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SUMMARY

The use of Bluetooth technology for gathering tcadfata is becoming
increasingly popular due to the large volume oadhtt can be gathered at a relatively
low cost. The limited number of devices in disc@ae mode and potential long
discovery time of the Bluetooth devices createsggportunity for evaluating the sensor
array setup that can maximize the sample of devitsgified. This thesis investigates
several factors that have a significant impacthendquality of the data obtained using
Bluetooth, including the number of Bluetooth readerientation of the Bluetooth
antennas, position of the readers relative to o¢her, and the location of the Bluetooth

stations.

The thesis begins with an overview of Bluetootthtestogy and literature review
on the use of Bluetooth in previous traffic studidext, the methodology for the setup of
the Bluetooth system and the four tests perforraexialuate the factors affecting the
quality of the data are described. Through theltesii these tests, it was observed that a
“flat” antenna orientation allows for the greatdstection range and that the walls of
buildings can prevent detection of Bluetooth deviteside the buildings. In addition,
using multiple Bluetooth readers per sensor areaylted in statistically significant
increases in number of detections of single readesors, and horizontally separated
sensor arrays were observed to be more effectaretartically separated sensor arrays.
Finally, the thesis concludes with a summary odlifigs and a discussion of further

research needs.
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CHAPTER 1: INTRODUCTION

When monitoring the performance of freeways, sgjiatly located built-in loop
detectors coupled with a limited number of entrgl arit points have enabled traffic
engineers to accurately gather real-time data asalolumes and speeds. These data can
be used in real time to convey traffic conditiongte public, as well as in planning
analysis such as evaluating the before and aftectsfof roadway improvements,
identifying congested areas that need improvemettsGathering traffic data on arterial
roadways has proven to be a more challenging &ssthe greater number of access
points along an arterial corridor requires a lagample size to gain statistically
significant results [1]. Traditional techniquesgaithering travel time or origin-
destination data, such as floating car or licehatestudies, are both time consuming and
expensive with each method having its own additibmatations. The proliferation of
Bluetooth technology in many standard devices sisotell phones, hands-free headsets,
global positioning system (GPS) units, computens, iategrated Bluetooth systems on
vehicles has made remote detection of these deaitesreasingly popular method of
capturing and anonymously identifying a significaottion of the traffic stream at a
relatively low cost [2-10]. To calculate travehis from these Bluetooth enabled
devices, the same device must be identified attgothen re-identified at point B a
certain known distance away. The time differencthéndetections of the device at point
A and point B can then be used to calculate thesktame between locations. Using
these Bluetooth systems requires less post-praxgestdata, allowing such monitoring

systems to be accurately and effectively automig&e8, 11].



Previous studies have examined methods to incszample size through
Bluetooth reader placement on medians or on ediiderof the road [12, 13]. Studies
have also been performed to evaluate omni-diregtieersus directional antennas [12,
14, 15] and the height of the antenna above the [Ii#]. These studies, however, have
not specifically focused on the benefits of usingjtiple reader arrays. Because the
Bluetooth inquiry state can require up to 10.2%s8ds before a Bluetooth device is
discovered [16, 17], there is a limited probabittwat an active in-vehicle device will be
detected by a reader, as the vehicle may passghithe sensor’s detection range before
the sensor transmits an inquiry packet on the #aqy the in-vehicle device is scanning.
Furthermore, when large numbers of Bluetooth devare present in a traffic stream,
one reader may not be capable of reading all oflédvece Media Access Control (MAC)
addresses before they leave the detection raniges, Tising multiple Bluetooth readers
in one location has the potential to increase thezall detection rate. If the increase in
number of detections is significant, then the betréfcollecting additional data may

exceed the additional cost of installing multipdaders.

A Bluetooth travel time test performed in Janua®y P established the framework
for evaluating multiple sensor array configuratiamsl led to the research discussed in
this thesis [18]. The experiment took place oniddyr afternoon and consisted of 3.5
hours of data collection, including both peak affepeak hours. Bluetooth stations were
set up at two sites along Spring Street, a onestr@gt in Atlanta, GA, with four
Bluetooth readers at varying heights configureeaah site. Two probe vehicles
containing discoverable Bluetooth devices and GRE gontinuously drove past the

stations throughout the study period. The tesxjagned in further detail in Section 2.3.



The results of the study showed that gatheringetrame data through the use of
Bluetooth technology is effective, as the Bluetogéimerated travel times matched
ground truth travel times determined by the GPSpgapd probe vehicles. At the
conclusion of the test, however, there were mamgtjons left unanswered which would

require further research to resolve.

1.1 Objectives

The goal of this study is to evaluate the use ofRBioth technology to efficiently
collect the largest possible sample of traffic dataarterial roadways. There are several
factors that have a significant impact on the dqyalf the data obtained using Bluetooth,
including the position of the sensor arrays, heajtthe antennas, number of Bluetooth
readers, etc. Because a Bluetooth device needsitoabdiscoverable mode to be
detected, which is not the default state for mesiaks, the percentage of devices that
can be detected is significantly lower than the benof devices that are both present
and powered on. Estimates of the fraction of Vekiwith detectable Bluetooth devices
usually range from 5% to 10% [1, 4, 8, 13, 19]isltherefore important to investigate
how to maximize detection of these available inielehdevices to increase the fidelity
and frequency of probe-vehicle-based traffic strpanameters (e.g. travel time) that are
obtained, particularly in real-time application® maximize these detections, questions
generated by the Spring Street test with regatbleégange of the Bluetooth readers,
interference among Bluetooth readers, and the @atien of the antennas relative to
passing vehicles must be addressed. The use ahgarymbers of Bluetooth readers per
sensor array, located at various heights and pasitielative to one another, is explored

with the goal of determining the optimal configuoatfor detecting the largest sample of



passing vehicles. The results of these initiaktase used to develop a travel time
experiment and further analyze the effects of wexiBluetooth reader configurations

using a five mile segment of Buford Highway as secstudy.

1.2 Overview of Paper

The paper first explains how Bluetooth technologyks and provides an
overview of the previous work that has been doganding the use of Bluetooth in
traffic engineering applications. The January Spftreet Bluetooth test is also
explained in greater detail in Chapter 2. Chaptéel8es into the design of the multi-
reader array experiment, including the technologgdufor the Bluetooth stations, the
methodology for the tests that developed as atretthie Spring Street test, and an
overview of the set up for the configuration temts travel time study on Buford
Highway. The results and analysis of these testpaasented in Chapter 4. Finally, the
paper concludes with a summary of findings, evadnadf the limitations of Bluetooth
technology for traffic applications, and an ovewief the need for further research in

Chapter 5.



CHAPTER 2: LITERATURE REVIEW

2.1 Overview of Bluetooth Technology

Bluetooth was developed as a short range commuomnsatechnology that allows
devices to connect to one another without the @isaldes [16]. Bluetooth technology
uses the industrial, scientific, and medical (I3¥hd of 2.4 gigahertz (GHz) to 2.485
GHz to create point-to-multipoint connections tttrabhsmit data as quickly as 1 megabit
per second (Mbps) [16, 20]. With enhanced dataaapability, Bluetooth devices can

process data at faster rates of 2 to 3 Mbps.

The three different classes of Bluetooth devicesbaised on the range and power
of the device’s signal. A Class 1 device has thengfest output with a range of at least
100 meters (300 feet) and a maximum power outp@®6fmilliwatts (mw) or 20
decibels (dBm). Class 2 devices have a minimumearid 0 meters (33 feet) and a
maximum power output of 2.5 mW or 4 dBm. Finallyas> 3 Bluetooth devices have a
range of at least 1 meter (3 feet) and a maximuwepoutput of 1 mW or 0 dBm. Most
commonly owned Bluetooth enabled mobile device$ sisccellular phones and global

positioning system (GPS) units are designed asQatevices [16].

Bluetooth devices create communication networkssmnas piconets, which are
ad hoc short-range wireless networks, where ‘ad means that they do not require any
formal infrastructure to form a connection [16]. tdpeight Bluetooth devices can
connect to any one piconet, allowing one devicgnuiltaneously pair with up to seven

other Bluetooth devices within that piconet. Thadboth device that transmits the



initial connection message is called the mastercdewnhile the devices that it pairs with
are referred to as the slave devices [16, 20]. Bawice has its own unique media access
control (MAC) address, which is “a 48-bit physitayer address” consisting of 12
hexadecimal characters in six octets [13]. MAC addes are managed by the Institute of
Electrical and Electronics Engineers (IEEE) andstcsirof two parts. The first part is the
organizationally unique identifier (OUI), whichnsade up of the first three octets (24-
bit) and is the equivalent of a unique global compientifier that can be purchased
from IEEE [21]. The last six hexadecimals are assigby the manufacturer of the

Bluetooth device [13].

To minimize interference from other wireless andnmivave devices, Bluetooth
devices transmit messages on a pseudorandom sequiegifferent frequencies,
detecting frequencies that are in use by othercgsvand avoiding those in future
transmissions. This process is called adaptivauregy hopping (AFH) and covers 79
frequencies in the 2.4 GHz ISM band at 1 megal{dttiz) intervals [20]. Within a
piconet, the master and slave devices synchrohesdquence of frequencies through
which they alternate so that they can easily mairdammunication with one another.
This is done through the conveyance of a frequéopping synchronization (FHS)
packet, which allows the slave device to basedfgping sequence off of the master
device’s MAC address and clock once a connectidorimed [16, 17]. A connection
does not have to be made for one device to re@afioemation such as the MAC address
and clock time from another Bluetooth device. Tihfsrmation exchange can be done
through the inquiry process alone. Section 2.1stulees the Bluetooth inquiry and

discovery process in greater detail.



2.1.1 Bluetooth Device Discovery Protocol

There are three major Bluetooth states: standimhnexion, and park, and seven
Bluetooth substates. These substates are pagesgaganquiry, inquiry scan, master
response, slave response, and inquiry responselié]page, page scan, master
response, and slave response substates are atbusathect to other Bluetooth devices.
The inquiry, inquiry scan, and inquiry responsessates are part of the discovery
process and do not involve an actual connectiondst devices. To identify the MAC
address and clock time of another Bluetooth dewiaeaster device must be in the
inquiry substate while the potential slave deviaestibe in the inquiry scan substate. Of
the 79 Bluetooth frequencies in the 2.4 GHz baBdhfzhem are considered wake-up
carriers over which the master device will repelgté@nsmit inquiry packets containing
the device’s inquiry access code (IAC) [16, 17,222-There are two types of IACs that
the master device may transmit. One is a genegaimnaccess code (GIAC) which
looks for any type of Bluetooth device in any claBse other type, a dedicated inquiry
access code (DIAC), looks only for one specificetyh Bluetooth device. During its
inquiry scan, the potential slave device searcbear IAC being emitted from a
potential master. According to the Bluetooth speatfons, the time between one
Bluetooth device’s consecutive inquiry scans shdeaeéqual to or less than 2.56 seconds
[16]. Hence, every 2.56 seconds or less, the gslaveee will conduct an inquiry scan
whereas the master device is operating in constguiry mode, unless the master device

is processing a connection with a slave device.

