction processing, and enforcement. The electronic ticket-
ing for transit subsystem will support similar functions for transit ticketing 
through purpose-specific hardware and software environment that supports 
point-of-sale transactions on transit vehicles and back-office processing of data 
and transactions.

Smart Grid, Roadway Electrification, and Electric Vehicle

Figure 11.7 illustrates the assumed configuration of the system that supports 
the delivery of smart grid, roadway electrification, and electric vehicle service. 
There are five elements identified within this system: a private car in-vehicle 
subsystem, an urban delivery vehicle in-vehicle subsystem, a rental car/taxi in-
vehicle subsystem, a roadside electric vehicle charging subsystem, and a smart 
grid data and analytics subsystem. These are illustrated in Figure 11.7.

Figure 11.5  Assumed configuration for connected, involved citizen and vistor system.
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The in-vehicle subsystems for private cars, urban delivery vehicles, and 
rental cars/taxis are assumed to be identical and consist of a hardware and soft-
ware environment that will support management of the electric vehicle charg-
ing system and the interaction between the end vehicle subsystem and the road-
side electric vehicle charging subsystem. It is assumed that in addition to energy 
transfer, data transfer is also supported regarding the performance of the vehicle 
and the battery. This could also be considered as an opportunity to supply the 
driver with travel information and extract probe vehicle data from the subsys-
tem in the vehicle.

Smart Land Use 

Figure 11.8 illustrates the assumed configuration for the smart land-use system.

The smart land-use system is assumed to be comprised of nine separate ele-
ments: a private car in-vehicle subsystem, an urban delivery vehicle in-vehicle 
subsystem, a rental car/taxi in-vehicle subsystem, a smart land-use planning 
data and analytics subsystem, a movement analytics subsystem, a retail sub-
system, a smart factory subsystem, an education subsystem, and a healthcare 
subsystem. The in-vehicle subsystems are assumed to be identical for all types 
of vehicles. The smart land-use planning data and analytics subsystem is com-
prised of a hardware and software environment capable of handling data man-

Figure 11.6  Assumed configuration for integrated electronic payment systems.
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agement and analytics associated with smart land-use planning. The movement 
analytics subsystem is a hardware and software environment capable of turning 
movement analytics data from smart phones into land-use parameters. The re-
tail, smart factory, education, and healthcare subsystems hardware and software 
environment are designed to support the extraction of relevant land-use data 
from each for delivery to the smart land-use planning data and analytics subsys-
tem. The intent is that probe vehicle data from the end vehicle subsystems will 
provide a more detailed and dynamic view of trip generation from various uses 
within the smart city. The movement analytics data will supplement this data 
by providing person-specific data to cover other modes of transportation. The 
retail, smart factory, education, and healthcare subsystems will serve as a bridge 
between the smart city land-use data and analytics subsystem and internally fo-
cused applications designed to improve the retail experience, raise the efficiency 
of factories, and increase accessibility to education and healthcare services.

Transportation Management 

Figure 11.9 illustrates the assumed configuration for the transportation man-
agement system that will support the delivery of transportation management 
services in the smart city.

Figure 11.7  Assumed configuration for smart grid, roadway electrification, and electric ve-
hicle system 
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This configuration is comprised of four elements: a traffic management 
data and analytics subsystem, a traffic signal management data and analytics 
subsystem, a transit management data and analytics subsystem, and a smart 
city transportation management data and analytics subsystem. The traffic man-
agement data and analytics subsystem processes data from freeway and inci-
dent management sources to supply analytics to the smart city transportation 
management data and analytics subsystem. The traffic signal management data 
and analytics subsystem processes data from urban traffic signal control systems 
and provides analytics to the smart city transportation management data and 
analytics subsystem; the transit management data and analytics subsystem pro-
cesses data with respect to prevailing conditions on transit systems and provides 
analytics to the smart city transportation management data and analytics sub-
system. The smart city data and analytics subsystem is a hardware and software 
environment that supports all functions related to the processing of data and 
the creation of analytics related to smart city transportation management. 

Traveler Information

Figure 11.10 illustrates the assumed configuration for the traveler information 
subsystem that enables delivery of the associated traveler information service.

Figure 11.8  Assumed configuration for the smart land-use system.
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Seven elements have been identified: a smart phone apps subsystem, a 
movement analytics subsystem, a transportation management data and analyt-
ics subsystem, a transit management data and analytics subsystem, a freeway 
management center subsystem, a traffic signal management data and analyt-
ics subsystem, and a traveler information data and analytics subsystem. The 
smart phone application would act as a user interface between travelers and the 
traveler information and data analytics subsystem. This would provide travel-
ers with current traveler information and enable travelers to provide feedback 
on prevailing transportation conditions. The movement analytics subsystem 
would provide GPS-based data from cell phones to enable traveler origin and 
destination and choice of mode to be determined. The traveler information 
data and analytics subsystem consist of a hardware and software environment 
that supports all functions to turn traveler information data into information 
and to conduct analytics on the data. The transportation management subsys-
tem would act as a data source for the traveler information data and analyt-
ics subsystem, along with the transit, freeway, and traffic signal management 
subsystems.

Figure 11.9  Assumed configuration for smart city transportation management system.
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Urban Automation

Figure 11.11 illustrates the assumed configuration for the urban automation 
subsystem that enables delivery of the associated urban automation service.

Urban Delivery and Logistics

Figure 11.12 illustrates the assumed configuration for the urban delivery and 
logistics subsystem that enables delivery of the associated urban delivery and 
logistics service.

User-Focused Mobility

This is often referred to as MaaS. Figure 11.13 illustrates its assumed 
configuration.

There are four separate elements defined in the system; some of these are 
duplicated to indicate that there could be more than one subsystem system in 
each smart city. The elements identified are a user subsystem, a public MaaS 
provider subsystem, a private MaaS provider subsystem, and a user-focused mo-
bility data and analytics subsystem. The user-focused subsystem will be a smart 
phone application that supports the interface between the user and the user-
focused mobility data and analytics subsystem. This will support two-way com-
munications with information-available services and cost in one direction and 
information on user travel needs and the other direction. The MaaS subsystems 

Figure 11.10  Assumed configuration for traveler information data and analytics subsystem. 
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will be operated by both public and private enterprises and will support the fleet 
management and coordination of mobility services and the data collection and 
information processing required to make a menu of mobility services available 
to the user. The user-focused mobility data and analytics subsystem will be a 
hardware and software environment capable of supporting all the functions 
required to manage MaaS through matching available services to user demand.

11.8  Cost Estimates for Smart City Transportation Services

Making use of the model smart city parameters shown in Tables 11.4–11.6 and 
the assumed configurations described in Section 11.7, a series of cost estimates 
was developed for each smart city transportation service. The results of the cost 
estimation are shown in Tables 11.19–11.24. A commentary has been provided 
on the cost estimation calculation after each table.

The capital investment required for the asset management central sub-
system is assumed to be proportional to the number of devices under manage-
ment. There are assumed to be a total of 5,900 devices based on the assump-
tions regarding the number of devices per mile and the number of miles of each 
road type and bus routes contained in Table 11.8. The number of data devices 

Figure 11.11  Assumed configuration for urban automation system. 
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per mile for each road type and bus route is the best estimate based on the au-
thor’s experience and represents the average number of devices that are expected 
to be installed along each type of road and route. A scale factor (capital per unit) 
of $2,000 USD has been assumed as a best estimate to take account of the rela-
tionship between the capital investment required for the central subsystem and 
the number of devices being managed. Best estimates of $500 USD per unit 
have also been assumed for the sensor-based data subsystem and the manual 
data input subsystem scale factors. The former represents additional hardware 
and software required to automatically extract device performance data from 
the device, while the latter represents the cost of hardware and software associ-
ated with manual data input. A design life of seven years has been assumed for 
all subsystem elements. Research did not result in a definitive, agreed on lifes-
pan for hardware and software systems, due to the need for judgment regarding 
the estimated useful lives of hardware and software assets. Given the pace of 
technological change, it is likely that a hardware and software system will be 
replaced before the end of its useful life because of advances in technologies and 
the desirability of new features and functions. The design life of seven years ac-
counts for a technology refresh to be conducted at this point even if the system 
is still functional. Life-cycle capital costs have been determined by dividing total 

Figure 11.12  Assumed configuration for urban delivery and logistics system. 
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capital by the assumed design life of the system. This represents the total capital 
investment requirement amortized over the design life of the system. Similarly, 
operating costs have been determined on an annual basis, then both capital life-
cycle costs and operating costs are combined to create a total annual life-cycle 
cost. Annual life-cycle operating costs are assumed to be 15% of total capital 
costs per year. This assumption has been used for all subsequent cost calcula-
tions in this chapter. This aligns with published information [20] that indicates 

