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ABSTRACT

The use of Bluetooth technology for travel time estimation has been emerging over the past few years. An
increasing number of Bluetooth-enabled devices among road users, the anonymity of Bluetooth devices, ease
of deployment and maintenance of Bluetooth sensors, along with an acceptable accuracy demonstrates the
potential of this technology for wider deployment. However, the technology is also known to have some issues
such as the reliability of Bluetooth detections, location ambiguity associated with the detection events, low
sampling rate and its negative impact on reliability, and the difficulty of distinguishing between multiple travel
modes (e.g. motor vehicles, bicycles and pedestrians). These issues could adversely affect the accuracy and
reliability of the estimated travel time.

The main objective of the thesis is to understand the accuracy and reliability of travel times estimated using
Bluetooth data, and to develop methods to make Bluetooth based travel time estimates more accurate and
reliable. In this context, this PhD thesis first explores the factors that have an impact on the reliability and
accuracy: the percentage of Bluetooth devices captured by a pair of Bluetooth sensors and the relative location
of the detection events with respect to the sensors. The Bluetooth device discovery procedure, in conjunction
with the shape and the size of the detection zone determine the capture rate of Bluetooth devices as well as the
number and relative location of detection records for a given device. While a larger detection zone yields a
higher capture rate resulting in more reliable travel time estimates, it also results in location ambiguity causing
inaccuracy in travel time estimates. This highlighted the importance of the trade-off between accuracy and
reliability. Based on the understanding gained by this exercise, methods to improve the travel time estimation
were developed.

The next stage of the research focused on the choice of aggregation method and the required sample size

for travel time profile estimation using Bluetooth technology. It was shown that both the choice of the
aggregation method and the sample size influence the accuracy of the travel time profile. Three conventional
aggregation methods including arithmetic mean, geometric mean and harmonic mean were used to construct
the travel time profile. The accuracy of these methods was tested against the ground truth. Comparing the three
aggregation methods show that employing the harmonic mean and geometric mean could significantly reduce the
impact of outliers, especially in intervals with a low sample size. Moreover, the range of optimum sample size for
aggregation was determined using sensitivity analysis. It was found that a sample size of 5-15 travel time records
per 15 minutes improves the accuracy.
The next part of the research focused on travel time estimation methods with a view to improve the accuracy.
Each Bluetooth device may trigger multiple detection events at a sensor and there are a number of alternative
ways to estimate the travel time using these detection events. Eight travel time estimation methods were
presented and tested for two different sensor designs; sensors with a single antenna or multiple antennae.
Moreover, it was assumed that the Radio Signal Strength Indication (RSSI) could be used as a parameter for
determining the most reliable detection event with the minimum location ambiguity. In the case of sensors with
single antenna, travel time estimated based on detection event with the highest RSSI provided more accurate
travel time estimate. This indicated the validity of the assumption. For sensors with multiple antennae design,
the time of a device passing by the sensor was estimated based on a combination of multiple antennae events
with the highest RSSI. Comparison of these methods proved that that new method which combines detection
events recorded by various antennae could yield more accurate results.

A new method to improve the accuracy of Bluetooth-based travel time estimation in a heterogeneous traffic
environment (i.e. arterial roads with mixed traffic) was also developed as a part of this research. The new
method classifies the devices carried by various modes (i.e. motor vehicles, bicycles and pedestrians) and
estimates mode-specific travel times. Accuracy of this method was tested against the ground truth, Automated
Number Plate Recognition (ANPR), and a commercially deployed Bluetooth-based travel time estimation
method. The results show that the proposed method provides a more accurate travel time estimate than the
commercially deployed Bluetooth-based method, with a level of accuracy comparable to that of ANPR. This
proved the potential of Bluetooth technology for accurate travel time estimation on arterial roads with multiple
travel modes.

Lastly, a comprehensive side-by-side evaluation of two types of Bluetooth sensors versus ANPR,
magnetometers and floating car data was carried out at two test locations in the United States of America.
ANPR was used as the ground truth in this comparison exercise. The comparative study shows that although
Bluetooth had a significantly lower sampling rate than ANPR and magnetometers, it was capable of providing
accurate travel time estimation.
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ABSTRAKT

Anvendelse af Bluetooth til méling af rejsetider har vaeret stigende igennem de senere ar. Baggrunden herfor
har veret, at et stigende antal trafikanter har eller flere abne Bluetooth-radioer, at det er nemt at etablere og
vedligeholde Bluetooth sensorer, der kan afleese Bluetooth-radioerne, at en Bluetooth-radio er anonym og at
teknologien har demonstreret en acceptabel ngjagtighed. Dette er baggrunden for at der er et stort potentiale for en
udbredelse af teknologien. Pa den anden side er det ogsé kendt, at teknologien har nogle problemer, som fx med
hvilken sikkerhed en aben radio kan detekteres, og pracist hvor den befinder sig i forhold til sensoren, nar den
detekteres. Der er ogsa problemet med, at kun en del af trafikanterne har en aben Bluetooth radio samtidig med at
det kan vaere vanskeligt at skelne mellem forskellige typer trafikanter (biler, cykler og fodgangere). Disse
problemer kan pavirke nejagtigheden og palideligheden af den mélte rejsetid.

Malet med denne Phd.-athandling har varet bade at forsta negjagtighed og palidelighed, nar Bluetooth data
bruges til estimering af rejsetider, men ogsd at udvikle metoder til at gere Bluetooth baserede rejsetider mere
preecise og palidelige. I denne sammenheng vil afhandlingen forst undersege de faktorer, der har indflydelse pa
palidelighed og pracision: Den procentdel af Bluetooth-radioer som registreres af to Bluetooth-sensorer og den
relative placering af Bluetooth-radioerne, nar de registreres af sensorerne.

Den made som Bluetooth-radioen registreres péd, sammenholdt med formen og sterrelsen af
detekteringszonen, bestemmer registreringsgraden af Bluetooth-radioer sammen med antal og relative placering af
registreringer for en given enhed. Mens en sterre detekteringszone giver en hgjere registreringsgrad, betyder det
ogsa sterre ungjagtighed om, hvor pracist Bluetooth-radioen er pa registreringstidspunktet — og dermed storre
ungjagtighed 1 rejsetidsestimatet. Dette satter fokus pé betydningen af et trade-off mellem pracision og
palidelighed. Baseret pa en forstaelse heraf er der i afhandlingen udviklet metoder til forbedring af
rejsetidsestimering.

Den naste fase af afhandlingen er fokuseret pa valget af aggregeringsmetoder og den nedvendige
stikprevesterrelse for rejsetidestimering. Det vises, at bade valget af aggregeringsmetoden og stikprevesterrelsen
pavirker ngjagtigheden af rejsetiden. Tre normalt anvendte metoder til beregning af middelverdien pa rejsetiden
er brugt: den aritmetiske, den geometriske og den harmoniske. Ngjagtigheden af disse metoder blev testet mod
”Ground Truth”. Sammenligning af de tre opregningsmetoder viser, at den harmoniske middelverdi og den
geometriske middelveerdi reducerede virkningen af outliers, iser hvis stikpreve var lille. Desuden blev den
optimale stikprovesterrelse bestemt ved hjelp af en felsomhedsanalyse. Det blev konstateret, at en stikprove pa 5-
15 rejsetidsobservationer pr. kvarter giver en acceptabel nejagtighed.

Den neste del af athandlingen fokuserer pa metoder til estimering af rejsetider med henblik péa at forbedre
nejagtigheden. Hver Bluetooth-radio kan udlese flere registreringer ved passage af en sensor, og der er en rekke
forskellige mader at estimere rejsetiden ved hjelp af disse registreringer. Afhandlingen afpraver otte metoder til
estimering af rejsetid og tester to forskellige sensortyper, en sensor med en enkelt antenne og en med flere
antenner. Desuden er det undersogt, om maxstyrken af radiosignalet (RSSI) kan bruges som en parameter for den
bedste registrering af sensorens placering. Med en enkelt antenne gav registreringen med den hgjeste RSSI det
mest precise skon pd rejsetiden. For sensorer med flere antenner, blev tidspunktet for en enheds passage af
sensoren estimeret ved en kombination af, hvornér registreringerne pa de forskellige antenner gav den hejeste
RSSI. Sammenligning af de afprovede metoder viste, at metoden, der kombinerer registreringer fra forskellige
antenner kunne give mere precise resultater.

I athandlinger er der ogsd udviklet en ny metode til at forbedre nejagtigheden af rejsetider baseret pa
Bluetooth i1 et heterogent trafikmiljo (dvs. veje med blandet trafik). Den udviklede metode kan klassificere
Bluetooth-radioerne 1 forhold til, om de er tilknyttet en bil eller en cykel og give et sken over rejsetiden for de
forskellige transportmidler. Negjagtighed af den udviklede metode blev testet mod ”Ground Truth”, automatisk
nummerpladeaflasning (ANPR), og et kommercielt Bluetooth-baserede produkt til rejsetidsmaling. Resultaterne
viser, at den foresldede metode giver en lidt mere ngjagtig rejsetidsestimat end det kommercielle produkt, og at
ngjagtigheden kan sammenlignes med ANPR. Dette viser potentialet i Bluetooth-teknologien til ogsa at give en
nejagtig estimering af rejsetiden pa veje med blandet trafik.

Endelig blev der gennemfert en omfattende sammenligning af udstyr til rejsetidsmaling pa to lokaliteter i
USA. Sammenligningen omfattede to typer Bluetooth-sensorer versus ANPR, magnetometre og Floating Car
Data. ANPR blev brugt som ”Ground Truth” i denne test. Testen viste, at selv om Bluetooth havde en signifikant
lavere samplingfrekvens end ANPR og magnetometre, var teknologien stadig i stand til at give en pracis
estimering af rejsetiden.
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ALPR
ANPR
APVD
ATIS
ATMS
AVI
AVL
CCDh
DAC
CFD
DRG
EDI
FHS
FHSS
FHWA
ITS
GPS
LAN
LCD
LED
MAC
MAD
MAPE
MPE
PC
PDA
RMSE
RSSI
SDPE
SR
TCI
UTM
VDPU
VIL
VIP
VRIS

Automated License Plate Reader
Automated Number Plate Reader
Aggregated Probe Vehicle Data
Advanced Travelers Information Systems
Advanced Traffic Management Systems
Automatic Vehicle Identification
Automatic Vehicle Location
Charge-Coupled Devices

Device Access Code

Cumulative Frequency Distributions
Dynamic Route Guidance

Eberle Design Inc

Frequency Hopping Synchronisation
Frequency-Hopping Spread Spectrum
Federal Highway Administration
Intelligent Transportation Systems
Global Positioning System

Local Area Network

Liquid-Crystal Display
Light-Emitting-Diode

Media Access Control

Mean Absolute Deviation

Mean Absolute Percent Error

Mean Percent Error

Personal Computer

Personal Digital Assistant

Root Mean Squared Error

Radio Signal Strength Indication
Standard Deviation Of Percentage Error
State Route

TrafficCast International

Universal Transverse Mercator coordinate system
Video Detection Processor Unit

Virtual Induction Loop

Video Image Processor

Vehicle Re-Identification System
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C HAPTER 1

INTRODUCTION OF BLUETOOTH TECHNOLOGY



1. Problem Statement

Advanced Traveller Information Systems (ATIS) and Advanced Traffic Management
Systems (ATMS) have become increasingly common in the last decade. In this context, the
need for accurate and reliable travel time information for these systems has become
important. Access to short-term travel time information can significantly influence the
decision making on both the supply side (i.e. efficient management of the network capacity)
and the demand side (i.e. mode choice, route choice and departure time choice of travellers)
of transportation system.

A number of different technologies have been used to measure or estimate travel time, such as
Inductive Loop Detectors (ILD), Automated Number Plate Recognition (ANPR) systems,
Global Positioning System (GPS) etc. Each technology has its strengths and weaknesses and
no technology has been accepted as an ideal solution for travel time estimation. Moreover,
spatial coverage of currently deployed travel time monitoring systems are limited due to high
implementation and operating costs of the above technologies and limited budgets available
with government agencies. Hence, there is need for a cost effective, accurate and reliable
technology to provide travel time information.

Since 2005, Bluetooth technology has been evaluated as a means for travel time estimation.
Bluetooth is a short-range data transmission protocol amongst electronic devices. The
Bluetooth protocol uses an electronic identifier, or a tag, in each device called the Media
Access Control address, or the MAC address for short. The MAC address serves as an
electronic nickname so that electronic devices can keep track of who is who during data
communications. Vehicles with detectable Bluetooth-enabled devices can be observed by
Bluetooth sensors installed by the road-side. Bluetooth sensors record the MAC address and
the detection time, that can later be used for travel time estimation using the principle of re-
identification.

Bluetooth technology has a number of advantages. In this context, increasing number of
Bluetooth-enabled devices among road users, anonymity of MAC addresses, flexibility of
deployment and maintenance of Bluetooth sensors can be considered. Moreover, the
acceptable accuracy of travel time estimation using Bluetooth technology (Haghani et al.,
2010; Puckett and Vickich, 2010; Barcelo et al., 2010) have resulted in an emerging interest
for further evaluation of this technology as a cost-effective method for travel time estimation.
Since no current data sources link MAC addresses with personal information, Bluetooth
sensors tracking Bluetooth-enabled devices (i.e.) is more acceptable to the public compared to
the GPS or ANPR which are directly linked with the personal information of the users.
Furthermore, an increasing numbers of Bluetooth-enabled devices not only do not impose any
additional cost to the Intelligent Transportation Systems (ITS) infrastructure but also provide
better opportunities for estimating travel time based on MAC address tracking. Larger
numbers of Bluetooth-enabled devices increases the sampling size of the Bluetooth-based
dataset, hence improving the accuracy and the reliability of Bluetooth-based travel time
estimations. Moreover, Bluetooth technology is not sensitive to the weather conditions (i.e.
fog, darkness etc.). These characteristics make Bluetooth an interesting technology to be used
for travel time measurements in road network.

As for any other technologies, Bluetooth technology has a number of disadvantages. Although
Bluetooth has been demonstrated as a promising technology, there remains problems such as
over-counting of a single vehicle carrying more than one Bluetooth-enabled device (e.g.
buses), low sampling rate and the difficulty of distinguishing between multiple travel modes
(e.g. motor vehicles, bicycles and pedestrians). This PhD thesis aims to address some of these
challenges facing the application of Bluetooth technology for travel time estimation.



1.1 Background of the Applications of Bluetooth Technology in Travel Time
Estimation
To date, Bluetooth technology has been used for a wide range of applications. In the initial
stages, implementation of Bluetooth protocol in ITS started with focus on communication
between systems (Bhagwat 2001, Bechler et al. 2001, and Aloi et al. 2003).
Bluetooth device tracking began in Europe, in Bath (UK), London (UK) and Apeldoorn (The
Netherlands) for pedestrian detection and tracking applications (O’Neill et al. 2006). The
initial efforts were focused upon determining the correlation between Bluetooth and
pedestrian activity as well as determining the travel speed. Although Bluetooth was not as
widely prevalent as today, the results of the study demonstrated a strong correlation between
detections and total volume, indicating that Bluetooth devices were sufficiently well
distributed within population (O’Neill et al. 2006).
The use of Bluetooth MAC address data for traffic monitoring began with a study in 2008
Ahmed et al. 2008). In this study, the Bluetooth MAC address associated with a probe vehicle
was tracked by a Bluetooth and WiFi-based mesh network. The Bluetooth MAC address
matching algorithms for travel time data collection and measurements were developed and
tested jointly by the Indiana Department of Transportation and Purdue University in a
research project (Wasson et al. 2008). The results indicated that travel time trends were easy
to discern by visual inspection and demonstrated the feasibility of using Bluetooth MAC
address matching for travel time estimation. However, data from arterial highways showed a
significantly larger variance compared to data from freeways, which has been attributed to the
impact of traffic signals and the variability that is introduced when motorists divert from the
network. Wasson et al. (2010) tried to evaluate travel mobility metrics for a rural interstate
highway work zone along I-65 in north-western Indiana, USA. This study involved automated
collection and processing of Bluetooth probe data from multiple field collection sites,
communication of travel delays to the motoring public, assessment of driver diversion rates,
and development of proposed metrics to evaluate work zone mobility performance.
Consequently, it has been concluded that leveraging the pervasive presence of consumer
Bluetooth devices provides an opportunity to obtain travel time measurement samples during
construction work. Due to the desire for expansion of coverage of traffic monitoring from the
freeways to urban arterials in Houston region, Puckett and Vickich (2009) investigated the
feasibility of utilising Bluetooth technology on arterial streets to collect travel time data. The
demonstration of this technique as a viable method for estimating travel times in a corridor
was successfully proven on the basis of a single study conducted in Houston.
At the 88th Annual Meeting of Transportation Research Board in 2009, Tarnoff et al. (2009)
presented the results of evaluation of a Bluetooth MAC address detector developed by the
University of Maryland. The results indicate that Bluetooth-based method is one of the most
cost-effective approaches for travel time data collection. A series of studies have been
conducted by the Department of Civil & Environmental Engineering of the University of
Maryland under the supervision of Prof. Haghani to evaluate the application and accuracy of
the data obtained using Bluetooth technology. Haghani et al. (2010) introduced Bluetooth
sensors as a new and effective means of freeway ground truth travel time data collection. In
this research, sampling rates, sampling errors, privacy concerns, data collection and filtering
of the data obtained by Bluetooth devices have been investigated. Floating car data (FCD)
were used as the “ground-truth” to evaluate the accuracy of the highway travel time
information generated by the Bluetooth based estimation method. Results showed that travel
times estimated using Bluetooth are not significantly different from the actual travel times. In
this research, authors have also developed a four-step offline filtering algorithm to eliminate
outliers from Bluetooth data. The performance of the filtering system was compared to



alternative algorithms and it was shown to be a robust and effective method for processing
travel times collected by Bluetooth sensors.

Malinovskiy et al. (2010) discussed of Bluetooth sensors and the application of multiple
devices in tandem to improve the results of data collection using Bluetooth technology. This
research compared Bluetooth MAC address-based travel-time sensors developed by the
authors with standard ANPR cameras commonly used for travel time data collection. The test
results indicate that although Bluetooth sensors tended to be biased towards slower vehicles,
the travel time measurements obtained were representative of the ground truth travel time data
measured by the ANPRs. This clearly emphasised the potential application of this approach
for travel time data collection.

More recently, the application of Bluetooth technology in evaluating arterial traffic
characteristics (i.e. segment travel time, and average running speed) before and after changes
to signal timing were investigated (Quayle et al. 2010). A comparison between recorded
Bluetooth MAC IDs and traditional GPS floating car data demonstrated that larger dataset
from the Bluetooth measurements more effectively captured performance characteristics of
the arterial. The authors concluded that real-time MAC reader information provides
substantial opportunity to add new control and performance monitoring capability to other
ITS components, such as ramp metering, transit signal priority systems and adaptive signal
control.

The Pennsylvania Department of Transportation (PennDOT) (2010) conducted and
participated in an independent study to evaluate the appropriateness of Bluetooth technology
for travel time measurement. Travel time results, match-rate, and cost of implementing
Bluetooth technology were compared with those of EZPass, a tag-based electronic tolling
system. It was concluded that the travel times measured using Bluetooth technology were
comparable to those obtained by EZPass tag readers. Analysis of the match rate indicated that
the minimum number of data points required to accurately estimate traffic conditions were
collected by both systems. The cost of Bluetooth technology including pole, excluding power,
communication, data formatting and system integration estimated around one third of the tag
readers. Additionally, installation and maintenance of the Bluetooth devices appear to be
rather uncomplicated and the range of the readers gives the ability to easily cover one
direction of a multi-lane highway using a single reader.

Tsubota et al. (2011) analysed the travel time on a signalised arterial route in Brisbane using
Bluetooth data and examined the potential use of “Duration” data. Bluetooth data could not
only provide a direct measurement of travel time between pairs of sensors, but also could
provide “duration” data. Duration data represents the time spent by Bluetooth devices within
the detection range of Bluetooth sensors. If the sensors are located at signalised intersections,
this duration can be correlated with intersection delays, and hence represents valuable
information for traffic monitoring. This research confirmed Bluetooth based travel time
estimates were representative of the traffic situation such as morning and evening peak during
weekdays and bi-modal travel-time (i.e. vehicles and bicycles) in a particular link.

Saunier and Morency (2011) aimed to develop travel time reliability indicators through
comparing the outputs of different data collection methods (i.e. FCD, GPS, ANPR and
Bluetooth) used for monitoring highways. In this study, the accuracy and reliability of
Bluetooth data were compared with GPS traces. Results indicated that both technologies
agree during non-congested conditions but the methods did not produce consistent outputs
during the congested peak period.

Lahrmann et al. (2010) investigated the application of Bluetooth sensors for measuring speed
and travel time. A comparative study was conducted on the data obtained by Bluetooth
technology and the data from floating car using GPS. Results have been compared with
respect to the travel time, coverage and penetration rate. It has been proved that Bluetooth



technology can be considered as an alternative technology for travel time measurements. The
result also conforms the outputs of the research by PennDOT (2010).

Previous studies all indicate the capability of Bluetooth technology for travel time
measurement. These studies are superficial and issues such as multiple detection event's,
location ambiguity, shape and size of detection zone, speed of passing vehicle and mode of
travel and their impacts on accuracy and reliability of travel time estimation have never been
examined. These factors are explained in the following section.

1.2 A Brief Primer on Bluetooth Technology

Bluetooth is a short-range data transmission protocol amongst electronic devices. The
Bluetooth protocol uses a unique electronic identifier, or a tag, in each device, called a
Machine Access Control address or Media Access Control Address (MAC). The MAC
address serves as an electronic nickname so that electronic devices can keep track of who is
who during data communications (Haghani et al. 2010).

The main units in Bluetooth technology are the Bluetooth sensor (known also as reader) and
the Bluetooth-enabled device. The Bluetooth readers record anonymous “MAC” addresses
from Bluetooth-enabled devices as they travel down the roadway. The Bluetooth-enabled
devices are mainly electronic devices with the Bluetooth set to the active mode and with
discoverable communication capability. These devices (e.g., navigators, mobile phones,
headsets etc.) broadcast their unique 48-bit MAC addresses to communicate with other
devices within range. Vehicles carrying discoverable Bluetooth-enabled devices are detected
by Bluetooth sensors installed at multiple locations along the road network. The MAC address
and its detection time are recorded by the sensors, which then can be used for travel time
estimation, this is called a detection event (Hamedi et al. 2010), see Figure 1-1.

Sending MAC
Address

MAC addresses 5
Timestamp sent to
ITS Server

Bluetooth-enabled device detected at
time t1=11:10:23

Travel Time = t2-t1=00:05:17

luetooth-enabled device detected at Speed = 4/05:17=45.43 Km/h

time t2=11:15:40
Figure 1-1. Application of Bluetooth technology for travel time estimation

The Bluetooth sensors manufactured by various vendors differ in terms of design; however,
the main components of the sensors are common. They include a procession unit, a
communication unit, GPS antenna, internal clock, power supply, cover and mounting brackets

' When a vehicle carrying a detectable Bluetooth-enabled device travels past a Bluetooth sensor, the sensor
records the MAC address of the device and its detection time; this is called a detection event.



and Bluetooth radio antenna. Details of these components are provided in Appendix I. Figure
1-2 shows the main components of Bluetooth sensors from Blip systems.

3G Modem

Directional
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Backup Battery
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Figure 1-2. BlipTrack sensor design and components (Source: BlipSystems 2010).

1.2.1 Size and Shape of the Bluetooth Sensors Detection Zone

Bluetooth sensors can detect vehicles inside an area within their antenna’s range, referred to
as the detection zone. The shape and size of the Bluetooth sensor detection zone depends on
the type (e.g. directional and Omnidirectional) antenna, power and configuration. A Bluetooth
sensor may use a single or multiple antennae. Depending on the choice of antennae and their
configuration, size and shape of Bluetooth detection zone differ typically between 70-300
metres along the road. The shape of detection zone typically depends on the antenna
configuration. The foot print of the detection zone for Bluetooth sensors with single antenna
and multiple antennae are schematically shown in Figure 1-3 and Figure 1-4.

Bluetooth Sensor Detection Zone

Figure 1-3. Detection zone footprint for single antenna configuration



Bluetooth Sensor Detection Zone

Figure 1-4. Detection zone footprint for multiple antenna configurations

1.2.2 Bluetooth Frequency Hopping Spread Spectrum

Bluetooth has been designed to operate in a noisy radio frequency environment. It operates in
the 2.4 GHz frequency band, which is a globally unlicensed frequency spectrum and is shared
with other devices. Thus, for channel access control Bluetooth uses Frequency-Hopping
Spread Spectrum (FHSS) (Franssens, 2010) and divides the band into 79 channels (each 1
MHz wide) and changes channels up to 1600 times per second to avoid interference with
coexisting devices (see Figure 1-5)(Han et al. 2012).
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Figure 1-5. A time slot of Bluetooth protocol frequency hopping

1.2.3 Bluetooth Discovery Procedure

In Bluetooth communication, a piconet is a basic networking unit consisting of one master
and a number of slave devices (Chakraborty et al. 2010). The device that initiates the process
of forming a piconet is designed as the master. The process of initiating a piconet (i.e.
discovery procedure) consists of two sequential steps: inquiry and paging. The inquiry
process is designed to scan for other discoverable devices within range, and exchange the
necessary information to set-up an actual connection (Figure 1-6 node A and B). In the
inquiry phase, the master invites other devices to form a piconet. In the inquiry phase in order
to find the discoverable devices, the master solicits responses by transmitting a standard



packet, called ID (identifier) packet, on different hop channels (i.e. different frequencies), and
listens for response packets, called FHS (frequency hopping synchronisation) packets, from
potential slave devices (Chakraborty et al. 2010). The sender of FHS packet puts its own 48-
bits unique MAC address and the internal clock-offset, so that the master recognizes which
device is willing to join the master to form a piconet (Franssens, 2010; Chakraborty et al.
2010).

After this discovery is completed, a paging procedure is started to actually set up a connection
(Figure 1-6, node C until G). The master device pages the slave device, which in return sends
a reply containing its Device Access Code (DAC) on the appropriate frequency selected by
the page response hopping sequence. The slave will then switch to the master's channel
parameters, by which a link is established and data can be exchanged. The master coordinates
the transmissions of itself and its slaves by alternating in 625us timeslots between master and
slaves using time-division multiplexing. The discovery procedure and FHSS for multiple
slaves are shown in Figure 2-4. For more information regarding the Bluetooth discovery
procedure, refer to Franssens (2010).
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Switch to master’s
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Figure 1-6. Inquiry and paging procedure (Franssens, 2010)

In order to be able to track a passing Bluetooth-enabled device, it is only necessary to conduct
the inquiry phase to detect the device. The paging phase and connection establishment is not
needed. This is due to the fact that the required information for establishing a detection event
(i.e., the MAC address and clock-offset) is recorded in the inquiry phase. According to
existing literature, the inquiry detection time of a single device may take up to 10.24 seconds,
but the vast majority of devices are discovered within 5 seconds (Franssens, 2010;
Chakraborty et al. 2010; Jiang et al. 2004). Nevertheless, the inquiry detection time of a
device could in practice take shorter or longer. The inquiry detection time is complex to
calculate mainly due to the following issues:



e Differences in the handsets’ Bluetooth implementation, Bluetooth 1.0 vs. Bluetooth 1.2, or
Bluetooth 2, and whether interlaced” inquiry scan is enabled or disabled”.

e The fact that in travel time data collection, the Bluetooth-enabled device is moving along
the road and is in the coverage of overlapping antennae. Overlapping coverage areas will
increase detection time which could result in minor interferences in detection procedures.

e The noisy environment and the number of Bluetooth-enabled devices competing for
connection with the sensor could also affect the required time for inquiry. Discovery
procedure for multiple Bluetooth-enabled devices is shown in Figure 1-7.

Hopping Sequence

12 68 5 48 23 75 33 41 55 17 63 8 70 41
Transmit frequ. [MHz] | 2414 | 2470 | 2407 2403 | 2457 | 2419 2472 | 2443
Active Channel No. 12 68 5 1 55 17 70 41
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Master

i

Slave 1 l |
Slave 2 @

v -
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625015 i
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Figure 1-7. Communication between master and slave units (Source: Johnson Consulting, 2004)

1.2.4 The Bluetooth-Enabled Devices

The Bluetooth-enabled devices are mainly electronic devices with the Bluetooth active and
visible communication capability. These could be mobile phones, navigators, headsets, radios
with Bluetooth communication capability. It is possible to detect the type of device from the
MAC address. The 11-bits of the 48-bit MAC address contain the information of the type of
device and the vendor company referred to as Class of Device (CoD). The CoD represents the
major and minor classes which are intended to define a general family of devices with which
any particular implementation wishes to be associated. Figure 1-8 shows the CoD field for the
first Bluetooth format type. List of major service classes are also listed in Table 1-1. Thus, it
is possible to identify the CoD (e.g. mobile phone versus headset) using the MAC addresses.
The CoD information can be utilised for distinguishing the type of road users and also
removing outliers in the dataset. This factor will be further explores in this thesis.

% Interlaced inquiry scan speeds up the discovery process by 2x to a maximum of 2.5 seconds and can be as fast
as 25 milliseconds (Graber et. al 2004).

* . In the original scheme, because the master repeats a specific packet train many times, a slave node could miss
the whole packet train if it listens to a channel that belongs to the other packet train (e.g., inquiry A train/scan B
train, or inquiry B train/scan A train). To prevent such situations, the interlaced scan allows a slave node to scan
two trains (i.e., A and B) in a row. Thus, the probability of missing an inquiry packet becomes negligible (cited
by Lee et al. 2010).
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Figure 1-8. The class of device/service field (first format type) (Source: Bluetooth Org. 2009)

Table 1-1. Major service classes

Bit # Major Service Class

13 Limited Discoverable Mode [Ref #1]

14 (reserved)

15 (reserved)

16 Positioning (Location identification)

17 Networking (LAN, Ad hoc, ...)

18 Rendering (Printing, Speaker, ...)

19 Capturing (Scanner, Microphone, ...)

20 Object Transfer (v-Inbox, v-Folder, ...)

21 Audio (Speaker, Microphone, Headset service, ...)
22 Telephony (Cordless telephony, Modem, Headset service, ...)
23 Information (WEB-server, WAP-server, ...)