Prior to connection in a piconet, the master antdmi@l slave device are not

synchronized; therefore, the master device doekmaw when the slave will be on a



wake-up hop frequency or know which frequency tns As a result, the discovering
device needs to transmit the same inquiry packet different hop frequencies while
listening for a response from the potential slaseick. The frequency of the master
device in the hopping sequence is determined byndmster’s clock and changes every
1.28 seconds. The frequency hopping sequenceiisrgpltwo trains, called A and B,
each covering 16 of the 32 wake-up frequencies.t@ie of frequencies can be covered
in 16 slots. One time slot is the equivalent o600 seconds [23]; therefore, each train
can be covered in 10 milliseconds (ms), with a mmaxn of 3200 hops/second during the
inquiry substate. Each train is repeated at |€a6ttines by the master device during the
inquiry substate. In addition, each train goesugtotwo iterations of the 16 slots. This
means that an inquiry substate duration of up t@4.8econds may pass before a
potential slave device receives the master’s iyquaicket that allows the devices to
discover each other (2 trains x 2 iterations x @5és x 10 ms = 10.24 seconds) [16,

17].

When the potential slave device receives an inquaigket from a master device,
the slave device will leave the inquiry scan suleséad enter the inquiry response
substate. The slave device will then enter thed&tpistate “for an integer number of time
slots uniformly distributed between 0 and 1,023][Before returning a FHS (frequency
hopping synchronization) packet to the master. Bee@ach slot is equivalent to 1/1600
seconds, the length of time that the slave detmgssscanning after receiving an inquiry
packet may range from 0 to 639.375 ms [23, 24]s Plaiuse in the slave device response
is built in to the protocol to limit conflicts amgmultiple scanning devices that may

have received the master device’s inquiry packéteasame time. Once it returns to the



inquiry response substate from the standby subsheteslave returns an FHS packet to
the master and will offset the phase of its clogkibThe master device does not
acknowledge receipt of the FHS packet; howeverskiee will continue to cycle through
the inquiry scan and inquiry response substatésngsas it receives inquiry messages
from the master device in the inquiry substate.[&&]ire 1 shows a representation of the

Bluetooth discovery process performed by the mastdrslave devices.
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Figure 1: Bluetooth Discovery Process[22]

When the master device is in the inquiry substaemaster device uses a subset
of the 79 Bluetooth frequencies; therefore, asBetenoted, the inquiring device is a
source of interference to neighboring piconets.[Z4mputer simulation of multiple

device inquiries can increase the discovery time sitive device, especially if the two



master devices have similar trains and train chéinges, as the slave device will go into
the standby state after receiving the first inqpiagket, rendering it unable to receive a
packet from the next master device whose clockig slightly behind the first [24]. In
addition, as seen in Figure 2, Chakraborty obsetivatincreasing the number of slave
devices in the inquiry scan substate that are mgatv be discovered can significantly

increase the amount of delay during the inquirycpss [23].
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Figure 2: Increasein Discovery Time When M ore Slave Devices Are Present [23]

Once two devices have discovered one another afeeseady to form a
connection to communicate and transfer data froend®vice to another. To form a
connection, the master and slave device will prd¢eeough the paging process, which

is similar to the inquiry process [16]. BecauseBiheestooth detection systems employed
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in the field research are only being used to discavdevice, no connection between

devices is made and the paging process is notssisduurther in this paper.

2.2 Previous Traffic Engineering Applications of Bluetooth Studies

Bluetooth technology has become an increasinglyllaopnethod of gathering
traffic data for many transportation applicatioMdost previous studies have focused on
using Bluetooth technology to gather data andyaearavel time along freeways [4, 6,
8, 15, 25-27] and arterial roadways [1, 12, 13,18,25, 28, 29]. Bluetooth technology
has also been suggested as a means of forecastregtimes for use in advanced traffic
information systems (ATIS) [30] and advanced taffianagement systems (ATMS)
[10]. Aside from travel time studies, Bluetootlslteso been used to gather traffic data
for origin-destination studies [10, 25, 29] inclagievaluating driver route choice with
regard to road closures and official and unoffidelours [19], to compare the results of a
signal timing project along a corridor using befarel after traffic data [1, 28], and to
evaluate the effects of work zones on traffic delagd diversions when drivers were
advised or not advised to take an alternate r@itg [In addition, Petty and Kwon
explored the use of Bluetooth in combination wittelligent transportation system (ITS)

data such as loop detector volumes to measure eyagerformance [31].

A few studies have also evaluated various aspéttedluetooth station set up
with regard to collecting traffic data. Brennaraktassessed the impact of the height of a
Bluetooth reader from the ground as well as theetfdf the station from passing
vehicles [13]. In two different studies, Malinovglet al. looked at placement of readers

in the median, or on one or both sides of the raadyell as the effectiveness of different
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antenna types [12, 14]. The following sections sampe the relevant findings from

these previous studies.

2.2.1 Advantages of Bluetooth Technology for Traffic Management Applications

For any purpose, the Bluetooth specifications stetesome of the key features
of Bluetooth are that it is designed to be robosst-effective, and only requires a small
amount of power to function [16]. Furthermore, ofesight between two Bluetooth
devices is not required for them to communicatetasasmit data to one another,

because the signal can travel through many physaraiers [17].

The primary advantage of using Bluetooth technokogyather traffic data is its
low cost [2-10]. A much larger sample of data peicen be collected relative to other
standard methods of collecting travel time datdnsagautomatic license plate readers,
floating car studies, or toll tag readers [2, 3,THese factors result in a significantly
lower cost per data point. Young estimated thae®lath technology is “500 to 2500
times more economical than drive testing” [4] whilernoff estimates that the Bluetooth
methodology is 100 times less expensive than figatar studies [9]. Comparing
Bluetooth technology to radio frequency identifioat(RFID) toll tag readers, Puckett
and Vickich state that the capital cost for theurssfl Bluetooth equipment is “one to two
orders of magnitude less than that for traditidoHitag reader equipment” [5]. In 2010,
KMJ Consulting found that the Bluetooth system was third of the cost of installing an
EZPass toll tag reader system with estimates 00@%3 $12,200 per sensor installation

for the Bluetooth and $34,000 to $36,000 per readgallation for the RFID [6].
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Another advantage of the Bluetooth system is thateasy to install and maintain
[6, 7]. The small Bluetooth adapters are portahlg @n be used for a variety of studies,
whether permanent or temporary installations acesgary on freeways or arterials [2, 3,
7, 9]. Furthermore, with the large range of 100ere{300 feet) by Class 1 Bluetooth
devices, one Bluetooth station can typically detlsstices in vehicles traveling in either
direction of the roadway [5]. Slone also notes tighg Bluetooth technology to gather

travel time data is a safer method than using bewehicle during a floating car study

3].

2.2.2 Type and Placement of Bluetooth Antennas and Stations

The type of Bluetooth antenna used to detect ds\vicpassing vehicles, as well
as the placement of these antennas, can affedetketion rate during data collection.
Because of its longer range, a Class 1 Bluetoa#maa with a gain of 1dB is
recommended by Puckett and Vickich for traffic aggtions [5]. Multiple studies have
found that using an omni-directional versus a dioeal antenna, resulted in a greater
number of detections [12, 14, 15], because ommetinal antennas have a larger
detection zone. Malinovskiy, et al., noted thaediional antennas tended to miss more
of the faster vehicles, with omni-directional antas yielding more matched pairs at
subsequent sites and more accurate travel timgD#taWang found that while omni-
directional antennas do detect more devices thactbnal antennas, having a
directional as well as an omni-directional anteahaach of two sites for a travel time
test resulted in 3% more matches than only havisiggle omni-directional antenna at
each site. Minimal interference was observed fr@ving two antennas at each site

instead of one [15]. Similarly, Malinovskiy, et,abbserved that detection rates could be
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increased and error minimized by placing two omreational antennas at each
Bluetooth location, one on either side of the rf#]. To minimize bias from detecting
more of the vehicles in the lanes closest to thee®loth antenna, Brennan et al.
suggested a similar placement of placing an anteithar in the median or having one

reader on either side of the road [13].

When determining where to locate Bluetooth statalnsg a roadway, the
distance between the stations, height of the readad location along the roadway are
all factors to consider. For arterials, Day, etahd Quayle and Koonce suggest
installing the Bluetooth readers at midblock logas rather than at intersections [1, 29].
Day, et al., explain that while intersections agétdr for long-term installation with
regard to access to communications and power, bloaiki location reduces error that
can be induced by stopped traffic at a signal Bgr travel time studies, increased
distance between consecutive sites decreases tiraegbrediction error [12, 15].
Bluetooth devices have rather large detection zandggiven the potential time it takes
for the devices to connect, vehicles may be dedemtgwhere within that detection zone,
not at a specific point in space. Schneider sugghat consecutive Bluetooth sampling

locations should be separated by a distance ofamtveo miles [2].

One final study assessed the impacts of variabgghhef Bluetooth antenna
placement above the road. Brennan et al. fourtdstresor height had an effect on the
detection rate of passing Bluetooth devices inalekiand recommend a “mounting
height of at least 8 feet above the pavement gridd’ This height was determined by

testing five sensors at heights of O feet, 2.5 feétet, 7.5 feet, and 10 feet. It was found
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that the 7.5 foot and 10 foot antennas identifiententhan twice the number (2600/day)

of devices than the zero-foot sensor (1135/dayj) [13

2.2.3 Detection Rates

The vehicle detection rate is one of the primaranseof evaluating the
effectiveness of Bluetooth technology with regar@allecting traffic data. For the
purposes of this study, vehicle detection rateefinéd as the total number of different
MAC addresses detected by the reader divided biothevolume of vehicles passing by
the site. This definition assumes that each MACeskicorresponds to a Bluetooth
device in a separate vehicle and that no othertBddle devices, such as those carried by
pedestrians, are detected and that no vehiclenging more than one discoverable
Bluetooth device. Given the rapid proliferationBlietooth devices, future studies are
needed to assess the reasonableness of these ageanyevertheless, the presence of
multiple Bluetooth devices in some of the vehidesected in this study will not

significantly impact the findings of this study.

Previous studies have consistently found vehicteadi®n rates for Bluetooth
devices ranging from around 5% to 10% regardleskeofocation of the study or type of
roadway observed. Day et al. presented the fujeat 5-10% based on their study
along an arterial roadway in Indiana [1], as diéran et al. in their twenty-four hour
evaluation of an Indianapolis freeway [13]. In athediana studies, Hainen et al. found a
7-10% detection rate along arterials while Martdhoated a 10% detection rate on the
interstates. On 1-95 between Washington D.C. ardtirBare, Maryland, Young noted
that discoverable Bluetooth devices were obsenigtdawetection rate of 5%, while

Tarnoff et al. published percentages between 5a186,for data along 1-95 [9]. The only
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outlier in the percentage of discoverable Bluetattices identified as part of this
research effort is a paper by Asudegi which repltti@t approximately 3-5% of the total
traffic volume contained discoverable Bluetoothides, also for the I-95 Maryland
corridor [32]. Wang et al. found a detection ragéévieeen 5-10% for all of their tests on

both freeways and arterials in Seattle, Washinftsh

One study of Bluetooth saturation with pedestriaok place in England in 2006.
Through the study, O’Neill found that 7% of pediests carried discoverable Bluetooth

devices [33].

