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Executive Summary

A follow up to Mobile Century

The phenomenal success of Mobile Century demonstrated the feasibility of traffic monitoring by
using data from GPS-enabled cell phones in a controlled environment. The next logical step was
to demonstrate similar capabilities of a system in an environment in which users were
representative of the general public. Mobile Millennium was developed at a large scale to
establish the technical feasibility of such a system, and to demonstrate that under the right
incentivization mechanisms, a proper recruitment strategy could be built, and would lead to
successful operations of a pilot through a field operational test. A secondary objective was to
demonstrate that with the amount of probe data available from the system (or more generally
from industry), one could complement existing infrastructure of the DOTSs to provide improved
travel information services.

Traffic congestion mitigation

Traffic congestion in the USA alone causes a $78 billion drain on its economy annually. This
figure doubled during the period from 1997 to 2007, and addressing this challenge is a high
priority. To improve transportation operations, governmental agencies need an integrated view
of the full transportation network. Likewise, the traveling public needs location based
information, available in real-time, to make more efficient decisions. The emergence of the
mobile internet on cellular devices and the rapid proliferation of location based services provide
opportunities to improve the transportation experience of the traveling public. However one
missing component, key to addressing these issues, is an exhaustive trafficinformation system
that could be used at global scale.

Building a large-scale prototype
Mobile Millennium was a first attempt to address these challenges by rethinking what it means to
build a traffic information system. Building the prototype traffic monitoring system included a

smartphone application to gather data and a back-end system capable of collecting the data and
processing them in real-time. This prototype served as the backbone for operations during the

Vi



field operational test.
Partnership with industry

Another accomplishment was the creation of a proper intellectual property (IP) framework to
enable academia, industry and government to work together. This IP agreement served as a
model for a master agreement currently in place at UC Berkeley to handle Nokia based funding.
The success of these endeavors demonstrated the ability of academia and industry to work
together at a scale rarely achieved before.

Research achievements

New traffic models (both highways and arterials) were developed, as well as algorithms, to
integrate streaming data into the models (static and mobile data). Numerous mathematical and
algorithmic contributions generated as part of this work resulted in more than 40 publications in
scholarly journals and conferences.

Addressing sustained engagement

One difficulty encountered during the project was that of sustaining the engagement of the users.
Before the dawn of the app store only a few apps were available for smartphones, so user
behavior with respect to apps was relatively unknown. This project shed light on user behavior,
i.e. the conditions under which people continue using apps.

Data dissemination, user experience, user interface

This work also pioneered the era of user interface design, in that it was one of the first mobile
phone based mapping apps deployed in the US. In this respect, Mobile Millennium also
represents an early instantiation of location based services, geolocalized mapping services, and
mobile apps. Mobile Millennium was developed before the app store and at a time when very few
apps were available.

Pioneering the era of crowdsourcing, participatory sensing, data brokering and data fusion

Mobile Millennium was a pioneer project in the era of crowdsourcing and participatory sensing
and was one of the first systems in history to tackle crowdsourcing in the context of traffic at
large scale. History has since shown that crowdsourced data created a very fragmented market
(not only for traffic but in general). Due to the fragmentation of the market, no single source of
data possesses all four properties required for a successful traffic information system. These
properites are: ubiquity, timeliness, accuracy, and reliability. As a result of this situation, any
future success will depend on data brokering to enable data fusion at a global scale. Because the
market is so fragmented, any entity (academia, industry or government) will most likely be
forced to acquire data, or create data deals with other entities, to collect data with the necessary
features to enable traffic information systems that are able to address modern challenges. The era
of data feed fusion has just begun, and numerous tasks still need to be completed before this can
converge to practical solutions applicable to DOTSs, industry and academia.
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Pioneering control theory and machine learning applications to traffic engineering

As part of the contributions which were necessary for this work, the team contributed to
advancing several scientific fields which led to breakthroughs in transportation engineering. In
particular, using the framwork of viability theory, the team created new descriptions of traffic
flow capable of integrating mobile data. Using machine learning techniques, the team created
new methods for estimation of travel time at low penetration rates in the arterial network. Using
stochastic dynamic programming, the team created new routing algorithms capable of handling
uncertainty in planning based on traffic forecasts. The project overall enabled fundamental
breakthroughs in science necessary to advance the state of practice.

Guiding the California DOT and the US DOT through the infancy of data fusion

With a potentially new source of ubiquitous data (mobile phone data), how would one operate
data fusion at a global scale in an efficient manner and how would one manage to use this data
efficiently in order to modernize traffic information systems. This question is far from being
answered today (also because sources of data keep changing). However Mobile Millennium
provided a first step in this direction and substantial breakthroughs in this area. Today, data
fusion efforts are ongoing everywherein the US. Data sources have exploded, and large scale
data analytics is on the verge of becoming an academic topic, which is extremely valuable to
leading industry entities such as Google, Facebook, LinkedIn, Twitter, Microsoft, IBM and many
others.

Legacy

The Mobile Millennium project was a groundbreaking pilot deployment that pushed forward the
state of the art in crowdsourcing and participatory sensoring. The Mobile Millennium system,
now in place at PATH, in and of itself constitutes a significant technological contribution that
will enable continued advancements to the state of the art and the state of practice. In addition,
the Mobile Millennium system unlocks new avenues of future research as new sources of data
become available.
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1. Introduction

The Mobile Millennium project was a groundbreaking pilot deployment that pushed forward the
state of the art in crowdsourcing and participatory sensing, and demonstrated the technical
feasibility of creating a traffic information system relying principally on probe data. This final
report for the Mobile Millennium project closes the contract for task order P-6615 Connected
Traveler Safe Trip 21, as well as the RTA C812 and RTA C903 agreements.

This chapter begins by describing the main thrust of the research effort. Next, the nature of the
institutional partnerships (upon which the success of this project is based) are discussed as a
model for stakeholder cooperation. A brief review of the funding sources and their relation to the
completed work are then listed. In the following section, key research achievements and findings
are summarized, along with remarks on the significance of these findings and their potential
impact on the future operations of Caltrans. This chapter concludes by describing the
organization of the remainder of the report.

1.1. Problem statement

1.1.1. Motivation

Fighting economic losses due to inefficiency in the transportation network

Traffic congestion in the USA alone causes a $78 billion drain on its economy annually, a figure
that doubled during the period from 1997 to 2007. The current recession has only marginally
improved the state of traffic congestion due to reduced activities in some regions of the nation,
but long term projections in 2009 by the Energy Information Administration (EIA) at the US
Department of Energy show a flattening - but not a significant decline - in this trend.

Prerequisites for transformational results

In 2007, it appeared unlikely that traditional physically-centered mitigation strategies, such as
building more highways, widening existing roads, and expanding or starting new transit or rail
routes, would be successful by themselves. These approaches are simply not sustainable in the
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current economic and environmental climate. Rather, innovative paradigms are needed to
marshal breakthroughs for operations of the transportation network, to transform the manner by
which the traffic management issues are addressed. One missing component, key to addressing
these issues, is an exhaustive traffic information system that could be used at global scale. With
partial information only, it is very unlikely that management of the transportation system could
be improved significantly, and that the adoption of new transportation paradigms by the public
could shift from its current state.

A societal challenge

At the heart of this problem are significant barriers that prevent operations and system use from
being addressed at a national scale. In 2007, we proposed to tackle the technical high-risk
high-reward issues associated with these challenges, which we believe to be centered around
information gathering, integration, and distribution. To better operate the system, agencies need
an integrated view of the full transportation system. To participate in a change in the way the
transportation system is used, the public needs location based information, available in real time,
to make more efficient decisions, which might include increased use of the transit system. With
the emergence of the mobile internet on cellular devices and the rapid proliferation of location
based services, it was the right time to launch initiatives that would result in paradigm shifts in
the way the public interacts with the transportation network. In particular, we were specifically
interested in finding ways in which to give incentives to the public to use new technology to
improve its transportation experience.

1.1.2. Problem

Mobile Millennium enabled the research community, industry partners, and government to
answer several questions of interest to transportation engineering at the time the project was
started. The motivation for Mobile Millennium came from the difficulties of public agencies to
instrument infrastructure systems at a global scale. While California had been very fortunate to
have significant instrumentation (in particular the loop detector systems deployed on the major
freeways of California), it was clear from the start of the project (and it is still clear in the current
financial situation of California) that the secondary network (arterial roads) would not be
instrumented in the near future. Furthermore, the aging loop detector system suffered significant
performance issues, and the natural question arose of knowing what could be done using probe
data for traffic. Traffic problems can be sorted in three main categories:

e Traffic information systems
e Operation systems (traffic control)
e Planning

The data required for these three distinct problems is different in nature. Mobile Millennium
focuses principally on the first of these three categories: traffic information systems. The
fundamental question of interest was: “would it be possible to create traffic information systems
based principally on probe data.” This question is not only of interest to the government, but also
to industry, as demonstrated by the large amount of traffic applications that have emerged from
the private sector since the start of the project.



Solving the problem of determining if such a traffic information system can be built relies on
numerous other questions that had to be investigated as well as part of this work. In particular,
how to create the proper infrastructure to collect data appropriate for building a next generation
traffic information system. One of the challenges not anticipated at the time was the
fragmentation of the market, i.e. the fact that even if successful applications take off, one needs
to figure out a way (technological, or institutional) to make sure that data is available at a global
scale, and in sufficient quantity.

Mobile Millennium was principally a technology driven project. While it investigated some of
the policy questions pertaining to the collection of probe data, in particular privacy, it did not
investigate the implication of shifting from dedicated infrastructure data to crowdsourced /
participatory sensing data’. The goal was mainly to establish the technical feasibility of such a
system, and to demonstrate that under the right incentivization mechanisms, a proper recruitment
strategy could be built, and would lead to successful operations of a pilot through a field
operational test. Solving the technical challenges leading to such a test required numerous
breakthroughs in research, which are part of the achievements of this work (summarized in this
report), as well as significant development of systems capabilities, which were done at UC
Berkeley and Nokia.

1.2. Institutional partnerships

The Mobile Millennium project is one of the most successful examples of a tripartite
collaboration and joint effort between Government, Academia and Industry in the field of
transportation. The nature of the partnership is explained here and the origin of the collaboration
is presented as well. The following narrative describes the California Partners for Advanced
Transit and Highways (PATH) and the California Center for Innovative Transportation (CCIT)
as they were before the recent merge.

1.2.1. California DOT and the US DOT

The U.S. DOT SafeTrip-21 (Safe and Efficient Travel through Innovation and Partnerships for
the 21st Century) Initiative was established to test and evaluate integrated, intermodal, Intelligent
Transportation Systems (ITS) applications. The overall goals of the SafeTrip-21 Initiative were
to (1) Expand and accelerate the U.S. DOT’s research in vehicle connectivity with the wireless
communications environment, (2) Build upon Intelligent Transportation Systems (ITS) research
in advanced-technology applications, (3) Explore and validate the benefits of deployment-ready
applications that provide travelers, drivers, and transit and commercial motor vehicle operators
with enhanced safety, real-time information, and navigation assistance. The Volpe Center made
awards to establish two test beds: the California Connected Traveler (CACT) Test Bed, which
involved integrated locations in the San Francisco Bay Area, and the 1-95 Corridor Test Bed,
which involved locations along the 1-95 Corridor from North Carolina to New Jersey. Two
independent applications, although not formally part of the test beds, were also tested in
California and North Carolina. The California Connected Traveler testbed was led by the

The terms crowdsource and participatory sensing are described in their proper context in
Chapter 2.



California Department of Transportation in partnership with the University of California at
Berkeley and two organizations administered by its Institute of Transportation Studies. These
were California Partners for Advanced Transit and Highways (PATH), with a mission to develop
solutions to the problems of California’s surface transportation systems through cutting edge
research, and California Center for Innovative Transportation (CCIT), with a focus on
deployment and a mission to accelerate the implementation of research results. Mobile
Millennium was hosted by CCIT, described below. Mobile Millennium was funded by a
consortium of funders, the most important of which were the US Department of Transportation
and the California Department of Transportation.

1.2.2. Nokia / NAVTEQ team

The Mobile Millennium project was a partnership established with the Nokia Research Center
(NRC) in Palo Alto, one of the research branches of Nokia in the US. Before this project had
started, Nokia Research Center was building momentum to grow its mobile traffic probe
program in scope and scale. The center had identified the Mobile Millennium field operational
test as the next step on the roadmap toward commercialization. This effort followed a very
fruitful collaboration between Nokia and UC Berkeley leading to the Mobile Century project.
Nokia provided hundreds of highly-subsidized GPS phones to enable that deployment, equipped
its employees with thousands of these internally (who ran the pilot), which represented a
considerable investment of resources. In collaboration with the Berkeley team, Nokia Research
Center set the technical agenda of the deployment. The NRC staff continued to design, develop
and operate client-side and server-side software that served as the engine for traffic data
collection and dissemination during the Mobile Millennium field operational test.

At the time the project started, Nokia was in the process of acquiring NAVTEQ. Being the
industry leader in the production and distribution of digital maps and real-time traffic
information, NAVTEQ brought technical know-how and operational expertise to the program.
They also brought maps which were used in the project, as well as NAVTEQ traffic patterns, a
NAVTEQ product that contains historical traffic data. NAVTEQ also led the dissemination of
the Mobile Millennium technology and information at the 2008 World Congress in New-York
City. The Mobile Millennium project team worked with NAVTEQ’s subsidiary Traffic.com to
fuse probe data with current traffic information and to leverage existing distribution channels.

1.2.3. UC Berkeley team

Traffic and transportation engineering at UC Berkeley

The University of California at Berkeley has led the field of transportation research in the US for
several decades. At UC Berkeley, transportation research is mainly performed under the Institute
of Transportation Studies (ITS), which hosts numerous famous programs with different foci on
transportation problems, in particular the California Center for Innovative Transportation
(CCIT), the Partners for Advanced Transit and Highways (PATH), the UC Transportation Center
(UCTC), the Transportation Sustainability Research Center (TSRC), and several others. One of
the assets of ITS is the quality and world leadership of the programs, faculty, and staff that
support it. In particular, the Civil and Environmental Engineering Department has been ranked
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number one in the US for years, and its transportation engineering program is also the first in the
US. This comes in addition to stellar Computer Science, Electrical Engineering, Mechanical
Engineering and Operations Research Departments, which also provide significant contingents to
ITS. UC Berkeley has a tradition of bridging academic research with the world of practitioners,
which is instantiated through several of the aforementioned centers, in particular, PATH for
prototyping of new transportation research for the field, and CCIT for the deployment of
technology and accelerating the adoption by industry. The proximity of Silicon Valley and its
major leaders has made it possible for ITS to be at the forefront of transportation, by constantly
keeping its eyes on developing technology and making its adoption by transportation
practitioners possible.

The California Center for Innovative Transportation (CCIT)

CCIT’s mission is to accelerate the implementation of research results in order to enable a safer,
cleaner and more efficient transportation system. Oftentimes, it is necessary to conduct
specialized research and development to achieve desired implementation goals. CCIT has
typically held an ongoing portfolio of 15-20 projects in areas such as traffic monitoring
technologies, highway operations improvements, traveler information systems, public
transportation service enhancements, and transportation safety and security. Below is a list of
examples of CCIT’s recent successes:

e A 3-year demonstration of the use of microscopic traffic simulation tools to model
highway corridors instructed the implementation of the statewide Corridor Mobility
Improvement Account (CMIA) program, which has generalized this practice;

e CCIT developed software used by Caltrans’ Transportation Management Centers (TMC)
to configure and automate the display of traveler information on highway Changeable
Message Signs (CMS). This software is successfully serving the San Francisco Bay Area,
and further deployment is underway in the Sacramento Valley and Sierra Nevada regions;

e A statewide training program enabled over 500 planners, engineers, and managers at
Caltrans and regional agencies to receive hands-on training on the use of the freeway
Performance Measurement System (PeMS), thus advancing the state of highway
operations practice.

Such focused efforts come in addition to over 40 academic publications per year aimed at
building support for selected innovations among practitioners, regular workshops on emerging
transportation technologies and techniques, the maintenance and operations of technology testing
infrastructure at the Berkeley Highway Lab, as well as the facilitation of collaborative
agreements involving the public and the private sector at state, national, and international levels.

CCIT was the natural host for this project within UC Berkeley because of its emphasis on
deployment. It provided the right emphasis on practice and theory for this project. It was
therefore the most appropriate place to locate the project, and to provide the support for the
project to succeed.



