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Student: You-Tsun Lin Advisor: Prof. Ming-Feng Chang
Institute of Network Engineering

National Chiao Tung University

Abstract

Providing real-time traffic information, such as traffic speed and flow, to road
users can save traveling time and reduce fuel consumption. With the increasing
popularity of on-board GPS devices and wireless data communication capability, it
becomes feasible to obtain global real-time traffic information from GPS-equipped
probe cars, which periodically report speed to a traffic information center (TIC). To
provide real-time information, the report period needs to be short. This may result in a
huge number of reports to an over-loaded TIC. In this thesis, we present a traffic
report system and method with fast feedback to reduce the number of traffic reports
from probe cars. The TIC periodically broadcasts the maximum speed collected in the
previous period for each road segment. After receiving the TIC broadcast, probe cars
with fast speed would report their speed to the TIC earlier than those with slow speed.
The TIC will also broadcast the maximum speed of this cycle immediately after it
receives a speed report. This immediate broadcast would prevent slow-moving probe
cars from reporting their speeds. The same method can be used to obtain the
minimum travel time as well. To evaluate the performance of the system, we have
performed simulations using the traffic model simulator VISSIM. The simulation
results indicate that our approach significantly reduces the number of traffic reports
and the loading of the TIC. The results also suggest that it is feasible to use the

maximum speed and the minimum travel time to indicate traffic conditions.
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Chpter 1  Introduction

1.1 Current Development

Urban traffic has been growing all over the world in the past few years, and it
puts a lot of pressure on cities’ traffic control and planning, resulting in reduction of
transportation efficiency. Moreover, traffic congestion has several negative impacts,
such as air pollution, noises, and fuel consumption. According to the urban mobility
report [1], drivers in the US wasted 4.16 billion hours of time and 2.81 billion gallons
of fuel in 2007 due to traffic congestion, and the congestion costs are increasing.
When traffic congestion is becoming a serious problem to our lives, there is a strong

need to improve transportation efficiency.

In order to solve the traffic congestion problem, several methods have been
developed to collect traffic information, such as inductive loops, infrared sensors and
video detections. Inductive loops and infrared sensors are embedded in a road
network to detect vehicles passing over. Video detections are another form of vehicle
detection methods which use traffic cameras to detect vehicles by means of image
processing techniques. Using these methods, traffic system managers like TANFB
Traffic Information System [2] can provide traffic information to road users for route
planning decisions. The three types of methods for traffic detection have been a major
part of most intelligent transportations systems (ITS) during the last few decades.
However, they are too expensive to construct and maintain. It is difficult to widely use

them in urban cities because of economic reasons.



An alternative method for collecting traffic information is Floating Car Data
(FCD). The basic idea of FCD is to collect real-time traffic information by locating
vehicles via mobile phones or GPS devices. FCD uses probe cars as mobile sensors to
collect traffic information, which is based on the exchange of information between
probe cars traveling along a road network and a central server. Unlike the traditional
traffic data collection techniques mentioned above, FCD is very cost-effective, that is,
there is no need to build additional devices along a road to obtain traffic information.
Contrary to traditional techniques, it has much wider road network coverage. Some
service providers, such as TomTom [3], IntelliOne [4], ITIS Holdings plc [5] and

Mediamobile [6], have developed applications based on FCD recently.

1.2 Motivation

In general, FCD falls into two categories: floating cellular data and global
position system-based probe cars. The principle of floating cellular data is to locate
vehicles by means of triangulation or other technologies such as handover [7].
GPS-based probe cars use GPS receivers to measure location and speed. The main
difference between these two approaches is that floating cellular data approach does
not need additional hardware. GPS-based probe cars rely on on-board GPS devices
for location measurement. Floating cellular data, however, does not require special
devices in cars, because most driving vehicles are already equipped mobile phones
nowadays. Although floating cellular data is superior to GPS-based in the point of
view of availability, it has critical weakness—low accuracy. Accuracy of floating
cellular data is especially low in urban areas. Density of road network is high in urban
areas, whereas the sector cell size is large, which may suffer from locating problems.
As a result, it is difficult to obtain useful traffic information in urban areas by using
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floating cellular data. In this thesis, we only consider the GPS-based approach

because of accuracy concerns.

To obtain real-time information, probe cars need to periodically report their
conditions to a traffic information center (TIC) in a short period. In a traffic
information system using FCD, probe cars send their current conditions, such as
coordinates, timestamp, speed and heading, to the TIC via wireless communication
methods. Upon using received traffic conditions, the TIC is able to generate and
update traffic information, and then broadcasting to all road users. The road users that
receive traffic information can decide the best route immediately. For example, the
road users can drive different roads in order to avoid traffic accident or traffic jam
ahead. In addition, a traffic information system based on FCD can provide travel time
easily. Therefore, drivers are able to-know how long it takes to reach their destinations,

which benefits road users a lot.

To select the periodical report interval, one needs to consider the tradeoff
between the amount of report messages and the real-timeliness of the traffic
information generated by the TIC. In urban cities, there are many probe cars which
report their information to a TIC, which puts loads on the TIC. The TIC needs to
receive and process significant amount of messages. When traffic flow increases, the
TIC requires additional storage space and communication bandwidths. Therefore, a
traffic information system based on such policy has scalability problems. One direct
solution is to make probe cars report their conditions in a longer period, therefore
reducing the amount of messages which are sent to the TIC. However, it is difficult to
obtain real-time information; in other words, the collected information does not reflect

traffic conditions immediately.



Although many studies have been done on FCD generating traffic information,
few studies investigated how to select an optimal report interval. Most traffic
information systems, however, collect traffic information by using periodical report
policies, which needs to consider the trade-off relationship and problems mentioned
above. In a traffic information system, the essential factor is real-timeliness, which
helps road users to realize traffic conditions immediately. Therefore, periodical report
policies are not suitable for real-time information systems deployed in urban areas. To
conclude our discussion so far, it is worth paying attention to design a FCD-based
traffic information system which offloads the TIC and maintains the real-timeliness of

information generated by the TIC.
1.3 Objective

In this thesis, we present a novel traffic report system and method with fast
feedback to reduce the number of traffic. reports.from probe cars and maintain the
real-timeliness of the traffic information generated by the TIC. Our traffic information

system has the following features:
(1) Providing real-time traffic information.