2.2.4 Data Filtering

For travel time applications of Bluetooth technglogutliers in the data must be
identified and removed. Outliers can result froraaety of factors: drifting clocks in the
Bluetooth readers, identification of the same MAd@ss multiple times at the same
station, reader malfunction, vehicles leaving thedway for some purpose and later re-
entering the roadway, or detection of Bluetoothickes’belonging to bicyclists and
pedestrians rather than drivers [2, 11]. Multipletnodologies have been developed to

identify potential outliers.

With respect to multiple-read situations, one commethod of minimizing
travel time errors is to use either only the fiesid of a MAC address at each site (first-
to-first analysis) or only the last read at eath 8ast-to-last analysis). Malinovskiy et al.
explains that this is necessary due to the deteetiea of passing vehicles being a zone

instead of a single point, which can lead to spatiars [12]. Slone’s filter uses the last-
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to-last method to generate travel time data. Almgiopreviously identified reads of the

same MAC address at one site are deleted. A titee if6 also employed [3].

Puckett and Vickich filter their travel time datsing an average of the travel
times along the roadway. A percentage differencedkample, 25%) is selected and any
values that differ by more than this are considenattlers and discarded. It was found
that this method was successful for freeways; hewetie innate variability in travel
times along arterials led to many valid pointsdgideing discarded by the filter
demonstrating the need for a more sensitive andmimfiltering method to give reliable

real-time traffic data [5].

Schneider et al. manually excluded outliers basethe previous and following
travel times in a data set. This method workedktduele unusually slow times which
may have been the result of a vehicle leaving teeentering the roadway prior to
passing the second site. In addition, the secotadmtant of any two different MAC
addresses detected at the exact same time atterveasi considered a second device in
the same vehicle and was removed from the daf2]s&Vith respect to these studies
being conducted in Atlanta, caution would needéacekercised in applying such a
filtering method. The large detection zone andlomuiry time of 10.24 seconds could
result in devices in different vehicles being idiéed at the same time by one reader or

different devices in the same vehicle being detebtethe same reader at different times.

Van Boxel et. al developed a statistical methodpkogeliminate outliers from
Bluetooth travel time data sets. The methodologsasGreenshield traffic flow model
and incorporates a “least quantile of squarestegtr. The filter also uses upper and

lower thresholds for the standardized residualss miethod allows for outlying data
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points to be removed in real-time, allowing thegmtial for real-time conveyance of
traffic data [11]. Roth also employs a statist@igjorithm for identifying and removing
outliers based on a time series approach. Grubdsst, Chauvenet’s Criterion, and the
Modified Z-Test were all evaluated, with the Moddi Z-Test proving the most effective

in filtering outliers from the data set [34].

2.3 Bluetooth Travel Time Case Study on Spring Street

The January 2011 case study of Bluetooth travet {it8] was the initial research
experiment performed by our research group leadntp the tests covered in this thesis.
The study involved two sites approximately 0.9 sdgart, with one Bluetooth sensor
array at each location. Each sensor array consistiair Bluetooth adapters, one at a
height of 7 feet, two at 10 feet, and one at 1d€3.fData were collected from 3:00PM to
6:30PM on Spring Street, a four-lane, one-way sireétlanta, GA, displayed in Figure
3. Two probe vehicles equipped with GPS devicesdisubverable Class 1 and Class 2
Bluetooth devices circulated the sites throughbeatstudy period. One traveled in the
lane closest to the Bluetooth readers while therafaveled in the lane farthest from the

stations. Video cameras were used to capture tieneoof passing vehicles at each site.
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At Site 1, a total of 261 different MAC addressesravdetected over a volume of
5,876 vehicles during the 2.5 hours, a detectite84.44%, slightly lower than that
commonly found in the literature. Site 2 had a kigtletection rate of 8.27%, with 328
different MAC addresses over 3,964 vehicles. Thas attributed to congestion near Site
2 that resulted in a longer dwell time for passmbicles and could have increased the
likelihood that a discoverable device was deteciée. two readers placed together at 10
feet were seen to behave as a single reader atsibegh as the total number of detections
by the pairs was comparable to the number of detecby the single readers at 7 feet
and 14.5 feet. At Site 1 and Site 2, respectivaiyy 15% and 27% of the MAC

addresses detected by at least one of the 10cfa@¢rs at that site were detected by both
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of the 10 feet readers. At the time, the reseaamthypothesized that this behavior was
a result of interference in the adaptive frequemayping of the two non-separated

readers.

Probe vehicle data from the Bluetooth readers had3PS loggers were also
analyzed. The probe devices in the vehicle tragahrthe lane closest to the Bluetooth
sensor were detected more often than those inghiele in the lane farthest lane. As
expected, the Class 1 probe devices were deteaiesl aften than the Class 2 devices.
The travel times determined by the Bluetooth remdare based on the first detection of
a MAC address at each site. Excluding the runsabedrred during congestion, these
Bluetooth travel times were comparable to the franees calculated from the probe
vehicle GPS data. During congestion, the Bluettiates were shorter than the GPS
travel times, which indicates that while the fitstfirst read analysis is a feasible method
of collecting travel times during free-flow conaditis, it performs poorly during periods

of high congestion.

Full details of the Spring Street Bluetooth expenincan be found in Vo’An
Investigation of Bluetooth Technology for Measuriimgvel Times on Arterial

Roadways: A Case Study on Spring StfegL
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CHAPTER 3: DESIGN OF EXPERIMENT

Given the positive results of the initial traveh@ test on Spring Street, the
research group was motivated to further exploree®loth technology performance and
undertake another travel time experiment. Througtius thesis, the experiment will be
referred to as the Buford Highway Travel Time T&stfore the Buford Highway test
could be undertaken, however, there were many ignssihat needed to be answered
regarding the design of the experiment. Many of¢hguestions were generated by the

results of the Spring Street case study.

First, the actual range of the Bluetooth readeeslad to be evaluated. The higher
number of detections at the 771 Spring St. locdgdrto the question of whether
discoverable devices in the surrounding buildingsld have affected the results. It was
determined that further tests were required tosssiee effects of devices in the area
surrounding the 771 Spring St. site. Next, it wasiéd to know how the orientation of
the Bluetooth reader relative to passing vehicteEsss its ability to detect MAC
addresses. Finally, questions were raised conaethenconfiguration of the Bluetooth
readers on the sensor arrays. Did having two reatden feet with no separation cause
interference that resulted in a reduced numbeeads from both adapters? Also, does
using multiple readers on one sensor array incréeesdetection rate, and therefore the

sample size, of passing vehicles?

Given the need for additional lab and field testmigr to performing another
travel time Bluetooth experiment, three additiclests were developed: a Bluetooth

detection zone observation test, a Bluetooth aistenientation test, and a Bluetooth
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configuration test. All three of these tests arelBluford Highway travel time test used a

similar Bluetooth equipment design.

3.1 Equipment

3.1.1 Design of Bluetooth Reader

The basic sensor array setup for this study isticrto the setup used during the
Spring Street travel time study. Each sensor aroagists of a minimum of one
Bluetooth reader, defined as a Class 1 IOGEAR Bhtétadapter with enhanced data
rate, attached to a netbook using a universalldmisa(USB) extension cable. The
netbook’s internal Bluetooth is disabled, allowihg IOGEAR adapter to serve as the
only means of detecting discoverable Bluetooth aks/i The netbook operates on an
Ubuntu Linux operating system to take advantagh@flexibility of the Bluez
Bluetooth protocol stack available on Linux. TwoRRESscripts are run on the netbook.
The first script triggers a continuous series @afnscfrom the attached adapter for
Bluetooth devices within range of the adapter. 3&eond script monitors the scan logs
and records the date and time (0.1 second resojutiat the device was detected and the
device’s MAC address. This information is saved ttog file, which is later transferred
to a central database for analysis. Each Bluetad#pter is attached to a heavy-duty
tripod at a specified height. The correspondindpoek is stored at the base of the tripod.
The legs of each tripod are weighted using sandtmagssure stability. Finally, high
visibility cones are placed near the base of tipedirto alert pedestrians to the presence

of the equipment. Examples of the full setup a@shinFigure 4.
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All of the Bluetooth readers in this study usedshee basic setup, with only a
few modifications for certain tests. The PERL sk the first two tests, the detection
zone and antenna orientation tests, were run imtlbwnning as a virtual machine over
a Windows 7 operating system. For the configurat&sts and the Buford Highway
travel time tests, Ubuntu was installed as the bageating system on the netbooks
allowing for better utilization of the hardware oesces of the netbook. The second
PERL script was also updated for the last two erpants to change the scanning
frequency to once every tenth of a second ratlaar fcanning continuously which could
have an impact on the scanning efficiency as theedaPU is used by both the scaning
log the Bluetooth data. This was done to reducddhe on the central processing unit

(CPU), as one CPU is used to both scan for Bluktdevices and log the Bluetooth data.

The third experiment varied the orientation of Bieetooth antenna relative to
the ground. The way in which the antenna was atthtt the tripod was not standardized
during the detection zone test but was the varistoldied during the orientation test, as
this test was investigating the impact of antemmeant¢ation. The results of the orientation
test influenced the positioning of the adaptermythe following configuration
experiments. Based on the results of all of theipus tests, one consistent antenna
orientation was used for the travel time tests.ofller aspects of the Bluetooth reader

equipment were consistent throughout the study.
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Figure4: Typical Bluetooth Reader Setup for Vertical (Left) and Horizontal (Right) Sensor Arrays

3.1.2 Probe Vehiclesand Global Positioning System

Probe vehicles serve two purposes in these studiesie probe vehicles carry
known Bluetooth-enabled devices and 2) the prohécieetravel times between the
Bluetooth reader sites serve as a ground truthtiplelldiscoverable Bluetooth devices
were placed at various locations within the probkicle. The MAC address and location
of each discoverable device was recorded pridnedest. Probe devices were placed on
the dash, front passenger seat, and on the fldoomt of the passenger seat to simulate
Bluetooth enabled GPS units or cell phones that lbeagiaced in these same locations. A
Class 2 Bluetooth enabled GlobalSat BT-335 GPScdewas positioned on the dash of
each probe vehicle to both track the vehicle amdesas another discoverable device.
Details of what Bluetooth enabled devices weregaan the vehicles and in which
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locations for each specific test are included iati®a 3.4.4 and Section 3.5.4, which also
explain the probe vehicle setup for the Bluetoathfiguration tests and the Buford

Highway travel time tests, respectively.

3.1.3 Cameras

Cameras were used during the study to collect lixehse plate data and volume
counts. All video recording was done using highirdeébn Panasonic HDC-TM700 video
cameras mounted on tripods. For license plate tsazameras were zoomed in to the
full extent and the 1080/60p setting was used. Astntwo lanes of license plate data
could be collected by one camera. For volume coantdgde angle view of the road

proved advantageous.

3.2 Bluetooth Detection Zone Observations

The larger number of Bluetooth detections but lotreffic volume at Site 2
during the Bluetooth travel time case study oni8p6treet (refer to [18] for further
details) highlighted the uncertainty on the parthaf researchers regarding the Bluetooth
reader’s range and whether discoverable devicedeimgarby buildings could be
detected. While Bluetooth specifications state @lass 1 adapters have a range of 100
meters (300 feet) [16], this is only a minimum riggd value. Manufacturers can build
the devices to have a larger range [18]. In addjitioe-of-sight is not necessary for
Bluetooth pairing to occur [17]. While some of iherease in detection rates at Site 2
can be attributed to the slower vehicle speedsiduongestion, the higher density of the
surrounding buildings relative to Site 1 and thexmmity of a busy crosswalk

approximately 500 feet north of the site led toltlgpothesis that devices inside adjacent
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buildings or pedestrians in the crosswalk coul@Iseurce of the increased number of

detections at Site 2.