The Lagrangian Sensor Systems Laboratory (LSSL)

Headed by the program’s Principal Investigator, Professor Alexandre Bayen, the Lagrangian
Sensing Laboratory was at the core of the traffic engineering work package set forth in the
Mobile Millennium technical concept. Drawing from multiple programs in the area of
infrastructure monitoring, including waterways and civilian air traffic in addition to highways,
Professor Bayen’s strong research group possessed a diverse expertise, key to the success of a
multidisciplinary, integrated project. The name Lagrangian Sensor Systems Laboratory (LSSL)
disappeared through the project, for two reasons. First, from an organizational perspective,
students were reorganized into projects, as needed for administrative purposes (hence the name
of the lab disappeared, to leave room for the project visibility). Second, after some time, it
became clear that Mobile Millennium had gained such visibility that it would make more sense
for the effort to be known under a project name than a lab name. The students composing the
Mobile Millennium team have diverse backgrounds: Electrical Engineering and Computer
Science, Civil and Environmental Engineering, Industrial Engineering and Operations Research,
and Mechanical Engineering. These diverse backgrounds reflect the nature of the project, which
is multidisciplinary. The emphasis of the laboratory at the start of the project was on mobile
sensing, and was significantly strengthened by the success of the project. Today, the Mobile
Millennium group (and other projects attached to it) is the leading group on mobile sensing and
smartphone based sensing on campus.

1.2.4. Other contributors

In addition to the partners mentioned above, the Mobile Millennium project was funded by
several other sources that either provided seed funding, or direct funding, in their various
capacities. These are listed below, and show the level of interest generated by the project over
the years. Some of these sources of funding, or in kind support, still fund outgrowths of the
project today, and are thus mentioned as part of the effort.

e BAE Systems
e Center for Information Technology and Research in the Interest of Society
(CITRIS)

e Defense Advanced Research Projects Agency (DARPA)

e Department of Civil and Environmental Engineering, UC Berkeley
e Ministere des Transports, France, (now MEDDAAT)

e National Science Foundation (NSF)

e University of California Transportation Center (UCTC)

e Tekes, Finnish Funding Agency for Technology and Innovation

e Telenav Inc.

e VIMADES

¢ Volvo Foundation

o VTT



1.3. Scope

1.3.1. Review of funding sources from the DOTs

Mobile Millennium has been funded from several task orders, beginning with funds originally
allocated to Mobile Century. In addition, there have been research technical agreements, and
amendments that have been added over time. These funding sources are:

Task Order 1021: Mobile Century

Task Order 1029: Mobile Century
P-6615 Connected Traveler Safe Trip 21
RTA C812 Mobile Millennium

RTA C903 Mobile Millennium

1.3.2. Categorization of deliverables
Most of the deliverables can be classified into three main categories:

e (1) Systems,
e (2) Highways,
e (3) Arterials.

The remaining tasks are classified as follows:

e (4) Field experiments and demonstrations
e (5) Media and outreach
e (6) IBM subcontract

The core hardware and software systems that made Mobile Millennium possible were supported
by all the contracts listed above. Initial funding for traffic server development came from TO
1029 and amendments to TO 1021. Under the real-time and data storage work packages, P-6615
provided additional funding for the design and development of hardware and software systems to
support the project. This effort included building interfaces and feeds, database and storage
infrastructure, and adapting the available digital maps for traffic modeling. These funds were
supplemented with C812 and C903 to complete the system architecture, and to support continued
operation, maintenance, refinements, and hardware and software upgrades. Additional
visualization and system monitoring capabilities were also implemented. All of this is discussed
in detail in Part Il: Mobile Millennium System.

The traffic engineering work packages in each of the contracts listed above supported core
scientific activities. Amendments to TO 1021 provided funds for exploratory work in arterial
modeling. For both highway and arterial modeling efforts, P-6615 supported work in traffic
modeling, algorithm development and implementation, as well as data fusion. The main thrust of
this work is discussed in Part I1l: Mobile Millennium Highway Model, and in Part IV: Mobile
Millennium Arterial Models.



C812 provided additional support for data assimilation, model and algorithm refinements for
prediction, and second-order models for highways. C903 supported additional work on travel
time prediction and validation. Much of this work appears in Part V: Mathematical and
Algorithmic Contributions, and Part VI: Framework and Applications for Hamilton-Jacobi
PDEs.

Two amendments were made to C812 in order to support bluetooth testing, and validation for
arterial models. The main thrust of the arterial research is discussed in Part 1V: Mobile
Millennium Arterial Models.

The millennium and fielding work packages in C812 along with the evaluation work package in
C903 supported a number of field experiments and demonstrations. Key demonstrations include
AASHTO, and the ITS World Congress. Test runs involving 10 to 20 vehicles were performed
for debugging, and to provide data for systems improvements. The logistics and resources for
these efforts are described in Part I: Overview.

The millennium work package in C812 along with the outreach work package in C903 supported
the efforts necessary to deploy a meaningful customer service. This included logistics, business,
and legal preparation, as well as outreach, advertising, customer support, and polling. A public
facing website was created to engage potential users, provide client downloads, and customer
service. All of this is discussed in Part I: Overview.

Support for the deployment and technology transfer envisioned in C812 were provided by an
amendment to C903. This amendment included a subcontract to IBM for collaboration on
multi-sourced traffic information. All of this is described in Part II: Mobile Millennium System.

1.4. Research objectives

1.4.1. Definition of Mobile Millennium’s initial goals

Mobile Millennium, as a project, was tailored to answer numerous questions for academia,
industry and government. By the unique nature of the partnership (UC Berkeley, Nokia,
California and US DOTs), and the unique opportunity in history to pioneer a new era of
technology, it was initially driven by practitioners goals, which are outlined below.

A follow up to Mobile Century

After the phenomenal success of Mobile Century, which demonstrated the feasibility of traffic
monitoring by cell phone information in a controlled environment, it became clear that in order
to push the concept to an operational level, it would be necessary to demonstrate similar
capabilities of a system in an environment in which users were now representative of the general
public. Of course such a setting comes with significant challenges, some of which known at the
time, some of which appearing later during the field operational test. Mobile Millennium was
just a logical follow up to Mobile Century, and thus was developed at a large scale. The goal of a
field operational test was to demonstrate the feasibility of the concept in an unstructured



environment, which would be a prerequisite for adoption both by industry and government
practitioners.

Creating a proper IP framework to work in partnership with industry

One of the goals of the project was to create a proper intellectual property (IP) framework, to
enable academia, industry and government to work together. The challenge of this goal was to
find a proper way for both research teams (UC Berkeley and Nokia) to be able to work jointly,
and preserve each of the player’s abilities to protect their IP. The process of creating an IP
agreement was a preliminary to starting the joint work, and was a major achievement of the
project. In fact the IP agreement carved between Nokia and UC Berkeley later on served as a
model for a master agreement currently in place at UC Berkeley to handle Nokia based funding.

Building a prototype

The most important technological goal of the work was to build a prototype traffic monitoring
system, which would serve as the backbone for operations during the field operational test.
Nokia and UC Berkeley chose an extremely challenging path, which was to have a part of the
system reside at UC Berkeley, and another reside at Nokia (the two being interfaced). This was
successfully achieved and demonstrated the ability of academia and industry to work together at
a scale rarely achieved before. The goal of the prototype was to test the new technology
(procedures and algorithms) and tailor it so it could be moved to production later (at the end of
the project). Building the prototype included building a smartphone client and a backend system
capable of collecting the smartphone data and capable of processing the data in real-time.

Launching a system (with demo)

One of the important requirements at the launch of the system was to bootstrap it and to have
operational traffic maps displayed on the phone from day one. This included working together
with NAVTEQ, who contributed by giving their maps and their traffic pattern product that
contained historical data for the secondary network (arterial). Launching the system included
numerous tests and numerous steps which were completed as part of the project.

Create a user recruitment campaign (participatory experiment)

Mobile Millennium was the first traffic application launched in North America by Nokia at the
scale of the nation. While it was only available to the driving public in California, the system
was designed to cover the entire US and was beta tested for the entire US. In the pre-app store
era, launching a traffic application of this nature was very challenging. It included doing media
outreach, building a website where people could download the application, creating versions of
the application for several platforms (Symbian Nokia phones and Blackberry phones), and
having a specific customer support service (web-based and forum based).
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Addressing sustained engagement

One of the most difficult goals of the project was to create sustained engagement of the users. At
the time, a relatively small number of apps were available for smartphones, so user behavior with
respect to apps was relatively unknown. The project enabled us to understand user behavior, i.e.
the conditions under which people continue using apps. This was one of the goals of the field
operational test.

1.4.2. Summary of research achievements and findings

Research on traffic flow modeling and related topics

A significant portion of the work of Mobile Millennium included developing new models to
model traffic (both highways and arterials), as well as algorithms to integrate streaming data into
the models (static and mobile data). The report outlines the numerous contributions performed,
which are listed below:

e Mathematical research contributions

. Proof of existence and uniqueness of a Barron-Jensen Frankowska solution to a
Hamilton-Jacobi PDE for a Cauchy problem. Extension of this proof for the case of
internal boundary conditions. Derivation of an analytical solution to the problem in the
case of piecewise affine conditions. This equation serves as a model for Lagrangian
descriptions of traffic flow (i.e. from a mobile particle perspective).

. Derivation of a new PDE model for highway velocity evolution, called
Lighthill-whitham-Richards-v (LWR-v) model. Proof of equivalence of the new model
with the classical LWR PDE, in the case of parabolic flux functions.

. Derivation of a nonlinear discrete time dynamical system model for velocity that
is compatible with the entropy solution of the LWR PDE, called Cell Transmission
Model-v (CTM-v). Extension to general networks using linear programming.

. Second order traffic models based on the Colombo model, and development of
the corresponding numerical schemes (Godunov scheme). This is a generalization of first
order models, which enables us to characterize the variability of traffic in the congested
regime.

o Derivation of convex optimization based frameworks for data assimilation using
the Hamilton-Jacobi equation, to integrate mobile data into robust estimation problems.
Applications to problems of filtering (sensor placement problems), and computation of
travel time (robust travel time estimation problems).

. Design of a controller for exponential stability of switched linear hyperbolic
PDEs.

. Derivation of new statistical models of traffic in arterial networks, based on
hydrodynamic theory. Integration of signal timing into the models.

o Derivation of new measurement models for Lagrangian data into arterial traffic
models, using hydrodynamic flow theory.
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e Algorithmic contributions.

. Ensemble Kalman Filtering (EnKF) algorithms for real-time estimation for the
CTM-v model. EnKF algorithms for one-dimensional and two-dimensional model
equations using Lagrangian sensing.

. Newtonian relaxation based algorithms for integration of Lagrangian data into
flow models.
o Optimization based algorithms for machine learning approaches to estimation.

These machine learning methods enable us to learn from probe data the characteristics of
the network as well as the flow patterns in the arterial network.

o Hidden Markov Models and Coupled Hidden Markov Model based algorithms. In
order to perform inference on the arterial traffic flow, we use several standard machine
learning techniques that enable us to infer traffic in real-time from these models.

. Kernel based algorithms for traffic inference. These models enable us to perform
traffic estimation based on a characterization of traffic using kernel theory (which relies
on optimization and linear matrix inequalities).

) Stochastic routing algorithms for routing in arterial networks. This algorithm
takes traffic forecast into account in routing vehicles in the network. It is adaptive in that
it takes a policy instead of a fixed route, and adapts the policy as the vehicle progresses
through the network.

All of these contributions are specifically presented in following chapters of this report. The
corresponding journal and conference publications are also listed later in the report. All of these
constitute a significant advancement of science, research and technology.

Implementation: real-time system, production systems, data filtering,
databases, cloud computing

A second significant contribution of this project is the creation of the Mobile Millennium system,
which in itself also constitutes a significant technological contribution that enabled us to advance
the state of the art and the state of practice. These contributions also generated publications,
which are in a different domain as the ones presented in the previous sections, and are also worth
mentioning here (and are listed further in the report). In particular, implementation contributions
include:

e Prototype smartphone client for Nokia and Blackberry phones. This task was principally
achieved by the Nokia team (in NRC Palo Alto), which was the front end of the system.
This application was the first traffic application deployed by Nokia in North America.

This includes:
. Mapping system to display live traffic on the phones
. Data collection system to collect GPS data from the participating phones and send

it to the system
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. Feedback system to collect user feedback on the quality of traffic information
(directly through the phones)

. Voice interface to provide the user with voice based traffic information (in
particular traffic accidents)

e Prototype backend data aggregation system. The back end system constructed by UC
Berkeley was also one of the first prototypes in the world capable of integrating dozens
of streams of data in real time to feed the system with traffic information. Basic
components of the system include:

. Feed systems capable of integrating any source of live data into a real-time
system.

. Filters capable of cleaning the data in real-time so the data from the feeds can be
efficiently used by the rest of the systems.

. Model implementations that constitute the live version of the algorithms
developed and summarized in the earlier section

o Database capable of integrating all the data processed in real-time so the data can
be archived and queried later on if necessary.

. Data assimilation algorithms that constitute the implementation of the algorithms
described in the section above, and constitute the algorithmic core of Mobile Millennium.
. Information generating routines that transform the results of the algorithms into
meaningful information for practitioners.

. Archival procedures that feed the database with the processed information created
through the processes above

. Visualization procedures and tool. The UC Berkeley Mobile Millennium

visualizer was successfully used by the team to produce demonstrations of the tool, at
numerous public events.

. Process monitoring tools to enable us to monitor in real time the performance
(and failures of the system).

Data dissemination, user experience, user interface

Data dissemination was at the heart of the work. In particular, the group spent significant time
cleaning and studying the Mobile Century data to understand better how to use the data for
Mobile Millennium. The data was subsequently posted on the Mobile Millennium website so it
could be used by the research community at large for traffic data analysis. Later on, other
contributions were posted as well, in particular the Hamilton Jacobi toolbox used to reconstruct
traffic flow from Lagrangian data. Part of the work of Mobile Millennium consisted in making
this information accessible to the research community at large, so it could benefit from the
experience accumulated during the effort.

User experience was partially captured during this field operational test, and is summarized in
this report in Chapter 4. User recruitment was a major challenge, and user experience was also a
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new topic key to the success of the project. This project took off at the very early ages of the
smartphone era, at a time when the iPhone app store was just starting. As of the time this project
concluded (in 2011), the iPhone app store contains more than 200,000 apps, and so does the
Android app market. When the Mobile Millennium project was started, the supremacy of the
iPhone had not been established yet, and the Android platform did not exist. Thus, the user
experience collected as part of this work represents the early instantiation of the smartphone app
era, which is still in development today.

This work also pioneered the era of user interface, in that it was one of the first mobile phone
based mapping apps deployed in the US. Several years later, Google maps established a
supremacy and flexibility that enabled numerous other mapping and traffic information apps to
leverage its rich infrastructure. At the time when this project was started, Google maps had very
few functionalities, and was also at its infancy. Google arterial traffic data started to appear in
2009 on the web based version of Google maps (in February, soon after the launch of Mobile
Millennium arterial traffic during the CITRIS opening in February 2009), and a few months later
on the mobile Google maps. This was later followed by most of the companies working in traffic
today, in particular INRIX, BeatTheTraffic, and several others. In this respect, Mobile
Millennium also represents an early instantiation of the era of location based services,
geolocalized mapping services, and mobile apps.

Pioneering the era of crowdsourcing, participatory sensing, data brokering
and data fusion

One of the other contributions from Mobile Millennium was the pioneering of the era of
crowdsourcing and participatory sensing (see Section 2 for definitions). Mobile Millennium was
one of the first systems in history to tackle crowdsourcing in the context of traffic at large scale.
This paradigm has been followed by numerous companies, which shows that it was a very
appropriate approach for building next generation traffic information systems. What was not
clear at the time when this project started was the scale at which one can hope to achieve success
in building these systems. Several years after starting the project, history has shown that
crowdsourced data created a very fragmented market (not only for traffic but in general). In the
specific context of traffic, it is now clear that at least for the coming years, no single entity will
have enough data to sustain reliable traffic information at a global scale. Even companies like
Google have not achieved the penetration of drivers required to have efforts solely relying on
probes to provide traffic information.

As a result of this situation, one of the likely approaches to succeed in the future is data
brokering as a prerequisite for data fusion at a global scale. Because the market is so fragmented,
any entity (academia, industry or government) will most likely be forced to acquire data, or
create data deals with other entities, to achieve a sufficient volume capable of creating the
appropriate amounts of information necessary for operating traffic information systems. This was
one of the major findings of this work. Our team realized this very early on, and at the time of
completion of the report, the Mobile Millennium system integrates dozen of feeds including
industry feeds (NAVTEQ, Telenav), public feeds (CHP, cabspotting, PeMS) and our own feeds
(VTL / Nokia).
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The era of data feed fusion has just begun, and numerous tasks still need to be completed before
this can converge to practical solutions applicable to DOTSs, industry and academia. These issues
are summarized in the conclusion chapter of this report, and offer various promising directions
for future work.

1.4.3. Significance of the research findings to overall operations of
Caltrans

Throughout the Mobile Millennium project, the Mobile Millennium team had numerous
meetings with US DOT staff, and California DOT staff (principally Division of Operations) to
constantly align the objectives of this program with goals of the DOTSs. The significance of the
research findings (and the findings of operational deployments) is summarized in this section
(and detailed through the different chapters of this report).