Table 11.8 
Asset and Maintenance Management Cost Estimate

Asset and Maintenance Management 

Element

Asset 
Management 
Central

Sensor 
Based Data 
Subsystem

Manual 
data input 
subsystem Totals

Scale factor (capital per unit) $2,000 $500 $500  
Units 5,900 5,900 5,900  
Total capital investment required $11,800,000 $2,950,000 $2,950,000 $17,700,000
Annual operating costs $1,770,000 $442,500 $442,500 $2,655,000
Assumed design life in years 7 7 7  
Annual capital investment required $1,685,714 $421,429 $421,429 $2,528,571
Annual life cycle cost $3,455,714 $863,929 $863,929 $5,183,571

Table 11.9 
Connected Vehicle Cost Estimate

Connected Vehicle

Element

Connected 
Vehicle 
Central 

Private Car 
In-Vehicle 
Subsystem

Urban 
Delivery 
Truck 
In-Vehicle 
Subsystem

Bus In-
Vehicle 
Subsystem

Rental Car 
And Taxi 
In-Vehicle 
Subsystem

Annual 
Lifecycle 
Cost Costs

Scale factor 
(capital per unit)

$50 $500 $500 $500 $500  

Units 903,649 807,990 80,799 539 14,321 903,649 
Total capital 
investment 
required

$45,182,451 $403,995,000 $40,399,500 $269,500 $7,160,514 $497,006,966

Annual operating 
costs

$6,777,368 $60,599,250 $6,059,925 $40,425 $1,074,077 $99,401,393

Assumed design 
life in years

7 7 7 8 7  

Annual capital 
investment 
required

$6,454,636 $57,713,571 $5,771,357 $33,688 $1,022,931 $70,996,183

Totals $13,232,004 $118,312,821 $11,831,282 $74,113 $2,097,008 $145,547,227
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that the average annual operating and maintenance cost for a transportation 
management center is on the order of 15 % of capital cost.

For the connected vehicle central subsystem, a best estimate of $10 USD 
per unit has been estimated as a scale factor for the cost of the hardware and 
software. For the private car in-vehicle subsystem, it is assumed that this will 
add $500 USD to the cost of in-vehicle electronics. This same best estimate is 
used for urban delivery truck, rental car, and taxi in-vehicle subsystems. A de-

Table 11.10 
Connected, Involved Citizens and Visitors Cost Estimate

Connected, Involved Citizens    

Element
Connected 
Citizen Central

Connected 
Citizen App

Annual 
Lifecycle Cost

Scale factor (capital per unit) $5 $10 —
Units 1,000,000 1,000,000  —
Total capital investment required $5,000,000 $10,000,000 $15,000,000
Annual operating costs $750,000 $1,500,000 $2,250,000
Assumed design life in years 7 1  —
Annual capital investment required $714,286 $10,000,000 $10,714,286
Total life-cycle costs $1,464,286 $11,500,000 $12,964,286

Table 11.11 
Integrated Electronic Payment Cost Estimate

Integrated Electronic Payment 

Element

Electronic 
Parking Fee 
Collection 
Subsystem Payment App

Electronic 
Toll 
Collection 
Subsystem

Electronic 
Ticketing 
Collection 
Subsystem Totals

Scale factor 
(capital per unit)

$100 $5 $50 $50,000  

Units 323,237 1,000,000 903,110 539 903,649 
Total capital 
investment 
required

$32,323,715 $5,000,000 $45,155,501 $26,950,000 $109,429,217

Annual operating 
costs

$4,848,557 $750,000 $6,773,325 $4,042,500 $16,414,382

Assumed design 
life in years

7 1 7 7  

Annual capital 
investment 
required

$4,617,674 $5,000,000 $6,450,786 $3,850,000 $19,918,460

Annual life-cycle 
cost

$9,466,231 $5,750,000 $13,224,111 $7,892,500 $36,332,842
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Table 11.13 
Smart Land-Use Cost Estimate

Smart Land Use 

Element

Smart 
Land Use 
Central

Movement 
Analytics 
Subsystem

Smart 
Factory 
Subsystem

Smart 
education 
subsystem

Smart 
healthcare 
subsystem Totals

Scale factor 
(capital per 
unit)

$10 $10 $50,000 $50,000 $50,000  

Units 903,649 1,000,000 200 200 200  
Total capital 
investment 
required

$9,036,490 $10,000,000 $10,000,000 $10,000,000 $10,000,000 $49,036,490

Annual 
operating 
costs

$1,355,474 $1,500,000 $1,500,000 $1,500,000 $1,500,000 $7,355,474

Assumed 
design life 
in years

7 7 7 7 7  

Annual 
capital 
investment 
required

$1,290,927 $1,428,571 $1,428,571 $1,428,571 $1,428,571 $7,005,213

Annual life-
cycle cost

$2,646,401 $2,928,571 $2,928,571 $2,928,571 $2,928,571 $14,360,686

Table 11.12 
Smart Grid, Roadway Electrification, and Electric Vehicle Cost Estimate

Smart Grid, Roadway Electrification And Electric Vehicle

Smart Grid 
Management 
Central

Roadside 
Electric 
Vehicle 
Charging 
Subsystem

In-vehicle 
Subsystem Total

Scale factor (capital per 
unit)

$10,000 $100,000 $500  

Units 381 381 903,649  
Total capital investment 
required

$3,811,335 $38,113,354 $451,824,514 $493,749,204

Annual operating costs $571,700 $5,717,003 $67,773,677 $74,062,381
Assumed design life in 
years

7 7 7  

Annual capital investment 
required

$544,476 $5,444,765 $64,546,359 $70,535,601

Annual life-cycle cost $1,116,177 $11,161,768 $132,320,036 $144,597,981
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sign life of seven years has been assumed for all elements. The number of urban 
delivery vehicles is assumed to be 10% of the total number of private cars.

For the connected, involved citizens and visitors system, it is assumed that 
the cost of the central hardware and software is proportional to the number of 

Table 11.14 
Transportation Management Cost Estimate

Transportation Management 

Element

Smart City 
Transportation 
Central

Traffic 
Management 
Central

Traffic Signal 
Central

Transit 
Management 
Central Totals

Scale factor 
(capital per 
unit)

$10,000 $200,000 $10,000 $20,000  

Units 1,538 51 1,115 539  

Total capital 
investment 
required

$15,380,000 $10,200,000 $11,150,000 $10,780,000 $47,510,000

Annual 
operating costs

$2,307,000 $1,530,000 $1,672,500 $1,617,000 $7,126,500

Assumed 
design life in 
years

7 7 7 7  

Annual capital 
investment 
required

$2,197,143 $1,457,143 $1,592,857 $1,540,000 $6,787,143

Annual life-
cycle cost

$4,504,143 $2,987,143 $3,265,357 $3,157,000 $13,913,643

Table 11.15 
Traveler Information Cost Estimate

Traveler Information 

Element

Traveler 
Information 
Central

Smart 
Phone Apps 
Subsystem

Movement 
Analytics 
Subsystem Totals

Scale factor (capital per unit) $40 $2 $2  
Units 1,000,000 1,000,000 1,000,000  
Total capital investment 
required

$40,000,000 $2,000,000 $2,000,000 $44,000,000

Annual operating costs $6,000,000 $300,000 $300,000 $6,600,000
Assumed design life in years 7 1 1  
Annual capital investment 
required

$5,714,286 $2,000,000 $2,000,000 $9,714,286

Annual life-cycle cost $11,714,286 $2,300,000 $2,300,000 $16,314,286
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citizens and visitors using the system. A scale factor of five dollars per person or 
smart phone has been assumed. The connected citizen and visitor application 
is assumed to cost $10 USD per smart phone or person to develop, market, 
and install. A design life of seven years is assumed for the central hardware and 

Table 11.16 
Urban Automation Cost Estimate

Urban Automation 

Element

Urban 
Automation 
Central

Urban 
Delivery 
Truck 
In-vehicle 
System

Rental car 
and taxi 
in-vehicle 
system

Bus in-
vehicle 
system

Private car 
in-vehicle 
system Totals

Scale factor 
(capital per unit)

$15 $1,000 $1,000 $1,000 $1,000  

Units 903,649 80,799 14,321 539 807,990 903,649 

Total capital 
investment 
required

$13,554,735 $80,799,000 $14,321,028 $539,000 $807,990,000 $917,203,764

Annual 
operating costs

$2,033,210 $12,119,850 $2,148,154 $80,850 $121,198,500 $137,580,565

Assumed design 
life in years

7 7 7 8 7  

Annual capital 
investment 
required

$1,936,391 $11,542,714 $2,045,861 $67,375 $115,427,143 $131,019,484

Annual life-cycle 
cost

$3,969,601 $23,662,564 $4,194,015 $148,225 $236,625,643 $268,600,049

Table 11.17 
Urban Delivery and Logistics Cost Estimate

Urban Delivery And Logistics 

Element

Urban Delivery 
And Logistics 
Central

Urban Delivery 
Truck In-
vehicle System Total

Scale factor (capital per unit) $150 $500  

Units 80,799 80,799  

Total capital investment required $12,119,850 $40,399,500  

Annual operating costs $1,817,978 $6,059,925  

Assumed design life in years 7 7  

Annual capital investment required $1,731,407 $5,771,357  

Annual life-cycle cost $3,549,385 $11,831,282 $15,380,667
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software, while a design life of one year is assumed for the connected citizen and 
visitor application. This reflects the disposable nature of smart phone apps and 
the pace of change regarding the small software applications.