(2) Reducing communication requirements for FCD-based traffic information

systems.
(3) A conditional report policy for probe cars.

Our contribution of this thesis is to propose a report policy that not only reduces
communication requirements but also maintains the real-timeliness of the traffic

information. We believe our work is valuable since there are few traffic information



systems that can offload TIC and maintain the real-timeliness of information at the

same time. We will describe the report policy in details in later chapters.

1.4 Summary

The remaining part is organized as follows. Chapter 2 describes the current work
in Floating Car Data related to our system. Chapter 3 describes our system design in
details. Chapter 4 discusses the results in our system. Finally, we give our conclusions

in Chapter 5.



Chpter 2 Background and Related

Work

2.1 FCD-based Traffic Information Systems

Currently, traffic information systems using FCD can be classified according to
the structure used. Generally speaking, traffic information systems fall into two

categories. One way uses a centralized structure, and the other way is decentralized.

In a traffic information system based on a centralized structure, probe cars send
traffic information to a centralized server named traffic information center (TIC).
After receiving traffic information, the TIC processes and stores the messages sent by
probe cars. To provide traffic information to road users, the TIC broadcasts the
calculated data periodically.. As probe cars travel along a road network, they collect
traffic information and report their -information to the TIC. These reports act as
measurements of the traffic conditions; the TIC uses them to update current traffic
conditions. Since probe cars are able to collect traffic information continuously, they
act like mobile sensors that detect traffic conditions from place to place. In order to
accurately reflect traffic conditions in urban areas, probe cars have to float in the
traffic stream. In other words, they must be distributed widely. To achieve this, taxi
fleets are especially suitable due to their high density in the cities. Each probe car has
to be equipped with a wireless communication device and a positioning device. The
wireless communication device is used to send or receive traffic information, and the
positioning device is used to determine the position of the probe car and, further, to

collect traffic information. This structure can be considered as a client/server
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architecture, since the TIC has a global view of the road network. Most traffic
information systems we have studied adopted this type of structure. In this thesis, we

also use the centralized structure to design our system.

In contrast to the centralized structure, Wischhof et al. [8] have proposed a
decentralized traffic information system based on inter-vehicle communications. In
their system, probe cars communicate with each other via wireless radio. Each probe
car broadcasts traffic information to other probe cars periodically. Obviously, there is
no central server in their system; probe cars share traffic information with each other.

Therefore, this type of structure can be viewed as a peer-to-peer (P2P) architecture.
2.2 Positioning Technologies of FCD

In a traffic information system using FCD, the crucial part is to obtain traffic
information from vehicles by using positioning technologies. In this section, we
introduce two types of positioning technologies used in FCD: the Global Position

System (GPS) and mobile phone tracking.
2.2.1 Global Position System

The basic principle of GPS is to use a receiver to measure the time difference of
satellite signals. As we all know, distance equals rate times time. In the case of GPS,
the satellite signal travels at the speed of light. In addition to knowing how long the
satellite signal travels, the distance between the GPS receiver and the satellite can be
easily calculated. Upon receiving multiple signals transmitted from multiple satellites,
the position of the GPS receiver can be computed by using a triangulation method.
The basic principle of triangulation method is to use at least three reference points to

determine the position of an object that is within the intersected area triangulated by
7



these reference points. The more reference points, the more accurate the position. As
shown in Fig. 2-1, each circle represents a possible position of the GPS receiver, and
the exact position of the GPS receiver is at the intersection of the three circles. By
using four satellites as reference points, the GPS receiver is able to calculate its
latitude, longitude, and altitude. Therefore, GPS can be used to detect location,
direction, and speed anywhere on Earth, and it has generally high position accuracy.
However, it suffers from a problem known as urban canyon effect. There are usually
many tall buildings in the urban cities, which causes GPS receivers being unable to

obtain satellite signals from sky.

T
GPS Eeceiver
Fig. 2-1 An example of the triangulation method.

Although GPS was originally developed by the Department of Defense (DOD)
for military purpose, it has been widely used in consumer market for in-vehicle
navigation systems recently. With the increasing usage of on-board GPS devices, it
becomes feasible to obtain traffic information from GPS-equipped probe cars.
Therefore, there have been many studies concerned with the application of automatic
vehicle location (AVL) that employ GPS for vehicle tracking in the past few years. A
field test of the California PATH Program [9] showed that GPS is an effective tracking

mechanism for the purpose of collecting traffic information.
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2.2.2 Mobile Phone Tracking

Another emerging technology for positioning is mobile phone tracking that can
be broadly divides into three categories: network-based, MS-based, and hybrid
methods. Usually, floating cellular data methods adopt network-based positioning
technologies. The other two categories, MS-based and hybrid, are adopted by
GPS-base probe cars. We describe these three types of approaches separately in the

following paragraphs.

In network-based methods, the position is calculated by the service provider's
network infrastructure. Network-based methods are grouped into two categories
according to the number of involved base stations (BSs), that is, only one BS or
multiple BSs. Methods requiring one-BS include the cell identification (Cell-ID) and
the location fingerprinting (LF). Methods requiring more than one BS include the
received signal strength (RSS), the angle of arrival (AOA), the time of arrival (TOA),
and the time difference of arrival (TDOA). The advantage of network-based methods
is that they do not need to set up additional hardware, and there is no need to modify
mobile phones. Because related infrastructures already exist, network-based methods
are cost-effective and highly available. However, network-based probe cars cannot

generate highly accurate traffic information compared to GPS-based probe cars.

