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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

13



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.
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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
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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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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 Data at ITS World
Congress,” Nov. 17, 2008
. Contra Costa Times, “Traffic study goes high tech,” Nov. 13, 2008 by Erik

Nelson

o San Jose Mercury News, “UC Berkeley software turns cell phones into traffic
trackers,” Nov. 13, 2008, by Dennis Cuff

. The Daily Californian, “Researchers’ New GPS Software Could Get Drivers Out
of a Jam,” Nov. 10, 2008

. San Francisco Chronicle, “Cell phones part of traffic monitoring network,” Nov.
10, 2008

. Forbes, “Nokia Research Center Pults Mobile Millennium in Gear to Help
Reduce Traffic Congestion,” Nov. 10, 2008

. San Francisco Chronicle, “GPS Cell phones hooked up to monitor traffic,” Nov.
9, 2008

o San Francisco Chronicle, “Plan to avoid traffic jams using cell phones,” Jun. 26,
2008

. The Oakland Tribune, “Feds to help world’s largest traffic tech test,” Jun. 25,
2008

. The Oakland Tribune, “Experiment uses phones to track 1-880 traffic,” Feb. 9,
2008

o San Jose Mercury News, “Researchers try tracking traffic using cell phone GPS,”
Feb. 9, 2008

. Los Angeles Times, “Using cell phones to beat traffic?,” Feb. 9, 2008
. Tri Valley Herald, “New GPS phone system tested on Interstate 880,” Feb. 9,

2008

o San Mateo County Times, “GPS-based system would track traffic with phones,”
Feb. 9, 2008

. San Francisco Chronicle, “Cell phone test to monitor 1-880 traffic flow,” Feb. 5,
2008

Other media outlets (selected)
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o Reuters,“CITRIS: An Incubator of Green Tech Innovation,” May 6, 2009

o Venture Beat,“UC Berkeley’s CITRIS lab: a haven for startups trying to solve big
problems,” May 6, 2009, by Dean Takahashi

. Nokia Open Innovation Newsletter,“Open Threads,” April 2009

. IEEE,“Intelligent Transportation Systems, Cell Phone Enhancements Improve
Mass Transit,” Feb. 23, 2009

. IEEE Spectrum,“Cell Phones for Science,” February 2009, by Prachi Patel-Predd
. The Industry Standard,“Researchers use your cellphone to provide real-time
traffic information,” Jan. 27, 2009, by Sindya Bhanoo

o The Journal,“Comment: Information must be protected,” Dec. 18, 2008, by

Maitland Hyslop

. Excelsior,“Ring, trafico al habla,” Dec. 10, 2008, by Carlos Fernandez de Lara

. CITRIS Report,“Taming Traffic with Your Phone: The Mobile Millennium
Project”, Dec. 08, 2008, by Gordy Slack

o NewsBITS,“Berkeley Researchers’ High Profile at the 15th annual ITS World
Congress in NYC,” Winter 2008, by Ann Brody-Guy

o Cal Neighbors,“Bay Area drivers can use cell phones to avoid traffic snarls,” Fall
2008

. CEE @ Berkeley Connections,“Mobile Millennium Poised to Expand Bay Area’s
Reputation as High-tech leader,” Fall 2008,

o ARS Technica,“Nokia collaboration may keep you out of traffic jams,” Nov. 23,
2008, by David Chartier
. Venture Beat,“Nokia researchers show off the mobile experiences of the future,”

Nov. 20, 2008, by Dean Takahashi

o US News & World Report,“Volunteer to Have Your Driving Habits Tracked, Help
Reduce Traffic,” Nov. 19, 2008

. Daily News Online,“NAVTEQ dials into new traffic monitoring data,” Nov. 18,
2008

. Wi-Fi Cell Phones,“Mobile Millennium- GPS Traffic Mapping,” Nov. 18, 2008

. This Week in Consumer Electronics -TWICE,“Navteg/Nokia Offer Advanced
Traffic Updates,” Nov. 17, 2008, by Amy Gilroy

o GNT,“Mobile Millennium: Nokia teste I’info trafic par mobile GPS,” Nov. 14,
2008, by C. Bruno

. SDA Asia,“Nokia Research Center puts Mobile Millennium to Curb Traffic
Congestion,” Nov. 13, 2008

o ZD Net,“Nokia working to reduce traffic congestion,” Nov. 12, 2008, by Matthew
Miller

. Newsfactor.com,“New Software Turns Cell Phones into Traffic Trackers,” Nov.
12,2008

. MSNBC, “GPS’li telefonar trafik bilgisi olusturacak,” Nov. 12, 2008

. Mobinaute,“Nokia utilisera ses mobiles GPS pour eviter les embouteillages,”
Nov. 12, 2008

o The Independent,“Flu outbreaks and traffic jams,” Nov. 12, 2008

o Electricpig,“Nokia launches next-gen traffic studies,” Nov. 12, 2008

o American Public Media,“Software empowers cell phones to fight traffic
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congestion,” Nov. 11, 2008
. TMChnet,“Nokia Intro Mobile Millennium to Help Reduce Roadway Traffic
Congestion,” Nov. 11, 2008

o MIT Technology Review,“Tracking Traffic with Cell Phones: A new project
collects traffic data from GPS-enabled cell phones,” Nov. 11, 2008
. IT Pro,“Nokia studies traffic with GPS-enabled mobiles,” Nov. 11, 2008

. Computer Zeitung,“Pilotprojekt erprobt GPS-basierte Verkehrshcarichten in
Echtzeit,” Nov. 11, 2008

. GPS Business News,“Nokia, NAVTEQ in large scale trial for traffic information
generated by GPS-phones,” Nov. 11, 2008

o PressDemocrat.com,“Cell phones can help traffic flow,” Nov. 10, 2008

. impre.com,“A olvidarse del caos vial,” Nov. 10, 2008

. VOIP IP Technology,“Mobile Millennium Project, GPS and Mobile Phones To
Ease Your Commute,” Nov. 10, 2008
. BlogoWogo,“Free Traffic Info with Nokia’s Mobile Millennium,” Nov. 10, 2008

. L’Atelier,”“Les mobiles GPS recreent le trafic routier de San Francisco,” Nov. 10,
2008

. Cellular-News,“Using Mobile Phones to Monitor Road Traffic Congestion,” Nov.
10, 2008

o Computer World,“Project turns GPS phones into traffic reporters,” Nov. 10, 2008
. Inside-handy.de,“Neue Software nutzt Handys mit GPS als Stau-Sensoren,” Nov.
10, 2008

. Media Post,“Mobile Program Sends Real-Time Traffic Info,” Nov. 10, 2008

. New Mobile Tech,“Mobile Millennium Gives You Traffic Reports, For Free,”
Nov. 10, 2008

o Pocket-lint,“Nokia Announces Mobile Millennium Project,” Nov. 10, 2008

. SFist,“UC Berkeley releases cell phone program to help ease traffic,” Nov. 10,
2008

o Slash Gear,“Nokia Mobile Millennium GPS traffic monitoring project seeks
volunteers,” Nov. 10, 2008

. Symbian Freak,“Large scale public pilot to gather and analyse traffic information
using GPS-enabled mobile devices,” Nov. 10, 2008

o Symbian-guru.com,“Nokia launches public trial of Mobile Millennium,” Nov. 10,
2008

. TechRadar.com,” Nokia’s Mobile Millennium gives free traffic info,” Nov. 10,
2008

o Telecom Paper,“Open-source-concurrentie in VS voor TomTom HD Traffic,”
Nov. 10, 2008

o PC Magazine,“Cell Phones Linked to Track Real-Time Traffic,” Nov. 10, 2008

o Mobile Messaging 2.0,“Nokia Launches Mobile Millennium for Traffic Updates,”
Nov. 10, 2008

. mocoNews.net,“Nokia’s Big Traffic Plans,” Nov. 10, 2008

. Gizmodo,“Mobile Millennium Project is a Poor Man’s Traffic Relaying GPS,”
Nov. 8, 2008
o Dr. Dobb’s Portal,“Turning Mobile Phones into Traffic Cops,” Nov. 7, 2008
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o Engadget,“Mobile Millennium Project promises to track traffic with cellphones,”
Nov. 7, 2008

. PC World,*“Camera Phones and GPS Are for SMBs Too, Says Startup,” Nov. 7,
2008

o RoadFlares.org,“Mobile Millennium,” Nov. 7, 2008

o Slashdot,*“Project Turns GPS Phones into Traffic Reporters,” Nov. 7, 2008

. TranslID,“The Mobile Millennium project: GPS et informations trafic!,” Nov. 7,
2008

o Zimbio,“Mobile Millennium project promises to track traffic with cellphones,”
Nov. 7, 2008

. GPS World,“NorCal GPS Cell Phone Traffic Probe Project Gets Underway,”
Nov. 7, 2008

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

. PhysOrg.com,“UC Berkeley, Nokia turn mobile phones into traffic probes,” Nov.
6, 2008

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

. CITRIS News,“Intelligent Infrastructure: Public Service, Safety, and Security:

Floating and Cellular Sensors,” Jun. 2008
. MIT Technology Review,“New GPS Software,” May 16, 2008

. PR Web,“Mobile Sensing- Lagrangian Sensor project receives Clean Tech
Innovation prize,” Apr. 22, 2008

. GPS Daily,“Nokia and UC Berkeley capture real-time traffic information,” Feb.
12,2008

. TechGadgets.in,”“N95 phone gives real-time traffic info, thanks to Nokia and UC
researchers,” Feb. 12, 2008

o Dr. Dobb’s Portal,“Cars and cell phones: maybe they’re not so bad after all,”
Feb. 11, 2008

. Largest Companies,“Nokia & UC Berkeley capture real-time traffic info using
GPS-enabled cell phones,” Feb. 11, 2008

. Dvice,“Nokia phone will steer you around traffic better than your fancy GPS
system,” Feb. 11, 2008

. CITRIS,“Joint research project to capture traffic data,” Feb. 11, 2008

. PhysOrg,“New research project captures traffic data using GPS-enable cell
phones,” Feb. 10, 2008

. Machines Like Us,“Capturing traffic data using GPS-enabled cell phones,” Feb.
10, 2008

. TechShout.com,“Nokia and UC Berkeley experts build technology to offer real
time traffic information,” Feb. 9, 2008

o eFluxMedia,“Nokia and UC Berkeley tests GPS phones as traffic sensors,” Feb.
9, 2008

. Engadget,“Nokia trial turns N95s into traffic sensing tools,” Feb. 9, 2008
Gizmodo,“Nokia GPS phones to fight the traffic plague,” Feb. 9, 2008
Symbian Web Blog,“Interesting GPS experiment by Nokia and UC Berkeley,”
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Feb. 9, 2008
. eNews 2.0,“Nokia tests a traffic-tracking service,” Feb. 9, 2008

. Inside Bay Area,*“Area study tracks cell phones on highways to monitor traffic,”
Feb. 9, 2008

o Inside Bay Area,“GPS phone system tested by students,” Feb. 9, 2008

o TradingMarkets.com,“Researchers test real-time traffic,” Feb. 9, 2008

. Nokia Phone Blog,“Nokia conducts real time traffic test,” Feb. 9, 2008

. MobileTor.com,“Nokia, UC researchers capture real-time traffic info using N95

handset,” Feb. 9, 2008

. HardOCP,*The Next Traffic Sensor is Your Phone,” Feb. 9, 2008

. CanadaNOW,“GPS Phones Used to Monitor Traffic,” Feb. 9, 2008

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

. The Tech Generation Daily,“Nokia tracks traffic info with gang of GPS feeds,”
Feb. 8, 2008

. My Digital Life,“Trend of having GPS enabled cell phones for traffic
monitoring,” Feb. 8, 2008

o IntoMobile,“Mobile Century uses Nokia N95 as mobile GPS sensor,” Feb. 8,
2008
. Inside Bay Area,“Profs test tracking GPS phone to gauge traffic,” Feb. 8, 2008

. Wireless and Mobile News,“UCB & Nokia Test GPS for Traffic Flow and
Monitoring,” Feb. 8, 2008

o MobilEdia,“Nokia and UC Berkeley Monitors Highway Traffic,” Feb. 8, 2008

o MobiFrance,“Interview avec Alexandre Bayen, chercheur et Professeur Francais
at I’universite de Berkeley en Californie,” Feb. 4, 2008

o Slashdot,“Cellphones to Monitor Highway Traffic,” Feb. 3, 2008

. ZD Net,“Cell phones to monitor highway traffic,” Feb. 1, 2008

In addition, Mobile Millennium was presented at various venues, thus increasing its visibility.

TALKS

Plenary / keynote speaker

. 13th Annual Inventor Recognition Banquet, NAVTEQ, The Rookery, Chicago,
June 3, 2010, “Technology innovations at the age of web 2.0 and participatory sensing”.

. ARM TechCon3, Santa Clara Convention Center, October 21, 2009, “Mobile
Millennium: using GPS to reconstruct traffic”

o NAVTEQ Traffic Symposium, Jacob K Javits Convention Center, New York, NY.
November 17th, 2008, “Mobile Millennium: using GPS to reconstruct traffic”

The NAVTEQ Traffic Symposium coincides with the ITS World Congress and gathers about
200 academics and practitioners in the field of traffic monitoring and modeling.
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Invited seminars

. University of California Office of the President, Board Meeting, Berkeley, CA,
October 27, 2010, Host: Professor Mark Yudof, “Mobile sensing in large scale
infrastructure systems”.

. AMP Lab retreat, Asilomar, CA, December 8, 2010, Host: Professor Michael
Franklin, “Cloud based implementations of machine learning algorithms applied to traffic
monitoring”.

. EECS Colloquium, UC Berkeley, CA, September 29, 2010, Host: Professor
Costas Spanos, “Real-time estimation of distributed parameters systems: application to
large scale infrastructure systems”.

. Ecole Nationale des Ponts et Chaussees (ENPC), INRETS, Marne la Vallee,
France, July 1, 2010, Host: Professor Jean-Patrick Lebacque, “Mobile millennium: using
smartphones to monitor traffic in privacy aware environments”.

. Royal Institute of Technology (KTH), Transportation and Logistics Division,
Stockholm, Sweden, April 16, 2010, Host: Professor Haris Koutsopoulos, “Mobile
millennium: using smartphones to monitor traffic in privacy aware environments”.

. Berkeley Wireless Research Center (BWRC), UC Berkeley, Berkeley, CA, March
12, 2010, Host: Dr. Gary Kelson, “Mobile Millennium: using cell phones to monitor

traffic".
o Los Alamos National Laboratories (LANL), Los Alamos, NM, December 8th,
2009, Host: Dr. Scott Backhaus, “Mobile Millennium: using cell phones to monitor
traffic".

o UC Berkeley, EECS Department, TRUST Center, September 10th, 2009, Host:
Professor Shankar Sastry, “Mobile Millennium: using cell phones to monitor traffic".

. Massachusetts Institute of Technology (MIT), Department of Civil and
Environmental Engineering, Cambridge, MA, July 31st, 2009, Host: Professor Moshe
Ben-Akiva, “Data assimilation for real time traffic flow reconstruction™.

. Palo Alto Research Center (PARC), Palo Alto, CA, July 9th, 2009. Host: Dr.
Craig Eldershaw. “Mobile millennium: using smartphones to monitor traffic in privacy
aware environments”.

. University of California Los Angeles (UCLA), Department of Electrical
Engineering, Center for Embedded Networked Sensing Seminar, UCLA, CA, June 19th,
2009. Host: Professor Per Deborah Estrin. “Mobile Millennium™ using cell phones to
monitor traffic”.

o California Institute of Technology, Control and Dynamical Systems seminar,
Pasadena, CA, June 18th, 2009. Host: Professor Jerry Marsden. “Mobile Millennium
using cell phones to monitor traffic”.

o Princeton University, Department of Mechanical and Aerospace Engineering,
Controls Seminar, Princeton, NJ, June 16th, 2009. Host: Professor Naomi Leonard.
“Mobile Millennium using cell phones to monitor traffic”.

. Stanford University, Department of Aeronautics and Astronautics, Controls
Seminar, Stanford, CA, May 20th, 2009. Host: Professor Per Enge. “Mobile Millennium
using cell phones to monitor traffic”.

. Microsoft Research Symposium, Seattle, WA, May 14th, 2009. Host: Dr. Eric
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Horvitz. “Mobile Millennium: using cell phones to monitor traffic”.

. University of California, Davis, Civil and Environmental Engineering
Department, Transportation Seminar, Davis, CA, April 10th, 2009. Host: Professor
Michael Zhang. “Mobile Millennium: using cell phones to monitor traffic”.

. Eidgenossische Technische Hochschule Zurich (ETHZ), Electrical Engineering
Department, Zurich, Switzerland, March 24th, 2009. Host: Professor Manfred Morari.
“Mobile Millennium: using cell phones to monitor traffic”.

. University of Illinois at Urbana Champaign, Electrical Engineering Department,
Coordinated Science Laboratory, Urbana-Champaign, IL, March 18th, 2009. Host:
Professor Daniel Liberzon. “Mobile Millennium: using cell phones to monitor traffic”.

. Georgia Institute of Technology, Decision and Control Laboratory, Atlanta, GA,
March 13th, 2009. Host: Professor Eric Feron. “Mobile Millennium: using cell phones to
monitor traffic”.

o University of Pennsylvania, Electrical Engineering Department, Robotics
Seminar, Philadelphia, PA, March 5th, 2009. Host: Professor George Pappas. “Mobile
Millennium: using cell phones to monitor traffic”.

o UC Berkeley, Mathematics Department, Applied Mathematics Seminar, Berkeley,
CA, February 20th, 2009. Host: Professor Jon Wilkening. “Construction of lower semi
continuous solutions to the Hamilton-Jacobi equation with internal boundary conditions:
application to highway traffic monitoring”.

. UCSD, Mechanical and Aerospace Engineering Department, Control Seminar,
La Jolla, CA, February 13th, 2009. Host: Professor Miroslav Krstic. “Mobile
Millennium: using cell phones to monitor traffic”.

. UC Berkeley, EECS-CEE-ME, Control Seminar Berkeley, CA, February 27th,
2009. Host: Professor Ruzena Bajcsy. “Maobile Millennium: using cell phones to monitor
traffic”.

. Northwestern University, Civil Engineering, Transportation Seminar, Evanston,
IL, December 4th, 2008. Host: Professor Marco Nie. “Mobile Millennium: using cell
phones to monitor traffic”.

. UC Berkeley, CITRIS Research Exchange, UC Berkeley, CA, April 16th, 2008.
Host: Professor Paul Wright. “Integrating Motion into Infrastructure using Cell Phones”.
o UC Berkeley, CITRIS - ITS seminar, UC Berkeley, CA, February 8th, 2008. Host:
Professor Paul Wright. “Mobile century: using GPS mobile phones as traffic sensors”.

o UC Berkeley, CEE Department, ITS seminar, UC Berkeley, CA, December 14th,
2007. Host: Professor Mark Hansen. “Travel time estimation using probe vehicle data:
the Nokia N95 experience”.

Industry and government talks

. Banatao Board Meeting, Palo Alto, CA, November 23, 2010, “Mobile sensing in
large scale infrastructure systems”.
. California Department of Transportation, Sacramento, CA, November 17, 2010,
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“Future of data procurement policies”.

. Orange Institute, San Francisco, CA, November 15, 2010, “Mobile sensing in
large scale infrastructure systems”.
. INRIA-Berkeley meeting. UC Berkeley, CA, November 12, 2010, “Mobile sensing

in large scale infrastructure systems”.

. Ericsson-CITRIS meeting, Berkeley, CA, October 15, 2010, “Mobile Millennium,
using phones as traffic sensors”.

. The Bohemian Club, San Francisco, CA, October 13, 2010, “Mobile Millennium,
using phones as traffic sensors”.

. IBM-Caltrans Meeting, UC Berkeley, Setpember 16, 2010, “Data fusion for
traffic monitoring”.