Context of use within the US DOT and the California DOT

If one divides the needs and organization of the US DOT and the California DOT into three
categories, traveler information, operations, and planning, the Mobile Millennium effort falls
mainly in the first category, traveler information. This was by design when the project was
conceived and confirmed at each of the meetings between the Division of Research and
Innovation, UC Berkeley and Nokia/NAVTEQ. The main contribution in the project was to
demonstrate that with this new technology, it was possible to create an information system
capable of relying principally on probe data. Because this was an open problem at the time, the
secondary objective of the project was to demonstrate that with the amount of probe data
available from the system (or more generally from industry), one could complement the already
existing infrastructure of the DOTs to provide improved travel information services, which
would otherwise be of poor quality or non-existing, using static infrastructure only. The project
thus focused on establishing such evidence, by building a prototype system, and tackling both
problems, i.e. generating traffic information from probes only, and generating traffic information
from probes and loops (and other sources of data as well), to demonstrate that it was realistic for
the technology to be used and operated by practitioners and in particular by the US DOT and the
California DOT.

Technology exploration

One of the other important objectives of this research and work was to perform technology
exploration. One of the missions of the University is to assist the California DOT (and to a
certain extent US DOT when under the proper contracting mechanisms) in understanding how
technology can impact the field of transportation in significant ways. This project, having roots
traceable back to 2007 was started at a time when the mobile internet, and smartphone
technology was at its infancy. At the time, it was unclear how this technology could benefit to
the California DOT and the US DOT. In fact, several failed attempts to use cellular phone
information to provide travel information had raised doubts in the practitioner community that
cell phones were ever going to be a viable source of information for traveler information. Part of
our work for the California DOT and the US DOT was specifically to demonstrate that we could
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prototype a system giving evidence of such claims. Thus, the work can also be viewed as a form
of active technology scouting in which the scouting activity consists in constructing a prototype
system to make such an assessment.

Guiding the California DOT and the US DOT through the infancy of data
fusion

One of the questions which arose immediately when working on the Mobile Millennium project
was the problem of data fusion. At the infancy of the mobile internet, one question was in
everybody’s mind: with a potentially new source of ubiquitous data (mobile phone data), how
would one operate data fusion at a global scale in an efficient manner and how would one
manage to use this data efficiently in order to modernize traffic information systems. This
question is far from being answered today (also because sources of data keep changing).
However Mobile Millennium provided a first step in this direction which was considered to be a
significant breakthrough by the community. Today, data fusion efforts are ongoing everywhere
in the US. Data sources have exploded, and large scale data analytics is on the verge of
becoming an academic topic, which is extremely valuable to leading industry entities such as
Google, Facebook, LinkedIn, Twitter, Microsoft, IBM and many others. This work performed
for the California DOT and the US DOT was a pioneering effort that showed how such fusion
tasks can be achieved with a new data type, probe data, and how such fusion can be used by the
government.

Rethinking traffic information systems

This project started at a time when traffic information systems had just undergone a first
mutation, i.e. moving from operational center owned and operated by the government and
available at best by phone, from being web based. The 511 website was an example of such a
system, soon followed in the last decade by the emergence of numerous web based traffic
information systems (for example traffic.com, mapquest, Google Traffic, Yahoo traffic and
several other such services). In 2008, traffic information systems underwent a second mutation:
they started to become part of the suite of mobile applications available through connected
networks. They also started to integrate numerous additional and new sources of data, the most
predominant one being probe data. These sets of information raised all kinds of questions when
designing next generation traffic information systems. In particular, how to integrate new sources
of data, by which process does one fuse heterogeneous sources of data, how to diversify the
broadcast mechanisms for traffic information (phone, data based, sound based, etc.), how to
handle compatibility with recent driver distraction laws, etc. The work performed in the Mobile
Millennium project provided the government with numerous answers to these questions, which
now move the California DOT and the US DOT one level further: with sufficient understanding
of these new technologies to be able to design such a system inside the California DOT and the
US DOT. Of course, several policy questions need to be answered before this can be achieved,
which offers several opportunities for future work to migrate this technology to the government.
These will be investigated in the conclusion chapter.
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1.5. Organization of report

The chapters of this report are grouped into seven main parts. Each of these parts describes one
facet of the Mobile Millennium project.

The first five chapters (including this introduction) of Part | provide a high level overview.
Chapter 2 describes the historical context of the project, and the recent societal and technological
trends that shaped its evolution. Chapter 3 paints a picture of what a traffic information system of
the future should be. The ingredients for a successful system are described; current and near term
sources of traffic data are surveyed, and practical considerations are explored. In this context, a
summary description of the Berkeley Prototype Mobile Millennium System is given.

One unique feature of this project is the involvement of the traveling public in the pilot
deployment of Mobile Millennium. To facilitate this, substantial efforts of public outreach were
necessary. These efforts are described in Chapter 4.

The overview concludes with Chapter 5. This chapter tells a narrative of the logistical support
that insured success of the various demonstrations and field experiments. Lessons learned from
each deployment in the series informed the planning efforts for the successive deployments.

Part Il of this report describes in detail the Mobile Millennium system that serves as a foundation
for all the research presented here. Chapter 6 begins with a description of the data flow through
an early version of the Mobile Millennium system, and explains from a high level how the
system evolved. This chapter also presents the major components of the system, including the
hardware and software systems. A description of each of the software modules and the heavy
duty computing they perform is provided in Chapter 7. The module that transforms the output
into a human-understandable map is the visualization module, and Chapter 8 is completely
devoted to its description.

The last two chapters of Part Il explain parallel efforts that extend the system to new frontiers.
Chapter 9 showcases the adaptability of the Mobile Millennium system and its capabilities to
support a research endeavor with IBM’s Traffic Prediction Tool. Chapter 10 describes two
successive efforts to utilize the power of cloud computing to yield crucial improvements in
computation time, thus making possible new algorithms for real-time deployment.

One of the most successful and visible components of Mobile Millennium is its highway model,
and the four chapters in Part Il present it in detail. A simplistic version of this model was
explained in the Final Report for Mobile Century. However, substantial improvements were
made over the course of the Mobile Millennium project. Chapter 11 provides an overview of the
model in the context of distributed parameters systems. Chapter 12 explains the mathematical
preliminaries. Chapter 13 extends the model to networks (a crucial addition not present during
Mobile Century). Chapter 14 explains the data assimilation algorithm, and revisits the Mobile
Century dataset.

Another set of major advancements of Mobile Millennium over Mobile Century includes the
arterial models. These arterial models are presented in Part IV over the course of five chapters.
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Chapter 15 presents the background for the arterial research in a context that fuses machine
learning and traffic flow theory. Chapter 16 characterizes the patterns of travel time though
signalized intersections in the form of a theoretical model. Chapter 17 provides a probabilistic
context for this model, and derives parametric travel time probability distributions for the
possible states of a link. Using these distributions, traffic conditions can be inferred from
measured travel times. To do this, three estimation models are presented in Chapter 18.
Algorithms to solve these models, and results obtained from field experiments, are presented in
Chapter 19.

Several key mathematical and algorithmic contributions of Mobile Millennium are collected in
Part V. These advancements address improvements over Mobile Century, extensions of Mobile
Millennium, or alternative approaches or models for either highways or arterials. Chapter 20
extends the VTL paradigm (beyond that described in the Mobile Century final report [269]) to
achieve guaranteed privacy via temporal cloaking. In addition, it investigates the trade-offs
between improved privacy and travel time estimation accuracy. Chapter 21 presents an
alternative approach to estimating travel times along a signalized arterial using a convex
optimization framework. Chapter 22 considers the challenge to maximize the probability of
arriving on time at a destination given a departure time and a time budget. The described
theoretical framework enables an advancement over common routing algorithms that do not
consider travel time variability, and are unable to take advantage of real-time information. The
proposed algorithms are targeted toward real-time mobile phone applications. Chapter 23
describes a second-order vehicular traffic flow model that allows the density-flux relation to be
set-valued. In addition, this second-order model is potentially well suited as an alternative
method for assimilation of velocity based and density based data.

Part VI consists of four chapters that together describe a new framework for the solution of
Hamilton-Jacobi partial differential equations (HJ PDESs), and applies the framework to a number
of traffic applications. Chapter 24 introduces a framework that can integrate trajectory-based as
well as loop-detector based data. Chapter 25 develops a semi-analytic numerical scheme for
solving the HJ PDE exactly and without requiring a computational grid. Chapter 26 presents the
derivation of model constraints as convex inequalities on systems modeled by HJ PDEs.
Important properties of these constraints are proven. The next chapter exploits these properties.
Three main application areas for this framework are selected to illustrate its utility in Chapter 27:
(1) finding bounds on vehicle travel times; (2) detecting errors caused by incorrectly mapped
loop detectors; and, (3) privacy analysis.

Part VII concludes this report in Chapter 28 with an evaluation of Mobile Millennium. This

chapter reiterates the key advances, describes the lessons learned, presents plans for deploying
the research findings, and proposes recommendations for the future.
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2. Background

2.1. Context

2.1.1. The rise of the mobile internet

The convergence of communication and sensing on multi-media platforms such as smartphones
provides the engineering community with unprecedented monitoring capabilities. At the time of
the start of the project, smartphones such as the Nokia N95 included a video camera, numerous
sensors (accelerometers, light sensors, GPS), communication outlets (wireless, radios, bluetooth,
infrared, USB, video-output / microphone), computational power and memory. The rapid
penetration of GPS in phones enabled geolocalization and context awareness, leading to the
explosion of Location Based Services (heavily relying on mapping) using phones. For example,
Nokia Maps display theaters and museums near the phone, Google Mobile provides driving
directions from the phone location, and the iPhone Travelocity shows hotels near the phone.
Their low cost, portability and computational capabilities make smartphones useful for numerous
sensing applications in which they act as sensors moving with humans embedded in the built
infrastructure. Large scale applications include traffic flow estimation, physical activity
monitoring for assisted living at home, geotagging, and population migration tracking [168].

2.1.2. Large scale cyber-physical infrastructure systems

The rapid multiplication of smartphones has contributed to the emergence of a particular class of
Cyber-Physical Systems (CPS) specific to the built environment: large scale cyber-physical
infrastructure systems. CPS integrate computational and physical processes, using embedded
computers and networks to monitor and control the physical processes, usually with feedback
loops where physical processes affect computations and vice versa. Using the motion of humans
and goods in the built environment, the notion of cyber-physical systems can be extended to
infrastructure such as transportation networks, water distribution networks, the power grid,
instrumented bridges, etc. Large scale cyber-physical infrastructure systems thus encompass
physical processes related to the infrastructure, such as the modeling of motion of people
(“physical”) and the corresponding information gathering, communication and computing system
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(“cyber”). The Mobile Millennium project deals with the specific case of mobile sensing in large
scale systems that are spatially distributed.

2.1.3. Historical context in 2007: probes as a contributor to congestion
alleviation?

The demand for mobility has dramatically increased, leading to a $78 billion annual drain on the
U.S. economy in the form of 4.2 billion lost hours in commute time and 2.9 billion gallons of
wasted fuel, which amounts to 58 fully-loaded supertankers. While there is almost no space for
additional roads or freeways in the vast majority of urban and suburban environments, there is an
enormous potential gain from real-time knowledge of traffic. This information has the potential
to enable system solutions such as ramp metering, dynamic speed limits, and individual level
solutions in which drivers can access traffic in real-time, and obtain customized itineraries from
their location to avoid major congestion. When this project started, only major freeways were
instrumented in the US. The fundamental missing piece of information was that of secondary
itineraries including expressways and arterial roads. At the start of this project, traffic
information came from fixed (Eulerian) loop detectors in the pavement[203], RFID
transponders, radars or cameras [180]. While this information can easily be accessed on the
internet [1,10,11,28] and on phones using cell phone versions of these websites, these services
only provide information in locations where there are fixed detectors. To provide a global
solution to this traffic information gathering problem, one needs traffic information everywhere
within the transportation network. Given the high costs of deploying a traffic monitoring system
and the lack of public infrastructure, mobile probes provide a feasible alternative. With the
notable exception of the data from dedicated fleets [251] such as the police force, taxis, FedEXx,
UPS (all of which have very limited coverage), such traffic data simply does not exist on a
global scale.

Starting in 2007, there had been increased levels of competition between cell phone
manufacturers, network providers, internet service providers, computer and software
manufacturers, and mapping companies. A few recent events are noteworthy in the context of the
Mobile Millennium project. In particular, Google made a move towards the phone industry with
the launch of the open Linux-based Android platform (to become the Google Phone). Because of
the pressure to use open platforms, Nokia, who manufactures 40% of the cell phones in the
world, bought Symbian (which runs on high end Nokia phones) with the intention of making it
open-source (Apple also partially opened its iPhone OS to software developers with the release
of a development kit). In the context of geolocalization, Nokia bought Navteq, which is the
largest mapping company in the world (and equips Google Maps). Navteq owns Traffic.com, one
of the leading internet traffic broadcast companies. Its competitors include Inrix, which is closely
linked to Microsoft. In parallel, dedicated car GPS infrastructure companies such as Tom-Tom
and Dash also started developing probe vehicle data collection infrastructure from the car
aftermarket device angle.

All these companies envisioned a system that could gather enough probe data from mobile
devices to reconstruct traffic in real-time, while preserving privacy of the users and minimizing
GPS use (because of its energy consumption), and to broadcast the data back to the phones and
the Internet. The intense competition indicated that companies believed that this technology
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would have high value for the public.

Mobile Millennium began in this context, which was the early era of the mobile internet in the
us.

2.2. An early instantiation of crowdsourcing and participatory
sensing

Crowdsourcing is a recent term, which in its current context is traced back to Jeff Howe [197] in
a June 2006 Wired magazine article “The Rise of Crowdsourcing.” It was recently introduced in
the dictionary as “the practice of obtaining needed services, ideas, or content by soliciting
contributions from a large group of people and especially from the online community rather than
from traditional employees or suppliers” [39]. While it is related to participatory sensing, which
does not have a formal dictionary definition, it shares the same principles: collecting data from a
set of users working collaboratively [138].

2.2.1. Historical context

Early instantiations of crowdsourcing and participatory sensing include the Longitude Prize, a
reward offered by the government of Britain for a method for precise determination of a ship’s
longitude [307]. The prize was created in 1714 by the Board of Longitude. Another instantiation
in the 19th Century is the Oxford English Dictionary, which made an open call to the public for
volunteer contributions to index all words in English and provide example quotations for
them [337]. In recent years, with the emergence of the Internet and social networking, these
initiatives have taken a larger scale and more rapid pace, with numerous high visibility efforts,
such as the DARPA Network Challenge [31] to collaboratively localize marker balloons deployed
in the US, or the Netflix Prize, a competition for collaborative filtering algorithms to forecast
user ratings for films, based on past ratings [32]. In the era of the mobile internet and with social
networking, crowdsourcing efforts now include: location, locally sensed data (speed,
acceleration, orientation), opinions, geolocalized posting (pictures, comments, ratings), remotely
performed work, personal information, maps (geographic, wireless, activity, crime), among
many others.

2.2.2. Issues and trends

There are three current trends that were already visible when the project started, and that are
important to consider in order to understand how the Mobile Millennium project was conceived
and led.

. Information rich maps. With the convergence of sensing, communication and
computation on single cellular platforms, and the ubiquity of the internet and mobile web,
the current trends of crowdsourcing and participatory sensing have led to the emergence
of information rich maps. Early applications included traffic information collected from
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smartphones [94,63], present today in numerous industry led products (Google, INRIX,
NAVTEQ, Waze, BeatTheTraffic.com). The concept was soon extended to enriching
maps with other user generated content either through location based services or posting
from public records, for example crime [41], geolocalized real estate data [45],
photographic geolocalized postings [34], pedestrian and sports GPS traces [40],
earthquake information [325], and many other types of information.

o Geolocalized human activity. The explosion of location based services has led to
the emergence of a new type of user generated content that includes sharing personal
information [33], professional information [37], geolocalized social network activity
(placing Facebook activity on maps) [38], checked in activities (presence in a restaurant,
at a landmark location, etc.) [35]. This new information complements traditional cell
tower information (which was already used in an operational context in the case of
tracking of al-Zargawi by the US military [85]), by enriching available feeds by attributes
disclosed, knowingly or not, willingly or not, by the user.

. Human work. Finally, the concept of crowdsourcing and participatory sensing
were pushed further and finally reached collaborative work. Wikipedia [43] was probably
the first such joint effort of considerable size to create a completely crowdsourced
encyclopedia on a voluntary basis. It was followed by numerous voluntary “services”, in
which users volunteer their time, for example Facebook translation [195] or Yahoo!
Answers [44], in which users provide answers to other user’s questions on a joint online
forum. This concept was also made for profit, in the famous Mechanical Turk [3], which
created a new work marketplace, in which workers remotely perform tasks at a
distributed and large scale for money. This innovation represents a new trend in
crowdsourcing data in which the crowdsourced workers are now active and follow
directions. Success stories for Mechanical Turk type activities include: tagging,
identification, labeling, parsing, clustering, and recognition.