Since the usage of mobile phones has grown rapidly in past decade, several
studies explored the feasibility of using service providers as sources of traffic
information. The Do-iT (Data Optimization for Integrated Telematics) project [10]
evaluated the accuracy of network-based GSM data for mobile positioning. Compared
to GPS data, network-based data presented standard deviations of approximate 300

meters. Consequently, they indicated that further improvements were needed.
9



In MS-based methods, on the other hand, the position is majorly calculated by
the mobile phone itself. Typically, a mobile phone equipped with a GPS module falls
into this category. In contrast to network-based methods, MS-based methods need to
install special software on a mobile phone, and the mobile phone must be able to run

such software.

Hybrid methods, such as Assisted GPS (A-GPS), combine network-based with
MS-based methods in order to improve the performance of positioning technologies.
As we mentioned before, traditional GPS suffers from the urban canyon effect. To
address the problem, A-GPS uses an assistance server that provides assistance data to
a GPS receiver; in other words, A-GPS uses both GPS and network information to
calculate the position of the mobile phone. With network assistance, the GPS receiver
can obtain satellite signals- more efficient and faster. Consequently, A-GPS has the

best performance compared with other mobile phone tracking methods.
2.3 Report Policies for Communication Reduction

A report policy is a method used by individual probe cars to decide whether or
not to send traffic information to the TIC. In this section, we discuss three report

policies which are able to reduce communication requirements.

Kerner et al. [11] have developed a FCD-based traffic information system using
a velocity threshold to reduce messages sent to the TIC. The TIC broadcasts travel
time data with threshold values to probe cars. Comparing with the threshold values,
each probe decides whether or not to send its travel time to the TIC. The decision is

based on the equation:
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TT, =TT, |>TT,, (2.1)

where TT, is the current travel time of the probe car, TT,, is the travel time broadcasted
by the TIC, and TTjy is the threshold value. If the difference between TT. and TTy, is
greater than TTy, then the probe car reports its TT. to the TIC. Using threshold values
does reduce the amount of messages sent to the TIC, but the accuracy of the generated

traffic information is decreased.

Tanizaki and Wolfson [12] have designed the randomized policy to improve the
velocity threshold approach. Basically, the randomized policy is based on Equation
(2.1), except that they introduced a transmission probability to the velocity threshold
approach. When Equation (2.1) is satisfied, each probe car decides whether or not to
report according to the probability broadcasted by the TIC. The randomized policy
generates incomplete traffic information, which.is the same problem as in the velocity

threshold approach.

To overcome the drawbacks of velocity threshold approach, Ayala et al. [13]
introduced the flow-based report policy in FCD-based traffic information systems. In
their system, the report policy uses a probability that is inversely proportional to a
traffic flow estimated by using Greenshields model. Each probe cars decides whether
or not to report according to the probability broadcasted by the TIC. Therefore, the
method successfully reduces the amount of messages sent to the TIC. Compared to
the threshold method, results of the flow-based method showed that they generated
more accurate traffic information. However, Greenshields model depicts the traffic
conditions on highways. There is no suitable traffic flow model that is able to

accurately reflect the traffic conditions in urban areas.
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Van Buer et al. [14] proposed a method for the purpose of determining and
reporting a traffic anomaly. In their system, each probe car has an on-board database
that records its historical travel data, and it determines its speed discrepancy during
each journey. In order to determine the speed discrepancy, each probe car compares its
current speed with the average of its related historical data. To decide whether or not
to report, the probe car compares the speed discrepancy to a set of predefined values
(i.e. reporting thresholds). If the speed discrepancy satisfies one predefined value,
then the probe car reports its current speed to the TIC. When receiving a report, the
TIC generates and broadcasts an alert that indicates the current traffic state. After
receiving an alert from the TIC, each probe car has to compare the discrepancy to the
alert, instead of comparing with the reporting thresholds. An example of this report
policy is shown in Table 2-1. Although the system they proposed successfully reduces
communication requirements, the disadvantage is that each probe car utilizes its local
data to decide whether or not to report. When different drivers who have different
driving style drive the same probe car, it is likely to generate anomalous data.
Accordingly, the probe car reports wrong data to the TIC. To avoid this problem, we

consider using global information for comparison.

Table 2-1 An example of the report policy.

Reporting Thresholds: -10 kph, -20 kph, +10 kph

Time Seq. | Current Speed | History Speed | PC’s Action | TIC’s Action
1 48 40 NA NA
2 30 40 Report | Alert " Heavy |
3 19 39 Report Alert " Jam
4 15 39 NA NA
5 38 39 Report Remove Alert
6 50 40 Report Alert " Light |

12



Chpter 3 The System Design

3.1 System Overview

Our system consists of two parts: a traffic information center and a group of
probe cars. In this thesis, we use a centralized architecture to design our system. Fig.
3-1 depicts the system architecture of our system, and the functions of each

component will be described below.

| GPS

Traffic Information
Center (TIC)

Dedicated Short Range
Communications ((5)

(a

(DSRC) -

// \ Wireless Communication

Probe Cars

Road segment 1 Road segment 2

Fig. 3-1 The System Architecture.

The traffic information center (TIC) is a centralized server which receives the
traffic reports from probe cars and provides traffic information to the probe cars and
the public. The TIC has a global view of the entire road network, where each road is
divided into segments of about 1-3 kilometers in length; in other words, our system is
a segment based traffic information system. The boundaries of the road segments are

road intersections. Each road segment is identified by a unique identifier, and traffic
13



information data, such as speed and travel time, of each road segment will be
collected and broadcasted by the TIC. After receiving traffic data from probe cars, the
TIC processes them and stores the calculated data in a database. In order to update
current traffic conditions, the TIC has to compare received data with previous data in
the database. The comparison is made according to the type of information that the
system designed to obtain. In the case of maximum value, for example, the TIC
updates the database when the value of received data is greater than previous data.
The TIC is responsible for disseminating information of traffic conditions. In order to
provide traffic information to road users, the TIC broadcasts traffic information
periodically through the Dedicated Short Range Communications (DSRC). DSRC is a
wireless communications service designed for the operations in roadside-to-vehicle
communication environments. Using-DSRC, traffic information can be displayed on

an on-board vehicle radio.system.