1.2.5 Information Collected by Bluetooth Sensors

A Bluetooth sensor records the following information for each detected device. In this study,
this information is referred to as low-level sensor data. These parameters are explained
bellow:

e The MAC Address

e Time-stamp: The Bluetooth sensors are recording the MAC addresses and time-
stamped them. Depending on the shape and size of the sensor’s detection zone, it is
possible to have multiple detections recorded for a unique MAC address. In such
cases, the Bluetooth sensor records all the detected time-stamps.

e Radio (Received) Signal Strength Indication (RSSI): The RSSI is an indication of the
power level being received by the antenna. The magnitude of the RSSI is highly
dependent on the distance of the device from the sensor location.

e The CoD

e Sensor-ID: The sensor-ID shows the ID of the sensor that detects the MAC address.
This information also can be used to identify the travel direction of the passing
vehicle.
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1.3 Challenges Facing Application of Bluetooth Technology for Travel Time
Estimation

1.3.1 Detection Reliability

In this study, “Detection Reliability” of Bluetooth is defined as the percentage of device-trips
that are captured by Bluetooth sensors during the experiment. The percentage of MAC
addresses captured by Bluetooth sensors could significantly influence the accuracy of travel
time estimates. There are several factors that can create variation in the sampling rates, refer
to 1.2.2 and 1.2.3. A low sampling rate could lead to travel time estimation inaccuracy.

1.3.2 Location Ambiguity

A detection event could be triggered anywhere within the detection zone. In this study,
“Location Ambiguity” is defined as the spatial error associated with detection events.
Bluetooth sensors have large detection zones compared to other VRIS technologies such as
ANPR cameras. A larger detection zone increases the probability of detecting a Bluetooth-
enabled device in a fast-moving vehicle; however, it increases the probability of multiple
detection events triggered by a single device. This could lead to location ambiguity and
reduced accuracy of travel time estimation.

1.3.3 Aggregation Method and Sample Size

Travel time data are usually reported in an aggregated form. In this context, the method used for
aggregation of non-homogeneous data could play a significant role in reducing the accuracy of
the outputs. It is worth mentioning that this problem is not limited to Bluetooth technology and
1S a common issue in various travel time data collection methods. However, with Bluetooth
technology it is not possible to directly distinguish between the roads users based on the MAC
addresses, hence this issue become more important. Arithmetic mean (i.e. average) is one of
the most common aggregation methods used for Bluetooth data analysis. Nevertheless, using
the average value as the basis of analysis can be misleading as the average itself can be affected
by outliers. This highlights the importance of using more robust estimators as well as using
appropriate outlier removal algorithms.

Optimum sample size is another embedded problem along with the choice of aggregation
method. Likewise, such problem is not limited to the Bluetooth technology and is a common
problem in majority of technologies used for travel time data collection. However, due to the
lower sample size of Bluetooth technology, this problem becomes more important. Therefore,
understanding the relationship between sample size and accuracy of travel time estimation using
Bluetooth technology is of interest.

1.3.4 Methods of Travel Time Estimation

Accuracy of travel time estimations by Bluetooth Technology depends upon how location
ambiguity is handled by estimation method. Figure 1-9 illustrates an example of a situation in
which the MAC address of the Bluetooth device in the car is detected thrice, slightly before,
middle, and after the exact location of Bluetooth sensors. As can be seen in Figure 1-9, there
are 9 different possible ways to calculate the travel time of this vehicle using the recorded
detection event data. This raises the question of which one of these estimations is the most
accurate one. Therefore, this study aims to reduce the impact of location ambiguity on
accuracy of travel time estimation by means of developing new methods.

11
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Figure 1-9. Methods of travel time calculation in the case of a multiple detection event

1.3.5 Mode Classification

Majority of studies on application of Bluetooth technology for travel time measurement were
conducted in motorways, where the problem of distinguishing between mixed traffic (i.e.
cyclists and cars) is less significant due to homogeneous nature of traffic stream.

In arterial roads, traffic is no longer homogeneous. Increased heterogeneity of road users in
urban areas, including the presence of cyclists, could reduce the accuracy of travel time
measured by Bluetooth technology. Improving the accuracy of travel time estimation on
arterial roads depends on how modes could be distinguished. Therefore, mode identification is
important and this research plans to use the information of CoD to develop new method to
address this issue.

1.4 Objectives of the Study
The objectives of this PhD research can be summarised as follows:

1. Evaluate the reliability of Bluetooth technology and estimate the location ambiguity
associated with Bluetooth detections,

2. Identify the influence of aggregation method and sample size on accuracy of estimated
travel time,

3. Develop methods for travel time estimation to minimise the impact of location
ambiguity, without compromising on reliability,

4. Develop new methods for mode-specific travel time estimation, utilising CoD
information,
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5. Compare the accuracy of travel time estimated by Bluetooth technology versus other
sensor technologies, to provide a holistic overview of the accuracy and reliability of
Bluetooth Technology compared to other technologies in the market.

1.5 Organisation of the Thesis

This PhD thesis is organised as follows:

Chapter 1 presents the background of this research and describes its scope and objectives.
Chapter 2 focuses on evaluation of Bluetooth detection reliability and location ambiguity.
Chapter 3 explores the effects of sample sizes and aggregation method in travel time
estimation.

Chapter 4 developed new travel time estimation method based on the results obtained in
Chapter 2 and evaluates the accuracy of these methods.

Chapter 5 developed a new method for mode-specific travel time estimation using Bluetooth
technology to improve the accuracy of travel time estimation on arterial roads with mixed
traffic.

Chapter 7 summarises the findings of this research and suggests avenues for further research.
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2. Introduction

When a vehicle carrying a detectable Bluetooth-enabled device travels past a Bluetooth
sensor, the sensor records the MAC address of the device and its detection time; this is called
a detection event.

The number of detection events registered for a passing Bluetooth-enabled device can be
variable. This is a complex phenomenon and depends on a number of factors, which could be
categorised into two major groups. First, factors related to the Bluetooth sensor detection
zone, including size, shape and time span that the device is within the detection zone, refer to
Section 1.2.1. Second, factors related to the Bluetooth device discovery procedure, refer to
Sections 1.2.2 and 1.2.3. This includes parameters such as strength and speed of a
transmitting device, the Bluetooth sensor’s ping cycle (0.1 seconds), the proximity of the
roadside Bluetooth sensor (Quayle et al. 2010), clock drift, and noise in background (e.g.
number of Bluetooth-enabled devices communicating with the sensor over a short period of
time).

The reliability and accuracy of travel time estimates not only depend on the percentage of
MAC addresses captured by pair of Bluetooth sensors (i.e., penetration rate), but also the
relative positions at which the detection events have been recorded. A larger detection zone
increases the probability of detecting a Bluetooth-enabled device in a fast moving vehicle, and
correspondingly increases the penetration rate. Apparently, the higher the penetration rate,
the higher the reliability of travel time estimates. While a larger detection zone increases the
penetration rate, it also contributes to larger location ambiguity. The larger the location
ambiguity, the lower the accuracy of estimated travel time. Therefore, a trade-off needs to be
made between the penetration rate and the size of the detection zone. These factors are
explored further in following sections.

2.1 Earlier Studies about Multiple Detection Events

The location error associated with the discovery procedure of Bluetooth-enabled devices and
its corresponding impact on travel time estimation were also discussed by Malinovskiy et al.
(2010). It was stated that the frequency hopping protocol allows a random error of up to 10.24
seconds in device discovery time, which may result in variable location errors depending on
the vehicle’s speed. Finally, it was concluded that these errors can impact the travel time data
accuracy significantly if the link is short, since the location errors are relatively high for the
link distance.

The noise and spatial errors associated with a larger detection zone were also discussed by
Malinovskiy et al. (2010). The authors mentioned that larger detection zones are subject to
more noise and bigger spatial errors, as a vehicle may be detected anywhere within the zone.
Meanwhile, a larger detection zone also corresponds to a bigger sample size. In this study, the
impact of the range of the antennae on sample rate and spatial error were evaluated. It was
found that larger detection zones capture more vehicles, including faster ones. Furthermore, it
was concluded that since the spatial error obtained is random, the spatiotemporal error
incurred due to a larger detection area is mitigated when an average of a sufficient sub-sample
is taken. Furthermore, it was concluded that since the spatial error obtained is random, the
spatiotemporal error incurred due to a larger detection area is mitigated when an average of a
sufficient sub-sample is taken.

2.2 Multiple Detection Event and Bluetooth Discovery Procedure

As discussed in section 1.2.3, the Bluetooth discovery procedure consists of three main
stages; inquiry phase, paging, and connection establishment. However, in the application of
Bluetooth for tracking, the inquiry phase is essential; however, the paging phase and
connection establishment phase are not needed. This is due to the fact that the information
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required for establishing a detection event (i.e., the MAC address and clock-offset) is
recorded in the inquiry phase. According to existing literature, the inquiry detection time of a
single device may take up to 10.24 seconds, but the vast majority of devices are detected
within 5 seconds (Franssens, 2010; Chakraborty et al. 2010; Jiang et al. 2004). Nevertheless,
the inquiry detection time of a device may in practice take shorter or longer. The inquiry
detection time is complex to calculate mainly due to the following reasons.

e Differences in the handsets’ Bluetooth implementation, Bluetooth 1.0 vs. Bluetooth
1.2, or Bluetooth 2, and whether interlaced' inquiry scan is enabled or disabled (cited
by Lee et al. 2010).

e The fact that in travel time data collection, the Bluetooth-enabled device is moving
along the road and is in the coverage of overlapping antennae. Overlapping coverage
areas will increase detection time.

e The noisy environment and the number of Bluetooth-enabled devices competing for
connection with the sensor could also affect the required time for inquiry. Discovery
procedure for multiple Bluetooth-enabled devices is shown in Error! Reference
source not found..

Depending on the speed of the passing Bluetooth device and the time span the device is
within the range of the sensor, it may be detected many times as it passes by a single station
or none at all. The number of missing devices could influence the estimated counts obtained
by Bluetooth technology.

2.2.1 Multiple Detection Events and Bluetooth Sensor’s Ping Cycle

Ping stands for Packet Inter-Network Groper. Ping is usually a quick test to ensure that your
connection is valid. Bluetooth sensors have a very short ping cycle; typically 0.1 seconds
(Quayle et al., 2010). Depending on the strength and speed of the passing Bluetooth-enabled
device, it may be detected many times as it passes by a single Bluetooth station or none at all.
This mainly relates to the strength of the transmitting device, the location of the device
relative to the Bluetooth sensor, and also the time span that the device is within range of the
reader (Quayle et al., 2010 and Blogg et al., 2010).

2.2.2 Multiple Detection Event and Size of Detection Zone

Detection zone refers to the area monitored by the sensor on the road; the sensor detects
passing vehicles travelling through the detection zone. Bluetooth sensors can detect vehicles
inside an area within their antenna’s range. The shape and size of a Bluetooth sensor detection
zone depends on the type (i.e., directional and omnidirectional), power and configuration of
the antenna.. Having a range of detection reaching 100-300m enables the Bluetooth sensor to
track unique MAC address of a Bluetooth-enabled device as it passes the detection zone.
Although a larger detection zone increases the probability of detecting a Bluetooth-enabled
device in a fast moving vehicle, it increases the probability of multiple detection events
triggered by a single device. Since the locations of detection events recorded for a passing
Bluetooth-enabled device is not recorded, the ambiguity of location of the detected vehicle
can lead to decreased accuracy of travel time estimation using Bluetooth data. The larger the
distance of recorded detection event from the actual sensor location, the larger the effect of
location ambiguity. Therefore, the accuracy of travel time estimates not only depend on the

", Interlaced inquiry scan speeds up the discovery process by 2x to a maximum of 2.5 seconds and can be as fast
as 25 milliseconds (Graber et. al 2004).
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percentage of MAC addresses captured by each Bluetooth sensors (i.e., reliability), but also
the relative positions at which the detection events have been recorded.

2.2.3 Multiple Detection Event and Detection Interference

Bluetooth-enabled devices with a class 1 radio can be detected at distances up to 100 metres
away. However, physical barriers could significantly reduce the capture rate of Bluetooth-
enabled devices. Physical barriers for example a metal car door, and to a lesser degree,
plastic-caps for weather protection of the antennas can influence the transmitted signal and
hence reduce the capture rate. In order to reduce the interference, the antennae should ideally
be placed at the vehicle’s window height.

In this study an experimental evaluation is conducted to assess the detection reliability of
Bluetooth-enabled devices passing by a sensor as well as to investigate how detection events
are distributed based on their distances from the sensor location (i.e. location ambiguity).

The main objectives of this experimental evaluation are first to explore the impacts of all
influencing parameters on multiple detection events; second to examine the location
ambiguity associated with size of detection zone; third to evaluate the accuracy of various
travel time estimation method. In order to evaluate the impacts of all influencing parameters
on multiple detection events, a new concept called “Detection Reliability” has been
introduced. The detection reliability itself is a term requiring a definition of which criteria are
actually considered. In this study, the detection reliability of Bluetooth is defined as the
percentage of device-trips that are captured by Bluetooth sensors during the experiment.

2.3 The Experimental Set-up and Evaluation
Experiment set-up and data collection were conducted by COWI consulting, Denmark.
Details of the experiment set-up and the methods are explained in the following sections:

2.3.1 Location of the Experiment

The sensors were installed at the intersection of Grenavej-Ellebjergvej on the roadside noise
barriers Figure 2-1 and at the intersection of the Grenavej-Skolevangs Alle on a gantry pole in
the median of Grendvej Figure 2-2 in Aarhus, Denmark. The distance between the two
Bluetooth sensors was 610 metres. An aerial photograph of the corridor is shown in Figure
2-3.

2.3.2 Data Collection

The experiment consisted of a single vehicle equipped with 18 Bluetooth-enabled devices and
a GPS logger. The vehicle plied between two Bluetooth sensors 74 times. The vehicle was
continuously driven back and forth between the sensors. In order to ensure that the individual
trips could be distinguished from one another, the trips started approximately 825 metres west
of Grenavej-Skolevangs Alle and ended 1 km east of Grenavej-Ellebjergvej. There was also a
short pause of 4 minutes between each run, i.e., between the end of a trip and the start of the
next trip. This was mainly done to ensure that the experimental vehicle was out of range
between each trip.
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Figure 2-1. The Bluetooth sensor installed on the Figure 2-2. The Bluetooth sensor installed on the
noise barrier at Grenavej-Ellebjergvej portal at Grenavej-Skolevangs Alle

S AL O R A T o . e R W S T ST T
Figure 2-3. Locations of Bluetooth sensors on Ellebjergvej-Skolevangs Alle, Arhus, Denmark
(Source: Google Map)
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2.3.3 Bluetooth-Enabled Devices
The experimental vehicle carried 18 different Bluetooth-enabled devices, consisting of
thirteen conventional mobile phones, four smart phones and one tablet. The devices are listed
in Table 2-1. The Bluetooth-enabled devices were set on the visible mode so that they could
be detected by the roadside sensors.

Table 2-1. List of Bluetooth devices used in the experiment

Types of Device Device Name Bluetooth Protocol Version
Conventional Mobile Phones Nokia_c1_01 2.1
Nokia cl 02 2.1
Nokia cl_03 2.1
Nokia cl_04 2.1
Nokia cl 05 2.1
Nokia cl_06 2.1
Nokia cl_07 2.1
Nokia cl_08 2.1
Nokia cl 09 2.1
Nokia cl 10 2.1
Nokia 2960 2.0
SE_W5801 2.0
SE_W8801 2.0
Smart Phones HTC s710 2.0
HTC s730 2.0
HTC_740 2.0
HTC_HD2 2.1
Tablet Moto-Zoom 2.1

2.3.4 Bluetooth Sensors

The Bluetooth sensors used in this study were obtained from Blip Systems. The sensor model
is the BlipTrack, consisting of two directional antennae and one omnidirectional antenna, with
a USB modem for 3G connectivity and an electricity connection. The typical detection zone
of a BlipTrack sensor is shown in Figure 6. The size of the detection zone varies from 70-
200m on either side of the sensor along the road. The sensors relay each detection event to a
central server using their 3G connection. The clocks of the Bluetooth sensors were
synchronised before the experiment.
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Figure 2-4. BlipTrack™ sensors and their detection zone (Source: Blip Systems)
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2.3.5 GPS Data

In this study, GPS data was collected to conduct two sets of analysis:

First, GPS data were used to investigate how Bluetooth detection events are distributed
around the sensor, depending on the size of the detection zone. In this case, GPS traces were
used to geo-reference the Bluetooth detection events (i.e., determine the actual location of the
detection event). The GPS device logged its position every second. The timestamps from the
GPS device and Bluetooth sensors were matched with +/- 0.5 second accuracy, which at 70
km/h corresponds to approximately +/- 10-metre location ambiguity along the road. This level
of accuracy was deemed sufficient in this context using engineering judgement.

2.3.6 Evaluation

First, reliability of Bluetooth detection was evaluated based on the number of missing devices
per each trip. Second, in order to evaluate the impact of size of detection zone on location
ambiguity, it was investigated how detection events were scattered around the sensor location.
The matched GPS coordinate was used to calculate the distance, Dg., along the road between
the Bluetooth sensor and the vehicle location during the detection event. In order to calculate
the Dge, @ hypothetical line is constructed perpendicular to the road at each sensor location,
shown in Figure 8. The GPS coordinates (WGS84)? are converted to UTM coordinates so that
the distances can be determined using simple geometric calculations. The distance between a

detection event location (X;,Y;) and the hypothetical line (AX;+BY,+C=0)is
given by:
RD.. = |A.X; + B.Y; + C| Equation 2-1
“T VAt B
Where:

A: The coefficient of X

B: The coefficient of Y

C: The constant

(X;,Y;): The coordinates of the point

The coordinates and the formula for the hypothetical lines are given in Table 2-2.

Table 2-2. Points coordinates and the hypothetical line coefficients

Point Coordinates Coefficients Formula
oin SUCET
X Y Slope Constant Hypothetical line
575799.374  6228640.211
Skolevangs 12549 6951258.672 Y, = —1.2549X, + 6951258.672
Alle 575838.782  6228590.754
. . 576407.015 6228780.658
Ellebjergvej 22,9667 7938779.621 Y, = —2.9667X, + 7938779.621

576382.648 6228852.947

Second, GPS data were used to evaluate the impact of location ambiguity on the accuracy of
Bluetooth travel time estimates. In this case, GPS data were used to calculate the actual travel
time, referred to as the ground truth. The ground truth data is used as the basis for evaluating
the accuracy of Bluetooth travel time estimates. Discussions concerning travel time estimation
methods by Bluetooth technology will be presented in Chapter 4.

. WGS84: World Geodetic Systems 1984
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Figure 2-5. Hypothetical line and perpendicular line

2.4 Results
Results of the experimental evaluation are presented in following sections.

2.4.1 Detection Reliability Analysis

Raw detection metrics for each device trip combination is shown in Table 2-4 and Table 2-5
for the two sensor locations, where missed detections are shown as gaps in the tables. Using
the data illustrated in the two tables, the percentage of successful detections per trip and for
each device type is calculated; these percentages are also given in Table 2-4 and Table 2-5.
The analysis shows that, on average, Bluetooth-enabled devices are detected more than 80%
of the time. However, there may be situations when this percentage is lower. It should be kept
in mind that the low number of detection events recorded for some of the trips may not be
directly related to the reliability of the Bluetooth-enabled devices. There might be other
factors such as localisation factors (e.g., proximity to the roadside sensor, sensor’s location
and mount design, driving speeds, etc.); communication problems etc., which are likely to
influence the detection rate. The differences between detection rates at the two sensors were
examined further. Comparison shows that the roadside installation at Ellebjergve;j (i.e. Eastern
sensor) had a higher detection rate compared to the sensor installed on the median at
Skolevangs Alle (i.e. Western sensor). The number of detection events recorded by each
antenna at each location is given in Table 2-3.

Table 2-3. Number of detection events recorded by each antenna at each location
Location Antenna Number of Detection based on Trips Direction

Skolevangs Alle- Ellebjergvej  Ellebjergvej- Skolevangs Alle

Skolevangs Alle West 614 753
(Figure 2-2) East 632 1350
Middle 19 191
Total 1265 2294
Ellebjergvej West 991 736
(Figure 2-1) East 2408 1026
Middle 297 63
Total 3696 1825

Figure 2-6 clearly shows that the detection rate is lower when the vehicle is travelling in one
direction compared to the other for each sensor location. This is due to the distance of the
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sensor from the roadside, impact of inference caused by the pole as well as the antenna
configuration. For the roadside installation (Figure 2-1), the detection rate is lower when the
vehicle is travelling on the far side of the road. Similarly, for the median installation (Figure
2-2), the antennae face one direction of traffic (East-West) and the detection rate is lower
when the vehicle is travelling on the other side (West-East) of the road. This is more apparent
in the case of the central antenna because of occlusion due to the pole on which the Bluetooth
sensor is mounted, see Figure 2-6.

The other factor that could explain the difference is road geometry, as the western sensor was
installed at a curved section of the road. This can affect the detection range and hence reduce
the rate of detection events. These findings outline the importance of the impact of antenna
configuration, the location of the installed sensor and the mount design. These factors affect
Bluetooth-enabled device detection rate and hence travel time reliability, especially for roads
with high short-term travel time variability. These engineering aspects should be given due
consideration in order to achieve reliable travel time estimates using Bluetooth sensors.

3500 -
3000 -
2500 -

2000

1500 -
1000 -
500 4

Western Middle Eastern Western Middle Eastern

Number of Detection

(=)

Western Sensor Antennae Eastern Sensor Antennae

Figure 2-6. Number of detections for each antenna
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2.4.2 Location Ambiguity

The accuracy of travel time measured by Bluetooth sensors is influenced by the location
ambiguity of detection events. The closer the detection event to the sensor location, the more
accurate the estimate of the time that the device passes by the sensor, and correspondingly, the
travel time estimate (see Figure 2-7). Hence, in order to understand the extent of location
ambiguity, geo-referenced detection events were plotted on a map for visual inspection (see
Figure 2-7). It is clear that the sensors have a large detection area. This is consistent with
information from the product literature that the sensors have a detection range of 70-200m on
either side of the sensor.

- X o

Figure 2-7. Geo-referenced detection events for both sensor locations
(Source: Google Map)

The distribution of detection event location is further examined by means of boxplot charts,
shown in Figure 2-8 and Figure 2-9. Each boxplot represent the lowest value, the highest value,
the median or middle value, the first quartile value (i.e. the lowest 25-percent of the data), and the
third quartile value (i.e. the highest 25-percent) of the data. Though most of the detection events
are within the range specified in the product literature, the detection range can be as high as half a
kilometre, as illustrated by detection events recorded by the antennae at the Ellebjergvej Eastern
sensor. The width of the boxplots for middle antennae show that the collected data by this
antennae were in the range of 100 metres before and after the sensor location while majority of
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the detections were in a distance less than 50 metres. Larger spread in the of boxplots for the side
antennae show a wider detection range and also the dot points spread out show that some of the
detections were detected in a larger distance of up to 500 metres from the sensor. Hence there is a
larger location ambiguity for the detections recorded by these antennae.

Results of the detection range analysis for three antennae are summarised in Table 2-6. For both
sensors, it is clear that the middle antenna has a shorter detection range compared to the side
antennae and correspondingly its detection rate is significantly lower than the side antennae. On
one hand, the detection events recorded by the middle antenna are triggered in closer distances to
the sensor (i.e., lesser location ambiguity); thus, it could provide a more accurate estimate of the
time the device passes by the sensor.
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Figure 2-8. The detection range of three antennae at Figure 2-9. The detection range of three antennae at
Skolevangs Alle-western sensor Ellebjergvej- eastern sensor

Table 2-6. Detection range of different antennae

Antenna Detection Range

Parameter

Skolevangs Alle Ellebjergvej

Western Middle Eastern Western Middle Eastern
Mean 54.24 14.51 64.00 45.85 14.58 65.75
Std. Error 1.61 0.91 1.03 1.25 0.79 1.21
95% Confidence ;z:lf; 51.09 12.73 61.97 43.40 13.03 63.38
Interval for Mean | Ubber | = 57 39 16.30 66.03 48.30 16.13 68.12
5% Trimmed Mean 47.14 13.14 61.42 40.25 12.38 58.60
Median 32.16 11.29 60.73 31.69 10.18 32.80
Variance 3527.24 172.42 2117.58 2700.28 223.34 5026.51
Std. Deviation 59.39 13.13 46.02 51.96 14.94 70.90
Minimum 0.21 0.69 0.43 0.74 0.73 0.73
Maximum 328.35 87.17 280.06 590.08 86.47 420.60
Range 328.14 86.48 279.63 589.34 85.74 419.88
Interquartile Range 65.78 11.96 69.50 59.30 8.35 94.11
Skewness 1.83 2.10 0.66 3.82 2.68 1.40
Kurtosis 3.62 6.74 0.47 26.91 8.13 1.78
Detection Rate 39% 6% 55% 31% 7% 62%
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Distributions of detection range for various antennae are shown for western and eastern sensors
in Figure 2-8and Figure 2-9. These illustrate how the detection ranges for different antennae vary
around the sensor. Note that distance values (i.e., positive/negative) in these figures represent the
direction from which the device was detected by each antenna (e.g., -50 means that the sensor
detected the device 50 metres upstream of the actual sensor centre line). These results are
obtained using raw detection events, which means all multiple detection events recorded for a
unique MAC address in a single trip are used. For this reason, it should be kept in mind that the
results obtained in this study are not directly related to the accuracy of travel time estimates by
the BlipTrack hardware. Patterns shown in Figure 2-10 and Figure 2-11clearly indicate that the
middle antenna has a shorter detection range and smaller standard deviation of detected events
distances compared to the other antennae

The eastern and western antennae cover a larger detection zone, which concurrently increases the
probability of detecting a larger number of passing Bluetooth-enabled devices at farther distances
or vehicles with higher speed (i.e., increases detection rate), see also Figure 2-7. In order to
further investigate how the detection events are scattered around the sensor, cumulative
distributions of the distances are analysed. This helps to clarify what percentage of the detections
fall within specific ranges such as 25, 50 and 100 metres. Cumulative distributions of detection
range for three antennae are shown in Figure 2-12 and Figure 2-13for Western and Eastern
sensors respectively’.

Numerical results of the cumulative distribution of detection rates at 25, 50 and 100 metres, by
various antennae are summarised in Table 2-7. As can be seen, more than 95% of the detections
made by middle antennae are located within a distance of less than 50 metres from the centre of
the sensors. This illustrates the accuracy and quality of the detections made by middle antennae.
Detection events recorded by the side antennae are also closely distributed around the sensor. As
shown, around 60% of the detections are made within 50 metres of the centre of the sensors.
Moreover, 80% of the detections are within a 100-metre distance. These indicate that although
the detection ranges for Bluetooth sensors’ antennae are wide, they are capable of capturing most
of the devices within an acceptable range of 50-100 metres (i.e., a low level of location
ambiguity).

Table 2-7. Cumulative detection rate of the antennae at various distances

Detection Rate vs. Distance

Distance
(metre) Skolevangs Alle Ellebjergvej

Western Middle  Eastern Total  Western Middle  Eastern Total
25 42% 82% 26% 35% 46% 85% 45% 48%
50 64% 99% 42% 54% 65% 95% 57% 62%
100 82% 100% 80% 82% 89% 100% 73% 80%

3. These figures also show that detection events obtained by middle antennae are scattered close to the centre of the
sensor and most detections fall within a range of 50 metres. For this reason, it should be kept in mind that the results
yielded by this methodology are not directly related to the accuracy of travel time estimates by the BlipTrack
hardware. This is due to the fact that in practice, the system uses specific algorithms to select the most accurate
detection event for an individual device recorded by each antenna. Then it interpolates the most accurate pass by
time from this information.
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Figure 2-10. Histogram of distribution of detection range for three antennae
of the sensor at Skolevangs Alle
Histogram of Distribution of the Detection Range
Normal - Eastern Sensor
40
354 Eastern-Sensor
— Western-Antenna
- — Eastern-Antenna
307 Middle-Antenna
N 25 T
=
b
5 20
[
15
10 1
5 .
0 T T T T

S PRSI LES e

Perpendicular Distance from Sensor Centre Line (Metre)

Figure 2-11. Histogram of distribution of detection range for three antennae
of the sensor at Ellebjergvej
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Histogram of Cumulative Distribution of the Detection Range
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Figure 2-12. Cumulative distribution of detection range for three antennae,
Western sensor
Histogram of Cumulative Distribution of the Detection Range
Normal - Eastern Sensor
100
90 Eastern-Sensor
— Western-Antenna
80 1 - Eastern-Antenna
§ 70 Middle-Antenna
o
& 60
2 |
g 50
E 401
S
30 1
20
10 H
0 T T T T T T T T T T T T T T T T T
33@ @Q ’,5@ ,QQ f’g ,\® S PP \@ \‘°Q ’\9Q ">® @Q ‘3@

Prependicular Distance from Sensor Centre Line (Metre)

Figure 2-13. Cumulative distribution of detection range for three antennae,
Eastern sensor
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2.5 Conclusion

This chapter discussed different aspects of the reliability of Bluetooth detections and location
ambiguity. The influence of Bluetooth sensors’ detection zone size and discovery procedure on
the number of detection events triggered for a single passing Bluetooth-enabled device (i.e.
multiple detection events) were discussed. It was shown that while a larger detection zone
increases the probability of detecting a vehicle travelling at high speed; it also contributes to a
larger location ambiguity of multiple Bluetooth detections.

Based on the results of the controlled experiment, the detection reliability (i.e. capture rate) of
Bluetooth was found 84%. However, the detection rate could be lower on some occasions. The
difference in detection rates between the Eastern sensor and Western sensor illustrates the
importance of the impact of the location of the installed sensor and the mount design. These
factors could affect Bluetooth-enabled device detection rate. These engineering aspects should be
given due consideration in order to achieve reliable results using Bluetooth sensors.

The relation between size of the detection zone and extend of the location ambiguity were
evaluated by means of Geo-coded Bluetooth detections. The results showed that although the
detection range of BlipTrack sensors is 70-200 metres on each side of the sensor, more than 80%
of the detections are within the range of 100 meters from the sensor centre line.

According to the reasults of this chapter, there should be a trade-off between the size of detection
zone and the optimum capture rate. The larger detection zone reduces the number of non-detected
Bluetooth devices (i.e. missed detections) passing the sensors and correspondingly increases the
capture rate. However, the larger detection zone could lead to a larger location ambiguity of the
detected devices which could negatively influence the accuracy of estimated travel time.