To test this notion, a detection zone experimerd pexformed in front of the
Crum and Forster building at 771 Spring Streetstimae location as Site 2 of the
previous Spring Street Bluetooth test in AtlantA. @ne researcher (Researcher 1)
monitored the scan log of a Bluetooth reader settwgpheight of ten feet. The other
researcher (Researcher 2) carried the discoveBdbdtooth devices shown in Table 1.
The iPhone, NB8 internal adapter, BT-335 GPS, astdi@ BT-Q1000 GPS are all Class
2 Bluetooth devices. Class 2 Bluetooth has a mimmange of 10 meters (33 feet) [16].
The Sabrent adapter is a Class 1 Bluetooth devitteanminimum range of 100 meters
(300 feet). The two researchers communicated \igpbene as Researcher 2 walked to
various locations around the site such as the paud@ck across from the site, inside the
adjacent bookstore, and to the crosswalk 500 feeh of the reader. The locations are

represented in Figure 5.
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igure 5: Probe L ocations (Resear cher 1 Deﬂination) for the Detection Range Tests

At each specified location Researcher 2 would &topt least twenty seconds
while Researcher 1 would communicate which devicesy, were detected by the
reader. The location of Researcher 2, the dire¢t®was facing, and which devices were
detected at that location were recorded to creatamof the Bluetooth reader’s range
both inside and outside the surrounding buildiddss map is shown in Section 4.1.
Researcher 2 also walked as far from the readeossble while remaining in the
detection zone, pausing every few steps to chexkttitus of the Bluetooth devices with
Researcher 1. The farthest detectable locatioredgasrecorded on the map. The full
deployment plan for the detection zone test cafobed in Appendix A, and the results

of this test are discussed in Section 4.1.
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Table 1: Discoverable Bluetooth Device L ocations

Bluetooth Device Device Name MAC Address L ocation on Resear cher

iPhone Trunger's iPhone  00:26:4A:.C7:2C:02 Frontdetket

NBS internal adaptet HOV2HOT-NB§  74:F0:6D:A1:9C: 17" Packpack furthest fror

body
BT-335 GPS BT-GPS-38BA1500:0D:B5:38:BA:15 Front right pocket
QT-BT1000 GPS Qstarz 1000XT 00:1C:88:13:05:8B Bragikt pocket
NB9 with Sabren A Ao, In backpack closest "
adapter 1 HOV2HOT-NBO | 00:30:91:40:08:1D body

3.3 Deter mination of Optimal Bluetooth Antenna Orientation

Discussions regarding the range of the Bluetoadees generated from the
detection zone test led to questions concerninghvenghe orientation of the Bluetooth
antenna relative to the passing vehicles, andfitveréheir discoverable devices,
influenced the range of the readers and theirtglddi detect passing Bluetooth devices.
The orientation of the readers during the Januanng Street test was not recorded,;
however, after the test the hypothesis was sugdjéisé the direction of the antennas

could have influenced the number of MAC address¢satied by the various readers.

To test the influence of antenna orientation orileet®oth reader’s detection
range, an experiment was designed to measurestande from which a device could be
detected by a stationary reader at various oriemst The test was performed on a large,
flat field to minimize interference and to facitiéekeeping the reader and discoverable
device at the same elevation. A Class 2 Bluetoe8t&)z BT-Q1000 GPS unit was used
as the discoverable device in this experimentialhjt a Class 1 IOGEAR adapter

connected to a netbook was attempted for use gadhe device; however, the device
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was detected at over 600 feet and there was ingrifispace to continue the experiment.
The Class 2 Bluetooth reader was set up as deddrilfgection 3.1.1, using a camera
tripod instead of a heavy-duty tripod. The readas wmitially attached to the tripod in a
“flat” orientation, where the long, flat part ofaétadapter is parallel to the ground (see
Figure 6 for an example) and leveled using thettitripod level. Researcher 1
monitored the PERL script as Researcher 2 walkexydmm the reader with the GPS
unit along a straight line at an angle of zero degifrom the adapter. Zero degrees is
defined as having the long straight part of thepsetgparallel to the line along which
Researcher 2 walked, with the antenna facing tbeareher. The farthest distance away
that the Bluetooth device could reliably be detéet@as recorded. To be considered
reliably detectable, the device had to be idemtiianinimum of three times in one

minute, with no more than 30 seconds in betweeh szad.

Once a reliably detectable distance was recorttedzamera tripod was rotated
15 degrees in the clockwise direction and thewest repeated, with Researcher 2
walking along the same line as during the previess Once again, the maximum
reliably detectable distance was recorded, andtieatation of the Bluetooth reader on
the camera tripod was again changed. This procassepeated in 15 degree intervals up
to a rotation of 180 degrees. It was assumed hieatetsults for 180 degrees to 360
degrees would mirror the results between zero 8dddegrees. Once the flat orientation
of the Bluetooth adapter had been tested at aleanthe orientation of the adapter on the
camera tripod was changed and the experiment mghdatginning at zero degrees. The
other orientations that were tested were “on edg®re the narrow long part of the

adapter was parallel to the ground (see Figured)eertical” (Figure 8), where the
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long, flat part of the adapter is perpendiculathi ground. In this situation, zero degrees
is defined as having the flat side of the adaptér the IOGEAR symbol on it facing the

Bluetooth emitting device. The same Bluetooth aelapas used for all tests. The results

of the orientation test are discussed in Secti@n 4.

Figure7: Top and Side Views of an On Edge Orientation from 90 and 270 Degrees

EilgureS: Side Views of a Vertical Orientation from 0 and 270 Degrees
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3.4 Bluetooth Reader Configuration Tests

The results of the earlier Spring Street Bluetdetit suggested that using
multiple Bluetooth readers at one site may incréasaumber of overall detections as
well as the detection rate of passing vehicles VEémations concerning interference
between readers based on the reduced number otidetefrom the two readers at ten
feet during the Spring Street tests also genetaeduestion of whether the orientation
of the devices relative to one another could affieetamount that one adapter interferes
with an adjacent adapter. The researchers needes$éss whether having two readers at
ten feet with no separation caused interferendevtbald result in a reduced number of
detections from both adapters. To evaluate the étnpfareader-to-reader interference and
examine whether configurations with multiple adeptre beneficial, a set of
experiments was designed to analyze how severabsarrays with different reader
configurations would compare with regard to detectiate and number of unique

devices detected.

The design of the experiment involved setting upélor four sensor arrays in
one location where the same vehicles would passably of them but still have the sensor
arrays far enough apart to be considered indepénaérally, four days of
configurations were planned from Tuesday May idFriday May 13. To obtain a
larger sample of vehicles, the tests were schedalea two-hour period between the
commute hours of 7:00AM and 10:00AM. Based on #seilts of these experiments, two
additional mornings with supplementary configuraiavere included in the study on
Friday June 8 and Monday June"6also between 7:00AM and 10:00AM. The variables

for the reader configurations included number aflexs, orientation of the readers,

31



separation distance between adjacent readers,oaittbp of the readers relative to one
another (whether they were separated verticallyooizontally). Complete descriptions

of the different configurations that were testedneday are described in Section 3.4.2.

3.4.1 Study L ocation

A 0.5 mile segment of Buford Highway between Pittn@rcle and Smith Ridge
Trace in Norcross, GA was identified as an idea&tmon for the study as it experiences
high traffic volumes of around 24,220 AADT [35] Wwiho cross-streets or high-volume
driveways. As the study was to be conducted duhegnorning commute hours, a site
with sufficient space for four sensor arrays tespaced at least 50 feet apart was
identified. The west side of the road was choseabse Buford Highway has a strong
directional traffic flow into Atlanta in the morrgnand northbound out of Atlanta during
the evening. While it was expected that vehiclagdling in both directions would be
detected, previous studies [13, 18] have showntktealikelihood of detecting a
Bluetooth device decreases as the distance frome#uer is increased. The final study
site was located in front of Atlas Furniture Whealless at 5015 Buford Highway. The
sensor arrays were set up with an 85 foot separ&tion each other with a 25 foot
setback from the edge of the nearest travel laae Eggure 9). On the day that employed
only three-sensor-array configurations, the locatim Figure 9 labeled “Sensor Array
17, “Sensor Array 2", and “Sensor Array 3” were dséll four sensor arrays were used

for the other five test days.
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F|gure9 Locatlon of Conflguratlon 'Test Sensor Arrays (Background image from [36])

3.4.2 Sensor Array Configurations

The configurations for each of the sensor arrafferédd during each day of the
study. For the first five days of testing, a singtader at a height of 10 feet served as the
control tripod for a base comparison, as previdugiss generally involved only one
reader per sensor array. The configuration of thersensor arrays varied depending on
the variable that was being tested. When usingipheliteaders per sensor array, each
reader was separated by three feet from its adjackpter unless the design setup called
for no separation between readers. A distancereétfeet was selected, as this length
was determined to be sufficient to consider thermmd in the far field of its neighboring
antenna based on the Bluetooth frequency of 2.4 &tdavavelength of approximately

12.5 cm. The far field is defined as the distangayafrom an antenna where the antenna
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pattern no longer changes with distance (Fraunhefgon). For a theoretical dipole (half
wave antenna), the Rayleigh Distance (F) (i.e.rr@gg of the Fraunhofer zone) is given
by:

F =2r2/A Eq. 1

WhereA is the wavelength and “r” is the maximum dimensibthe antenna (i.e.
A/2 for the dipole case). For this case, the Fraunmhafius is approximately 6.25 cm.
To obtain 30 dB isolation (typical specificatiorr fmnsumer grade receivers) receivers
will need to be separated by approximately 15*fruassg ideal inverse square behavior

consistent with the 90 cm (3 foot) separation usdtie study.