We assume that each probe car is equipped with a GPS receiver and a wireless
communication device. With the increasing progress in positioning and wireless data
communication capability, it becomes possible to obtain traffic information from
GPS-equipped probe cars. At each point in time, each probe car continuously
determines its current position using the GPS receiver. Using the measured GPS data,
each probe car is able to calculate its travel conditions, such as speed and travel time,
easily and accurately. Our goal is to design a report policy for the probe cars that in
order to reduce reduces the number of reports transmitted and maintain the
real-timeliness of the traffic information collected by the TIC. When a probe car
determines that it is time to report, according to the report policy, it sends its current

traffic condition to the TIC via its wireless communication device.

14



3.2 The Maximum Speed

The maximum speed of each road segment is an indicator of the traffic condition.

We have designed a traffic information system to collect and disseminate the

maximum speed. The goal of our design is to minimize the traffic reports sent to the

TIC while maintain the real-timeliness of the traffic conditions broadcasted by the

TIC. We propose a report policy where the probe cars selectively report their current

speed to the TIC. Basically, faster probe cars would report earlier, so that slower

probe cars do not need to report. Table 3-1 lists the notation and definition of

variables used in this system.

Table 3-1 Parameters used in the system.

Notation Definition Value
Vmax The maximum speed of previous period, 0 < Vmax< speed limit
broadcasted by the TIC.
Vimmp | The maximum speed of current.period, 0 < Vin-tmp < Speed limit
broadcasted by the TIC.
Vemax The maximum speed of the probe car 0 < Vcmax < speed limit
during current period.
T The length of the broadcast period. 0<T
Ts A timer used to maintain Ve broadcast --
period.
Tc, Tmamp | Timers used to determine the Vemax --
report time of the probe car.
teurrent Current time. --
thegin The time when a probe car receives last --
Vmax broadcast. (The beginning of
current period)
tend The end of current period. --
treport The time when a probe car reports V¢max. --
trecy The time when a probe car receives last --
Vin.tmp broadcast.
a A delay parameter in determining T, l<a
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when a probe car receives Viax
broadcast.

p A delay parameter in determining Tom.imp 1<p
when a probe car receives Vi.imp
broadcast.

3.2.1 Traffic Information Center

In order to obtain the maximum speed of each road segment and to ask for fast
feedback from probe cars, the TIC needs to disseminate two types of traffic
information: the maximum speed Vpax and the temporary maximum speed Vi-tmp. Vimax
is the maximum speed obtained in the previous period, and Vp.mp is the maximum
speed received in the current period. ;The TIC periodically broadcasts Vmax to the
probe cars. In addition, the TIC broadcasts Vim.mp immediately when it receives a
report of a higher value from a probe-car. It should be noted that the coverage area of
the broadcast of Viax and the Vi.mp IS only limited to the corresponding road segments
and the neighboring segments. This can be easily done in. a DSRC network. Fig. 3-2

illustrates the system flow.
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Speed Report

Broadcast Vip.mp

Speed Report
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Y °

Broadcast Vi

=

Fig. 3-2 The system flow.

To broadcast Vpmax periodically, the TIC is: controlled by timer Tg which
determines how long the period is. The time length of timer Tg, which is denoted T, is
a predefined value that is set by the TIC and broadcasted to all the probe cars.
Whenever timer Tg expires, the TIC has to broadcast Vmax and reset timer Tg to its
original value. Since the broadcast interval is short (e.g., 30 sec.), probe cars are able

to obtain the maximum speed of each road segment in almost real time.

Before timer Tg expires, the TIC broadcasts Vi.wmp When receiving speed report
sent by probe cars for the first time in the current period. Vm.mp represents the
maximum speed received in the current period. Fig. 3-3 depicts the flow chart of the
TIC when it receives speed reports. When the TIC receives a speed report from a

probe car for the first time in the current period, it sets Vim.mp to the reported value by
17



the probe car and then broadcasts Vi.mp. Later in the period when it receives speed
reports, the TIC has to compare Vp.1mp With the received speed. If the received speed is
greater than Vimp, then the TIC sets Viymp to the received value and broadcasts

Vm-tmp-

eceives speed data
for the first time?

NO

YES
v

Received value >
Vm-tmp?

Vim-tmp:= received value;

Broadcasts Vp.tmp i M

End NO

Fig. 3-3 Aflow chart of when the TIC receives speed data.

3.2.2 Probe Cars

Each probe car needs to measure and maintain its own speed-related value—the
maximum speed in the current period denoted by Vcmax. Note that the speed we
considered is not the instantaneous speed, but the average speed over a short interval
of time (e.g., 5 sec.). To update Vcmax, €ach probe car has to check if its current
average speed exceeds Vemax. If SO, Vemax 1S Set to such value. It should be noted that
Vemax IS calculated on a per period basis, i.e., Vcmax IS reset whenever each probe car
receives Vpax from the TIC.
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The report policy used in the system is an approach that provides fast feedback to
the TIC while each probe car selectively reports Vcmax to reduce the report traffic. The
basic principle of our policy is to make sure that faster probe cars report earlier than
slower ones. To illustrate the report policy, we describe the operation of each probe

car based on the following five scenarios:
(1) When receiving Vimax
(2) When receiving Vin-tmp
(3) When V¢nax increases
(4) When entering a new segment
(5) When at the time of report

In the first scenario, each probe car sets up timer Tc immediately when it
receives Vimax from the TIC: Let tyegin denote the time when the probe car receives Viay;
in other words, tyegin Stands for the begging of current period. Let teyrren: denote the
current time, and then Vemax represents the maximum speed between thegin and teyrrent.