For the integrated payment system, the cost of parking, a smart phone 
payment application, toll collection, and transit ticketing have been defined 
separately and then combined into a single integrated payment system cost. For 
the electronic parking subsystem, it is assumed that the central hardware and 

Table 11.18 
User-Focused Mobility Cost Estimate

User-Focused Mobility

Element

User 
Focused 
Mobility 
Central

User 
Subsystem

Public 
Mobility 
Service 
Provider 
Subsystem

Private 
Mobility 
Service 
Provider 
Subsystem Totals

Scale factor 
(capital per unit)

$50 $10 $50 $50  

Units 1,000,000 1,000,000 1,000,000 1,000,000  

Total capital 
investment 
required

$50,000,000 $10,000,000 $50,000,000 $50,000,000 $160,000,000

Annual operating 
costs

$7,500,000 $1,500,000 $7,500,000 $7,500,000 $24,000,000

Assumed design 
life in years

7 1 7 7  

Annual capital 
investment 
required

$7,142,857 $10,000,000 $7,142,857 $7,142,857 $31,428,571

Annual life-cycle 
cost

$14,642,857 $11,500,000 $14,642,857 $14,642,857 $55,428,571

Table 11.19 
Intelligent Sensor–Based Infrastructure Cost Estimate

Intelligent Sensor–Based Infrastructure

Element Sensors Total
Scale factor (capital per unit) $20,000  
Units 5,900  
Total capital investment required $118,000,000 $118,000,000
Annual operating costs $17,700,000 $17,700,000
Assumed design life in years 7  
Annual capital investment required $16,857,143 $16,857,143
Annual life-cycle cost $34,557,143 $34,557,143
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software will cost approximately $100 USD per parking space. For the smart 
phone payment application, it is assumed that the cost of software develop-
ment, marketing and installation will be on the order of $5 USD per person. 
For the electronic toll collection subsystem, a scale factor of $50 USD per ve-
hicle has been assumed and for electronic transit ticketing and scale factor of 
$50,000 USD per bus has been assumed. Central hardware and software is 
assumed to have a design life of seven years, while the smart phone application 
software is assumed to have a design life of one year.

For the smart grid, roadway electrification, and electric vehicle system, 
the central, roadside, and in-vehicle subsystem have been costed separately and 

Table 11.20 
Low-Cost Efficient, Secure, and Resilient ICT Cost Estimate

Low-Cost Efficient, Secure, And Resilient ICT 

Element
Communications 
Infrastructure Total

Scale factor (capital per unit) $50,000  
Units 5,900  
Total capital investment required $295,000,000 $295,000,000
Annual operating costs $44,250,000 $44,250,000
Assumed design life in years                        20  
Annual capital investment required $14,750,000 $14,750,000
Annual life-cycle cost $59,000,000 $59,000,000

Table 11.21 
Smart City Transportation Service Direct Benefit Cost Summary

Smart City Transportation Service Cost Summary
Annual Life-Cycle 
Cost

Asset and maintenance management $5,183,571
Connected vehicle $145,547,227
Connected, involved citizens $12,964,286
Integrated electronic payment $36,332,842
Smart grid, roadway electrification and electric vehicle $144,597,981
Smart land use $14,360,686
Transportation management $13,913,643
Traveler information $16,314,286
Urban automation $268,600,049
Urban delivery and logistics $15,380,667
User-focused mobility $55,428,571
Direct benefit services total $728,623,810
Cost contingency of 10% $72,862,381
Direct benefit services total with contingency of 10% $801,486,191



254	 Big Data Analytics for Connected Vehicles and Smart Cities	 	 Benefit and Cost Estimation For Smart City Transportation Services	 255

then combined into a single cost estimate. The design life of all elements is as-
sumed to be seven years. The total number of electric vehicle charging points 
has been estimated to be 381. This is based on the current density of gas sta-
tions per capita in the United States, proportioned to the population of the 
smart city. A figure of $10,000 USD per electric vehicle charging point has 
been allocated to establish the cost of the hardware and software for the smart 
grid management central subsystem, and it has been assumed that each roadside 
EV charging point will cost $100,000 USD. The in-vehicle subsystem has been 
assumed to cost $500 USD in addition to the cost of the vehicle.

It is assumed that the smart land-use system will consist of a central hard-
ware and software platform, linked to separate movement analytics, smart fac-
tory, smart education, and smart healthcare subsystems. These subsystems will 
provide data to the smart land-use central subsystem, and the additional cost of 
doing so is incorporated as part of the cost. It is likely that the cost of the smart 
factory, smart education and smart healthcare systems will exceed the assump-
tions here as the functionality and capability of these systems will be designed 

Table 11.22 
Transportation Governance Cost Estimate

Transportation Governance

Element

Support and Administration of 
Transportation Governance as a 
Proportion of Annual Life-Cycle Cost Total

Scale factor (capital per unit) 1%  
Annual life-cycle operating costs $801,486,191 $801,486,191
Total capital investment required $8,014,861.91 $8,014,862
Annual operating costs $1,202,229 $1,202,229
Assumed design life in years 7  
Annual capital investment required $1,144,980 $1,144,980
Annual life-cycle cost $2,347,210 $2,347,210

Table 11.23 
Urban Analytics Cost Estimate

Urban Analytics 

Element
Establishing Data Platform 
and Conducting Analytics Total

Total cost of ownership per 
terabyte per year

$12,000  

Terabytes per year 365  
Assumed design life in years 7  
Annual life-cycle cost $4,380,000 $4,380,000
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for specific uses within factories, educational establishments, and healthcare 
facilities. The cost of the hardware and software for smart land-use planning 
central is related to the total number of vehicles within the smart city, assum-
ing that each vehicle will add $10 USD to the cost of the central hardware and 
software, as a scale factor. The movement analytics subsystem hardware and 
software has been costed in the same manner, using $10 USD per person using 
the system, as the scale factor. For smart factories, smart education, and smart 
healthcare, it is assumed that every facility adds $50,000 USD to the cost of the 
overall system, and this is used as a scale factor.

The transportation management system is comprised of a smart city 
transportation center that encompasses all modes, a traffic management center, 
a traffic signal management center, and a transit management center. It has 
been assumed that none of these centers currently exist, and the cost of estab-
lishing them has been built-in to the overall cost. The smart city transportation 

Table 11.24 
Smart City Transportation Service Cost Summary

Smart City Transportation Service Cost Summary
Annual Life-
Cycle Cost

Asset and maintenance management $5,183,571
Connected vehicle $145,547,227
Connected, involved citizens $12,964,286
Integrated electronic payment $36,332,842
Smart grid, roadway electrification and electric vehicle $144,597,981
Smart land use $14,360,686
Transportation management $13,913,643
Traveler information $16,314,286
Urban automation $268,600,049
Urban delivery and logistics $15,380,667
User-focused mobility $55,428,571
Direct benefit services total $728,623,810
Cost contingency of 10% $72,862,381
Direct benefit services total with contingency of 10% $801,486,191
Intelligent sensor–based infrastructure $34,557,143
Low-cost efficient, secure, and resilient ICT $59,000,000
Urban analytics $4,380,000
Strategic business models and partnering $2,347,210
Transportation governance $2,347,210
Indirect benefit services or enablers total $102,631,562
Cost contingency of 10% $10,263,156
Indirect benefit services or enablers total with contingency of 
10%

$112,894,718

Cost of enablers as a proportion of total 14%
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management center and the traffic signal control center are assumed to cost 
$10,000 USD for every mile of road managed. The transit management center 
it is assumed to cost $20,000 USD per bus managed. The cost of the traffic 
management center, which mainly addresses freeway incident management is 
assumed to be $200,000 USD for every mile managed. This is a higher figure 
due to the smaller number of road miles managed. These assumptions yield a 
capital cost of around $10–11 million USD for each center, which aligns with 
published information on the cost of transportation management centers [19].