3.4.2.1Day 1: Tuesday May 192011

The first day of the study involved testing theeeffveness of horizontally-
separated versus vertically-separated readersa permanent installation, a vertical
configuration would be much simpler and thereforercost effective to install, as all
readers could be mounted on one pole without tled far crossbars; however, if the
horizontal configuration showed a greater numbetetéctions, then the relative cost of
lost data and a smaller sample size would also twalie considered. The following are
the reader configurations for Tuesday’s tests. #cdption of a “flat” reader orientation

can be found in Section 3.3.
* Sensor Array 1: one reader at 10’ with antennaguldtiat”
» Sensor Array 2: two readers at 8.5’ and 11.5’ waithenna placed “flat”

» Sensor Array 3: two readers at 10’ separated lwitB’ antennas placed “flat”
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3.4.2.2Day 2: Wednesday & 11", 2011

Based on the results of the first day’s tests, tijues arose regarding whether the
orientation of the antennas as flat caused moegference between vertically separated
readers than between horizontally separated reafletest this hypothesis, the
configurations on Sensor Arrays 1 through 3 onstond day of tests were similar to
the first, except with the readers oriented on edgead of flat. In addition, a fourth
sensor array was used to test whether two reatlareeight of 10 feet with no
separation, as in the Spring Street case studyldwesult in a decreased number of reads
relative to the other configurations. The sensoayareader configurations are listed

below. Examples of an “on edge” antenna orientatemm be found in Section 3.3.
» Sensor Array 1: one reader at 10 feet with antgrazed “on edge”
» Sensor Array 2: two readers at 8.5’ and 11.5 waitiiennas placed “on edge”

» Sensor Array 3: two readers at 10’ separated lwitB’ antennas placed “on

edge”

» Sensor Array 4: two readers at 10’ with no sepandbetween antennas and with

antennas placed “flat”

3.4.2.3Day 3: Thursday May 1% 2011

For the third day of the study, sensor arrays with, three, and five readers were
tested to assess the effects of increasing the euaflveaders per sensor array. The
readers were all oriented flat and separated haotadly based upon the results of the
previous two days of testing. In addition, the sersray configuration with three
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readers was duplicated to study the innate vaitwlril Bluetooth detections. With
identical configurations, it was expected thattthe three-reader sensor arrays would
show very similar results, as any interference ft@awing three readers in one location, a
flat orientation, or horizontal displacement froack other would be consistent across

both sensor arrays. The configurations for Daye3liated below.

Sensor Array 1: three readers all at 10’ separayel with antennas placed “flat”

Sensor Array 2: three readers all at 10’ separayel with antennas placed “flat”

» Sensor Array 3: five readers all at 10’ separated’twith antennas placed “flat”

Sensor Array 4: one reader at 10’ with antennasepléflat”

3.4.2.4Day 4: Friday May 13, 2011

On Day 4, a test similar to the one performed tieeipus day was undertaken.
Again, the goal was to evaluate the effects ofgismiltiple readers as one detection unit
at a site. The number of Bluetooth readers ranged bne to four and all were placed at
a height of 10 feet. The orientation of all antesnas also flat. The specific

configuration for each sensor array is shown below.

Sensor Array 1: two readers all at 10’ separated’ lyith antennas placed “flat”

Sensor Array 2: four readers all at 10’ separate@’ lwith antennas placed “flat”

» Sensor Array 3: one reader at 10’ with antennasepléflat”

Sensor Array 4: three readers all at 10’ separayei with antennas placed “flat”
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3.4.2.5Day 5: Friday, June '8, 2011

A fifth day of testing was added to further invgsate the vertical configuration
performance. The results of the first four testegpnted in Section 4.3) showed a large
amount of variability in the number of Bluetoothviees detected by any one reader,
even for a single configuration. With this in miride Day 4 tests were repeated using
vertical separation between readers instead otdiotal. The distance between adjacent
readers remained three feet and once again aledevere oriented flat. The

configurations for each sensor array are listedveel
» Sensor Array 1: one reader at 10’ with antennasepl&flat”
» Sensor Array 2: two readers at 8.5’ and 11.5’ withennas placed “flat”

» Sensor Array 3: four readers at 5.5, 8.5’, 11aigd 14.5’ with antennas placed

“flat”

» Sensor Array 4: three readers at 7’, 10’, and 1i# antennas placed “flat”
3.4.2.6Day 6: Monday, June's 2011

On the final day of testing, the goal was to digecompare the performance of
two vertical and two horizontal configurations. Blantrol sensor array was configured,
as there were insufficient tripods to deploy fiwafigurations. This experiment placed
two of each type of configuration at the site. #éhsor arrays held three readers, each
separated from its neighbor by three feet. Thezbotally separated readers were all
placed at a height of 10 feet, while the verticaliyarated readers were at heights of 7

feet, 10 feet, and 13 feet. The specific configorafor each sensor array is listed below.

» Sensor Array 1: three readers at 7’, 10’, and li# antennas placed “flat”
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» Sensor Array 2: three readers all at 10’ separaye®l with antennas placed “flat”

» Sensor Array 3: three readers at 7’, 10’, and 1i# antennas placed “flat”

» Sensor Array 4: three readers all at 10’ separaye®l with antennas placed “flat”
3.4.2.7Summary

A summary of the configurations for all six daystleé¢ configuration tests is

displayed in Table 2.

Table 2: Summary of Configuration Test Configurations

Day # Date Array 1 Array 2 Array 3 Array 4
Tuesday M Control 2 Vertical 2 Horizontal
uesday Ma
1 y vy (10) (8.5, 11.5') (10", 10')* N/A
10, 2011
Flat Flat Flat
Control 2 Vertical 2 Horizontal 2 Horizontal
WedneSday ’ ] ] ] n1 1 1\2
2 (10') (8.5',11.5") (10', 10) (10', 10')
May 11, 2011
On Edge On Edge On Edge Flat
Thursday M 3 Horizontal 3 Horizontal 5 Horizontal Control
ursday Ma
3 YV 10,10, 10) | (101,10, 100 | (all at 10')? (10')
12,2011
Flat Flat Flat Flat
. 2 Horizontal 4 Horizontal Control 3 Horizontal
Frlday May 13’ 1 n 1 n1 ’ 1 1 n1
4 5011 (10', 10) (all at 10') (10') (10', 10, 10"
Flat Flat Flat Flat
. Control 2 Vertical 4 Vertical (5.5, 3 Vertical
Friday June 3, , , , , , S,
5 5011 (10') (8.5%,11.5") 8.5, 11.5, (7,10, 13%)
Flat Flat 14.5’), Flat Flat
3 Vertical 3 Horizontal 3 Vertical 3 Horizontal
Mondayjune ) ’ ’ ’ ’ 7\1 ’ ’ ’ ’ ’ 71
6 6 2011 (7, 10’, 13") (10’, 10, 107) (7, 10’, 13’) (10’, 10, 107)
’ Flat Flat Flat Flat

! Three foot separation between readers
2 No separation between readers
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3.4.3Video Data

During the study, video from two cameras was ctdiécOne camera filmed a
wide angle view of the road to obtain volume countsoth directions of Buford
Highway. The other was focused in the southbournetton to obtain license plate data
of passing vehicles, as it was expected that thjerityaof traffic would be traveling in
this direction. The wide angle video data was arelyby counting the number of
vehicles traveling in the southbound and northbadinettions in five minute intervals

during the two-hour study period for each day dadallection.

3.4.4 Probe Vehicles

Two probe vehicles drove a designated route passttidy site throughout the
two-hour study period of each experiment. The farstbe vehicle drove in the right lane
heading northeast through the study segment. Tdenderobe vehicle traveled in the
left lane heading southwest through the study segri@ch vehicle was equipped with a
Bluetooth enabled BT-335 GPS data logger and #@&EAR class 1 Bluetooth
adapters attached to netbooks. The GPS data laggeattached to the center of the
dashboard, and the three Bluetooth adapters wiaehat to the right side of dashboard,
to the front passenger seat, and to the floorantfof the front passenger seat in each
vehicle. All of the devices were in discovery maael were able to be detected by the
Bluetooth readers. The location and MAC addres=ach device was recorded. Details
regarding the probe vehicle routes are includefippendix BB, and the results of the

study are discussed in Section 4.3.
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3.5 Buford Highway Travel Time Tests

The Buford Highway travel time study was perfornadier the previous reader
configuration studies were completed. The Bufordhwiay Travel Time Tests consisted
of five days of data collection during the mornemgd evening commute hours from
Monday June 1Bto Friday June 17 The morning study period was generally from
7:00AM to 9:00AM and the evening study period frartBOPM to 6:30PM. Various
factors led to late starts for a few of the telstg,weather permitting, a total of two hours
of Bluetooth and license plate data was collectgihd each session. One probe vehicle
with discoverable Bluetooth devices and a GPSiuosttlled in it was driven

continuously throughout the eight two-hour traweld test periods.

3.5.1 L ocations

As part of the high occupancy vehicle (HOV) to hagdtupancy toll (HOT) lane
conversion on I-85 [37], it was desired to monttog performance of the parallel arterial,
SR-13, also known as US-23 or Buford Highway. Assult, the portion of Buford
Highway between Chamblee Tucker Road and Old PescRioad was initially selected
as the study segment for the Bluetooth travel tesés. This 13-mile segment of Buford
Highway is a four to six lane urban principal adef38] that runs from the City of
Chamblee in DeKalb County to the City of DuluthGmvinnett County, GA. There is a
strong directional traffic flow on Buford Highwayitly the majority of vehicles traveling
southbound (into Atlanta) in the mornings and nootind in the evenings. Identifying
regular commuters along this corridor was anotloat gf the data collection effort;
therefore, four segments were identified betweenwo end streets, using three major
intersections that provide access to 1-85 as thielidig lines to capture any new
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commuters who may have entered the study corridone of these high-volume
intersections. The roads that begin and end eaghesd are, from south to north,
Chamblee Tucker Road, [-285, Jimmy Carter BouleMdshver Ruin Road, and Old

Peachtree Road. These major intersections are simokirgure 10.

Buford Hwy &
Old Peachtree Rd

\
. >

Johns

Buford Hwy & 4" .

Buford Hwy &
Jimmy Carter Blvd

< oK
Lo\ X

Buford Hwy &
Interstate 285

Buford Hwy &
Chamblee Tucker Rd

— 1

Park

Specific sites within each segment were selectathtescollection sites based on
their suitability for setting up video cameras license plate data. Midblock locations
were preferred to avoid a stopped or closely-foif@wehicle from blocking the license
plate of the vehicle in front of it. The midbloabchtions are also ideal for Bluetooth
stations for a number of reasons. At an intersactioe Bluetooth readers can detect
vehicles traveling on the cross-street. This widirease the detection rates of vehicles
that are not traveling through the corridor andiaedevant to the travel time study (the

percent of the total volume passing the site thaetected). Also, the extended amount
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of time that a vehicle may be within range of tHadBooth reader at an intersection
introduces error in the calculated travel time.a@atllection at intersections can create a
large disparity between first-to-first and lastiast travel times. For example, assume
Vehicle 1 is initially detected as the red phasgimeand Vehicle 2 is initially detected as
the red phase is ending. If they both pass thensksite at the same time, their first-to-
first travel times would differ by the length ofktined phase, as it took Vehicle 1 that
much longer to reach the second site. Based otddast detection travel times,
however, Vehicle 1 and Vehicle 2 would have simitavel times. Had the reader been
farther upstream of the signal, the last-to-lestet times would also differ by the length

of the red phase.

A total of eight locations were chosen as potermt#da collection sites: four on
the west side of the roadway and four on the edstdaf the roadway to accommodate
morning and evening directional traffic volumesspectively. Due to limited resources,
two of the original four segments of Buford Highwagre chosen for the study, resulting
in four total sites, two in the peak AM directiondatwo in the peak PM direction. The
two segments were from Chamblee Tucker Road t&la2fl from Jimmy Carter
Boulevard to Beaver Ruin Road. The sites are nueabesing the original eight-site
naming convention, increasing in the direction @alptravel. The first letter indicates
whether it is an AM or PM site. Figure 11 showsoaarview of the location of the four

selected sites for this study. Detailed maps ofhe#te are included in Appendix C.
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Figure1l: Location M ap'of Sitesfor the June 2011 Tests

3.5.1.1AM Data Collection Sites

The morning data collection locations consist ®¢SA2 and A4, described
below. The two sites are on the west side of thd rallowing for a camera to be
positioned to capture the license plates of southbwehicles traveling into Atlanta

during the morning commute. The distance betweenvtio sites is 5.1 miles along

Buford Highway.