2.2.3. State of the art

Crowdsourcing and participatory sensing are not academic fields (yet). They are a combination
of a wide range of disciplines that can be clustered in various categories: (1) remote sensing and
hardware (GPS, sensor networks, vision); (2) communication, signal processing and user
interfaces (cellular technology, web technologies, geolocalization, mapping); (3) cloud
computing (web support, databases, architecture); (4) large scale data analytics (machine
learning, data mining, data assimilation, filtering). One of the challenges in the context of
geospatial intelligence is that most of the new knowledge required for this field lies outside the
field of traditional “geospatial” domains.

For these reasons, the training for this field is distributed among Departments and academic
programs, which include: Engineering (Aerospace, Civil, Computer Science, Electrical,
Environmental, Mechanical), Geography, Urban Planning, and Architecture. Each of these
Departments has programs that contribute to the four aforementioned areas. A few research
institutes within academia merit to be mentioned, for their span of activities aligned with training
in the field. o

. CENS: Center for Embedded Networked Sensing at UCLA, one of the first centers
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to study participatory sensing and to generate explicit academic contributions in the field.
. CSAIL: Computer Science and Artificial Intelligence Laboratory at MIT, by the
diversity of its faculty spans most of the field required for crowdsourcing.

o WINLAB: Wireless Information Network Laboratory at Rutgers University,
focused on numerous aspects of crowdsourcing relevant to this field, in particular
privacy. At the time the Mobile Millennium project was started, there was no
institutionalized effort at UC Berkeley for crowdsourcing or participatory sensing. Thus,
our team started working together with WINLAB at Rutgers, who helped us with the
privacyaspects of this work. We also worked very closely to Deborah Estrin at UCLA, a
visionary figure, who is one of the founders of the concept of participatory sensing, on
which her group is currently working, and for which her group established clear
leadership in the field. A few years after the start of Mobile Millennium, several new
initiatives have started at UC Berkeley to bring these concepts into an academic field, the
most notorious one being the AMP Lab (Algorithms, Machines, People), which now
collaborates with the Mobile Millennium team on an ongoing basis, and partially funds
outgrowths of this effort.

The Mobile Millennium effort has advanced the state of the art in participatory sensing, which is
still a field in major expansion, both academically, from a practitioner’s perspective, and from an
industry standpoint.

2.2.4. Assessment of available information

This very brief section summarizes some of the key data usually available from participatory
sensing (in the context of Mobile Millennium and also from a broader perspective). It is by no
means complete, for further information, the work of Deborah Estrinand her
group [280,297,253,282,281,299,298] is the reference in the field. The aforementioned
information available from crowdsourcing today results mainly from data that includes:

o Sensing data. From smartphones: GPS, accelerometer, magnetometer, photos,
videos, sound. From sensors: any other information connectable to a smartphone (all car
sensors through OBD-I1, CANBus, biomedical sensors, cellscope, etc.).

o Other user generated content. Postings, text, activity, check-ins, tags, email
activity, transactions (credit cards, RFID tags, badge-ing, transit schedules), internet
activity, social activity, network use (cell, wireless). As will appear through this report,
participatory sensing data has numerous issues that make its use challenging. The
corresponding information comes with numerous issues resulting from the nature of the
data. These include:

. Accuracy, sparsity, reliability, quality, verifiability, spoofability.

Proprietary / nonproprietary.

Privacy: disclosed willingly, unwillingly, disclosed knowingly, not knowingly.
Availability and useability: public or private, obtainable (or not) by subpena.
Incentivization mechanisms for data collection (volunteer, prizes, salary)

All of these issues were considered in using the data, and are covered in the different chapters
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that follow. Many of these issues still constitute open problems, both from an academic
perspective, from an industry standpoint, and also for policy.

2.3. Grand challenges of the data and the technology for traffic
information systems

The main challenge in using traffic information was (and still is) that no single source of data
possesses the four following features: ubiquity, timeliness, accuracy, and reliability. These
features, however, were (and are) a prerequisite of efficient use of information for future
transportation operation systems. These properties are also required to ensure the value of the
information being provided to the public.

2.3.1. Ubiquity

A major enabling technology to offer motorists alternatives to highways is the possibility of
using the secondary (arterial) network. This ability relies on information about the state of the
arterial network, which is not available in most US cities. Agencies are thus unable to provide
recommendations through channels like the radio, changeable message signs, internet, etc.
Motorists are therefore reluctant to leave the highways without certainty of finding uncongested
alternate routes. Because of the cost of dedicated infrastructure, equipping the secondary network
with monitoring infrastructure is not an economically feasible option. Ubiquity also has a
temporal meaning; high availability is a necessary feature of a real world system.

2.3.2. Timeliness

The timescales at which traffic congestion evolves are rapid enough that traffic information not
received in a timely manner could prove to be useless, and even detrimental, to operations and
individual choices in the transportation network. One reason why information currently gathered
and available for operations is not always timely is the different layers of filtering, processing,
aggregation and broadcast the data go through. In the absence of integrated systems, data
gathered from sensors travels from proprietary system to proprietary system, aging a few minutes
in each step, which reduces its value when transmitted to the user. Currently measured delays in
the process commonly exceed 30 minutes on some traffic information systems, which makes the
data simply obsolete.

2.3.3. Accuracy

Accuracy of collected data is critical to proper operations of the transportation system. Accuracy
refers to the pointwise error between the system’s estimate of congestion and the actual
congestion. Misplacement of an accident on the network because of inaccuracy in the
measurements can lead to wrong estimates of traffic, which in turn lead to inefficient operations,
sometimes with dramatic consequences for users (for example, a single wrong choice in routing
through the Bay Area can lead to 200% in commute time difference, based on the bridge used).
Misplacement of the edge of extent of congestion can lead to significant differences in the
estimate for total time traveled (TTT) because of saturation of the mainline of freeways when off
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ramps would have provided a better alternative.

2.3.4. Reliability

One of the main issues in the adoption of transit systems, or even in use of travel information
systems for more efficient planning, is the reliability of the information. In addition to the
accuracy of the estimate, one also needs a confidence interval for the estimate. Ideally, one
would like to be able to use the data to make statements of the type “travel time using this mode
of transportation along this route is within 10% of this value with 90% confidence”. This type of
question is critical. For example, schedule adherence in the San Francisco area is estimated to be
70% as reported by the San Francisco Municipal Transportation Authority in 2009. For the past
two years, official Metropolitan Transportation Authority (MTA) numbers for New York show a
system reliability of around 80% for subways and 66% for buses. From a user’s perspective,
incorrect information from the static transit schedule database can lead to a commute plan that
appears feasible, yet is impossible due to missed connections. Similarly, low quality highway
traffic information systems are not giving the traveling public incentives to use them.

2.3.5. Assessment: challenges for the creation of traffic information
systems

Unless these four challenges are overcome, the creation of efficient transportation information
systems for agency operations and users is problematic. Yet, without such information systems,
the negative impacts of congestion on economic efficiency cannot be ameliorated by increased
operation efficiency. Finally, it does not seem possible to induce paradigm changes in the way
the public travels without interfacing traffic information systems with transit information
systems properly. In order to provide alternate choices to established patterns, it is key not only
to integrate transit more deeply into the transportation network, but also to enable the public to
make informed decisions about its use.

2.4. Relation to existing work

The project started at a time when smartphone penetration was increasing at a very rapid pace in
the US, and thus focused this aspect of technology principally. It is related to several other
efforts ongoing at the same time, which we list next.

This section summarizes several initiatives or projects that were already underway at the time
Mobile Millennium was started. This information is available from the web or public sources and
is reproduced as such. Mobile Millennium was a natural follow up of the Mobile Century
experiment (described last in this section). While the concept of monitoring traffic from
smartphones is similar to some of the concepts inherent to VII, V2V, and other efforts, Mobile
Millennium, by its nature, was unique in that it tried to capture the rise of a new technology
(smartphones) and thus leapfrog several efforts that were based on other types of technology.
These efforts are summarized below for completeness of the context in which this work was
undertaken.
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2.4.1. Vehicle Infrastructure Integration (VII)

Vehicle Infrastructure Integration (VII) is an initiative fostering research and applications
development for a series of technologies directly linking road vehicles to their physical
surroundings, first and foremost in order to improve road safety. The technology draws on
several disciplines, including transport engineering, electrical engineering, automotive
engineering, and computer science. VII specifically covers road transport although similar
technologies are in place or under development for other modes of transport. Planes, for
example, use ground-based beacons for automated guidance, allowing the autopilot to fly the
plane without human intervention. In highway engineering, improving the safety of a roadway
can enhance overall efficiency. VII targets improvements in both safety and efficiency. Vehicle
infrastructure integration is a branch of engineering that deals with the study and application of a
series of techniques directly linking road vehicles to their physical surroundings in order to
improve road safety.

UC Berkeley already had significant experience with VII, through the PATH program. Although
the topic of VII is related to cellular based sensing and traffic monitoring, early on in the project
it was decided to focus on cellular technology only. The effort was kept separated from other VI
related efforts on the UC Berkeley campus, in particular from the networked traveler project,
which built directly on the VII concept.

2.4.2. \/2V networks

Vehicular Communication Systems are an emerging type of network in which vehicles and
roadside units are the communicating nodes—providing each other with information, such as
safety warnings and traffic information. VVehicular communication systems can be more effective
in avoiding accidents and traffic congestion when pursued as a cooperative approach, rather than
if each vehicle individually attempts to solve these problems.

Vehicular networks are generally considered to contain two types of nodes: vehicles and
roadside stations. Both use Dedicated Short Range Communications (DSRC) devices. DSRC
works in the 5.9 GHz band with a bandwidth of 75 MHz and an approximate range of 1000m.
The network should support both private data communications and public (mainly safety)
communications but higher priority is given to public communications. Vehicular
communications is usually developed as a part of Intelligent Transport Systems (ITS). ITS seeks
to achieve safety and productivity through intelligent transportation that integrates
communication between mobile and fixed nodes. Toward this end ITS relies heavily on wired
and wireless communications.

For the same reason as for the VI effort, it was decided early on that Mobile Millennium would
not rely on DSRC radios, and thus the effort was separated from efforts involving wireless
communications also happening at Berkeley, so it could focus solely on cellular device
technology.
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2.4.3. The 195 corridor coalition

The 1-95 Corridor Coalition is an alliance of transportation agencies, toll authorities, and related
organizations, including public safety, from the State of Maine to the State of Florida, with
affiliate members in Canada. The Coalition provides a forum for key decision and policy makers
to address transportation management and operations issues of common interest. This volunteer,
consensus-driven organization enables its myriad state, local and regional member agencies to
work together to improve transportation system performance far more than they could working
individually. The Coalition has successfully served as a model for multi-state/jurisdictional
interagency cooperation and coordination for over a decade.

The Coalition began in the early 1990’s as an informal group of transportation professionals
working together to more effectively manage major highway incidents that impacted travel
across jurisdictional boundaries. In 1993, the Coalition was formally established to enhance
transportation mobility, safety, and efficiency in the region.

During the 1990’s, the focus of the Coalition’s program evolved from studying and testing
intelligent transportation systems (ITS) technologies to a broader perspective that embraced
integrated deployments and coordinated operations. The Coalition’s perspective evolved from a
concentration on highways to one that encompasses all modes of travel and focuses on the
efficient transfer of people and goods between modes. Facilitation of regional incident
management in areas such as pre-planning, coordination and communication among
transportation and public safety agencies in the corridor remains a key part of the Coalition’s
focus. Today, the Coalition emphasizes information management as the underpinning of
seamless operations across jurisdictions and modes.

At the time of the start of Mobile Millennium, the work of the 195 coalition was inspirational to
our team, since it was heading towards providing early instantiations of traffic information
systems, based on partnerships, including a partnership with INRIX. The approach followed by
Mobile Millennium was related to the approach followed by the 195 coalition, with significant
differences, in particular the initial focus on cell phone data, and the need to create arterial
models.

2.4.4. Cellular tower information

Several companies had claimed prior to 2007 that traffic information could be reconstructed with
cell tower information (i.e. using information from the towers as opposed to GPS information
directly readable from cellular devices). The effectiveness of such a method had been (and
probably still is) the subject of ongoing debate. At the time of the start of Mobile Millennium,
one of the goals of the project was specifically to demonstrate the differences in reconstructing
traffic from GPS data, vs. from cell tower data. Among the most prominent companies working
in this area at the time was Airsage. AirSage, Inc. is a nationwide provider of traffic, location,
and movement data. AirSage calculates real-time traffic speeds and locations using mobile phone
signaling data from wireless service carriers including Sprint Nextel and Verizon Wireless. The
company is headquartered in Atlanta, Georgia. AirSage collects and analyzes mobile phone
signaling data to determine phone locations and calculate traffic flow for over 220,000 centerline
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miles of roadway in the United States including interstates, highways, and arterials. Cellular
networks use geographically dispersed cell towers to provide wide-area radio coverage.
Signaling data contains information about the network connection including data about signal
strength between the transceiver and the phone, as well as round trip delay times. With this data,
AirSage uses a combination of positioning techniques such as signal strength multilateration and
triangulation, to generate real-time phone location probabilities. They associate those changing
locations over time with Geographic Information System data to generate route segment speed
estimates.

Several years after the start of the Mobile Millennium, the industry still has not seen any global
solution for traffic emerge from Airsage, so the debate of the validity of the cell tower data (vs.
GPS) still continues.

2.4.5. Mobile Century

On February 8, 2008, CCIT, Caltrans, Nokia, and UC Berkeley’s Department of Civil and
Environmental Engineering collaborated to conduct an unprecedented experiment in the area of
traffic monitoring. Mobile Century was intended as a proof of concept. The event was
enormously successful, both technically and logistically.

The goal of this controlled field experiment was to test traffic data collection from GPS-equipped
cell phones driving on a stretch of a highway located in the San Francisco Bay Area. One
hundred vehicles carrying the GPS-enabled Nokia N95 drove along a 10-mile stretch of 1-880
from 9:30am to 6:30pm.

As described in the final report for Mobile Century [269], the principal objectives for this
experiment were to feature online, real-time data processing; privacy-preservation; and data
efficiency, i.e. not requiring excessive cellular network load. The sheer scale of the experiment
required significant logistical effort. A base station was erected at Union Landing, to house a
temporary control center. Over one hundred graduate students from UC Berkeley were employed
to circulate in loops along Interstate 880 between Hayward and Fremont, California, for an entire
day. During the experimental deployment, an average penetration rate of probe vehicles was
sustained near 2% (a significant logistical feat), which is viewed as realistic in the near future
considering the increasing penetration of GPS-enabled cellular devices.

Classical methods of traffic modeling operate in the density domain, and use data such as
occupancies and flows from inductive loop detectors. Understanding how to use velocity
measurements instead was a significant technical contribution. In this work, the classical model
was converted to the velocity domain, and GPS-based measurements were directly fed into the
model.

Mobile Century proved that data from GPS-enabled mobile phones alone were sufficient to infer
traffic features, i.e., to construct an accurate velocity map over time and space. The methods
employed were able to function properly during both congested and free flow traffic conditions,
and to detect correctly a traffic incident that occurred during the deployment.
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3. A rethinking of traffic information systems

Traffic information systems have numerous challenging requirements for them to be useful on a
large scale. Among these requirements, traffic information must be accurate and available in
real-time, while also easily interpreted by the user. This implies that the system needs to be built
using redundant servers to handle the “always available” requirement and also requires
substantial computing power to estimate traffic conditions across the entire road network (which
can be hundreds of thousands of links within a geographic area). Furthermore, the system must
be able to visualize traffic conditions in a way that users can understand the information they
need quickly. This invariably includes color-coded maps indicating congestion, but also must
include travel time information between arbitrary points on the network, vehicle density
estimates for traffic management centers (and potentially air pollution estimation models), and
in-vehicle navigation systems with real-time routing. All of these components need to interact
through a common infrastructure and be able to provide information to any other part of the
system quickly.

These requirements lead to a number of practical design issues that need to be examined in detail
to understand how the entire traffic information system works as a whole. System design was a
major part of the research done and provides an essential basis for the more theoretical traffic
estimation theory found later chapters. This chapter presents many of the core features of a
prototypical traffic information system and details the design decisions that must be made to
satisfy the global requirements as specified above. These features include privacy, data accuracy
assessment, scalability, road network representation, map matching, visualization, and sensor
deployment (all included in section 2).