. Telenav, Santa Clara, CA, September 15, 2010, “Data fusion for traffic
monitoring”.

o HP-CITRIS Meeting, UC Berkeley, CA, September 10, 2010, *“Mobile
Millennium, using phones as traffic sensors”.

. IBM-CITRIS Meeting, UC Berkeley, CA, August 27, 2010, “Mobile Millennium,
using phones as traffic sensors”.

o Swedish DOT Meeting, UC Berkeley, CA, August 5, 2010, “Mobile Millennium
Stockholm™.

. Department of Homeland Security, Moffett Field, CA, February 11, 2010,
“Mobile Sensing for traffic, environmental monitoring and emergency response”.

. Agilent Technologies, Santa Clara, CA, December 11th, 2009, *“Mobile
Millennium, using phones as traffic sensors”.

. Polaris, Santa Clara, CA, November 19th, 2009, “Mobile Millennium, using
phones as traffic sensors”.

. VOLPE Center (US DOT), Boston, MA, November 13th, 2009, “Mobile
Millennium”.

o NAVTEQ, Chicago, IL, September 28th, 2009, “Mobile Millennium”.

o T-Mobile labs, Mountain View, CA, September 18th, 2009. “Mobile Millennium,
using phones as traffic sensors”.

. NAVTEQ, Chicago, IL, July 23rd, 2009. “Mobile Millennium”.

o BMW, Palo Alto, CA, July 21th, 2009, "Mobile millennium: using smartphones to
monitor traffic in privacy aware environments”.

. NAVTEQ - UC Berkeley traffic workshop, UC Berkeley, CA, July 10th, 2009,
”Mobile millennium: using smartphones to monitor traffic in privacy aware
environments”.

. Energy Efficiency; Cyber-Physical Systems; Medical Devices & Systems, Siemens
Corporate Headquarters, Munich, Germany, May 28th, 2009. “Mobile Phones as Sensors
for Improved Energy Efficiency”.

. Siemens — Berkeley Day, Siemens Corporate Headquarters, Munich, Germany,
May 27th, 2009. “Mobile Phones as Sensors for Improved Energy Efficiency”.

. VOLVO Centers of Excellence Symposium, Gothenborg, Sweden, April 19th,
2009. “Mobile Millennium: using cell phones to monitor traffic”.

. South Bay Traffic Officials Association (SBTOA), San Jose, CA, March 10th,
2009. “Mobile Millennium: using cell phones to monitor traffic”.
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o NAVTEQ, Chicago, IL, December 4th, 2008. “Mobile Millennium: using cell
phones to monitor traffic”.

. NAVTEQ Traffic Symposium, “Mobile Millennium: using GPS to reconstruct
traffic”, New York, NY. November 17th, 2008.

o California DOT meeting, “Mobile Millennium: using cell phones to monitor
traffic”, Richmond Field Station, CA, August 12, 2008.
. ITS Board of Directors meeting, “Mobile Millennium: using cell phones to

monitor traffic”, Richmond Field Station, CA, August 6, 2008.
Talks at workshops, conferences, or meetings

. Hyperbolic systems and control in networks, Institut Henri Poincaré, Paris,
France, October 20, 2010, “Optimization formulations for inverse modeling problems,
with applications to Mobile Sensing”

. CITRIS review, Berkeley, CA, October 25, 2010, “Mobile sensing in large scale
infrastructure systems”.

o ICRAL0 workshop on Robotics and Intelligent Transportation Systems,
Anchorage, AK, May 7th, 2010, “Mobile Sensing for traffic and environmental
monitoring” [Talk delivered by Andrew Tinka].

o PATH-Tsinghua workshop, PATH, Richmond Field Station, Richmond, CA,
April 7th, 2010, “Mobile Millennium: using cell phones to monitor traffic”.

. AAAI Spring Symposia Series, Embedded Reasoning: Intelligence in Embedded
Systems, Stanford, CA, March 24th, 2010, “Mobile Millennium: using cell phones to
monitor traffic”.

o 2009 IEEE Conference on Decision and Control, Special SIAM session,
Shanghai, China, October 21rd, 2009, “Dirichlet Problems for Some Hamilton-Jacobi
Equations with Inequality Constraints”.

o Position and Time, 3rd Annual Symposium, Stanford University, Stanford Center
for Navigation, Stanford, CA, October 21rd, 2009, “Mobile Millennium: using cell
phones to monitor traffic”.

o TTI - Vanguard “More from Less”, Jersey City, NJ, October 1st, 2009, “Mobile
Millennium, using smartphones to monitor traffic”.

. 2009 National Highway Data Workshop and Conference, California Department
of Transportation, Oakland, CA, September 23rd, 2009. “Mobile Millennium, using
phones as traffic sensors

. CalDay College of Engineering Speaker, UC Berkeley, Berkeley, CA, April 18th,
2009. “Mobile Millennium: using GPS to reconstruct traffic”.

o 15th World Congress on ITS, Safe trip 21 session, New York, NY, November
18th, 2008, “Mobile Millennium: using GPS to reconstruct traffic”.

. SUPERB seminar, UC Berkeley, Berkeley, CA, July 3rd, 2008. “Mobile
Millennium: using GPS to reconstruct traffic”.

. CalDay, UC Berkeley, Berkeley, CA, April 11th, 2008. “Mobile Century Traffic
Project: GPS in your cell phone”.

o Vincent Lo & Shanghai — CITRIS, UC Berkeley, Berkeley, CA, November 14th,
2007. “Large scale infrastructure systems monitoring using cellular phones”.
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o Nokia delegation meeting — CITRIS, UC Berkeley, Berkeley, CA, November 7th,
2007. “Large scale infrastructure systems monitoring using cellular phones”.

. CITRIS - Tekes meeting, UC Berkeley, Berkeley, CA, October 1, 2007 . “Large
scale infrastructure monitoring using mobile sensor networks”.

4.3. Users, Phones and Functions

As a preamble we wish to thank Keith Jasper and his team for their contributions. Certain
information from the National Evaluation of the Safe Trip-21 Initiative: Draft Evaluation Report:
Mobile Millennium (as provided by Keith) has been used in this section.

4.3.1. User Downloads

The name Mobile Millennium was chosen because the project’s goal was to enlist thousands of
users (hence the use of the word Millennium). The project was also the next logical step from the
Mobile Century project where 100 paid drivers participated in a test where their location and
speed was tracked in order to estimate traffic conditions. The overall goal was to get as many
people to voluntarily participate as possible. Thousands of users would provide statistical
significance to results and would also explore voluntary usage of the traffic pilot software. The
ultimate goal was 10,000 users permitting studies to test the system at scale and permitting
informed decisions about technology and business.

At the end of the experiment it is estimated that around 5000 users used the pilot. These included
users from the Berkeley website, Caltrans employees and users at Navteq and Nokia. About 2/3
of this number are registered users for whom we captured certain demographic details. This was
only done for users within the Bay Area. All partners and sponsors were pleased with the number
of participants.

For any particular time period, Nokia was able to generate usage reports out of system. Some
examples include: how many times the application is started per week, what phones it comes
from, how the application is actually opened, how much time the application is open for and did
the phone get a GPS lock (phones were either turned off to quickly or were in an area where GPS
coverage was unavailable). This is internal data to Nokia and is not available in this report.

Users registered for and received emails with download instruction from the UC Berkeley
website. The following is a screenshot of the user registration page. In the side-bar on the left
hand side of the registration page under the heading “Tested Devices” is a list of the mobile
phones supported by Mobile Millennium.
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Figure 3.1. Mobile Millennium registration form.

When users registered for Mobile Millennium and downloaded the traffic application software,
in addition to confirming they were 18 years old or older, and agreeing to various policy
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statements, they were required to provide the telephone number for their mobile device, their
mobile phone service carrier, the make/model of their mobile phone, and their home zip code.
They were also invited to provide their email address, gender, and work zip code, although this
was voluntary.

Registration information was collected and stored by CCIT, and forms the basis for the analysis
of usage statistics. Prior to providing usage statistics, CCIT ensured that the database did not
contain personally identifiable information, and also eliminated selected software download
records that were known to relate to development team members’ testing activities.

Usage statistics indicate that the software application was downloaded 2,241 times to unique
mobile phone numbers between November 10, 2008 and November 10, 2009. The monthly
distribution of downloads is provided in Figure 3.2. This analysis ignores additional downloads
in early November 2008, prior to the official launch. It is understood that these downloads were
by members of the development team, or by others affiliated with the partners.

The daily rate of downloads peaked at more than 70 per day in November 2008 (post-launch),
tailing off to less than 4 downloads per day in each of the final eleven months. Given that the
primary outreach effort was concentrated on the initial launch period, this is not unexpected.
Indeed apart from some minor outreach by NRC and CCIT at the 2009 AASHTO Annual
Meeting during late October 2009 in Palm Desert, California, there were no specific outreach
campaigns after the launch. Despite the absence of any additional outreach efforts, users
continued to download the application software throughout the operational period.

Figure 3.2. Download statistics.

Home zip code was a required field when users registered for the application software. The vast
majority of downloads were by users who declared their home zip code to be in a range from
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936xx to 959xx (see Figure 3.3). This corresponds to the Bay Area/Sacramento region. In
addition, there were a small number of downloads from further afield, mostly in California, but
with a few out of state. Downloads are spread across more than 400 zip codes, with the greatest
concentration around the immediate Bay Area.

Figure 3.3. Number of registered users for each home zip code.

Work zip code was an optional field when users registered for the application software, and were
not provided for 400 of the application software downloads. Work zip codes were more
concentrated than home zip codes, with the greatest concentration around the immediate Bay
Area, notably in the San Jose area (see Figure 3.4). Interestingly, downloads are spread across
more than 485 zip codes, which is more than for home zip codes. Work zip codes associated with
more than 160 downloads were for locations outside of the Bay Area/Sacramento region, i.e. not
in the zip code range from 936xx to 959xx. Many of these were for out of state locations.
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Figure 3.4. Number of registered users for each work zip code.

High numbers of downloads are associated with Palo Alto, Berkeley, and Sacramento, where
NRC, CCIT and Caltrans are located. Whether this highlights increased awareness of Mobile
Millennium or possible distortion in the usage statistics related to development team activity
cannot be determined by the Evaluation Team without gaining access to personally identifiable
information.

4.3.2. Phones and Carriers supported

At the time Mobile Millennium started cell phone technology was just approaching the “smart
phone” era. There were four requirements that needed to be met in order for a phone to be
included in the pilot.

o The ability to run a Java application.

o The ability to display a traffic map.

o The ability for the Java application to access GPS information. This is not just a
technical issue. Some carriers control what hardware an application can use.

. Approval from the phone companies and carriers as appropriate.
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This last proved to be difficult to meet with regard to the Apple iPhone. The Mobile Millennium
project had a strong desire to provide a client application for the Apple iPhone. However for
indeterminate reasons (possible due to legal wrangling between Nokia and Apple) and despite
continuing efforts we were not able to get the phone client application approved for the iPhone.
This was unfortunate as we would likely have reached larger download numbers if the iPhone
was supported. Throughout the project a list registrants with iPhones was maintained in the hope
that they could be contacted when the iPhone application became available.

The following phones were supported:
o BlackBerry

Curve 8310 - AT&T

Curve 8330 - Sprint

Pearl 8110 - AT&T & Sprint
Storm - Verizon

Tour 9630 - Sprint and Verizon

. Nokia

E71
N95
N96
E61

. Possible

e Other Blackberry devices
e Other Java-enabled devices

4.3.3. System Functionality

The basic functions of the system were that the client would read GPS locations, save the time
and position data and then send information when privacy preserving virtual trip lines (VTLS)
were crossed. VTLs are discussed in more detail in other parts of this report. The data would be
fed to UC Berkeley software that would estimate traffic speed. These estimates would be
mapped to colors (green for fast, red for slow), overlaid on a map of roads of the bay area and
then the map would be presented in real time to the commuter on the phone.

There were a number of user interface challenges with this approach and not all of them were
resolved (as the surveys discussed later show).
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4.4. Legal Items

There were a number of legal items to be worked out as part of the Mobile Millennium project’s
outreach effort with users. These include:

. Human Subjects Review: As required by federal law and university policy, the
University of California, Berkeley has a Committee for the Protection of Human Subjects
(CPHS) that serves as an Institutional Review Board (IRB) to review all research projects
involving human subjects. The test protocols for Mobile Millennium and the Networked
Traveler projects were reviewed and approved by CPHS.

o UC Berkeley Privacy Policy: This document publicly stated how any information
collected on the web site would be used.

. Nokia’s Privacy Policy: This document explained what types of information
Nokia collected in connection with its products and services and how it processed such
information.

. UC Berkeley Web Site Terms of Service: This document basically states that the
UC is not responsible for any negative side effects (viruses for example) that result from
using the site.

. Nokia’s Terms of Service: Basic information on usage of the client. For example
you must be over 13 years of age.

. Nokia’s End User Software Agreement: This is a standard software usage
document.

The full text of each of these documents follows.
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4.4.1. Human Subjects Review (UC)

Figure 4.1. Protocol submission (response from the CPHS).
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Privacy Policy (UC)
Privacy Statement for University of California, Berkeley Websites

Policy

The University of California, Berkeley is committed to protecting the privacy and accuracy of
your confidential information to the extent possible, subject to provisions of state and federal
law. Other than as required by laws that guarantee public access to certain types of information,
or in response to subpoenas or other legal instruments that authorize access,
personally-identifiable information is not actively shared. In particular, we do not re-distribute or
sell personal information collected on our web servers.

Information collected

UC Berkeley websites may collect personal information such as name, address, e-mail address,
telephone number(s), and/or educational interests. Such personal information may be requested
by us for research, public service or teaching programs, or for administrative purposes.
Additional personal information, such as credit card account information, may be requested for
purchases or enrollment purposes.

Web servers typically collect, at least temporarily, the following information: Internet Protocol
(IP) address of computer being used; web pages requested; referring web page; browser used,;
date and time. UC Berkeley may collect statistics identifying particular IP addresses from which
our websites are accessed.

Use of collected information

UC Berkeley may use personal information collected from websites for the purpose of future
communication back to online enrollees, in order to keep you informed of such activities as
campus programs, symposia and/or special events, but only if you are provided the opportunity
to opt out of that type of use.

UC Berkeley may use browser-1P-address information and anonymous-browser history to report
information about site accesses and for profiling purposes. This information is generally used to
improve Web presentation and utilization. The campus also may use IP address information for
troubleshooting purposes.

Some UC Berkeley online activity sites may use “cookies” in order to deliver web content

specific to individual users’ interests or to keep track of online purchasing transactions. Sensitive
personal information is not stored within cookies.

Distribution of collected information:

By using this site, you are consenting to the release of your personal information to Nokia for
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purposes of this project. Nokia’s Privacy Policy is at

http://traffic.berkeley.edu/pilot/nokia_privacy.html. Please do not use
this site if you do not wish your information to be released by UC Berkeley to Nokia for these
purposes. Other than to Nokia, UC Berkeley will not distribute or sell personal information to
third-party organizations.

Other than to Nokia, UC Berkeley will not disclose, without your consent, personal information

collected about you, except for certain explicit circumstances in which disclosure is required by
law.

Individual choice

Individuals who wish to use methods other than online enroliment may submit requests by email
or U.S. mail addressed to the UC Berkeley organization responsible for the website.

Access to your own information

Questions regarding users’ rights to review, modify or delete their previously provided personal
information should be directed to the campus organization to which they provided the
information. Any disputes will be resolved under existing records regulations applicable to UC
Berkeley.

Additional Information

For more detailed information about requirements for campus online activities see the e-Berkeley
Policy section on Privacy and Confidentiality of Information.

Responsibility for sites linked to

While using a UC Berkeley website, you may encounter hypertext links to the Web pages of
organizations not directly affiliated with UC Berkeley. UC Berkeley does not control the content
or information practices of external organizations. We recommend you review the privacy
statements of these organizations.
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4.4.2. Privacy Policy - Nokia

WE CARE ABOUT YOUR PRIVACY

Nokia is committed to protecting your privacy and to complying with applicable data protection
and privacy laws. We hope that this Privacy Policy (“Policy”) helps you understand what kind of
information we collect in connection with our products and services and how we process such
information. “Nokia” refers to Nokia Corporation, including its affiliates (also referred to as
“we”, “us”, or “our”). This Policy applies to the Mobile Millennium project. It is not applicable
to other Nokia services, products or projects, unless incorporated by specific reference to this

Policy.
Privacy by Design™

The Mobile Millennium project employs a holistic approach to the collection, use and disclosure
of your personal information. Privacy by Design follows three major principles:

o Build privacy into the system.

. Minimize the amount of sensitive information that is collected, transferred, and
stored.

. Discard unnecessary or revealing information at every step.

Why are we collecting GPS information?

The purpose of this mobile map client application is to develop accurate, fine-grained traffic
models. Currently, traffic information is collected by sensors on, around, and underneath major
roads. These sensors are expensive to install and maintain and, in many cases, are not present on
many roads.

The purpose of the Mobile Millennium project is to explore the possibility of monitoring traffic
conditions through GPS-enabled phones. When combined with our mobile map client
application, your GPS-enabled phone can act as traffic sensor. If there are many phones
collecting traffic data, we can build better traffic models. As a result, you (and other drivers) can
receive more comprehensive, up-to-date traffic information.

What information do we collect?

When you register on Berkeley’s Mobile Millennium website
(http://www.traffic.berkeley.edu), Berkeley collects some personal information,
such as your phone number and email address (“Registration Information”). Berkeley’s treatment
of the Registration Information is governed by Berkeley’s privacy policy, located at

http://traffic.berkeley.edu/pilot/UCB_privacy.html. Berkeley shares

Registration Information with Nokia. Nokia’s treatment of the Registration Information is
governed by this privacy policy. Nokia uses the Registration Information to send you, via SMS
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or email, a link to a web page from which you can download Nokia’s mobile traffic client. If you
opted-in to receiving surveys about the Mobile Millennium Traffic Pilot during Registration, we
may also contact you when we run these surveys.

When you use the Mobile Millennium Traffic Pilot, your mobile device will be sending
anonymous GPS data to us. GPS data includes your GPS coordinates, velocity, and a time stamp
(“GPS Data”). Nokia does not link your GPS Data to your Registration Information.

GPS Data is only gathered when you cross a Trip Line™. A Trip Line is a virtual location that is
important for traffic, such as an intersection or a freeway exit. Trip Lines are placed on major
roads only; there are no Trip Lines on small residential roads.

From Nokia’s point of view, we only know that someone crossed a Trip Line at a certain time
and speed. For example, we may know that a user crossed the intersection of University and
Shattuck at 2 pm at 25 mph. If there is only one user in Berkeley at that time, one could speculate
that the same person crossed the intersection of University and Sacramento a few minutes later.
However, there is no way to associate the GPS Data with the Registration Information in order to
identify the person as Joe the Plumber. However, if there is more than one user in the same area,
we cannot distinguish between who continued to University and Sacramento and who turned off
University onto MLK and who turned off MLK onto University and who drove on MLK past
University.

After collected GPS Data is sent to our servers, it is periodically and automatically deleted from
your mobile device. Your mobile device does not store GPS Data on a persistent basis. When
you exit the application, the location shown on your screen will be stored. This location may or
may not be related to your actual physical location.

In the future, we may offer personalized traffic reports. Personalization (which is optional)
requires sharing personally identifying data to fulfill your requests.

Finally, we may collect anonymous usage statistics solely in order to help us improve the
application and our services, such as the installation date of the application, the number of times
that the application has been opened since installation, and the total amount of time that the
application has been opened, that GPS is on, that GPS is on and location data is not available, the
number of network errors the application encounters, and other usage information. Usage
statistics are very general. Nokia does not link usage data to your Registration Information or
GPS Data.