The traveler information system is assumed to be comprised of a traveler 
information central hardware and software platform, a smart phone applica-
tion, and a movement analytics subsystem. The movement analytics subsystem 
is assumed to be a marginal additional cost to the cost of operating the smart 
phone and has been assumed to be the same cost as a smart phone app at two 
dollars for each person addressed. The cost for the traveler information central 
platform is calculated using a scale factor of $40 USD for each person ad-
dressed. The cost of the smart phone application development, marketing and 
installations is assumed to be $2 USD per person addressed and the movement 
analytics subsystem is assumed to be to be $2 USD per person addressed. A 
design life of seven years has been assumed for the central hardware and soft-
ware. Both the smart phone application software and the movement analytics 
subsystem have an assumed design life of one year. 

The urban automation system is assumed to comprise an urban automa-
tion central hardware and software platform and urban delivery truck, rental car 
and taxi, and private car in-vehicle subsystems. The urban automation central 
hardware and software platform adopts a scale factor of $15 USD per vehicle 
across the total number of vehicles in a smart city. This includes urban delivery 
trucks, rental cars and taxis, and private cars. The cost of in-vehicle systems for 
all vehicle types is assumed to be $1,000 USD in addition to the cost of the 
vehicle. The design life of all system elements is assumed to be seven years.

The urban delivery and logistics system is assumed to be composed of 
an urban delivery and logistics central hardware and software platform and an 
urban delivery truck in-vehicle subsystem. The cost of the central hardware 
and software is estimated using a scale factor of $150 USD for every vehicle 
managed, and the cost of the in-vehicle system is assumed to be $500 USD in 
additional cost over and above the cost of the vehicle. Design life of all elements 
is assumed to be seven years.

The cost of the user-focused mobility system is assumed to be directly 
proportional to the population addressed. The cost of the user-focused mobility 
central hardware and software is estimated using a scale factor of $50 USD per 
capita. The cost of the user subsystem is estimated using a scale factor of $10 
USD per capita The public mobility service provider subsystem and the private 
mobility per service provider subsystem are estimated using a scale factor of $50 
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USD per capita. The design life for all central hardware and software is assumed 
to be seven years; the design life of the user subsystem smart phone application 
is assumed to be one year.

The approach taken toward cost estimation for intelligent sensor–based in-
frastructure assumes a scale factor of $20,000 USD per sensor connected to the 
infrastructure. This includes the cost of the sensor and the communication in-
frastructure required to connect the sensor to a central back office. Sensor count 
is assumed to be the total number of sensors on all road types and bus routes as 
summarized in Table 11.5. The design life of seven years has been assumed to 
account for changes in technology and the technology refresh at year seven.

A scale factor of $50,000 USD per mile of highway and bus routes has 
been used to estimate the cost of low-cost, efficient, secure, and resilient ICT. 
This is higher than the figure used for intelligent sensor–based infrastructure 
as it is assumed that a larger number of devices will be connected. It is as-
sumed that the system cost will predominantly consist of telecommunications 
hardware such as conduit and fiber optics and that these are less susceptible to 
technology changes. Therefore, a design life of 20 years has been assumed.

Figure 11.13  Assumed configuration for user-focused mobility system.
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Strategic business models and partnering, like intelligent sensor–based 
infrastructure, is assumed to be an enabling service that does not deliver direct 
value in terms of benefits. These services are essential to the delivery of the other 
services but do not provide direct tangible benefits. It has been assumed that 
support and administration relating to strategic business models and partner-
ing will be a proportion of the total cost of those services that provide direct 
benefits. A best estimate of 1% of total cost is been assumed. Table 11.17 sum-
marizes the cost of the direct benefit services. This includes the contingency of 
10% to address the high-level nature of the cost estimates.

Transportation governance is treated in a similar manner to strategic busi-
ness models and partnering. It is assumed that administration and support for 
transportation governance will represent 1% of the total cost of the direct ben-
efit services.

For urban analytics, it is assumed that the total cost of ownership of each 
terabyte of data to be stored and managed will be $12,000 USD per year [8]. 
This includes a complete menu of cost items including hardware depreciation, 
software purchase or depreciation, maintenance, storage management labor, 
power consumption, system monitoring, and the cost of procurement [8]. The 
number of terabytes to be managed by the system is assumed to be 1 TB per 
day. This aligns with the San Diego Association of Governments experience 
with its Integrated Corridor Management Project [20]. A design life of seven 
years is assumed, aligning with the same assumption for other back-office hard-
ware and software in this chapter.

11.9  Smart City Transportation Service Cost Summary

Table 11.20 is based on the calculations illustrated in Section 11.8 and captures 
the annual life-cycle cost in terms of amortized capital investment and annual 
operating cost for each of the smart city transportation services. As discussed 
previously, most of the services deliver direct benefits, while some of the services 
(e.g., strategic business models and partnering and transportation governance) 
act as enablers to the direct benefit services. These services do not deliver direct 
benefits. The enabling services have been treated separately at the bottom of 
Table 11.20. A 10% contingency has been added to the enabler cost estimates 
in addition to the 10% contingency added to the direct benefit services earlier.

11.10  Estimated Benefits for Smart City Transportation Services

Estimated benefits for smart city transportation services that provide direct ben-
efit were developed as shown in Tables 11.25–11.35, representing each smart 
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city transportation service. A commentary on the calculation is described after 
each table.

The benefits for the asset and maintenance management service are de-
rived on an assumption that the use of the service will result in a 10% cost re-
duction for asset and maintenance management life-cycle costs. This generates 
annual life-cycle savings of $518,443 USD.

For the connected vehicle service, annual benefits are assumed to be de-
rived from two sources,  a reduction in the cost of fatal and injury accidents and 

Table 11.26 
Connected Vehicle Benefit Estimate

Connected 
Vehicle Safety Benefit Connected Vehicle

Efficiency 
benefit Total

Fatalities per 
100,000 population 
per year

10.69 Cost of emissions per 
vehicle mile traveled 
private car

$0.011  

Injured persons per 
100,000 population 
per year

752 Cost of emissions per 
vehicle mile traveled 
urban truck

$0.026  

Fatalities 107 Total cost of 
emissions private car

$91,606,284  

Injuries 7,520 Total cost of 
emissions urban truck

$28,968,056.00  

Average cost of 
fatality

$1,400,000 Operating cost per 
mile private car

$0.580  

Average cost of 
injury accident

$1,000,000 Operating costs per 
mile urban truck

$0.708  

Cost of fatalities $149,660,000 Total Operating cost 
of Private car

$4,830,149,520  

Cost of injuries $7,520,000,000 Total operating cost 
of urban truck

$788,822,448  

Total cost of 
accidents

$7,669,660,000 Total cost of 
operation and 
emissions

$5,739,546,308  

Assumed reduction 5% Assumed reduction 5%  
Totals $383,483,000  $286,977,315 $670,460,315

Table 11.25 
Asset and Maintenance Management Benefit Estimate

Asset and Maintenance Management
 Efficiency Benefit Total
Annual life-cycle cost $5,183,571 $5,183,571
Assumed reduction 10%  
Annual life-cycle savings $518,357 $518,357
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a reduction in the cost of operation and emissions for private cars and trucks. 
These benefits are derived from better route guidance and decision-quality in-
formation delivered into the vehicle and using connected vehicle technology to 
implement strategies such as usage-based insurance to achieve an improvement 
in safety. A 5% reduction in both types of accidents and emissions and operat-
ing cost for vehicles in the smart city.

Benefits for the connected, involved citizens and visitors service have been 
estimated based on a 2% reduction in the time spent traveling. It is assumed 
that better information regarding transportation choices can be provided to 
citizens and visitors through the service and that this will lead to a reduction in 
the time spent traveling. There could also be additional benefits in the form of 
a reduction in the cost of travel, but this has not been included in the benefits 
calculation since the cost of travel depends on numerous factors including the 
level of tolls, ticket prices, and parking fees in the smart city.

Integrated electronic payment services benefits are derived on an assump-
tion that 10% of the time spent traveling per person every day can be saved 

Table 11.27 
Connected, Involved Citizens and Visitors Benefit Estimate

Connected, Involved Citizens  
Efficiency Benefit  
Time spent traveling per person per day in hours 1.325
Time spent traveling per person per year 344.5
Cost of time spent traveling per year $344,500,000
Average value of travel time savings $13
Total cost of time spent traveling per year $4,306,250,000
Assumed reduction 2%
Annual benefits $86,125,000

Table 11.28 
Integrated Electronic Payment Benefit Estimate

Integrated Electronic Payment  

Efficiency Benefit  

Time spent traveling per person per day in hours 1.325
Time spent traveling per person per year in hours 344.5
Total time spent traveling per year 344,500,000 
Average value of travel time savings $12.50
Total cost of time spent traveling per year $4,306,250,000
Assumed reduction 10%
Annual benefits $430,625,000



262	 Big Data Analytics for Connected Vehicles and Smart Cities	 	 Benefit and Cost Estimation For Smart City Transportation Services	 263

through the more efficient payment for transportation, which will speed board-
ing and improve connectivity between modes and interchange points between 
transportation routes and services.