Thus the timeout period of timer T¢ is set as follows:

avmax _chax xT, (31)
oV

max

where « is an adjustable parameter. Equation (3.1) was chosen so that the higher V¢max
induces the shorter length of timer T¢. Using Equation (3.1) we can set the report time

of each probe car as:

1:report =max {tbegin +TC ’ tcurrent} (32)
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Both Equation (3.1) and Equation (3.2) were chosen with the objective that the
probe cars with faster speed would report their speed to the TIC earlier than those
with slower speed. Fig. 3-4 illustrates the relationship between the timeout period of
Tc and Vemax. If the value of Vemay is greater than or equal to aVmax, then treport IS set to
be teurrent, 1.€., the probe car must report immediately. On the other hand, if the value
Of Vemax 1S 0, then treport 1S et to be tyegin plus T, i.e., the probe car would report at the
end of current period, which means it is impossible to report. Consequently, the faster

the probe car is, the earlier it reports.

Vmax VmaX
T
g _
Vemax = 0Vmax 0

Fig. 3-4 The relationship between the timeout period of T¢c and Vemax.

In the second scenario, each probe car disables timer T¢ when it receives Vi-ump
broadcasted by the TIC; in other words, each probe car sets trport to be infinite. The
objective is to prevent slower probe cars which have longer timer T¢ from reporting.
Therefore, the amount of messages sent to the TIC is reduced. This can be done by
considering the fact that slower probe cars have longer timer T¢, which means they
have not reported before they receive Vi.mp. When they receive Vi.mp, however, they

do not have to report.

The third scenario happens when Vmax increases. Since a probe car driver is

unlikely to drive at the same speed, we need to take the speed increment into account.
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The third scenario was handles differently depending on whether the probe car has
received Vp.mp Or not. Fig. 3-5 depicts the flow chart of a probe car when it receives
Vim-mp. If not having received Vm.mp in the current period, the probe car shortens the
timeout period of timer T¢ and thus reports earlier. The objective is to reflect the
speed change as soon as possible. On the other hand, if having received Vi.ump the
probe car compares Vemax With Vinmp. If Vemax is greater than Vi.mp, then the probe sets
up timer Tm.imp. Let trecy denote the time when the probe car receives Vi.gmp. Let teng be
thegin PIUS T; in other words, teng Stands for the end of the current period. The timeout

period of timer Tp.ump is set as follows:

,BV m—tmp _Vc max

x(t. =t ), 3.3
( ﬁ _1)Vm_tmp ( end recv) ( )

where f is an adjustable parameter. Using Equation (3.3) we can set the report time of

the probe car as:

t

= MaX {t,, + T, s boiron | (3.4)

report m—tmp? “current

Both Equation (3.3) and Equation (3.4) were chosen so that the probe cars that

accelerate faster (i.. Vemax— Vim-tmp) Would report their speed to the TIC earlier than

those that accelerate slower. Another objective is to prevent a probe car from reporting
frequently when it steadily accelerates. For example, a probe car without the control
of timer Tn.mp iS likely to report very frequently while the traffic light turns green.
The probe car is steadily accelerating in this situation, and it reports V¢max to the TIC
repeatedly no matter what its acceleration rate is. Nevertheless, a probe car with timer
Tm-mp has to wait for a larger moment to report when its acceleration is slow. Fig. 3-6

illustrates the relationship between the timeout period of Tm.tmp and Vemax. If the value
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Of Vemax Is greater than or equal to fVi.tmp, then treport IS Set to be teyrrent, 1.€., the probe
car has to report immediately. On the other hand, if the value of Vcmax IS equal to
Vin-tmp, then teport 1S Set to be teng, that is, the probe car would report at the end of
current period, which means it is impossible to report. Consequently, the faster the

probe car accelerates, the earlier it reports.

as received
NO

YES

Adjusts T,

YES
L A

Sets up NO
Tm-tmp

v

End

Fig. 3-5 A flow chart of when a probe car receives Vp.imp.
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Vmax Vm-tmp Vmax

- T >
e B, g I AR R L LI >
Vemax = va-tmp Vemax = Vm-tmp

Fig. 3-6 The relationship between the timeout period of Tp.tmp and Vemax.

In the fourth scenario, each probe car acts in the same way as in the third
scenario, which means, depending on whether it has received Viy.mp Or not. The
objective is to avoid missing potential speed reports; the TIC can obtain the real Vyax.
To simplify the complexity of system, we assume that the traffic information of
adjacent road segments is-available to the probe cars. Therefore, we can focus on the

operation in one road segment.

At the time of report, each probe car transmits itS V¢max to the TIC via wireless
communications. To put it differently, each probe car reports Vcmax When timer T¢ or

timer Tp.tmp €XPpIres.

3.3 The Minimum Travel Time

The minimum travel time can also be an indicator of the traffic condition. The
traffic information system for provision of the minimum travel time acts in a similar
way as in the one that disseminates the maximum speed. Basically, probe cars that
have shorter travel time would report earlier, so that probe cars that have longer travel
time do not need to report. Table 3-2 lists notation and definition of variables used in

this system.
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Table 3-2 Parameters used in the system.

Notation Definition Value
TTmin The minimum travel time of previous 0 <TThmin
period, broadcasted by the TIC.
TTmmp | The minimum travel time of current period, 0 <TTmtmp
broadcasted by the TIC.
TT. The travel time of the probe car during 0<TT,
current period.
T The length of the broadcast period. 0<T
Ts A timer used to maintain TTi, broadcast --
period.

Tc, Tmamp | Timers used to determine the TT. report -
time of the probe car.
teurrent | Current time. -
thegin The time when a probe car receives lasr --
TTmin broadcast. (The beginning of current

period)
tend The end of current period. --
treport The time when a probe car reports TT.. --
trecy The time when a probe car receives last --
TTm-tmp broadcast.
a A delay parameter in determining T, when a l<a
probe car receives TTpin broadcast.
B A delay parameter in determining Tm-imp 1<p

when a probe car receives TTpy.ump broadcast.

The TIC periodically broadcasts TTnin, which stands for the minimum travel time
obtained in the previous period. The interval of broadcasting TTpmi, is T, which is
controlled by timer Tg. The TIC also broadcasts TT.-ump, Which means the minimum of
current travel time reported from the probe cars when its value decreases. The process

of broadcasting TTm.ump IS Similar to broadcasting Vim-tmp.