The first part of this chapter (section 1) presents the numerous sources of traffic data that exist in
the world today as well as how ubiquitous and reliable these sources of data are for performing
real-time traffic estimation on the arterial network. All of these sources of data come with their
own particularities in terms of coverage, accuracy, and timeliness. A good traffic information
system is capable of using all available data sources, determining their relative merits and then
estimating traffic conditions. The use of many (but not all) of these data sources will explicitly
appear in later chapters.
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3.1. Taxonomy of Traffic Sensor Types

A number of sensors have been developed in the past 50 years designed to collect various types
of traffic data. In general, traffic data includes flows (number of vehicles per time unit), density
(number of vehicles per distance unit), occupancy (percentage of time a vehicle is over of
specific location, which is directly related to density), velocity (distance per unit time), and travel
time (time to travel between two locations). One additional data type possible are vehicle
trajectories, which are always represented by a sequence of discrete time/location pairs for each
vehicle. From vehicle trajectory data with a location-reporting frequency of several seconds or
less, travel times and short distance velocities can be directly computed. When the
location-reporting frequency is more than 10 seconds, directly measuring travel times and
velocities becomes non-trivial. The mathematical details of these data types will be discussed in
more detail at the beginning of the literature review in chapter 15.

The remainder of this section lists the most ubiquitous traffic sensors and describes the data
types that each of them provides. This includes a discussion of the accuracy, timeliness, and
spatial resolution of the data provided by each sensor type. Also presented are typical placement
strategies and common road types that are covered by each sensor.

3.1.1. Loop Detectors

Inductive loop detectors are built into the roadway so that they can detect each vehicle that
passes over them. They work by detecting the metal of a vehicle as it passes over the detector.
Properly calibrated, a loop detector is capable of providing high-accuracy flow and occupancy
data [93], the latter of which can be used to infer density [202]. When two loop detectors are
placed close together, velocity can be measured by looking at consecutive crossing times. While
the quality of the measurements from loop detectors is often good, filtering is still required from
producing quality input data to highway estimation models [106]. Loop detectors are not capable
of directly measuring travel times.

Loop detectors are commonly found on most major highways throughout the United States and
Europe. Many of these locations have loop detectors connected to an internet connection that can
be used to transmit the data to a central server in real-time (that can subsequently be used in
traffic information systems). Many locations throughout the United States and Europe also have
loop detectors placed on arterial roads. However, for arterial roads, it is very rare for the loop
detector to be connected to the internet for easy transmission of the data to a central server. For
this reason, arterial estimation algorithms cannot rely on loop detector data as there is not enough
of it to estimate conditions on the whole network.

3.1.2. Radar

Radar detectors can be placed on poles along the side of the road enabling them to collect flow,
occupancy and velocity data. In general, radar detectors provide lower accuracy data than loop
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detectors [242].

As of this writing, dedicated radar detectors that are connected to the internet and providing data
in real-time are still relatively rare in the United States and Europe. Where these are available,
they are placed almost exclusively on highways. Radars are generally not well suited to mass
data collection on arterials due to the fact that accuracy decreases in arterial environments [242].
For this reason and the fact that almost no radar data exists on arterials, they are not considered
viable inputs for arterial estimation algorithms.

3.1.3. Video

Video recording can be used to collect traffic data in two ways. The first way is to use high
resolution cameras placed high above the roadway to track all vehicles within the view of the
camera. The second way is to use the video cameras to record license plate numbers at specified
locations, which is equivalent to using video as a license plate reader (see section 4 for further
description of this kind of data collection).

Using high-resolution cameras to track vehicle trajectories does not provide data in real-time due
to the large amount of post-processing work that needs to be done on the images to turn them
into actual vehicle trajectory data [242]. When properly processed, video can provided very
high-resolution vehicle trajectories (vehicle positions every tenth of a second). However, this
technology is expensive to deploy and can only cover a relatively small portion of the roadway
(generally less than a mile). The NGSIM project [18] is an example of the use of this kind of
technology, which to date has mostly been used to provide researchers with high-accuracy
vehicle trajectories over a small spatio-temporal domain (less than a mile for less than an hour).
This kind of data is valuable to arterial traffic estimation research, but given that the data does
not come in real-time, it cannot be used in real-time traffic information systems.

3.1.4. License Plate Readers

When placed directly above a lane of traffic, license plate readers are capable of automatically
extracting the numbers and letters from passing vehicles. When multiple readers are setup at two
points along the road, it is possible to extract travel time information for vehicles passing both
locations.

License plate readers suffer from the logistical problem of finding good locations to place them
so that they can be used effectively. When properly positioned and calibrated, these devices are
capable of providing high-accuracy travel times [6]. However, even when the devices correctly
measure individual vehicle travel times, one still needs to filter the travel times to account for
vehicles that stop in the middle of the route between the two sensors. In fact, this need to filter
travel times arises whenever collecting travel times by placing two sensors capable of
re-identifying vehicles (but that do not track the vehicle in between). One particular filtering
strategy is the Median Absolute Deviation filter, described in [66].

Due to the difficulty in placing these devices, they are not common throughout the roadway. As
of this writing, they remain a data collection tool for specific studies, but not for large-scale
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traffic data collection. This makes them unusable for traffic information systems.

3.1.5. RFID Transponders

Radio-Frequency Identification (RFID) is a ubiquitous technology in many industries. Transit
agencies make use of RFID in several ways. One of the original uses of this technology was for
collecting tolls from drivers when crossing a bridge or entering/exiting a toll road. The vehicle
has a RFID transponder which is detected by a reader placed at the entrance/exit of the toll
road [66].

This same technology can be used for traffic data collection by placing readers at various points
along the roadway. Travel times can be collected between pairs of points and processed in the
same way that travel times from license plate readers can be processed (see section 4). The
accuracy of RFID transponders varies depending on the strength of the signal. It is generally
accurate enough to provide long distance travel time estimates, but may not provide
high-accuracy travel times over short distances. RFID readers are generally placed far apart from
each other in current deployments, making them useful for collecting long distance travel time
information, but not for providing input data to detailed traffic estimation algorithms. They are
placed almost exclusively on highways, making it uncommon to find this technology on arterial
roads.

3.1.6. Bluetooth

Bluetooth readers have been developed in recent years [334], which are capable of scanning the
surrounding airwaves for Bluetooth enabled devices. If readers are placed at points along the
roadway, travel times can then be measured between consecutive readers for all vehicles carrying
a Bluetooth device. In addition to the filtering challenges associated with these travel time
measurements described in section 4, Bluetooth readers also suffer from the problem of having a
relatively high detection range. This is a good thing in the sense that the readers rarely miss
detecting a vehicle, but bad in the sense that it is difficult to determine the precise time that a
vehicle passed the reader as it might be detected continuously for more than a minute.

Bluetooth readers are an emerging technology and are therefore not available in most areas. If
they were available in large quantities on arterials, they could potentially be used for traffic
estimation, but due to the general lack of sensors of this type, they are not considered viable data
providers for traffic information systems at the current time. Also, it is likely that enhancement
algorithms will be developed that will correct for the inaccuracies in the data provided by these
devices.

3.1.7. Wireless Sensors

Wireless sensors are small devices embedded into the roadway (similar to loop detectors), but
the detection mechanism in these sensors allows for re-identifying vehicles at subsequent sensor
locations with up to 80% accuracy for one particular system [217]. Thus, these sensors provide
travel times for a large percentage of the flow of traffic (and the travel times must still be filtered
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as discussed in section 4). The primary advantage of these sensors over other travel time
measurement sensors is that they are much cheaper to produce, potentially allowing for
large-scale deployment on arterial roads. However, at the current time, they are only available in
a small number of locations. Sensys Networks [26] is currently one of the leading providers of
these sensors. In general, these devices have been used on arterials and not on highways.

3.1.8. Virtual Trip Lines (VTL)

Virtual trip lines (VTL) comprise the basis of a “participatory sensing” system that allows
individuals to download an application onto their GPS-enabled smartphone that both sends
traffic data as well as receives traffic information and alerts. A VTL is a virtual line drawn on the
road. The basic idea is that the phone monitors its own GPS position every few seconds and has
downloaded a list of VTLs in the general region that the phone resides in. When the phone
crosses one of the VTLs, it sends an update to the central VTL server indicating its velocity and
time of crossing as well as the travel time from the previous VTL it crossed. The accuracy of the
velocity data generated by frequent GPS sampling varies greatly with the type of GPS chip in the
phone and can be very good in some cases and very bad in others. It is generally accurate enough
for highway traffic estimation when properly filtered [339]. For arterials, the velocity
measurements are not reliable, so the travel time measurements are the only data that is suitable
for arterial traffic estimation. The travel time measurements also need to be filtered as described
in section 4. For highways, the velocity measurements are used.

Nokia [20] originally developed the first VTL-based traffic data collection system in 2007. This
system was first tested as part of the Mobile Century experiment in February, 2008. The results
of this initial experiment can be found in [181].

VTLs are capable of providing high-quality traffic data while also helping to preserve the
privacy of individuals by only disclosing data at pre-specified locations [190]. One challenge is
determining where the VTLs should be placed throughout the network so as to collect relevant
traffic data while not infringing individual privacy or placing VTLs so densely that an
unnecessary amount of data is transmitted through the communication network. No studies have
been conducted to date on proper VTL placement for addressing these issues. An experimental
deployment of VTLs was tested as part of the Mobile Millennium project, covering all of
California as seen in figure 1.1 for some parts of the Bay Area.
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Figure 1.1. Example of a Bay Area VTL deployment as part of the Mobile Millennium system.

3.1.9. Sparsely-sampled GPS

Sparsely-sampled probe GPS data refers to the case where probe vehicles send their current GPS
location at a fixed frequency, which is not frequent enough to directly measure velocities or link
travel times (i.e. sampling frequency is more than about 10 seconds). There are several
challenges associated with this type of data. First, GPS measurements must be mapped to the
road network representation used by the traffic information system, which means that the correct
position on the road as well as the path in between successive measurements must be determined.
This process is known as map matching and path inference, which is described in more detail in
section 5. Second, probe vehicles can often travel multiple links between measurements when
the sampling frequency is low, which means that one must infer what the likely travel times on
each link of the path were.
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Figure 1.2. One day of sparsely-sampled GPS data from San Francisco taxi drivers as provided by the
Cabspotting project.

Sparsely-sampled probe GPS data is currently the most ubiquitous data source on the arterial
network. An example of this type of data comes from the Cabspotting project [4], which
provides the positions of 500 taxis in the Bay Area approximately once per minute. Figure 1.2
shows one full day of raw data, which demonstrates that even just a single data source such as
taxis can provide broad coverage of a city. This data clearly has some privacy issues as it is
possible to track the general path of the vehicle. However, the majority of this data today comes
from fleets of various sorts (such as UPS, FedEXx, taxis, etc.). Most of this data is privately held
among several companies, but between all sources there are millions of records per day in many
major urban markets. One publicly available source of this kind of data is the Cabspotting
project [4]. This project provides one-minute samples of the positions of over 500 taxis in San
Francisco, CA. This results in upwards of 500,000 measurements per day. Due to the ubiquity of
this data source, it is paramount that it be used in an arterial traffic information system. Indeed, it
is the only source that is likely to be available across the arterial network in the next decade.

3.1.10. High-frequency GPS

High-frequency probe GPS data refers to the case where probe vehicles send their current GPS
location every few seconds (no more than about every 10 seconds). This kind of data is
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generally the most accurate kind of vehicle trajectory data possible, especially when sampling
every second with a high-quality GPS chip. From this data, one can directly infer velocities and
short distance travel times. The issue of map matching is still present as there can be ambiguity
around intersections, but the path is usually easy to determine when examining the entire trace.
Figure 1.3 depicts a sample of high-frequency data collected as part of the Mobile
Millennium project. This figure illustrates the level of detail that can be extracted from
high-frequency data, but also shows the relatively low percentage of vehicles that were being
tracked as there are occasional gaps of five minutes or more between trajectories.
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Figure 1.3. Vehicle trajectories from the Mobile Millennium evaluation experiment on San Pablo Avenue in
Berkeley, Albany and EI Cerrito, California. The high-frequency GPS data in this figure is represented as
distance (meters) from an arbitrary start point upstream of the experiment location. The horizontal lines

represent the locations of the traffic signals along the route.

Sampling a vehicle’s position every few seconds is clearly very privacy invasive and it also
comes with large communication costs to send the high volume of data. For these reasons, it is
not common to receive this data with any kind of regularity. This data is often collected for
specific experimental studies, but is not generally available for real-time traffic information

systems.
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3.2. Practical Considerations for Designing a Traffic
Estimation System

In this section, the core issues of practical importance to users of traffic information systems are
discussed in detail. This work contributed to the Mobile Millennium system by designing and
writing software that addressed all of these issues (often with other members of the team). In
particular, the network abstraction and map matching functionalities of the system were
primarily designed and implemented using this work, and they have been relied upon by more
than 20 members of the Mobile Millennium team.

3.2.1. Driver Privacy

The expectations of drivers with respect to the privacy of their location measurements varies
greatly and is also a generational problem. Some drivers will not be comfortable sharing any data
at all, some will be willing to share some data in exchange for value of some kind (real-time
routing around traffic, for example), and some would be willing to share any and all data as long
as it does not interfere with their ability to use their phone or other GPS device. The Mobile
Millennium system was designed to accommodate all of these privacy preferences. The system is
“opt-in”, meaning that drivers who do not wish to provide any data can simply choose to not
install the application running on the phone that collects traffic data. For those who wish to
participate and receive traffic information on their phone, a spatially-aware sampling system
(based on VTLs) was designed to extract information without compromising user
anonymity [190]. A technical description of how VTLs work can be found in the sensor
taxonomy portion of this chapter (section 8).

There are two primary reasons why VTLs respect driver privacy more than fixed-interval
location reporting. First, driver data is collected only at pre-defined locations which only include
highways and major arterials, but not residential roads. Second, driver data collected at one
location is not re-associated with that same driver’s data at another location, except for short
distance travel times. These two features combined mean that origin and destination information
is unavailable for anyone who has access to the data collected inside the system.

GPS tracking data (both sparse, section 9, and high-frequency, section 10) is not intended to
preserve the privacy of the driver. The Mobile Millennium system collects this data specifically
from sources who have agreed to provide it in that form and are not concerned with privacy of
the drivers (the primary function of the data is generally to track service vehicles). This is
generally restricted to fleet delivery vehicles or taxis, but if an individual driver wanted to
participate in this manner, the data can be collected in that form.

3.2.2. Raw Data Accuracy and Filtering

No data source is perfect and every piece of data received by the Mobile Millennium system goes
through a specific filtering process. Data from fixed-location sensors generally requires a much
different filtering process than GPS data. In the Mobile Millennium system today, fixed-location
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sensor data is only available on the highways and particular filtering algorithms have been
developed specifically for highway traffic estimation algorithms. The basic idea behind
fixed-location sensor filtering is to correct the values being reported by the sensors to account for
the noise in the measurements. GPS data is the only available data on arterial roads in the Mobile
Millennium system and this data requires both map matching and path inference (see section 5).
These processes represent a different notion of filtering, where instead of correcting values, the
data is actually being translated from one spatial reference system (GPS position on the Earth) to
another (link identifiers and position along the link using a network representation of the road).

The purpose of mentioning issues of data quality and filtering here is to highlight the importance
of the data cleaning process to the overall goal of building a high-quality traffic information
system. Furthermore, it is important to have analytical measures for how accurate a particular
data source is. The Mobile Millennium system provides a valuable framework for comparing data
from multiple sources and validating the accuracy of those sources. For example, one way to
validate the filtering of sparse GPS data is through the use of high-precision, high-frequency
GPS devices, which have been used by drivers hired by the project and for which the correct path
can be determined with certainty. By down-sampling this high accuracy data to the level
typically received from sparse GPS sources, the reconstruction of the path from the sparse data
can be compared with the true known path.

3.2.3. Scalability

Traffic systems are required to produce estimates across the entire network, continually updating
themselves by processing thousands of new data records every few seconds. If scalability is not
taken into account in the system design, it is quite likely that the system will not be able to keep
up with all of the streaming data in real-time. The Mobile Millennium system was designed to be
modular, so that each component of the system can run independently, potentially on its own
server. This means that the various processes (from collecting raw data, filtering, running the
estimation algorithms, disseminating estimations to third parties, visualization, validation,
monitoring, etc.) can be divided up among all of the server resources available.

Beyond the modular design, it is also important to design estimation algorithms that scale in a
reasonable way with the size of the raw data and the size of the network. In fact, a natural way of
modeling the arterial network from processing sparse probedata requires solving a non-linear
network optimization problem that grows quadratically in the number of links in the network.
Given that a typical large city (such as San Francisco) may have on the order of 2,500 links,
solving this optimization problem in real-time quickly becomes impractical. For this reason, the
algorithms presented later (in chapters 18 and 19) are designed so that the optimization problem
is linear in the number of links and therefore computationally tractable.