The smart grid, roadway electrification, and electric vehicle service is 
assumed to result in a reduction in emissions and operating cost for private 

Table 11.30 
Smart Land-Use Benefit Estimate

Smart Land Use Efficiency Benefit 
Cost of emissions per vehicle mile traveled, 
private car

$0.011

Cost of emissions per vehicle mile traveled, urban 
truck

$0.026

Total cost of emissions, private car $91,606,284
Total cost of emissions, urban truck $28,968,056
Cost of operation per mile, private car $0.580
Cost of operation per mile urban truck $0.708
Total cost of operation, private car $4,830,149,520
Total cost of operation urban truck $788,822,448
Total cost of operation and emissions $5,739,546,308
Assumed reduction 2%
Annual benefits $114,790,926

Table 11.29 
Smart Grid, Roadway Electrification, and Electric Vehicle Benefit Estimate

Smart Grid, Roadway Electrification, And Electric Vehicle Efficiency benefit 
Cost of emissions per vehicle mile traveled, private car $0.011
Cost of emissions per vehicle mile traveled, urban truck $0.026
Total cost of emissions, private car $91,606,284
Total cost of emissions, urban truck $28,968,056
Cost of operation per mile, private car $0.580
Cost of operation per mile, urban truck $0.708
Total cost of operation, Private car $4,830,149,520
Total cost of operation, urban truck $788,822,448
Total cost of operation and emissions $5,739,546,308
Assumed reduction in emissions 100%
Assumed reduction in operating cost 76%
Annual benefits emissions $120,574,340.00
Annual benefits operating costs $4,262,668,390
Annual life-cycle benefits $4,383,242,730
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vehicles and urban trucks. A 100% reduction in emissions is assumed as electric 
vehicles will produce zero omissions. It could be argued that some omissions 
will simply be transferred from the roadside to the power plant, but it is a rea-
sonable assumption that centralizing these omissions will enable effective and 
efficient treatment, compared to the distributed omissions from internal com-
bustion engine vehicles. An emissions reduction of 76% for electronic vehicles 

Table 11.31 
Transportation Management Benefit Estimate

Transportation 
Management Safety Benefit  

Efficiency 
benefit  

Efficiency 
benefit Total

Fatalities 
per 100,000 
population per 
year

10.69 Time spent 
traveling 
per person 
per day in 
hours

1.325 Cost of 
emissions 
per vehicle 
mile traveled 
private car

$0.011  

Injured persons 
per 100,000 
population per 
year

752 Time spent 
traveling 
per person 
per year

344.5 Cost of 
emissions 
per vehicle 
mile traveled 
urban truck

$0.026  

Fatalities 107 Total time 
spent 
traveling 
per year

344,500,000 Total cost of 
emissions 
private car

$91,606,284  

Injuries 7,520 Average 
value of 
travel time 
savings 

$12.50 Total cost of 
emissions 
urban truck

$28,968,056  

Average cost of 
fatality

$1,400,000 Total cost of 
time spent 
traveling 
per year

$4,306,250,000 Cost of 
operation per 
mile private 
car

$0.580  

Average cost of 
injury accident

$1,000,000   Cost of 
operation per 
mile urban 
truck

$0.708  

Cost of fatalities $149,660,000   Total cost 
of operation 
Private car

$4,830,149,520  

Cost of injuries $7,520,000,000   Total cost 
of operation 
urban truck

$788,822,448  

Total cost of 
accidents

$7,669,660,000   Total cost 
of operation 
and 
emissions

$5,739,546,308  

Assumed 
reduction

2% Assumed 
reduction

2% Assumed 
reduction

2%  

Annual benefits $153,393,200 Annual 
benefits

$86,125,000 Annual 
benefits

$114,790,926 $354,309,126
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was determined by assuming an average operating cost of $0.14 USD per mile 
[17] for an electric vehicle compared with $0.58 USD per mile for an internal 
combustion part vehicle. It is assumed that this cost reduction applies to both 
private cars and urban trucks.

The smart land-use service is assumed to produce efficiency benefits re-
lated to the cost of emissions and cost of operations for private cars and urban 

Table 11.32 
Traveler Information Benefit Estimate

Traveler Information Efficiency Benefit 
Time spent traveling per person per day in hours 1.325
Time spent traveling per person per year 344.5
Total time spent traveling per year 344,500,000 
Average value of travel time savings 12.5
Total cost of time spent traveling per year $4,306,250,000
Assumed reduction 2%
Annual benefits $86,125,000

Table 11.33 
Urban Automation Benefit Estimate

Urban Automation 
Safety Benefit  Efficiency Benefit  Total
Fatalities per 
100,000 population 
per year

10.69 Cost of emissions per 
vehicle mile traveled, 
private car

$0.011  

Injured persons per 
100,000 population 
per year

752 Cost of emissions per 
vehicle mile traveled, 
urban truck

$0.026  

Fatalities 107 Total cost of emissions 
private car

$91,606,284  

Injuries 7,520 Total cost of emissions, 
urban truck

$28,968,056  

Average cost of 
fatality

$1,400,000 Cost of operation per 
mile, private car

$0.580  

Average cost of 
injury accident

$1,000,000 Cost of operation per 
mile, urban truck

$0.708  

Cost of fatalities $149,660,000 Total cost of operation, 
private car

$4,830,149,520  

Cost of injuries $7,520,000,000 Total cost of operation 
urban truck

$788,822,448  

Total cost of 
accidents

$7,669,660,000 Total cost of operation 
and emissions

$5,739,546,308  

Assumed reduction 45% Assumed reduction 10%  
Annual benefits $3,451,347,000 Annual benefits $573,954,631 $4,025,301,631
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trucks. It is assumed that the service will result in optimized land use and bet-
ter forecasts of transportation demand for each land-use type and that these 
together will result in an efficiency gain of approximately 2%.

The transportation management service is assumed to generate benefits in 
terms of accident reduction, time spent traveling, and the cost of emissions and 
operations. A 2% reduction in each of these costs has been assumed.

Traveler information services are assumed to generate benefits associated 
with a reduction in time spent traveling per person per day. Due to better trav-
eler information and decision-quality information provided to travelers at the 
right time in the right place, it is assumed that travelers will benefit by a 2% 
reduction in time spent traveling overall.

For the urban automation service, it is assumed that a 45% reduction in 
accidents will be experienced and the cost of emissions and vehicle operations 
for both private cars and urban trucks will decrease by 10%. The higher value 
of a 45% reduction in accidents is assumed based on a published study [21]. 
This study suggested that automation could lead to a 90% reduction in ac-
cidents. However, a midway point of 45% has been assumed to take account 

Table 11.34 
Urban Delivery and Logistics Benefit Estimate

Urban Delivery and 
Logistics

Efficiency 
Benefit  

Efficiency 
Benefit Total

Cost of urban delivery 
and logistics

$10,000,000 Cost of emissions per 
vehicle mile traveled, 
private car

$0.011  

  Cost of emissions per 
vehicle mile traveled, 
urban truck

$0.026  

  Total cost of emissions, 
private car

$91,606,284  

  Total cost of emissions, 
urban truck

$28,968,056  

  Cost of operation per 
mile, private car

$0.580  

  Cost of operation per 
mile, urban truck

$0.708  

  Total cost of operation, 
private car

$4,830,149,520  

  Total cost of operation, 
urban truck

$788,822,448  

  Total cost of operation 
and emissions

$5,739,546,308  

Assumed reduction 5% Assumed reduction 5%  
Annual benefits $500,000 Annual benefits $286,977,315 $287,477,315
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of a gradual transition toward full automation. A 10% reduction in the cost of 
emissions and vehicle operations has been assumed.

Benefits for the urban delivery and logistics service are generated by a 5% 
reduction in the cost of urban delivery and a 5% reduction in the cost of emis-
sions and operations for urban vehicles. The cost of urban delivery and logistics 
is based on an assumed average cost for each urban delivery of $10 USD and an 
average of 5,000 deliveries per day in the smart city. It has also been assumed 
that there will be 200 operating days per year, assuming that most of the deliv-
eries will be conducted on weekdays. The cost of emissions and vehicle opera-
tion is based on national vehicle miles traveled per year with an assumed split of 
88% private vehicles and 12% urban delivery trucks.