As mentioned in Chapter 1, the low sampling rate of Bluetooth technology could ifluence the
accuracy of travel time estimation. Lower sample size would increase the risk of outliers on the
accuracy of aggregated travel time. In the following chapter, the effects of sample size and
aggregation methods on travel time estimation will be discussed.
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C HAPTER 3

THE EFFECT OF SAMPLE SIZES AND
AGGREGATION METHOD ON TRAVEL TIME
ESTIMATION
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3. Aggregation Method and Associated Impact on Detection Reliability and

Accuracy
Travel time data are usually reported in an aggregated form (e.g. average or reported travel time
during a 5 minute period). The method used for aggregation of individual travel time observations
could play a significant role in the accuracy of the estimated travel time. This issue is not limited to
Bluetooth technology and is a common issue in travel time estimation using the principle of vehicle
re-identification (e.g. ANPR).
Arithmetic mean (i.e. average) is one of the most common aggregation methods used for
Bluetooth data analysis. The aggregated value is used either directly to create profiles of travel
time or to be used as the basis for outlier detection algorithms (Quayle et. al. (2010); Haghani et.
al. (2010); Malinovsky et. al. (2010); Barcelo et. al. (2010)). Weakness in the existing literature is
that outlier treatment methods are mainly determined based upon the average value (Quayle et. al.
(2010) and Malinovsky et. al (2010)). Nevertheless, using the average value as the basis of analysis
can be misleading as the average itself can be affected by outliers. These outliers could be low-
speed vehicles (i.e. heavy-trucks, bicycles) or high-speed vehicles (i.e. ambulances or police cars)
in case of highways. As a result, the simple average is highly prone to the outliers. This issue is
more pertinent to Bluetooth compared to ANPR since it is not possible to identify the type of a
vehicle based on the MAC address. This highlights the importance of using more robust estimators
as well as using appropriate outlier removal algorithms.
Determining minimum required sample size to obtain accurate and reliable travel time estimation is
another issue in this context. The outlier bias becomes more important since Bluetooth has smaller
sample size, especially when compared to technologies such as ANPR. Therefore, it is important to
understand the relationship between sample size and accuracy of Bluetooth-based travel time
estimation.

3.1 Aggregation Methods for Travel Time Profile Construction

A wide range of simple to complex aggregation methods can be considered for profile construction.
In this study, three conventional aggregation methods: Arithmetic mean, Geometric mean, and
Harmonic mean are investigated.

Arithmetic mean is the simplest method for aggregating the data over a time interval. However,
existence of outliers in that interval could significantly influence the accuracy of the estimated
travel time. Hence, it is imortant to understand how arithmetic mean differs from other aggregation
method and also evaluate how it is influenced by the existence of outliers in the dataset. In this
Chapter, arithmetic mean is indicated by the prefix (Ari).

Since the estimated travel time on each interval may not be independent from other, it is tried to
examine whether implementing the geometric mean could reduce the impact of the outliers on
Bluetooth-based estimated travel time. In this Chapter, geometric mean is indicated by the prefix
(Geo).

Unlike the arithmetic mean, the harmonic mean gives less significance to high-value outliers—
providing a truer picture of the central tendencies in data. Since, the harmonic mean tends strongly
toward the least elements of the list, it may (compared to the arithmetic mean) mitigate the
influence of large outliers and increase the weight of small values. In this Chapter, geometric mean
is indicated by the prefix (Har). Formulae and details of these methods are given in Appendix II.

In this study, in order to figure out which method could provide more accurate and robust travel
time estimates, the profiles constructed by each method is compared with FCD (i.e. ground truth).
Since the two sources of FCD were aggregated for 15 and 30 minutes intervals, it is necessary to
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use the same time intervals for Bluetooth data. In order to estimate the 15 and 30 minutes travel
time four simple estimation methods are used. These methods include minimum, maximum,
average and median which are as follows:

1. Min-BT: Travel time estimate is the minimum travel time of all Bluetooth-based travel time
observations during a given time period. The minimum travel time is unaffected by slower
vehicles with non-typical driver behaviour and represents the fastest vehicle in normal traffic
conditions. Min-BT is a good indicator for congestion detection applications.

Min-BT= Minimum(TT,, TT,, TTs, ..., TTy) 15minutes Equation 3-1

2. Max-BT: Travel time estimate is the maximum travel time of all Bluetooth technology based
travel time observations during a given time period.

Max-BT= Maximum(TTy, TT;, TTs, ..., TTy) 15minutes Equation 3-2

3. Avg-BT: Travel time estimate is the average travel time of all Bluetooth-based travel time
observations during a given time period. This method is used by most Bluetooth technology
based travel time estimation studies. The average travel time is calculated based on all the records
in a 15-minute time interval.

Avg-BT= Average(TT,, TT,, TTs, ..., TTy) 15minutes Equation 3-3

4. Med-BT: Travel time estimate is the median travel time of all Bluetooth-based travel time
observations during a given time period. The median is less prone to outliers caused by slow or
fast vehicles compared to the other estimators. Hence, it has the potential to be used as an
alternative for the simple average travel time.

Med-BT= Median(TTy,TT,, TT;s, ..., TTy) 15minutes Equation 3-4

Where:

TT;: Travel Time for i recorded vehicle calculated based on the median of multiple travel time
detections TT; = Median(tty, ttp, ttiz, ..., ttim) ith _yenice

m: The different values of travel time recorded for i vehicle according to the multiple detection

n: The total number of recorded vehicles in each 15-minute time interval

3.2 Sample Size for Travel Time Estimation
In order to evaluate the impact of sample size on the accuracy and reliability of the estimators,
two main approaches are adopted as follows:

e Approach 1 (App.1): All time intervals are included in profile construction

e Approach 2 (App.2): Only time intervals with sample size more than 30 are included in

profile construction

The results of the two approaches are compared. An estimator is considered to be robust when its
accuracy is high and also less influenced by the sample size changes. The methods of accuracy
evaluation are explained in section 3.3. For further exploring the impacts of sample size on the
accuracy of travel time, a sensitivity analysis is conducted on a range of sample sizes from 0 to
30. For testing the accuracy and robustness of different estimators, both qualitative (i.e. visual)
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and quantitative (i.e. accuracy measures) statistical methods are used which are explained in the
next section.

3.3 Experiment Set-up and Evaluation

In order to evaluate the impacts of aggregation methods as well as estimating the optimum sample
size for aggregation two experiments were conducted. Both experiments were on a same site but
over two different time periods. First experiment was conducted over the period of 2 years (i.e. mid
2006-mid 2008) and the second experiment was over the period of 1 month (4th January 2010 - 4th
February 2010). Details of the two experiment are presented in following sections. In both
experiments, Floating Car Data (FCD) collected to be used as a ground-truth in order to evaluate
the accuracy of the estimates obtained by various agregation method using Bluetooth data.

3.3.1 Location of the Experiment

A section 5 km in length on the E45 motorway between Forbindelsesvejen and Humlebakken
including Limfjord tunnel was selected as the study route, see Figure 3-1. The Average Daily
Traffic (ADT) for North-South and South-North directions were 45400 and 51100 respectively.
Considering the maximum speed of 130km/h and minimum speed of 80 km/h in the E45 motorway
the expected range of travel time would be about 138.5 second to 225 seconds. As shown, the study
route has four main entrances and exits points.
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Figure 3-1. Study area and location of Bluetooth sensors (Google Map)

3.3.2 Ground Truth
Two sets of FCD are used as the ground truth, namely GPS-V1 and GPS-V2.

3.3.2.1 GPS-V1
The first set of FCD was collected as a part of a evaluation research project on Intelligent Speed
Adaptation (Lahrmann et al. 2010). The FCD was collected using GPS traces received from 152
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motor vehicles over a period of 2 years (i.e. mid 2006-mid 2008). The averages of GPS traces were
aggregated for 15-minute intervals during the day to create a GPS travel time profile.

Figure 3-2 and Figure 3-3 show the time plots of the FCD. It can be seen that there is a morning
peak for North-South direction and an afternoon-peak for the South-North direction. It is assumed
that there are no major changes in traffic patterns over the period of the study and the travel time
profiles created using Bluetooth and FCD data are comparable.

Time Plot of GPS-AvgTravelTime for Nourth-South Direction Time Plot of GPS-AvgTravelTime for South-North Direction
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Figure 3-2. Time plot of GPS-V1 Avg-travel time Figure 3-3. Time plot of GPS-V1 Avg-travel time
for North-South direction for South-North direction
3.3.2.2 GPS-V2

The second set of FCD was obtained from the Danish Road Directorate (DRD). The DRD uses
GPS data from a number of different types of vehicles. A total of 800 vehicles are currently
delivering data, for further information refer to Holm et al. (2009) and Holm et al. (2011). The
dataset obtained from DRD is based on the GPS traces recorded over the period of 4th January
2010 through 4th February 2010. The averages of GPS traces were aggregated for 30-minute

intervals during the day to create the GPS travel time profile. Figure 3-4 and Figure 3-5 show the
time plots of the FCD.
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Figure 3-4.Time plot of GPS-V2 Avg-travel time Figure 3-5. Time plot of GPS-V2 Avg-travel time
for North-South direction for South-North direction
3.3.2.3 Bluetooth Data
BlipTrack sensors from Blip Systems were used in this study to collect Bluetooth data. Due to the
specific configuration of BlipTrack’s antennae, these sensors are able to provide time-stamped and
directional information for passing Bluetooth devices through a back-end server. Bluetooth travel
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time data were collected through two Bluetooth sensors installed alongside the roadway at the bases
of the guard rail posts.

The position of the Bluetooth sensors is shown in Figure 3-1. Bluetooth data were collected during
a one-month period between 4th January 2010 and 4th February 2010. In order to avoid the
problem of multiple detections by Bluetooth sensors, for travel time estimation, the median of the
recorded timestamps for a single MAC address was used at each Bluetooth sensor as time pass-by.
It is assumed that there are no major changes in traffic patterns over the period of mid 2006-mid
2008 and the travel time profiles created using Bluetooth and FCD data are comparable.

3.3.3 Accuracy Evaluation

The accuracy analyses are conducted in two phases. In Phase (1) the Bluetooth dataset for the
whole month period, including the data recorded during weekends, is used for the initial analysis.
In Phase (2), data from weekends are removed from the analysis before calculating the average
daily profile of travel time data.

3.3.3.1 Qualitative Analysis Using Probability Plots and Time Plots.
In order to compare the distribution of BT versus GPS datasets, in Phase (1) probability plots are
used. A P-P plot shows a variable’s (i.e. travel time) cumulative probability against the
cumulative probability of the test or reference distribution. The straighter the line formed by the
P-P plot, the more the variable’s distribution conforms to the test distribution [8].
The normal probability plot is formed by:
e Vertical axis: represents the observed values
e Horizontal axis: represents the expected outcomes

Being normally distributed provides a wide range of opportunities for using parametric
statistical tests to analyse the data. Moreover, based on knowledge of normal distribution (o) it
is possible to model travel time variation and to predict short-term travel time for the intervals
with low sample size and missing values. Hence, in this study, BT, GPS-V1, and GPS-V2 travel
time data are tested against normal distribution.
These P-P plots provide a visual comparison of how the both sources of the data are spread out in
comparison to the normal distribution hypothetic line. At the same time, the P-P plots show how
the BT and GPS-V1, and GPS-V2 are matched. The match or coverage rate between BT, GPS-
V1, and GPS-V2 is considered as the proportion of the data that overlap each other. The
candidate BT estimator is the one that has a better match with GPS-V1 and GPS-V2 compared to
the others.
In addition, time plots are used for visual comparison. Time plots are used to compare the
Bluetooth-based travel time profile with the travel time profile of GPS-V1 and GPS-V2. This
method could represent the variation of Bluetooth-based travel time profiles in comparison to the
ground truth over the course of a day.

3.3.3.2 Quantitative Analysis of Accuracy

In order to have a numerical evaluation of the accuracy of Bluetooth travel time estimation, three
accuracy measures are used. These metrics include Mean Percentage Error (MPE), Mean
Absolute Percentage Error (MAPE) and Root Mean Squared Error (RMSE). These measures
represent the variation of estimations (i.e. Bluetooth) from the ground truth (i.e. FCD).
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Where:

N: The total number of observed time periods

T;: Travel time during the i"™ time period generated using GPS dataset

T;: Estimated mean travel time during the i™ record using Bluetooth technology

In order to determine the impact of sample size, App.1 and App.2 were implemented. In the first
approach (App.1), profile values from all the 15-minute intervals were included in the evaluation
of accuracy metrics. In the second approach (App.2), data from all intervals with fewer than 30
records in the Bluetooth dataset were excluded before the BT travel time profile was created.
Intervals with no observations recorded for GPS-V1 and GPS-V2 are also excluded from
analysis. In order keep the profiles compatible, the corresponding intervals from Bluetooth
dataset are also excluded from analysis, respectively.

3.4 Results

Results of the analysis for Phase (1) and Phase (2) are summarised in the following section.
Phase (1) used the unfiltered Bluetooth dataset to examine the impact of outliers and determine
the most robust estimation methods. In Phase (1) the Bluetooth data were aggregated using
arithmetic mean over 15-minute and 30-minute time intervals. Two sets of analyses were
conducted in Phase (1): qualitative analysis using PP-Plots and quantitative accuracy analysis
using accuracy metrics.

In Phase (2), after filtering the Bluetooth dataset, the arithmetic mean, geometric mean and
harmonic mean were used to aggregate the data over 15-minute and 30-minute time intervals. In
Phase (2) also, two sets of analysis were conducted in order to define the most accurate method.
First, the Bluetooth-based travel time profiles were compared with GPS-V1 and GPS-V2.
Second, the accuracy metrics for these methods were calculated.

3.4.1 Results of Analysis in Phase (1):

Phase (1) concerns initial analysis of the whole month period including data recorded in
weekends. In this phase, Bluetooth-based travel time is only estimated using arithmetic mean.
The main objective of this phase was to evaluate the impact of sample size more than 30. Results
of the average and standard deviation of various estimators are summarised in Table 3-1. Results
show that by removing the intervals that have a sample size of fewer than 30, a number selected
using engineering judgement to illustrate the hypothesis, the standard deviation of the Bluetooth-
based estimations was reduced significantly. The same pattern was observed for GPS-V2.
However, removing the intervals with low sample size from GPS-V1 resulted in increasing the
standard deviation. In App.2, the difference between the mean values of Min-BT, Med-BT and
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Avg-BT with GPS-V1 and GPS-V2 reduced, while the difference between mean values for Max-
BT with GPS-V1 and GPS-V2 increased.

Table 3-1. Mean and Std. deviation of Bluetooth estimations for App.1 and App.2
Std.

Direction Tl;::ii;lol:e Mean (sec) Deviation (sec)
App.1 App.2 App.1 App.2
AriMin-BT 194.97 182.44 321.21 132.31
g AriMax-BT 7867.77 10102.48  5234.13 4184.4
2 AriAvg-BT 927.41 986.76 802.24 612,12
:E; AriMed-BT 290.51 248.18 576.07 262.12
S Avg-GPS-V1 192.29 202.53 35.26 47.01
Avg-GPS-V2 215.96 224.96 30.18 28.74
AriMin-BT 190.30 168.44 191.47 27.746
§ AriMax-BT 2005.7 2622.56 1241.95 936.03
3 AriAvg-BT 379.94 349.72 270.69 102.32
é AriMed-BT 257.57 218.35 250.99 47.83
2 Avg-GPS-V1 174.39 175.30 8.63 9.688
Avg-GPS-V2 223.05 233.90 39.31 33.73

3.4.1.1 Results for Qualitative Analysis Using Probability Plots

In phase (1), the qualitative (P-P plots) and quantitative (accuracy measures) analysis are performed
for both directions for App.1 and App.2 and also for both GPS-V1 and GPS-V2 respectively. In
first step, normal probability plots are fitted to the data (Figure 3-6 and Figure 3-7). In general,
results of the P-P plots (for both directions and App.1 and App.2) reflect that at 95% confidence
level (CI) neither Bluetooth nor GPS-V1 and GPS-v2 follow the normal distribution. In other
words, travel time obtained by Bluetooth and FCD are not normally distributed.

The visual comparison between GPS-V1 and GPS-V2 and Bluetooth also show that the Min-BT
and Med-BT have a better match with GPS-V1 and GPS-V2 compare to Max-BT and Avg-BT.
Results of the P-P plots for App.2 show a slightly better match between data compared to App.1.
However, this needs to be evaluated quantitatively. A similar pattern was observed for the North-
South direction is shown, which is not presented in this study. PP-Plots of Bluetooth vs. GPS-V1
and GPS-V2 for South-North direction are presented in Figure 3-6and Figure 3-7.
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Figure 3-6. Probability plots of GPS-V1 travel time vs. Bluetooth (South-North)
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Figure 3-7. Probability plots of GPS-V2 travel time vs. Bluetooth (South-North)




3.4.1.2 Results for Quantitative Analysis Using Accuracy Measures

In the second step, the accuracy of Bluetooth estimations are evaluated using MPE, MAPE and
RMSE metrics seperately for two cases where GPS-V1 and GPS-V2 used as ground truth (see
Table 3-2 and Table 3-3). These accuracy metrics also confirm that the Min-BT gives the most
accurate estimates of the travel time followed by Med-BT for both directions. This clearly is
consistent with the outputs of P-P plots (Figure 3-6 and Figure 3-7). These results presented in the
tables highlight the accuracy of Bluetooth-based travel time estimation and also show that Min-BT
and Med-BT have the potential to be used as an alternative method for Avg-BT.

In general, App.2 shows better accuracy compared to App.1. This underscores the importance of
sample size in travel time estimation. It is clear from the positive values of MPE that Bluetooth
tends to over-estimate the travel time for both directions.

The close match between travel time profiles generated using Bluetooth and GPS-V1 and GPS-V2
data confirms our assumption concerning the validity of using Bluetooth data for travel time
estimation. Results also show that the variance of Bluetooth based travel time estimates are
significantly higher than that of GPS-V1 and GPS-V2 (Table 3-1). This also can be attributed to the
larger detection zone, the low penetration rate of Bluetooth and route choice ambiguity of vehicles
sensed by Bluetooth sensors. These results are in line with the results of a previous study in the
United States (Malinovsky et. al. 2010).

Table 3-2. Accuracy measures of Bluetooth estimations for 15 minutes aggregation,
GPS-V1 used as the ground truth
Travel Time MPE (%) MAPE (%) RMSE (sec)

Direction Estimator App.l  App.2  App.l  App.2 App.l  App.2
= AriMin-BT 3.04 -6.89 15.58 11.15  64.88 33.00
E AriMax-BT ~ 4286.00 4813.12 4286.00 4813.12 901329 9903.91
E AriAvg-BT 401.74 37129 401.74 37129 84421 808.84
§ AriMed-BT 50.75 24.12 5129 2472 151.39  62.35
7]
= AriMin-BT 7.32 -3.66 11.27 5.50 41.63 11.48
g AriMax-BT ~ 1089.52 1325.81 1089.52 1325.81 2026.46 2373.46
& AriAvg-BT 113.19 9544 113.19 9544 21321 174.53
E AriMed-BT 43.05 25.73 43.05 25773  98.61 49.99
Z

Table 3-3. Accuracy measures of Bluetooth estimations for 30 minutes aggregation,
GPS-V2 used as the ground truth
Travel Time MPE (%) MAPE (%) RMSE (sec)

Direction Estimator App.1 App.2 App.l  App.2 App.l App2
= AriMin-BT -14.03  -19.36 19.82 2050 5771 58.03
E AriMax-BT ~ 4104.95 4278.21 4104.95 427821 9614.12 9954.21
E AriAvg-BT 350.56  320.22  350.56 320.22 85497  798.65
§ AriMed-BT 23.83 7.67 29.32 1549  96.87 55.71
%)
= AriMin-BT -19.88  -27.93 2396 2793 67.11 73.29
é AriMax-BT 826.40 96433  826.40 964.33 2027.15 2299.70
& AriAvg-BT 59.56 45.66 59.63 46.66 15221 115.78
g AriMed-BT 6.02 -6.82 17.09 10.09  69.27 33.66
4
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3.4.2 Results of Analysis in Phase (2):

3.4.2.1 Results for Qualitative Analysis Using Time Plots

In Phase (2) analysis are conducted for weekdays and weekends records are excluded from
analysis. For the South-North direction, the Bluetooth-based travel time profile is compared with
the corresponding GPS dataset (see Figure 3-8 through Figure 3-11). Results of the North-South
direction are presented in Appendix II.. Comparisons of all the estimation methods are shown in
graphs (a). In order to have a detailed view of how Min-BT and Med-BT are scattered around the
ground truth, the time plot for these estimators are also separately presented in graphs (b) in a
more zoomed view. The results clearly confirm the observations in Phase (1). Min-BT and Med-
BT still have the best concurrence with GPS-V1 and GPS-V2 compared to Avg-BT and Max-BT.
The time plots clearly show how Avg-BT is influenced by extreme values in the interval and
could be significantly biased. Moreover, implementations of the harmonic mean and geometric
mean tend to reduce the impact of outliers in the dataset and provide a better similarity between
Bluetooth estimates and GPS-V1 and GPS-V2 profiles.
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a: Comparison of Min-BT, Max-BT, Avg-BT and Med-BT for three aggregation technique
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b: Comparison of Min-BT, and Med-BT for three aggregation technique
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Figure 3-8. Time plot of GPS-V1 vs. BT travel time estimates for App.1 for South-North direction
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a: Comparison of Min-BT, Max-BT, Avg-BT and Med-BT for three aggregation technique
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b: Comparison of Min-BT, and Med-BT for three aggregation technique
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Figure 3-9. Time plot of GPS-V1 vs. BT travel time estimates for App.2 for South-North direction
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a: Comparison of Min-BT, Max-BT, Avg-BT and Med-BT for three aggregation technique
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b: Comparison of Min-BT, and Med-BT for three aggregation technique
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Figure 3-10. Time plot of GPS-V2 vs. BT travel time estimates for App.1 for South-North direction
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a: Comparison of Min-BT, Max-BT, Avg-BT and Med-BT for three aggregation technique
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b: Comparison of Min-BT, and Med-BT for three aggregation technique
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Figure 3-11. Time plot of GPS-V2 vs. BT travel time estimates for App.2 for South-North direction

3.4.2.2 Results for Quantitative Analysis Using Accuracy Measures

In order to determine the most accurate estimation and aggregation methods, quantitative
accuracy metrics are calculated in the following section. Results of the accuracy analysis for
Phase (2) are summarised in Table 3-4 and Table 3-5. The Min-BT and Med-BT still are the most
accurate estimation methods followed by Avg-BT and Max-BT. In analysis based on GPS-V1,
implementation of App.2 on average improves the accuracy of Min-BT and Med-BT estimates
significantly in some cases more than 50% improvement is observed. However, in case of GPS-

V2 the improvements are less obvious.

Analysis for GPS-V1 show that for AriMin-BT, GeoMin-BT and HarMin-BT in App.l and
App.2, MPE are less than 10%, MAPE less than 10% and RMSE about 30 seconds for South-
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North direction. Similarly, for the North-South direction AriMin-BT, GeoMin-BT and HarMin-
BT in App.1 and App.2 yield MPE less than 10%, MAPE less than 10% and RMSE about 40
seconds in App.1 and 12 seconds in App2. Similar patterns are also observed for the AriMed-BT,
Geo-MedBT and HarMed-BT. Analyses for GPS-V2 show that the AriMed-BT, GeoMed-BT and
HarMed-BT are more accurate than the AriMin-BT, GeoMin-BT and HarMin-BT. The accuracy
in this case is also very high with about less than 10% for MPE and MAPE and also RMSE about
30 seconds. In this case, for North-South direction implementation of App.2 lead to slightly
higher error. These results indicate the high accuracy of travel time estimates obtained by BT and
also highlights the importance of choice estimation method and aggregating the data.

Table 3-4. Accuracy measures of Bluetooth estimations, GPS-V1 as ground truth

Travel Time MPE (%) MAPE (%) RMSE (sec)
Direction Estimator App.1 App.2 App.1 App.2 App.1 App.2

AriMin-BT 6.64 -4.91 17.05 10.88 76.86 32.82

AriMax-BT 4283.48 4777.18 4283.48 4777.18 9046.51 9913.39

AriAvg-BT 418.17  386.66  418.17 386.66  888.21  851.68

AriMed-BT 58.27 27.79 58.41 2793  174.54 74.44

= g GeoMin-BT -5.78 -9.58 8.75 10.39 31.34 34.45
£ z GeoMax-BT 3487.83 4310.05 3487.83 4310.05 8009.25 9253.14
gﬂ 55 GeoAvg-BT 330.02  338.47 330.02 33847 731.85 751.96
a 3 GeoMed-BT 24.89 18.33 26.27 19.94 53.95 40.75
i HarMin-BT -8.51 -11.36 9.77 12.03 35.00 38.92
5—; HarMax-BT 2456.51 3577.48 2456.51 3577.48 6571.62 8217.73
-; HarAvg-BT 263.81 29030  263.81 29030 60596 648.40
v HarMed-BT 18.82 15.60 21.07 18.23 42.16 37.94
: AriMin-BT 8.42 -3.31 12.26 5.80 45.21 12.49
§ AriMax-BT 1108.26 133035 1108.26 1330.35 2060.03 2401.97
2 AriAvg-BT 116.71 96.94 116.71 96.94 21941 178.23
£ AriMed-BT 45.42 26.37 45.42 26.37  103.55 51.34
5 *'g GeoMin-BT 1.43 -4.06 6.27 6.15 15.40 12.80
m? GeoMax-BT 898.91 1214.48 898.91 1214.48 1769.33 2228.11

§ GeoAvg-BT 97.20 90.98 97.20 90.98 177.59  167.02

2 GeoMed-BT 32.46 24.58 32.46 24.58 62.22 45.98
HarMin-BT -0.59 -4.67 5.38 6.40 12.07 13.05

HarMax-BT 652.64 1047.29  652.64 1047.29 1385.43 1978.49

HarAvg-BT 84.73 85.57 84.73 85.57  154.01 156.97

HarMed-BT 27.78 23.37 27.78 23.37 50.42 42.99
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Table 3-5. Accuracy measures of Bluetooth estimations, GPS-V2 as ground truth

Travel Time MPE (%) MAPE (%) RMSE (sec)
Direction Estimator App.1 App.2 App.1 App.2 App.1 App.2
AriMin-BT -10.82 -17.46 19.74 19.49 60.55 56.70

AriMax-BT ~ 4124.73 4280.10 4124.73 4280.10 9657.98 9976.25
AriAvg-BT 369.45 33321 36945 33337 905.70  836.34

AriMed-BT 30.92 10.97 35.53 18.04 119.42 66.62
= § GeoMin-BT -19.81 -21.95 19.81 21.95 55.98 59.64
£ Z? GeoMax-BT  3470.95 3886.79 3470.95 3886.79 8582.19 9270.54
gﬂ 5—; GeoAvg-BT 302.49 29045 30249  290.61 75859  735.50
a R GeoMed-BT 6.63 2.11 12.66 9.81 36.22 31.66
i HarMin-BT -22.23 -23.60 22.23 23.60 59.93 62.43
5;'; HarMax-BT = 2482.87 3247.50 2482.87 3247.50 6999.73 8079.48
-é HarAvg-BT 243.66  247.85 243.66  248.01 627.25  630.37
o HarMed-BT 1.69 -0.54 8.96 7.86 29.23 28.62
)
- AriMin-BT -19.03 -27.49 19.74 27.49 60.55 71.87
é AriMax-BT 84248  978.85 412473  978.85 9657.98 2340.73
H AriAvg-BT 62.55 47.63  369.45 4774  905.70  119.52
£ AriMed-BT 7.88 -6.27 35.53 949 11942 31.27
g 5: GeoMin-BT -23.24 -27.98 19.81 27.98 55.98 73.10
m? GeoMax-BT 684.81  888.20 3470.95  888.20 8582.19 2159.67
< GeoAvg-BT 49.15 43.25  302.49 4336  758.59  108.86
e
2 GeoMed-BT -0.32 -7.19 12.66 10.21 36.22 32.90
HarMin-BT -24.56 -28.45 22.23 28.45 59.93 74.29

HarMax-BT 494.64  758.65 2482.87  758.65 6999.73 1889.49
HarAvg-BT 40.18 3931  243.66 3942 627.25 99.29
HarMed-BT -3.46 -7.85 8.96 10.69 29.23 34.11

The accuracy of Min-BT and Med-BT also show that these values can be used as better alternatives
for the Avg-BT both for estimating travel time and outlier removal algorithms. The high accuracy
of Min-BT and Med-BT indicate that these estimators can be used for detecting the abnormal
traffic situations such as congestion. In many cases instead of using complicated outlier removal
algorithms, the Min-BT and Med-BT can be well representative of the traffic situation. Med-BT
tends to be less sensitive to the sample size changes compared to Min-BT. Hence, it is suggested to
implement Med-BT as it is shown to be more robust when sample sizes are lower.

The significant difference between the Max-BT and Avg-BT compared to other estimators can be
explained based on the number of access points (i.e. entrance and exit) which connects the study
route with the neighbourhood area. In long corridors with a number of connections, drivers have
the possibility to divert from the corridor and return to it in the distance between the two Bluetooth
sensors. Therefore, the Max-BT represents the impact of diverted vehicles, as well as slow vehicles.
Similarly, the Avg-BT which is calculated based on all the records including Max-BT, and this
estimate directly gets affected by outliers. One of the limitations of this study is that the truth
dataset (FCD obtained using GPS) was calculated based on average travel times whereas median
might have been a more robust representation of truth. Moreover, it would be more informative if
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there was a direct comparison between different BT estimation (Min-BT, Med-BT and Max-BT)
with similar estimates of FCD, instead of using average FCD as the basis for evaluating various
estimators.

3.4.2.3 Sample Size Sensitivity Analysis

Results of the accuracy metrics for App.1 and App.2 show that the accuracies of the estimated
travel times are influenced by the sample sizes. In order to further investigate this relationship, a
sensitivity analysis for Min-BT and Med-BT for a range of sample sizes from 1 to 30 are
conducted. The accuracy metrics for each sample size are calculated. Accordingly, the sample
size which yields the highest accuracy is selected as the optimum. Results for the sensitivity
analysis for South-North direction are shown in Figure 3-12, and Figure 3-13. Results of the
North-South direction are presented in Appendix II. In general, it can be seen that by increasing
the size of the sample the accuracy tends to increase however this trend levelled out after the
sample size reached a specific size. Therefore, it is important to find the optimum number of
sample size.