Can anyone link my GPS Data back to me?

o We encrypt your GPS Data before it is sent to us from your mobile device in
order to prevent access to your GPS Data in transit, even if someone is eavesdropping on
the transmission.

o The GPS Data that is gathered is first anonymized and then ultimately aggregated
There is no way to recreate the GPS Data from any given individual once it has been
aggregated. We never link your Registration Information to your GPS Data.
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o It is not possible to infer where you live or the origin or destination of your trips.
The way the system is designed (e.g. anonymized GPS Data, limited number of
TripLines), we never see the actual origin or destination point of your journeys. Also,
with a reasonable number of participants in a geographical area, it is not possible to
associate any single individual with a trip from point A to point B.

We are working with a major university on the Mobile Millennium pilot project that incorporates
the privacy features described in this policy. Other experts who feel they could contribute to the
project are welcome to contact us to participate in this analysis.

With whom will the GPS Data be shared?

The GPS Data that is gathered from you and other users is anonymized and then aggregated and
cannot be linked back to any individual. Aggregated data may be shared with the user
community, e.g., as the red, yellow, and green traffic lines that you see in your application.
Aggregated data may also be shared with or sold to other entities, such as the Department of
Transportation (“DOT”) or the California Center for Innovative Transportation (“CCIT”) for
research and analytical purposes.

With whom will your Registration Information be shared?

We do not sell, lease, rent or otherwise disclose your Registration Information to third parties
unless otherwise stated below.

. Consent We may share your Registration Information if we have your consent to
do so.
. Nokia companies and authorized third parties We may share your Registration

Information with other Nokia companies or authorized third parties who process
Registration Information for Nokia for the purposes described in this Policy. Such parties
are not permitted to use your Registration Information for other purposes, and we require
them to act consistently with this Policy and to use appropriate security measures to
protect your Registration Information.

o Mandatory disclosures We may be obligated by mandatory law to disclose your
Registration Information to certain authorities or other third parties, for example, to law
enforcement agencies in the countries where we or third parties acting on our behalf
operate. We may also disclose and otherwise process your Registration Information in
accordance with applicable law to defend Nokia’s legitimate interests, for example, in
civil or criminal legal proceedings.

The Purposes for which We Process Your Registration Information

Nokia processes end user Registration Information for the purposes described in this Policy
and/or the Privacy by Design description. Please note that one or more purposes may apply
simultaneously and in the event of a conflict between the Privacy by Design description and this
Policy, the Policy shall control.
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. Provision of products and services We may use your Registration Information to
fulfill your requests, process your order or as otherwise may be necessary to perform or
enforce the contract between you and Nokia, to ensure the functionality and security of
our products and services, to identify you and to prevent and investigate fraud and other
Misuses.

. Development of products and services We may use your Registration Information
to develop our products and/or services. However, for the most part we only use
aggregate and statistical information in the development of our products and services. We
may create aggregate and statistical information based on your Registration Information.
. Communicating with you We may use your Registration Information to
communicate with you, for example, to provide information relating to our products
and/or services you are using or to contact you for customer satisfaction queries. We may
use your Registration Information for research purposes; however, will not disclose your
Registration Information to third parties for non-research purposes without your prior
consent.

Data Quality

We take reasonable steps to keep the Registration Information we possess accurate and
up-to-date and to delete out of date or otherwise incorrect or unnecessary Registration
Information.

Security

While there are always risks associated with providing Registration Information, whether in
person, by phone, via the Internet or otherwise, and no technology is completely safe or “tamper”
or “hacker” proof, Nokia takes appropriate technical and organizational information security
measures to prevent and minimize such risks.

Such measures include, where appropriate, the use of firewalls, secure server facilities,
encryption, implementing proper access rights management systems and processes, careful
selection of processors and other technically and commercially reasonable measures to provide
appropriate protection for your Registration Information against unauthorized use or disclosure.
Where appropriate, we may also take back-up copies and use other such means to prevent
accidental damage or destruction to your Registration Information. If a particular part of a Nokia
website supports on-line transactions, we will use an industry standard security measure, such as
the one available through “Secure Sockets Layer” (“SSL”), to protect the confidentiality and
security of online transactions.

Your Rights

In case you wish to know what Registration Information we hold about you or you wish to
replenish, rectify, anonymized or delete any incomplete, incorrect or outdated Registration
Information, or you wish us to cease processing your Registration Information for the purpose of
sending promotional materials or direct marketing or for the performance of market research or
on other compelling legal grounds, you may, as appropriate and in accordance with applicable
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law, exercise such rights by contacting us through the contact points referred to below. In some
cases, especially if you wish us to delete or cease the processing of your Registration
Information, this may also mean that we may not be able to continue to provide the services to
you. We encourage you to use available profile management tools for the above purposes as such
tools often provide you with direct access to your Registration Information and allow you to
effectively manage it.

Please note that Nokia may need to identify you and to ask for additional information in order to
be able to fulfill your above request. Please also note that applicable law may contain restrictions
and other provisions that relate to your above rights.

The Controller of Your Registration Information and Contact Details

Nokia Corporation of Keilalahdentie 4, 02150 Espoo, Finland shall be the controller of your
Registration Information.

In matters pertaining to Nokia’s privacy practices you may also contact us at:

Nokia Corporation
c/o Privacy
Keilalahdentie 4
02150 Espoo
Finland
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4.4.3. Terms of Service - UC

Terms and Conditions of Use
University of California, Berkeley

1. Terms and Conditions of Use:

By using this site and all other Regents of the University of California sites, referred to as “these
sites,” you agree to these terms of use. If you do not agree to these terms of use, please do not
use these sites. These sites are owned and operated by Regents of the University of California
(referred to as “University,” “we,” “us,” or “our” herein). We reserve the right, at our discretion,
to change, modify, add, or remove portions of these terms at any time. Please check these terms
periodically for changes. Your continued use of these sites following the posting of changes to
these terms will mean you accept those changes.

2. Disclaimer:

THE REGENTS OF THE UNIVERSITY OF CALIFORNIA MAKE NO REPRESENTATION
OR WARRANTIES WITH RESPECT TO THE CONTENTS HEREOF AND SPECIFICALLY
DISCLAIM ANY IMPLIED WARRANTIES OR

MERCHANTABILITY OR FITNESS FOR ANY PARTICULAR PURPOSE. Further, the
Regents of the University of California reserve the right to provide revised software and/or
documentation and to make changes from time to time in the content hereof without obligation
of the Regents of the University of California to notify any person of such revision or change.

3. University Internet Sites:

The majority of University web sites do not represent the University itself in any way. Any
content contained or accessible from these sites, regardless of access method (http, ftp, etc.),
does not reflect the views of the Regents of the University of California. The Regents does not
endorse, warrant, or otherwise take responsibility for the contents of any material accessible
from these sites.

4. Endorsements:
Links from any web site located on a University server to any non-University site do not imply
University endorsement of the site’s products or services. References to non-University products,

services, or organizations do not imply University endorsement of the products, services, or
organizations.

5. General Liability:
The materials on University’s Internet site are provided “as is” and without warranties of any
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kind either express or implied. To the fullest extent permissible pursuant to applicable law,
University disclaims all warranties, express or implied, including, but not limited to, implied
warranties of merchantability and fitness for a particular purpose. University does not warrant
that the services will meet your requirements, the functions contained in the materials will be
uninterrupted or error-free, that defects will be corrected, or that this site or the server that makes
it available are free of viruses or other harmful components. University does not warrant or make
any representations regarding the use or the results of the use of the materials in this site in terms
of their correctness, accuracy, quality, reliability, appropriateness for a particular task or
application, or otherwise. No oral or written information or advice given by service provider or
its authorized representatives shall create a warranty. You are entirely responsible for and
assume all risk for use of the service and the materials on this site. In no event will University be
liable for any special, indirect, incidental, or consequential damages even if University has been
advised of the possibility of such damages. You should not use the service, web site or the
material contained therein where damage could result if an error occurred. University does not
warrant or represent that its security procedures will prevent the loss of or improper access to
your data. University is not responsible for transmission errors or corruption or security of
information carried over telecommunication/data lines.

6. Limitation of Liability:

This disclaimer of liability applies to any general, special or consequential damages or injury
caused by any negligence, failure of performance, error, omission, interruption, deletion, defect,
delay in operation or transmission, computer virus, communication line failure, theft or
destruction or unauthorized access to, alteration, or use, whether for breach of contract, tortuous
behavior, negligence, or under any other cause of action. You specifically acknowledge that
University is not liable for any defamatory, offensive, infringing or illegal materials or conduct
on the part of, or attributable to, any third party. University reserves the right to remove such
materials from its web site without liability.

Under no circumstances, including, but not limited to, negligence, shall University be liable for
any special or consequential damages that result from the use of, or the inability to use, the
materials in this site, even if University or a University authorized representative has been
advised of the possibility of such damages. Applicable law may not allow the limitation or
exclusion of liability or incidental or consequential damages, so the above limitation or exclusion
may not apply to you. In no event shall University’s total liability to you for all damages, losses,
and causes of action (whether in contract, tort including, but not limited to, negligence, or
otherwise) exceed the amount paid by you, if any, for accessing this site.

7. Disclaimer of Responsibility for Link:

University’s web site contains links to sites that are not maintained by University. University is
not responsible for the content of those sites. Other linked sites may change without our
knowledge. The inclusion of such links and frames in the University web site does not imply
University’s endorsement of the linked or framed sites or their content.

University makes no representations whatsoever about any other web site that you may access
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through this one. When you access a non- University site, that site is independent from
University. University has no control over the content on that web site. In addition, a link to a
non-University site does not mean that University endorses or accepts any responsibility for the
content, or the use, of such site. It is your responsibility to take precautions to ensure that
whatever you select for your use is free of such items as viruses, worms, Trojan horses and other
items of a destructive nature. In no event will University be liable to any party for any direct,
indirect, special or other consequential damages for any use of this website, or on any other
linked website, including, without limitation, any lost profits, business interruption, loss of
programs or other data on your information handling system or otherwise, even if we are
expressly advised of the possibility of such damages.

In these terms of service, “University”, “we”, “us”, and “our” includes Nokia Corporation and its
affiliates (“Nokia”), to the extent the terms are applied to the Mobile Millenium Traffic Pilot and
the website related to the pilot, provided that Nokia does not take on any obligations with respect
to such website. Nokia is cooperating with the University in running the pilot.
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4.4.4. Terms of Service - Nokia

1. These terms and conditions (the “Terms”) and the Nokia privacy policy available
at
http://traffic.berkeley._edu/pilot/nokia_privacy.html(“Privacy
Policy”) shall govern the use by you of the Nokia mobile traffic navigation services (the
“Service”), operated and provided by Nokia Corporation, its subsidiaries, or affiliates
(“Nokia”) and together shall constitute an agreement between you and Nokia of Espoo,
Finland. These Terms are only applicable to the Service and do not apply to any other
Nokia services, websites, business channels or other business operations, unless explicitly
so stated. By accessing and using the Service, you expressly agree to the following
Terms. If you do not agree to the following Terms, please note that you are not allowed
to use the Service.

2. The Service utilizes mobile map client software (“Software”) which operates on
GPS-equipped mobile phones in order to collect data for purposes of processing and
rendering relevant, live traffic information. The Software and its servers and other
supporting infrastructure will collect, process, collate, and render for end users a large
volume of data concerning such end users’ traffic activities and their use of traffic and
other information. In order to use the Services, you need to make sure that the Software is
installed and operating on your GPS-equipped mobile phone and that your GPS is turned
on. Please note that GPS-related services may be very data intensive and that you are
responsible for all costs incurred in connection with your use of the Software and
Service, including but not limited to any phone, data plan or other usage charges. Nokia
strongly recommends that you subscribe to an unlimited data plan. The Software which
you use may from time to time automatically download and install updates from Nokia.
These updates are designed to improve the Services and may take the form of bug fixes,
enhanced functions, and/or new software versions. You agree to receive such updates as
part of your use of the Service.

3. The content of the Service is ©2008 Nokia Corporation (or the respective Nokia
suppliers or other third parties). Any rights not expressly granted herein are reserved.
Your use of the Service and the content therein, is restricted to private, non-commercial
use. Reproduction, transfer, distribution or storage of part or all of the Service or its
contents in any form without the prior written permission of Nokia is prohibited.

4. For your easy accessibility, Nokia may include links to sites on the Internet that
are owned or operated by third parties. Upon following a link to such third-party site, you
will need to review and comply with that site’s rules of use before using such site. You
should be aware that third-party content presented to you as part of the Service may be
protected by intellectual property rights which are owned by the third parties who provide
that content to Nokia. You may not modify, sell, distribute or create derivative works
based on this content unless you have been specifically permitted to do so in a separate
agreement by Nokia or by the owners of that content, as the case may be. You agree
that Nokia has no control over the third party content of third-party sites and does not
assume any responsibility for services provided or material created or published by such
sites. You acknowledge and agree that Nokia is not liable for any loss or damage which
may be incurred by you as a result of the availability of those external sites or resources,
or as a result of any reliance placed by you on the completeness, accuracy or existence of
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any advertising, products or other materials on, or available from, such sites or resources.
A link to a third-party site does not imply that Nokia endorses the site or the products or
services referenced in the site.

5. To use the Service, you must be at least thirteen years of age. If you are at least
thirteen years of age but a minor where you live, you must have permission from your
parent or legal guardian to use the Service.

6. You agree to provide and maintain accurate, current and complete information
when registering for the Service.
7. Nokia is a registered trademark of Nokia Corporation. Nokia’s product names are

either trademarks or registered trademarks of Nokia. Other product and company names
mentioned herein may be trademarks or trade names of their respective owners. The
Service and related software are protected under U.S. and international copyright laws
and you are hereby notified that copyrights are claimed by Nokia Corporation and/or its
affiliates. Your access to the Service should not be construed as granting, by implication,
estoppel or otherwise, any license or right to use any marks appearing on the Service
without the prior written consent of Nokia or the third party owner thereof. You agree to
abide by any and all copyright notices displayed on the Service. You also agree not to
attempt to decompile or disassemble, reverse engineer or otherwise attempt to discover
any source code contained in the Service.

8. In connection with the Service and Software, you: (a) hereby consent to the data
being used and processed by Nokia in order to improve the Software and Service and
related mobile traffic software; (b) you will not use the Software or Service to perform
any unauthorized data collection, extraction or mining or gain or attempt to gain
unauthorized access to Nokia’s or any Service visitor’s computer system; (c) will not
submit a virus, Trojan horse, “sniffer” routine, backdoors, “robots”, “spiders”, worms,
time bombs, bots, or other harmful software code, file, program or programming routine,
or other contaminating or destructive features; (d) will not impose an unreasonably large
load on the Service or Nokia’s computer systems, or use a computer programming
routine, file or device to damage or interfere with the operation of the Service; (e) will
not spam Nokia; and (f) will comply with all applicable laws, including all applicable
export control laws and not to transfer or make available to a destination prohibited by
such laws any content, software, encryption or materials subject to restrictions under such
laws.

9. THE SERVICE IS PROVIDED ON AN “AS IS” AND “AS AVAILABLE”
BASIS. NOKIA DOES NOT WARRANT THAT THE SERVICE WILL BE
UNINTERRUPTED OR ERROR OR VIRUS-FREE. NO WARRANTY OF ANY
KIND, EITHER EXPRESS OR IMPLIED, INCLUDING BUT NOT LIMITED TO
WARRANTIES OF TITLE OR NON-INFRINGEMENT OR IMPLIED WARRANTIES
OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE, IS
MADE IN RELATION TO THE AVAILABILITY, ACCURACY, RELIABILITY OR
CONTENT OF THE SERVICE. YOU EXPRESSLY AGREE AND ACKNOWLEDGE
THAT THE USE OF THE SERVICE IS AT YOUR SOLE RISK AND THAT YOU
MAY BE EXPOSED TO CONTENT FROM VARIOUS SOURCES. NOKIA
ASSUMES NO LIABILITY OR RESPONSIBILITY FOR ANY CONTENT OR
INFORMATION PROVIDED BY OTHER USERS OF THE SERVICES.

10. NOKIA SHALL NOT BE LIABLE FOR ANY DIRECT, INDIRECT,
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INCIDENTAL, SPECIAL, PUNITIVE OR CONSEQUENTIAL OR OTHER
DAMAGES, LOST PROFITS, BUSINESS REVENUE, GOODWILL, ANTICIPATED
SAVINGS, OR DATA, CAUSED BY THE USE OF OR INABILITY TO USE THE
SERVICE EVEN IF THE POSSIBILITY OF SUCH DAMAGES HAS BEEN
ADVISED. SOME JURISDICTIONS DO NOT ALLOW EXCLUSION OF CERTAIN
WARRANTIES OR LIMITATIONS OF LIABILITY, SO THE EXCLUSIONS OR
LIMITATIONS IN THE TERMS MAY NOT APPLY TO YOU. THE LIABILITY IS IN
SUCH CASE LIMITED TO THE GREATEST EXTENT PERMITTED BY LAW.

11. The Privacy Policy and additional provisions in the Terms govern use of your
personal data. As explained in more detail in the Privacy Policy, your personal data will
be processed for the following purposes: to improve Nokia products and services; to
communicate with you (for example, to provide surveys for research purposes); to
personalize Nokia’s offering; to comply with mandatory legal requirements and in
connection with law enforcement, civil or criminal legal proceedings. If Nokia decides to
sell, buy, merge or otherwise reorganize its businesses in some countries, this may
involve Nokia disclosing personal data to prospective or actual purchasers, or receiving it
from sellers, or their advisers. Transfers of your personal data as described above may
include transfers or disclosures outside the European Economic Area and in the United
States of America or other regions where adequate protection for your personal data may
not be guaranteed. In such a case Nokia takes appropriate measures to provide adequate
protection for your personal data.

If you want to access, update or delete any personal data, or you want Nokia to stop
processing your personal data for marketing purposes, contact us at:

Nokia Corporation
c/o Privacy
Keilalahdentie 4
02150 Espoo
Finland

12. The Service may not be available in some countries and may be provided only in
selected languages. The Service may be network dependent, contact your network service
provider for more information. Nokia reserves the right, in its sole discretion, to change,
improve and correct the Service. The Service may not be available during maintenance
breaks and other times. Nokia may prevent your access to the Service or any part thereof
if it believes you have breached the Terms. Nokia may also decide to discontinue the
Service or any part thereof in its sole discretion. In such case you will be provided a prior
notification.

13. YOU AGREE TO DEFEND, INDEMNIFY AND HOLD HARMLESS NOKIA,
OFFICERS, DIRECTORS, EMPLOYEES AND AGENTS FROM AND AGAINST
ANY AND ALL THIRD PARTY CLAIMS AND ALL LIABILITIES, ASSESSMENTS,
LOSSES, COSTS OR DAMAGES RESULTING FROM OR ARISING OUT OF: 1)
YOUR BREACH OF THE TERMS; OR 1I) YOUR INFRINGEMENT OR VIOLATION
OF ANY INTELLECTUAL PROPERTY, OTHER RIGHTS OR PRIVACY OF A
THIRD PARTY.
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14, Nokia reserves the right to modify the Terms at any time without prior notice.
Such changed Terms will be effective once posted to the “About” or equivalent area of
the Service, or as otherwise noticed to you. You are responsible for regularly reviewing
the Terms.

You understand and agree that if you use the Service after the date on which the Terms
have changed, Nokia will treat your use as acceptance of the updated Terms.

15.  You may stop using the Service at any time. You do not need to specifically
inform Nokia when you stop using the Service. The Terms will continue to apply until
terminated by Nokia as set out below. Nokia may at any time suspend Service and/or
terminate its legal agreement with you if: (a) you have breached any provision of the
Terms; (b) Nokia is required to do so by law; (c) Nokia is planning to no longer provide
the Service to users in the country in which you are located or use the service; or (d) the
provision of the Service is, in Nokia’s opinion, no longer commercially viable.

16. You may not assign any rights or obligations under these Terms without Nokia’s
prior written consent. Nokia may assign these Terms or its rights and obligations
hereunder to a third party without your prior notice or approval.