3.2.4. Network Abstraction

The most fundamental, core piece of any traffic information system is the digital representation
of the road network. All data is associated with some location and needs to be mapped precisely.
Estimation models need precise information about the geometry and physical characteristics of
the road network. Separate components of the system need to be able to communicate
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information about location information in a universally consistent manner. For these reasons, it is
critical to build the traffic system starting with a good digital map of the roadway. A digital map
is constructed using the common graph theory notions of nodes and links. A link is the stretch of
road between two nodes and a node represents the intersection of multiple links. The digital map
must include the geometry (i.e. the latitude/longitude coordinates) of each link and will generally
contain a number of road attributes, such as the number of lanes, the speed limit, the road type
(such as highway, arterial, or ramp), the name of the road, etc.

The Mobile Millennium system was built using Navteq maps [16] as the underlying
representation of the road network. Navteq maps (see figures 2.1 and 2.2) were made available to
the Mobile Millennium team as part of the Safe Trip21 project, which was funded by the United
States Department of Transportation [29] and the California Department of Transportation [5].
Navteq maps provide detailed geometry and numerous road attributes per link (over 100). Traffic
models generally assume a directed graph representation of the network and the Navteq map
goes beyond this in terms of the complexity of its digital representation. Figure 4 illustrates the
level of complexity around an interchange in San Francisco, CA. For highway traffic estimation
algorithms, the key pieces of information are simply the points where roads merge or diverge
(the nodes of the directed graph) as well as where the on-ramps and off-ramps allow for entering
and exiting the highway. The added detail in geometry for the ramps and approaches to the
highway add unnecessary complexity to the model and it is therefore better to remove those. The
result of the network abstraction algorithm for this part of the highway is shown in figure 4.

40



part of the highway. The red indicates residential streets.

(b) Simplified representation (in gray) of the interchange for traffic estimation algorithms
overlayed on a Google map of the area. Although not pictured, the estimation algorithms are
aware of the incoming and outgoing ramps, allowing them to account for incoming and exiting
traffic while not worrying about modeling the ramp traffic conditions explicitly.

Figure 2.1: Navteq (a) and simplified (b) representations of the 1-280, highway 101 inter-change in San
Francisco, CA
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(a) Highway representations of the 1280, highway 101 interchange in San Francisco, CA Navteq
representation of the intersection. Note that the four small links forming a square in the middle
are all approximately 10 meters long each and just represent the distance from one side of the

intersection to the other

(b) Simplified representation of the intersection. The small links have been replaced by an intersection object
that has a positive area. All of the connecting links connect only to this one intersection object instead of to
each of the “short” links.

Figure 2.2: Navteq (a) and simplified (b) representations of an arterial intersection in
Berkeley, CA. The intersection is represented by 4 “short” links in the Navteq database, but for traffic
estimation it is more appropriate to have a single intersection object.
Arterial networks experience a different type of problem with the road network representation,
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which is illustrated in figure 2.1. The key issue here is that Navteq represents nodes of the graph
by a single GPS point with no area and they also often represent each direction of traffic by a
separate link. When two roads intersect as in the figure, four “short” links are created a result of
the two links for each direction intersecting. These four links are not “real” links, but rather just
artifacts of their choice of how to draw the road network. Traffic estimation models assume that
this is just one intersection and should be represented as a single node in the graph with all links
connecting to it. The result of the network abstraction algorithm is presented in figure 2.1. This
simplified representation helps for both the traffic estimation algorithms as well as the map
matching and path inference filters.

The final component of the network abstraction algorithm for both highways and arterials is that
of link selection and merging. Link selection simply refers to the fact that not all roads should be
considered for traffic estimation, particularly residential roads. For highway networks, all nodes
that have exactly one incoming and one outgoing link are removed since these are unnecessary
for traffic estimation (these nodes often exist in the original map to denote the presence of a
physical sign along the side of the road). For arterial networks, traffic estimation algorithms
operate on links defined by the stretch of road between signalized intersections (or intersections
with stop signs). When a node has only one incoming and one outgoing link and there is no
traffic signal or stop sign at this node, then the links are merged together.

The result of this network abstraction procedure is a unified representation of the roadway that
all components of the system can use to communicate location information. It also allows for
intuitive visualization of the output of the traffic estimation models.

3.2.5. Map Matching and Path Inference

Probe data from GPS devices is often very accurate and easy to place on the digital map of the
road network. However, there is enough noise in the data that there are several situations that
frequently arise that make directly inferring the correct mapping difficult. One situation that is
difficult to deal with on highways is when a frontage road is very close to the highway. In this
situation, it can be difficult to distinguish which of the two roads the driver was on. Another
difficult situation to deal with on arterials is when an observation occurs directly in the middle of
an intersection (like that in figure 2.2). Furthermore, when a vehicle is transmitting its GPS
position infrequently, the number of turns made between measurement locations could make it
difficult to determine the correct path taken between successive measurements.

To address these difficulties, the Mobile Millennium system developed an algorithm that
simultaneously performs map matching and path inference for both sparsely-sampled and
high-frequency GPS probe data. The map matching component is performed using a spatial
database capable of performing spatially-indexed queries (which are performed by a PostgreSQL
database inside the Mobile Millennium system [24]). This speeds up the map matching process
by several orders of magnitude by localizing the search for possible mappings to the set of
nearby links. Several possible mappings are returned by the first stage of the map matching
procedure. The second stage of the algorithm looks at all of the realistic paths between pairs of
GPS measurements and determines the most probable path (which includes the most probable
mappings on each end) [199]. Figure 2.3 shows a small sample of GPS points (hollow circles)
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along with the inferred mapping and traveled path.

Figure 2.3. An illustration of the Mobile Millennium map matching and path inference algorithm. The hollow
circles represent the GPS measurement locations. The blue/red circles represent the start/end of a pair of
GPS points as mapped to the road. The green lines indicate the inferred path traveled by the probe vehicle.

Fixed-location sensors also require map matching, although the task is generally much easier
than for GPS data. For these types of sensors, a spatial database is again required to identify the
closest links to the GPS location of the sensor (which is generally how fixed-location sensors are
identified). The GPS location often comes with a description of the location as text and this text
is used in the case where the GPS location is close to several possible links. In that situation, the
text acts as a discriminator for choosing the correct mapping.

3.2.6. Visualization

At the tail end of any traffic information system, there must be some way to visualize and
interpret the results of the traffic estimation algorithms and routing services. The “color-coded”
map has become the standard way to quickly disseminate real-time traffic estimates to a wide
audience. A color map allows anyone to quickly spot the high congestion areas on the route of
interest. In addition to the color map, it is also important to visualize other key pieces of
information. Displaying travel times along different route choices between the same origin and
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destination pair allows drivers to quickly choose the right one. An example of the Mobile
Millennium system visualizer, which is the public output of the system, is presented in figure 2.4.

Figure 2.4. Mobile Millennium public visualizer showing real-time traffic conditions in Berkeley and Oakland,
CA.

In addition to the final output, it is also critical to visualize intermediate components of the
traffic estimation process. The Mobile Millennium system developed both an internal and
external visualizer to allow researchers and the public to view traffic information on a map
easily. The internal version of the visualizer allows for detailed insight into how models are
producing the estimates. It also allows the researcher to overlay multiple sets of information at
once such as fixed sensor locations, portions of GPS traces, or accident information. These
visualization tools have become a staple of the Mobile Millennium research team and have vastly
improved the rate of progress of algorithm development. Figure 2.5 shows an example of some
of the layers that are available inside the visualizer (current highway traffic estimates and PeMS
loop detector locations).
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Figure 2.5. Mobile Millennium internal visualizer showing model outputs and locations of PeMS loop
detectors (hollow circles).

3.2.7. Mobile Client

An increasingly important part of traffic information dissemination is through cell phones. The
use of cell phones as part of traffic information systems was the primary inspiration for the
Mobile Millennium system, which is described in more detail in section 3. Given that the amount
of computing power, communication and sensing capabilities in phones is constantly growing,
smartphones will continue to be of great value for both providing raw data and for drivers to see
real-time conditions while driving.

As part of the Mobile Millennium project, Nokia built the first traffic monitoring mobile client
that ran on their N95 and E71 series phones (shown in figure 2.6). The requirements of the client
were to use the VTL system infrastructure that they had built and also to be able to display live
traffic conditions via a color map directly on the phone. This allowed drivers to see current
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traffic information while providing data to the system, through the use of VTLs.

Figure 2.6. The Mobile Millennium phone client running on a Nokia E71. The phone client displays a color
map of current traffic conditions around the driver’s location while simultaneously providing VTL data to a
central server.

3.2.8. Sensor Deployment

Traffic information systems that use fixed-location sensors as the primary data source inevitably
have the problem of where and how many sensors to deploy. Developing optimal deployment
strategies is crucial for public transit agencies building and operating a traffic information system
at minimal cost. Historically, sensors have been placed using “rules of thumb” such as every half
mile or every third of a mile as is done in different parts of the California highway network [65].

3.3. A Berkeley Prototype: intro to the Mobile Millennium System

This section presents an overview of the Mobile Millennium system and highlights the important
design decisions that led to the successful execution of the project. These design decisions
include using a database-centric approach as opposed to a data queue approach as well as using
flexible modules rather than dependently linked processes. The design of the system has allowed
for easy scalability as well as the introduction of entirely new research areas to be built into the
system seamlessly.

3.3.1. History of the Project

Mobile Millennium began immediately following the successful Mobile Century experiment on
February 8, 2008 [181]. The initial stated goals of the project were to build a fully operational
traffic information system using VTL-based sensing from individual cell phones. The initial
partnership was primarily between the Nokia Research Center in Palo Alto, CA and UC
Berkeley. Nokia was responsible for developing the software application to go on individual cell
phones as well as providing the VTL infrastructure for processing the raw data coming from the
phones. UC Berkeley was responsible for building a system capable of using the raw VTL data
as input into traffic models that would then output estimates and forecasts of traffic conditions
along the major roads in northern California (including both highways and arterials). The traffic
estimates were sent back to Nokia so they could be displayed on the cell phones that were
running the same software application that was also providing VTL data. This was the first
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“participatory sensing” project ever for traffic estimation.

On November 10, 2008, the official phone application was released to the public (shown in
figure 2.6). There were more than 5,000 downloads in the first few months, which provided a
small amount of data on a daily basis in parts of the Bay Area and Sacramento. VTL data from
the phones was supplemented with data from PeMS as well as Navteq radar data to feed the live
Mobile Millennium system. The first demonstration of the systems capabilities occurred on
November 18, 2008 when 20 drivers equipped with cellphones running the official phone
application drove for 3 hours in Manhattan, New York. The VTL data was the only source of
data available for that experiment and was relied upon entirely for estimating traffic conditions in
real-time. The model estimates were displayed live for the attendees of the ITS World Congress
that was taking place next to the experiment site. The location of the experiment is shown in
figure 3.1.

Figure 3.1. Site of the first Mobile Millennium system demonstration in Manhattan, New York on November
18, 2008.

Following the launch of the official Mobile Millennium phone application, the project continued
to expand the volume of data sources and the sophistication of the traffic estimation models. The
goals of the project expanded to include real-time routing algorithms and also for the system to
become a central data collection point for many different traffic related data sources. Today, the
Mobile Millennium system continues to expand its reach to new applications centered around
data from mobile devices, including air quality estimation, river flow estimation, and earthquake
detection.
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3.3.2. System Architecture

There are multiple ways to look at the architecture of the Mobile Millennium system. Figure 3.2
illustrates the flow of information through the system from raw data to useful information. In the
Mobile Millennium system, raw data always goes through at least one filter before being
delivered to the models and estimation algorithms. The output of these models is used in a
number of applications before being sent to third parties for consumption or analysis. Underneath
the flow of data through the system are several components needed for quality analysis and
visualization of each step of the process. With this in mind, the Mobile Millennium team built an
evaluation framework and internal visualizer for comparing and analyzing data from multiple
sources using several quality metrics. These allow for quick checking of the data through all
steps of the process, from raw data to filtered data to model outputs.

Figure 3.2. An overview of the Mobile Millennium system.

Another way of looking at the Mobile Millennium system is depicted in figure 3.3. This figure
illustrates the way the components of the system interact. In general, the database is the central
point for communication between processes. This allows for a modular system where
components can function independently without worrying about if another component fails. The
system software was designed so that one core module directly interacts with the database and
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requires that all requests to receive or send data are passed through that module. There were two
members of the Mobile Millennium team responsible® for maintaining that core module and
adding new functionality with regards to reading or writing data. While this places a burden on
the people responsible for the core module, it ensures that access to the database is done in a
consistent way, which prevents instabilities from occurring. This decision also enabled the
project to bring inexperienced student programmers in and have them contribute quickly without
having to learn the details of the database design. The core module includes the following basic
functions:

. Accessing a simplified representation of the road network for any geographic area
of interest. (See section 4 for more details on how this network representation is created.)
o Accessing all raw and filtered data.

. Writing all data or model estimates.

Figure 3.3. Mobile Millennium system database-centric architecture.

The disadvantages of this database-centric design are that the input/output bandwidth needs to be
high enough to handle all of these requests with minimal delay and if there is any problem with
the database, it affects all other processes. The input/output bandwidth constraint is handled by
having high-powered machines hooked up together using direct gigabit ethernet links. In general,
the importance of the database has led to the team focusing on ways of optimizing database
performance and keeping a close eye on database maintenance.

*The two team members responsible for the core module were Ryan Herring and Saneesh Apte.
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3.3.3. Database Design

The requirements for the database software for the Mobile Millennium system were that it be
open-source (due to budget constraints) and that it have spatial features (because of the need to
do spatial queries on GPS data). These two requirements led to choosing PostgreSQL [24] as the
database software with the PostGIS extensions [23] for spatial queries.

The Mobile Millennium database’s design is centered around the map data provided to the
project by Navteq. This data provides the underlying structure of the road network along with a
number of key attributes (e.g. lanes, speed limit, etc.). The simplified network construction
described in section 4 (called the “Model Graph” in the Mobile Millennium system) sits on top of
the Navteq map data, meaning that there is a direct relationship from the Model Graph links back
to the original Navteq links (known as a foreign key relationship in database terminology). This
structure allows any data that is mapped to a Navteq link to be easily converted into a mapping
on the associated Model Graph link or vice versa. This is important as the system follows the
general rule that raw data sources are mapped to the Navteq map, whereas the traffic estimation
models use the Model Graph for inputs and outputs. Translating back and forth is a process that
needs to be able to occur very quickly with no delay and the design of the database tables
relating the Navteq map and the Model Graph make this possible.
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Figure 3.4. An illustration of the relationship between the core tables and a few auxiliary modules of the
Mobile Millennium database. The symbols between tables represent the relationship between data structures
(such as one-to-one, many-to-one, etc.).

Figure 3.4 displays the important tables of the database for the core infrastructure as well as a
few example modules that use it (the full database structure is far too big to put in a single
graphic). This figure emphasizes the design decision to have raw data feeds dependent upon the
Navteq map and the models dependent upon the Model Graph. As the system evolves, new data
feeds and traffic estimation models will follow that same pattern.

3.3.4. System Modules

The Mobile Millennium system modules can be divided into 4 broad categories: raw data feeds,
raw data filters, estimation models/algorithms, and output handlers. Each type of module
interacts with the core software module responsible for interacting with the database. In this way,
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each of these modules in similar, but each comes with a few specific considerations, which are
detailed here. All of these modules are monitored in real-time with alerts sent to key members of
the team if any problem occurs.

Raw Data Feeds

All raw data feeds in the Mobile Millennium system are constructed using the same principles.
First, care is taken to ensure that no raw data is missed in transmission from the source. Most of
the feeds into the system are of the pull variety, meaning that a mm server queries the data
provider every fixed number of seconds for the latest data. This requires checking for duplicates
as well as using a rolling window to make sure any late data is still picked up. Some data feeds
are pushed to the system, meaning that the system must have a process in place to handle any
data that is sent by the data provider. This requires enough bandwidth to process any data that is
sent without adding delay to the system.

Filters

There are two general classes of filters in the Mobile Millennium system and both must satisfy
the requirements of locating the data on the map and running with minimal delay so as to provide
the models with the data as soon as possible. One filter class encompasses data coming from
fixed-location sensors such as loop detectors or radar, the other class is for GPS probe data. The
first type of filter requires a static mapping component which places each fixed sensor on the
Navteq map and a dynamic component that must process real-time data as quickly after it arrives
as possible. These class of filters rely on a fixed map matching procedure developed for fixed
sensor data and then a custom filter is built to handle the specifics of the raw data arriving. In
terms of the database design, there is a cost savings by having the map matching done once and
then only needing to reference a sensor identification number when processing real-time data.

The second class of filters for GPS data requires both filtering in the more traditional sense of the
word (removing outliers, smoothing, etc.) as well as map matching for every data point that
arrives. This type of filter is much more computationally intensive than the first class as
performing map matching is a time consuming path because it relies on a spatial query to the
database for each GPS point. This type of filter has been implemented in such a way as to
leverage parallel computing technology when it becomes available to the team in the coming
months. Choosing this design strategy means that this computationally intensive filter can scale
well when the volume of data substantially increases as is expected in the coming years.