For the user-focused mobility service, it is assumed that benefits are de-
rived from a 5% reduction in the cost of emissions and vehicle operations with-
in the smart city and a 5% reduction in the time spent traveling.

Table 11.35 
User-Focused Mobility Benefit Estimate

User-Focused 
Mobility

Efficiency 
Benefit  

Efficiency 
Benefit Total

Cost of emissions 
per vehicle mile 
traveled, private car

$0.011 Time spent traveling 
per person per day 
in hours

1.325  

Cost of emissions 
per vehicle mile 
traveled, urban truck

$0.026 Time spent traveling 
per person per year

344.5  

Total cost of 
emissions, private 
car

$91,606,284 Total time spent 
traveling per year

344,500,000  

Total cost of 
emissions, urban 
truck

$28,968,056 Average value of 
travel time savings 

$12.50  

Cost of operation per 
mile, private car

$0.580 Total cost of time 
spent traveling per 
year

$4,306,250,000  

Cost of operation per 
mile, urban truck

$0.708    

Total cost of 
operation, private car

$4,830,149,520    

Total cost of 
operation, urban 
truck

$788,822,448    

Total cost of 
operation and 
emissions

$5,739,546,308    

Assumed reduction 5% Assumed reduction 5%  
Annual benefits $286,977,315 Annual benefits $215,312,500 $502,289,815
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11.11  Smart City Transportation Services Cost and Benefits 
Summary

To summarize the cost and benefits estimation process, Table 11.36 captures 
the estimated cost and benefits for each of the smart city transportation services. 
It also shows a benefit cost ratio for each of the direct benefit services. Note 
once again that five of the smart city transportation services are enablers that do 
not provide direct benefits and consequently have a cost associated with them 
but not a benefit and, hence,  no benefit-cost ratio.

Table 11.36 
Cost and Benefits Estimate Summary

Benefits Summary
Annual Life-Cycle 
Benefits Lifecycle Cost

Benefit-
Cost Ratio

Asset and maintenance 
management

$518,357 $5,183,571 0.1

Connected vehicle $670,460,315 $145,547,227 4.6
Connected, involved 
citizens

$86,125,000 $12,964,286 6.6

Integrated electronic 
payment

$430,625,000 $36,332,842 11.9

Smart grid, roadway 
electrification, and electric 
vehicle

$4,383,242,730 $144,597,981 30.3

Smart land use $114,790,926 $14,360,686 8.0
Transportation management $354,309,126 $13,913,643 25.5
Traveler information $86,125,000 $16,314,286 5.3
Urban automation $4,025,301,631 $268,600,049 15.0
Urban delivery and logistics $287,477,315 $15,380,667 18.7
User-focused mobility $502,289,815 $55,428,571 9.1
Direct benefit services total $10,941,265,216 $728,623,810 15.0
Intelligent sensor– based 
infrastructure

 $34,557,143  

Low-cost efficient, secure, 
and resilient ICT

 $59,000,000  

Urban analytics  $4,380,000  
Strategic business models 
and partnering

 $2,347,210  

Transportation governance  $2,347,210  
Indirect benefit enabler 
services

 $102,631,562  

Grand totals $10,941,265,216 $831,255,372 13.2
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11.12  Summary 

The subject of benefits and cost for smart city transportation services is a chal-
lenging one. Detailed cost estimates are impossible to attain until a detailed de-
sign is conducted. This takes into account specific technology choices and the 
unique attributes of the smart city. This chapter assumes that the definition of a 
framework or approach toward a smart city transportation service cost-benefit 
approach will represent a step in the right direction.

It is clear  that a more rigorous approach is required in the conduct of 
before-and-after studies to determine the effects of transportation investments 
like smart city transportation services. European studies [1] have indicated that 
in many cases the lack of a formal structured approach to before-and-after stud-
ies leads to a scarcity of suitable evaluation material. This points to the need for 
standards that define the approach to before-and-after studies in smart cities 
and those that define that require data. It is also obvious that the role of big data 
and analytics will be crucial in the detailed understanding of the cost and effects 
of smart city transportation services. It is hoped that the work described in this 
chapter can act as a foundation for the application of big data and analytics 
techniques toward the creation of a smart city benefit-cost model.

Another area for further work lies in the assignment of investments be-
tween the public and the private sector. This chapter makes no attempt to pro-
portion annual life-cycle costs to specific enterprises or entities. Neither does 
it attempt to identify the overlap in synergies between the 16 smart city trans-
portation services, as this would be an important role for a detailed cost-benefit 
model in the future.

The approach defined in the chapter could also form the basis for an 
incremental planning approach toward the evolution of smart city services over 
time, over geographic space, and by quality of service. The identification of 
suitable departure points for smart city initiatives and the exact sequencing of 
smart city service deployment to achieve optimum effects will very much de-
pend on prior investments and the priority of different policy objectives within 
the smart city.

The approach identified and described here represents the very begin-
ning of a smart, data-driven, and scientific approach to the determination of 
investment requirements for smart cities and an understanding of the effects of 
smart city transportation services. It is hoped that a dialogue can be established 
between both public- and private-sector enterprises associated with smart city 
transportation with a view toward refining the approach, aligning the smart city 
transportation services to available solutions in the marketplace, and making 
progress toward a detailed cost-benefit model.
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12
Summary

12.1  Instructional Objectives

There are a number of instructional objectives to be achieved in this chapter. 
The following is a list of the instructional objectives that have been defined: 

• Provide a summary of the essential elements of the book and highlight 
particularly important points;

• Explain the value to be derived from reading the book;

• Discuss further work for which the book can act as a platform;

• Provide some recommendations on how to act on the information in 
the book through the delivery of some succinct advice;

• Provide some thoughts on further reading.

12.2  Chapter Word Cloud

As in previous chapters, a word cloud has been generated to provide a general 
overview of this chapter. Figure 12.1 presents the word cloud for this chapter.
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12.3  Introduction

The primary reason for writing this book at this point in time is to provide a 
nexus or bridge between transportation in a smart city and data science. There 
is much interest, thought, and action relating to smart cities at the current time. 
The subject has, quite rightly, captured the imagination of city planners, may-
ors, and the public at large. The smart city initiative is acting as a banner that 
provides a focus point and the convergence catalyst for the application of ad-
vanced technologies to urban environments. While the smart city goes beyond 
transportation into subjects such as smart healthcare, smart places to live and 
work, and smart utilities, the role of transportation will be inordinately impor-
tant in the formation and operation of smart cities. It is hoped that this book 
will add further fuel to the smart cities initiative and provide transportation 
professionals with some additional insight and understanding to help ensure 
that smart city transportation investments are made in the most effective man-
ner. One of the early lessons learned in the intelligent transportation system 
program is the need to identify and harness the common ground between dif-
ferent projects in different applications. Many of the technologies are designed 
for sharing, and close interaction between the public and private sectors can go 
a long way to accelerating the deployment programs. This chapter summarizes 
the preceding chapters and provides an overview of the essential points. It also 
contains suggestions for further action and further reading.

Figure 12.1  Word cloud for Chapter 12.
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12.4  Review of Chapter 1

Chapter 1 sets the scene for the remainder of the book, exploring the back-
ground and reasoning for writing the book at this time. Chapter 1 also exam-
ines the choice of the subject and the timing to explain the value of addressing 
smart city transportation now. In addition, Chapter 1 explains that the book 
is aimed at a diverse leadership including transportation professionals, busi-
ness analysts, automotive professionals, smart city practitioners, and academics 
and their students. This is a wide audience group, but it is the type of multi-
disciplinary group likely to work as planners and implementers for smart city 
transportation. The diversity of the audience group spans multiple disciplines, 
including big data, connected and autonomous vehicles, smart cities, and data 
analytics. To round off the book, Chapter 11 has also been included on how 
to approach benefits and cost estimation for smart city transportation services. 
The intended effect of the combined information provided in the book is to 
provide guidance and encouragement to smart city planners and implementers, 
based on practical experience and expertise drawn from the boundary between 
smart city transportation and data science.

12.5  Review of Chapter 2

From previous experience in intelligent transportation systems, the introduc-
tion of a new subject area often requires that questions are defined before an-
swers are provided. Chapter 2 defines the questions that can be answered by 
big data and the application of analytics to transportation in the smart city. 
This serves a twofold purpose. First, it provides a comprehensive list of ques-
tions that can form the basis for exploration and discovery. Second, it sets the 
scene for approaching the answers to the questions and to the content of later 
chapters. Chapter 2 begins with an explanation of the value of data and why 
big data techniques and analytics are so important and potentially vital to trans-
portation. The value of data is often underestimated, and it is hoped that the 
contents of Chapter 2 will help to raise awareness of the value of data for smart 
city transportation professionals.