As shown in Figure 3-12 and Figure 3-13, the optimum number of sample varies for each case.
However, it could be seen that the sample sizes between the ranges of 5 to 15 could lead to more
accurate and reliable results for arterial roads in Denmark. Increasing this range for filtering the
data does not necessary increase the accuracy. The optimum sample size is a function of short-
term travel time variability.
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Figure 3-12. Sensitivity analysis of MPE, MAPE, and RMSE vs. sample size for GPS-V1 for
South-North direction
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Sensitivity Analysis of MPE vs Sample Size
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Figure 3-13. Sensitivity analysis of MPE, MAPE, and RMSE vs. sample size for GPS-V2 for
South-North direction
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Comparing the results for the App.1 and App.2 confirm the importance of sample size. It is clear
that by removing the intervals having less than 30 detections, a number determined using
engineering judgement, the variation in Bluetooth data is reduced (Table 3-1). However, it doesn’t
necessary increase the accuracy of the estimations. In this regard, results of the sensitivity analyses
show that although the optimum number of the minimum sample size varies a lot for each case, but
it seems that the range of sample of 5-15 values could provide accurate travel time estimation.

3.5 Conclusion

The issue of low sample size and choice of aggregation method for profile construction have been
discussed. In this Chapter, three aggregation techniques including arithmetic mean, geometric
mean and harmonic mean were used to construct the travel time profiles using the Bluetooth
dataset. Two sources of FCD were used as the ground truth in order to quantify and evaluate the
accuracy of travel time profiles estimated using Bluetooth data. Comparing the three aggregation
methods show that using the harmonic mean and geometric mean could significantly reduce the
impact of outliers, especially in intervals with low sample and high risk of outliers for profile
construction.

Four different estimators, namely Min-BT, Max-BT, Med-BT and Avg-BT, were used to
estimate travel times using Bluetooth technology, during each time interval which was used as
input to the profile estimator. Results show that Min-BT and Med-BT are more robust in the
presence of outliers in the dataset and can provide more accurate travel time estimates compared
to Max-BT and Avg-BT.

In order to quantify the impact of sample size on accuracy of travel time estimates, a series of
sensitivity analyses were conducted. It was found that the range of sample of 5-15 values could
be used as the optimum range of sample size for improving the accuracy of the estimated travel
time.

In addition to the sample size and aggregation method, the choice of estimation method could
influence the accuracy of Bluetooth-based travel time. In this Chapter, median of the multiple
detections recorded for a single Bluetooth device was used for travel time estimation. In the
following Chapter, a wide range of other alternative methods are evaluated to minimise the
impact of location ambiguity on the estimated travel time.
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C HAPTER 4

TRAVEL TIME ESTIMATION USING BLUETOOTH
TECHNOLOGY
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4. Introduction

The use of Bluetooth Technology as a cost-effective method of travel time estimation has been
evolving rapidly in the recent past. As discussed in Section 1.3.4, one of the main problems in
application of Bluetooth technology for travel time estimation is its large detection zone, which
could reduce the accuracy of estimation. Therefore, one of the main challenges in the application
of Bluetooth technology is to identify or develop methods for dealing with this location
ambiguity.

The issue of multiple Bluetooth detection events and its impact on travel time estimation has
been considered by various researchers in the past (Quayle et al. 2010 and Malinovskiy et al.
2010). However, the treatment of this issue has remained simplistic so far. Most previous studies
simply used the first detection event namely Enter-Enter as the best estimate (Malinovskiy et al.
2010; Haghani et al. 2010; Brennan et al. 2010; Saunier et al. 2010; and Tsubota et al. 2010)
without a systematic analysis of how to optimally make use of multiple detection events.
However, as shown in Figure 4-1 and Figure 4-2, Travel time obtained by Enter-Enter (i.e.
TT (Enter-Enter)) 1S NOt necessarily the best estimation and it is possible that TT wedian-Median), Which is
based upon the median, is more accurate.

In Malinovskiy et al. (2010), the authors also discussed the application of First-First' (i.e. Enter-
Enter), Last-Last’ (i.e. Leave-Leave) and Median matching as other alternative methods for travel
time estimation. In their study, /ast-last was used in order to reduce the effect of intersection
delay. The authors concluded that although this approach demonstrated better results than First-
First or Median matching, it was still insufficient to completely circumvent the problem, as the
last timestamp may still occur within the intersection area due to noise and signal blockage
issues.

These findings highlight the importance of developing methods of estimating travel time using
multiple Bluetooth detection events. In order to explore this issue, an experimental evaluation
was conducted to collect real-world Bluetooth data as well as the corresponding travel time data
using GPS. A number of different travel time estimation methods were defined and tested. The
details of the evaluation are presented in the next section.

4.1 Alternative Methods of Travel Time Estimation Using Multiple Bluetooth
Detections

Two main sensor designs are shown in Figure 4-1 and Figure 4-2 in order to explain the issues
associated with multiple detection events and travel time estimation. Figure 4-1 depicts a more
general case in which detection zone is either shaped by a single antenna or the combined
coverage of all antennae is considered as a single zone. Figure 4-2 illustrates the case where the
detection zone is shaped by a combination of multiple antennae.

In the scenario illustrated in Figure 4-1, a Bluetooth device is detected three times by each sensor
while in Figure 4-2 the MAC address of the Bluetooth-enabled device is detected six times by
different antennae. Therefore, depending on which detection events are used, there are different
methods to calculate the travel time.

' This method uses the last detection event and is called First-First or Enter-Enter.
% . This method uses the last detection event and is called Last-Last or Leave-Leave.
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Figure 4-2. Travel time estimation using multiple detection events in case of multiple antennae
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4.1.1 Detection Zone Shaped By Single Antenna

In this case, detection events used for the travel time estimation are independent of which antenna
is detecting the record. This case is important as most Bluetooth manufacturers use only one
omnidirectional antenna. Three travel time estimation methods are considered as follow:

4.1.1.1 Enter-Enter
The first detection event at upstream and downstream sensors is used for travel time estimation.

TTji(Enter—Enter) = Tj(Enter) - Ti(Enter) Equation 4-1
Where:
TT;; : Travel time between point j; and i based on the first detection event at
(Enter —Enter)

point j and i

T (Enten)* Timestamp of the first detection at downstream point j

T pnten: Timestamp of the first detection at upstream point i
4.1.1.2 Leave-Leave
The last detection event at upstream and downstream sensors is used for travel time estimation.

TTji(Leave—Leave) = Tj(Leave) - Ti(Leave) Equation 4-2
Where:
TT;; : Travel time between point j and i based on the last detection event at point j and i
(Leave—Leave)
i : Timestamp of the last detection at downstream point j
(Leave)
iLeave” Timestamp of the last detection at upstream point i

4.1.1.3 Peak-Peak

The detection event with the maximum RSSI at upstream and downstream sensors is used for
travel time estimation. The magnitude of RSSI is highly dependent on the distance of the
Bluetooth-enabled device from the sensor location. In other words, if a detection event is
recorded with a high RSSI value, it is more likely that it is at a location closer to the sensor. The
relationship between the distance and perceived signal strength was explored in previous studies
(Franssens, 2010). As a proof of concept, this relationship was tested by the author, in a field
experiment conducted in Arhus; see Figure 4-3. In this method the underlying hypothesis is that
the detection event with maximum RSSI will result in highest accuracy for travel time estimation.

TT;

Jipeak-peak)

=T

J(Peak) o

T; (Peak) Equation 4-3

Where:

TT;; : Travel time between point j and i based on the detections with maximum RSSI at
(Peak—Peak)

point j and i

Tpear: Timestamp of the detection event with the maximum RSSI at downstream point j

T; : Timestamp of the event with the maximum RSSI at upstream point i
(Peak)
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4.1.2 Detection Zone Shaped By Multiple Antennae

In this case, the Bluetooth sensor consists of multiple antennae and detection recorded by each
antenna is seperately provided. Different rules can be used to determine the detection event to be
used for travel time estimation. In this study, five different methods for estimating the travel time
are proposed.

4.1.2.1 Middle-Middle:
Detection events with maximum RSSI obtained by the middle antennae at upstream and
downstream sensors are used for travel time estimation.

TT; = T;

T; Equation 4-4

JiMiddle-middle) — J(Middle) " i(Middle)
Where:
TT;; (Middlep-Middley)’ Travel time between point j and i based on detection with maximum RSSI
at middle antennae at point j and i
T; (Middle)* Timestamp of the detection event recorded by middle antenna with the maximum RSSI
at downstream point j
Ti(Mi ddie)’ Timestamp of the detection event recorded by middle antenna with the maximum RSSI

at upstream point i

4.1.2.2 East-East:
Detection events with maximum RSSI obtained by East-facing antennae are used for travel time
estimation.

TT;

Ji(East—East) = Tj(East) o Ti Equation 4-5

(East)
Where:
TT;; : Travel time between point j and i based on detection event with maximum RSSI
(East—East)
at the East-facing antennae at point j and i
T; (East)- Timestamp of the detection event recorded by East-facing antenna with the maximum
RSSI at downstream point j
T; (Bast)’ Timestamp of the event recorded by East-facing antenna with the maximum RSSI at

upstream point i

4.1.2.3 West-West:
Detection events with maximum RSSI obtained by West-facing antennae are used for travel time
estimation.

TTji(West—West) = Tj(West) - Ti(West) Equation 4-6
Where:
TT;; : Travel time between point j and i based on detection event with maximum RSSI

Jl(West—-West)"
at the West-facing antennae at point j and i
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T; : Timestamp of the detection event recorded by West-facing antennae with the maximum
(West)

RSSI at downstream point j

T; : Timestamp of the detection event recorded by West-facing antennae with the maximum
(West)

RSSI at upstream point i

4.1.2.4 East-West Mixed Method.:
The average of the timestamps recorded by East-facing and West-facing antennae is used for
travel time estimation.

TT;

Ji(EastWest—EastWest) = Tj(EastWest) - Ti(EastWest) Equation 4-7

Where:

TTji(EastWest—EastWest): Travel time between point j and i based on detection event with

maximum RSSI at the East-facing and West-facing antennae at point j and i

Tj(EastWest): Timestamp of the detection event recorded by the East-facing and West-facing

antennae with the maximum RSSI at downstream point j

T; (EastWest)’ Timestamp of the event recorded by the East-facing and West-facing antennae with

the maximum RSSI at upstream point i

4.1.2.5 Combined Method

A combination of data from multiple Bluetooth detection events is used as a new method. This
method is developed based on the characteristics and design factors of BlipTrack; however, the
method is generic and can be applied to other sensor with different design and antennae
configurations. As shown in section 1.2, BlipTrack sensors have three antennae. In Chapter 2, it
was found that detection events recorded by the middle antenna (i.e. short-range antenna) are at a
closer distance to the sensors locations, hence these detection events have the lowest location
ambiguity. However, the number of detection events captured by the middle antenna is
significantly lower compared to the other two antennae. Thus, a trade-off is needed between
location ambiguity and sampling rate. Therefore, a Combined method was developed to address
this issue. This method seeks to minimise the influence of location ambiguity by using the
combination of detections and improve the accuracy of estimated travel time. In this method, the
time when a vehicle passes the sensor is estimated by the following algorithm:

e If a vehicle is detected by the short-range antenna once, the sensor “pass by” time is the
time stamp for that detection.

e If a vehicle is detected by the short-range antenna more than once, the sensor “pass by”
time is the time stamp with the highest RSSI.

e If a vehicle is detected by both directional antennae, the sensor “pass by” time is
calculated by on an interpolation between the readings from each directional antenna with
highest RSSI.

e If a vehicle is only detected by one of the directional antennae, the sensor “pass by” time
is calculated by a synthesis of the antenna readings. In this case, the detection event with
the highest RSSI recorded by the directional antenna is used, and adjusted relative to the
array of detection event RSSIs recorded by the sensor.

Pseudo code for calculation of combined-method is shown below. Moreover various stages of the
method are shown in Figure 4-4.
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#U: refer to upstream, #D: refer to downstream

#First step calculating the time pass by using Middle antenna detections

if (D_DetectionEventy;ggioantenna > 0 & U_DetectionEvent,gaieantenna > 0)
{
TravelTimecompinea = D_DetectionEvetnyiaieantenna — U_DetectionEvetnyiqaieantenna
}

else

#Second step calculating the time pass by using Combination of both west and east antennae detections

{

if (D_DetectionEventggsiantenna > 0 & D_DetectionEventy osiantenna >0 &
U_DetectionEvetngasantenna > 0 & U_DetectionEventy eseantenna > 0)

{

U_InterpolatedTimePassby = 5
(D_DetectionEventgysiantenna + D_DetectionEventyyestantenna )

2
TravelTimecompinea = D_InterpolatedTimePassby — U_InterpolatedTimePassby

}

#Third step calculating the time pass by using interpolated values of west or east antennae detections based on RSSI
if ((D_DetectionEventggsiantenna > 0 & D_DetectionEventy osiantenna = 0) &
U_DetectionEventgggiantenna > 0 & U_DetectionEventyesiantenna = 0)

(U_DetectionEventggstantennatU_DetectionEventyestantenna )

D_InterpolatedTimePassby =

U_MaxRSSlggstantenna* U_MaxRSSIpigdleAntenna ))

U_MaxRSSIpmiddieAntenna
D_MaxRSSIggstantenna* D-MAaxRSSIpiddieAntenna )

D_MaxRSSIpiddieAntenna

UInterpolatedTimePassby (UDetectionEvetnEaStAntenna + (

DInterpolatedTimePassby (DDetectionEvetnEasmntenna + (

TravelTimecompined — D_InterpolatedTimePassby — U_InterpolatedTimePassby
¥

if ((D_DetectionEventgysiantenna > 0 & D_DetectionEventy esiantenna = 0) &
U_DetectionEventggsiantenna = 0 & U_DetectionEventyesiantenna > 0)

U_MaxRSSIggstantenna* U_MaxRSSIpigdleAntenna ))

U_MaxRSSImiddieAntenna
D_MaxRSSlwestantenna* D-MAaxRSSIyiddieAntenna ))

D_MaxRSSIyiddieAntenna
TravelTime compined = D_InterpolatedTimePassby — U_InterpolatedTimePassby

h
if ((D_DetectionEventggstantenna = 0 & D_DetectionEventy estantenna > 0) &
U_DetectionEventggaseantenna > 0 & U_DetectionEventy estantenna = 0)

UInterpolatedTimePassby = (UDetectionEvetnEastAntenna + (

DInterpolatedTimePassby = (DDetectionEvetheStAntenna + (

U_MaxRSSlyestantenna* U_-MaxRSSIyiddleAntenna ))

U_MaxRSSIpiddleAntenna
(D_MaxRSSIEaStAntenna * D_MaxRSSIyiddleantenna )

D_MaxRSSIyiddleAntenna
TravelTimecompinea — P-INterpolatedTimePassby — U_InterpolatedTimePassby

¥
if ((D_DetectionEventggsiantenna = 0 & D_DetectionEventyestantenna > 0) &
U_DetectionEventg,siantenna = 0 & U_DetectionEventyesiantenna > 0)

UInterpolatedTimePassby = (UDetectionEvetnWestAntenna + (

DInterpolatedTimePassby (DDetectionEvetnEastAntenna

U ) _ U ) U_MaxRSSlyestantenna* U_MaxRSSlpiddieAntenna
InterpolatedTimePassby — ( DetectionEvetnyestAntenna ( U_MaxRSSIyiddieAntenna ))
D = (D + D_MaxRSSlwestantenna* D-MAaxRSSIyiddieAntenna

InterpolatedTimePassby — ( DetectionEvetnyestAntenna ( ))

D_MaxRSSImiddieAntenna
TravelTimecompinea — LP-IterpolatedTimePassby — U_InterpolatedTimePassby

}
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4.2 Results
Accuracy of all the eight methods are calculated based on the data collected in the Arhus
experiment, described in section 2.6.

4.2.1 Qualitative Analysis of Travel Time Estimation Methods

Figure 4-5 and Figure 4-6 compare the distributions of the travel time obtained by various
methods versus ground truth (GPS) for the single antenna sensor design. These histograms are
presented for the both West-East and East-West directions. Three methods namely Enter-Enter,
Leave-Leave and Peak-Peak methods are used. It is clear from the results that the travel time
obtained by the Peak-Peak method more closely resembles the GPS derived travel time
distribution compared to Enter-Enter and Leave-Leave methods. However, results of Peak-Peak
method are slightly offset in Figure 4-6. This could actually reflect the interference caused by the
pole and curve.

Figure 4-7 and Figure 4-8 compare the distribution of the travel time obtained by various
methods versus GPS data for the multiple antennae sensor designs. These histograms are
presented for the both West-East and East-West directions. Results of the multiple antennae
design in Figure 4-7 clearly show that the the Middle-Middle method yield the closest distribution
to the GPS data. This is mainly due to the smaller size of detection zone and correspondingly
lower location ambiguity. However, distribution of the result by Middle-Middle antennae is
slightly biased for the West-East direction, as shown in Figure 4-8. This could also reflect the
interference caused by the pole and curve in this location. In both figures, the combinations of
East-West method are also closely distributed around the GPS data. These results confirm the
assumptions used for the development of the combined method. Correspondingly, Combined
method also provides a distribution close to the ground truth.

Figure 4-9 and Figure 4-10 represent the joint comparisons of the both designs for the both West-
East and East-West directions. Results of the single antenna design versus multiple antennae
design in Figure 4-9 and Figure 4-10 reflect that Combined and Peak-Peak methods produce
travel time distributions that are closer to GPS data. This implies that the Combined and Peak-
Peak methods are more accurate alternatives to the conventional Enfer-Enter and Leave-Leave
methods.

4.2.2 Quantitative Analysis of Travel Time Estimation Methods

The accuracy metric, RMSE, for all above mentioned methods are summarised in Table 4-1; the
metrics are given for each direction of traffic separately as well as the combined accuracy metric
for both directions. The numeric values of the RMSE conform to the qualitative patterns in
Figure 4-9 and Figure 4-10.

It is clear that travel time estimated using detection events recorded by the middle antennae yields
the most accurate results. This is in line with expectations, since the middle antenna has the
smallest detection zone and thus the least location ambiguity. However, the detection rate of
middle antennae is well below 10% (refer to Chapter 2). Sampling rate also become important
when short-term travel time variability is high. Therefore, it is important to have an alternative
estimation method where there is no record from the middle antennae. While there is no marked
difference in accuracy between the East-East and EastWest-EastWest methods, the RMSE value
is the lowest for the Combined method. RMSE figures show that Combined method has the
highest accuracy (i.e. lowest RMSE value), followed by Middle-Middle method. These indicate
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that the commonly used naive method such as Enter-Enter and Leave-Leave have poor accuracy
compared to proposed methods.

The higher accuracy of Peak-Peak method in comparison to Enter-Enter and Leave-Leave
methods also supports the hypothesis that a higher RSSI leads to lower location ambiguity of the
detection event. Thus, the value of the RSSI could be used as an indicator for selecting the closest
detection event to the sensor location and minimising the effect of location ambiguity.

Table 4-1. Evaluating the accuracy of travel time obtained by various methods

RMSE (sec)

Method L.

Both Direction  West-East East-West
Middle-Middle 4.62 7.80 3
East-East 6.35 4.25 7.44
West-West 20.24 27.07 7.55
EastWest-EastWest 6.27 4.19 6.85
Combined 4.69 4.48 4.88
Enter-Enter 7.93 8.38 7.49
Leave-Leave 12.52 7.23 15.94
Peak-Peak 6.60 5.67 7.35
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Histogram of Travel Time Distribution Using Various Methods
Normal Distribution - East-West Direction
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Figure 4-5. Histogram of travel time estimates using various methods for East-West
direction (single antenna/aggregated antennae design)
Histogram of Travel Time Estimation Using Various Methods
Normal Distribution - West-East Direction
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Figure 4-6. Histogram of travel time estimates using various methods for West-East
direction (single antenna/aggregated antennae design)
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Histogram of Travel Time Estimation Using Various Methods
Normal Distribution- East-West Direction
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Figure 4-7. Histogram of travel time estimates using various methods for East-West direction
(multiple antennae design)
Histogram of Travel Time Estimation Using Various Methods
Normal Distribution- West-East Direction
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Figure 4-8. Histogram of travel time estimates using various methods for West-East direction
(Multiple antennae design).
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4.3 Conclusion

Bluetooth devices may trigger multiple detection events at a sensor and there are a number of
alternative ways to estimate travel time using Bluetooth detection events. In this study, eight
travel time estimation methods were outlined and tested for two different sensor designs;
sensors with single antenna or multiple antennae. Comparing the accuracy of all the methods
shows that Middle-Middle followed by the Combined method has the highest accuracy (i.e.
lowest RMSE value) followed by Peak-Peak method.

For single antenna design, the higher accuracy of the Peak-Peak method in comparison to
Enter-Enter and Leave-Leave methods implies that higher RSSI leads to lower location
ambiguity for the detection event. Thus, the value of the RSSI could be used as an indicator
for selecting the closest detection event to the sensor location and minimising the effect of
location ambiguity. It is concluded that Peak-Peak method is simple and more accurate than
the Enter-Enter and Leave-Leave methods, which makes it a suitable alternative to these
methods.

For multiple antenna design, a sensor with three antennae consisting of one short range
antenna and two long-range antennae were discussed. The short-range antenna has the
smallest detection zone and hence the least location ambiguity. However, the smaller the size
of the detection zone, the lower the penetration rate, which can reduce the accuracy of
estimates. Therefore, there has to be a trade-off between acceptable level of location
ambiguity and penetration rate for designing the configuration and coverage of the antennae.
Hence, Combined method is developed to investigate how combination of detection events
obtained by various antennae can be used to improve the accuracy of travel time estimates.
For multiple antennae design, the Middle-Middle and the Combined method yield the most
accurate result. The accuracy of Combined method proposed in this study revealed the fact
that new methods that combine detection events recorded by various antennae could yield
better results.

This Chapter explored various methods of using multiple Bluetooth detections to develop
more accurate travel time estimate for an individual device. Next Chapter will investigate the
issue of travel time estimation using Bluetooth technology in mixed traffic condition. In order
to distinguish between motor vehicles, bicycles and pedestrians in arterial roads, a new
method will be developed. The method aims to classify the Bluetooth detections based on
information of CoD, travel time, etc. as well as provide a mode-specific travel time estimate.
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C HAPTER 5§

MODE-SPECIFIC TRAVEL TIME ESTIMATION
USING BLUETOOTH TECHNOLOGY
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5. Introduction

Research to date has primarily focused on the application of Bluetooth technology for travel
time estimation on motorways, where there is typically no need to distinguish between multiple
travel modes. However, arterial roads and other city streets experience a mix of transport modes
(i.e. motor vehicles, bicycles and pedestrians). Therefore, applying Bluetooth technology to
estimate mode-specific travel time under heterogeneous traffic conditions remains a challenge.
Heterogeneous traffic can affect both accuracy and reliability of travel time estimated using
Bluetooth technology. This problem is particularly relevant in cities with a high volume of
bicycle traffic. This chapter aims to examine the feasibility of estimating mode-specific travel
time using MAC address tracking data under mixed traffic conditions.

5.1 Mode-Specific Travel Time Estimation Using Bluetooth Technology

Speed of vehicle groups on motorways is almost homogeneous and mainly dominated by motor
vehicles. Hence, the problem of distinguishing between pedestrians, bicycles and motor
vehicles has been largely ignored in the highways context.

The problem of mode-specific travel time estimation is mostly relevant to arterial roads
experiencing mixed traffic. Estimating travel time using Bluetooth technology in arterial roads
without classifying the modes of detected devices could give a biased result. For example, in
an uncongested traffic condition, the average travel time from Bluetooth detections could
overestimate the actual travel time of the motor vehicles and consequently underestimate the
bicycles travel time. Therefore, it is necessary to develop methods to distinguish between
different modes i.e. classification and allocation of the travel time observations depending on
the types of road users and their characteristics.

In this chapter, a new method is presented to classify Bluetooth detection events into two
groups, bicycles and motor vehicles. In this method, main underlying parameters are
information recorded for the detected device (i.e. CoD and RSSI), speed or travel time of the
detected device, and the location of the Bluetooth sensors over the network. Due to differences
in functionality of Bluetooth-enabled devices (i.e. navigator, phones, computers etc.), it is
assumed that some classes of the devices are exclusively used by specific modes. For example,
navigators for route finding are mainly used in motor vehicles and accordingly, it is not
expected that pedestrians and bicycles carry such devices. As mentioned in Section 1.3, the
CoD represents the type of device. Hence, the information about the CoD can be used to identify
the mode which carries the device.

The RSSI could also be used as supplementary information for distinguishing between motor
vehicles and bicycles. As explained in Section 1.3, the magnitude of RSSI is highly dependent
to the distance of the passing device from the sensor location. Moreover, it is also known that
physical barriers such as body of the car, glass etc., would indeed reduce the level of received
RSSI. Hence, the level of received RSSI could be another indication of the mode type, where a
lower RSSI could be attributed to the Bluetooth-enabled devices in motor vehicles.

Another indicative parameter is the speed or travel time of the detected device. Obviously, the
travel time of motor vehicles in uncongested urban arterials is significantly shorter than bicycles
(i.e. motor vehicles are usually faster than bicycles). However, during congested traffic
condition this condition may no longer be valid; as the bicycles are not hindered by congestion
and they may have shorter travel time than motor vehicles. Hence, the mode identification is
more challenging during congested peak hours.

Information about the location of the Bluetooth sensors over the road network could also be
used to determine the mode. For example, sensors installed on motorways detect only motor
vehicles while a sensor placed on arterial roads may detect motor vehicles, bicycles as well as
pedestrians. It is fairly straight forward to filter out pedestrians due to their low walking speed,
and pedestrian identification is considered outside the scope of this chapter.
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In this chapter the methodology and algorithm developed by the author for the mode
classification of Bluetooth detections are presented.

5.2 Methods of Mode Classification

In order to classify the Bluetooth detections different approaches can be used. The simplest
method is the static cut-off classification method. This method determines an upper and a lower
limit for an acceptable data band. These limits are usually defined based on a set number of
standard deviation from the mean or median. If the travel time value for any detection is more
than the set number of standard deviations above the mean, the method would consider that
detection as an outlier (i.e. in this case a bicycle). Moreover, if the detection is below the lower
limit value, it would be allocated to the fastest mode group. The disadvantage of using this
method is that intra-day travel time variability is disregarded. Generally, in order to overcome
the problem of intra-day travel time variability in outlier filtering, automated outlier screening
algorithms is proposed (Quayle et al., 2010).

In order to overcome the problems with static cut-off, clustering techniques and automated
screen approach are evaluated in this chapter as alternative methods to distinguish between
motor vehicles and bicycles. Candidate method will be the method that could provide more
accurate travel time estimates.

5.2.1 Clustering Method

Clustering techniques have been widely used in data mining and classification applications in
transport studies. The objective of clustering is to classify the data into a number of clusters so
that the data within a cluster is similar or related to one another and different or unrelated to the
data belonging to other clusters. Different frames are considered to classify clustering
mechanisms. One of the widely accepted frames is to classify clustering techniques into
hierarchical, partial and hybrid clustering (Tayall and Raghuwanshi, 2010). The distinction
between them is whether the set of cluster is nested or un-nested. The nested set permits clusters
to have overlap or sub-clusters that are organised as a tree, whereas un-nested set consists of
non-overlapping clusters such that each data is in exactly one cluster. Unlike traditional
methods, hybrid clustering assigns any member of dataset a probability of belonging to each
cluster. Then clusters will be shaped by assigning the members to the cluster with the highest
probability (Anderson and Weiner, 2004).

In a previous study conducted by the author, the application of the three clustering methods
namely hierarchical, k-mean and two-step for classification of Bluetooth datasets were
evaluated for mode classification and the estimation of mode-specific travel time during
uncongested traffic situations (Namaki Araghi et. al, 2010). Although results showed that all
the methods were efficient, the two-step clustering method which belongs to hybrid clustering
technique is used in this chapter. The reason is that there are a number of features employed by
the two-step clustering algorithm which differentiate it from traditional clustering algorithms.
Such features are ability to handle very large datasets, ability to handle both continuous and
categorical variables and ability to determine the optimum number of clusters automatically
(Zhang, et al., 1996; Chiu et al., 2001; Theodoridis and Koutroumbas, 1999). The name two-
step clustering is already an indication that the algorithm is based on a two-stage approach:
firstly, the algorithm undertakes a procedure to form pre-clusters. The main objective of the
first stage is to reduce the size of the distance matrix that contains distances between all possible
pairs of the cases in the dataset. The pre-cluster step uses a sequential clustering approach
(Theodoridis and Koutroumbas, 1999). It scans the records one by one and decides if the current
record should merge with the previously formed clusters or start a new cluster based on the
distance criterion. When pre-clustering is complete, all cases in the same pre-cluster are treated
as a single entity. Secondly, the algorithm conducts a modified Hierarchical agglomerative
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clustering procedure by combining the objects sequentially to form homogenous clusters. This
is done by building a so-called cluster feature tree whose “leaves” represent distinct objects in
the dataset (Mooi and Sarstedt, 2011).

Advantage of the two-step clustering compared to static cut-off method is that, this method
could implement both travel time as a numerical variable and CoD as the categorical variable
at the same time. This provides a better opportunity for classifying the mode of the devices
detected by Bluetooth sensors.

5.2.2 Automated Screening Classification Method
As an alternative, an automated screening approach is used to develop a new mode-
classification algorithm for distinguishing between detection events obtained from Bluetooth
devices carried by motor vehicles and bicycles, and improve the accuracy of travel time
estimation. The proposed method takes into account the intra-day variability of travel time. The
main objective of this method is to improve the accuracy of motor vehicle travel time estimation
in arterial roads by filtering out the Bluetooth detections triggered from other road users (i.e.
bicycles and pedestrians). The method is based on three main parameters:

e Differences in the functionality and detection procedure of various Bluetooth-enabled

devices
e Information about the location of the Bluetooth sensors over the road network
e Traffic condition

5.2.2.1 Differences in Functionality and Detection Procedure of Various Bluetooth-Enabled
Devices

As mentioned earlier, due to differences in functionality of Bluetooth-enabled devices, it is
expected that some groups of Bluetooth-enabled devices to be used only by specific modes.
The MAC address includes information of the type of device called CoD, refer to section 1.3.
Therefore, CoD information is involved in the method.

In addition to the difference in the functionality, the differences in detection procedure of
devices could also be used as an indicative parameter for classification. Difference in detection
procedure is mainly related to the number of detections recorded for a unique MAC address
and also the level of received RSSI.