Models/Algorithms

The models and algorithms modules in the Mobile Millennium system are the most important
components of the system from a scientific point of view. They represent the implementation of
research ideas that often take years to put into production. Since they are generally significantly
bigger modules than the other types, much of the focus of the team is on how to make them run
as smoothly as possible. There are two requirements that models must adhere to in the Mobile
Millennium system. First, it is necessary that any estimation algorithm run fast enough to be used
in real-time. This means that the algorithm itself needs to be computationally efficient, but also
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means that the systems team needs to ensure that the algorithm has the server resources
necessary to run at fast speeds. The second requirement is that all inputs and outputs of the
algorithm go through the core software module, which ensures a smooth interaction with the
database.

Outputs

The outputs of the system are occasionally directed outward, as is the case when data is sent to
Nokia for real-time visualization on cell phones, but these outputs can also be directed toward
further research and analysis as well. The team designed an evaluation framework and visualizer
to take advantage of the outputs of the models and both of these again rely on the database as the
central point of communication. This places a few requirements on the output processes, whose
job it is to take the raw model outputs and convert them into whatever form is expected for
analysis, visualization or end-user information. Some transformation is always necessary for
presenting the model outputs in the correct format, whether it be encoding velocity values in a
color scale on a map or computing estimated travel times from a dynamic velocity field. It is
precisely the job of the output modules to adapt to whatever the natural outputs of the models are
and transform them into the format expected by the final targets.

3.3.5. Field Experiments

Numerous field experiments have been conducted to test the Mobile Millennium system. Two
that were already mentioned were the original Mobile Century experiment in the East Bay, CA
followed by the first true Mobile Millennium experiment in Manhattan. The following additional
experiments were also run:

o Three experiments in June/July 2008 in Berkeley, CA. These experiments
were run on a small set of arterial roads in Berkeley as preparation for the Manhattan
experiment that was run later in 2008. The primary question of interest to be answered by
this set of experiments was if the GPS in the phones could provide good enough data on
arterials. Additionally, the experiment was designed to specifically study the travel
patterns through one of Berkeley’s busiest intersections at San Pablo Avenue and
University Avenue. Each experiment involved 20 vehicles driving several loops through
Berkeley, with all 20 vehicles traversing the segment of University Avenue going west
through the San Pablo Avenue intersection. Each test lasted approximately two hours.

o Three experiments April 27-29, 2010 in the East Bay, CA. Along with the
following set of experiments, this set was designed to be the official test of the production
version of the Mobile Millennium arterial model. These experiments each had 20 drivers
(although data from some of the vehicles was never captured). The goal of this set of
experiments was to estimate travel times along a 2.3 mile stretch of San Pablo Avenue
that went through Berkeley, Albany and El Cerrito, CA during a three-hour time period.
Bluetooth readers collected data intended to be used as ground truth, although the data
was not accurate enough to be considered ground truth.

. Three experiments June 29-July 1, 2010 in San Francisco, CA. The other
half of the official Mobile Millennium evaluation. The goal of this set of experiments was
to estimate travel times on a 1.1 mile stretch of 3 parallel roads (Van Ness Avenue,
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Franklin Street, and Gough Street) over a three-hour time period. 20 vehicles were used
in each experiment, split into two loops. Bluetooth readers were used again to collect
ground truth, although the same issues prevent it from being considered true ground truth
data.

The set of data collected as a result of all of these experiments is large and it has proven to be
valuable for research conducted by the Mobile Millennium team. It can be argued that the most
valuable assets of the entire Mobile Millennium project have been the construction of the system
described in section 2 and the set of data collected described above. The combination of data and
robust system tools make it easy for new researchers that join the project to get started quickly
analyzing data and trying out new algorithms, which was one of the primary initial goals of the
project.
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4. Outreach

4.1. Introduction

“Engage the public and popularize ITS concepts” was a stated goal of the SafeTrip-21 project.
The DOT was interested in projects that would quickly show benefit and were likely to survive
as commercial offerings going forward. Specifically the ST21 goals were to accelerate ITS
research into real-world applications. This would be accomplished by “Piloting a model for ITS
field tests that:”

Leverage existing infrastructure and technologies
Invite partnerships with shared funding

Focus on sustainable, market-ready applications
Deploy and show benefits quickly

Help focus future Federal research investments

In all of these areas Mobile Millennium was a success. The use of cell phones by commuters to
provide location information is now so wide spread that it is hard to remember the world when
traffic information could only be provided by fixed sensors placed along a road. Numerous
commercial ventures (Google, Navteq, Inrix, Telenav, etc.) are operating in this space. Many of
them have hired individuals who worked on the Mobile Millennium project and more still are
using the methods, algorithms and protocols that were developed and published as part of the
Mobile Millennium project.

This section will discuss the efforts of Mobile Millennium in engaging the public, partnering
with private industry and popularizing ITS concepts. We will discuss websites, emails, support
forums, news articles, user surveys, academic papers, etc. We will start with a quick review of
our partnerships, our messages and our results. The following sections will provide
implementation details and analysis of results.

From the public perspective, Mobile Millennium was launched in the Bay Area on November 10,
2008, and demonstrated live in New York City on November 18, 2008, at the 15th World
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Congress on Intelligent Transportation Systems. Consumer interaction was managed by NRC,
although the free download software was managed by UC Berkeley. The software continued to
be available until the public participation phase ended on November 10, 2009.

4.1.1. Partnerships and Funding

The Mobile Millennium project was made possible through partnership with many sponsors,
including:

UC Berkeley College of Engineering is the home of several departments,
including the Civil and Environmental Engineering Department, which led the
Mobile Century and Mobile Millennium projects.

California Center for Innovative Transportation, the host organization for
Mobile Millennium, works to ensure a harmonious collaboration between
government, academia, and industry. The CCIT staff brings key expertise in
the areas of traffic engineering, Advanced Traveler Information Systems
(ATIS), and hands-on implementation and deployment of operational
applications. As of the writing of this report CCIT has merged with PATH
(Partners for Transportation Technology)

The California Department of Transportation (Caltrans), and its Division
of Research and Innovation, in cooperation with its partners, has developed a
comprehensive program to research, develop, test, and evaluate transportation
innovations. This program has partially funded the Mobile Millennium
project, and will enable Caltrans to enhance and expand mobility options.

The US Department of Transportation, supported the Mobile Millennium
project through its Safe Trip 21 (ST21) initiative.

Nokia identified the Mobile Millennium experiment as the next step toward its
mobile traffic probe program. In collaboration with the UC Berkeley team,
their staff designed, developed, and operated client-side and server-side
software used as the engine for traffic data collection and dissemination during
the experiment.

NAVTEQ brought technical know-how and operational expertise to the
program as the industry leader in production and distribution of digital maps
and real-time traffic information. Navteq's traffic division worked with the
Mobile Millennium team to fuse probe data and current traffic information and
leverage existing distribution channels.

In addition to project funding from Mobile Millennium’s core partners, seed research funds have
been provided by various sponsors. Sponsors are listed below in order of their respective
contributions (in some cases support includes in-kind contributions).
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The National Science Foundation has provided seed money under award
0615299 for the development of viability algorithms, and under contract
0845076 for the development of Lagrangian sensing based inverse modeling
algorithms.
The Volvo Research and Educational Foundations has sponsored the
WEF development of algorithms for inverse modeling using flow based models for
highway systems, through the Volvo Center of Excellence at the University of
California, Berkeley (Volvo Center for Future Urban Transport).
The University of California Research Center has provided seed funding for
the development of traffic flow models currently used by the Mobile
Millennium system.
The Finish agency Tekes was the first agency to formally fund the
Nokia-Berkeley collaboration for the development of algorithms for highway
traffic reconstruction.
CITRIS enabled Mobile Millennium to seal a partnership with Tekes and has
been supporting the Nokia Distinguished Lectures on Cyber Physical Systems.
Its new building Sutardja Dai Hall is now hosting some key members of the
Mobile Millennium team. The arterial traffic display was first unveiled in the
CITRIS technology museum at the dedication ceremony of Sutardja Dai Hall,
where it can currently be viewed.
The VTT Technical Research Center of Finland has been supporting the
project by sending researchers to participate in the creation of the system. VTT
has an ongoing research collaboration with Mobile Millennium.

The Ministere de I'Ecologie, de I'Enerqgie, du Development Durable et de
I'Amenagement du Territoire funded collaborations between the Universite
Paris Dauphine and UC Berkeley, focused on the development of algorithms
for traffic flow modeling using viability theory.

The VIMADES is a French company developing software using concepts
from viability theory. Technology developed by VIMADES has been used in
the development of the numerical software of Mobile Millennium.

As an historical note the partnership between CCIT and NRC can be traced back to 2006, when
the National Science Foundation co-funded a joint US/European Union workshop, in Helsinki,
the capital of Finland. UC was represented by the Center for Information Technology Research
in the Interest of Society (CITRIS), a multi-campus entity with a mission to create information
technology solutions for social, environmental, and health care problems. In effect, CITRIS is a
broker between academic partners and business.

Contacts made at the Helsinki workshop led to discussions regarding the potential use of mobile
phone and navigation technologies to monitor real-time traffic flow, which in turn led to the
launch of the Mobile Century project in February 2008. Mobile Century was intended as a proof
of concept to test traffic data collection from GPS-equipped cell phones in one hundred vehicles
driven on a 10-mile stretch of a highway located in the San Francisco Bay Area.
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4.1.2. Awards and Special Ceremonies

California Transportation Foundation’s 2009 Tranny Award

The Mobile Century/Mobile Millennium Project won the California Transportation Foundation’s
2009 Tranny Award for Traffic Operations/ITS Project of the Year. The awards celebrate
transportation achievements in 2008. Project partners Caltrans District 4, UC Berkeley College
of Engineering, and Nokia were announced at a June 3 luncheon in Sacramento.

ITS Best Innovative Practices Award for 2008

The Mobile Century project was honored with the “Best Innovative Practices Award” by the
Intelligent Transportation Society of America at the annual meeting of the national group in New
York City in November, 2008.

Federal awards

With the work performed for Mobile Millennium, the Pl of the project, Professor Alexandre
Bayen received two prestigious awards from the Federal Government, the CAREER Award from
the National Science Foundation, and the PECASE Award from The White House. The Faculty
Early Career Development (CAREER) Program is a Foundation-wide activity that offers the
National Science Foundation’s most prestigious awards in support of junior faculty who
exemplify the role of teacher-scholars through outstanding research, excellent education and the
integration of education and research within the context of the mission of their organizations.
Such activities should build a firm foundation for a lifetime of leadership in integrating education
and research. NSF encourages submission of CAREER proposals from junior faculty members at
all CAREER-eligible organizations and especially encourages women, members of
underrepresented minority groups, and persons with disabilities to apply. The Presidential Early
Career Award for Scientists and Engineers (PECASE) is the highest honor bestowed by the
United States government on outstanding scientists and engineers in the early stages of their
independent research careers. The White House, following recommendations from participating
agencies, confers the awards annually. To be eligible for a Presidential Award, an individual
must be a U.S. citizen, national or permanent resident. These awards acknowledge the
foundational work performed by the Mobile Millennium team.

Student awards

The students gained enormous visibility too through this research program, leading to several
awards which they won, for their work within Mobile Millennium. A few of them are listed
below: e

. Sebastien Blandin, UCTC Dissertation Grant, UC Transportation Center, 2011

. Aude Hofleitner, Eisenhower Fellow, US Department of Transportation, 2011

. Sebastien Blandin, Finalist Best Student Paper Award , IEEE Conference on
Decision and Control, Atlanta, 2010
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o Timothee Chamoin, Prix de Stage d’Option, Mathematiques Appliquees, Ecole
Polytechnique, France, 2010

Sebastien Blandin, Eisenhower Fellow, US Department of Transportation, 2010
Christian Claudel, Leon O Chua Award, UC Berkeley, 2010

Dan Work, Rodney E. Slater Award, ENO Transportation Foundation, 2010

Dan Work, ENO Fellow, ENO Transportation Foundation

Dan Work, Student of the Year Award, UC Transportation Center, 2009

Dan Work, Eisenhower Fellow, US Department of Transportation, 2009

CITRIS opening

The Mobile Millennium arterial traffic visualizer was an important component of the grand
opening of the CITRIS building (Sutardja Dai Hall). As part of the opening ceremony and in the
presence of distinguished guests including California Governor Gray Davis, Mobile
Millennium’s live interactive visualizer was presented to guests of the ceremony. The visualizer
IS now operational and can be viewed by any visitor of the museum. More about the CITRIS
opening can be found at:

http://www._berkeley.edu/news/media/releases/2009/03/02.citris.sh
tml

Figure 1.3. CITRIS opening

AASHTO 2009 Conference

A special client and special messaging from Nokia was developed for participants at the
American Association of State Highway and Transportation Officials (AASHTO) conference. A
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booth was setup, a large display screen with traffic visualization was provided and many of the
participants either tried or watched a demonstration of the phone client.

4.2. Marketing — Message and Medium

One of the important goals for Mobile Millennium was to determine if normal commuters would
be willing to provide information on their locations and speed of travel in order to improve the
availability of traffic information. As such it was imperative that normal commuters know about
the Mobile Millennium effort and understand how to participate in the project. Communicating
with a group of anonymous public users and motivating them to work together for a common
goal requires a strong marketing effort. Marketing is composed of a message and the medium for
delivering that message. Nokia, UC Berkeley and Caltrans public relations departments worked
closely together for months to lay out a communication plan.
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Figure 2.1. In the front: Ph.D. students Aude Hofleitner and Ryan Herring, helping early users to download
the app on their phone on the launch of Mobile Millennium, November 10, 2005 in CITRIS headquarters at
UC Berkeley. In the back, Greg Merritt and Ph.D. student Christian Claudel.

The Mobile Millennium message was simple. “Download a client to your phone that will provide
us with anonymous information on your vehicles location and speed”. In return you will:

. Receive a map of the traffic conditions (color coded speeds) on your phone
permitting you to make better judgments about your commute.

. Help out society and the environment by improving traffic

. Participate in a cool experiment using new technology
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o Be part of a new internet connected community
. Work with UC Berkeley, a great educational institution

The mediums chosen to communicate the message were:

Press releases

Press conferences

Public events

Company sponsored events
A new web site

Speaking engagements
Academic Review Papers

Figure 2.2. Mobile Millennium Principal Investigator Alexandre Bayen, interviewed by the media.

Mobile Millennium’s public launch was in mid-November 2008. The project ended on June 1%,
2010. The launch was a public relations extravaganza. Media (TV, Radio, Print, Blogs, etc)
descended on the University to hear the announcement. Listeners and readers were asked to go to
a website, enter a zip code and download a phone client. The downloading of clients started
immediately. Over the course of Mobile Millennium project there were more than 5000 users.

However the depth to which Mobile Millennium helped modify the public’s view of traffic and
cell phones is best communicated by noting the over 200 news articles, seminars and other public
announcements related to Mobile Millennium. The contribution to research and
commercialization is shown by the over 30 research and journal publications and the list of
companies (Navteq, Nokia, IBM, Google, Telenev, etc) and Universities (Berkeley, University
of Illinois, Klaus in Saudi Arabia) that Mobile Millennium personnel now work or teach at.
There were also over 50 students and interns who are currently still at university who worked on
the Mobile Millennium project, who are taking their experience in using cell phones into areas
such as earthquake research, water tracking, integrated corridor management, etc.