Subsequently, Chapter 2 explains why it raises questions rather than pro-
viding answers at this stage of the book. Next, Chapter 2 provides a list of ques-
tions that can be answered within the smart city transportation realm, struc-
tured into safety, efficiency, and user experience categories and listed according 
to their intended users or audience. The intent is to provide a list of useful 
questions that can form a starting point for each readership group to develop a 
customized set of questions pertaining to their specific roles and responsibilities 
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within a smart city. A major component of the approach described in this book 
revolves around treating transportation as a single system. To this end, Chapter 
2 provides four additional questions as a means of assessing the progress we 
have made toward making transportation behaviors a single system. These re-
late to clarity of purpose, connectivity, status determination, and adaptability. 
It is left to the reader to evaluate his or her specific city domain against this 
four-question checklist.

12.6  Review of Chapter 3

Much use is made of the term big data, and often a clear and agreed-upon 
definition is missing from the conversation. Chapter 3 addresses the need for 
such a clear and agreed on definition and provides one that forms the basis for 
much of the remainder of the book. To begin, Chapter 3 explains how data is 
measured. While this may be perceived as trivial among some of the readership 
groups, it could be important to bring everyone to the same page and act as an 
important element in the bridge that we are building between data science and 
transportation. A multidimensional explanation of big data is then provided, 
explaining that big data is certainly about volume, but has other facets as well. 
These include the variety of the data, variability of the data, data complexity, 
and veracity of the data. Chapter 3 also explains the difference between real-
time analytics and analytics based on archived or static data.

An important element in Chapter 3 is its discussion of how big data and 
analytics can be perceived as a steppingstone to future automation. There seems 
to be an incredible focus on smart vehicles and not so much interest in the ac-
companying smart back office. Accordingly, Chapter 3 explores data manage-
ment and how the simple ability to have an enterprise-wide view of all the data 
collected could go a long way toward more efficient and more effective use of 
the data. To bring the big data discussion to life from a smart city transportation 
perspective, Chapter 3 concludes by explaining big data within a transportation 
context, providing specific examples with potentially big data sources within 
transportation.

12.7  Review of Chapter 4

As discussed earlier, transportation is likely to have an inordinately important 
role in the smart city. It is also likely that connected and autonomous vehicles 
will have a disproportionately important role in transportation within a smart 
city. Chapter 4 explores the definition of the connected vehicle and some of 
the challenges associated with the introduction of the connected vehicle. In 
addition, Chapter 4 examines two variations on the connected vehicle theme, 
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with specific emphasis on the telecommunications approach taken to connect 
vehicles to the roadside or back-office infrastructure. Furthermore, Chapter 4 
defines the autonomous vehicle and looks at its associated challenges. In the 
interest of clarity, In addition, Chapter 4 discusses the differences between con-
nected and autonomous vehicles, and to merge this subject with the smart city 
information included in Chapter 5, it discusses connected and autonomous 
vehicles within the context of smart city transportation operation. To conclude, 
Chapter 4 describes how connected and autonomous vehicles might affect 
transportation and the automobile manufacturing industry.

12.8  Review of Chapter 5

Smart cities is a central theme of the book. Accordingly, Chapter 5 defines the 
smart city from a transportation perspective in the form of 16 smart city trans-
portation services. To establish a strong connection between the defined servic-
es and the types of needs and objectives found in a smart city, Chapter 5 creates 
a mapping that relates services to objectives, with examples of several potential 
smart city objectives from a transportation perspective. Subsequently, Chapter 
5 describes how the defined services might play a role in defining departure 
points and provides a roadmap to move from today’s situation to tomorrow’s 
smart city, with a suggested approach to incorporating services within a sketch 
planning approach to smart city implementation.

As smart city implementations will bring challenges as well as opportuni-
ties, Chapter 5 provides an initial list of such challenges along with an explana-
tion on the nature of the challenge. Finally, Chapter 5 outlines some practi-
cal lessons gleaned in the implementation of the London congestion charging 
project. These represent real-world challenges experienced in the application of 
advanced technologies within an urban transportation environment. To con-
clude Chapter 5 introduces and explains the concept of a sentient city, which 
goes beyond the smart city. Sentience involves the ability of a city to sense and 
react appropriately, acting as a single system and applying intelligence to the 
results of the sensing. This will result in the application of actionable insight to 
the development of appropriate responses.

12.9  Review of Chapter 6

As a continuation of the bridge building between data science and transporta-
tion, Chapter 6 provides an explanation of data analytics and the wider worlds 
of industry and commerce. The applicability of this experience to transporta-
tion within a smart city is also discussed. In addition, Chapter 6 defines data 
analytics and compares analytics and KPIs, tackling the essential difference be-
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tween reporting and analytics—that analytics tend to span multiple data sourc-
es and are more likely to consist of ratios and comparisons between different 
data elements. Analytics also provides a more flexible approach that can answer 
the questions you have already identified and ones that you will discover in the 
process of using big data and analytics. The conventional KPI and reporting ap-
proach tends to create a rigid framework that has difficulty in accommodating 
new questions. Chapter 6 also provides an important differentiator in the form 
of a sporting analogy suggesting that even the best reporting system can only 
make you a spectator at a sports game. Data analytics are an essential tool to 
enable you to become the coach and exert an influence over the performance of 
the team or the organization. Accordingly, Chapter 6 further explores the value 
of analytics by explaining the key role that they play in uncovering patterns and 
trends within smart city transportation. In addition, Chapter 6 lists analytics 
for each of the smart city transportation services previously identified, provid-
ing concrete examples of their direct relevance to smart city transportation. 

12.10  Review of Chapter 7

Building on the concept of a departure point in steppingstones for smart city 
evolution, Chapter 7 identifies five possible departure points for a smart city 
from a transportation perspective. Each of the departure points is examined 
in terms of the overall nature of the departure point, its suitability as a depar-
ture point, and the type of analytics that can be used to support the deploy-
ment of the departure point. This approach enables the practical application of 
smart city transportation analytics to be couched within a possible approach 
to defining starting points and roadmaps for smart city transportation service 
evolution. While Chapter 7 does not provide a comprehensive list of possible 
departure points and only explains a sample of the relevant analytics, it should 
be sufficient to provide the basis for a customized approach to transportation 
analytics and service evolution within a smart city.

12.11  Review of Chapter 8

A system engineering tool known as the use case has a disproportionately im-
portant role in the bridge between transportation and data science. For trans-
portation professionals within a smart city, the use case captures the problems 
to be addressed, the analytics to be applied, the data required, and the benefits 
that will be achieved. From a data science point of view this is essential commu-
nication of the customer needs, issues, problems, and objectives, that are vital 
in guiding the development of big data and analytics approaches. Accordingly, 
Chapter 8 defines the term use case and provides some examples of smart city 
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transportation use cases that can be used as a model for a customized smart city 
approach, explaining how the use cases can be implemented in practice, with 
respect to smart city transportation.

12.12  Review of Chapter 9

Establishment and operation of a smart city transportation data lake is an im-
portant consideration if the power and value of analytics is to be unleashed. 
Current approaches to this include the development of data ingestion platforms 
that can bring data together from multiple sources, assembling it and then dis-
tributing it to many parties. The data lake concept incorporates this kind of 
smart data switch approach but adds the extremely valuable element of analyt-
ics capability and analytic sharing. The creation of a smart city transportation 
data lake has the potential to provide substantial inputs into decision-making, 
including performance management and service delivery planning. It also has 
the capability to act as a strong cohesive force between the separate elements 
of a smart city implementation by providing a common thread for data and 
analytic sharing. Experience has shown that simply making the data available 
across a smart city is not likely to guarantee effective use of the data. Extending 
the sharing approach to include the analytics that can be derived from the data 
is likely to provide additional stimulus for good use of data and analytics. Just 
as we have derived lessons and experiences from prior implementations of intel-
ligent transportation systems, there are some great lessons and experiences to 
be learned from the creation of data lakes in enterprises beyond transportation. 
Before proposing an approach to the establishment and operation of a smart 
city data transportation lake, Chapter 9 provides an overview of the challenges 
that can be involved in the creation of a smart city transportation data lake. 
This emphasizes the need for the incorporation of lessons learned, practical 
experiences, and the adoption of practical, robust approach to the creation of 
the smart city transportation data lake. To emphasize the value of the proposed 
approach, Chapter 9 also includes a mapping of the challenges to the essential 
elements of the proposed approach, explaining the value that can be delivered 
through the creation and operation of a smart city transportation data lake. 
Chapter 9 concludes with an exposition of how analytics and the data lake can 
be used to guide the structure of a smart city transportation organization and 
provide the foundation for a successful enterprise.