Each probe car computes TT., which stands for its travel time, when reaching the
end of segment it is traveling on. The basic principle of report policy used in this

system is similar to the one we presented in Section 3.2.2. The objective is to make
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the probe cars which have shorter TT, report earlier than those which have longer TT..

The operation of each probe car is based on the following four scenarios:

(1) When receiving TTpin

(2) When entering a new segment

(3) When receiving TTm-tmp

(4) When at the time of report

When receiving TTmin, €ach probe car simply stores TTpin and tyegin in its database.
In addition, each probe car has to disable timer Tc and timer Tm.mp. That is, it sets

treport tO be |nfinite

When entering a new segment; each ‘probe car has to set up timer Tc. The

timeout period of timer T¢ 1S set as follows:

cm]i? — " Tmin xT (35)
(a IF E)TTcmin

where « is an adjustable parameter. Equation (3.5) was chosen so that the shorter TT,
induces the shorter length of timer Tc. We can use both Equation (3.2) and Equation
(3.5) to set the report time of the probe car. Fig. 3-7 depicts the relationship between
the timeout period of Tc and TT.. It should be noticed that a probe car would never
report when its TT, is greater than or equal to 2TTni,. Theoretically, the threshold is
supposed to be infinite. Considering the fact that subsequent TTy, is unlikely to

change too much, however, we define 2T T, as a proper threshold.

25



TTmin TTmin

.
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T, < 1717, TT,> 2T T
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Fig. 3-7 The relationship between the timeout period of Tc and TT..
When receiving TTm.mp, €ach probe car disables timer Tc and compares TT. with
TTm-tmp. If TTmmp IS greater than TTg, then. the probe car sets up timer Tpy.mp. The

timeout period of timer Ty iS setas follows:

ﬁT Tcmin _TTm—tmp
(ﬁ - 1)TTc min

. (tend _trecv)’ (36)

where £ is an adjustable parameter. Equation (3.6) was chosen so that the shorter TT,
induces the shorter length of timer Tm.mp. Therefore, we can set the report time of the
probe car by using both Equation (3.4) and Equation (3.6). Fig. 3-8 illustrates the

relationship between the timeout period of Ty.tmp and TT.

In the fourth scenario, each probe car reports its TT, to the TIC when at the time
of report. As we mentioned in Section 3.2.2, each probe car reports when timer T¢ or

timer Ti.tmp €XpIres.
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Fig. 3-8 The relationship between the timeout period of Tp.imp and TTe.
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Chpter 4 Evaluation and Analysis

4.1 Simulation Environment and Parameters

The scenarios presented in this thesis simulate the traffic of an urban arterial road
of 2.4 km in HsinChu city, Taiwan. In order to evaluate the efficiency of the system
we proposed, we have developed a simulation system that uses the traffic model
simulator VISSIM [15]. Table 4-1 shows an example of sequence data generated by
VISSIM. The data record consists of a record of time, a probe car’s identifier, a probe
car’s current speed, and an identifier of the road segment that the probe car drives on.
Using these data, we can obtain enough traffic information of the probe cars. The
simulation system allowed us to obtain :a detailed analysis of the performance of
proposed methods.

Table 4-1 The sequence data generated by VISSIM.

Simulation time ID of probe car  Speed (kph)  Segment ID

302 278 46.4 1
302 20 45.8 3
303 278 45.5 1
303 20 45.3 3
304 278 44.6 1
304 20 44.7 3

Table 4-2 lists the parameters used for the simulation we have developed. In the
simulation, we simulate a traffic situation which reflects the entire period of traffic
congestion, i.e., the traffic flow changes from light to heavy to light again. In this
simulation, traffic congestion can be divided into 3 intervals: (1) congestion

emergence for 700 seconds, (2) congested traffic for 1300 seconds, and (3) congestion
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disappearance for 1600 seconds.

Table 4-2 Parameters used in the simulation.

Total road length 2400 m
Number of lanes 3
Number of segments 4
Desired Speed 40 ~ 50 kph (uni. distributed)
Composition of traffic 20% probe cars, 80% regular
Broadcast interval (T) 30 (s)
Evaluation time 3600 (s)
Traffic flow 1500 -> 2000 -> 800 (veh/hr)

4.2 The Maximum Speed

In the simulation, each probe car updates its speed every second. In order to
reflect overall traffic conditions of a segment, these speed data are averaged with
previous 30 instantaneous speeds. The reason is that simply using instantaneous speed
data would only reflect partial traffic conditions, especially in the areas near road
intersections. For example, a probe car would drive at high speed for a moment when
the traffic light turns green. In this case, the maximum instantaneous speed does not
reflect the general traffic condition of whole segment. However, average data set
represents the traffic situation of a period of time, generating proper traffic

information.

In the experiments of the traffic information system providing Vmax, We evaluate
the performance of our system at first. We compare our system with conventional
system using periodical policy. In the case of periodical policy, each probe car reports
its Vemax t0 the TIC periodically. The report cycle is set to be 30 seconds, which is the
same as the TIC’s broadcast interval. In addition, each probe car reports when

entering a new segment. To compare both systems, we use two metrics to measure
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them during the evaluation of simulations. One is the communication cost, which is
defined as the amount of messages probe cars report per period. The other is the error,
which is calculated as the mean difference between the real Vo and the computed
Vmax; In other words, the error is defined as the mean absolute error (MAE). In this
experiment, the broadcast latency of the TIC is set to be half of a second, and the
parameters used in the report policy, a and g, are chosen from experiment. In order to
obtain the minimum communication cost, these parameters are set to 1.1 and 1.4
respectively. Table 4-3 shows the comparison of conventional system and proposed

system.