Below is a listing with web links to much of the information mentioned above. This information
may also be found on the Mobile Millennium website wvw . traffic.berkeley.edu.
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PRESS RELEASES, INTERVIEWS, MEDIA ARTICLES

Calling All Cars: Cell Phone Networks and

m I E E m 2011-Mar-02- | Yo Fiture of Traffic
et 2011-Mar-02 Calling All Cars: Qell Phone Networks and
. the Future of Traffic
ars technica
2011-Feb-02 Social Surveillance Yields Smarter Directions
THE WALL STREET JOURNAL 2010-AUd-28 The Inconvenient Truth About Traffic Math:
Walcom 9 Progress Is Slow
2010-Feb-10 Tell Me Where It Hurts, Mr. Highway
2009-Nov-01 | LaRecherche Sur Les Transports - Made in
California
2009-Nov-01. Transports et envwonlnement : Un' partgnarlat
de recherche renforcé avec la Californie
2009-Jul-24 Traffic snarls may soon be history
2009-Jul-01 GPS systems that give traffic reports
2009-May-06 UC Berkeley’s CITRIS lab: a haven for
startups tries to solve big problems
2009-May-06 CITRIS_: An Incubator of Green Tech
Innovation
Ehe New ﬂurk Bires 2009-May-03 Smarter GPS to Let Cellphones Point the

Way
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CAL ALUMNI 2009-May-01 The Connected Commute
UC Berkeley
2009-Apr-23 Phoning In Data
2009-Apr-01 Nokia - Open Threads
WELT AONLINE | 2009-Mar-18 | Das Handy wird zum Navi der Zukunft
LY 2009-Feb-23 Intelligent Transportation Systems, Cell '
Admnmg Technology Phone Enhancements Improve Mass Transit
for Humanity
I E E E 2009-Feb-18 Cellphones for Science
Admncmg Technology
for Humanity
m 2009-Jan-27 Who's Calling? It's Your Traffic Report
2009-Jan-27 Researchers use your cellphone to provide
real-time traffic information
2008-Dec-18 Comment: Information must be protected
EXCELSIOR 2008-Dec-10 | Ring, trafico al habla
2008-Dec-08 December 2008 CITRIS Newsletter
Berkeley Researchers' High Profile at the
2008-Dec-01 15th annual ITS World Congress in NYC
2008-Nov-25 Test program quides travelers by cell phone
i 2008-Nov-23 | Nokia collaboration may keep you out of

ars technica

traffic jams
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2008-Nov-22 Cellphone clusters give traffic jams away

2008-Nov-20 Noqu researchers show off the mobile
experiences of the future
Volunteer to Have Your Driving Habits

0L Tracked, Help Reduce Traffic

2008-Nov-18 Mobile Millennium - GPS Traffic Mapping

2008-Nov-18 Tech that trumps traffic tangles

2008-Nov-18 Nokia shows off real-time traffic application

2008-Nov-18 NAVTEQ dials into new traffic monitoring
data

Ehe New ﬂurk Bires 2008-Nov-18 Volunteers Sought for Real-Time Traffic
" Project

Groundbreaking Debut of Traffic Probe Data

L0 at ITS World Congress

2008-Nov-17 Navteg/Nokia Offer Advanced Traffic
Updates

2008-Nov-14 Mobile Mlllenlum : Nokia teste I'info trafic
par mobile GPS
Nokia Research Center puts Mobile

MMFMﬂS’A 2008-Nov-13 Millennium to Curb Traffic Congestion
d UC Berkeley software turns cell phones into
MercuryNews.com | 2008-Nov-13 traffic trackers
_CD NTRA COSTA
TI MES 2008-Nov-13 Traffic Study Goes High Tech
COrTRACOSTATIMES £im
2008-Nov-12 New Software Turns Cell Phones into Traffic

Trackers

66



http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-22-newscientist.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-20-venturebeat.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-20-venturebeat.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-19-usnews.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-19-usnews.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-wificellphones.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-bbc.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-cnet.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-dailynewsonline.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-dailynewsonline.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-nytimes.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-nytimes.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-17-earthtimes.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-17-earthtimes.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-17-twice.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-17-twice.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-14-generation.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-14-generation.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-13-sdaasia.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-13-sdaasia.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-13-mercurynews.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-13-mercurynews.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-13-contracosta.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-newsfactor.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-newsfactor.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-22-newscientist.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-20-venturebeat.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-19-usnews.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-wificellphones.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-bbc.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-cnet.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-dailynewsonline.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-18-nytimes.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-17-earthtimes.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-17-twice.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-14-generation.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-13-sdaasia.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-13-mercurynews.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-13-contracosta.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-newsfactor.pdf�

Mobile Millennium : Nokia utilisera ses

2L mobiles GPS pour éviter les embouteillages
2008-Nov-12 Nokia working to reduce traffic congestion
2008-Nov-12 Cyberclinic: Flu outbreaks and traffic jams
2008-Nov-12 Nokia launches next-gen traffic study
2008-Nov-12 GPS’li telefonlar trafik bilgisi olulturacak
o —— Nokia, GPSZFIf L 7= a5id@ g HINEE 7 1
! ik aun News | 2 -Nov-11 S ) ) ;
The Mainichi Dailp News | 2008-Nov D=5k TMobile Millenium, % Eif
Nokia, NAVTEQ in large scale trial for
20 traffic information generated by GPS-phones
2008-Nov-11 Using your cell phone's GPS to map traffic
2008-Nov-11 Soft\_/vare empowers cell phones to fight
traffic congestion
Pilotprojekt erprobt GPS-basierte
20 Verkehrsnachrichten in Echtzeit
2008-Nov-11 Nokl_a studies traffic with GPS-enabled
mobiles
2008-Nov-11 Tracking Traffic with Cell Phones

67



http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-mobinaute.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-mobinaute.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-zdnet.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-independent.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-electricpig.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12_ntv_msnbc.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-mainichi.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-mainichi.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-gpsbusinessnews.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-gpsbusinessnews.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-cnet.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-futuretense.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-futuretense.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-cz.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-cz.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-itpro.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-itpro.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-techreview.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-mobinaute.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-zdnet.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-independent.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12-electricpig.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-12_ntv_msnbc.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-mainichi.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-gpsbusinessnews.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-cnet.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-futuretense.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-cz.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-itpro.pdf�
http://www.traffic.berkeley.edu/sites/traffic.berkeley.edu/files/news_pdfs/2008-11-11-techreview.pdf�

Nokia Intros Mobile Millennium to Help

Mﬂﬂ t 2008-Nov-11 1 peduce Recovery Traffic Congestion
Mobile Millenium Project, GPS, And Mobile
20l Phones To Ease Your Commute.
Large scale public pilot to gather and analyze
20l traffic information using GPS-enabled phones
Nokia Launches Public Trial Of Mobile
2008-Nov-10 | s vittenium
Nokia's Mobile Millennium gives free traffic
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reporters
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Nokia, NAVTEQ in large scale trial for
traffic information generated by GPS-phones
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Dr.Dobb’s

2008-Nov-07 Turning Mobile Phones into Traffic Cops
Mobile Millennium project promises to track
Qnga [jg EJE-“ 2000 traffic with cellphones
2008-Nov-07 Camera Phones and GPS Are for SMBs Too,
Says Startup
Em woﬂ 2008-Nov-07 NorCal GPS Cell Phone Traffic Probe Project
UTILITIES & COMMUNICATIONS Gets Underway
a— (] ] o = = - -
m ZI m b IO 2008-Nov-07 | Mobile Millenium project promises to track
. traffic with cellphones
2008-Nov-07 Mobile Millenium
2008-Nov-07 | Proiect Turns GPS Phones Into Traffic
Reporters
2008-Nov-07 The mob_lle m|IIe_n|um project : GPS et
informations trafic !
2008-Nov-06 :JCi:fI_Berkelbev, Nokia turn mobile phones into
T} __, ??C_ _”J‘ raffic probes
coMP“TEnwonln 2008-Nov-06 Project turns GPS phones into traffic
reporters
UC Berkeley and Nokia turn mobile phones
2008-Nov-06 into traffic probes with launch of pilot
traffic-monitoring software
Bay Area Drivers Can Use Cell Phones to
200ty Avoid Traffic Snarls
fos Angeles Times | 2008-Oct-24 Should Caltrans be Twittering?
NAVTEQ to Showcase Leading
\”I\]ULUZ&“UI'\ 2008-Oct-23 Map-Enhanced Traffic Solutions at ITS
¢ - & L World Congress
@ 2008-Oct-02 Pour Nokia, l'avenir passe par les services

le web de l'dconomie
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2008-Jun-26 Plan to avoid traffic jams using cell phones
2008-Jun-25 Feds to help world's largest traffic tech test
UCBerkeleyNews 2008-Jun-22 Berkeley In the News
2008-Jun-20 Mini-subs Exploring Sacramento River
2008-Jun-01 Intelligent Infrastructure: Public Service,
Safety, and Security
2008-May-16 | A Faster, More Energy-Efficient GPS
Low Cost Fuel Cell Project Wins Clean Tech
2008-Apr-22 Innovation Prize Awarded by UC Berkeley's
Center for Entrepreneurship & Technology
2008-Feb-12 NOkIc’_:l And UC Berkelev Capture Real-Time
Traffic Information
@ 2008-Feb-12 Uni students get stuck in traffic for Nokia
m& 2008-Feb-11 Researchers test real-time traffic
o _rfcqu
m 2008-Feb-11 Cell Phones: A New Commuter Tool?
Nokia and UC Berkeley capture real-time
2008-Feb-11 traffic information using GPS enabled mobile
devices
) ) .
Cars and Cell Phones: Maybe They're Not So
Dr- DObb S 2008-Feb-11 Bad After All
Nokia phone will steer you around traffic
2008-Feb-11 better than your fancy GPS system
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2008-Feb-11

Nokia trials N95 as traffic monitor

Capturing traffic data using GPS-enabled cell

2008-Feb-10
phones
New research project captures traffic data

O T T 2008-Feb-10 | \ing GPS-enabled cell phones
Nokia and UC Berkeley capture real-time
SLASH 9 PHONE| 2008-Feb-10 | traffic information using GPS enabled mobile

devices

2008-Feb-09 Nokia GPS Phones to Fight the Traffic
Plague
Nokia and UC Berkeley Experts build

2008-Feb-09 Technology to offer Real Time Traffic
Information

2008-Feb-09 GPS Phones Used To Monitor Traffic

2008-Eeb-09 Nokia And UC Berkeley Tests GPS Phones
As Traffic Sensors

2008-Feb-09 Nokia Tests A Traffic-Tracking Service

~ 2008-Feb-09 Nokia trial turns N95s into traffic sensing
engadget tools
o5 Angeles Times | 2008-Feb-09 | Using cellphones to beat traffic?

2008-Feb-09 GPS-based system would track traffic with
phones

2008-Feb-09 GPS phone system tested by students
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2008-Feb-09 Nokia Conducts Real Time Traffic Test

New GPS phone system tested on Interstate
880

2008-Feb-09

Nokia and UC Berkeley capture real-time
2008-Feb-09 traffic information using GPS-enabled mobile

devices

Area study tracks cell phones on highways to
monitor traffic

2008-Feb-09

2008-Feb-09 Experiment uses phones to track 1-880 traffic

Interesting GPS Experiment by Nokia and

2008-Feb-09 UC Berkele
N95 Phone gives Real-time Traffic Info,
2008-Feb-09 thanks to Nokia and UC Researchers
- o e Nokia, UC Researchers capture Real-time
Mobiletor.com [Ekabuns:

Traffic Info using N95 Handset

Enabling the Connection

Nokia (Palo Alto), UC Berkeley Capture
2008-Feb-09 Real-Time Traffic Information Using GPS
Enabled Mobile Devices

Researchers try tracking traffic using cell
phone GPS

MercuryNews.com | 2008-Feb-09

2008-Feb-08 Nokia turns people into traffic sensors

2008-Feb-08 Test GPS Technology For Traffic Info
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Nokia tracks traffic info with gang of GPS

2008-Feb-08 feeds

2008-Eeb-08 UCB_ & _Nokla Test GPS for Traffic Flow and
Monitoring

2008-Feb-08 Profs test tracking GPS phone to gauge traffic
Nokia and UC Berkeley Capture Real-Time

2008-Feb-08 Traffic Information Using GPS Enabled
Mobile Devices

°e 2008-Eeb-08 Nokia and UC Berkeley Monitors Highway
_ Traffic
MOBILEDIA

2008-Feb-08 Using GPS Mobile Phones as Traffic Sensors

2008-Feb-08 Trend of_Havmq GI_DS Enabled Cell Phones
for Traffic Monitoring

2008-Feb-05 Cell phone test to monitor 1-880 traffic flow
Interview avec Alexandre BAYEN,

2008-Feb-04 chercheur et Professeur Francais a

Mo b"France I’université de Berkeley en Californie
2008-Feb-03 Cellphones to Monitor Highway Traffic
@Et 2008-Feb-01 Cellphones to monitor highway traffic
UC Berkeley Students to Trial Mobile Phone
Based California Traffic-Monitoring - Mobile
INtoMobile [RREEEEY

Century Uses Nokia N95 as Mobile GPS
Generator
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Press conferences

o Mobile Millennium, UC Berkeley, CA November 10, 2008
Held jointly with Nokia, Navteq and the California DOT

o Safe Trip 21, Bay Bridge, Oakland, CA June 26, 2008
Held jointly with the US DOT and the California DOT

. Mobile Century, Union Landing, CA February 8, 2008

Held jointly with Nokia and the California DOT

Press releases

. University of California at Berkeley, “Campus dedicates new state-of-the-arts
CITRIS research headquarters,” Mar. 2, 2009

. University of California at Berkeley, “Dedication of new CITRIS headquarters
marks new stage of innovation to help fuel economic growth,” Feb. 27, 2009

o Nokia, “Nokia Research Center puts Mobile Millennium in gear to help reduce
traffic congestion,” Nov. 10, 2008

. University of California at Berkeley, “UC Berkeley and Nokia turn mobile phones
into traffic probes with launch of pilot traffic-monitoring software,” Nov. 6, 2008

o ITS America, “ITS America announces finalists for the 2008 Best of ITS
Awards,” Oct. 30, 2008

. U.S. Department of Transportation, “U.S. DOT partners with Caltrans to move
California drivers one step closer to instant travel information and safety technologies,”
Jun. 25, 2008

. Nokia, “Nokia and UC Berkeley capture real-time traffic information using GPS
enabled mobile devices,” Feb. 8, 2008

. University of California at Berkeley, “Joint Nokia research project captures traffic

data using GPS-enabled cell phones,” Feb. 8, 2008

TV interviews (selected)
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o OETA News, “New Levee Bewaching Prevention Techniques,” Nov. 11, 2009

o CBS’s Smart Planet, “Alex Bayen, Professor, Systems Engineerng, UC
Berkeley,” May 29, 2009, by Jason Pepper

. NBC News, “Tech Future in Good Hands at Cal,” May 6, 2009

. Cnet, “Nokia shows off real-time traffic application,” Nov. 18, 2008

o BBC News,* Tech that trumps traffic tangles,” Nov. 18, 2008, by Jason Palmer
o Cnet, “Using your cell phone’s GPS to map traffic,” Nov. 11, 2008, by Kara
Tsuboi

. KTVU,“UC Berkeley To Offer Free Cell Phone GPS Download,” Nov. 10, 2008.
. CBS News, “Cal Program Uses Cell Phones to Unjam Traffic,” Nov. 10, 2008

. ABC News ,“UC Berkeley teams up with Nokia for traffic,” Nov. 10, 2008

. NBC News, “Gridlock Gadget: New Cell Phone Software to Help Drivers Avoid
Traffic,” Nov. 10, 2008

ABC News, “Real-time traffic information to your cell phone,” Jun. 25, 2008

NBC News, “Bay Area traffic study kicks off,” Jun. 25, 2008

Cnet, “Mobile Sensing-mini subs explore Sacramento,” Jun. 20, 2008

Cnet, “Students get stuck in traffic for Nokia,” Feb. 12, 2008

Cnet, “Nokia trials N95 as traffic monitor,” Feb. 11, 2008

CBS News, “Cal, Nokia test GPS technology for traffic info,” Feb. 8, 2008

ABC News, “Cell phones used to test Easy Bay traffic,” Feb. 8, 2008

Cnet, “Nokia turns people into traffic sensors,” Feb. 8, 2008

NBC News, “Researchers test GPS-cell phone navigation in South Bay,” Feb. 8,

2008
) Fox News, “Nokia and UC Berkeley capture real-time traffic information using
GPS enabled mobile devices,” Feb. 8, 2008

Radio interviews (selected)

. Nature-podcast, “Phoning in Data,” April 23, 2009, by Roberta Kwok
. KQED, “Dialing in on Traffic,” Dec. 15, 2008, by David Gorn
o National Public Radio, “Who’s Calling? It’s Your Traffic Report,” Jan. 26, 2009,

by David Gorn
. KQED, “Reporter’s Notes: Dialing in on Traffic,” Dec. 12, 2008, by David Gorn
. National Public Radio, “Cell Phones: a new commuter tool?,” Feb. 11, 2008

o KCBS, “Researchers road test GPS technology for traffic info,” Feb. 8, 2008

Newspaper interviews or articles (selected)

o The Wall Street Journal, “The Inconvenient Truth About Traffic Math: Progress
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Is Slow,” Aug. 28, 2010, by Carl Bialik

. California Alumni Magazine, “The Connected Commute,” May/June 2009, by
David Downs

o The New York Times, “Smarter GPS to Let Cellphones Point the Way,” May 3,
2009, by Roy Furchgott

. Nature, “Phoning in Data,” April 23, 2009, by Roberta Kwok

. Die Welt, “Das Handy wird zum Navi der Zukunft,” March 18, 2009

o The Sacramento Bee, “Test program guides travelers by cell phone,” Nov. 25,
2008, by Tony Bizjak

. New Scientist, “Cellphone clusters give traffic jams away,” Nov. 22, 2008

. The New York Times, “Volunteers Sought for Real-Time Traffic Project,” Nov.

18, 2008 by Roy Furchgott
o The Earth Times, “Groundbreaking Debut of Traffic Probe D