12.13  Review of Chapter 10

To illustrate the value of big data and analytics within a smart city transporta-
tion initiative, Chapter 10 defines a range of concepts that relate the application 
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of big data and data analytics techniques to smart city transportation. These 
cover the spectrum of smart city transportation applications, including free-
way speed variability analysis, smart city accessibility analysis, an evaluation 
of the return an investment provided to the driver in return for toll payment, 
arterial performance management, and decision support for bus acquisition. 
While some of the examples are further down the implementation pattern oth-
ers, Chapter 10 provides clearly explains the practical application of analytics to 
a range of transportation subjects relevant to a smart city.

12.14  Review of Chapter 11

Chapter 11 explains the conceptual framework for estimating benefits and costs 
associated with smart city transportation services. While it is not possible to 
provide detailed cost estimates without detailed design and technology choices, 
Chapter 11 develops and delivers a range of configuration assumptions as a 
means of supporting a sketch-planning approach to cost-benefit analysis. To 
provide some realistic results, it was necessary to assume a model smart city and 
to develop appropriate parameters that explain the nature and characteristics of 
the city. While these are as realistic as possible, based on research, the overall 
cost-benefit estimation approach provides orders of magnitude results, rather 
than detailed assessments. Chapter 11 also illustrates a structured approach to 
cost and benefit estimation for smart city transportation services and explains 
how this might be used as a model for planning and high-level screening evalua-
tion for smart city transportation services. It is hoped that the content of Chap-
ter 11 will form the basis for further work that will result in a more detailed 
cost-benefit model for smart city transportation services.

12.15  Advice for Smart City Transportation Professionals

To summarize the information and insight covered in this book, 24 pieces of 
advice are now presented. These suggestions, listed as follows, represent a suc-
cinct summary of actions readers should consider once they understand the 
contents of the book.

1.	 Smart city transportation is a wonderful opportunity to accelerate the 
application of advanced technologies for the benefits of city dwellers 
and visitors. The transportation profession should grasp this opportu-
nity with both hands and harness the new power of data science.
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2.	 Building a bridge between transportation and data science is not suffi-
cient; it is necessary for both parties to begin walking across the bridge 
and meet somewhere in the middle.

3. 	The opportunities in big data and analytics are matched with poten-
tial challenges. Access to data and analytics power could mean that 
people outside of transportation and outside of one’s enterprise are 
better informed about smart city transportation planning and opera-
tions than the professionals involved in delivery.

4.	 There is an ongoing challenge associated with working across disci-
plinary boundaries. As in the case of intelligent transportation sys-
tems, smart city transportation—if it is to be done effectively and effi-
ciently—will require the mobilization of multidisciplinary teams who 
understand the objectives and have, at the least, an awareness of one 
another’s specializations.

5.	 Defining the questions is a good starting point, because in a new sub-
ject area the definition of the questions can help to clarify goals and 
objectives. It is also difficult to get answers if you do not know what 
questions to ask.

6.	 An awareness of big data is fundamental to the successful application 
of these techniques within a smart city transportation environment. 
Other areas of industry and commerce may be ahead of transporta-
tion in the adoption of these techniques, but the application of les-
sons learned and practical experiences from these other areas can ac-
celerate transportation and deliver spectacular results. They also say in 
Silicon Valley that, “The early bird catches the worm, but the second 
mouse gets the cheese.” Being just behind the leaders and early adopt-
ers could be excellent positioning to take advantage of lessons learned 
and prior experience.

7. 	We have an excellent opportunity to adapt and adopt big data and 
analytics techniques from other industries and apply them in smart 
city transportation.

8.	 There has been a sea change in data science approaches. While previ-
ously we were inclined to fragment and partition data to manage it 
effectively and efficiently, it is now possible to consolidate data and 
create enterprise-wide views across all data. This enables the maxi-
mum probability of data elements combining to create new insight 
and understanding. Consider the new possibility of a consolidated 
data repository or data lake for smart city transportation.
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9.	 Big data and analytics has the potential to address the spectrum of 
smart city transportation activities from planning through design and 
project delivery to operations and maintenance. It is important that 
a cross-section of transportation professionals become aware of new 
capabilities.

10.	 Develop a detailed understanding of the value of data and the new 
economics involved in retaining data. It may not be necessary to make 
an early judgment on the value of every data element as this would 
preclude later combination to deliver new insights and understanding.

11.	 This also involves the development of a new perception regarding the 
current cost of data storage and data management in the age of Ha-
doop and other big data storage approaches.

12.	 Develop a smart city transportation data analytics strategy employing 
use cases and pilot projects to develop a true understanding of objec-
tives and possibilities. In the same vein, use new insight into the pos-
sibilities of analytics to drive data collection and data acquisition based 
on an understanding of the purpose to which the data will be put.

13.	 Be prepared to partner as new possibilities exist to share cost and to 
harness private-sector motivation to public sector objectives. We may 
have little choice but to adopt partnership, advocacy, and influence 
strategies as a potential private-sector role in transportation service 
delivery emerges and grows.

14.	 Be aware of the possibilities of connected and autonomous vehicles. 
Probe data emanating from connected vehicles has the possibility to 
revolutionize data capture for transportation needs within a smart city. 
Similarly, the autonomous vehicle has the potential to address many 
smart city transportation issues including congestion, parking, and 
last-mile transportation service delivery. Also, be aware of the poten-
tial challenges associated with autonomous vehicles that could lead to 
disruption in the current transportation service delivery model, unless 
we anticipate and incorporate these new technologies into our smart 
city transportation approaches.

15.	 Adopt an objectives-driven approach to the definition of smart cit-
ies initiatives, understanding the relative importance of transportation 
within the larger smart city technology framework.

16.	 Be aware of the new possibilities for scientific results-driven invest-
ment programs, based on insights and understandings derived from 
big data and transportation data analytics.

17.	 Be prepared to understand and take advantage of the ability for one 
project to support another. While each project will deliver indepen-
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dent results, the best results will always be achieved when there is a 
coordination and harmony between projects and initiatives.

18.	 There is an emerging possibility to go beyond even the smart city to 
the sentient city where sensing has been optimized and the level of 
intelligence is such that appropriate strategies can always be defined 
and implemented. Big data and analytics can also play a key role in 
planning and operating transportation as a single system with clarity 
of purpose, connectivity, adaptability, and effective status determina-
tion at any given time.

19.	 Be prepared to learn lessons and take advantage of practical experience 
gained from other industries and from other smart city transportation 
initiatives around the globe.

20.	 Start working on data definitions for subjective transportation terms. 
Prepare the way for analytics to be applied to large-scale smart city 
transportation data sets in order to identify new trends and patterns. 
Also be aware of the significant differences between reporting and ana-
lytics and the need for a deep and wide data repository to get the most 
from the analytics.

21.	  Be open to the possibility of new scientific approaches to transporta-
tion planning, traffic engineering, and work program definition. 

22.	 Adopt a structured approach to the evolution of smart cities, taking 
full account of the ability for one project to support another.

23.	 Develop an awareness of the new possibilities and capabilities of data 
science and how these advances can be adapted to smart city transpor-
tation.

24.	 Begin the development of a structured cost-benefit analysis framework 
for smart city transportation services, and make that the basis for a de-
tailed cost-benefit model based on detailed design of proposed imple-
mentations.

12.16  Conclusion

This book—by necessity—spans a wide area of interest. As noted previously, a 
major objective of the book is to enable the building of a bridge between smart 
city transportation and data science. I have had the privilege of a position at the 
boundary between transportation and data science that has enabled me to ac-
cumulate insight and understanding. As expected, this experience of structuring 
and documenting experiences gained has resulted in new learning and under-
standing. It is to be hoped that the book will have the same effect on its readers 
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and fulfill its intended role as an effective tool in the application of advanced 
technologies to smart city transportation.

12.17  Further Reading

If this book has inspired you to seek further information on the subjects cov-
ered, consider the following additional reading:

• Thinking Highways magazine [1]: This magazine focuses on the applica-
tion of advanced technologies to transportation but regularly features 
focuses and themes regarding smart city transportation.

• Smart City Council [2]: The smart city Council is a unique combina-
tion of public agencies and private-sector solution providers offering an 
excellent range of resources for smart city practitioners.

• Previous books by the Author: ITS Architectures [3] and Advanced Trav-
eler Information Systems [4]. Both are now a few years old but contain 
unchanged fundamental principles on which this book is based.

• The National Intelligent Transportation Systems Architecture website 
[5]: Here again, the material is a few years old, however it has been 
maintained and updated and represents a phenomenal resource covering 
multiple aspects that are relevant to the application of advanced tech-
nologies to smart city transportation. This includes technical, organiza-
tional, and business model aspects.
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