17.  The Terms shall be governed by the laws of New York without regard to its
conflicts of law provisions. Any and all claims, except claims for monies due to Nokia,
arising out of or relating to the purchase of products, content or services by you shall be
barred unless an action or legal proceeding is commenced within eighteen (18) months
after the date you or Nokia knew or should have known of the facts giving rise to such
claim. Any dispute relating in any way to your use of the Service, or your materials,
product or service order from the Service, shall be submitted (together with any
counterclaims and disputes under or in connection with other transactions or agreements
between you and Nokia) to final and binding, confidential arbitration in Westchester
County, New York, except that Nokia may seek injunctive or other appropriate relief if
you have violated or threatened to violate any intellectual property rights. All matters
relating to arbitration shall be governed by the Federal Arbitration Act (9 U.S.C. 81 et.
seq.). Arbitration shall be conducted by a single arbitrator under the then prevailing
Wireless Arbitration Rules of the American Arbitration Association (“AAA”) (except as
such rules may be modified by the provisions of the Terms), Each Party shall submit or
file any claim which would constitute a compulsory counterclaim (as defined by Rule 13
of the Federal Rules of Civil Procedure) within the same proceeding as the claim to
which it relates. Any such claim which is not submitted or filed in such proceeding shall
be barred. Subject to any terms contained in the Terms limiting or excluding damages,
the arbitrator may award any relief that the arbitrator deems proper, including without
limitation equitable relief, provided that no award of exemplary, special, consequential or
punitive damages shall be permitted. The prevailing party, as determined by the
arbitrator, shall pay the AAA arbitration fees and the arbitrator’s fees and expenses, as
applicable. The arbitrator’s award shall be binding and may be entered as a judgment and
enforceable in any court of competent jurisdiction. To the fullest extent permitted by
applicable law, the arbitration shall be conducted on an individual, not a class-wide basis,
and no arbitration under the Terms shall be consolidated with or joined to an arbitration
involving any other person or entity, whether through class arbitration proceedings or
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otherwise, without the prior written consent of you and Nokia.

18.  The Terms shall neither exclude nor limit any of your mandatory rights in your
country of residence. If a provision of the Terms is found to be invalid, the validity of the
remaining provisions shall not be affected and the invalid provision shall be replaced
with a valid provision that comes closest to the result and purpose of the Terms. If there
is any conflict between these Service Terms and Privacy Policy, the provisions of these
Service Terms shall prevail. The provisions of the Terms that are intended to survive
termination shall remain valid after any termination.
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4.4.5. End User Software Agreement (Nokia)

IMPORTANT: READ CAREFULLY BEFORE INSTALLING, DOWNLOADING, OR
USING THE SOFTWARE

NOKIA CORPORATION END-USER SOFTWARE AGREEMENT

This Software Agreement (“Agreement”) is between You (either an individual or an entity), the
End User, and Nokia Corporation (“Nokia”). The Agreement authorizes You to use the Software
specified in Clause 1 below, which may be stored on a CD-ROM, sent to You by electronic mail,
or downloaded from Nokia’s Web pages or Servers or from other sources under the terms and
conditions set forth below. This is an agreement on end-user rights and not an agreement for sale.
Nokia continues to own the copy of the Software and the physical media contained in the sales
package and any other copy that You are authorized to make pursuant to this Agreement.

Read this Agreement carefully before installing, downloading, or using the Software. By clicking
on the “I Accept” button while installing, downloading, and/or using the Software, You agree to
the terms and conditions of this Agreement. If you do not agree to all of the terms and conditions
of this Agreement, promptly click the “Decline” or “I Do Not Accept” button, cancel the
installation or downloading, or destroy or return the Software and accompanying documentation
to Nokia. YOU AGREE THAT YOUR USE OF THE SOFTWARE ACKNOWLEDGES THAT
YOU HAVE READ THIS AGREEMENT, UNDERSTAND IT, AND AGREE TO BE BOUND
BY ITS TERMS AND CONDITIONS.

1. SOFTWARE. As used in this Agreement, the term “Software” means,
collectively: (i) the software product identified above (ii) all the contents of the disk(s),
CD-ROM(s), electronic mail and its file attachments, or other media with which this
Agreement is provided, including the object code form of the software delivered via a
CD-ROM, electronic mail, or Web page (iii) digital images, stock photographs, clip art,
or other artistic works (“Stock Files”) (iv) related explanatory written materials and any
other possible documentation related thereto (“Documentation”); (v) fonts, and (vi)
upgrades, modified versions, updates, additions, and copies of the Software (collectively
“Updates™), if any, licensed to You by Nokia under this Agreement.
2. END-USER RIGHTS AND USE. Nokia grants to You non-exclusive,
non-transferable end-user rights to install the Software on the local hard disk(s) or other
permanent storage media of one computer and use the Software on a single computer or
terminal at a time.
3. LIMITATIONS ON END-USER RIGHTS. You may not copy, distribute, or
make derivative works of the Software except as follows:
@) You may make one copy of the Software on magnetic media as an
archival backup copy, provided Your archival backup copy is not installed or used
on any computer. Any other copies You make of the Software are in violation of
this Agreement.
(b) You may not use, modify, translate, reproduce, or transfer the right to use
the Software or copy the Software except as expressly provided in this
Agreement.
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(c) You may not resell, sublicense, rent, lease, or lend the Software.
(d) You may not reverse engineer, reverse compile, disassemble, or otherwise
attempt to discover the source code of the Software (except to the extent that this
restriction is expressly prohibited by law) or create derivative works based on the
Software.
(e) Unless stated otherwise in the Documentation, You shall not display,
modify, reproduce, or distribute any of the Stock Files included with the
Software. In the event that the Documentation allows You to display the Stock
Files, You shall not distribute the Stock Files on a stand-alone basis, i.e., in
circumstances in which the Stock Files constitute the primary value of the product
being distributed. You should review the “Readme” files associated with the
Stock Files that You use to ascertain what rights You have with respect to such
materials. Stock Files may not be used in the production of libelous, defamatory,
fraudulent, infringing, lewd, obscene, or pornographic material or in any
otherwise illegal manner. You may not register or claim any rights in the Stock
Files or derivative works thereof.
()] You agree that You shall only use the Software in a manner that complies
with all applicable laws in the jurisdiction in which You use the Software,
including, but not limited to, applicable restrictions concerning copyright and
other intellectual property rights.
4, COPYRIGHT. The Software and all rights, without limitation including
proprietary rights therein, are owned by Nokia and/or its licensors and affiliates and are
protected by international treaty provisions and all other applicable national laws of the
country in which it is being used. The structure, organization, and code of the Software
are the valuable trade secrets and confidential information of Nokia and/or its licensors
and affiliates. You must not copy the Software, except as set forth in clause 3
(Limitations On End-User Rights). Any copies which You are permitted to make
pursuant to this Agreement must contain the same copyright and other proprietary notices
that appear on the Software.
5. MULTIPLE ENVIRONMENT SOFTWARE /MULTIPLE LANGUAGE
SOFTWARE /DUAL MEDIA SOFTWARE /MULTIPLE COPIES /UPDATES. If the
Software supports multiple platforms or languages, if You receive the Software on
multiple media, or if You otherwise receive multiple copies of the Software, the number
of computers on which all versions of the Software are installed shall be one computer.
You may not rent, lease, sublicense, lend, or transfer versions or copies of the Software
You do not use. If the Software is an Update to a previous version of the Software, You
must possess valid end-user rights to such a previous version in order to use the Update,
and You may use the previous version for ninety (90) days after You receive the Update
in order to assist You in the transition to the Update. After such time You no longer have
a right to use the previous version, except for the sole purpose of enabling You to install
the Update.
6. COMMENCEMENT & TERMINATION. This Agreement is effective from the
first date You install the Software. You may terminate this Agreement at any time by
permanently deleting, destroying, and returning, at Your own costs, the Software, all
backup copies, and all related materials provided by Nokia. Your end-user rights
automatically and immediately terminate without notice from Nokia if You fail to comply
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with any provision of this Agreement. In such an event, You must immediately delete,
destroy, or return at Your own cost, the Software, all backup copies, and all related
material to Nokia.

7. YOU ACKNOWLEDGE THAT THE SOFTWARE IS PROVIDED “AS IS”
WITHOUT WARRANTY OF ANY KIND, EXPRESS OR IMPLIED, AND TO THE
MAXIMUM EXTENT PERMITTED BY APPLICABLE LAW NEITHER NOKIA, ITS
LICENSORS OR AFFILIATES, NOR THE COPYRIGHT HOLDERS MAKE ANY
REPRESENTATIONS OR WARRANTIES, EXPRESS OR IMPLIED, INCLUDING
BUT NOT LIMITED TO THE WARRANTIES OF MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE OR THAT THE SOFTWARE WILL NOT
INFRINGE ANY THIRD PARTY PATENTS, COPYRIGHTS, TRADEMARKS, OR
OTHER RIGHTS. THERE IS NO WARRANTY BY NOKIA OR BY ANY OTHER
PARTY THAT THE FUNCTIONS CONTAINED IN THE SOFTWARE WILL MEET
YOUR REQUIREMENTS OR THAT THE OPERATION OF THE SOFTWARE WILL
BE UNINTERRUPTED OR ERROR-FREE. YOU ASSUME ALL RESPONSIBILITY
AND RISK FOR THE SELECTION OF THE SOFTWARE TO ACHIEVE YOUR
INTENDED RESULTS AND FOR THE INSTALLATION, USE, AND RESULTS
OBTAINED FROM IT.

8. NO OTHER OBLIGATIONS. This Agreement creates no obligations on the part
of Nokia other than as specifically set forth herein.

0. LIMITATION OF LIABILITY. TO THE MAXIMUM EXTENT PERMITTED
BY APPLICABLE LAW, IN NO EVENT SHALL NOKIA, ITS EMPLOYEES OR
LICENSORS OR AFFILIATES BE LIABLE FOR ANY LOST PROFITS, REVENUE,
SALES, DATA, OR COSTS OF PROCUREMENT OF SUBSTITUTE GOODS OR
SERVICES, PROPERTY DAMAGE, PERSONAL INJURY, INTERRUPTION OF
BUSINESS, LOSS OF BUSINESS INFORMATION, OR FOR ANY SPECIAL,
DIRECT, INDIRECT, INCIDENTAL, ECONOMIC, COVER, PUNITIVE, SPECIAL,
OR CONSEQUENTIAL DAMAGES, HOWEVER CAUSED AND WHETHER
ARISING UNDER CONTRACT, TORT, NEGLIGENCE, OR OTHER THEORY OF
LIABILITY ARISING OUT OF THE USE OF OR INABILITY TO USE THE
SOFTWARE, EVEN IF NOKIA OR ITS LICENSORS OR AFFILIATES ARE
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. BECAUSE SOME
COUNTRIES/STATES/JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF
LIABILITY, BUT MAY ALLOW LIABILITY TO BE LIMITED, IN SUCH CASES,
NOKIA, ITS EMPLOYEES OR LICENSORS OR AFFILIATES’ LIABILITY SHALL
BE LIMITED TO U.S. $50.

Nothing contained in this Agreement shall prejudice the statutory rights of any party
dealing as a consumer. Nothing contained in this Agreement limits Nokia’s liability to
You in the event of death or personal injury resulting from Nokia’s negligence. Nokia is
acting on behalf of its employees and licensors or affiliates for the purpose of
disclaiming, excluding, and/or restricting obligations, warranties, and liability as
provided in this clause 9, but in no other respects and for no other purpose.

10.  TECHNICAL SUPPORT. Nokia has no obligation to furnish You with technical
support unless separately agreed in writing between You and Nokia.
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11. EXPORT CONTROL. The Software, including technical data, includes
cryptographic software subject to export controls under the U.S. Export Administration
Regulations (“EAR”) and may be subject to import or export controls in other countries.
The EAR prohibits the use of the Software and technical data by a Government End User,
as defined hereafter, without a license from the U.S. government. A Government End
User is defined in Part 772 of the EAR as “any foreign central, regional, or local
government department, agency, or other entity performing governmental functions;
including governmental research institutions, governmental corporations, or their separate
business units (as defined in part 772 of the EAR) which are engaged in the manufacture
or distribution of items or services controlled on the Wassenaar Munitions List, and
international governmental organizations. This term does not include: utilities
(telecommunications companies and Internet service providers; banks and financial
institutions; transportation; broadcast or entertainment; educational organizations; civil
health and medical organizations; retail or wholesale firms; and manufacturing or
industrial entities not engaged in the manufacture or distribution of items or services
controlled on the Wassenaar Munitions List.)” You agree to strictly comply with all
applicable import and export regulations and acknowledge that You have the
responsibility to obtain licenses to export, re-export, transfer, or import the Software. You
further represent that You are not a Government End User as defined above, and You will
not transfer the Software to any Government End User without a license.

12. NOTICES. All notices and return of the Software and Documentation should be
delivered to:

NOKIA CORPORATION
P.O. Box 100

FIN-00045 NOKIA GROUP
FINLAND

13. APPLICABLE LAW & GENERAL PROVISIONS.

This Agreement is governed by the laws of Finland. All disputes arising from or relating
to this Agreement shall be settled by a single arbitrator appointed by the Central Chamber
of Commerce of Finland. The arbitration procedure shall take place in Helsinki, Finland
in the English language. If any part of this Agreement is found void and unenforceable, it
will not affect the validity of the balance of the Agreement, which shall remain valid and
enforceable according to its terms. This Agreement may only be modified in writing by
an authorized officer of Nokia.

This is the entire agreement between Nokia and You relating to the Software, and it
supersedes any prior representations, discussions, undertakings, end-user agreements,
communications, or advertising relating to the Software.

PLEASE SUBMIT ANY ACCOMPANYING REGISTRATION FORMS TO RECEIVE
REGISTRATION BENEFITS.
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4.5. Web Interfaces

Web access was important to the Mobile Millennium project. Our participants were expected to
be web savvy technology adopters. Participants registered for pilot software from the website,
reviewed information and requested support. There was also web application that visualized
traffic data for use at special events.

4.5.1. The Web Site

The main website is located at www. traffic.berkeley.edu . The website went through
frequent maintenance and two major revisions. The website is a basic HTML website with some
PHP. There have been 20-30 pages on the website varying with project activities. Below are
several versions of the front web page. The first is before the launch, the second after the launch,
and the third is the final version of the website as of June 2nd 2011.
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Figure 5.1. Front page of the Mobile Millennium website.
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Figure 5.2. Mobile Millennium website.
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4.5.2. Support Forum

UC Berkeley setup a support forum where users would post questions and answers, where
known, would be posted. The following are some examples of the entries in the support forum.

ERROR MESSAGES (11)

Error 907 (2)

Error message 907 invalid COD (2)

Error 910 (7)
Installation failed, errno=910 Application authorization failure (7)

I am very interested in the project and 1 think that you guys have
a great idea.

I tried to install it today on my phone Samsung Blackjack 11 AT&T
phone.

I selected the "Other Java enabled devices™ option for the software.

The "TrafficPilot.jar™ downloads, 1 get a prompt that "This MIDlet
does not come from a trusted source.'™, | approve the install, the
installation runs through its steps then ends with the failure message
"Installation failed, errno=910 Application authorization failure”

i downloaded the software for O0ther blackberry devices™ and 1 have
a blackberry 8820 with t mobile...does not appear towork. . . .getserror
message indicating connection failure...i1 am able to use the gps on
my phone without errors...any i1deas/suggestions?

I had been using this on T-Mobile Blackberry 8120 for months, and
currently am getting networkconnection error message.

When installing Traffic Pilot 1 get the following error message:

"The suite Traffic Pilot Mobile Client cannot be installed because
the permission javax.microedition.location. Location 1is not
available on this device. -58 Please contact your operator for more
information™ This problem occurs both when downloading you app
directly to the ATT Tilt (through Opera 9.5) and when transferring
downloaded file from PC to phone.

I finally tried to down load the application again, and 1t worked.
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The application comes up with a map centered around Berkeley. Once
I try moving the map toward the peninsula, where I do my commuting,
I get an error:Uncaught exception:

Application trafficpilot_vl O 3 bb8310b(213) 1i1s not responding
process terminated. It happened twice in the First couple of minutes.
I will feedback as 1 get further data.

DEVICE ISSUES (3)

I did a Google search after my note and i1t appears the vendor (ATT)
installed Java VM is either locked or somehow limited. Others have
worked around this problem by installing an IBM version. 1 could not
easily find the IBM version so | gave up.

OPERATING ISSUES (5)

Installed on my Sprint 8130 World Blackberry... works perfectly so
you may want to add that as a drop-down for SMS notifications but
do I need to keep the application active i1n order for It to report
back to you? For example if 1 start the application, switch to doing
e-mails and then make a phone call, will the application continue
reporting my location and velocity?

I have dowloaded the software twice, and I am currently using this
for travel. The traffic data seems to very accurate. The problem 1
am having, iIs the system i1s not being able to locate me. I noticed
when 1t does locate me, 1t show a blue dot. That dot does not appear
consistently after 1 begin my trip. Actually it only shows up after
I have driven for approximately 20 minutes. | am testing this out
on the NOKIA N95 phone.

I have been following your project with great interest.On your website
I found and downloaded something that resolved out to launch.jnlp
version 0.5.5. Running this software on my desktop or laptop has been

really great until the past week or two when i1t stopped working. Should
I be downloading another version or has this feature been disabled?

NEW PLATFORM / VERSION ISSUES (14)

you guys planning on releasing a Windows Mobile version? (10)

WEBSITE REGISTRATION ISSUES (1)

I think you guys overlooked something on your web site. When I tried
to sign up for the software, it would not let me get past that part
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about the Northern CA zip code. After trying several times to enter
my zip code (45106) in Ohio, 1 kept getting an error referring me
back to that one section. 1 am assuming, then, that the only area
involved in this project is Northern CA. If that is true, you should
probably state that on the first page, especially if you get national
attention for your project. I would dearly love to have such a project
here in the Cincy area. I have Telenav, and one of i1ts features iIs
to warn of traffic problems along my route. The main problem I have
found i1s that, other than construction delays, i1t warns me of delays
when I am pretty much already aware that 1 am in the midst of a delay
(and cursing Telenav). 1 am ususally informed too late to take
alternate routes.
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4.5.3. Newsletter

A newsletter was sent out to all registered users who had indicated that it was acceptable to
contact them. The newsletter follows:

Read All About It

Sure, you’re living it, but have you read about what others are saying about our landmark field
test? Follow the links below for some high-profile press coverage. You’ll find a feature on
Mobile Millennium’s principal investigator Alexandre Bayen on the new CBS website Smart
Planet
(http://www.smartplanet.com/people/video/alex-bayen-professor
-systems-engineering-uc-berkeley/306654/).

And go to http://traffic.berkeley.edu/media page for more links to print and
multimedia coverage from around the world.

Survey Note
Thanks to all of you who replied to our recent survey. You’re comments will help us understand

the best way to adjust the Traffic Pilot software in this critical development stage. We’ll
announce a Nokia phone winner via email by July 1.

New Release
A new version of Traffic Pilot will be out in a few weeks—this version will include

improvement based on the the last round of analysis and user feedback. Look for an SMS
message with an update to the current software.

Blackberry Storm: New Options is all this correct?

We’ve heard that Blackberry Storm users have had problems receiving the SMS message
containing the link to the application. We have corrected this problem, so update your
software—just return to http://traffic.berkeley.edu and re-register.

Here’s another option, to make sure you receive the software:

1. Re-register, but this time select “email” as the way you’d like to receive your
application.
2. Accessing your email via your smart phone, double-click on the applications you

receive via email attachment.

One of these two methods should install the application and have on your way to benefiting from
the most up-to-date traffic information available.
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Special AT&T Fix

AT&T service plan users:, you have a new benefit: You know all of those extra permissions
screens you have to say “OK” to before the Traffic Pilot map comes to life? Gone. Now when
you launch the application, you’ll go straight to traffic information. To get the update, just go
to the http://traffic.berkeley.edu and sign up for the software again. The application you receive
will be the updated version.