Generally, bicycles are slower than the cars in an uncongested traffic situation; hence the time
span that the device is within the sensor’s detection zone is longer. Therefore, it is probable that
devices carried by bicycles will have more detection events than devices carried in cars.
Moreover, it is also expected that the RSSI recorded for a bicycle would be higher than the one
recorded for a motor vehicle under identical conditions as a result of the effect of the metal
body of the vehicle.
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5.2.2.2 Information about the Location of the Bluetooth Sensors over the Road Network
Layout and placement of the Bluetooth sensors on the road network provide a basis for filtering
and classifying various types of the users. In this context, three different types of sensor
placement scenarios are considered as follows:

e Sensor Located on Highway or Freeway
Motorways or freeways could be considered as a homogeneous traffic environment
where only motor vehicles are present. Therefore, devices detected at these locations
could most probably be carried on a motor vehicle. Therefore, Bluetooth devices
identified by the sensors installed on motorways could be categorised as motor vehicles.

e Sensor Located on Bicycles Path
Bluetooth devices identified by sensors installed on isolated and exclusive bicycle paths
can be categorised as bicycles. . The accuracy of bicycle categorisation increases where
the bicycle paths are spatially separated from motorist traffic, as opposed to bicycle
paths parallel to roads, where the detection zones of Bluetooth sensors (approximately
300m) do not cover the motorised road. Figure 5-1 shows an isolated exclusive bicycle
lane.

Figure 5-1. Isolated cyclist exclusive lane
(Source: Cambridge Cycling Campaign, 2008)

e Sensor Located on Arterial Roads
Sensors placed in a heterogeneous traffic environment capture Bluetooth devices
present in different traffic modes (i.e. motorised and non-motorised traffic). Therefore,
it is difficult to identify the devices carried by bicycles based on devices identified by
sensors installed on arterial roads. .

In the algorithm presented in this chapter, sensors located on highways and bicycles paths are
used as filtering gates or check points for classifying the mode. This means that by checking
the sequence of the detection recorded for a unique MAC address at different sensors it is
possible to define the mode of the detected device with some degree of certainty. Note that, this
inference could only be used during a specific moving time window because of inter-modal
journeys; except for Audio/Video devices, the users of mobile phones could switch between
different modes. For checking the sequences of the detections, the time window plays a critical
role. The length of the time interval itself needs to be optimised; in this chapter, a fixed interval
of 30 minutes is used.
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Arterial sensors could not act as check points similar to the sensors located on highways or bike
paths. However, it is possible to incorporate the information from these sensors into
classification method by including the factor of speed and limiting the time window. In most
cases, the speed of a cyclist would not exceed 16 km/h. Therefore, the frequency of detections
for cyclist is supposed to be lower than motor vehicles i.e. higher travel time of bicycles.
Considering this point, the time required for a detected device to ply between two sensor
locations (i.e. travel time) could be as another indicative parameter. Figure 5-2 displays how
the layout of the sensors on a road network could provide further information about types of

the road users being tracked by Bluetooth sensors.
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Figure 5-2. Layout of Bluetooth sensors on a road network and their role as a checkpoints for
mode classification (Map source: Google Maps)

5.2.2.3 Traffic Condition

Traffic condition during peak and off-peak hours could also provide basis for distinguishing
between types of road users. Differences in travel time and speed of various modes during
uncongested and congested traffic conditions are usually significant. For example, motor
vehicles are significantly faster than the bicycles in uncongested traffic. However, bicycles may
travel faster than motor vehicles under congested conditions, especially when bicycles have
exclusive lanes (see Figure 5-3).

In order to explain this situation, Figure 5-4 shows travel time data collected for motor vehicles
and bicycles by video recording on Limfjordsbroen in Aalborg. During off-peaks intervals of
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15:00-15:05 and 15:22-15:30 the band of the motor vehicles’ travel time is easily
distinguishable from bicycles’ travel time. However, over the peak period of 15:05-15:22 the
motor vehicles’ travel time increases due to the congestion and overlaps with bicycles’ travel
time band. This emphasises the importance of a dynamic screening method with the capability
of modifying the filtering criteria for different traffic conditions, as opposed to a static cut-off
method.

Figure 5-3. Cyclist on exclusive lane take ovehe cars on st‘o-ppd ~conge&ed traffic
(Source: Vancouver Sun, 2012)

75



9L

S IewWuR( ‘S10q[eY “udoaqspoljur  uo yead-jjo pue yead 1940 W) [9ABI) SIIAIIQ PUE SI[IIYIA J10joul 3Y) Jo joid dwl], -G 9In3I

sy,

0¢:S1 SC:SI 0¢:S1 SI:CI 01:61 S0:CI 00:61

S

14
4 Wi 1/ vy A /
4 % f«% v a2 % v v
¥o Wy %@wﬂ?«ﬂ LA f@% il I fﬁq«% u«q«q q_- AR AT
v < w ¥ w %
%ﬂ Bw qm.- Il B ® g Y “44 g ¢ ¥ v
v o By “Veag ' @ - B - v w5 ! I
v o A%_u . _u_m_u_é ve % Qnﬂ_uﬂ_u R A w 2V
& f%« P By v Sy gy 0o o lm m = 00
®ag® g | Yy v R P8 B o NP wva e oa S " ﬁ
H_n_qm_ * g g " _ 8, ﬁ_u@nq_m s _uwﬂ_u A W o "% = B
& ° W ® | opg 8y _—_ A % w® . L SN o
Og s @ - - @ @ Bos ", vl OWE v Jn_‘ B gy ! | = =
5] (] - 1 O a o B v (] hﬂ =] | [m]
o %8 lm = . 7 Io mg | 0SI
= _”t 5 v v B
| I
1 v | =
" o “
S I 00T
o) [9ARI) S9[OIYIA Jojour | I own [oABI) SO[OIYIA JOJOW
PUB SO[0Ad1g U9IMIOq “ owI1) [0ARI) SO[OADIq O} HIM “ PUR SO[0AdIg U9IMIdq
00UQIOHJIP JUBOYIUSIS | dej1oA0 sied Suimonb oy Jo awn [oARY | QOUDIDYIP JULBOYIUSIS
:01JeI], PaIsaduodun) " :01jel], pAIsaguo) ! :Ogel], pajsasuodun) 0z

saoAdIg m J[OIYI A I0JOIN ¥

(Pu039Q) duwIL], [PARL],




5.2.2.4 Methodology and Algorithm

The automated screening mode-classification method is a probabilistic method. This means
that, the output of the algorithm represents the most probable mode carrying the device. The
term mode of the detected device is used interchangeably as the mode of travel (i.e. vehicle or
bicycle) that the device was carried with.

The flowchart shown in Figure 5-5 outlines the various stages of proposed mode classification
algorithm. As can be seen in Figure 5-5 different layers of filtration are proposed. While all the
layers are explained in this section, the method could be implemented using any combination
of layers. The algorithm is explained below.

a) Travel Time Filtration

The method starts with creating an array of last predetermined x number of detected travel time
obtained by MAC address matching. Each entry will be tested to check whether it is within the
pre-specified range of accepted travel time:

Median_TravelTimerr, — n X Standard Deviation < Travel Time;

. ) o Equation 5-1
< Median_TravelTimerr, + n X Standard Deviation quation

Where:

x: The predetermined size of array

n: The factor of Standard Deviation

TT,: The array of x detected travel times

Travel Time;: Travel time of i" detection

Median_TravelTimerr,: Median of the array of x detected travel times

Note: In the mode specific algorithm the value of x is set to 5, the reason for that is based on
the optimum aggregation sample size discussed in Chapter 3. The value of n will be determined
based on sensitivity analysis.

b) CoD Filtration
After comparing the travel time of the new entry with the array of previous record, two
possibilities could be considered:

e If the travel time is within the accepted boundary (Equation 5-1), this record will be
flagged as non-outlier. In the second step, the CoD of the device is checked. If the CoD
belongs to the major class of Audio/Video, this record will be kept in the category of
motor vehicles. If the CoD belongs to other categories than the Audio/video, it will be
kept as highly potential motor vehicle.

e [f the travel time is out of the accepted boundary (Equation 5-1), this record will be
suspended. The second step checks the CoD. If the CoD belongs to the major class of
Audio/Video, this record will be flagged as highly potential slow vehicle. If the CoD
belongs to other categories than the Audio/Video, it will be kept as highly potential bicycle.
The number of detection events recorded for the device could also be optionally checked.
In this case, if the number of detections is more than the other records in array x, then it
will be flagged as bicycle. For further evaluation, the RSSI will also be checked; if the
RSSI is higher than the RSSI recorded for other Audio/Video devices then the detection
will be categorised as bicycle with higher level of confidence.
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¢) Benchmark Filtration

In both cases, in order to check for inter modal changes an extra step is introduced. This stage
checks the sequence of the detection events recorded for that specific device over the whole
network of Bluetooth sensors during a predetermined time window. The main idea is to use the
information of the location of the Bluetooth sensors (i.e. benchmark points) to check for the
mode type. If in the pre-specified time window Y (i.e. value of the Y could be modified to 30 or
60 minutes before the device is detected) there are observations of that specific MAC address
on benchmark sensors (i.e. highways or exclusive bicycle paths) then this MAC address will be
flagged for further analysis. Different possibilities could be considered as follows:

e If the record is already assigned to the category of motor vehicles, it will be checked
whether there is a previous record on highway sensors. In case there is a record in the
past Y minutes then it will be assigned to the category of the motor vehicles with a high
level of confidence.

e [fthe record is assigned to the category of a bicycle, it will be checked whether there is
a previous record on exclusive bicycle paths or on highway benchmarks. In case there
is a record in the past ¥ minutes on a bicycle path and no detection events on highway
benchmark sensors then it will be assigned to the category of the bicycles with a high
level of confidence. However, if there is a detection event recorded on highways, then
it will be assigned to the category of bicycle with a potential of mode-change during the
journey.

By increasing the time window and upper limit of the accepted travel time, the method could
potentially be used to identify pedestrians also. However, pedestrian identification is considered
outside the scope of this research.

A computer program is written in Perl programming language by the author to implement the
proposed method. This program also evaluates the accuracy and efficiency of the developed
method against other data sources. In this study, due to the time limitation, logic inlayer ¢ is not
implemented in the Perl program. Experiment set-up and data collection are explained in the
following section.

78



6L

WYILIOS[® UOBILISSBI IPOJA S-S 31n31

AUpJuod
3O [A3[ Y51y I
)| padaepapmpy d00fy o
P
20uapyu0d 1as0f i[x]{eaae ur sanjea ue daySny aping [eRu04 AQSIH
s apLIg [enuAog on suondAqEMY PUE ISSY ST [enuaog A[YSIH
20U3pPU0d J2M0]
LA P12213p M\
1010]y [enul0g
SESTUNIRE A IS¥] ;saymum X 3seq jsaynurm X jseq
S s v:uﬂwmﬂﬁﬂhﬁuﬂﬂ”ﬂﬂv Kiie u n.mm.—:_u_m_ w0 uondIp u n.r..m.’:_u__._ o uondap
oN :3ouanbas ﬂO’WWﬁW‘ Oﬂw ooy Lue :3duanbas U0NIARIP 21 {3 oN {ue :3duanbas UONIAAP 21 {2
. 2douapguo) jo
apiag apPmR A 1030 P13 20301y Bk owhu.“ _.W w R
[enuanog A[SH A0[§ [enuAog ASIH [enuaog LS 1030\ [EDUA0Z ATYSTH

$03P1A/oIpRY
01 sSuofaq o) Y23

$03pLA /oIy
01 s3uofaq o) 2D

aIS-u
+[x] sy ppaeay wempapy > 1 swry
PACAT > IS« - [X] o] [2ava] uerpajy
JPRIY)

ON

Sy

spa0dal
X Jo Aeaie ue yeai)




5.3 [Experiment Set-up

In order to evaluate the accuracy of the mode-specific travel time estimation algorithm, an
experiment was designed. In this experiment travel time data from ANPR, Bluetooth and video
cameras were estimated on the same stretch of an arterial road namely Limfjordsbroen in
Aalborg, Denmark. On this segment, Bluetooth sensors and ANPR systems were installed on
the same pole as shown in Figure 5-7 and Figure 5-8. The video recordings were used to extract
the ground truth travel time and used as the basis of validation. The reason for including three
sources of data was to further explore the accuracy of travel time estimated by different data
sources. [TSTechnik Company provided the ANPR data used in this study. In case of ANPR,
this system only monitors the motor vehicle traffic. Therefore, the existence of bicycle on same
road segment would not influence the accuracy of the ANPR estimated motor vehicles travel
time. Bluetooth sensors used in this study were from Blip Systems (refer to Section 1.3). When
it comes to Bluetooth-based travel time data, two methods were used. The first was based on
Blip Systems outputs of real travel time and the second source was based on outputs of the
proposed algorithm using raw Bluetooth detection records.

5.3.1 Location of the Experiment

The road stretch is about 600 metres long and is equipped with both ANPR systems and
Bluetooth sensors installed on same poles. An aerial photograph of the corridor is shown in
Figure 5-6. The choice of the bridge location was based on minimising the impact of noise
caused by pedestrians on the analysis and reducing the impact of geometric design on the
cyclists’ speed. In this context, a number of criteria are considered as follows:

1. A link with mixed traffic and appropriate number of both motor vehicles and bicycles, in
order to obtain a proper sample size.

2. A link with limited number of pedestrians, to minimise the disturbance from pedestrians
carrying Bluetooth-enabled devices.

3. A link with normal topography which is not so steep to avoid significant influence on the
bicycle speed compared to motor vehicles during off-peak.

4. A link with no or minimum number of access roads to residential or industrial places, so as
to minimise the diversion of the travellers.

The data were collected for southbound traffic on 19" November 2013. About 5 hours of traffic.

from 13:15 to 18:00 were recorded by video cameras and transcribed to ascertain the ground
truth. The ground truth data set consisted of 5690 motor vehicles and 1113 bicycles.
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Point:A

Figure 5-6. Location of Bluetooth and ANPR sensors on Limfjordsbroen bridge, Aalborg
(Source: Google Maps)

The location of the ANPR and Bluetooth sensors are shown in the Figure 5-7and Figure 5-8.

©J20/M, Google
Europa Technologies 3
)11, COWIIA/S *DDO * —
4 3 - .
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Figure 5-7. Location of ANPR and BlipTrac sensors on point A
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Figure 5-8. Location of ANPR and BlipTrack sensors on point B

5.3.2 Accuracy Evaluation

Mode-specific travel time estimates obtained from the proposed method, ANPR and the
BlipTrack sensor were compared against the ground truth. The ground truth was determined
by manually transcribing the travel time of vehicles from a video recording of the traffic. In
addition, mode-specific travel time for motor vehicles estimated based on Bluetooth data using
a clustering method (i.e. two-step clustering method) was also evaluated against the ground
truth. In order to conduct the accuracy evaluation, first the distributions of the travel time data
are compared with the ground truth by means of time plots. Second, three accuracy measures
including MPE, MAPE, and RMSE were used to provide a numerical evaluation of the error
associated with each of the method (for details of the accuracy measures refer to Section 3.3.3).
In order to use a consistent data format, the comparisons are made based on 5 minutes median
aggregated travel time and capture rates. The median aggregation is used based on the results
of aggregation method comparison mentioned in Section 3.4.1. Note that, in the automated
screening algorithm as well as cluster analysis, the travel time values larger than 216 seconds
are not included in the analysis. This is due to the assumption that the bicyclist speed could not
be less than 10 km/h. This limit also helps to filter out longer travel times associated with
pedestrians.

5.4 Results
Results of the analyses are presented in the following sections.

5.4.1 Sensitivity Analysis

As mentioned, for determining the acceptable travel time boundaries in Equation 5-1, the value
of n needs to be specified. The higher value of n gives a larger range for travel time variations
and vice versa the lower value of n stringent the limits. In order to determine the optimum value
of n a sensitivity analysis for values of 0.5, 1, 1.5, and 2 were conducted. In each case, accuracy
of the algorithm travel time estimate is compared with ground truth using MAPE. The optimum
value is the one which lead to higher accuracy. Results of the sensitivity analysis are shown in
Figure 5-9. As can be seen, n = 1 produces the most accurate results. For the rest of analysis,
the value of n is set to 1.
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Figure 5-9. Sensitivity analysis of Std deviation factors

5.4.2 Descriptive Statistics

The time plot for various data sources are presented in Figure 5-10. This figure shows how the
various data sources overlap with the ground truth. It is clear that there is a good overlap
between the results of the algorithm, cluster analysis, and also BlipTrack travel time data.
ANPR data are more scattered than other datasets. Additionally, overlap between bicycles and
motor vehicles data can be partially observed during the period of 15:00 to 15:30.

Descriptive statistics are summarised in Table 5-1. The average travel time for ANPR,
BlipTrack, cluster analysis and mode-specific method are close to the ground truth. Penetration
rates are calculated based on the number of travel time records obtained by each method. The
penetration rate for clustering method and algorithm are reported both for filtered values as well
as the records being reported as outliers or bicycles. As shown, ANPR has the highest
penetration rate with 74%, followed by mode-specific method, cluster analysis and BlipTrack.
Moreover, the penetration rate for filtered datasets using mode-specific algorithm and cluster
analysis are 2.25 times more than the BlipTrack. Apparently, having more strict filtering
method in BlipTrack algorithm leads to lowest standard deviation. Table 5-1 also shows the
number of outliers being filtered from automated-screening and cluster analysis algorithms. It
should be noted that a significantly lower number of outliers in case of cluster analysis and
mode-specific algorithm is due to the filtration of travel times higher than 216 seconds. This
resulted in a smaller sample of bicycles or outliers.

Table 5-1. Descriptive statistics for various methods

Sample
Methods N Rate Min Max  Median Mean STD

Percent Second Second Second Second Std.Error Second
Motor Vehicles Ground Truth 5690 - 22 140 58 59.94 0.219 16.498
Bikes Ground Truth 1137 - 71 236 136 139.06 0.710 23.943
ANPR 4213 74 10 554 52 70.24 0.999 64.89
BlipTrack 283 4 42 142 57 60.80 0.895 15.057
Filtered Cluster Analysis 520 9 29 169 56 62.32 0.923 21.037
Outliers Cluster Analysis 45 - 43 216 122 115.5 7.202 48.312
Filtered Mode Specific 493 9 14 216 56 65.69 1.245 27.643
Outliers Mode Specific 19 - 35 169 83 83.74 7.765 33.846
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5.4.3 Accuracy Analysis

In order to use a consistent data format, the comparisons are made based on 5 minutes median
aggregated travel time. The 5 minutes median aggregated results are presented in Figure 5-11.

Results of the accuracy measures are summarised in Table 5-2. The maximum accepted level of
error is deemed as 25%; for further information on this threshold, refer to Section 6.1. All the
methods have a MAPE below 25%; therefore, results of all the methods can be considered
acceptable. However, the proposed mode-specific travel time methods along with ANPR have
the most accurate results with a MAPE of 18% and 17% respectively. This indicates the
capability of the proposed mode-specific travel time method in reducing the impact of noise
associated with bicycles or other outliers. This also implies that by using information recorded
by Bluetooth sensors such as CoD and RSSI, it is indeed possible to distinguish between various
modes in mixed traffic environment and improve travel time accuracy.

Table 5-2. Accuracy measures of the travel time estimation methods for
5-minutes median aggregated datasets

MAPE RMSE

Method MPE (%) (%)  (Seconds)
ANPR -5 17 15
BlipTrack 7 23 18
Cluster Analysis 5 20 18
Non-Filtered 1STD" 6 21 18
Filtered 1STD" 3 18 16

*. Results of the algorithm before filtering the detected bicycle
**. Results of the algorithm after filtering the detected bicycle
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Figure 5-11. Travel time plots for 5-minutes median aggregated datasets
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5.5 Conclusion

Compared to traditional systems such as ANPR that only monitor motor vehicle traffic,
Bluetooth sensors detect devices in motor vehicles, bicycles and those carried by pedestrians.
There is no direct way to categorise the detection events recorded by Bluetooth sensors into
different modes. Therefore, travel time estimation using Bluetooth sensors on urban arterial
roads with multiple travel modes can be inaccurate. A new method to distinguish travel modes
and estimate mode-specific travel time was presented in this paper. The method is based on
three main parameters: differences in the functionality between various Bluetooth-enabled
devices as determined using the CoD of the device, information about the location of the
Bluetooth sensors over the road network and the detection sequence of a given Bluetooth device
by multiple sensors and traffic conditions. The proposed method aims to distinguish between
the Bluetooth detections recorded by devices carried by motorised and non-motorised modes
and provide mode-specific travel time estimates.

Accuracy of the mode-specific travel time estimation method was evaluated against ground
truth data obtained from video recordings, and also against ANPR, BlipTrack and a naive
clustering method using Bluetooth detection data. The estimated travel time using ANPR,
BlipTrack, cluster analysis and mode-specific method were all close to the ground truth. Results
of accuracy analysis showed that the proposed method provides travel time estimates with
almost the same level of accuracy as ANPR; with a MAPE of 18% against 17% from ANPR,
and better accuracy compared to commercially available Bluetooth based travel time estimation
methods. This indeed proves the capability of Bluetooth technology to be used as an alternative
method for arterial travel time estimation under mixed traffic conditions. The results highlights
the accuracy improvement resulting from the use of CoD and RSSI information along with the
commonly used MAC address data, which is a novel contribution in this chapter. Ability of the
proposed method distinguishing between Bluetooth detections obtained by various modes gives
rise to the possibility of providing bicycle travel time estimates using Bluetooth at a
significantly lower cost compared to current alternatives and demonstrates an advantage over
ANPR that can monitor only motor vehicles.

In the next Chapter, Bluetooth technology will be compared with a number of traffic data
collection technologies in terms of travel time accuracy and sampling rate. This will provide a
more detailed understanding of the accuracy of Bluetooth technology versus other conventional
technologies.
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C HAPTER 6

EVALUATION OF BLUETOOTH TECHNOLOGY
COMPARED TO OTHER SENSOR TECHNOLOGIES
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6. Introduction

The accuracy and reliability of Bluetooth technology were evaluated in previous studies (Haghani
et al., 2010; Puckett and Vickich, 2010; Barcelo et al., 2010). A report by Saunier and Morency
(2011), evaluates Bluetooth, GPS, video counters and floating cars along a common stretch of
highway in the greater Montreal Area. The study found strong correlations between the datasets
and provided basic information regarding the limitations of each approach. A recent study
conducted by the University of Washington STAR Lab (Wang et. al, 2011) compared travel time
data quality between number plate readers and the STAR Lab Bluetooth sensors on the SR-522
corridor, Seattle. Other data were not included in the comparison. Overall, Bluetooth showed a
travel time difference of roughly 10% when compared to ANPR sensors. Another study carried
out by the Texas Transportation Institute (Middleton, et al., 2012) compared data from a number
of providers that employ GPS, cell phone tracking and fixed sensor technologies, while
examining relative (per mile) costs. Basic accuracies for Bluetooth, loops, video, radar and
magnetometers are also provided. The report recommended testing these technologies on a
common corridor to have a better overview of their travel time accuracy. As mentioned, the
previous evaluations are usually limited either in terms of duration of data collection or number
of technologies used for comparison. Therefore, conducting a comprehensive comparative study
of Bluetooth technology with other existing technologies will provide more insight into the
advantages and disadvantages of this method.

6.1 Importance of Accuracy of Travel Time Estimation

There are very few studies available that evaluate the effectiveness of various travel time data
collection technologies side-by-side, thus it is often unclear which approach should be used for a
given application. Therefore, a comprehensive overview of existing technologies as well as a
side-by-side evaluation will provide more insight into selecting the appropriate technology for a
given application. This evaluation is intended to provide decision support for transportation
agencies selecting travel time systems based on the accuracy and reliability of each system.

The choice of a system and its corresponding accuracy could play a significant role in the
benefits of the information provided for the users (i.e. utility) according to a FHWA report by
Toppen and Wunderlich (2003). The relationship between accuracy of the information obtained
by ATIS and the benefits for the users was determined for a case study in Los Angeles (see
Figure 6-1). The researchers found that when accuracy drops below a critical point, users are
better off not using the data provided by the ATIS and relying instead on experience with
historical traffic patterns. In Figure 6-1, there are four utility curves representing the utility
realised during morning peak trips, evening peak trips, off peak and all trips. For evening peak
trips, represented by the green line on top, the per trip utility realised on 25 minute trip for perfect
and near perfect data was two dollars. The point at which the ATIS data became worthless to
users was at approximately 21% accuracy, where using the ATIS data produce negative utility
values. Beyond a certain point, below 5% error for example, it makes little sense to invest in
improving accuracy as users realise little to no increased benefit. In this case, funds for ATIS
improvements would be better spent in areas besides improving accuracy, such as expanding
coverage to other roadways (Toppen and Wunderlich, 2003). Therefore, a trade-off needs to be
made based on the required accuracy and the costs of implementing ATIS technologies. Figure
6-1 shows that as travel time error approaches 20% users realise no value from ATIS data.
Innamaa (2009) stated that the net benefit from an advanced traveller information service was
positive in earlier studies only if the error in service reporting was below the range of 10-25%,
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but the cost-efficiency of the service was likely to suffer if error levels below 5% were being
pursued. In this study, based on earlier studies by Innamma (2009), Toppen and Wunderlich,
(2003), and Jung et al. (2003) the ATIS error band is defined as 10-25%.
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Figure 6-1. Benefit-accuracy relationship for case study in Los Angeles (Source: Toppen and Wunderlich, 2003)

Since each technology captures data at different resolutions and accuracy, it is important to know
what resolution/match rate/density of data points are necessary to predict reliable travel times at a
stated level of confidence. Hence, conducting a side-by-side comparative study of the various
technologies on a common corridor is intended to provide ITS planners the data required to make
cost effective decisions regarding deployment of surveillance technologies to support ATIS
solutions.

In this Chapter, side-by-side comparisons of the various available travel time data collection
technologies is carried out using data from two corridors. The first evaluation corridor is State
Route 522, (SR 522), which is an urban commuting corridor to and from Seattle, Washington,
United States (See Figure 6-1Figure 6-2). The second evaluation corridor is a rural section of
Interstate 90 (I-90) east of Seattle, Washington, United States (See Figure 6-3). The main
objectives of this comparative study of Bluetooth technology with other existing technologies can
be summarised as follows:

e Compare Bluetooth technology with a number of travel time, volume and speed data
collection technologies side-by-side;
e Determine the relative accuracy and performance (Error Matrix) of Bluetooth technology

compared to the other technologies;
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e Determine the relative reliability of Bluetooth technology compared to the other

technologies.

6.2 Different Methods for Travel Time Data Collection

Several data collection techniques can be used to measure or collect travel time. Many of the
technologies being evaluated in this study use different methodologies to generate travel time
information. These various techniques can be classified into a few generalised methodologies,
such as those using: probe vehicles, vehicle re-identification, and volume and speed estimation
methods (also referred to as flow estimation techniques). Note that the flow estimation technique
is presented for completeness. These techniques are designed to collect travel times and average
speeds on designated roadway segments or links. A general overview of the various techniques is
provided in the following sections.

6.2.1 Probe Vehicles Method

The probe vehicle method utilises instrumented vehicles in the traffic stream to collect travel
times (Travel Time Data Collection Handbook, 1998). An ITS probe vehicle can be a private,
public transit, or a commercial vehicle. Generally, methods of travel time estimation via probe
vehicles a rely on GPS systems to gather data regarding position and speed. These GPS systems
may be integrated into the vehicle, such as for fleet vehicle operations or portable systems such as
smart phones. Other systems in use include transponder and radio-based systems. The goal of the
probe vehicle based methodologies is to estimate travel times for all vehicles in the traffic stream
based upon high quality travel time data from a subset of vehicles in traffic.

6.2.1.1 ITS Probe Vehicle Data Collection Systems

Probe vehicles may be equipped with several different types of electronic transponders or
receivers, from passive transponders to live GPS transmissions.

a. Signpost-Based Automatic Vehicle Location (AVL) - This technique has mostly been used
by transit agencies. With an AVL system, probe vehicles communicate at intervals with a
transmitter and receiver infrastructure. Note that these systems may be active, with vehicles
frequency broadcasting data, or passive, where transponders only broadcast when queried by the
receivers infrastructure. Depending on the frequency and quality of data transmitted, AVL
systems may operate like probe vehicles, or more as a vehicle re-identification system, discussed
later.

b. Automatic Vehicle Identification (AVI) or Radio Navigation- Radio navigation systems use
triangulation techniques to locate radio transponders on vehicles, and are used in route guidance
and communication systems. Data are collected by communication between probe vehicles and a
radio tower infrastructure (Mathew, 2013). Typically, this type of system is used for fleet
dispatch, such as for transit, commercial or government vehicle dispatch.

c. Global Positioning System (GPS) - GPS based systems are increasingly found at the personal
level with dedicated GPS navigation systems and smart phones being the most common
implementations. Some of these systems broadcast data back to service providers for use in
providing real-time traffic data.

6.2.1.2 General Advantages and Disadvantages of Probe Vehicles
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The advantages and disadvantages of this method can be summarised as follows(Travel Time
Data Collection Handbook, 1998):

Advantages
e Low cost per unit of data

e Continuous data collection

e Automated data collection

e Data are in electronic format
e No disruption of traffic
Disadvantages

e High implementation cost (depending on system used)
e Fixed infrastructure constraints - Coverage area, including locations of antenna
e Requires skilled software

6.2.2 Vehicle Re-Identification Method

Re-identification relies on recording unique characteristics (i.e. a signature) of the target vehicle
to be used to identify the target vehicle at subsequent sensor locations. Vehicle re-identification is
the process of collecting vehicle identification data (i.e. signature) and the timestamp of vehicles
passing a road side reader device and matching against data from another reader passed by the
target vehicle to determine the travel time between reader locations.