Fig. 4-1 plots the comparison of total amount of messages obtained by different
values of a with varying values of 5. This graph shows that our system generates the
minimum amount of messages when « is 1.1. The reason is that the bigger a induces
the longer length of timer T¢, and the time difference between teng and trecy is Smaller.
Therefore, the length of timer Tn.mp IS Short. Several probe cars almost report Vemax at
the same time because their timer lengths are similar. We also observe that the amount
of message is high when £ is small, and the amount of message is high when f is big
as well. If £ is small, then probe cars would report frequently when accelerating. On
the other hand, big f# induces a long length of timer Tpy.mp. As a result, probe cars
report Vemax almost at the end of current period. Since broadcast has latency, these
probe cars report Vemax before receiving Vimp, resulting in growing amount of

messages.

Table 4-3 The comparison of convention and proposed system.

Convention Proposed
Segment | Time | Viax Report Report
Vinax Count Vinax Count
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1170 | 32 35 4 32 1
1
1200 | 43 40 8 43 7
1170 | 42 42 27 42 1
2
1200 | 38 40 8 38 1
1170 | 42 42 18 42 5
3
1200 | 40 42 21 40 1
1170 | 31 31 25 31 2
4
1200 | 35 31 41 35 2
1300
&3
(@)]
8 1250
&3
S o \ )/M
2 \\/e—*/ ——o=11
[
3 1150 - ~-o=13
E o=1.5
< 1100
= —=>e=q=1.7
I_
1050 T T T T T T T T T 1

11 12 13 14 15 16 1.7 18 1.9

Fig. 4-1 p and total amount of messages.

Table 4-4 shows the results of performance. The proposed system performed
significantly better than the conventional one. The communication cost of the
conventional system was 24.875, while the proposed one only generated 2.3 messages
per period. In terms of the error metric, the proposed system produced no error, i.e., it
can generate the actual Vmax. The findings indicate that our system not only reduces

communication requirements but also maintains the real-timeliness of generated

traffic information.

B
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Table 4-4 The results of performance.

Method Communication cost MAE
(messages/period)

Convention 24.875 1.525
Proposed 2.3 0

In the next part of the experiments, we examine the accuracy of our system to
show that we can use Vpnax as a good metric for detection of traffic states. First of all,
we have to determine traffic states by using average speed, which is denoted as Vayg.
The reason is that traffic engineers conventionally utilize average speed to analyze the
efficiency of transportation, and they commonly use the level of service (LOS) to
measure and determine the traffic state. Based on the Highway Capacity Manual in

Taiwan [16], we can quantitatively classify Vayg into three levels as follows:

(1) Red: Vayg <16 (kph),

(2) Yellow: 16 < Va4 <25 (kph),

(3) Green: 25 < Vayg,

where red level stands for traffic jam, yellow stands for heavy traffic, and green level
represents light traffic. The second step is to determine traffic states by using Vyax. We
use two adjusting thresholds to classify the data of Vi generated by the TIC. One is
Vyellow, and the other is Vgyeen. These two thresholds are calculated according to the
empirical data of average speed. Vyeliow IS cOMputed as the minimum Vpay during the
period of green level, and Vgyreen is computed as the minimum Vyax during the period of
yellow level. Table 4-5 shows an example of selection of Vyejiow and Vgreen. According

to the rule, Vyeiow is chosen to be 36, and Vgreen IS chosen to be 41. To get the best
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overall accuracy, a slight adjustment may be needed. Table 4-6 shows an example of
adjustment. The accuracy improves when Ve, is adjusted to be 42. It should be
noted that both Vyeiow and Vgreen are calculated segment by segment. Since different
segments have different traffic conditions, each segment has its own Vejjow and Vgreen.

Therefore, we can use Vyeliow and Vgreen 10 classify Vi into three levels as follows:

(1) Red: Viax < Vyeliow

(2) Yellow: Vyeliow < Vinax < Vgreen,

Table 4-5 An example of selection of Vyejiow and Vgreen.

Vyeliow: 36, Vgreen: 41
Vavg Level ol Level
29 G 42 G
28 G 41 G
25 G 42 G
25 Y 43 G
22 Y 41 G
23 Y 40 Y
23 Y 41 G
23 Y 41 G
21 Y 40 Y
22 Y 36 Y
Overall accuracy(True Positive): 60 %

Table 4-6 An example of adjustment.

Vyellow: 36, Vgreen: 42

33



Vayg Level Vimax Level
29 G 42 G
28 G 41 Y
25 G 42 G
25 Y 43 G
22 Y 41 Y
23 Y 40 Y
23 Y 41 Y
23 Y 41 Y
21 Y 40 Y
22 Y 36 Y

Overall accuracy(True Positive): 90 %

Table 4-7 shows an example of classification using Vayg. The traffic flow in this
example is set to be light and stable. We can observe that these data fluctuate
periodically due to the effect of traffic lights, i.e., red level occurs at time 510 and 630.
However, each traffic state is supposed to be green level because of stable traffic.
Since these data fluctuate and therefore generate incoherent information, we smooth
them out by using simple moving average (SMA) algorithm. As shown in Table 4-8,
these data are averaged with previous 4 samples. As a result, these data generate

understandable traffic information after smoothed out.

Table 4-7 An example of classification.

Time Vayg (kph) Level
450 38 G
480 37 G
510 13 R
540 38 G
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570 41
600 34
630 12

Table 4-8 An example of classification after smoothing out the data.

Time Vayg (kph) Level
450 35 G
480 35 G
510 32 G
540 32 G
570 32 G
600 32 G
630 31 G

After determine the classification rule successfully, we validate the accuracy of
data derived from Vo in terms of LOS. A result is considered correct or true positive
when the traffic state derived from Vpax matches with the one derived from Vayq. The
accuracy results of data derived from V. are shown in Table 4-9. The evaluation
results show that true positive rates range from 0.700 to 1.000, false positive rates
range from 0.000 to 0.104, and the average accuracy achieves 94.79%. Consequently,

the findings indicate that Vinax provides highly accurate LOS.

Table 4-9 The accuracy of data derived from Vpax.