We HEART Commuters

Think your company would be interested in participating in Mobile Millennium en masse?
We’re looking to work with a community of commuters assist in the validation of the system.

If you have a group of 25 to 100 co-workers who are interested and have qualifying smart
phones and data plans, we’d love to hear from you. Contact Steve Andrews at
sansdrews@calccit.org. If your group qualifies, a CCIT team will come to your location
to explain the technology, answer questions, and help get you signed up.

We welcome comments about this newsletter, the Traffic Pilot software, or the Mobile
Millennium project. Write us at trafficpilot@calccit.org.
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4.5.4. Visualization

Visualization of traffic information was vital to the project. There is a separate chapter in this
document that discusses the main tool we used to visualize traffic data. This tool is referred to as
the “visualizer” In this section we will only focus on the outreach effects of the visualization and
not on the implementation or usage details.

The visualization tool was used in several venues:

1. At conferences and seminars where it was used to demonstrate real time traffic for
highways and arterials

2. In the DRI office where it was used to demonstrate the Mobile Millennium
project, often described as one of the most successful projects DRI has funded.

3. In the CITRIS display area. CITRIS is a new venue on campus where
governments (both US and international), industry leaders and academic luminaries
frequently gather to discuss new joint ventures with the University of California. There
were also a number of press interviews performed at CITRIS in front of the visualizer.

The image below is of the visualizer. The main image is of traffic in Berkeley California. Traffic
travelling at the speed limit is shown as green, slower traffic as yellow and very slow or stopped
traffic as red. One of the exciting items is that traffic is shown both for highways and arterials.
The map maybe zoomed in or out and scrolled to show traffic throughout the bay area.

The panel on the left is an interactive video with sound. A user drags a cell phone into a car and
starts a presentation on Mobile Millennium.

Figure 5.4. Mobile Millennium interface, available on the web and with touchscreen in CITRIS.
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The visualizer is also capable of showing more distinct information on traffic as shown below.
The first picture displays the individual information available for individual sections of road. The
second is an example of the routing capability of the Mobile Millennium software. Given two
locations the software would provide you the best route between the destinations. More
discussion on this will be found in the section on routing.

Figure 5.5. Example of map attributes and live trafic data accessible through the Mobile Millennium
visualization tool.

Overall the visualizer has likely been viewed by millions of people through the TV, Press,
Internet and in-person presentations on Mobile Millennium. The Mobile Millennium live traffic
map was one of the first traffic maps to include both highway and arterial traffic estimations.
Today traffic maps are all the norm but this was not the case when the vizualizer was launched.
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4.6. Survey Process

4.6.1. Summary

The usage statistics provide a quantitative insight to the adoption of Mobile Millennium.
However this is an incomplete picture because it reveals nothing about the characteristics of
users or the actual pattern of use of the system. The user surveys conducted by NRC go some
way towards providing insights as to who the users are, how they used Mobile Millennium and
their perceptions about using the system and perhaps how it can be improved. The normal
registration process for Traffic Pilot results in anonymous users, just requiring a zip code. Some
users gave authorization to contact them (opted in for surveys and gave email address). These
participants were sent surveys.

The user surveys were intended to support NRC’s product development process related to traffic
information services. NRC received no federal or state funding related to its participation in
Mobile Millennium. Indeed NRC invested its own resources and expertise to the test, and these
surveys would normally be considered proprietary. However NRC has agreed to release these
results as part of the final report. The results should be viewed with a clear understanding that the
results are from questions asked regarding a 1st generation phone client and not a commercial
offering. Phone applications and associated operating systems and hardware have been
significantly updated since the Mobile Millennium pilot. Today the survey results are valuable
both from an historical perspective as well as from a detailing of issues that are still very likely
of interest to commuters and industry application vendors.

Understanding how the phone client and the provided traffic data were being used by travelers
was an important part of the Mobile Millennium project. Would users be willing to provide
location data, would they feel their privacy was being respected, did they find the traffic
estimations useful? These and other questions needed clarification in order to understand the
ability to grow the Mobile Millennium technology into a full featured product for use by the
general public. Nokia designed the surveys and UC Berkeley distributed them. From Nokia’s
perspective the objects of the survey were Test of market viability. Can Nokia make a
commercial product out of this technology?

The surveys were conducted in the first half of January 2009 and through most of June 2009, two
and seven months respectively after the launch of Mobile Millennium. As mentioned previously,
participation was optional, and approximately three quarters of users agreed to participate in
future surveys at the time of registration. An email was sent to the email address of users who
‘opted-in’ to participate in surveys prior to each survey. The email invited users to participate in
one or both user surveys (depending on when they registered) and contained a link to the website
hosting each survey, which was then taken online. The user surveys were developed and
analyzed by NRC.

After a review and summary of the results the actual survey questions and answers will be
provided as charts and graphs.
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1. First Survey Summary

° Ran from 01/06/09 — 01/16/09

o Survey request sent to ~1300 registered users

- Email

- Users opted in to be contacted for surveys during registration
o Received ~370 responses
. Incentive: raffle for a N95

January 2009 survey questions were used for basic information gathering:

. Who is provider?

. What type of mobile device are you using?

. How do you prefer to download? Was website a good way? (Alternatives — sms,
etc.). If not, what problems did you have? Delivery mechanism. Website download was a
popular way.

. Frequency of use, how often, would use again in the future (if not, why not?)

. What other features?

2. Second Survey Summary

o Survey open from June 2 — June 26
. 1550+ emails sent out
o 286 unique respondents

The June survey was a follow-up to the first survey asking questions about the market, how to
approach the user, ultimately asking questions on how to make a business out of providing traffic
information:

. Intended to be a follow up to January survey.
. Fill in some of the gaps that we’ve seen
o Test some hypotheses regarding of Traffic Pilot. For example, we have seen in

usage stats that some users are opening and not getting GPS locks — are users just turning
it on to look at current conditions and then just turning it off? If so, this is not good — not
contributing data.

o When and why are you using it?

3. Summary Analysis
Almost 80% of all Mobile Millennium users had registered by the time of the January 2009 user
survey. More than 90 percent of all Mobile Millennium users had registered by the time of the

June 2009 user survey

The surveys mostly asked different questions, so there is limited scope for any trend analysis.
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January 2009 June 2009

Survey Date January 6 to January 16 June 2 to June
26

Registered Users 1774 (by End December 2008) 2090 (by end
May 2009)
Responses Invitation 370 (1300) 286 (1550)

Responses Rates 28.5% 15.8%

Male/Female N/A 86% / 14%
Age N/A 18-25 (5%)

26-35 (24%)
36-45 (34%)
46-55 (22%)

56+ (15%)

One similar question area in both surveys related to frequency of use. In both surveys it was
apparent that the majority of users were infrequent users. The minority of users that used Mobile

Millennium daily declined from 33% in January 2009 to 11% (6 or more uses in the past 7 days)
in June 2009.
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January 2009 June 2009
Use on a Daily Basis 33% /67%
(Yes or No)

How many uses in the past 7 days? 0 (40%)
1-2 (30%)
3-5 (19%)

5-7 (7%)
11+ (15%)

In the January 2009 survey, 9% of respondents indicated that they had not actually used Mobile
Millennium, mostly because “my phone is not supported.” In the June 2009 survey, “It does not
work on my phone” remained the top reason for never using the system.

For the January 2009 survey, respondents who had decided not to use the system in the future
suggested that the following improvements would convince them to try the system again:

Better user experience (16 comments)

More accurate travel data (10 comments)

Higher quality traffic incident data (10 comments)

Traffic data on more roads (8 comments)

Personalized traffic information for the routes I drive(7 comments)
Driving directions (7 comments)

For the June 2009 survey, the focus was more on how respondents use the system. For example,
nearly half of users opened the application to view traffic information prior to getting in their car
(24% in a building, 23% on their way to the car), one third (34%) of users opened the application
when they were “in my car as | started driving,” and 19% opened the application “while 1 was
driving, when | encountered (or became concerned about) traffic.” Frequent users of Mobile
Millennium were least likely to open the application while driving.

One behavior that emerged from the June 2009 survey was that while almost two thirds of users
kept the application open for at least the duration of their trip, the remaining third closed the
application after viewing traffic conditions. This is important because by closing the application,
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the mobile phone no longer acts as a traffic probe, significantly reducing probe penetration and
most likely reducing the accuracy of the traffic information provided by Mobile Millennium.
This behavior occurred more often among less frequent users, so it is likely that less than one
third of trips are affected. The reasons for users closing the application are unknown, but it may
suggest that they had no intention of viewing (or being distracted by) the application while
driving, or perhaps it indicates some concern about battery life, or being tracked while driving.

On the subject of privacy, 68 percent of respondents trusted the system to protect the privacy of

their travel data, 7 percent did not trust the system, and 25 percent either did not know or did not
care.

129



4.6.2. Survey Related Emails

1. First Survey — Sent 1/07/09

Emails were sent out with the survey. These emails follow.

2. First Survey — Sent 1/07/09

Subject:
Berkeley/Nokia Research Update: Win a Nokia N95!

Body:
Dear Traffic Pilot User:

Thank you for participating in our traffic research!

We would like to learn about your experiences with the Mobile
Millennium Traffic Pilot — both good and bad. Your feedback will help
us 1mprove this developing technology. We have designed the survey
to take less than five minutes of your time.

In appreciation for your participation, responses received before
midnight on Tuesday, January 13, 2009, may be eligible for a raffle
of a new Nokia N95 phone, packed with smart-phone features and
accessible through AT&T or T-Mobile.

Thank you for helping to advance our research on the Mobile Millennium
traffic information project.

Start the survey now by following this link:
http://survey.nokiapaloalto.com/TrafficPilotSurvey/.

- The Mobile Millennium Team

P.S. You must be 18 or over to participate in the survey.

You are receiving this email because you agreed to be contacted about

our surveys when you registered on the Traffic Pilot website,
http://traffic.berkeley.edu/pilot. If you would like to stop
receiving survey requests, go to

http://traffic.berkeley.edu/remove.html. Please allow one week to
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fully renove your address fromthe system
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3. Second survey — Sent 6/2/09
Dear Traffic Pilot User:
Thank you for participating in our traffic research!

We are conducting a follow-up survey to learn more about how you use
the Mobile Millennium Traffic Pilot. Your feedback during our January
survey was very valuable, and we hope that you will continue to help
us improve this developing technology. We have designed the survey
to take about five minutes of your time.

In appreciation for your participation, responses received before
midnight on Tuesday, June 16, 2009, may be eligible for a raffle for
two new (unlocked) Nokia E71 phones, packed with smart-phone features
and accessible through AT&T or T-Mobile. ne

Thank you for helping to advance our research on the Mobile Millennium
traffic information project.

Start the survey now by following this link:

http://survey.nokiapaloalto.com/TrafficPilotSurvey2/
- The Mobile Millennium Team

P.S. You must be 18 or over to participate in the survey.

You are receiving this email because you agreed to be contacted about
our surveys when you registered on the Traffic Pilot website,

http://traffic.berkeley.edu/pilot. If you would Ilike to stop
receiving survey requests, go to

http://traffic.berkeley.edu/remove.html. Please allow one week to
fully remove your address from the system.

4. Second Survey Reminder — Sent 6/16/09

Subject:

Berkeley/Nokia Research Deadline: Respond by Midnight for a Chance
to Win a Nokia E71

Body:
Dear Traffic Pilot User:

IT you have already responded to our survey, thank you for your
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constructive feedback!

IT you have not yet responded, today is your last chance. All responses
received by 11:59 p.m. tonight, Tuesday, June 16, 2009, may be eligible
for a raffle for two new Nokia E71 phones, packed with smart-phone
features and accessible through AT&T or T-Mobile.

The survey should take about five minutes of your time. Start 1t now
by following this link:
http://survey.nokiapaloalto.com/TrafficPilotSurvey2/

This i1s the last reminder that we will send out. Thank you for helping
to advance our traffic research!

- The Mobile Millennium Team

P.S. You must be 18 or over to participate in the survey.

You are receiving this email because you agreed to be contacted about
our surveys when you registered on the Traffic Pilot website,
http://traffic.berkeley.edu/pilot. If you would Ilike to stop
receiving survey requests, go to

http://traffic.berkeley.edu/remove.html. Please allow one week to
fully remove your address from the system.
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4.7. Survey Results

Each survey had a number of questions. We will present, generally in a graphical format, the
results of each survey question. We will then provide a short discussion on the results. This
analysis is purely one interpretation of the data. Without speaking with the participants it is not
possible to validate our opinions. Thus our analysis should be considered food for thought and

not a definitive statement.

4.7.1. First Survey

Who is your mobile
service provider?

v

‘What kind of mobile
device did you intend
to use with the Mobile
Millennium Traffic
Filot?

v

Did you register to
receive an SMSs or
email link for the
Traffic Pilot
download?

v

Did you receive the
SMS or email?

Did you successfully
download and install
the Traffic Pilot onto
your mobile device?

N

Figure 7.1.

For how many trips
have you used the
Traffic Pilot?

v

Will you use the
Traffic Pilot (again) in
the future?

Why was the
download and/or
installation of the

Traffic Pilot

unsuccessful?

v

Free response

Survey Flow
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Why have you
decided not to use
the Traffic Pilot in the
future?

v

What would convince
you to try the Traffic
Pilot again?

v

Free response

Do you use the
Traffic Pilot on a daily
basis?

v

How could we
improve the Traffic
Pilot? What would

make the Traffic Pilot
more usefulto you?

v

Free response

This survey was a directed graph with a given response determining what the next survey questions would be.
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Figure 7.2. Mobile Service Provider

Most respondents used AT&T. We believe that AT&T was the majority provider in the Bay Area at this time
for smart phones.
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Figure 7.3. Mobile Device

At the time of this survey BlackBerrys were very popular smart phones and perhaps more importantly
iPhones were not supported. iPhones probably comprised >20% share of the Bay Area smart phone market
at this time.
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Figure 7.4. Devices By Manufacturer

Once again, Blackberry was a popular smartphone.
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Figure 7.5. Why was Pilot unsuccessful

For folks who thought the pilot was unsuccessful (only a quarter of the responses) the issues were mostly
related to software and hardware. This is not surprising given the level of smart phone capabilities at the time
of the survey. Of note very few changed their minds regarding the idea of the pilot.
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| have not used
the Traffic Pilot

More than 15 9%,
trips
29%
1-5trips
34%
6 - 15 trips
28%

Figure 7.6. How many trips have you used the Traffic Pilot?

This survey was sent out at the beginning of January. The pilot was started in November. Considering all the
holidays the result that close to a third of responders used it more than 15 times seems to indicate interest and
support for the project.

No, definitely
No, probably 304

not
9%

Yes, definitely

Yes, probably 55,
O

33%

Figure 7.7.  Will you use the traffic pilot again?

A high majority of users were planning on using the pilot again. Considering the early stages of the product
development and the challenges inherent in early smart phones this is a great response.
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Performance issues dominate

20
18 /
§ 16
S 14
@ 12 1
@
E 10 A
o
E 67
2 4
- n B
0] . ‘ . . . I .
The The Thetraffic  The traffic The | use a The | rarely drive. Other *
application application is data does  data does  application different  application is
asksmeto  too slow. not reflect  not coverthe  does not application  difficult to
click through the traffic  roads thatl provide  that is better use.
too many conditions drive. driving than the
questions. that | see on directions.  Traffic Pilot.
the road.

Figure 7.8.  Why will you not use it?

Again in this case most folks are using it. But even the criticisms provide implicit support of the concept.

Performance issues

20

s ] \
w 16 4
@
£ 14 4
°
E 12 4
€ 10 -
s
= 8 4
@
R
]
£ 4 -

2 -

0 T T T T T T

Traffic data on More accurate Higher quality Personalized Driving A better user Other*
more roads traffic data traffic incident traffic directions experience
data information for
the routes that
I drive

Figure 7.9. 'What would convince you to try the pilot again?

In this case the performance and Ul issues were paramount.

138




Figure 7.10. Do you use the traffic pilot on a daily basis?

This is quite a good number especially considering the Ul difficulties.
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Figure 7.11. How could we improve the traffic pilot?

These are all positive items indicating an expansion of scope. No indication the pilot is a bad idea.
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4.7.2. Second Survey

Figure 7.12. Respondents Age Range

It seems that we have picked up commuters here who could afford smart phones. Also iPhone smart users
may have been younger. This may explain why there are more middle age users than younger users.
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Figure 7.13. Respondents Gender

Female

No answer

Men generally are more interested in new techie items.
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Figure 7.14. Respondents Mobile Service Provider

This has not significantly changed from the first survey
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Figure 7.15. Respondents Device

Once again this has not changed significantly from the first survey
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Figure 7.16. How many times have respondents used the client in the last seven days?

This shows the drop off in the interest in the pilot and also we believe in the challenges (battery drain, etc) in
using the pilot frequently.
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Figure 7.17.  When did the respondent last use the traffic pilot?

Answers are pretty evenly distributed among the choices with use in the car the highest as would be expected.
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Figure 7.18. Privacy

This is important for two reasons. One, most folks trusted the application a primary goal of the pilot.
However, the number who don’t care is interesting. This seems to reflect current location aware applications
where folks are willing to share their location without worry.
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Figure 7.19. When do you use the traffic pilot?

Respondents use the application for a number of reasons. It appears to be a useful application.
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Figure 7.20. 'Why do you use the traffic pilot?

Respondents expressed that [the application] provides useful information and it is cool.
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Figure 7.21. How long do you keep the application open?

Most respondents kept looking at the map in the car. This turned out to be a distracting driving issue.
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* |t does not work on my phone (37) « | was not able to download it (4)
+ iPhone (9)
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« BlackBerry (4)
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+ LGVu (1) « tried 2 use but incountered problems,
« Cingular 2125 (1) no return calls when i wanted info
+ Sprint Mogul (1) « Verizon
« Samsung Epix AT&T (1) « My smart phone died
« Palm Treo 650 (1) + It crashed when loading, tried twice,
« HTC G1 (1) crashed twice, gave up.
+ Nokia N82 (1) « not available in my area
» T-Mobile Dash (1) + jdon't have GPS on my Blackberry

+ Nokia AT&T Simbios60 (1)

Figure 7.22. 1| have never used the traffic pilot because...

People would have used it but it did not work on their device.
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Figure 7.23. Opinion on form factors for receiving traffic information
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So most people think that all sources are somewhat accurate and the pilot users feel that they are using the
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Figure 7.24. Opinion on accuracy of traffic information types

more accurate method. One would hope this would be the opinion of the users.
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Figure 7.25. Opinion on usefulness of traffic types

This seems self selected for mobile pilot users.
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4.8. Conclusion

Overall the Mobile Millennium project met its goals to “Engage the public and popularize ITS
concepts”. It laid a solid scientific foundation for estimation of traffic conditions using speed
data collected by cell phones in commuter cars. Traffic maps from user provided location data
may seem mundane today but Mobile Millennium helped get it started and ensured that the
results were accurate, privacy safe and attractive to a large number of public users. In terms of
pure outreach it is hard to find a research project that received more worldwide attention by more
governments, industries and consumers.
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5. Demos and Field Experiments

5.1. Introduction

This chapter addresses the logistics associated with moving from Mobile Century, the 100
vehicle proof-of-concept experiment using GPS smartphones as traffic probes, to Mobile
Millennium, the 5,000+ vehicle pilot deployment of a fully operational traffic information
system utilizing data collected from individual smartphones. Summarized here is field
operational test information—the nitty-gritty that connects algorithms and software to cell phones,
drivers, and vehicles.