6.2.2.1 Vehicle Re-Identification Data Collection Systems

Probe vehicles may be equipped with several different types of electronic transponders or
receivers.

a. Vehicle Signature Matching

Estimates travel time by matching (or correlating) unique vehicle signatures between sequential
observation points. These methods can utilise a number of point detectors. Travel time is then the
differences in the times that each (matched) vehicle arrives at the upstream and downstream
sensor stations. One characteristic of signature matching systems is a time delay built into data
collection related to the time it takes for vehicles to travel from one detector to the next.
Examples of signature matching technologies include licence plate readers, inductive loop
detector signature re-identification, magnetometer signature re-identification and Bluetooth/WiFi
MAC address re-identification. The unique signature differentiating vehicles in each case is
different, but the methodology is the same. As previously discussed, transponder based systems
with low frequency data collection may operate more like signature based re-identification
systems than probe vehicle based systems.

b. Platoon Matching

Platoon matching is a special case of vehicle re-identification that relies on the fact that vehicles
tend to travel in platoons. This method estimates average travel time by matching unique features
of vehicle platoons such as the position and/or distribution of vehicle gaps or unique vehicles.
Platoon matching assumes that vehicles in a platoon will travel at approximately the same speed
and retain approximately the same order between sensor locations. Because of these assumptions,
platoon matching generally requires closely spaced detection points to prevent platoons from
changing too drastically for the algorithms to re-identify between sensors.
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6.2.2.2 General Advantages and Disadvantages of Vehicle Re-Identification

The advantages and disadvantages of this method can be summarised as (Travel Time Data
Collection Handbook, 1998):

Advantages

Travel times from a large sample of motorists

Simple technique

Automated data collection

Data are in electronic format

Provides a continuum of travel times during the data collection period

No disruption of traffic

Disadvantages

e Travel time data limited to locations where readers can be positioned;
e Limited geographic coverage

e Requires skilled software

e Inherent personal privacy risk except for ILD nad magnetometers

6.2.3 Point Base Volume and Speed Estimation Method

Volume and speed estimation technologies rely on the classical steady-state traffic flow
relationship between the traffic stream flow rate (q), the traffic stream density (k), and the traffic
stream space-mean-speed (Ug) derived by Lighthill and Witham (1955) as follows:

q= k_as Equation 6-1

Traffic stream speeds are typically measured in the field using a variety of spot speed
measurement technologies. These approaches try to extrapolate local point data into corridor
level information. The average traffic stream speed can be computed in two different ways: a
time-mean speed and a space-mean speed. The difference in speed computations is attributed to
inherent difference in definitions of time-mean speed and a space-mean speed. The space-mean
speed reflects the average speed over a spatial section of roadway, while the time-mean speed
reflects the average speed of the traffic stream passing a specific stationary point (Rakha and
Zhang, 2005).

6.2.3.1 Point Base Volume and Speed Estimation Data Collection Systems
The most common point based spot speed measurement technologies can be mentioned as
inductive loop detectors and virtual loop detectors.

a. Inductive Loop Detectors (ILD)

The most common of these spot speed measurement technologies is an inductive loop detector set
to report presence or occupancy (the percentage of time an ILD detects the presence of a vehicle)
(Rakha and Zhang, 2005). ILD’s measure the traffic flow, traffic speed, and the percentage of time
that the detector is occupied. The traditional practice for estimating speeds from single loop
detectors is based on the assumption of a constant average effective vehicle length.

b. Video Detection

Video detection systems works based on the principle of virtual loop detectors (VIL). A VIL is a
virtual detector created by processing the input of another sensor type into that of a standard
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induction loop. VILs are designed to play the same role as a legacy ILD to interface with existing
equipment. In this way, a VIL service gathers real time information of the vehicles traversing this
virtual detector (Gramaglia et. al, 2013). In general, VILs try to mimic the data obtained by
inductive loops and collect data about vehicle flow, presence, count, and occupancy. Because of
this close emulation VILs share many of the same strengths and weaknesses of traditional ILDs.

6.2.3.2 Magnetic Signature Matching

This method relies on matching vehicle signatures from wireless sensors. The sensors provide a
noisy magnetic signature of a vehicle and the precise time when it crosses the sensors. A match
(re-identification) of signatures at two locations gives the corresponding travel time of the
vehicle.

6.2.3.3 General Advantages and Disadvantages

Advantages

e Travel times from a large sample of motorists

e Simple technique

e Provides a continuum of travel times during the data collection period
[ ]

Performs well in both high and low volume traffic and in different weather conditions
(Sreedevi, 2005).

Disadvantages

Expensive deployment and maintenance costs (Particularly for invasive ILDs)

Trouble measuring low-speed vehicles (Some VILs may be better or worse)

Only provide point values to estimate link travel times

Limited spatial coverage

Issues with reliability and sensitivity, primarily from improper connections and installation
Inability to directly measure speed. If speed is required, then a two-loop speed trap is
employed or an algorithm involving loop length, average vehicle length, time over the
detector, and number of vehicles counted is used with a single loop detector (Sreedevi,
2005)(Some VILs may be able to measure speed directly).

6.3 Experiment Design and Data Collection

In order to evaluate the accuracy of Bluetooth technology versus other sensors, two case studies
were conducted in a joint collaboration with Washington State Department of Transport
(WSDOT) and University of Washington, Seattle, United States.

Two test sites are used for this study; State Route 522 (SR 522) northwest of Seattle and 1-90
across Snoqualmie Pass east of Seattle. Both corridors are located in Washington State. The main
reason to use these test sites was that the WSDOT has already instrumented sections of SR 522
and 1-90 with substantial sensing capabilities. Moreover, running tests on both sites with different
functional classifications, the SR 522 test corridor is an urban arterial and the 1-90 corridor is a
rural freeway, allows the systems to be examined under different conditions. The different link
lengths also provide an opportunity to evaluate the errors related to short corridors versus long
corridors. Each site is detailed in the following sections.
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6.3.1 SR 522 Freeway Test in Seattle, Washington

A section of SR 522 between NE 153" Street and 83" Place NE in Seattle, Washington was
selected as one of the test sites to conduct the side-by-side comparison, see Figure 6-2. This site
consists of 3 links between the following four intersections:

Point 1: SR 522 and NE 153" Street

Point 2: SR 522 and State Route 104 (SR 104)
Point 3: SR 522 and 68" Avenue NE

Point 4: SR 522 and 83" Place NE

Four intersections break the SR 522 corridor into 3 segments. The westbound segments are SR
522 and 83" Place NE to SR 522 and 68" Avenue NE, SR 522 and 68" Avenue NE to SR 522
and SR 104 Junction and SR 522 and SR 104 Junction to SR 522 and NE 153" Street. For
brevity’s sake these names will be shortened in the text to 83™ P1. NE to 68" Ave. NE, 68" Ave.
NE to SR 104, and SR 104 to NE 153 St. Where space is constrained the following
abbreviations will be used (with Excel chart abbreviations in parentheses): 83 > 68" (83rd >
68th), 68" > SR 104 (68th > SR 104) and SR 104 > 153 (SR 104 > 153rd). Likewise, the
eastbound segments are SR 522 and NE 153™ Street to SR 522 and SR 104 Junction, SR 522 and
SR 104 Junction to SR 522 and 68" Avenue NE, and SR 522 and 68" Avenue NE to SR 522 and
83" Place NE. The eastbound segment short names are NE 153" St. to SR 104, SR 104 to 68"
Ave. NE, and 68" Ave. NE to 83™ PL. NE. Finally, the eastbound abbreviations (and Excel
abbreviations) are: 153™ > SR 104 (SR 104 > 153rd), SR 104 > 68™ (SR 104 > 68th), and 68"
- 83" (68th > 83rd).

WSDOT has instrumented the SR 522 corridor with substantial sensing capabilities. Currently,
the SR 522 corridor is equipped with Pips Technology licence plate readers, EDI and Reno
inductive loops, TrafficCast BlueTOAD Bluetooth sensors, Blip Systems combination Bluetooth
and WiFi sensors, Traficon video detection units, Sensys Networks magnetometers and a 31
party data feed from INRIX. In the case of loop detectors (ILD or VIL), one system is
implemented at each intersection, providing count data. Figure 6-2 shows the location of the
sensors along the SR-522 corridor. Arrows with different colour represent sensor availability on
each segment for eastbound and westbound, respectively.
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6.3.2 1-90 Freeway Test at Snoqualmie Pass, Washington

A section of 1-90 between North Bend, Washington and Ellensburg, Washington was selected as
the other test site in order to conduct the side-by-side comparison for longer rural corridors.
Given the longer links inherent to this test corridor and that there are no traffic signals between
data collection sites, the research team expect there to be fewer confounding factors in the data at
this site. Conversely, there are fewer sensor types installed along 1-90, so there is less opportunity
for comparing results between sensor types. This site consisted of 3 links between following
mileposts:

e Point 1: I-90 at milepost 32
e Point 2: I-90 at milepost 52
e Point 3: I-90 at milepost 70
e Point 4: 1-90 at milepost 109

The segment names for 1-90 are much simpler with segments being named in the form of
milepost X to milepost Y and the abbreviation MP being used for milepost. The westbound
routes then become milepost 109 to milepost 70, milepost 70 to milepost 52, and milepost 52 to
milepost 32. Eastbound segments are milepost 32 to milepost 52, milepost 52 to milepost 70 and
milepost 70 to milepost 109. These names are shortened to the abbreviations MP 109 - MP 70
(MP 109 > MP 70), MP 70 = MP 52 (MP 70 > MP 52), and MP 52 - MP 32 (MP 52 > MP 32)
for westbound and similarly for eastbound. Figure 6-3 below shows the location of the sensors
along the 1-90 Snoqualmie Pass Corridor. Arrows with different colour represent sensor
availability on each segment for eastbound and westbound, respectively.
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Three categories of travel time data collection technologies were deployed in this study. Details
about these technologies are given in Appendix-II1.

e Volume and speed estimation technologies
o Inductive loop detectors (ILD)
= EDI: Oracle 2
= Reno A&E: 1100SS
o Video detection processor unit (VDPU)
» Traficon: VIP3D.2
o Magnetic Signature Matching
= Sensys: VSN540-F
e Vehicle re-identification technologies
o Automated licence plate recognition (ANPR)
= Pips Technology: P372 model
o Bluetooth MAC address Matching
= Trafficcast: BlueTOAD-BT-Cell-50W
= BlipSystems: BlipTrack ' -BT
= BlipSystems: BlipTrack'"-WiFi
o Magnetic Signature Matching
= Sensys: VSN540-F
e Probe vehicles technologies
= 3" Party INRIX

6.3.3 Sensor Availability on SR 522

The data availability by link for the East-bound and West-bound directions on SR 522 are shown
in Figure 6-2. The arrows represent the direction of the traffic where there is available data. The
list of technologies implemented at each intersection is summarised in Table 6-1 and Table 6-2.

6.3.4 Sensor Availability on I-90

The 1-90 Snoqualmie Pass corridor is equipped with BlueTOAD Bluetooth sensors and makes
use of the overlapping 3rd Party data feed from INRIX. I-90 segments are indicated in Figure
6-3. The list of technologies available on each intersection is summarised in Table 6-3 and

Table 6-4.
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6.3.5 Type of Data
Due to the differences between sensor availability and type of data collected by these sensors, the
type of analyses conducted for eastbound and westbound varies. Sensor availability and types of

data analysis for westbound and eastbound on SR 522 and 1-90 are summarised in Table 6-5 and
Table 6-6.

Table 6-5. Data availability and type of analysis on westbound and eastbound

Data Collected
Direction Sensor Se.ensoor’ Travel Sample
Availability .

Time Count

BlueTOAD v v v

Sensys X X X

Inrix 4 v X

Eastbound [Blip-BT v v v
Blip-WiFi 4 v v
Blip-Combined v v v

ANPR X X X

BlueTOAD v v v

Sensys v v v

Inrix v v X
Westbound [Blip-BT v v v
Blip-WiFi v v v
Blip-Combined v v v

ANPR v v v

Data available on 1-90 is shown in Table 6-6. Due to the lack of ground truth data on this corridor
travel time analysis are restricted to qualitative rather than quantitative analysis.

Table 6-6. Data availability and type of analysis on westbound and eastbound

Data Collected
Direction Sensor Sensor T 1 S |
Availability rave ampie
Time Count
Eastbound BlueTOAD Y Y
Inrix v v X
Westbound BlueTOAD Y v Y
Inrix v v X
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6.3.6 Data Collection Period

Data collection on SR 522 started on December 2012 and continued until June 2013. Table 6-7
and Table 6-8 display the time intervals when data were collected for both westbound and
eastbound, respectively. As can be seen, ANPR and Sensys data were only available on
westbound, hence this direction will be used as the basis of travel time accuracy analysis. The
gaps shown on the Table 6-7 and Table 6-8 represent time periods that a technology was not
either installed or was not working.

In the time span between April 5™ 2013 through June 8™ 2013 all systems collected data side-by-
side. The most data overlap between various systems occurred during this time period which
provided a sufficiently large dataset for analysis. Therefore, this time period allows comparing
the accuracy of data collected by all different systems in terms of travel time and capture rate;
(with the partial exception of BlueTOAD data which only reports match rates at 15 minute
intervals). The 5 minute aggregated travel time and sample counts were used as the basis of
analysis. Due to the difference of traffic pattern on weekends and working days, this study uses
traffic data collected on weekdays for conducting the analyses.

Because of the differences between sensor availability and type of data collected by these
sensors, the type of analyses conducted for eastbound and westbound directions are different.
Sensor availability and types of data analysis for westbound and eastbound on SR 522 are
summarised in Table 6-7 and Table 6-8, respectively. ANPR data are used as the ground truth
both for travel time analysis and sample count comparison. Inrix data does not include sample
counts, so that system is excluded from the sample count analysis.

When it comes to eastbound SR 522, there is no ANPR data that lines up with the other systems
in the eastbound direction. This prevents analysis based on the ground truth. Also, there is no
Sensys system on eastbound SR 522 to compare with the other sensors. Due to these limitations,
travel time data obtained by BlueTOAD, Inrix, and BlipTrack are compared to each other.
Westbound results are checked to see whether there is a similar pattern between data distributions
on eastbound and westbound. Observation of such pattern could provide a better understanding of
the sensors function.

The analysis of sensors placed on I-90 differs from the analysis of sensors installed on SR 522 in
that there is not a system comparable to the ANPR system on SR 522 to use as a ground truth for
travel time measurement. This restricts the analysis of 1-90 data to be more qualitative than the
SR 522 analysis. Specifically, the evaluation of 1-90 data looks at data availability, daily pattern
variation, and reaction to traffic events such as construction delays and mountain pass closures
due to snow removal. Availability for the BlueTOAD and Inrix data is given in Table 6-9. Note
that the BlueTOAD device at the summit (MP 52) experienced extended communications
failures, interrupting data collection for segments between milepost 32 and milepost 70.
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Table 6-7. Data availability on SR-522 Westbound

Segment

Sensor

Time

December

January

SR 104 > 153

ANPR

BlueTOAD

Inrix

Sensys
BlipTrack-BT
BlipTrack-WiFi
BlipTrack-Combined

February | March

December | January

68™ > SR 104

ANPR

BlueTOAD

Inrix

Sensys
BlipTrack-BT
BlipTrack-WiFi
BlipTrack-Combined

February

December

January

83 > 68t

ANPR

BlueTOAD

Inrix

Sensys
BlipTrack-BT
BlipTrack-WiFi
BlipTrack-Combined

February | March

103




Table 6-8. Data availability on SR-522 Eastbound

Segment | Sensor Time
December | January | February | March | April | May | June

ANPR
BlueTOAD

Inrix

Sensys
BlipTrack-BT
BlipTrack-WiFi
BlipTrack-Combined

153 > SR 104

December ‘ January ‘ February ‘ March ‘ April
ANPR
% | BlueTOAD
©
4\ Inrix
< Sensys
S
= | BiipTrackBT I
(Qé BlipTrack-WiFi
BlipTrack-Combined
December ‘ January ‘ February ‘ March ‘ April May June
ANPR
on .
0 Inrix
™ Sensys
y
= .
20 BlipTrack-BT _
©
BlipTrack-WiFi
BlipTrack-Combined
Table 6-9. Data availability by month and system for 1-90
Time
e Segment Sensor -
Direction January February | March ‘ April May June
BlueTOAD
MP 32> Mp 52 | Bt
S Inrix
=
BlueTOAD
2 |Mps2>mp70 | BleTO
@ Inrix
= BlueTOAD
MP 52 - MP 32
Inrix
BlueTOAD
MP 109 > MP 70 | = ¢
= Inrix
=
BlueTOAD
2 |MP70>Mp52 |BluelO
éj Inrix
BlueTOAD
MP52>MP32 | °
Inrix
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6.4 Evaluation Framework for Accuracy Analysis

Considering the extensive sensing capabilities installed along SR 522 and 1-90, performing a
systematic comparison of the available technologies is a matter of selecting the appropriate
metrics, pulling the data from the various sources and then performing an error analysis. In this
study, a framework has been designed and implemented to evaluate the accuracy and reliability
of the various technologies.

6.4.1 Error and Reliability Matrix
In order to evaluate the accuracy and reliability of travel time estimates obtained by Bluetooth
technology versus various ATIS technologies, two types of analysis are conducted.

e First, the distributions of the travel time data and sample rates are compared with the
ground truth.

e Second, a number of accuracy measures are used to provide a quantitative evaluation of
the error associated with each of the technologies.

In order to use a consistent data format, the comparisons are made based on 5 minutes aggregated
travel time and capture rates. The two datasets that were not available on a five minute basis were
BlueTOAD and Inrix. BlueTOAD capture rates were available at 15 minute intervals and divided
by 3 to match up to the other systems as closely as possible. The Inrix data does not include a
capture rate metric.

6.4.1.1 Data Distribution
Time plots are used to compare the distributions of the data around the ground truth. This
provides an overview of the distributions of the data relative to the ground truth.

6.4.1.2 Travel Time Accuracy/Error

A number of accuracy metrics are used to represent the error. In these metrics, error is the
difference between the observations and the ground truth travel time. These accuracy measures
are:

1. Mean Absolute Deviation (MAD) (also known as the mean absolute error) — the average of
errors.

N
MAD = %ZH‘\ - Ti| Equation 6-2
i=1

Where:

N: The number of observations

T;: The corresponding ground truth travel time, 1
T: The ATIS estimated travel time

2. Mean Percent Error (MPE) (refer to Section 3.3.3)

3. Mean Absolute Percent Error (MAPE) (refer to Section 3.3.3)

4. Root Mean Squared Error (RMSE) (refer to Section 3.3.3)

There are reasons to use each error measurement methodology. The MAD is a good indication of
how much error should be expected from an average reading, but does not indicate whether the
results are consistently high or low. The MPE will indicate if there is systematic bias to the error,
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1.e. if readings are consistently high or low, but will allow positive and negative errors to cancel
each other out. The MAPE is a combination of MAD and MPE, indicating average magnitude of
error relative to the ground truth values. The RMSE gives a good indication of whether there are
many small errors or a few larger errors. Hence, the adoption of various measures provides a
better understanding of the errors associated with each method.

6.4.1.3 Data Analysis Resolutions

Since the reporting intervals of the data available vary among different technologies, analyses are
conducted for different levels of resolutions. The levels of resolution considered for evaluation
are: daily and monthly basis. It is important to consider the various temporal resolutions of data
analysis while evaluating the various sensors. When looking at weekly data, the consistency of
the travel times across multiple days provides a good measure of the highs and lows that should
be expected for travel times between the two intersections. Monthly data can be used to analyse
whether the travel times between the two intersections are consistent and cyclical. By analysing
monthly data, it is also possible to indicate some days that recorded significantly longer travel
times than others. This may be indicative of incidents blocking traffic. Further examinations
would need to be undertaken to establish causal factors.

6.5 Data Analysis and Discussions for SR 522

Evaluations of various technologies are conducted in terms of sample count and accuracy of
travel time estimation. The following sections present the results of data analysis based on visual
and numerical methods.

6.5.1 Sample Count

Sample counts and the corresponding penetration rate are two important factors for evaluating
various travel time technologies. These represent the proportion of the actual traffic flow being
captured by the sensors. The results of the sample count analysis for westbound and eastbound
are presented in the following sections.

6.5.1.1 Westbound Sample Count
The results of sample count on westbound for the period between April 5™ 2013 through June
8“‘, 2013 are summarised in Table 6-10. As mentioned earlier, the ANPR sample counts are used
as the ground truth. Penetration rates are computed by dividing sample counts of various systems
by the corresponding ANPR value.

Sample_Countsgensor (i)

Penetration ratesepsor (i) = Sample Countsmp Equation 6-3

According to Table 6-10, on average, the penetration rate of Sensys is identical (103%) to the
sample captured by ANPR. This is followed by Blip-Combined with more than 28% of the
ANPR captures, Blip-WiFi with 17% and Blip-BT with 12% of ANPR capture rates. This also
indicates that by combining Bluetooth and WiFi technologies, it is possible to capture twice as
many samples compared to the use of a single technology. The Bluetooth capture rate is also
sensors specific; as can be seen BlueTOAD capture rate is 6% compared to capture rate of Blip-
BT.

Figure 6-4 shows the average penetration rate over the analysis period (April 5™ 2013 through
June 8™, 2013) for various sensors on the westbound links. In order to give an overview of the
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sample counts variations over the weekdays, Figure 6-5 display the capture rates of the various
systems on 83rd Pl. NE to 68th Ave. NE westbound links for a one week period May 1%, 2013
through May 8", 2013. Results of the capture rate comparison for the other two segments are
presented in Appendix III. Comparing the penetration rates of the various sensors on the three
links shows that despite the differences in traffic flow on the various links, the capture rates are
similar which indicates the reliability of sensor detection rates on different links.

Although Blip-BT, Blip-WiFi and Blip-Combined, and BlueTOAD have a significantly lower
penetration rates compared to ANPR and Sensys, they still demonstrate responsiveness to the
variations in traffic volumes during the day; in other words, the sampling appears to be uniform.
BlueTOAD data in Figure 6-5 is blockier in profile due to being aggregated in 15-minute
intervals instead of the 5-minute interval used by other sensor systems. In order to represent the
BlueTOAD data on the same scales as the other systems, the BlueTOAD capture data was
divided by 3, which may cause its capture rate to be underrepresented in low volume conditions
due to rounding.

Table 6-10. Sample counts on westbound during April 5" through June 8", 2013
83" PI. NE to 68" Ave. NE

Sensor Sample Count | Capture Rate (%) # Intervals
BlueTOAD 25207 5 11659
Sensys 478421 99 11161
Inrix Not Available | Not Applicable 13232
Blip-BT 51539 11 13248
Blip-WiFi 80285 17 13238
Blip-Combined 131823 27 13238
ANPR 483984 100 -
68™ Ave. NE to SR 104
Sensor Sample Count | Capture Rate (%) # Intervals
BlueTOAD 37980 7 12112
Sensys 639211 110 11162
Inrix Not Available | Not Applicable 13232
Blip-BT 76493 13 13248
Blip-WiFi 108063 19 13247
Blip-Combined 184556 32 13247
ANPR 580379 100 -
SR 104 to NE 153" St.

Sensor Sample Counts | Capture Rate (%) # Intervals
BlueTOAD 31149 6 11933
Sensys 424688 82 11164
Inrix Not Available | Not Applicable 13232
Blip-BT 65112 13 13248
Blip-WiFi 71211 14 13247
Blip-Combined 136323 26 13247
ANPR 517657 100 -
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83rd PI. NE to 68t Ave. NE Westbound

Blip-Combined

Blip-WiFi
Blip-BT
Sensys 99%
Inrix | Not Available
BlueTOAD 5%
0 20 40 60 80 100 120

68t Ave. NE to SR 104 Westbound

Blip-Combined

Blip-WiFi
Blip-BT
Sensys
Inrix | Not Available
BlueTOAD 7%
0 20 40 60 80 100 120

SR 104 to NE 15374 St. Westbound

Blip-Combined
Blip-WiFi
Blip-BT

Sensys

82%
Inrix
BlueTOAD

Not Available

0 20 40 60 80 100

Figure 6-4. Capture rate comparison on westbound
between April 5, 2013 through June 8™ 2013

Figure 6-5 shows the overlaid profiles of capture rate for various sensors on 83" PL. NE to 68"
Ave. NE (WB) for May 1%, 2013 through May 8", 2013. It clearly shows that Sensys and ANPR
have higher capture rates, followed by Blip-Combined, Blip-WiFi and Blip-BT, and BlueTOAD.
Figure 6-5 shows that regardless of the variations in capture rates for different systems; all of the
systems were capable of registering the flow variation for peak and off-peak over the course of
weekdays and weekends. Similar analysis for the sensors on 68th Ave. NE to SR 104 (WB) and
sensors on SR 104 to NE 153" St. (WB) are presented in Appendix 111.
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When examining the various technologies, it is important to understand how well each
technology performs in relative and absolute terms. While the ANPR system was chosen as a
ground truth reference for travel time, the ANPR system was not designed as a volume
measurement system. In the following figures volumes from each system that provides a volume
measurement and the match rates for each system are shown. For comparison purposes, the
advance loop detectors are shown as well as the Traficon system volumes at the 83™ PI. NE and
68™ Ave. NE intersections. Similar analysis for the sensors on 68th Ave. NE to SR 104 (WB) and
sensors on SR 104 to NE 153" St. (WB) are presented in Appendix III.

The placement of each system will have some implications to be taken into account when
examining this data. Specifically, the advance loop detectors are upstream of the signal on the
through movement lanes, while the ANPR, Sensys and Traficon systems are placed on the
downstream side of the intersection. Traficon and Sensys counts generally agree, though they are
not identical and Sensys does report marginally lower volumes.

The ANPR volumes follow the trends seen in the other three volume data sets, but are generally
the lowest reported volumes. This is unsurprising since the ANPR system was not designed for
volume data collection. A number of factors such as vehicle height, spacing, and licence plate
cleanliness can affect the ANPR’s ability to read a licence plate. Loop detectors, magnetometers
and VIP units are not trying to read a small target, like a licence plate, and have generally more
robust detection.

The placement of the advance loop detectors is likely to affect volume counts. The placement of
the loop detectors means that only entering through vehicles are counted, left and right turning
vehicles from the cross street are not counted. Additionally, the advance loop detectors may be
subject to queuing and intersection signal timing impacts. With all of these factors, it is
unsurprising that the advance detectors consistently report the second lowest volumes. The
volume counts for other intersections are presented in Appendix III. The number of matches
reported by each system for the westbound are presented in Figure 6-6 for 83rd Place NE to 68th
Avenue NE. Similar analyses for the sensors on 68th Ave. NE to SR 104 (WB) and sensors on
SR 104 to NE 153rd St. (WB) are presented in Appendix III.
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Figure 6-6. Westbound volume and capture rates for Wednesday May 1, 2013 from 83rd Place NE to 68th Avenue NE
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6.5.1.2 Eastbound Sample Count

The results of sample count on eastbound for the period of April 5™, 2013 through June 8" 2013
are summarised in Table 6-11. The noticeable point is that similar to westbound, the Blip-
Combined capture rate is about two times higher than the capture rates of the Blip-BT and Blip-
WiFi. Hence, integrating Bluetooth and WiFi makes it possible to double the detection rate.
There is more matches on WiFi compared to Bluetooth. Results show that overall there is 20%
more devices seen on WiFi compared to Bluetooth. The WiFi devices detected are primarily
iPhones, Andorid and Windows Phone 8 (WPS8) devices. These devices are not detected by the
Bluetooth sensor, due to specific implementation of the Bluetooth software in these phones. So
the WiFi detections could well complement the Bluetooth data. Figure 6-7 displays the capture
rate of various systems on 68th Ave. NE to 83rd P1. NE links for the period of one week (May 1%,
2013 through May 8", 2013). Figure 6-7 demonstrates that regardless of the variations in capture
rates for different systems; all systems were capable of detecting the cyclical pattern of traffic
flow for peak and off-peak hours over the course of weekdays and weekends. Likewise, results of
the capture rate for SR 104 to 68th Ave. NE and NE 153rd St. to SR 104 are shown in Appendix
III. As seen for westbound, even though Blip-BT, Blip-WiFi and Blip-Combined have
significantly lower capture rates but they are capable of representing the trends of traffic flow
during the day. This could be seen by peaks during morning and afternoon on weekdays and
likewise peaks on around noon on the weekends. However, due to lack of ground truth for this
direction it was not possible to verify the travel time accuracy.

Table 6-11. Sample counts on eastbound during April 5™ through June 8", 2013

Sample Counts

Sensor 68" > 83 SR 104 > 68" 153 > SR 104
BlueTOAD 18260 388239 36886
Sensys Not Available Not Available Not Available
Inrix Not Available Not Available Not Available
Blip-BT 52130 76701 68657
Blip-WiFi 62225 97644 62717
Blip-Combined 118324 174344 131373
ANPR Not Available Not Available Not Available
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6.5.2 Travel Time

The accuracy and reliability of the travel time estimations are critical parameters for evaluating
various sensor technologies. Owing to the difference in data availability for westbound and
eastbound directions, the results of the travel time analyses are presented separately by direction.
On westbound, in order to provide a better foundation for comparing accuracy of different
systems, analyses are conducted for different time resolutions. The accuracy analysis looks at the
overall accuracy for April 5", 2013 through June 8", 2013, and also on a 24 hour daily resolution
for all Wednesdays in this period (refer to Figure 6-10, Figure 6-11, and Figure 6-12). However,
on eastbound due to the lack of ANPR data, analysis is limited to descriptive statistics.

6.5.2.1 Westbound Travel Time

Travel time plot for 83rd P1. NE to 68th Ave. NE (WB) is shown in Figure 6-8 for the analysis
period of May 1%, 2013 through May 8", 2013. Travel time plots for segments 68" Ave. NE to
SR 104 and SR 104 to NE 153" St. are presented in Appendix III. The consistency of the travel
times across the week provides a good measure of the highs and lows that should be expected for
travel times on the three segments. The weekly data demonstrates that the travel times on all three
corridors are consistent and cyclical. May 6™ is a Saturday and May 7" is a Sunday. Saturday and
Sunday have reduced peaks centred at midday. The regular workdays have earlier and longer
peaks that have a minor peak in the morning and a major one in the evening for the 83™ PL. NE to
68" Ave. NE segment and narrow major peaks in morning and wider evening peaks for the other
two segments. These results are in accordance with expectations based on local traffic and
commuter patterns.

Figure 6-9 shows the overlaid profiles of travel time for all the sensors on 83" P1. NE to 68" Ave.
NE, 68" Ave. (WB) for Wednesday May 1%, 2013 in a zoomed view. It is clear that all the
sensors are capable of representing the cyclical pattern of travel time over a day and for the
morning and afternoon peaks. Over the peak and off-peak hours all sensors follow ANPR pattern
and have a well overlap with the ground truth; however, Inrix tend to significantly overestimate
the travel time during the off-peaks. A number of gaps or low travel time also has been reported
for all methods over the mid night hours. Similarly, the overlaid profiles of travel time for the
sensors on 68™ Ave. NE to SR 104 and SR 104 to NE 153" St. for Wednesday May 1%, 2013 are
placed in Appendix III.
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6.5.2.2 Travel Time Accuracy Analysis on Westbound

In order to provide a daily overview of the accuracy of the travel time estimated by various
technologies, the MAPE for all westbound segments are calculated for Wednesdays over the of
two month period from April 5, 2013 to June 8, 2013. The results of the MAPE analysis are
shown in Figure 6-10, Figure 6-11, and Figure 6-12. The patterns observed for the three segments
are different; however, it can be seen that, in general, during the peak hours estimations tend to
be more biased and the percentage of errors increase. For all three segments, during the peak
hours Inrix tends to be more biased and less accurate than the Sensys and Blip-BT, Blip-WiFi
and Blip-Combined. For the SR 104 to NE 153™ St. segment BlueTOAD also shows significant
bias for the morning peak. BlueTOAD also show significant bias in the overnight hours for the
83" PL. NE to 68" Ave. NE segment. Although MAPE varies a lot between peak hours and off-
peak hours for all systems, on average Blip-BT, Blip-WiFi, Blip-Combined and Sensys have
around 20% error rate and are more reliable as they tend to keep the same level over the 24 hours.
Figure 6-10 presents the variation of MAPE over 24 hours for Wednesdays over the period of
April 5™, 2013 through June 8", 2013 at for 83rd P1. NE to 68th Ave. NE (WB). It is clear that
the accuracy of the various systems’ estimated travel times varies between peak and off-peak
hours. This is especially true of the morning peak from 8am to 9am. As shown, BlueTOAD has a
lower MAPE over the course of the day followed by Blip-Combined, Blip-BT, Blip-WiFi, Sensys
and Inrix. Compared to other systems, Inrix has significantly lower accuracy during the day and
BlueTOAD shows significantly lower accuracy during the night.