Site A2: 5825 Buford Highway

Site A2 is located on the segment of Buford Highwagween Jimmy Carter

Boulevard and Beaver Ruin Road. The location is éaliaitely south of Carlyle Street,
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outside of the offices at 5825 Buford Highway. Bufétlighway has two lanes in each

direction and a two-way left turn lane at this lbca.

Site A4: 5302 Buford Highway

Site A4 is along the segment of Buford Highway lestw Chamblee Tucker Road
and 1-285, south of Park Avenue. The site is inghgking lot of the Korean Town plaza
at 5302 Buford Highway. The roadway has three lamesch direction and a two-way

left turn lane at this location.
3.5.1.2PM Data Collection Sites

The evening data collection locations consist t&ssP1 and P3, described in
detail below. The two sites are on the east sidhefoadway, enabling a video camera
to be set up to collect the license plates of romtimd traveling vehicles during the

evening commute period. The two sites are 5.4 naipest.

Site P1: 4949 Buford Highway

Site P1 is along the segment of Buford Highway leetwChamblee Tucker Road
and 1-285. This location is just north of Chamblegker Road in the parking lot at 4949
Buford Highway. Buford Highway has three lanesacledirection and a two-way left

turn lane at this location.

Site P3: 6355 Buford Highway

Site P3 is located on the segment of Buford Highbetyveen Jimmy Carter

Boulevard and Beaver Ruin Road. The site is intfafrthe Carter Crossing shopping
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center. The location is just north of Jimmy CaBeulevard at 6355 Buford Highway.

The roadway has two lanes in each direction anebantay left turn lane by this site.

3.5.2 License Plate Capture

Finding locations suitable for collecting videoditse plate data along an arterial
is challenging. For the best view, the camera néebse positioned above the roadway
with a straight-on view of the plates. The heiglmimizes blockage of license plates due
to large trucks and buses or vehicles followingdtmsely. Also, large angles between the
camera view and the direction of travel of the ebds decreases plate clarity. Ideally, the
best location is a camera set up on an overpasstigibetween the two lanes being

recorded.

The challenge of locating sites on Buford Highwaswhe lack of an overpass,
as the only bridge throughout the study segmetieid-285 overpass. Instead, sites were
initially sought that had flat, elevated groundhaita small setback of the road. These
sites were difficult to find, although the videoadjty from these types of locations was
good. Initial field assessments indicated thatdsefideo could be obtained by focusing
the camera on a curve in the road. The best videnabtained where there was both a
curve in the road and an increase in elevatiohas¢hicles traveled away from the
camera, as this reduced the amount of blockageh®y wehicles and allowed for a

straight-on view of the plates. Figure 12 showssample of this ideal view.
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Figure 12: Ideal Camera View for Arterial Roadway License Plate Captures

This ideal view was obtained by mounting the higéotution video camera on a
tripod with the tripod legs extended to the fullestent. The camera is then zoomed in as
far as possible and focused as shown in Appendbidgnse plate data of vehicles
traveling in the commute direction is recordedtfer duration of each two-hour study
period. One camera is used at Site A2 and SiteRR8enonly two lanes of vehicle license
plates are needed. At Site A4 and Site P1, threeslaf traffic are present in each
direction, requiring two cameras per site. Theseeras were configured to capture two
lanes each, with the middle lane captured twiceddundancy and cross-checking
purposes. The videos were later manually processied video software that allows the
data entry processor to maneuver back and forthdmet video frames, select the best
view, and enter the vehicle classification, state] license plate information. The
software then records the time stamp of that fralneg with the inputted information

and transfers it to a database.
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3.5.3 Bluetooth Sensor Configurations

Two Bluetooth sensor arrays were configured at @fthe two sites during the
morning and evening study periods. One sensor atragch site was always the control
station, with one Bluetooth reader set up at alte§10 feet. The other sensor array’s
configuration varied and was tested once duringribening and once during the evening
study period. The variables for the second sernsay ancluded the number of Bluetooth
readers and the direction of the Bluetooth readegive to one another (in a line
horizontally or vertically). All readers were oried flat relative to the ground throughout

the travel time study (see Section 3.3).

Sections 3.5.3.1 through 3.5.3.5 describe the gardtions for each day of travel
time tests. Four different configurations were plkedh for the second sensor array. These
configurations were originally planned to be testetbur days, with the same
configuration during the AM and PM commute perideach day; however, inclement
weather caused the four configurations to be caeduaver the course of five days
instead. The configurations were based on thetsestithe previous configuration study
described in Section 3.4 as well as the resultee@fntenna orientation test detailed in
Section 3.3. This new deployment provided the oty to further test the
performance of multiple readers in vertical versaszontal arrangements, as well as
further experiment with multiple numbers of readees sensor array to assess the
cumulative benefit of adding one more reader terear array. For this deployment, the

total number of Bluetooth readers on the seconda@earray ranged from three to five.
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3.5.3.1Day 1: Monday June 13, 2011

On the first day of the travel time study, Mondayd 13, 2011, the same
configuration was tested during the morning anchexgccommute hours. Three readers
were attached to the second sensor array, alheigat of 10 feet. The readers were

separated from each other horizontally by threeds@lemonstrated in Figure 13.

Figure 13: Monday Configuration with Three Horizontally Separated Readers

3.5.3.2Day 2: Tuesday June 14, 2011

The second day of travel time tests also consist@tatching configuration
during the morning and evening periods. Three nesadere attached to the second
sensor array at each site and the adapters weredpllaree feet apart; however, this time
the adapters were separated vertically with orefaet, one at 10 feet, and one at 13

feet. Figure 14 shows an example of this configonat
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Figure 14: Tuesday Configuration with Three Readers Separated Vertically

3.5.3.3Day 3: Wednesday June 15, 2011

The third day of travel time tests involved a sereoay of five readers at each
site during both the morning and evening studyquksi The readers were placed at a
height of ten feet and separated horizontally witlee feet in between each adapter. Two
large tripod bases connected by a horizontal cevssbre required for this configuration,

as shown in Figure 15.
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Figure 15: Wednesday Configuration with Five Readers Separated Horizontally

3.5.3.4Day 4: Thursday June 16, 2011

On the fourth day of the study, data were onlyem#d during the afternoon
commute, as rain necessitated the cancelation wfs@iay morning’s test. The
configuration for the day consisted of four readsagarated vertically by three feet at

heights of 5.5 feet, 8.5 feet, 11.5 feet, and 1deb, as seen in Figure 16.
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Figure 16: Thursday and Friday Configuration with Four Readers Separated Vertically

3.5.3.5Day 5: Friday June 17, 2011

On Friday June 17 the cancelled experiment from Thursday morning wa
performed during the AM commute hours. The configjon for the second sensor array

at each site was identical to the Day 4 afternamfiguration detailed in Section 3.5.3.4.
3.5.3.6Summary

Table 3 shows a summary of the configurations licgight study periods during

the Buford Highway Travel Time Test.
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Table 3: Summary of Buford Highway Travel Time Test Configurations

Date Site AM1/PM1 | Site AM1/PM1 | Site AM2/PM2 | Site AM2/PM2
Array 1 Array 2 Array 1 Array 2
Monday June 13, 3 Horizontal Control Control 3 Horizontal
2011 AM (10", 10', 10" (10" (10") (10", 10', 10"
Monday June 13, Control 3 Horizontal Control 3 Horizontal
2011 PM (10" (10,10, 10" (10") (10", 10', 10"
Tuesday June 14, 3 Vertical Control Control 3 Vertical
2011 AM (7', 10, 13") (10) (10 (7', 10, 13")
Tuesday June 14, Control 3 Vertical Control 3 Vertical
2011 PM (10) (7', 10, 13') (10 (7', 10, 13")
Wednesday June Control 5 Horizontal Control 5 Horizontal
15,2011 AM (all at 10") (10" (all at 10")
Wednesday June | 5 Horizontal Control Control 5 Horizontal
15, 2011 PM (all at 10°) (10" (10" (all at 10°)
Thursday June Control 4 Vc?rtlcall Control 4 V?rtlcall
16, 2011 PM (10) (5.5, 8.5, (10) (5.5, 8.5,
’ 11.5',14.5") 11.5',14.5")
Friday June 17, Control 4 V(?rtlcall Control 4 V?rtlcall
011 AM (10 (5.5', 8.5, (10 (5.5', 8.5,
11.5', 14.5") 11.5',14.5")

Three foot separation between all horizontal readers. All readers placed flat.

3.5.4 Probe Vehicle

Throughout the two-hour study period of each offtixe days of travel time tests,
a probe vehicle circulated Buford Highway equippéith a Bluetooth enabled BT-335
GPS device and three discoverable Class 1 IOGEARtBbth adapters connected to
netbooks. The devices were attached to the veini¢hee locations specified in Table 4.
The internal Bluetooth adapter in Netbook 8 was distectable during most of the tests.
During the Monday evening test, Netbook 10 was @sed replacement netbook for a

Bluetooth reader, resulting in only three discob&alevices in the probe vehicle.
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Table 4: Locations of Probe Vehicle Devices

Device Type MAC Address Name L ocation
Netbook { with
IOGEAR adapter| 00:02:**:****:F7 | 10Gear 8 Front Peenger Floor
Netbook Swith
IOGEAR adapter| 00:02:****:**.68 I0OGear 9 Front Peenger Seat

Netbook 1Cwith
IOGEAR adapter| 00:02:**:**;**.64 I0Gear 10 Dash d¢tassenger Sid

GPS Data Logger 00:0D:**: **:*+:22 |GPS BT-335 | Center of Dash (AM)
GPS Data Loggel 00:0D:**: **:*+:15 |GPS BT-335 | Center of Dash (PM)

D

The probe vehicle route differed slightly during timorning and evening
sessions; however, both routes led the vehicleite directly past each site in the

northbound and southbound direction. Detailed rdetriptions and maps are included

in Appendix C.
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CHAPTER 4: RESULTS

4.1 Bluetooth Detection Range Observations

The Bluetooth detection range observations providsight on the results from
the Spring Street test and on the performancesof@GEAR Class 1 Bluetooth adapters
used in this study. The test showed that whiledttee states that Bluetooth does not
require line-of-sight and that the signal can gotigh most physical barriers [17], line-
of-sight does affect the ability of a Bluetooth @evto be detected. Figure 17 shows the
locations where at least one probe device was etend the locations where no
Bluetooth devices were able to be detected. As iser@ map, line-of-sight had a
considerable effect on the detection zone, as nbtiee probe devices were identifiable
inside any building, even behind only one glass épproximately 100 feet away from
the Bluetooth reader in the Georgia Tech Econongieelbpment Building doorway. In
addition, outdoor locations that were not withighgiof the reader, such as on Armstead
Place and at the northeast corner of Spring Sareb#l” Street, were also out of the
detection range. None of the probe devices couiddr@ified near these locations until

the researcher carrying them walked into the lifigight of the reader.