5.1.1. Moving from concept to field operational test

The tremendous success of the 1-day, 100-vehicle Mobile Century experiment on February 8,
2008, was quickly followed by a unanimous call to accelerate scale-up to a pilot deployment
aimed at demonstrating the viability of utilizing VTL-based sensing data from individual smart
phones to be the core of a real-time mobile traffic information system. The pilot deployment,
aptly named Mobile Millennium, was envisioned to include a minimum of 1,000 vehicles
operated by “Early Adopters” who used smart phones downloaded with the traffic system
software (the client).

Driving acceleration of the scale-up effort was the desire by the research partners (Caltrans, U.S.
DOT, RITA-SafeTrip 21, Nokia, NAVTEQ, and UC Berkeley) to showcase a fully operational
GPS smart phone traffic information system at the 15th World Congress on Intelligent
Transportation Systems held in New York City in November 2008.

Accomplishing this objective would require the development and execution of a carefully
orchestrated series of real-time road tests that included both highway and arterial routes. Adding
to the logistical complexity was the need to perform road tests in both the San Francisco Bay
Area and in New York City concurrently with development and debugging of the system.
Section 3 provides a chronology of the operational tests that led to the public launch of Mobile
Millennium on November 10, 2008 in Berkeley, CA and the successful real-time demonstration
of the system on November 19, 2008 in New York City, NY.
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The launch was followed by more than six months of real-time system operation in the San
Francisco-Sacramento, CA regional area that included the voluntary participation of more than
5,000 smart phone users. To say that the success of Mobile Millennium rested on the satisfactory
execution of thousands of details, often performed on the fly in spite of thoughtful and
exhaustive planning, is a considerable understatement.

Having little more than eight months before the scheduled Millennium demonstration at the
ITS-World Congress required a quick evaluation of the field procedures used for the Century
experiment and an assessment of their suitability for scale-up.

Key among these was the recruitment and training of test vehicle drivers, the availability of
vehicles and areas to stage them, the selection of routes both in the San Francisco Bay Area and
New York City, and, coming to grips with the costs associated with the rubber meeting the road.
Perhaps most important of all, however, was development of the plan to identify, recruit, and
retain thousands of “Early Adopters” who would agree to utilize the system during the six-month
pilot period. Each of these will be given attention in Section 2 on field test components.

Before moving to a discussion of the field components however, it is important to understand the
purpose of the pilot deployment, discussed in Section 2, and to have an appreciation for the
incredibly compressed timeframe in which it was accomplished, summarized in the chronology
provided in Section 3.

5.1.2. Purpose of the field operational field (FOT)

The typical ITS innovation follows a linear progression that can take years, even decades, to
move from research and development to proof-of-concept to pilot deployment and ultimately to a
product.

In the case of Mobile Millennium, however, the entire process was fast-tracked to operational
status in just eight months to meet the requirements of the U.S. DOT-RITA SafeTrip-21 program
— namely that a robust, market-ready, real-time traffic application that was accessible and easy to
use by the traveling public be showcased at the ITS-World Congress in November 2008.

With early November 2008 established as the “go live” target, chief among the objectives of the
partnership was to quickly leverage the "tech buzz" produced by Mobile Century and to translate
that interest into recruitment of so-called Early Adopters (volunteer participants) who would
become regular users of the Mobile Millennium traffic software.

Mobile Millennium accelerated the process from research and development to a fully operational
system scalable for widespread geographic implementation in less than one year. Central to the
partnership achieving accelerated deployment of Millennium was differentiation of the FOT
along two tracks — one focusing on the operation of the system, and the other addressing system
adoption by consumers (Early Adopters). Employing two distinct tracks for the FOT enabled the
partners to concurrently address system development, scale-up modifications, refinement of the
models, promotion to consumers, and outreach.
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In effect, the FOT served to improve the rigor of the Mobile Millennium system for daily,
twenty-four hour operational use by thousands of participants as well as to build interest in, and
enthusiasm for, participatory sensing.

5.1.3. Chronology

This section provides a chronology of the field tests and demonstrations undertaken to advance
from Mobile Century to Mobile Millennium.

. February 8, 2008 Mobile Century proof-of-concept experiment completed.

. July, 2008 Review of Mobile Century experiment logistics undertaken to begin
preparation of the Mobile Millennium field test plan.

. August, 2008 A series of 3-hour, 20 vehicle road tests using the traffic client

are planned for Berkeley-San Francisco, CA and New York City, NY.

. August 2-20, 2008 Drivers are recruited and trained for the Berkeley-San
Francisco road tests.

o August 21, 2008 Pre-test of the Berkeley-San Francisco highway and arterial
routes.

. September 2008 Recruitment of volunteer participants "Early Adopters” begins
with outreach to Caltrans, University of California, Nokia, and NAVTEQ personnel.

The Mobile Millennium website (Fhttp://traffic.berkeley.edu) goes live.
Enterprise Rent-A-Car, Manhattan is contracted to supply vehicles and drivers for the
New York City road tests and ITS World Congress demonstration.

o September 3, 2008 The first 3-hour, 20 vehicle Berkeley to San Francisco
highway and arterial model test is performed.

. September 17, 2008 The second 3-hour, 20 vehicle Berkeley to San Francisco
highway and arterial model test is performed.

o September 24, 2008 The first 3-hour, 20 vehicle New York City arterial test is
performed.
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Mobile Millennium
Test Vehicle

Figure 1.1. A Mobile Millennium test vehicle ready for field test deployment in Berkeley, CA. Note that the
vehicle includes a driver and an observer (passenger) responsible for recording traffic information along the
route.

. October 15, 2008 The second 3-hour, 20 vehicle New York City arterial test is
performed.

o October 29, 2008 The third and final 3-hour, 20 vehicle New York City arterial
test is performed.

. November 10, 2008 Mobile Millennium Pilot Launch in Berkeley, CA. Early
adopters are given access to download the traffic client software to their smartphone.

o November 19, 2008 A live, real-time, 3 hour, 20 vehicle demonstration of
Mobile Millennium is presented at the 15th ITS World Congress in New York City, NY.
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Figure 1.2. Early adopters at the November 10, 2008 Berkeley, CA launch register to receive the Mobile
Millennium software on their smartphones.

o November 19, 2008 The second wave of Early Adopters are given access to
download the traffic client software at the ITS World Congress in New York City, NY

. March-April, 2009 Weekly, weekday, 3 hour, 20 vehicle road tests using 5
different overlapping routes begin in Berkeley, CA to validate the arterial model

o April 13, 2009 Mobile Millennium is demonstrated at the IEEE HSCC/RTAS
Conference in San Francisco, CA

. October 16-26, 2009 Mobile Millennium is demonstrated in real-time at the
annual AASHTO conference in Palm Desert, CA

o November, 2009 Downloading of the Mobile Millennium traffic client
concludes

. February, 2010 U.S. DOT Evaluation of Mobile Millennium

5.2. Field test components

The Mobile Millennium FOT was implemented using two tracks, (i) a system operations track,
focused on road testing in the San Francisco Bay Area and New York City, and (ii) a consumer
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adoption track focused on the recruitment and retention of Early Adopters (consumers). Both
tracks are highlighted in this section.

5.2.1

System operation

The focus of the system operation track was to validate the accuracy of the highway and arterial
model algorithms developed by the UC Berkeley research team. This included road tests in both
the San Francisco Bay Area and New York City. What follows is a summary of the system
operation components divided by geographic location.

5.2.2

System operation testing: Berkeley-San Francisco, CA

0 Test route identification - Berkeley-San Francisco

Routes proximate to the UC Berkeley campus research team

Routes with an estimated free-flow travel time of 15-20 minutes per cycle (loop)
Routes (loops) unidirectional with signal-controlled intersections and left and right
turn combinations

Routes where a penetration of 2-5% could be maintained throughout the test

0 Recruitment and training of vehicle drivers - Berkeley-San Francisco

Drivers are graduate and undergraduate UC Berkeley students at least 18 years of age
and in possession of a valid U.S. driver's license

Drivers must be English speaking

Drivers must have a clean driving record

Drivers must be familiar with California Department of Motor Vehicle regulations
Drivers must attend an orientation and safety briefing

Drivers must be able to drive continuously for 3 hours following a prescribed route
Drivers must be available to drive weekdays during peak morning (6-10 AM) and
afternoon (3-7 PM) commute hours

Drivers must be familiar with Bay Area roadways

Driver's briefed on route directions, safety, and accident reporting procedures prior to
each deployment

Driver's acknowledge that they have not consumed alcohol or drugs for at least 24
hours prior to commencement of each field test

Driver's complete pre- and post-field test checklists
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Figure 2.1. An example of a flyer used to recruit graduate student drivers for Mobile Millennium field tests.
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+«+ Pre- and post-field test checklists - Berkeley-San Francisco

Pre-deployment checklist

1. Driver acknowledges that s/he has not consumed alcohol or taken drugs
within the last 24 hours.

2. Driver receives key, fuel card, and bridge toll for assigned vehicle

3. Driver inspects interior and exterior of vehicle and notes any damage or
deficiency

4. Driver confirms that magnetic decals (hood number and side door
identification) are safely affixed to vehicle

5. Driver adjusts seat and mirrors

6. Driver checks that phone cradle, charger, and phone are installed and secure

Post-deployment checklist

1. Driver returns vehicle refueled to pre-deployment level

2. Driver removes phone, phone cradle, and charger from vehicle

3. Driver removes all personal possessions from vehicle

4. Driver removes magnetic decals from vehicle

5. Driver inspects interior and exterior of vehicle and notes any damage or
deficiency

6. Driver parks and secures vehicle for release to Enterprise RAC

7. Driver surrenders vehicle key, fuel card, fuel and bridge toll receipts

Rental and staging of test vehicles - Berkeley-San Francisco

Vehicle rental via Enterprise-Rent-A-Car per University of California vendor
agreement

Vehicles assembled by Enterprise at designated staging area (Shattuck Ave @
Derby, Berkeley, CA) at least one hour prior to scheduled deployment

Each vehicle given a pre- and post-deployment inspection checked by driver
Each vehicle equipped with a magnetic number decal for placement on the
vehicle's hood, and two side door identification decals

Each test vehicle equipped with phone cradle secured to lower passenger side
of windshield

Each vehicle equipped with a Nokia N95 phone (installed with the latest
version of the traffic client) and auxiliary power phone charger

Each vehicle time-released from staging area at 1-minute intervals

Vehicles refueled by driver's prior to re-assembling at staging area
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Figure 2.2. Student researcher Sarah Stern updates a Nokia N95 phone with the latest version of the Mobile
Millennium traffic client software prior to a Berkeley-San Francisco field test.

o Download of the latest version of the Millennium client software to test phones

e Nokia N95 phones downloaded with the latest version of the traffic client software
one hour prior to each deployment (this procedure typically required 1-2 minutes per
phone)

e Each Nokia N95 phone checked for GPS acquisition prior and operating traffic client
immediately prior to release from field test staging area (this procedure typically took
20-60 ®conds pa phong

5.2.3 Berkeley-San Francisco, CA road tests

(a) Berkeley-San Francisco Pre-test, August 21, 2008
Type: Highway & arterial pre-test, Loops 1-3
Scope: 21 vehicles, (20 rental cars + 1 SUV service vehicle); Berkeley to San Francisco and

return - via | 80 Bay Bridge; vehicles staged at Enterprise Rent-A-Car overflow lot, Shattuck and
Derby.
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Drivers/monitors: 21 pe-screened student drivers + monitoring station - 4 students (laptops,
counters, power supply, table/chairs, safety gear); drivers and monitors shuttled from Hearst
Mining Circle, UC Berkeley to Shattuck/Derby staging area and returned to campus at
conclusion of pre-test.

Route: Leave Berkeley across Oakland/Bay Bridge to San Francisco via Fremont exit to
Embarcadero-North Point-Columbus-Broadway left turn loop.

Vehicle prep: In accordance with pre-deployment checklists.

Schedule: Depart Berkeley staging area at 12:00 PM PST. Arterial loop drive time 1 to 1.5 hours.
Highway drive time 1 to 1.5 hours.

Figure 2.3. Map of Loop 1, the downtown San Francisco arterial portion (Embarcadero-North
Point-Columbus-Broadway) of the Berkeley-San Francisco route pre-test August 21, 2008.

Monitor notes and observations (unedited):

1. Proceeded with travel along the designated route from Berkeley staging area across
SF-Bay Bridge to Embarcadero.

2. Along Embarcadero there is a parking lane to the far right and a bike lane in between the
through lanes and parking lane. Embarcadero switches between three and two lanes.
There are also two lane left turn pockets that appear along Embarcadero.

3. Left turn onto North Point is long. There is not a large noticeable elevation change on
North Point. North point is two lanes on one side and one lane on the other. Parking
lanes are on the far side of both sides.

4. Congestion always experienced on Columbus around Stockton.

Left turn onto Kearney is not a good turn. Recommend alternate route using Bay.

6. Major traffic on Broadway caused by construction. We missed three light cycles at
Broadway and Sansome. Along Broadway, signals at Battery, Front, and Davis appear
to be synchronized. Start time: 12:59p. End time: 1:18p. Total time: ~19 min.

o
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Figure 2.4. An example of downtown San Francisco traffic flow along Columbus during the route selection
pre-test.
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Figure 2.5. Map of Loop 2, showing the downtown San Francisco portion of the Berkeley-San Francisco route

pre-test August 21, 2008.

Monitor notes and observations (unedited):

APwnhE

o o

Repeat of Embarcadero loop.

No change along Embarcadero.

The left turn onto North Point was green this time.

Electric buses along Columbus cause congestion because they block a lane of traffic
since they cannot pull over all the way. We did not make it through the light cycle at
Union and Columbus because of taxi congestion and a guy trying to make a left turn,
which held up traffic.

Congestion continued at Stockton.

Left turn onto Kearney is not recommended.

The construction on Broadway did not cause congestion this time. We breezed through
Broadway.

Start time: 1:18p. End time: 1:35p. Total time: ~17 min.

Figure 2.6. Map of the downtown San Francisco portion (Embarcadero-Bay-Columbus-Broadway) of Loop 3

used for the Berkeley-San Francisco route pre-test August 21, 2008.

Monitor notes and observations (unedited):

1. Modified Embarcadero loop to shorten route and use Bay instead of North Point because

the left turn is more natural.

2. Everything along Embarcadero is consistent.
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3. Left turn onto Bay was smooth; it was green.  There was minor construction on Bay.

4. Congestion always experienced on Columbus around Stockton. A delivery truck caused

slight congestion on Columbus.

Recommendation for changing left turn on Kearney is the same.

There were no problems along Broadway.

7. Starttime: 1:35p. End time: 2:15p. Detour: 1:41-2:04p. Total time: ~17 min
(excluding detour).

ISRl

(b) Berkeley-San Francisco highway/arterial test 1, September 3,
2008

Type: Highway & arterial (penetration rate 2-5%)

Scope: 21 vehicles, (20 rental cars + 1 SUV service vehicle); Berkeley to San Francisco and
return - via | 80 Bay Bridge; vehicles staged at Enterprise Rent-A-Car overflow lot, Shattuck and
Derby.

Drivers/monitors: 21 pe-screened student drivers + monitoring station - 4 students (laptops,
counters, power supply, table/chairs, safety gear); drivers and monitors shuttled from Hearst
Mining Circle, UC Berkeley to Shattuck/Derby staging area and returned to campus at
conclusion of test.

Route: Leave Berkeley across Oakland/Bay Bridge to San Francisco via Fremont exit to
Embarcadero-North Point-Columbus-Broadway left turn loop.

Vehicle prep: In accordance with pre-deployment checklists.

Schedule: Depart Berkeley staging area 11:00 a.m. Complete final loop cycle by 3:00 p.m. and
return to staging area via Bay Bridge.
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Figure 2.7. An example of traffic congestion experienced during a field test.
(c) Berkeley-San Francisco highway/arterial test 2, September 17, 2008
Type: Highway & arterial (penetration rate 2-5%)
Scope: 21 vehicles, (20 rental cars + 1 SUV service vehicle); Berkeley to San Francisco and
return - via | 80 Bay Bridge; vehicles staged at Enterprise Rent-A-Car overflow lot, Shattuck and
Derby.
Drivers/monitors: 21 pe-screened student drivers + monitoring station - 4 students (laptops,
counters, power supply, table/chairs, safety gear); drivers and monitors shuttled from Hearst
Mining Circle, UC Berkeley to Shattuck/Derby staging area and returned to campus at

conclusion of test.

Route: Leave Berkeley across Oakland/Bay Bridge to San Francisco via Fremont exit to
Market-Mission left turn loop.

Vehicle prep: In accordance with pre-deployment checklists.
Schedule: Depart Berkeley staging area 11:00 a.m. Complete final loop cycle by 2:00 p.m. and
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return to staging area via Bay Bridge.

\

Stoplights Direction of traffic

Figure 2.8. Map of the Mission-Market left turn loop utilized for highway/arterial model test 2. Dots indicate
traffic signals; arrows indicate the direction of traffic.

(d) Berkeley-San Francisco arterial model validation tests, March-April, 2009
Type: Arterial validation (penetration rate 2-5%)
Scope: 21 vehicles, (20 rental cars + 1 SUV service vehicle); vehicles staged at Enterprise

Rent-A-Car overflow lot, Shattuck and Derby. Weekly tests of 3 hours each performed
alternately (MWF and TuTh).
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Drivers/monitors: 21 pe-screened student drivers + monitoring station - 4 students (laptops,
counters, power supply, table/chairs, safety gear); drivers and monitors shuttled from Hearst
Mining Circle, UC Berkeley to Shattuck/Derby staging area and returned to campus at
conclusion of test.

Routes: All vehicles depart from staging area for deployment along 5 separate overlapping routes
- 4 vehicles assigned to each route (Figures 2.9 through 2.13) - near downtown Berkeley.

Vehicle prep: In accordance with pre-deployment checklists.

Schedule: Depart Berkeley staging area 12:00 PM PST, complete final loop cycle by 3:00 p.m.
and return to Shattuck/Derby staging area. Weekly tests performed alternately on MWF and
TuTh.

Week 1: WMF, routes 1-5, 4 vehicles each route, depart 12 PM, final loop 3 PM

Week 2: TuTh, routes 1-5, 4 vehicles each route, depart 12 PM, final loop 3 PM

Week 3: MWEF, routes 1-5, 4 vehicles each route, depart 12 PM, final loop 3 PM

Week 4: TuTh, routes 1-5, 4 vehicles each route, depart 12 PM, final loop 3 PM

Week 5: MWEF, routes 1-5, 4 vehicles each route, depart 12 PM, final loop 3 PM

Week 6: TuTh, routes 1-5, 4 vehicles each route, depart 12 PM, final loop 3 PM
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Figure 2.9: Berkeley Arterial Validation Route 1
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Figure 2.10: Berkeley Arterial VValidation Route 2
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Figure 2.11: Berkeley Arterial Validation Route 3
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Figure 2.12: Berkeley Arterial Validation Route 4
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Figure 2.13: Berkeley Arterial Validation Route 5
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5.2.4. System operation testing: New York City, NY

(0]

Identification of test route - New York City

Route proximate to the Javits Convention Center complex

Route with an estimated free-flow travel time of 10-15 minutes per cycle (loop)
Route (loop) unidirectional with signal-controlled intersections

Route where a penetration of 2-5% could be maintained throughout the test

Recruitment and training of vehicle drivers - New York City

All drivers are employees of Enterprise RAC - 5 drivers from each NYC office
designated to participate in road tests. UC negotiates a per vehicle price for each road
test inclusive of vehicle rental, vehicle delivery and removal, staging facility, and
driver.