Figure 6-11 presents the variation of MAPE over 24 hours for Wednesdays over the period of
April 5™, 2013 through June 8", 2013 at 68" Ave. NE to SR 104 (WB). The accuracy of the
estimated travel times varies over the day, though not as significantly as on the 83" PI. NE to 68"
Ave. NE segment. As shown Blip-BT, Blip-WiFi, and Blip-Combined estimate travel time with
approximately 15% error over the course of the day. Although, accuracy of travel time estimated
by BlueTOAD fluctuates between peak and off-peak hours, in off-peaks it can estimate travel
time with less than 15% error which rises to 70% error during peak. In this segment, Sensys
performance on this segment is acceptable overnight, with an error spike in the peak hour and just
over the acceptable error threshold over the day. For this segment, Inrix has a modest accuracy,
generally competitive with the other systems.

Figure 6-12 presents the variation of MAPE over 24 hours for Wednesdays over the period of
April 5™ 2013 through June 8", 2013 from SR 104 to NE 153rd St. (WB). It is clear that the
accuracy of the estimated travel time by various systems varies between peak and off-peak hours.
As shown Sensys and BlueTOAD have lower accuracy during the morning peak followed by
Blip-Combined and Blip-BT with Blip-WiFi being the most accurate. During the morning peak
there is a significant rise in the BlueTOAD and Sensys error rates which leveled out for the rest
of the day. Inrix data for this segment was subject to significant error.
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In order to further explore this pattern, data collected between 9am-10am (off-peak) on
Wednesdays within two months (April 5™, 2013 through June 8", 2013) are analysed. Table 6-13
presents descriptive statistics of the collected data. As seen in Table 6-13 the average ANPR
travel time is closely estimated by all sensors. The Inrix data has the highest difference with
ANPR.

To evaluate the accuracy of the sensors on an hourly basis, the MAPE for each sensor on each
segment of the corridor is calculated for 9am-10am (off-peak) on Wednesdays during two months
(April 5™ 2013 through June g™ 2013), as seen in Table 6-12. As presented, in general the Blip-
BT, Blip-WiFi, Blip-Combined, Sensys and BlueTOAD provide comparable results. On the
opposite end of the spectrum, Inrix results are less representative. Since the accuracy varies
between the three segments, it is wise to be cautious in drawing conclusions based on the limited
number of segments analysed.

MAPE results for various sensors are compared for all three SR 522 segments in Table 6-12. As
can be seen, all sensors are more accurate from 68" Ave. NE to SR 104 (WB). However,
accuracy varies between the different segments and sensors, which might be attributed to the
corridor length and the number of busy intersections as well as sensor ranges and operating
principles.

Table 6-12. Results of the MAPE for hourly analysis over the period of April 5™ through June 8", 2013

MAPE
S
ensor 83rd PI. NENE’ 68th Ave. | coth Ave. NE to SR 104 | SR 104 to NE 153rd St.
BlueTOAD
Sensys
Inrix 17.30%
Blip-BT

Blip-WiFi 20.00%

Blip-Combined

Note: The Maximum accepted level of accuracy is set as 25%. The MAPE is colored green below 15%, transitioning
through yellow at 20% to red at or above 25%.

Table 6-12 summarises the MAPE results for all the sensors on SR 522 westbound segments for
9-10 am on Wednesdays over the period of April 5™ 2013 through June 8", 2013. Confirming
the results shown in Figure 6-10, Figure 6-11, and Figure 6-12, all the sensors tend to have a
better performance on the 68" Ave. NE to SR 104 segment.
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In order to have a conclusive evaluation of the accuracy of all systems, accuracy measures for a
period of two months (from April 5%, 2013 through June 8", 2013) are calculated. This is
intended to clarify the influence of traffic variation on accuracy of the estimated travel time. The
results of the accuracy analysis are summarised in Table 6-14. For the hourly analysis, Sensys,
Blip-BT, Blip-WiFi, Blip-Combined and BlueTOAD provide more accurate travel time estimates
than Inrix. Second, sensors are generally less accurate on 83™ PI. NE to 68" Ave. NE than other
segments, though Inrix and BlueTOAD are least accurate on SR 104 to 68™ Ave. NE.

Comparing the MPE values in Table 6-14 shows that the sensors tend to overestimate travel time
on the 83™ PI. NE to 68™ Ave. NE and SR 104 to NE 153" St. and underestimate travel time on
the 68" Ave. NE to SR 104 (WB) segments. For 83™ P1. NE to 68" Ave. NE, Blip-BT, Blip-WiFi
and Blip-Combined underestimate the travel time. For the 68™ Ave. NE to SR 104 segment all
sensors are more accurate, except the Sensys sensors. On this segment all sensors report MAPE
rates below the 25% error threshold. For the SR 104 to NE 153" St. segment all sensors
overestimate travel times relative to the ANPR system.

The MAPE and MAD also correlate to the results of the RMSE on all three corridors. The
consistency of the three different accuracy measures on three corridors increases confidence in
the evaluation results. It can be concluded that Blip-BT, Blip-Combined, Blip-WiFi and
BlueTOAD achieve the most overall reliable travel times followed by Sensys and Inrix. The
results of Table 6-14 are shown in Appendix III.
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Table 6-14. Travel time accuracy analysis for westbound
for the period of April 5™, 2013 through June 8", 2013

83rd PI. NE to 68th Ave. NE

Sensor

BlueTOAD
Sensys

Inrix
Blip-BT
Blip-WiFi . -16.10
Blip-Combined . -15.18
68th Ave. NE to SR 104

RMSE MAD MPE | MAPE
(Second) | (Second) (%)

Sensor

BlueTOAD
Sensys

Inrix

Blip-BT
Blip-WiFi
Blip-Combined

Sensor

BlueTOAD
Sensys

Inrix

Blip-BT
Blip-WiFi
Blip-Combined

Note: in the colour scheme minimum errors to the maximum errors are shown by the spectrum of green to red
respectively. The Maximum accepted level of accuracy is set as 25%.

The percentage based values (MPE and MAPE) are colored green below 15%, transitioning through yellow at 20%
to red at or above 25%.

The colourings for RMSE and MAD are green for the lowest values transitioning to red for the highest error values.
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Figure 6-13. Comparing RMSE for various sensors on westbound segments

Figure 6-13 presents the results of RMSE for all the sensors across the three segments on SR 522.
This clearly shows that the performance and accuracy of the estimated travel time by various
sensors varies between segments. In this case, performance of all the sensors is lower for the 83™
PL. NE to 68" Ave. NE segment compared to 68" Ave. NE to SR 104 (WB) and SR 104 to NE
153" st. (WB) segments. This could be related to the length of the segment and the number of
intersections between the detection points.
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Figure 6-14. Comparing MAD for various sensors on westbound segments

Figure 6-14 shows the results of MAD for all the sensors across the three segments on SR 522
and confirms the results of Figure 6-14 with the MAD for the 83" PL. NE to 68" Ave. NE
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segment being on average higher than the other segments, though Inrix has significantly higher
error on the 68™ Ave. NE to SR 104 segment.

m 83rd > 68th m 68th > SR 104 SR 104 > 153rd

BlueTOAD

Sensys

Figure 6-15. Comparing MPE for various sensors on westbound segments

Figure 6-15 shows the direction of MPE values for all the sensors on the three SR 522 segments.
This reflects that Blip-Combined, Blip-BT, and Blip-WiFi tend to underestimate the travel time
while Inrix, Sensys and BlueTOAD overestimate the travel time. This could also be related to the
size of the detection zones and the off-set between various sensor locations.

100%

MAPE (%)

B 83rd > 68th m 68th > SR 104 SR 104 > 153rd

80%

60%

40%

20% -

0% -
BlueTOAD Sensys Inrix Blip-BT Blip-WiFi Blip-Combined

Figure 6-16.Comparing MAPE for various sensors on westbound segments

Figure 6-16 presents the MAPE results for the sensors on the three westbound SR 522 segments.
As seen in Table 6-14, on average the sensors have a better performance and higher accuracy for
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the travel time estimations on 68th Ave. NE to SR 104 (WB) and SR 104 to NE 153" St. (WB)
segments than the 83rd Pl. NE to 68th Ave. NE segment. Blip-Combined, Blip-BT, BlueTOAD,
Blip-WiFi have slightly higher accuracy in reporting travel time compared to Sensys and
significantly more than Inrix.

6.5.2.3 Eastbound Travel Time

Travel time plot for 68th Ave. NE to 83rd Pl. NE is shown in Figure 6-17 for the analysis period
of May 1%, 2013 through May 8", 2013. Figure 6-17 shows that all the sensors are capable of
detecting the cyclical pattern of travel time over weekdays and weekend and also for the morning
and afternoon peaks. However, the Inrix reports a significantly lower and highly smoothed travel
time on this segment compared to others. Overnight, BlueTOAD was observed to have a number
of gaps in its data.

Travel time plots for segments NE 153rd St. to SR 104 and NE 153rd St. to SR 104 are presented
in Appendix IIIl. The weekly data demonstrates that the travel times on all three segments are
consistent and cyclical. The difference between weekdays and weekends is distinguishable. These
results are in accordance with expectations based on westbound performance.

For higher temporal resolution, travel time plots on 68" Ave. NE to 83™ PL. NE (EB) for
Wednesday May 1%, 2013 is shown in Figure 6-18. In this segment, Inrix reports a significantly
lower and highly smoothed travel time compared to others. Considering the accuracy of the travel
time reported by BlipTrack and BlueTOAD on westbound, it can be concluded that Inrix is
reporting highly under estimated travel time on this segment.

Similarly, the overlaid profiles of travel time for the sensors on NE 153rd St. to SR 104 and NE
153rd St. to SR 104 for Wednesday May 1%, 2013 are placed in Appendix 1II. These show that
BlueTOAD, and Blip-BT, Blip-WiFi and Blip-Combined were closely scattered. However, Inrix
data does not overlap with others in all three segments. The daily data shows the difference in
travel time during the peak and off-peak hours. This pattern is also consistent with the
observations on weekly patterns.

The descriptive statistics for the two month period (April 5™ 2013 through June 8™ 2013) are
summarised in Table 6-15. Due to the lack of ground truth on the eastbound segments it is not
possible to evaluate the sensors’ accuracy; however, it is clear the Inrix data indicates a
significantly higher or lower and more highly smoothed travel time over the off-peak hours
compared to the others. For the 68" Ave. NE to 83" Pl. NE segment, the Inrix results are
significantly lower and less responsive than the other systems. For SR 104 to 68" Ave. NE Inrix
reports a lower travel time, but with less separation than the other two segments and more
responsiveness to traffic conditions. For the NE 153™ St. to SR 104 segment Inrix data is
generally higher and somewhat responsive to traffic conditions. Overnight, BlueTOAD was
observed to have a number of gaps in its data. This is not necessarily a problem, as it is likely an
effect of low traffic volumes, when travel time data is least likely to be needed, but the lack of
data should be noted.
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6.6 Data Analysis and Discussions for 1-90

The analysis of sensors placed on I-90 differs from the analysis of sensors installed on SR 522 in
that there is not a system comparable to the ANPR system on SR 522 to use as a ground truth
travel time measurement. This restricts the analysis of 1-90 data to be more qualitative than the
SR 522 analysis. Specifically, the evaluation of 1-90 data looks at data availability, daily pattern
variation, and reaction to traffic events such closures due to construction and snow removal.

In order to avoid repetition in this section, the time plots of daily travel times for the 1-90 links
from May 1%, 2013 through May 8™ 2013 are presented in Appendix II1.

The importance of analyses in 1-90 is related to the lane closures and accuracy of the sensors in
reflecting that abnormal situation. Note that I-90 from milepost 56 to 61 has been closed
occasionally for rock blasting related to construction. These closures are typically about an hour
in length and close both directions. The evening of May 2" 2013 includes one such closure
which shows as a travel time peak in Figure 6-19. This event is shown more closely in Figure
6-19, and a similar closure on May 15", 2013 is shown in Figure 6-20.

Figure 6-19 and Figure 6-20 show how the Inrix and BlueTOAD data react to the absence of
traffic. The BlueTOAD system continues to report the last travel time for approximately a half
hour until ceasing to report travel times pending new vehicle identification. The Inrix data has a
more variable response. The Inrix travel time data is the sum of data from many smaller
segments. This factor is of limited impact on the SR-522 corridor due to smaller segment size and
fewer segments involved. For 1-90, the longer distance between sensor placements means that
instead of one to three Inrix segments, ten to twenty may be involved. The difference in Inrix
response between Figure 6-19 and Figure 6-20 is that is that a number of segments reverted to
average travel time on May 15™ and on May 2" they reported null values instead. In both cases
the travel times are not representative of the closure.

However, other data produced by the systems are useful in identifying the closures. Inrix reports
a confidence level for its segment readings that can be used to judge the reliability of the data.
For both closures, the Inrix data reported significant decreases in average confidence and
complete absence of confidence for specific segments. The BlueTOAD data includes a useful
data point, the last reported matching vehicle. When the closure occurred, no more vehicles were
being detected to update the travel time information. After a half hour with no new samples the
BlueTOAD data ceased reporting a travel time.

It is important to note that calculating the travel time by averaging Inrix segment data is very
limited in the case of closures. This is because it is nearly impossible to accurately judge the
delay from being backed up and held at the closure site without some kind of arrival information.
This is a non-issue for BlueTOAD data, which presents a reasonable travel time, once traffic flow
has resumed, to judge by the travel times of approximately an hour reported after reopening the
road.

Figure 6-19 shows a detailed view of the data for May 2™, 2013 on 1-90. The vertical blue dotted
lines indicate the start and end of the closure. The blue triangles show the times of the last and
first detected vehicles by BlueTOAD and the red dashed line indicates Inrix’s average confidence
value for the data. In this case the Inrix travel time responds immediately, but actually indicates a
faster travel time than during free flow. The BlueTOAD data shows a travel time for the segment
for 30 minutes before ceasing to report data until detecting the next vehicle. Of note is that the
BlueTOAD data reflects a reasonable travel time upon resumption of traffic flow and Inrix’s
travel time quickly returns to normal.
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Figure 6-20 shows a similar event on May 15", 2013. The vertical blue dotted lines indicate the
start and end of the closure. The blue triangles show the times of the last and first detected
vehicles by BlueTOAD and the red dashed line indicates Inrix’s average confidence value for the
data. This time the Inrix data does not respond to the closure, but the confidence level drops
dramatically during the interval. Note that the confidence level shown in this figure is an average
across multiple segments. Individual segments have zero or near zero confidence during the
closure.
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1-90 Road Closure May, 2, 2013 (EB MP 70 > MP 52)
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Figure 6-19. May 2" closure of 1-90 and sensor response
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6.7 Data Manipulation and Sensor Evaluation Observations

One of the major tasks of this project was collecting and manipulating the data from each of the
vendors. Each vendor uses different data formats, algorithms and frequency, technologies making
the task of collecting and organising the data one that bears closer inspection. Collecting and
organising data from an individual vendor is not an overly daunting task. Coordinating data from
four vendors and the WSDOT with seven distinct systems each generating multiple datasets is a
significant resource investment.

The major points of note in the data collection for this project are ease of data collection,
completeness of data, ease of mapping to existing data structures and consistency of availability.
Each vendor has a different means of distributing data, typically web based, though the WSDOT
ANPR and loop data and Inrix data came through email and network connections. The Sensys,
BlueTOAD and BlipTrack data all came through websites of differing utility.

Over the course of the project several changes were made to the vendor websites. Specific issues
encountered during the project were limitations in length of time, number of sensors and speed of
download. Initially, the Sensys website was a major limitation with small data download limits
requiring significant manual effort to collect all of the project data. The BlueTOAD and
BlipTrack websites were not as labour intensive but still required significant effort to collect and
collate all of the desired data.

Mapping the data collected to existing data structures; in this case, the data and sensor placement
of the ANPR system on SR 522 and the milepost/exit pattern for 1-90 was trivial in some cases
and more difficult in others. For SR 522 WB, the sensor sites were chosen to match existing
westbound ANPR locations, making the matchup between each set of data easy. Eastbound SR
522 has a different ANPR setup in that there is no ANPR at the SR-104 intersection for
eastbound traffic. The nearest ANPR for eastbound traffic is located 0.2 miles west at the Beach
Drive NE intersection. This makes a direct mapping of sensors to eastbound ANPR data
impossible. Incidentally, the ANPR data for eastbound experienced a data collection failure
during the analysis period, precluding an analysis in any case.

Inrix data has been the major source of issues mapping data to existing data structures. Inrix data
is keyed to a different base mapping system than the other systems and the ANPR data. Inrix data
uses TMC codes to identify roadway segments in a system developed for GPS systems instead of
the route and milepost or arbitrary sensor number/placement data systems used by the other
systems. Where Inrix TMC segments do not exactly map to existing segments; its travel time will
be over or underestimated compared to the other systems as seen in the SR 522 analysis in
particular. Another consequence of this difference in mapping is that an analysis segment
composed of more than one Inrix TMC segments will need to reconcile potentially very different
travel times on an individual TMC segment and normal travel times on others. Specifically, this
occurs when delay or stoppage is incurred. For example at an intersection or blockage on a
freeway, an individual TMC segment may report a high travel time (even exceeding the 5 minute
reporting interval) while the surrounding TMC segments report normal travel times. The sum of
travel time across TMC segments used in this research fails when significant stoppage or delay
occurs, because the sum of travel time across the relevant TMC segments will include free
flowing segments beyond the blockage as seen in the I-90 data analysis.

An additional point of interest that falls under data mapping is the inclusion of different data
collected by each system and different smoothing algorithms. Each system includes time and
travel time information in its basic data formats. BlueTOAD data includes its match rates in a
separate file system at 15 minute time intervals instead of the 5 minute intervals used for the
other data. Inrix data does not include a capture rate as such, but does have a confidence value as



shown in the 1-90 analysis. The remaining systems report their matches and travel times in the
same files and data structures. The Sensys system has the most additional data associated with it.
Specifically Sensys includes travel time measurements at 10% intervals, measured speeds and
upstream and downstream volumes. For this research the 90% travel time was chosen to represent
the Sensys travel time, as that was the value used by Sensys to represent travel times in their
presentation to the lab. This is a conservative measure that can underestimate the accuracy of the
Sensys system. It should be noted that even with this potential handicap, the Sensys system
proved to have acceptable levels of accuracy in several cases.

Data availability is a multifaceted problem. First, the data must be collected by the system in
question. This includes all of the communications and storage endemic to collecting the data. The
second aspect is that the data must be retrievable by the system. Finally, there are temporal
availability considerations. These include considerations of delay between collection and
accessibility of the data and how long the data is available after collection. In this project,
immediate temporal availability has not been of primary concern, however it should be noted that
the data delivery methods for data from the WSDOT and Inrix included delays between
collection and availability.

6.8 Conclusion

The daily analysis revealed that the systems experienced error spikes during the morning peak
period on all segments. With the exception of the Inrix data, all systems generally reported
satisfactory results, with the Bluetooth and WiFi based systems staying below the 25% error
threshold except during overnight hours and some spikes in the peak periods. It should be noted
that the Sensys travel time used was the 90" percentile travel time, where the other systems
reported mean or median values, yet still the Sensys system posted acceptable accuracy in most
cases. The Sensys travel time error may be reduced by selecting another one of the ten provided
travel time values.

The systems did have some notable accuracy limitations. Specifically, the BlueTOAD system can
be less reliable overnight. The Inrix system was generally the least responsive to traffic changes
and tended to have systematically high or low travel times, probably the results of conservative
free flow travel time estimation.

The 1-90 and eastbound SR 522 analysis of travel time focused on more qualitative aspects of
system performance. The eastbound SR 522 results met expectations based on the westbound
analysis, with most patterns repeating, including the systematic over or underestimation of travel
time by Inrix. For I-90, the research team was looking for reasonable travel times and daily traffic
patterns as well as response to known road closure events. The 1-90 analysis noted that both
systems were able to respond to daily patterns; however, Inrix and BlueTOAD reported
significantly different results on some segments. When the road closure time periods were
examined, both systems had their flaws. The BlueTOAD system continued to report a travel time
for 30 minutes after the road closure and the Inrix data either failed to react significantly to the
closure or reported impossible travel times. Both systems include specific data that can be used to
identify when such event occur.

The second important factor to consider in the sensor analysis is the sample size used to calculate
the travel time. If the sample size is too small, the travel time may not be representative. Sample
size is affected by several factors, including traffic volume and mobile device penetration rates
(for Bluetooth and WiFi sensors). For westbound SR 522 the ALPR and Sensys systems have
comparable absolute detection rates (i.e. compared to ILD) with between 25% and 50% of traffic
being detected, depending on time of day and location, refer to Figure 6-6. The Bluetooth and
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WiFi systems detect significantly fewer vehicles. Compared to ANPR and Sensys, BlueTOAD
captured about 6% of the volume captured by the ANPR system for an absolute capture rate near
2% of total traffic. The BlipTrack system captured roughly double the number of Bluetooth
readings and two and a half times as many on WiFi. The BlipTrack sensor also reports combined
totals for its Bluetooth and WiFi sensors, which pushes the combine BlipTrack system to
approximately 25% of the ANPR capture rate. Because of the nature of the Inrix data, there is no
capture rate to analyse.

The collection of sensors assembled for this study was comprehensive. By setting up so many
sensors on the same corridor and having reliable ground truth data in the form of an established
ANPR system, the WSDOT has made it possible to perform an in-depth analysis of the different
systems. This work shows that sensors of different types and complexities can accomplish the
goal of measuring travel time.

Ultimately, each system in the analysis has different strengths and weaknesses that should be
considered in addition to their accuracy and sample rates. Some systems can provide additional
data; others trade accuracy and coverage for cost or portability. Ultimately, engineers will need to
weigh their requirements for accuracy and sample rates against the other engineering constraints
imposed on their system. For example, the BlueTOAD units installed on SR 522 and 1-90 are
solar powered and use cellular data networks, reducing infrastructure and deployment costs. The
BlipTrack units have higher sampling rates and marginal accuracy superiority in exchange for
power requirements. The Inrix data does not require any roadside infrastructure and has wide
availability but at a cost. ANPR units have high accuracy and a comparatively high installation
cost. The Sensys have perhaps the most complicated set of trade-offs. Sensys can be used as
replacements for loop detectors in intersection operations, making the marginal costs of adding
Sensys re-identification lower at some intersections than others.
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7 Conclusions and Future Research
This chapter summarises the findings of this research and discusses future research avenues based
on these findings.

7.1 Revisiting the Objectives

The aim of this research was to develop a framework for improving the accuracy and
reliability of travel time estimated using Bluetooth technology. The main objectives of this
research, as set out in Chapter 1, were as follows:

e [Evaluate the reliability of Bluetooth technology and estimate the location ambiguity
associated with Bluetooth detections,

e Identify the influence of aggregation method and sample size on accuracy of estimated
travel time,

e Develop methods for travel time estimation to minimise the impact of location
ambiguity, without compromising on reliability,

e Develop new methods for mode-specific travel time estimation, utilising CoD
information,

e Compare the accuracy of travel time estimated by Bluetooth technology versus other
sensor technologies, to provide a holistic overview of the accuracy and reliability of
Bluetooth Technology compared to other technologies in the market.

For the first objective, a controlled field experiment was carried out, as described in Section
2.6. The aim was to evaluate the influence of Bluetooth sensors’ detection zone size and the
Bluetooth device discovery procedure on the number of detection events triggered for a single
passing Bluetooth-enabled device and the location ambiguity associated with detections. The
results of this study revealed that the detection reliability of Bluetooth is about 84%.
However, the detection rate could be lower on some occasions. Comparing the capture rate of
different antennae also highlighted the importance of antenna configuration, the location of
the installed sensor and the mount design. Analysing the geo-referenced detection events
revealed that although the expected detection range of Bluetooth sensors was 70-200 metres
on each side of the sensor, more than 80% of the detections were within 100 metres of the
actual sensor location.

For the second objective, two sources of FCD were used as the ground truth to quantify and
evaluate the accuracy of travel time profiles estimated using Bluetooth technology. Three
aggregation techniques including arithmetic mean, geometric mean and harmonic mean were
used to construct the travel time profile using Bluetooth data. Comparing the three aggregation
methods showed that harmonic mean and geometric mean could significantly reduce the impact
of outliers, especially in intervals with low sample sizes. This study also focused on
quantifying the impact of sample size on the accuracy of travel time estimates. A series of
sensitivity analyses were conducted to determine the range of optimum sample size for travel
time profile construction using Bluetooth datasets. The results of this study suggested 5
observations of travel time by MAC address matching as the minimum sample size.
Moreover, including intervals with sample size in the range of 5-15 travel time records per 15
minutes would lead to an improvement in the accuracy of the estimated travel time profile.

For the third objective, based on the information obtained about the reliability and accuracy of
multiple Bluetooth detection events in Chapter 2, new travel time estimation methods were
developed. Eight alternative travel time estimation methods were developed for two different
sensor designs; sensors with single antenna or multiple antennae. Comparing the results of all
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the methods using the RMSE metric showed that two of the methods, Combined and Peak-
Peak, yielded the most accurate travel time estimates.

In single antenna design, the higher accuracy of Peak-Peak method in comparison to the
commonly used Enter-Enter and Leave-Leave methods implied that higher RSSI leads to a
lower location ambiguity for the detection event. Thus, the value of the RSSI could be used as
an indicator for selecting the detection event closest to the sensor and minimising the effect of
location ambiguity. Therefore, it is concluded that Peak-Peak method is simple and more
accurate than the Enter-Enter and Leave-Leave, which makes it a suitable alternative in the
case of sensors with a single antenna.

For multiple antenna design, a sensor with three antennae consisting of one short range
antenna and two long-range antennae were used. The short-range antenna had the smallest
detection zone and accordingly, the least location ambiguity. However, the smaller the size of
the detection zone, the lower the detection rate, which can reduce the accuracy of estimates
when short-term travel time variability is high. Therefore, there has to be a trade-off between
an acceptable level of location ambiguity and penetration rate for designing the configuration
and coverage of the antennae. Hence, the Combined method was developed to investigate
how a combination of detection events obtained by different antennae can be used to improve
the accuracy of travel time estimates. The accuracy of Combined method revealed the fact that
the new method that combines detection events recorded by various antennae could yield
better results.

For the fourth objective, a new method for mode-specific travel time estimation was
developed. This method aimed to distinguish between Bluetooth devices carried by different
modes and provide a mode-specific travel time estimate. This method was developed based
on CoD information, RSSI, travel time, sensor location and traffic condition i.e. peak and oft-
peak. Accuracy of the mode-specific travel time estimation method was evaluated against the
ground truth obtained by a video based survey. Moreover, the accuracy of the mode-specific
travel time estimation method was also compared with ANPR, a commercially deployed
Bluetooth-based method (BlipTrack), and clustering method. The results showed that the
proposed method is able to estimate travel time with almost the same accuracy as ANPR. This
indeed proved the capability of Bluetooth technology to be used as an alternative method for
arterial road travel time estimation. This highlighted the importance of using CoD as well as
RSSI as secondary information to improve the travel time obtained by simple MAC address
matching.

For the fifth objective, a side-by-side evaluation of Bluetooth technology from two different
vendors (BlipTrack and BlueToad) versus ANPR, Magnetometers, and floating vehicle data
from Inrix was conducted. In order to evaluate the efficiency of various technologies, two
important factors were considered. The first was the accuracy of the reported travel time. The
second was the sample size used to calculate the travel time. Analyses were conducted for two
test sites: SR 522 and 1-90 in Washington State, United States. With the exception of the Inrix
data, all systems generally reported satisfactory results. The Bluetooth and WiFi based
systems provided an accurate estimate below the 25% error threshold except during overnight
hours and a few instances during peak periods. The Bluetooth and WiFi systems detected
significantly fewer vehicles compared to ANPR and magnetometer. BlueTOAD Bluetooth
sensors captured about 6% of the volume captured by the ANPR system for an absolute
capture rate near 2% of total traffic. The BlipTrack Bluetooth system captured roughly double
the number of Bluetooth readings and two and a half times as many on WiFi. The BlipTrack
sensor also reported combined totals for its Bluetooth and WiFi sensors, with the combined
BlipTrack system providing approximately 25% of the ANPR capture rate. Inrix data does not
include sample counts, so that system is excluded from sample count analysis.Ultimately,
each system in the analysis had different strengths and weaknesses that should be considered
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in addition to their accuracy and sample rates. Some systems can provide additional data;
others trade accuracy and coverage for cost or portability. Ultimately, engineers will need to
weigh their requirements for accuracy and sample rates against the engineering constraints
imposed on their system.

7.2 Contributions

This PhD research has made contributions to knowledge about Bluetooth device discovery
procedure and its impact on detection reliability and location ambiguity. This research also
made contributions to knowledge by developing new travel time estimation methods by
including the RSSI and CoD information to reduce location ambiguity, improve accuracy and
provide mode-specific travel time estimates on arterial roads with mixed traffic. Additionally,
a comprehensive comparative study of Bluetooth technology with other traffic sensor
technologies for travel time estimation was conducted, which will hopefully provide useful
insights to researchers and practitioners alike.