As the devices were all in either a pocket or &pack, direct line-of-sight is not
required; however, the density of the obstructieansed to influence the probability of
detection. The direction the researcher was facianged which probe devices were
detectable. For example, if the researcher wasddabie Bluetooth reader, then the
iPhone and the BT-335 GPS unit, located in theareser’s front left and front right

pockets, respectively, were detected; howeverQhé3T1000 GPS unit and the
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netbooks which were located in the researcher’k bhght pocket and backpack,
respectively, were not detected. The opposite oeduwhen the researcher was facing
away from the Bluetooth reader, leading to the tmion that the probe devices’
Bluetooth radio waves could not pass through teeaecher’s body, although they could
pass through the fabric of a pair of jeans or &pack. Building walls and glass doors

also appeared to be obstructions that the Bluewigtial could not pass through.

Trees Block
Line-of-Sight

Inside
Bookstore |

In Parking | -
Garage

Inside
Doorway

o J 7 E AR 2
W RN . e [ v - a4
A Bluetooth Tripod e ool : - TN T
Probe Detected e gy
@ Probe Not Detected k&

55



While these results show that discoverable devassted in the surrounding
buildings on Spring Street would not have affedteriresults of the January Spring
Street travel time case study, pedestrians neantéesection of Spring Street antl 5
Street may have had an influence on the detecditen The probe devices were detected
at the southwest corner of the intersection, whdegge volume of pedestrians wait to
cross the street. The devices were not detectdideosoutheast corner, likely due to a
lack of a direct line-of-sight to the reader be@aokthe trees along Spring Street. The
probe devices were detected at all other outdamtions between"5Street and
Street that had a direct line-of-sight to the Bha¢h reader, including under the awning

of the Georgia Tech Hotel and Conference Centerstard.

4.2 Deter mination of Optimal Bluetooth Reader Orientation

The Bluetooth reader orientation tests showedahtgnna orientation does
change the maximum distance at which a Bluetooticdean be detected. There was a
strong indication that the flat reader orientatdiows for the greatest detection range. As
shown in Table 5, at an angle between zero ance@Beds a consistent detection distance
of 360 feet was found. At an angle above 75 degteeseader was more inconsistent
with detection distances between 355 feet and 820 At 180 degrees, where the
Bluetooth antenna is facing the exact oppositectior of the discoverable device, no
consistent detection distance was found. The pdebe&e was detected at least once in

the same 355 feet to 370 feet range, but nevee thmes in one minute.
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Table5: Maximum Detection Distance Based on Reader Orientation

Maximum Detection Distance (ft)
Orientation Flat On Edge | Vertical

0 360 325 325
15 360 315 -
30 360 - -
45 360 - -
m 60 360 - -
§ 75 360 - -

&

S 90 355 - 330
%c’n 105 360 - -
< 120 355 - -
135 360 - -
150 370 - -
165 365 - -
180 Inconsistent - -

When the adapter was positioned on edge, the maxidatection distance
decreased significantly. At an angle of zero degesal 15 degrees, the range was only
325 feet and 315 feet, respectively. At an anglé(oflegrees, the reader was also
showing a much shorter detection range. The exsiarite of a reliable range for the
other angles was not measured, as the flat orientatas shown to have a greater
maximum detection distance. Similarly, the initiaults of the vertical orientation test
did not show a need to test all thirteen anglezehb degrees, the vertical orientation
had a detection range of 325 feet. An angle ofé@freks was tested to evaluate whether
there would be a major difference in range at éimgfie. The result showed a detection
distance of only 330 feet, which indicated thatitesthe other vertical orientation angles

was unnecessary as the flat orientation showedateggrmaximum detection range.

57



The varying detection distances for a flat read@naangle of 90 to 180 degrees
suggest that the best reader orientation for plac¢@ong a roadway is with the adapter
placed flat and at zero degrees (with the long plaitie adapter perpendicular to the
direction of the roadway). This allows for a deit@etangle of between zero and 90
degrees as vehicles approach, pass, and leavigetheesulting in a maximum detection
range equivalent to 360 feet for Class 2 devicesost of the portion of the detection
zone covering the roadway. A visual representatiaihis detection zone is shown in
Figure 18. The detection range for detecting Cladsvices is expected to be greater as
their specification requires a range of at leagt @ters (300 feet) versus the 10 meter

(30 feet) minimum range requirement of the CladeVice [16] used for this test.
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Not to scale

Figure 18: Visual Representation of a Flat Reader Orientation Detection Zone

4.3 Comparison of Bluetooth Reader Configurations

The Bluetooth reader configuration tests were a®al\based on an assortment of
variables with the goal of evaluating the factdrst thave the most influence on the
number of vehicles detected during the study pefibg main performance metric used
to evaluate the effectiveness of the various comfiions was vehicle detection rate,
defined as the number of different MAC addressésatied divided by the volume of
passing vehicles. Each device’s MAC address majebected multiple times by

individual or multiple readers during the studyipdy therefore, the number different
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MAC addresses is used in analyzing the resultesare that each device is only counted
once per reader. For sensor array total detectamsces detected by multiple readers
are also only counted once. Unless specificalledighe MAC addresses of the probe

devices were excluded from all results, includiotume data.

4.3.1 Day 1 Results

The first day of the configuration tests involverharing two readers separated
by three feet horizontally and two readers sepdrajethree feet vertically to a single
reader sensor array, the control. The two houryspediod for Tuesday’s test was from
8:00AM to 10:00AM. The volume data showed thatregority of vehicles travel in the
southbound direction during the morning commutersioas shown in Figure 19. The
total volume in both directions over the two howess 3,334 vehicles, with 2,270 of

those vehicles traveling in the southbound directio
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Figure 19: Day 1 Configuration Test Volumes
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A summary of the number of different MAC addresdetected by each reader is
shown is Table 6. The last column indicates thelvemof different MAC addresses that
were detected by each sensor array. The numbet the sum of the detections per
reader, as one device may have been detected bipleubaders on the same array. A
total of 241 different MAC addresses were detedigihg the two-hour data collection

period on Day 1, which results in an overall vehidetection rate of 7.23%.

Table 6: Summary of Day 1 Readersand Number of M ACs Detected

. # of Different | Total Different
. Sensor | Reader | Height | Antenna
VenEle Arra # (feet) | Orientation MACs MACs per
v Detected Sensor Array
Control 1 15 10 Flat 113 113
2 16 8.5 Flat 106
Vertical 146
2 17 11.5 Flat 78
3 18 10 Flat 117
Horizontal 175
3 19 10 Flat 127

Figure 20 shows the detection rate of the threseyesrrays over each five-
minute period of the test. As seen in the figuré isnTable 7, the maximum detection
rate of 10.1% of the horizontal sensor array camfigjon was higher than that of either
the vertical or control sensor arrays at 9.6% a8/ respectively. The same trend was
seen for the overall detection rates of each searsay during the full two-hour period. A
summary of these detection rates is shown in Tabli is noted that the overall control
detection rate was 3.4%, which is lower than thet6 0% commonly reported in the

literature.
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Table7: Summary of Day 1 Detection Rates

Detection Rate Per Five-Minute Volume

Configuration Maximum Overall Detection
g Detection Rate Rate
Control 7.0% 3.4%
Vertical 9.6% 4.4%
Horizontal 10.1% 5.3%
12%
Day 1
10%

8%

6%

4%

2% +

0%

T
o
o)

Control
m Vertical

Horizontal

Figure 20: Day 1 Detection Rates by Sensor Array

by the horizontal and vertical sensor arrays, ed@tihtwo readers, relative to the single

control reader. The results indicate that havindfipia readers per sensor array increases

Figure 21 shows the increase in the number ofr@iffeMAC addresses detected

the number of devices that are detected at thatitot as both multi-reader arrays

detected more devices than the control during a@bsf the five-minute time periods.

In total, the vertical and horizontal sensor arrdgtected 33 (29%) and 62 (55%) more

devices, respectively, than the control array.
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Figure 21: Comparison of Day 1 Sensor Array Configurations by Increasein Different Detections

Although the total number of detections per seasa@y increased, there was a
decrease in the number of different MAC addresséscted by the individual readers on
the vertical sensor array. As displayed in Tabla &tal of 113 different MAC addresses
were detected by the control sensor array whiléwlioereaders on the vertical sensor
array detected only 106 and 78 MACSs, respectivEys could be due to interference
from having two readers only three feet apart; hesethe two readers on the horizontal
sensor array each detected more MAC addressesithaontrol reader, with 117 and
127 detections, respectively, leaving the reasothi® variation in number of detections
inconclusive. Regardless, the higher number oésffit MAC addresses in the combined
sensor array data indicates that any decreaseeineawler’s detections due to potential
interference was negated by the larger numberffgrdnt reads that were detected by the

other reader on the array.
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4.3.2 Day 2 Results

Data were collected from 7:45AM to 9:45AM on Wedteg May 11", 2011.
The volumes on Buford Highway during the study pervere similar to those measured
the previous day and again showed strong southbdwectional traffic. Figure 22
provides a visual representation of the volumedrever the two hours, grouped by five
minute bin. The total volume was 3,581 vehicleshwWi451 traveling in the southbound
direction. The results of Day 2’s configurationtsewere analyzed to further compare
horizontal and vertical separation of readers, el & to assess the effect of having no
separation between two readers. Day 2 data werpa@u to Day 1 data; however, there
were too many variables that changed between tbelays to directly study the effect of

the “flat” versus the “on edge” orientation of tteaders.
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Figure 22: Day 2 Configuration Test Volumes
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Table 8 summarizes the various configurationsherDay 2 tests as well as the
number of different detections by each reader hacctimulative number of different
detections by each sensor array. Similar to theigpue day’s results, the horizontal array
showed the largest number of different MAC addresgéh 171 detections, followed by
the vertical array with 144 detections. The semsy consisting of two readers with no
separation showed a large decrease in the numibéAGfaddresses detected by each
individual reader, although the total of 89 is $anto the 93 total detections found by the
control sensor array. This indicates that combintih@ydetections of the two non-
separated readers during analysis of the SprirggeStest results [18] likely gave an

accurate measure of how one single reader at émfauld have performed.

Table 8: Summary of Day 2 Readersand Number of M ACs Detected

Sensor Height # of Different | Total Different
Variable Arra Reader # ( fezt) Orientation MACs MACs per
v Detected Sensor Array
Control 1 15 10 On Edge 93 93
2 16 8.5 On Edge 87
Vertical 144
2 17 11.5 On Edge 103
. 3 18 10 On Edge 114
Horizontal 171
3 19 10 On Edge 116
No 4 20 10 Flat 53
. 89
Separation 4 21 10 Flat 49

Table 9 and Figure 23 display the detection raieshiie Day 2 sensor array
configurations. Although the increasing trend ia tletection rates of the control,
vertical, and horizontal configurations is the saamséhe previous day’s test results, both
the maximum and overall detections rates are Idareall three configurations relative to

the previous day’s comparable arrays. The oves#dion rate for all sensor arrays
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combined at the site for Day 2 was lower than tlexipus day at 6.42% with a total of
230 different MAC addresses detected. The decreadd be due to a variety of factors:
a change in the orientation of the readers, areas® in the total number of readers at the

site, or a decrease in the percent of the trafifeasn that had discoverable Bluetooth

devices.
Table 9: Summary of Day 2 Detection Rates
Confieuration Maximum Overall
& Detection Rate | Detection Rate
Control 5.11% 2.82%
Vertical 7.06% 4.24%
Horizontal 8.00% 5.00%
No Separation 5.26% 2.71%
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Figure 23: Day 2 Detection Rates by Sensor Array
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The increase in the number of detections by eadh-reader array over the
single reader array is shown in Figure 24. Theisarand horizontal arrays consistently
showed positive increases in detection rates dwauwd five-minute period, with the
control reader only detecting more different desit®an either the vertical or horizontal
array twice during the two-hours of data collecti®his finding complements Day 1
results that having multiple readers separatedhimetfeet on one sensor array allows for

a larger sample size to be collected.