Drivers must be English speaking

Drivers must have a clean driving record

Drivers must be familiar with New York Department of Motor Vehicle regulations
Drivers must be able to drive continuously for 3 hours following a prescribed route
Drivers must be available to drive weekdays during morning commute period
(6AM-12PM)

Drivers must be familiar with New York City roadways

Driver's briefed on route directions, safety, and accident reporting procedures prior to
each deployment

Driver's acknowledge that they have not consumed alcohol or drugs for at least 24
hours prior to commencement of each field test

Driver's complete pre- and post-field test checklists

¢+ Pre- and post-field test checklists - New York City
e Pre-deployment checklist

1. Driver acknowledges that s/he has not consumed alcohol or taken drugs
within the last 24 hours.

2. Driver receives key and refueling card

3. Driver inspects interior and exterior of vehicle and notes any damage or
deficiency

4. Driver confirms that magnetic decals (hood number and side door
identification) are safely affixed to the vehicle

5. Driver adjusts seat and mirrors

6. Driver checks that phone cradle, charger, and phone are installed and secure
prior to departure for from staging facility

e Post-deployment checklist
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1. Driver returns vehicle refueled to pre-deployment level

2. Driver removes phone, phone cradle, and charger from vehicle

3. Driver removes all personal possessions from vehicle

4. Driver removes magnetic decals from vehicle

5. Driver inspects interior and exterior of vehicle and notes any damage or
deficiency

6. Driver parks and secures vehicle in designated area of Enterprise RAC
facility

7. Driver surrenders vehicle key, fuel card, and fuel receipts

5.2.5. New York City, NY arterial testing

(@) NYC test 1, September 24, 2008
Type: Arterial (penetration rate 2-5%)

Scope: 20 vehicles staged at Enterprise Rent-A-Car Manhattan indoor facility. Enterprise
contacts:  Watt, Peterson, Friedman.

Drivers/monitors: 20 Enterprise RAC drivers + 3 members of the research team. Drivers and
monitors assemble at Enterprise staging area. Final safety and route briefing given by UC
research personnel prior to deployment.

Route: Leave staging area for 10" Ave., 34" St, 12 Ave loop and return. (Figure 2.14)
Arterial loop drive time: 3 hours. Distance: 2.3 miles per loop.

Vehicle prep: In accordance with pre-deployment checklists.

Deployment schedule:

7:00 AM UC Research personnel arrive at Enterprise RAC indoor staging facility

7:15 AM UC Research personnel download traffic client to all test phones and acquire GPS

7:30 AM Enterprise RAC - Area 1 drivers and test vehicles arrive; pre-deployment
activities begin per checklist

7:45 AM Enterprise RAC Area 2 drivers and test vehicles arrive; pre-deployment activities
begin per checklist
8:00 AM Enterprise RAC Area 3 drivers and test vehicles arrive; pre-deployment activities

begin per checklist

8:15 AM Enterprise RAC Area 4 drivers and test vehicles arrive; pre-deployment activities
begin per checklist
8:30 AM Enterprise RAC Area 5 drivers and test vehicles arrive; pre-deployment activities

begin per checklist
8:45 AM Enterprise RAC drivers given final route and safety instructions.
9:00 AM Test vehicles depart Enterprise RAC staging facility at 1-minute interval
12:00 PM Enterprise RAC drivers and vehicles begin returning to staging facility
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1:00 PM All drivers and vehicles complete post-deployment checklist
Field note (unedited):

1. Map: Blue and red dots represent traffic signals; black arrows are for actual movements
at each signal.  Along 10™ Ave (one-way), there are 6 lanes, with the left and right lanes
designated for parking.

2. There is a traffic signal on 34" St. in front of the Javits Center (red), which caused
spillover and a 2-minute delay. This problem may be more severe during the
demonstration given that the conference will be in progress at Javits.

3. There were some queues along 12 Ave., almost no queue on 10™ Ave. The queue on
34™ St. before turning on 12™ Ave. was long. The signal at Javits contributes to this.

4. Actual loop time: 15-17 minutes (approximately 4.5 minutes per loop segment). All
segments were stable.

Indicates traffic signals

\‘ Indicates number of lanes and direction of traffic

Figure 2.14. Map of NYC arterial route used for each NYC road test and the ITS World Congress
demonstration. The red dot indicates the traffic signal nearest to the Javits Convention Center.
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(b) NYC test 2, October 15
Type: Arterial (penetration rate 2-5%)

Scope: 20 vehicles staged at Enterprise Rent-A-Car Manhattan indoor facility. Enterprise
contacts:  Watt, Peterson, Friedman.

Drivers/monitors: 20 Enterprise RAC drivers + 3 members of the research team. Drivers and
monitors assemble at Enterprise staging area. Final safety and route briefing given by UC
research personnel prior to deployment.

Route: Leave staging area for 10" Ave., 34™ St, 12 Ave loop and return. (Figure 2.14)
Avrterial loop drive time: 3 hours. Distance: 2.3 miles per loop.

Vehicle prep: In accordance with pre-deployment checklists.

Deployment schedule:

7:00 AM UC Research personnel arrive at Enterprise RAC indoor staging facility

7:15 AM UC Research personnel download traffic client to all test phones and acquire GPS

7:30 AM Enterprise RAC - Area 1 drivers and test vehicles arrive; pre-deployment
activities begin per checklist

7:45 AM Enterprise RAC Area 2 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:00 AM Enterprise RAC Area 3 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:15 AM Enterprise RAC Area 4 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:30 AM Enterprise RAC Area 5 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:45 AM Enterprise RAC drivers given final route and safety instructions.

9:00 AM Test vehicles depart Enterprise RAC staging facility at 1-minute interval
12:00 PM Enterprise RAC drivers and vehicles begin returning to staging facility
1:00 PM All drivers and vehicles complete post-deployment checklist

(c) NYC test 3, October 29
Type: Arterial (penetration rate 2-5%)

Scope: 20 vehicles staged at Enterprise Rent-A-Car Manhattan indoor facility. Enterprise
contacts:  Watt, Peterson, Friedman.

Drivers/monitors: 20 Enterprise RAC drivers + 3 members of the research team. Drivers and

monitors assemble at Enterprise staging area. Final safety and route briefing given by UC
research personnel prior to deployment.
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Route: Leave staging area for 10" Ave., 34" St, 12 Ave loop and return. (Figure 2.14)
Arterial loop drive time: 3 hours. Distance: 2.3 miles per loop.

Vehicle prep: In accordance with pre-deployment checklists.

Deployment schedule:

7:00 AM UC Research personnel arrive at Enterprise RAC indoor staging facility

7:15 AM UC Research personnel download traffic client to all test phones and acquire GPS

7:30 AM Enterprise RAC - Area 1 drivers and test vehicles arrive; pre-deployment
activities begin per checklist

7:45 AM Enterprise RAC Area 2 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:00 AM Enterprise RAC Area 3 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:15 AM Enterprise RAC Area 4 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:30 AM Enterprise RAC Area 5 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:45 AM Enterprise RAC drivers given final route and safety instructions.

9:00 AM Test vehicles depart Enterprise RAC staging facility at 1-minute interval
12:00 PM Enterprise RAC drivers and vehicles begin returning to staging facility
1:00 PM All drivers and vehicles complete post-deployment checklist

(d) NYC test 4, November 19
Type: Arterial (penetration rate 2-5%)

Scope: 20 vehicles staged at Enterprise Rent-A-Car Manhattan indoor facility. Enterprise
contacts:  Watt, Peterson, Friedman.

Drivers/monitors: 20 Enterprise RAC drivers + 3 members of the research team. Drivers and
monitors assemble at Enterprise staging area. Final safety and route briefing given by UC
research personnel prior to deployment.

Route: Leave staging area for 10" Ave., 34" St, 12 Ave loop and return. (Figure 2.14)
Arterial loop drive time: 3 hours. Distance: 2.3 miles per loop.

Vehicle prep: In accordance with pre-deployment checklists.

Deployment schedule:

7:00 AM UC Research personnel arrive at Enterprise RAC indoor staging facility

7:15 AM UC Research personnel download traffic client to all test phones and acquire GPS

7:30 AM Enterprise RAC - Area 1 drivers and test vehicles arrive; pre-deployment
activities begin per checklist
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7:45 AM Enterprise RAC Area 2 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:00 AM Enterprise RAC Area 3 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:15 AM Enterprise RAC Area 4 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:30 AM Enterprise RAC Area 5 drivers and test vehicles arrive; pre-deployment activities
begin per checklist

8:45 AM Enterprise RAC drivers given final route and safety instructions.

9:00 AM Test vehicles depart Enterprise RAC staging facility at 1-minute interval
12:00 PM Enterprise RAC drivers and vehicles begin returning to staging facility
1:00 PM All drivers and vehicles complete post-deployment checklist

5.2.6. Consumer adoption

The focus of the consumer adoption (Early Adopters) track of the FOT was to test interest in and
use of a real-time probe-based traffic system by the traveling public as well as to determine the
perceived value of traffic probe information.

Much of the consumer adoption effort relied upon outreach and marketing of Mobile Millennium
discussed separately in this final report.

From a logistics perspective, however, consumer adoption was dependent upon the Mobile
Millennium website® being fully functional from the date of the launch on November 10, 2008
until completion of the free download period in November 2009.

Early Adopters needed to quickly navigate the website to register their mobile phone and to
download the software. To facilitate a smooth and quick downloading process on the November
10 launch date, a “tech bar” comprised of a crew of ten Mobile Millennium research team
members was assembled to provide personal registration and download assistance.

The “tech bar” concept was also employed at the Nokia and NAVTEQ booths during the ITS
World Congress as well as IEEE and ASSHTO conferences.

(a) IEEE HSCC/RTAS Conference, San Francisco

Poster Abstract: Mobile Millennium-Traffic Monitoring with GPS Phones
Date: April 13, 2009

Time: 6-8:30 pm

Location: 55 Parc Hotel, Room: Cyril Magnin 111

Registration info:  Linda Buss 715-235-0487 lindabuss@mac.com
Y day $135 / full day $225 tutorials

*http://traffic.berkeley.edu
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mailto:lindabuss@mac.com�

student member = $400
student non-member = $500
early registration deadline — 3/31/09

Poster:

New poster w/arterial Sarah/Alfred:
Review/revisions Sarah/Alfred:
Poster printing/mounting:

Easel

Demo: [Repeat of CITRIS]

Touch screen delivery—JED

Set-up — DANIEL/SANEESH
Touch screen
Touch screen stand
Laptop + power cord + cables + mouse
Extension cords/power strip
Duct/gaffers tape
Padding/packaging

Site logistics — special set arrangements-DAN
Table
Electric power
Wireless

Minivan rental

(b) AASHTO

Dates: Thursday 10/22- Monday, 10/26/09
Palm Springs, CA

Hotel:

Desert Springs, A JW Marriott Resort & Spa
74855 Country Club Drive

Palm Desert, CA 92 10260

Offering:
[ ]

(0]

Sarah/Alfred Deliver draft to SA by 4/3
Dan’s NSF/Washington Poster template:
Addition of arterials content Ryan/Aude:

Deliver to SA by 3/27
Deliver to SA by 3/31
Deliver to SA by 4/3
Deliver to SA by 4/7
Delivery by 4/10

Delivery to CCIT by 4/6
Delivery by 4/10

Deliver to CPS by 3/27

Mobile Millennium real-time traffic application with new traffic alerts
“Simulated” alerts to go off every 30 minutes during show

o Participants will have the ability to simulate their own alerts acting asa TMC
operator from the Mobile Millennium booth

Participants will also be able to look at real-time traffic in their home locale
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Objectives:
e 200+representatives having downloaded the application
e 100 “loaner phones” out for the conference to over 75% of the states
e Special recognition from Randy as to success/influence of MM technology
e Demonstrate CA’s national leadership in ITS

Mobile Millennium Application Download, Training and Alert Creation Opportunities
e Pre-Show
o0 On “Mobile Millennium at AASHTO” website as of October 1
e At Show
0 At the Mobile Millennium Hospitality Suite at the Desert Springs Hotel,
Thursday, 10/22, 11-5
0 At the Mobile Millennium Trade Fair Booth
= Friday, 10/23 9:30 to 4:30
= Saturday, 10/24, 9:30 to 3:30

Communications to registrants in advance of the show and at show
e Pre-Show
o0 Invitation letter from Randy explaining program (9/16)
o Email announcement to all registrants that MM website is open (10/1)
o Email reminder to all registrants (1 week prior to show)
e At Show
o Randy will announce from podium in his welcome speech
Hotel Lobby will have Poster
Hospitality suite
Trade show booth

O OO
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Figure 2.15. The Mobile Millennium poster presented next to the live demonstration in the Mobile
Millennium booth.

Deliverables by Partner:

e NAVTEQ
0 Overall Project management
0 Secure booth and hospitality suite
o0 Oversee Booth and hospitality suite theme (collateral, posters, technology),
coordinating closely with NOKIA
Coordinate necessary staff for booth and suite
Coordinate communication with AASHTO
Coordinate communication with Caltrans
Coordinate potential sponsorship of cocktail reception (review pricing,
availability, options)
0 Manage design and production of Mobile Millennium keepsake (do we want to do
this?)
e NOKIA
0 Revise application to include alerts
0 Add on-site ability to add alerts

O o0O0o
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Manage technology for booth

Work with NAVTEQ on booth theme, wording, signage , technology
Contribute NOKIA collateral and posters

Co-sponsorship of potential reception, if available (?)

-/ 0 0o0o0o

°
O
O
=

Create new landing page to link with MM download site

Staff email response center

Manage follow-up emails to come from ccit address

CCIT presence at booth (materials)

Coordinate this program with other MM appearances at AASHTO (IMS?)
TRANS

Approve letter

Recognition in Randy’s speech

Use of phones by all Caltrans registrants

Confirm Caltrans interest in a presence at booth (?)

Advocacy among other registrants

e CA

OO0OO0OO0OO0OmrO0ODO0OO0OO0Oo

Schedule:

By 9/4/09
e Confirmation from CCIT of their role and contact emails
e Concept of operations complete
e Booth and suite confirmation from AASHTO

By 9/11/09

e Approval for Randy’s invite letter
Inclusion on AASHTO Agenda
Determine participation, if any, in IMS (with CCIT)
Determine if we want to create a “take-away” keepsake
Reservations made for key staff

By 9/18/09

Review Design of New “cover” web page describing AASHTO event

Review New application download page and draft script for downloading application
Test ccit email address

Randy’s Invite Letter sent out to all registrants

By 9/25/09
e Communication/Outreach/application to initial set of registrants who respond to
invitation
Staffing for booth confirmed
Process developed to ensure that no one needs to wait at the booth for download
BOOTH THEME finalized
Signage/posters for booth confirmed
Collateral confirmed
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Approval of script for email invitation announcing website open

On October 1

Updated MM application sent to CCIT

Mobile Millennium at AASHTO website launch and ready for download
CCIT staff ready to receive calls/emails

Email sent to all registrants inviting them to download app

By 10/9/09

Continued communication/Active outreach to key CEOs who respond to invitation
Goal to have _% downloaded prior to event start
Approval of script for reminder email

By 10/16/09

Reminder email sent to all registrants

List of Participating CEOs compiled

Collateral/posters mailed out for set-up

Positive quote from CEO on his/her use of application

Inclusion in Randy’s speech

Vehicle rental reservation completed w/Enterprise #67CHY9 [Scott Heath]

Marriott accommodations confirmed for State rate attendees (Daniel 84060305/Samitha
84060537) [Randy Woolley]

Credentials confirmed for trade fair only and poster session only attendees [Mandy Chu]
Electric power order submitted and confirmed for booth #518 [Nate Jordan/Brudvik]
Internet connection confirmed for booth #518 [Dirk Spaulding]

Banner p/u Dean’s Signs {Zaz / Jed BluCard]

Final brochure approval / production] [Ann Guy]

All posters in press [Jay Sullivan]

MON 10/19 -- Prep

Brief attendees on travel and logistics [-West & Ritter / free agents]
Poster p/u RFS

Posters mounted

Load repeating slideshow on laptop (WoCo slide presentation)
Assemble equipment and materials for loading

TUE 10/20 -- Prep & Loading

Vehicle p/u @ 3 pm

Load equipment & materials [See checklist 10/21]
Issue Fleet Services card & Risk Mngt accident packet
Issue C scratch off permit

Brochure p/u from printer

October 21
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Booth set-up
Hospitality suite set-up
Staff arrival

Dry-runs

WED 10/21 -- Travel Day

e Transport vehicles depart for Palm Desert [Steve + Daniel & Ali]
e Visualizer (plasma screen) + touch screen + cables
e 2 laptops/mice/cables
e Second plasma screen + cables + speakers (for Rose @ CT)
e 4easels
e 5 mounted posters (HOV/ATIS/CMS/(2)MM
e Extension cords/gaffers tape/table covers/clips/furniture pads/duct tape/tool kit
e Printed materials (brochure/poster handouts/IQ Magazine reprints}
e Banners (CCIT Irg/CCIT sm/CT sm/Explore MM/partners med)
e SWAG [canvas bags / ear buds 150 ea.]
October 22

e Staff hospitality suite

THU 10/22 - Booth Set-up, 8a- 5p only
Booth credentials — Steve, Daniel, Samitha

CCIT booth (#518) set-up (10’ x 10’) table + 2 chairs

Check install of 120V duplex outlet for electric power

Check install of internet connection

Install visualizer / touch screen / laptops  (test all connections)
Hang banners

Place printed materials

Store poster session materials in booth

FRI 10/23 — Trade Fair 9a-6:30p
Booth credentials — Daniel and Samitha

MM visualizer demonstration (repeated throughout day)

Assist with new traffic pilot download as needed

Meet and greet delegates — provide CCIT brochure

Staffing: 2 persons / rotate break every 2 hours

SWAG distributed only to those who provide their business contact information (canvas bags /
ear buds)

October 23-24
e Staff booth

SAT 10/24 — Trade Fair & Poster Session

9:00a-12:30p Trade Fair
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Booth credentials — Daniel and Samitha
e Same as 10/23 + break down and load vehicle
e Staffing: 2 persons / rotate break every 2 hours

9:00a-4:00p Mobility Showcase [outdoor tent]
e Banner + MM poster
e Staffing: not required

2:00p-4:00p Poster Session [MM/ATIS/CMS/HOV]
e Poster session credentials — Manju, Samitha (Ali 2-day registration)
o Set-up easels/mount posters/place fact sheets
e Staffing: 3 persons/ 1 per poster

4:30p Load all equipment and materials for return
October 25

e Tear down and ship home
SUN 10/25

e Depart for Bay Area
e MM taken by Caltrans — Rebecca Boyer for mounting @ CTHQ

MON 10/26
e Unload vehicle (use C scratch-off permit to park)
o Refuel vehicle (fill tank to check-out level only)
e Return vehicle to Enterprise Office @ University/Oxford
o Leave all receipts and paperwork in Steve’s in-box

CONTACT INFORMATION

Steve Andrews CCIT-AASHTO logistics 510-501-7919 (cell)
Scott Heath, Enterprise Rent-A-Car #67CHY9 510-705-8989
Nate Jordan, Brudvik Electric — booth power 760-320-4429
Greg Larson, Poster Session Coordinator 916-217-3946 (cell)
Kevin Hanley, Caltrans AASHTO Coordinator 916-716-9087 (cell)
Dirk Spaulding, Caltrans internet connectivity 909-383-7995
Randy Woolley, Caltrans IMS2 Tent 949-756-4930
Rose Melgoza, Caltrans, Booth 520 w/plasma + speakers 909-383-6477
Tom West 510-289-7661

5.2.7. System evaluation

DOT evaluation

In order to evaluate the quality of the Mobile Millennium arterial traffic estimation model, two
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field tests were completed in the East Bay and San Francisco April and May of 2010. This
section describes the details of the routes driven, the methods for collecting probe vehicle data
and validation data, and the logistics protocol for running both field tests.

Two tests were performed. The primary focus of the first was San Pablo Avenue in Berkeley,
Albany, and EI Cerrito. The primary focus of the second was Van Ness Avenue near downtown
San Francisco, with a secondary emphasis on estimating traffic conditions on a small network of
streets around Van Ness.