7.3 Future Research

A number of research avenues have been opened up based on this PhD thesis, as summarised
below:

1) This research developed an automated screening algorithm which incorporates three
different filtering layers. Due to limited time, the author could not evaluate the impact
of third layer which incorporates the information of layout of the Bluetooth sensors on
the network. This layer aimed to use the sequence of the detection recorded for a
unique MAC address at different sensors over a predetermined time window for re-
checking the mode of detected device. Further research could evaluate the efficiency
of using third layer on accuracy of estimated travel time. Furthermore, the accuracy of
the algorithm was tested against ground truth on a single link for a short time period.
Further research could focus on evaluating the algorithm for a longer period and over
a wider network. It could also be tested during abnormal traffic conditions such as
incidents. The algorithm associated an equal weight to the input parameters (e.g. CoD
information, travel time etc.). Further research could investigate the impact of
assigning different weights for the parameters, on the accuracy of algorithm.

2) According to the result of this research, a combination of Bluetooth and WiFi
technologies can increase the sampling rate by 25% and also such combined data can
result in more accurate travel time estimation. Since, the focus of this research mainly
was on exploring the detection procedure of Bluetooth technology and its impact on
the reliability and location ambiguity of the detections, the detection procedure of
WiFi technology was not explored. Therefore, further research could focus on
exploring the detection procedure of WiFi so that the combination could result in a
more accurate travel time estimate.

3) This research focused on evaluating the capability of Bluetooth technology for
providing accurate travel time estimation, but it did not investigate short-term travel
time prediction. Further research could explore the feasibility of using Bluetooth-
based travel time estimates as an input to short-term travel time prediction models.

4) Bluetooth technology is capable of tracking vehicles throughout their trips within
urban networks and across highway stretches. This information can be used for
analysing Origin-Destination (O-D) pattern by aggregation and clustering of the
individual trips. Therefore, further research could develop a framework for using the
MAC address data collected by Bluetooth sensors as a basis for O-D estimation.
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Appendix I

1.1 Components of Bluetooth Sensor

The Bluetooth sensors manufactured by various vendors differ in terms of design; however,
the main components of the sensors are similar. The major elements of a Bluetooth sensor
includes procession unit, a communication unit, GPS antenna, internal clock, power supply,
cover and mounting brackets and Bluetooth radio antenna. Details of sensors components are
placed in Appendix I. Figure I-1 shows the main components of Bluetooth sensors for Blip
systems.

3G Modem

Directional
Antennas
GPS Antenna

Backup Battery

Blipnode L2i
with Internal
Antenna

- \'I /_Eu.h;m;luma.le box
|
|
|

Mounting Brackets

Figure I-1. BlipTrack sensor design and components

Processing Unit
The processing unit is the core part of the sensor which records the MAC addresses and
timestamp the detections.

Communication Unit

The Bluetooth sensors are typically capable of Ethernet or cellular communication. The
communication unit is usually a built-in 3G modem for communicating the data to the
backend servers.

GPS Antenna
The use of GPS antenna is optional. The GPS sensor is used for auto positioning of the
Bluetooth sensors.

Internal Clock
Internal clock is used for time stamping the MAC addresses and synchronising various
Bluetooth sensors installed across the road network.

Power Supply

The Bluetooth sensors can get powered through electrical main supply, solar power or built in
backup battery.
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Cover and Mounting Brackets:
The sensor components are enclosed in a weatherproof enclosure. Usually there are some
mounting brackets are used to fix the installation to a pole or other suitable structures.

Bluetooth Radio Antenna

The antenna is a device for transmitting and/or receiving signals — so called the eyes and ears
of the communication system (RFI, 2011). Two main characteristics of antenna can be
recognised as type and power of antenna. In the following sections a brief description of these
aspects are provided:

o  Antenna Power

The efficiency of an antenna is defined as the power delivered to the antenna and the power
radiated or dissipated within the antenna. A high efficiency antenna has most of the power
present at the antenna's input radiated away. A low efficiency antenna has most of the power
absorbed as losses within the antenna, or reflected away due to impedance mismatch. In this
context, the losses associated within an antenna are typically associated to the conduction
losses (due to finite conductivity of the antenna) and dielectric losses (due to conduction
within a dielectric which may be present within an antenna) (Antenna Theory, 2011). The
antenna efficiency (or radiation efficiency) can be written as the ratio of the radiated power to
the input power of the antenna:

PRadiated .
E&p = ———— Equation I-1

PInput

Efficiency is ultimately a ratio, giving a number between 0 and 1. Efficiency is very often
quoted in terms of a percentage; for example, an efficiency of 0.5 is the same as 50%.
Antenna efficiency is also frequently quoted in decibels (dB); an efficiency of 0.1 is 10% or
(-10 dB), and an efficiency of 0.5 or 50% is -3 dB. Mobile phone antennas, or WiFi antennas
in consumer electronics products, typically have efficiencies from 20%-70% (-7 to -1.5 dB).
The losses are often due to the electronics and materials that surround the antennae; these tend
to absorb some of the radiated power (converting the energy to heat), which lowers the
efficiency of the antenna (Antenna Theory, 2011).

The term Antenna Gain describes how much power is transmitted in the direction of peak
radiation to that of an isotropic source. Antenna Gain is sometimes discussed as a function of
angle, but when a single number is quoted the gain is the 'peak gain' over all directions
(Antenna Theory, 2011). Antenna Gain (G) can be related to directivity (D) by:

G = &gD Equation I-2

Mobile antennas should radiate in a symmetrical pattern 360° around the antenna. As gain is
increased, the radiation gets compressed into a thinner pattern and reaches out further to the
sides. The more gain an antenna has the thinner the pattern becomes and the further the signal
can travel or reach. This has been shown in Figure I-2, for an antenna mounted on a roof car
(RFT, 2011).
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Figure 1I-2. Antenna gain and radiation pattern (Source: RFI, 2011)

o Antenna Type

Bluetooth antenna could be external or internal. Regardless of the antenna design and
configuration, in current design of the Bluetooth sensors by various manufacturers, two main
types of antenna including directional and omnidirectional or the combination of both (i.e.
directional and omnidirectional) have been used. The difference between directional and
omnidirectional and their coverage area have been discussed in relevant literature. In the
following sections it is tried to simply explain the basic concepts and the coverage area of the
directional vs. omnidirectional antenna.

a. Directional Antenna

Directional antennas as the name implies refers to signal coverage in a specified direction
(Simple WiF1, 2011). The 2D and 3D radiation patterns of a directional antenna are shown in
Figure I-3 and Figure 1-4 respectively.

Azimuth Plane Radiation Pattern Elevation Plane Radiation Pattern

270"

Figure I-3. The directional antenna radiation pattern
(Source: CA WORLD WIFI, INC 2013)
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Figure I-4. The mesh presents a 3D view of the directional antennas radiation pattern
(source: Marlon K. Schafer, 2001)

b. Omnidirectional Antenna

An omnidirectional antenna is one which radiates power uniformly in all directions in one
plane (Simple WiFi, 2011). The omnidirectional antenna radiates or receives equally well in
all directions. It is also called “non-directional” as it does not favour any particular direction.
The 2D and 3D radiation patterns of a directional antenna are shown in Figure I-5and Figure
I-6, respectively.

Azimuth Plane Radiation Pattern Elevation Plane Radiation Pattern

270°
Figure I-5. The omnidirectional antenna radiation pattern
(Source: CA WORLD WIFI, INC 2013)

Figure I-6. The mesh presents a 3D view of the omnidirectional antennas radiation pattern
(source: Marlon K. Schafer, 2001)
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1.2 Technical Deployment, Installation and Maintenance

Detection rate of Bluetooth sensors is highly dependent to the shape and size of its detection
zone and the time span the device is within the detection zone. This outlines the importance of
the location of the installed sensor, the height and the mount design. These factors affect
Bluetooth device detection rate and hence travel time accuracy. These engineering aspects
should be given due consideration in order to achieve reliable travel time estimates using
Bluetooth sensors. This section focuses on sensor placement, installation and maintenance of
Bluetooth sensors.

Sensor Placement Practices

In general, Bluetooth sensor placement, as with many other technologies in transportation
systems mainly depends on the access to power. In many cases, this factor plays a significant
role on the sensor placement design, as usually there are limited locations in the road network
which could provide access to power. However, it should be noted that this problem is less
significant if the Bluetooth sensor is powered by solar panels or other types of batteries.
Essentially two different locations can be considered for sensor placement; at intersections
and at mid-link locations. There are advantages and disadvantages associated with each:

e At Intersections

Existence of power sources such as traffic signals and street lights and communication
infrastructures would significantly facilitate the installation and reduce the associated costs.
However, due to the traffic interactions and various turning movements at the intersection, the
quality of data might reduce. The intersection placement usually provide a node-to-node
travel time information, however, it cannot specify the turning movements. It is also
necessary to consider the impact of free movement (i.e. open right turn), as this could affect
the accuracy of travel time. This has been shown in Figure I-7. Intersection placement of
sensors and interacting movements. This Figure shows how various movements interact with
each other in the Bluetooth sensor detection zone (i.e. shown by dashed circle) at the
intersection. Compare to the through traffic, the open right turns is not influenced by delay
associated to the cycle length. However, at the intersection placement, these movements are
not distinguishable and could influence the accuracy of travel time. This placement layout has
been used in the city of Aalborg for collecting network wide real time travel time and traffic
information, see Figure I-8. Intersection Sensor Placement, Aalborg City, DenmarkFigure
I-8.
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Figure I-7. Intersection placement of sensors and interacting movements

Figure 1-7 represents the interacting movements at the intersections. These movements are
presented by red arrows. In city of Aalborg due to the predetermined conditions for installing
the Bluetooth sensors along with the ANPR systems, intersection placement has been used.
Figure 1-8 represents the location of Bluetooth sensors installed in Aalborg area. Bluetooth
sensors are presented by numbers 1 or 2.
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Figure I-8. Intersection sensor placement, Aalborg city, Denmark

At Mid-Link Locations

Limited access to the power sources and communication infrastructure might increase the
costs of implementation. However, equipping the sensors with solar power and cellular
communications can reduce the costs. Since there are fewer interactions between vehicles
with each other and also there are fewer control infrastructures (i.e. Traffic lights) the quality
of the data could be higher. Moreover, mid-link placement would provide more information
about turning movements. This has been shown in Figure 1-9. Compared to intersection
placement at mid-link placement, turning movements are not interacting with through traftfic.
This could reduce the impact of interacting traffic and cycle length on the accuracy of travel
time. This placement layout has been used in the city of Arhus for collecting network wide
real time travel time and traffic information, see Figure I-10.
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Figure I-9. Mid-link sensor placement

Figure I-9 represents how by mid-link installation it is possible to reduce the interacting
movements. Moreover, it provides the information of right turning and left turning
movements. These movements are presented by red arrows. In city of Arhus mid-link
placement has been used. Figure I-8 represents the location of Bluetooth sensors installed in
Arhus area. Bluetooth sensors are presented by numbers 1 or 2.
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Figure I-10. Mid-Link sensor placement, Aarhus city, Denmark.

Accuracy of travel time for intersection and mid-link (i.e. mid-link) sensor locations were
tested by Day et al. (2012). It is concluded that midblock detector locations are preferable as
they will more accurately capture increases in travel time due to queuing at intersections.
However, since power and communication facilities are not usually available at midblock
establishing permanent midblock locations is challenging. Therefore, intersection locations
may be used when a midblock sensor is infeasible. It is also recognised that intersection-
located sensors will capture delay accumulated at any intersections in between the endpoints
of the route, but will not capture delay occurring at the endpoints. At intersection placement
there is higher uncertainty regarding travel time for through vehicles compared to mid-link
placement.

Sensor Installation Height

The installation height of Bluetooth transceiver (or the vertical position of antenna) is another
influencing factor on the Bluetooth MAC address detection rate, which needs to be considered
in the mount design. The influence of height of the transceiver on the detection rate could be
associated to:

1. Reducing the potential of blockage of Bluetooth transceiver by passing vehicles
2. Increasing the size of detection zone

Figure I-11 represents how the overheight vehicles could block the Bluetooth transceiver.

Increasing the height of Bluetooth sensor, could potentially reduce the impact of blocking the
signal by overheight vehicle.
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Figure I-11. The vertical position of Bluetooth transceiver and blockage by overheight vehicles

Figurel-12 shows the influence of the height of transceiver on increasing the size of detection
zone considering the same angle.

B

eI

Figurel-12. The vertical position of the Bluetooth transceiver and size of detection zone

The impact of the height of antenna on detection rate has also been investigated by Day et al.
(2012). Temporary sensors with different transceiver antenna heights (0 ft, 2.5 ft, 5 ft, 7.5 ft,
and 10 ft) were tested in the field to determine which height would produce the largest sample
size. The sensors were stationed at various positions along the southbound direction on I-65 in
the U.S. along a segment with no intermediate entrances or exits. The results of the study are
shown in Figure I-13. This Figure shows the total number of detected vehicle IDs (MAC
addresses) for each antenna height, broken down by whether these vehicles were known to be
traveling northbound or southbound (by matching the vehicle ID at another sensor), or
whether the direction was unknown (i.e., no match as found). Notably, the sensor that lacked
an antenna (i.e., the “‘0 ft”’ antenna) produced the least counts. The study concluded that a
height of 7.5 ft (2.30 meters) was best for roadside location because it detected a high number
of vehicle IDs, and the far side lanes were not substantially underrepresented in the data.
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Figure I-13. Traceable MAC address counts by antenna height and direction (Brenen et al., 2010)

In summary, for the arterial roads the mid-link placement is preferable. In situations where the
mid-link placement is not feasible, an intersection placement can be used for permanent
stations. As can be seen in Figure I-13, for vertical position of the Bluetooth transceiver the
antenna height of 2.30-2.50 is highly recommended as it maximises the sample rate.
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Appendix 11

I1.1 Profile Construction

Arithmetic Mean

The 15-minute and 30-minute Bluetooth based travel time profiles are obtained by
aggregating the Bluetooth based estimated travel time using the arithmetic mean (i.e. average)
over the specified time interval.

n
1
AriMin-BTy = —Z Min-BT; Equation II-1
"=
1 n
AriMax-BTy = ZZ Max—BT; Equation I1-2
i=0
1 n
AriAvg-BTy = EZ Avg-BT; Equation I1-3
i=0
1 n
AriMed-BTy = —Z Med—BT; Equation I1-4
n

i=0
Where:
AriMin—BTy: Arithmetic mean of Min—BT (refer to equation 1) for the "™ interval
AriAvg-BT(;y: Arithmetic mean of Max—BT (refer to equation 2) for the ™ interval
AriAvg-BT;y: Arithmetic mean of Avg—BT (refer to equation 3) for the I™ interval
AriMed—BT(y: Arithmetic mean of Med-BT (refer to equation 4) for the ™ interval
n: number of observations in I" interval

Geometric Mean

The 15-minute and 30-minute Bluetooth based travel time profiles are obtained by
aggregating the Bluetooth based estimated travel time using the geometric mean over the
specified time interval.

GeoMin-BTy = ’{/Min—BTl * Min-BT, ... M\in-BT, Equation II-5
GeoMax—BTy = Ti/Max—BTl * Max—BT, ... Max—BT, Equation II-6
GeoAvg—BTy = \[Avg-BT, * Avg—BT, ... Avg-BT, Equation I1-7
GeoMed-BT( = ’i/Med—BTl * Med-BT, ... Med-BT, Equation II-8

Where:
GeoMin-BTy: Geometric mean of Min-BT (refer to equation 1) for the I™ interval
GeoAvg-BT ;y: Geometric mean of Max—BT (refer to equation 2) for the I™ interval
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GeoAvg—BT;y: Geometric mean of Avg—BT (refer to equation 3) for the " interval
GeoMed—BT;y: Geometric mean of Med—-BT (refer to equation 4) for the " interval
n: number of observations in I" interval

Harmonic Mean

The 15-minute and 30-minute Bluetooth based travel time profiles are obtained by
aggregating the Bluetooth based estimated travel time using the harmonic mean over the
specified time interval.

Where:

1
HarMin-BTy = =

1
HarAvg-BTy = .

1
HarMed-BT, = (;

1
HarMax-BTy = (; .

n -1

Equation II-9

Equation I1-10

Equation I1-11

Equation 11-12

HarMin—BT ;y: Harmonic mean of Min-BT (refer to equation 1) for the '™ interval
HarAvg-BT;y: Harmonic mean of Max—BT (refer to equation 2) for the ™ interval
HarAvg-BT: Harmonic mean of Avg-BT (refer to equation 3) for the '™ interval
HarMed—BTy: Harmonic mean of Med-BT (refer to equation 4) for the " interval
n: number of observations in I" interval
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I1.2 Accuracy Analysis

Time Plot of GPS-V1 vs. Bluetooth Travel Time Estimates for App.1 and App.2 for North-

South Direction are presented bellow.

a: Comparison of Min-BT, Max-BT, Avg-BT and Med-BT for three aggregation technique
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b: Comparison of Min-BT, and Med-BT for three aggregation technique
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Figure II-1. Time plot of GPS-V1 vs. BT travel time estimates for App.1 for North-South direction
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a: Comparison of Min-BT, Max-BT, Avg-BT and Med-BT for three aggregation technique
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b: Comparison of Min-BT, and Med-BT for three aggregation technique
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Figure II-2. Time plot of GPS-V1 vs. BT travel time estimates for App.2 for North-South direction
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a: Comparison of Min-BT, Max-BT, Avg-BT and Med-BT for three aggregation technique
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b: Comparison of Min-BT, and Med-BT for three aggregation technique
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Figure II-3. Time plot of GPS-V2 vs. BT travel time estimates for App.1 for North-South direction
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a: Comparison of Min-BT, Max-BT, Avg-BT and Med-BT for three aggregation technique
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b: Comparison of Min-BT, and Med-BT for three aggregation technique
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Figure II-4. Time plot of GPS-V2 vs. BT travel time estimates for App.2 for North-South direction
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I1.3 Sample Size Sensitivity Analyses
Results of the sample size sensitivity analyses for North-South direction are presented bellow.

Sensitivity Analysis of MPE vs Sample Size
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Figure II-5. Sensitivity analysis of MPE, MAPE, and RMSE vs. sample size for GPS-V1
for North- South direction
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Sensitivity Analysis of MPE vs Sample Size
Ground Truth: GPS-V2 (30 Minutes Aggregation)
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Figure II-6. Sensitivity analysis of MPE, MAPE, and RMSE vs. sample size for GPS-V2 for
North- South direction
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APPENDIX IIT

III.1 Volume and Speed Estimation Technologies

There are multiple techniques that make use of point sensor data to create travel time
estimates. In this study area, two types of inductive loop detectors are used (providing
advance loop volumes). Additionally, a VDPU system from Traficon (i.e. Traficon- VIP3D.2)
is used which emulates traditional double or single loop detectors. Their locations are shown
in Figure III-1.

Inductive Loop Detectors

The operating principles and design factors for the two types of inductive loop detectors
namely EDI Oracle 2 and Reno A&E: 1100SS used in this study are explained in next
sections.

e EDI Oracle 2 Series Inductive Loop Detectors

The EDI Oracle2 is an inductive loop detector from Eberle Design Inc (EDI). The ORACLE
2E (2EC) Enhanced Loop Monitor™ series is a full featured two channel inductive loop
vehicle detector. The ORACLE “ENHANCED” detectors not only indicate vehicle presence,
but also incorporate a complete built-in loop analyzer for optimum detector set-up and loop
diagnostic purposes. Each channel incorporates a loop inductance meter which assists in
determining optimum sensitivity setting by displaying the magnitude of change in inductance

caused by traffic moving over the roadway loop (Eberle Design, Inc. Product Overview,
2013).

Figure III-1. EDI Oracle 2E series inductive loop detector

The system architecture used to collect and convey ILD data to the WSDOT is shown in
Figure III-2. Loop detector cards such as the EDI Oracle 2E are connected to loop coils
embedded in the roadway. These detector cards then process the inductance readings read
form the loop coils to determine whether a vehicle is present or not. The signal control
cabinet’s controller polls the loop detector cards to determine whether a given loop is
currently occupied many times each second. At regular intervals, 20 seconds for the WSDOT,
the controller reports the number of vehicles detected and the number of scanning intervals
during which the ILD was occupied. This information is then carried along the corridor’s
communications backbone to the WSDOT network where data can be processed, aggregated
and stored in a database. Note that this loop detector architecture that applies to ILDs in
general.
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=» X3
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Figure III-2. Loop detector system architecture

e Reno A&E 1100 Series Inductive Loop Detectors

The C-1100-ss is an ILD from standard model C by Reno A&E. The Reno A&E model C-
1100 series is a scanning detector. The C-1100 series is a two channel, loop detector with
individual channel detect and loop fail indications provided via two high intensity red light-
emitting-diode (LED)s and an easy to read Liquid-crystal display (LCD) screen. The C-1100-
ss offers advanced features providing built-in diagnostic capabilities all of which are viewable
by means of the LCD screen. These include: 1.) real-time loop frequency, 2.) loop inductance
and -AL/L% (L = Inductance, henrys), 3.) a bar-graph indication of relative inductance change
(which assist in proper selection of sensitivity level), 4.) a record of accumulated loop
failures, and 5.) a timer countdown of programmed timing functions. See Figure III-2 for
system architecture (RENO A&E Product Overview, 2013).

G
IC)

Py ]

Figure III-3. Reno A&E Model C-1100 series inductive loop detectors
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Video Detection Processor Unit

The video detection technique involves setting up a series of virtual detection loops in each
approach lane at a specified distance from the stop line. These virtual loops provide the same
speed, volume and density information as in pavement loops. VIP3D can emulate traditional
double or single loop detectors. A VDPU unit from Traficon is implemented in this study. Its
operating principle and design factors are briefly explained in the following section.

e Traficon Video Detection

The key factor in a Traficon detection system is the Video Image Processor (VIP). In addition
to the traffic data, it provides pulses similar to those provided by inductive loops. The VIP
3D.2 provides 4 data detection zones per camera and collects count, speed, classification,
occupancy, density, headway and gap time. It also provides double and single loop data
simulation. Queue length measurements and directional counts on the intersection can also be
conducted (Traficon Product Overview, 2013). The system architecture for VDPUs is very
similar to the system architecture for ILDs shown in Figure III-2. The architecture differs
from the ILD one only in the use of cameras in place of loop coils as shown in Figure I1I-5.

Cabinet

-

Figure III-4. Traficon VIP3D.2 sensor
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Figure III-5. VDPU system architecture

II1.2 Vehicle Re-Identification Technologies

A wide range of vehicle re-identification technologies are now in use. In this study, six
different vehicle re-identification technologies are used, which can be classified into three
categories: automated license plate recognition, Bluetooth / WiFi MAC address matching and
magnetic signature matching. Their operating principles and design factors are discussed in
the following sections.

Automated License Plate Reader

One traditional method of vehicle re-identification is license plate matching. License plate
matching techniques consist of collecting vehicle license plate characters (i.e. unique ID or
signature) and arrival times at various checkpoints. The license plate characters are then
matched between consecutive checkpoints and travel times computed from the difference
between arrival times (Travel Time Data Collection Handbook, 1998). In this study, the
ANPR system manufactured by Pips Technology is used.

e Pips Technology ANPR Sensor

The P372 Spike (a trademark of PIPS Technology, A Federal Signal Company and Motorola,
Inc.) is a compact, rugged, fully integrated license plate reading camera incorporating the
camera, illuminator and the ANPR processor within a single sealed enclosure. The unit is
comprised of a monochrome CCD camera with a built-in infra-red (IR) LED illuminator. The
Spike will output ANPR data comprised of a vehicle license plate reading, time, date,
location (sensor ID), plate patch image or full IR image, overview image (if camera fitted),
and read confidence. There is an option for wireless LAN connectivity, which may save on
installation and cabling costs. Setup and monitoring of the unit is by web-browser interface
from a PC or PDA (Pips Technology Product Overview, 2013).
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Figure III-6. Pips P327 Spike ANPR sensor

MAC Address Matching Technology

Bluetooth-based travel time measurement is one of the emerging methods of vehicle re-
identification. This method involves identifying and matching the unique Media Access
Control or Media Access Control (MAC) address of Bluetooth-enabled devices carried by
motorists as they pass a detector location. As with ANPRs, the difference in time between the
two observations yields the travel time. This approach relies on having a device with an active
Bluetooth or Wi-Fi adapter in the sensor’s detection range. In this Bluetooth technology from
two different manufacturers are evaluated.

e  BlueTOAD Bluetooth Sensors

BlueTOAD (a trademark of TrafficCast) is a Bluetooth MAC address detection system
developed by TrafficCast International (TCI). The BlueTOAD device consists of the MAC
address reader, a power source, and a communication source. The BlueTOAD devices are
capable of Ethernet or cellular communication. The options for power are hard wire or solar
power. The BlueTOAD cellular solar power option requires a service provider in order to
communicate with the TCI servers. The Ethernet option allows for a direct connection to a
hard wired network. The hard wire option can be connected to any power source capable of
supporting 110V of AC power (TrafficCast Product Overview, 2013). The BlueTOAD
cellular Solar Power 50W is used in this research, shown in Figure III-7.

The device reads the MAC address broadcast from any active Bluetooth device and sends the
time of the read and MAC information to the TrafficCast central processing server to
calculate travel times. TrafficCast then filters the data to remove outliers and provides the
information to clients via a web interface. The TrafficCast secure cyber-center processes the
data collected by BlueTOAD devices. Data can be viewed in real-time or analyzed
historically through a BlueTOAD web interface, which provides travel times, road speeds,
and MAC address detection counts.
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Figure III-7. BlueTOAD sensor design and components

e BlipTrack Bluetooth Sensors

BlipTrack (a trademark of Blip Systems) is a Bluetooth sensor developed by Blip Systems.
The BlipTrack Traffic sensor has 3 Bluetooth antennae including 2 directional antennae and 1
omnidirectional. The size of the detection zone varies from 70-200m on either side of the
sensor along the road. When using 3 Bluetooth radios, BlipTrack has a 3 times greater chance
of detecting a Bluetooth device and also covers an area more than 3 times as large as a single
radio solution. BlipTrack also has built-in 3G and LAN connectivity for easy upload and a
GPS sensor for auto positioning. The BlipTrack Bluetooth Traffic sensor uses 220V power
with a battery backup (Blip Systems A/S Product Overview, 2013). The sensor configuration
and components are shown in Figure I1I-8.

BlipTrack works by detecting Bluetooth devices in proximity to a BlipTrack Access Point.
The sensors relay each detection event to a central server using their 3G connection. Each
detection event is comprised of the MAC address of the detected device and the detection
timestamp. Blip Systems then filters the data to remove outliers and provides the information
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to clients via a web interface. BlipTrack has a graphical interface with Google Maps
integration, widgets and a wide range of real-time and historical analytical tools, which
provides travel times, road speeds, and MAC address detection counts.

36 Modem

Directional

Antennas

GPS Antenna

Backup Battery
Blipnode L2
with Internal
Antenna

Polycarbonate box

Mounting Brackets

Figure III-8. BlipTrack sensor design and components

The new model of BlipTrack sensor incorporates a WiFi processor into the design. In this
design an external WiFi unit can be connected to the Bluetooth unit. The joint WiFi/Bluetooth
unit has the capability of detecting the MAC addresses transmitted by both WiFi and
Bluetooth-enabled devices (Blip Systems A/S Product Overview, 2013). The architecture of
BlipTrack solution is shown in Figure ITI-10.

WiFi Directional
Antennas

— 3G Modem

/ — Polycarbonate Box

WiFi Connection
to BlipTrack™
Unit

Figure III-9. BlipTrack WiFi sensor design and components
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v !
Figure III-10. Architecture of BlipTrack solution

Magnetic Signature Matching

This method relies on matching vehicle signatures from wireless sensors. The sensors provide
a noisy magnetic signature of a vehicle and the precise time when it crosses the sensors. A
match (re-identification) of signatures at two locations gives the corresponding travel time of
the vehicle.

o Sensys Wireless Vehicle Detection System

The Sensys (a trademark of Sensys Networks, Inc.) wireless vehicle detection system uses
pavement-mounted magnetic sensors to detect the presence and movement of vehicles. The
magneto-resistive sensors are wireless, transmitting their detection data in real-time via low-
power radio technology to a nearby Sensys access point that then relays the data to one or
more local or remote traffic management controllers and systems.

The Sensys VSN240-F is an in-pavement wireless vehicle sensor designed for permanent
deployment in all traffic conditions from freeways to intersections to parking lots to gates.
The VSN240-F detects vehicular traffic and reports it back to an AP240 access point. Each
sensor node contains a 3 axis magnetometer, microprocessor, memory, low power radio and
batteries within a watertight case. After a vehicle passes over the sensor array, each sensor
transmits its unique magnetic signature information to a wireless access point located within
150 feet of the array. If the sensor array is located outside this range, a battery operated
repeater can retransmit the information up to 1,000 feet away. The access point collects the
data from each sensor or repeater and retransmits the information to a data archiving server.
Once the information is collected by the data archive server, it is used by the re-identification
engine for travel time analysis. A Sensys access point (AP240-EC) is an intelligent device
operating under the Linux operating system that maintains two-way wireless links to an
installation’s sensors and repeaters, establishes overall time synchronization, transmits
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configuration commands and message acknowledgements, and receives and processes data
from the sensors. The Sensys access point then uses either wired or wireless network
connections (or both) to relay the sensor detection data to a roadside traffic controller or
remote server, traffic management system, or other vehicle detection application. A Sensys
repeater (RP240-B) extends the range and coverage of an installation’s access point. The three
devices may be seen Figure III-11 (Sensys Networks Product Overview, 2013).

AP240-E RP240-B VSN240-F

Figure III-11. Sensys wireless vehicle detection system

IV.1  3rd Party Inrix Data

INRIX aggregates traffic-related information from millions of GPS-enabled vehicles and
mobile devices, traditional road sensors and hundreds of other sources. The result is a real-
time, historical and predictive traffic services on freeways, highways, and secondary
roadways, including arterials and side streets (Inrix, 2013).
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Figure III-14. Comparing number of detected vehicles by different systems versus loop detectors traffic volume on SR 522 83 PINE (WB) on 01-05-2013
Figure I1I-14 shows the number of vehicles detected and capture rates for Wednesday May 1, 2013 at 83" PINE. The number of detected and

matched vehicles for all systems are compared with the Traficon loop and advanced loop detectors to evaluate the actual number of detected

vehicles versus the matched one for all techniques.
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Figure III-26. Comparing RMSE on SR-522 westbound corridor
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over the period of April 5th, 2013 through June 8th, 2013
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Figure II1-27. Comparing MAD on SR-522 westbound corridor
over the period of April 5", 2013 through June 8", 2013
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Figure III-28. Comparing MPE on SR-522 westbound corridor
over the period of April Sth, 2013 through June 8th, 2013
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Figure I11-29. Comparing MAPE on SR-522 westbound corridor
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over the period of April 5th, 2013 through June 8th, 2013
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