Level Occurrences True Positive rate False Positive rate

Green 43 1.000 0.104
Yellow 17 0.765 0.039
Red 60 0.867 0.000
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Overall accuracy (True Positive): 90.00 %

Level Occurrences True Positive rate False Positive rate

Green 30 1.000 0.000
Yellow 8 1.000 0.000
Red 82 1.000 0.000

Overall accuracy (True Positive): 100.00 %

c. Segment 3: 461 m Vyejiow: 36, Vgreen: 42

Level Occurrences True Positive rate False Positive rate

Green 10 0.800 0.055
Yellow 20 0.700 0.020
Red 90 1.000 0.000

Overall accuracy (True Positive): 93.33 %

Level Occurrences —True Positive rate False Positive rate

Green 7 1.000 0.018
Yellow 64 0.969 0.054
Red 49 0.939 0.000

Overall accuracy (True Positive): 95.83 %

4.3 The Minimum Travel Time

To show that our system is able to provide intuitive information of traffic trends
to road users, we compared the traffic information system we developed with the
traditional one using average travel time. In the case of obtaining average travel time,
each probe car reports its travel time when it reaches at the end of segment. The TIC
averages received data during each period. To analysis time trends, the evaluated
length is 2400 meters in this experiment. In order to find out time trends, travel time

data are also smoothed out by using SMA algorithm. In other words, these data are

36



averaged with previous 4 samples. The time difference between each sample is 30

seconds, which is the same as the broadcast interval.

Fig. 4-2 depicts the comparison of time trends between the average travel time
(TTav) and the minimum travel time (TTmin). The MAE between these two kinds of
travel time data was 18.9, which was small. The results indicate that our system is

capable of providing reliable traffic information to road users.

Fig. 4-3 is a scatter diagram which illustrates the relationships between TTay,y and
TTmin. The correlation coefficient between them was 0.9987, which was very high.
The results show that TTyn is highly correlates with TTa,g. Therefore, it is possible to

use TTwin as a traffic indicator instead of using TTayg.
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Fig. 4-2 Comparison of time trends between TTayg and TT .
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Chpter 5 Conclusions

In this thesis, we present a FCD-based traffic information system addressing the
problem of reducing communication requirements. The system consists of a central
traffic information server (TIC) and a group of probe cars equipped with GPS
receivers. The TIC periodically broadcasts the maximum speed received from the last
period, and immediately broadcast the maximum speed received in the current period.
We proposed a report policy used by each probe car to determine whether or not to
send its traffic information to the TIC. The basic idea of this policy is to prevent
slower probe cars from reporting their speeds to reduce the amount of messages sent
to the TIC. In addition to obtaining the maximum speed of each road segment, our

system can provide the minimum travel time.

The results indicate that our method outperforms the periodical report approach
in terms of communication cost, and maintains the real-timeliness of the traffic
information collected. Furthermore, the findings suggest that using the maximum
speed and the minimum travel time as traffic indicators are as good as using the

average data.

The system proposed in this thesis is based on a centralized architecture, where
each probe car communicates with the TIC. In contrast to the centralized architecture,
a decentralized traffic information system is based on inter-vehicle communications,
where each probe car communicates with each other, and it is an emerging topic in
research. In the future work, we plan to adapt our system to the decentralized

architecture, hoping to improve the efficiency of our system.

39



References

[1] Schrank, David, and Timothy Lomax, The 2009 Urban Mobility Report, Texas

A&M University, Texas Transportation Institute, 2009.

[2] TANFB Traffic Information System, http://1968.freeway.gov.tw/

[3] TomTom, http://www.tomtom.com/

[4] IntelliOne, http://www.intellione.com/

[5] ITIS Holdings plc, http://www.itisholdings.com/

[6] Mediamobile, http://www.mediamobile.com/

[7] Feldman Israel, Meltzer; Yochay, Lavee Uri, et al., “System and Method for

Geographically Locating a Mobile Device”, United States Patent 7620402, 2009.

[8] Lars Wischhof, Andre Ebner, Hermann Rohling, Matthias Lott, and Rudiger
Halfmann, “SOTIS - A Self-Organizing Traffic - Information System”, in

Proceedings of the 57th IEEE Vehicular Technology Conference, 2003.

[9] Y.B Youngbin Yim and Randall Cayford, “Investigation of vehicles as Probes
Using Global Positioning System and Cellular Phone Tracking: Field
Operational Test”, Report UCB-ITS-PWP-2001-9. California PATH Program,

Institute of Transportation Studies, University of California, Berkeley, CA, 2001.

[10] Katrin Ramm and Volker Schwieger, “Mobile Positioning for Traffic State
Acquisition”, in Proceedings of 5th Symposium on Mobile Mapping Technology,

2007.

[11] B. Kerner, C. Demir, R. Herrtwich, S. Klenov, H. Rehborn,M. Aleksic, and A.

Haug, “Traffic State Detection with Floating Car Data in Road Networks”, in

40


http://1968.freeway.gov.tw/
http://www.tomtom.com/
http://www.intellione.com/
http://www.itisholdings.com/
http://www.mediamobile.com/

IEEE Proc. on Intelligent Transportation Systems, 2005.

[12] M. Tanizaki and O. Wolfson, “Randomization in Traffic Information Sharing
Systems,” in GIS *07: Proc. of the 15th annual ACM Intl. Symp. on Advances in

Geographic Information Systems, 2007.

[13] Daniel Ayala, Jie Lin, Ouri Wolfson, Naphtali Rishe, and Masaaki Tanizaki,
“Communication Reduction for Floating Car Data-based Traffic Information
Systems”, 2010 Second International Conference on Advanced Geographic

Information Systems, Applications, and Services Communication, 2010.

[14] Darrel J. Van Buer, Son K. Dao, Xiaowen Dai, et al., “Traffic Notification
System for Reporting Traffic: Anomalies' Based on Historical Probe Vehicle

Data”, US 7460948, 2008.

[15] VISSIM, http://www.ptvamerica.com/

[16] Tzu-Jung Cheng, Tyh-ming Lin, and Yu-Ching Ou-Yang, Highway Capacity

Manual in Taiwan, Government Publication No.; 1009001056, 2001.

41


http://www.ptvamerica.com/