Figure 2.16 shows a map of the San Pablo Avenue route driven. The test involved 20 drivers
repeatedly looping north and south along San Pablo. Each direction is approximately 2.3 miles of
road. The Mobile Millennium arterial model estimated segment travel times between the
bluetooth readers placed at the locations of the pins on the map. To see this route on an
interactive Google Map, visit:

http://maps.google.com/maps/ms?ie = UTF8&h1 = en&msa =
0&msid=10140966

1672838926341 .00047dc718529cdee794e&z=13

Figure 2.16. Map of the San Pablo Avenue evaluation route.

Figure 2.17 shows a map of the San Francisco route driven. There were 5 different routes, each
with a different color. The primary focus was on Van Ness Avenue, in both directions. The
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secondary focus was studying the travel patterns in this small network. Franklin and Gough are
known to local San Francisco drivers as good alternatives to Van Ness and the research team
wanted to study this phenomenon as well as understand the dynamics of traffic over a network
(including one-way and two-way streets). The Mobile Millennium arterial model estimated
segment travel times between the bluetooth reader locations indicated by pins on the map.
Specifically, the streets to be modeled included:

Van Ness, northbound and southbound
Franklin, northbound

Gough, southbound

Hyde, southbound

Leavenworth, northbound

California, eastbound

Pine, westbound

Turk, westbound

Golden Gate, eastbound

To see this route on an interactive Google Map, visit:
http://maps.google.com/maps/ms?ie=UTF8&hI=en&msa=0&msid=10140966

1672838926341 .00047dc673c0b1f4c9716&z=15
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Figure 2.17. Figure 4.19: Map of the five downtown San Francisco evaluation routes.

° Times/Durations:

San Pablo Avenue: A weekday test performed during evening commute hours from 3:30pm to
6:30pm.

Van Ness and SF Network: A weekday test performed during evening commute hours from
3:30pm to 6:30pm.

o Data Collection
Probe Vehicle Data: Each test drivers was equipped with a GPS device recording the vehicle
location every few seconds. This was used to generate sample probe data (either VTL-based or

time-sampling based) used by the model. The GPS device was also bluetooth enabled allowing
the team to test the bluetooth readers.
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Bluetooth Data: Bluetooth readers were placed along the routes. The intent of collecting this data
was to ground truth travel time measurements for validating the model results.
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Part 11
Mobile Millennium System
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6. Core Systems

6.1. System Overview
A schematic of the overall Mobile Millennium system is shown below in Figure 1.1.

The overall system is a combination of phones, cellular networks and back end software. As the
diagram shows, processing was split between Nokia and UC Berkeley. A cell phone user would
download a client from the Berkeley web site. This client would connect over the cellular
network to servers at Nokia. Nokia would download VTLs or virtual trip lines to the phone. The
virtual trip lines determined at which points the cell phone client would measure velocity and
location. As a phone crossed a trip line this information was sent back to the Nokia servers where
it was cleaned of all user identifiable information

The anonymous information was then sent to UC Berkeley where it was cleaned, filtered,
associated with an actual roadway in the Navstreets (Navteq) database, fused with other data
sources and passed to algorithms that used the data to estimate the speed of traffic on Bay Area
roads. These speed estimates were sent back to the Nokia servers where they were used to
construct traffic maps where the color of a road corresponded to the average speed of vehicles on
the road. This process occurred in real time every week day for over a year.

The estimation algorithms and the virtual trip line technology are discussed later in this
document. The details of the Navteq processing steps are proprietary and are not further
discussed in this document. The remainder of the chapter will discuss the Mobile Millennium
system as it was developed and run at Berkeley. The majority of the data processing and
complex algorithm execution occurred on the Berkeley servers.
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Figure 1.1. Mobile Millennium System Architecture (Nokia and Berkeley)

The Mobile Millennium system at UC Berkeley is a combination of software, hardware,
procedures and personnel all focused on providing high volume, high reliability, real-time data
processing. It was developed and used by over 50 students, interns, engineers and scientists. It is
composed of roughly half a million lines of code, over 100 database tables, multiple hardware
servers and several development environments.

As data flows through the system, numerous data feeds are filtered, the refined output fed to state
of the art estimation and fusion algorithms and the resulting information visualized and presented
for data exploration. Figure 1.2 is an early data flow diagram for the system. Its components will
be discussed in more detail later in this section. The headings across the top are major processing
steps, the small rectangles on either side are data sources and sinks, the circles within are
individual processes and the rectangles at the bottom are cross cutting functionalities.
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Figure 1.2. Early Mobile Millennium data flow diagram

There are many large commercial companies that provide this type of production data
processing. The Mobile Millennium system and support structure differed in several significant
ways from commercial environments. These differences include:

e Mission and support structure provided by the parent organization
e Experience and background of the personnel developing the system
e Funding levels and paradigms

e Evolution rate of the system components

These combined to create a challenging, interesting and instructive management problem. As one
of the goals of this report is to assist others who wish to carry this research forward we will
discuss each of these challenges and how we for the most part successfully responded to them.
Mission and support structure provided by the parent organization

The Mobile Millennium system was developed at the University of California at Berkeley, a
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large educational institution not traditionally known for its production data processing
capabilities. Within the University the Mobile Millennium system was directly built by students
and staff associated with The California Center for Innovative Transportation (CCIT). CCIT has
since merged with the Partners for Advanced Transportation Technology (PATH). The faculty
and students were also principally associated with the Civil Engineering department at the
University. Later personnel from the Computer Science and Electrical Engineering departments
joined the project.

CCIT had experience building smaller software systems including infrastructure for managing
Changeable Message signs (CMS). However no project with the scope and requirements of
Mobile Millennium had been attempted there. Within the University even the scope of the CMS
sign effort was considered unusual. As such little resource or experiential support could be
provided by the University. This included a lack of organizationally supported computing
resources. All hardware had to be purchased for the project and, at least during the initial phases
of the project, stored on site.

These challenges were alleviated in several ways. The principle investigator was given leeway in
building a new organization and in repurposing existing personnel. Equally important, existing
senior management did not attempt to manage the technical aspects of the project. Finally
exceptional steps were taken by management to obtain funding from Caltrans for the hiring of
external consultants to manage, structure and organize the effort.

Lessons Learned — Flexible Management and aggressive acquisition of proper resources are
essential. If we had it to do again we would have provided more and additional funding earlier in
the process for professional services.

6.1.1. Experience and background of the personnel developing the
system

The Mobile Millennium system required the standard set of expertise used in building and
maintaining systems. These areas of expertise included:

Software Engineering Management
Software Architectural Design

Software Engineering

Database Management

Quality Control

Version and Configuration Management
System Administration Support

Project Management

e Technical Writing

At the start of the project no professional software management was available and there was one
competent software engineer who doubled as the system administrator and architect. There were
many civil engineering students available. These included master’s students, PhD students and
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interns. These students were from multiple countries and English was often not their first
language. As was to be expected of students none had experience with professional software
development and were unfamiliar with basic concepts of shared development, source control,
security, reliability, testability, and maintainability. Most students had some experience with
MATLAB but had not worked with a database management system. They were accustomed to
using free tools and thus only had experience with open source products.

The challenges to building a production system with students went beyond simple lack of
experience. As students, their principal motivation was the achievement of their degree and
professional acknowledgement in their field. Proving that a technology can be commercialized,
communicating problems/failures and building a production like system were at odds with their
requirement to mathematically prototype many different “crazy ideas” and to publish papers only
on the ideas that bore fruit. Learning software engineering techniques, standardizing on software
tools/approaches and writing maintainable software was understandably low on their list of
priorities.

The early realization that professional assistance was required saved the project. A small group
of professional software developers were hired as consultants. A professional developer from
one of our partners was also hired and moved to Berkeley from Finland. Equally fortunate and
essential, the students at Berkeley are highly intelligent, motivated, emotionally well developed
and willing to completely commit, body and soul to the success of a project. This permitted a
small group of professional developers to educate and guide them in the building of this system.
Several of the students turned out to be excellent software engineers in the making.

The professional staff consisted of

e Software Development Manager with 204 years of experience. He also functioned as the
project manager and shared the role of software architect with one of the engineers

e Three software engineers with beginning to mid level experience

e One developer who had experience in Geographic Information Systems (GIS). This was
important as traffic must be mapped to physical locations.

e For ashort time an architect/database administrator

The project was continually challenged by the lack of a professional database administrator and a
lack of expertise in web development.

Lessons Learned — Bring in professional support as early as possible. We should have provided
more focus on initial training and proper motivation of project participants.

6.1.2. Funding levels and paradigms

Both the University and Caltrans Department of Research and Innovation (DRI) were
accustomed to funding and supporting research. Mobile Millennium was a combination of
research and preliminary implementation. In many ways Mobile Millenniums goal was to prove
that implementation of traffic estimation was possible at scale in real-time. This was a new goal
for research organizations.
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Neither the DRI funding mechanisms nor the University support structures were accustomed to
building and maintaining professional software. There was organizational and sponsor pressure
to not explicitly fund ongoing core software systems or commercial software as these were not
considered important to research. In many ways this is understandable given previous research
paradigms. Normally systems support structures were built up and torn down for each project.
This was acceptable for analysis of small amounts of data. However it is excessively expensive
and logistically prohibitive given the massive amounts of data now being generated by
ubiquitous sensors. Data processing and exploration have become computationally complex and
are now a base requirement for accelerated research and deployment.

Most companies who perform data analysis have a core group of systems and software personnel
that are shared among projects. While it is true that CCIT had a core group of staff engineers
these were not trained software engineering and database personnel. Even more importantly the
fundamental core hardware systems and core software cross cutting layers (discussed later) were
not in place. This was exacerbated by the lack of experience within the research community with
the sharing of systems infrastructure.

It is interesting to note that ongoing systems are more readily supported at Caltrans in the
Operations group (the PEMS system for example) where the goal of research that leads quickly
to implementation is forefront. However the fundamental driver for more computing
infrastructure is not the need for rapid implementation, it is the advent of large amounts of data
requiring processing in real-time that cannot be managed with traditional tools and processes.

Another area of challenge was the hiring process, including contractors, consultants and
employees. In order to hire contractors there is a minimum of a 6 month cycle for contract
modifications, bids, purchasing, etc. This process is considered extremely slow in the world of
software engineering. The hiring of employees is also problematic from several perspectives.
University salaries are not competitive in the Silicon Valley, job security is project based and
thus susceptible to yearly layoff notices and there is little funding allocated for professional
development. Additionally, the hiring process at the University is based on proving funds will be
available for at least a year. Thus it is difficult to build a base development organization.

Lessons Learned — Acknowledge big data has arrived. Build the appropriate system support
structures. Understand the research is not production and educate all sponsors about the new
requirements for success. Start hiring early.

Evolution Rate of the system components and personnel

Another challenging requirement was the high degree of change of system components and
personnel. One of the pleasures of working on Mobile Millennium was the continual goal of
improvement and the notion that there were no failures, only opportunities to push the limit of
what is possible. Mobile Millennium was a combination of research and production. These two
paradigms do not sit easily together. However, in this case, the dynamic tension between the two
resulted in both better research and better systems. Research required quick development of new
mathematical models, filters, and analysis methods. These mathematical formulae needed to be
coded into software, integrated into a production system and quickly tested. Production required
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tested software, solid configuration management and predictable update schedules.
Several management decisions were made in order to meld these two opposing requirements:

. The professionals controlled the system. The principle investigator made it clear
to his students that they were on a team and that they were to do what the professionals
told them to do. The importance of this cannot be overstated. The willingness of the
principle investigator to cede authority on these topics to the development professionals
was essential.

. The professionals were required to show patience and a relaxing of standards to
enable a meeting in the middle on the development process. Working with students who
did not understand software development and even at times felt it was beneath them as
civil engineers was stressful and trying. However the rewards were clear. Many of the
students developed into reasonable developers, the system functioned well most of the
time and there was a significant feeling of accomplishment by the professionals and the
students on the project

. The professionals would build an architecture including a core set of classes and
tools that the students would be required to use. This took time and was a struggle but
was worth it.

. Our system would be highly modular and relatively easy to debug. Thus we
traded performance for ease of use and understandability. This was a core design of the
system that we explicitly discussed and implemented. The basic concept was that there
would be no interprocess communication; all information would be transferred through
database tables. This resulted in simple modularity but reduced performance. One of our
mistakes was not hiring a database administrator.

Lessons Learned — Ensure the existence of strong crosscutting layers, availability of experts in

all relevant software fields, leadership by experienced management and an overall desire by all
the project members to work in a learning/training environment.

6.1.3. System Description — languages, Infrastructure, Etc

As previously mentioned we had three significant constraints in place when we chose our
software and our hardware.

o Fiscal Constraints — We did not have sufficient funds to pay for commercial
software or anything but fairly generic hardware.

. The students were determined to use open source software and operating systems
. Our students had no experience with integrated development environments,

management tools or databases. This limited us to simpler tools.
Within these constraints we choose the following infrastructure components for our system

o Programming Languages
@ Java - Java was an open source, tested language. We felt that there were
many open source development tools that worked with Java and that it would be

197



accepted by the students. It was also object oriented, a requirement for our work.
(b) Scala - Later we also began development in the Scala language. It
provided functional characteristics that were becoming more important in our
high performance computing environment. We also felt that we should be
teaching the most recent programming techniques to our students.

(©) Matlab — No production part of the system was written in Matlab, however
many students used it for data analysis. It has superior rapid visualization tools
and we effectively had a site license. We built Matlab consumable libraries that
permitted Matlab script to access our databases safely.

(d) We also used various scripting languages but only for system management
and not for core software

Database Management Software

@) Postgis - We needed an open source database that supported GIS
processing. We had significant requirements to map points to locations and to
determine points within bounding boxes.

(b) PGAdmin — A useful GUI that eases Postgis database management
Integrated Development Environments (IDES)

@) Netbeans — Netbeans is an open source IDE and fairly simple to use. It
worked reasonably well.

(b) IntelliJ — We started out with this IDE (even paid for some licenses).
However it was too complex for our students to understand. It was well liked by
the professionals.

Operating Systems

@ Linux — For deployment. Works well and is open source.

(b) Windows - For development and for documentation purposes

High performance computing

@ We used several high performance computing environments. Please refer
to the chapter on HPC for more details.

Data Warehouse software

@ Pentaho — Open source. We used various ETL (Extract, Transform and
Load) libraries and various visualization tools. Ultimately this proved too
complex for our organization to fully implement and support.

Web Aps

@ Tom Cat Server

(b) Simple Java Script

(© Basic HTML

Mapping Software and Data

@) Navteq Maps — Navteq provided us with their street maps. These worked
very well. They contained detailed information on both road connectivity and
roadway characteristics (free flow speed for example) for all the roads in the bay
area. This information was essential to our models and without this the project
would likely not have succeeded

(b) Open Layers on the web client

Other Support Software

@) Configuration Management — SVN

(b) Unit and System Tests - We used tools to run unit and system tests nightly
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(©) Tunneling tools - Various

We would have liked to use more sophisticated code coverage, profiling and testing tools but
were unable to bring the organization to a sufficient level of knowledge and maturity to do so.

As previously stated, our architecture was based on all data being passed between processes
using database tables. While slow at times it permitted intermediate results to be debugged and
was a quickly understandable architecture for our students. We also asked the professional
developers to build robust cross cutting layers. This strategy is one of the reasons we were able
to meet our deliverables. We abstracted out as many functions as we could so that the student
developers were only responsible for algorithms.

6.1.4. System Architecture — Data Flow and Cross Cutting Layers

Figure 1.2, above is from the early stages of Mobile Millennium. All the basic processing steps
are in place but the cross cutting layers are in their early stages. Figure 1.3 shows the system
during its most active quarters. Figure 1.4 shows how the system blossomed to include cross
cutting layers for parallelization (high performance computing), network management (road
descriptions) as well as applications that helped to estimate information related to waterways, air
quality and earthquakes. By the end of the project the system was being used by multiple groups
outside of the core Mobile Millennium project. We viewed this as a mark of success for both the
system itself and the organizations associated with the projects.

199



-

Targets

[w]

o]

=

Caltrans

g
22
50

Education

Eg
o B
45

Research

—
II
(7]

B

WMTC

E
=
%

L

Other data
coNSuUMers

{future)

f
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i
|
\

Figure 1.3. Mid-project Mobile Millennium based traffic data collection and processing system

Following is a description of each of the system’s components and their contribution to research,
analyses and deployment. We first discuss the vertical columns which represent the flow of data
from raw input feeds to useful information for traffic data consumers.

Feeds — Traffic data feeds come from many sources. The system receives software from the
California Highway Patrol (incidents), Nokia/NAVTEQ/Traffic.com (probe data and radar data),
toll tag readers, inductive loops (PEMS), SF Taxi data and other feeds as needed. The
architecture for the system is generic and we can integrate new feeds in a relatively quick and
easy manner. Raw data from feeds is time stamped, geo coded and saved in raw data tables in
our operational database.

Refinement — All raw data feeds require filtering for obvious errors caused by faulty
measurement devices and transmission errors. Data also needs refinement for more subtle errors
caused by slightly malfunctioning devices or general calibration or device attribute errors.
Previous work has shown that this refinement step is absolutely essential to the generation of
good traffic information.
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Assimilation and Modeling — Raw traffic data represents point in time and point in space
measurements from a representative sample of road locations. From this sample the overall
conditions of traffic at any point in the road network is desired. Models are used to take
measurements of initial roadway conditions and produce estimates and predictions of traffic
information. The algorithms for combining actual physical measurements with the estimates
from the models are called data assimilation algorithms.

Estimate and Predict — Estimation is the process of determining probable values for traffic
metrics as they exist now. Prediction determines probable values for traffic metrics in the future.
The system used both flow and machine learning models to perform estimation and prediction of
speed, travel time and best route metrics. Multiple versions of each model type were often in use
simultaneously.

Inform — Traffic information is not an end in itself, it must be used to help improve traffic
conditions through both effective management of current roadways and in the development of
new roadway systems. The system currently has an excellent visualization tool used to show
traffic data estimates and predictions. Several versions of the visualization tools exist. The
version used by researchers permits data drill down into individual measurement points and
roadway segments.

We now describe the horizontal cross cutting layers at the bottom of the diagram:

Process Management — All real time systems require monitoring. The system monitors up time,
database items, response time, cpu/disk usage etc. If problems are seen notifications are sent and
a real time system status management web page is updated. There are scripts for starting and
stopping processes on development and production machines.

Database — The system contains operational/development databases and a data warehouse. The
operational system is tuned for response time. Each night we would run an ETL (Extract,
Transform and Load) to move data from our operational system to our data warehouse. We use
PostgreSQL with GIS extensions as our database.

Data Visualization — The system has an entire subsystem and web based user interface dedicated
to visualizing traffic data. There is both a user mode and an expert researcher mode. In the expert
mode the system permits drill down into sensor and traffic data details. We can also visualize
best travel routes and air quality near roadways.

Evaluation — It is crucial to be able to compare outputs from one group of (inputs, filters,
models) with a different group. This is especially true if one group represents ground truth. The
system has developed methods and interfaces for ensuring that output from models can be
compared.

Additional cross cutting layers added after this diagram was completed include:

Network and Geocoding — We need to create many different networks. We refer to these as
model graphs and they represent a named subset of the bay area network. These can be used as
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part of estimation or evaluation processes. This layer provides tools and interfaces for creating
and accessing these networks. It also includes numerous functions for fundamental location
aware operations.

Parallelization — As our algorithms became more CPU intensive (principally for machine
learning and statistically significant data assimilation) we needed to enable access to high

performance computing. This layer defines the interfaces and methods for running jobs in
parallel on computing clusters.
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Figure 1.4. Final Mobile Millennium expanded data flow diagram

The next set of sections in this chapter will describe various aspects of the system in more detail.
Research chapters will discuss refinement, assimilation, modeling and estimation algorithms.

The Mobile Millennium system is a platform for collecting, filtering, processing, analyzing and
visualizing traffic data. The primary purpose of the system is to enable researchers to easily

202



access data and software tools for building new algorithms for estimating traffic conditions.

This chapter describes the basic architecture of the system and gives details about