By contrast, the sensor array comprising of twaleesiwith no separation had
multiple periods with a decrease in the numberatéctions relative to the single reader
array. At most, Sensor Array 4 had three more dietesthan the control during any one
five-minute time period. Overall, the detector gvdth no separation between detectors
exhibited a detection rate that was 0.1% lower tharcontrol array. This indicates that
there is no benefit to placing multiple readersa@ensor array without a separation

between them.
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Figure 24: Comparison of Day 2 Sensor Array Configurations by Increasein Different Detections

4.3.3 Day 3 Results

On Thursday May 1% 2011, configuration test data were collected ketw
7:45AM and 9:45AM. Four sensor arrays were agampared at the site: a control, two
three-reader arrays (Sensor Array 1 and Sensoy Rjtand a five-reader array. The
results were analyzed to evaluate whether incrgabenumber of readers per sensor
array would affect the performance of the arrayS&ssor Array 1 and Sensor Array 2
had identical configurations, variability withingtsame type of configuration was also
assessed. Day 3 volume data binned in five-mimigrvals are displayed in Figure 25.
The total volume during the two-hour study pericakv8,425 vehicles, with 2,379

vehicles traveling in the southbound direction.
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Figure 25: Day 3 Configuration Test Volumes

A summary of the Day 3 sensor array configurat@amd the number of different
MAC addresses detected is in Table 10. The tweetheader arrays detected a
comparable number of total MAC addresses detectlumsever, the individual reader
detections varied immensely, from 18 to 103 det@sti This indicates that the adjacent
adapters may interfere with one another, with adigletecting adapter limiting the
number of MAC addresses that its neighboring readerdetect. When the different
detections per sensor array are summed, the nurappesr to even out. For example, on
Sensor Array 2, the higher number of detectionsmfReader 14 appears to have
compensated for the extremely low number of reets Reader 16, resulting in 134
total detections, which is comparable to the 1Zéctens gathered from the more
evenly-distributed readers on Sensor Array 1. Aswhin Figure 26, the number of
detections by each sensor array during each fivesaiperiod of the study varied. At
times, Sensor Array 1 detected more devices atichas Sensor Array 2 detected more

devices. On average though, the total number of Méag@resses for any five-minute
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period only differed by 0.29 detections. The twetireader arrays had a total difference

of 7 detections overall.

Table 10: Summary of Day 3 Sensor Arrays and Number of MACs Detected

Sensor Height # of Different | Total Different
Variable Reader # g Orientation MACs MACs per
Array (feet)
Detected Sensor Array
Control 4 22 10 Flat 97 97
1 11 10 Flat 50
3 Readers 1 12 10 Flat 68 127
(Array 1)
1 13 10 Flat 72
2 14 10 Flat 103
3 Readers 2 15 10 Flat 49 134
(Array 2)
2 16 10 Flat 18
3 17 10 Flat 65
3 18 10 Flat 55
5 Readers 3 19 10 Flat 72 164
3 20 10 Flat 63
3 21 10 Flat 45
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Figure 26: Comparison of Detections by the Three-Reader Sensor Arrays
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Of the four different sensor arrays, the one willk feaders had the largest
overall detection rate at 4.79% of all vehiclese Thaximum detection rate of the five-
reader array for any five-minute period was 9.0a8%0 the highest of the four sensor
arrays. The two three-reader arrays showed simdtaction rates of 3.71% and 3.91%,
while the single-reader control array was the ldve¢2.83%. These results are
summarized in Table 11 and Figure 27. The overttation rate for the control sensor
array was comparable to the Day 2 control detectts of 2.82%. Combining the data
from all of the sensor arrays for the day’s expenina total of 220 different devices

were detected, resulting in an overall detectide od 6.42%.

Table 11: Summary of Day 3 Detection Rates

Maximum Overall

Configuration . .
& Detection Rate Detection Rate

Control 6.31% 2.83%

3 Readers (Array 1) 7.14% 3.71%
3 Readers (Array 2) 8.49% 3.91%
5 Readers 9.03% 4.79%
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Figure 27: Day 3 Detection Rates by Sensor Array

As previously discussed and indicated in Figuret8 three-sensor arrays with
multiple readers at ten feet all showed consistdnither detections than the single
control reader. There were a few five-minute pesiadhere there was a decrease in the
number of different MAC addresses detected, butalvihe values are mostly positive.
The five-reader sensor array showed the highestases in number of different devices
detected. This indicates that a greater numbezarfers per sensor array will allow for

the detection of a larger sample size of passiiries.
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Figure 28: Comparison of Day 3 Sensor Array Configurations by Increasein Different Detections

4.3.4 Day 4 Results

Data for the fourth day of the study were colledbetiveen 7:50AM and 9:50AM
on Friday May 13, 2011. The four configurations consisted of adidrers placed flat at a
height of ten feet, each separated by three feetdrgally. The variable was the number
of readers per sensor array, which ranged front@f@ur. The results were assessed to
further evaluate the effect of increasing the nundbeeaders per sensor array. The
camera stopped before the full two hours of volulata were recorded; therefore, data
involving volumes (including detection rates) argyccalculated from 7:50AM to
9:45AM. Once again, a strong directional traffiovil occurred, with 2,325 vehicles of a
total 3,430 vehicles traveling in the southbourn@cation. The volume counts by five-

minute period are displayed in Figure 29.

73



N V \/\ —Total Volume
100 SB Vehicles
—=NB Vehicles
50 _V%AM

0

Number of Vehicles per Five-Minute
Interval

7:50 8:05 8:20 8:35 8:50 9:05 9:20 9:35
Time

Figure 29: Day 4 Configuration Test Volumes

Table 12 summarizes the Day 4 sensor array cordiguns and the number of
different MAC addresses detected per reader andgresor array. The data complement
the previous day’s results, indicating that ingtglimultiple readers per sensor array
results in a larger number of detected MAC addiedséerestingly, however, the two-
reader sensor array detected a total of 164 devideke the three-reader array only
detected a total of 149 different MACs. This suggéisat while the number of detections
increases with the use of multiple readers, it matyincrease sequentially with each

additional reader.
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Table 12: Summary of Day 4 Sensor Arrays and Number of MACs Detected

# of .
. Sensor | Reader | Height . . Different Total Different
Variable Orientation MACs per
Array # (feet) MACs Sensor Arra
Detected v
Control 3 18 10 Flat 88 88
1 12 10 Flat 104
2 Readers 164
1 13 10 Flat 124
4 19 10 Flat 84
3 Readers 4 20 10 Flat 73 149
4 21 10 Flat 74
2 14 10 Flat 102
2 15 10 Flat 124
4 Readers 196
2 16 10 Flat 71
2 17 10 Flat 83

The maximum detection rate per five-minute perind the overall detection rate
of each sensor array configuration are listed inldd3. Figure 30 shows the distribution
of different MAC addresses detected for each fiveutes of the study period. The four
reader sensor array consistently had the highesteof the highest detection rates
throughout the experiment. Combining the detectmfrthe four sensor arrays, a total of
253 different MAC addresses were detected, regpitira total detection rate of 7.38%

for the two-hour study period.

Table 13: Summary of Day 4 Detection Rates

G Max‘imum Overall Detection
Detection Rate Rate
Control 4.60% 2.47%
2 Readers 7.94% 4.48%
3 Readers 8.04% 4.11%
4 Readers 8.73% 5.43%
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Figure 30: Day 4 Detection Rates by Sensor Array

Figure 31 shows the increase in number of detexfionthe two-, three-, and
four-reader arrays over the single-reader arraindwerach five-minute data collection
period. Unlike the previous days’ results, the mm@ader sensor arrays had an equivalent
or greater number of detections relative to thercbarray during all of the five-minute

periods of the study.
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Figure 31: Comparison of Day 4 Sensor Array Configurations by Increasein Different Detections

4.3.5 Day 5 Results

On the fifth day of the configuration tests, Fridayne &, data were collected
between 7:15AM and 9:15AM. The test configuratiamese two, three, and four readers
per sensor array, each separated vertically frenatiiacent reader by three feet with the
readers centered at a height of ten feet. Theaimghder configurations to the previous
day’s test allows for further evaluation of theeetfs of increasing the number of readers
per array with the added variable of vertical iasgtef horizontal separation. The single
control sensor array malfunctioned during the tésrefore, no comparison with the
control array after 9:00AM is possible for theséadand no analysis of the control can be
done for the full two hours of data collection. \ole data for Day 5 are displayed in
Figure 32. Once again, the majority of vehicles3@1were traveling in the southbound
morning commute direction. In total there was aunw of 3169 in both directions during

the two-hour study period.
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Figure 32: Day 5 Configuration Test Volumes

Table 14 shows a summary of the configurationgferDay 5 tests, as well as the
number of devices detected by each reader andispsarray. Once again, the two-
reader sensor array performed better than the-teesaker sensor array, with 16 more
detections. Day 4 results showed an increase dkiéctions on the two-reader sensor
compared to the three-reader array. This indidhigtsregardless of whether the readers
are separated horizontally or vertically, assuning MAC address corresponds to one
vehicle, having two readers per sensor array presladarger sample size of passing

vehicles than having three readers per sensor.array
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Table 14: Summary of Day 5 Sensor Arrays and Number of MACs Detected

. Total Different
. # of Different
. Sensor | Reader | Height . . MACs per Sensor
Variable Orientation | MACs Detected .
Array # (feet) during 2 hrs Array during 2 hrs
& (1 hr 45 mins)
Control 1 13 10 Flat N/A N/A (77)
2 14 8.5 Flat 60
2 Readers 97 (91)
2 15 11.5 Flat 62
3 20 7 Flat 38
3 Readers 3 21 10 Flat 36 81 (71)
3 22 13 Flat 38
4 16 5.5 Flat 55
4 17 8.5 Flat 58
4 Readers 128 (117)
4 18 11.5 Flat 60
4 19 14.5 Flat 47

Similar to the Day 4 results, the four-reader seas@y again had the highest
maximum and overall detection rates, as seen iteTh Overall, the detection rate for
each vertically separated multi-reader array isentban 1% lower than the detection rate
for the comparable horizontally separated multdezaarray. For the 1 hour 45 minutes
that the control reader collected data, the oveleti:ction rate was 2.76%, slightly higher
than the previous day’s 2.47%. This suggests Hemetwas at least a comparable percent
of discoverable devices in the traffic stream oy Band supports Day 1 and Day 2 data
that the vertically separated sensor arrays asegtégctive than horizontally separated
sensor arrays. A visual representation of the tietecates for each sensor array by five-
minute period of the experiment is displayed inuf&g33. Not including the MAC
addresses only detected by Reader 13, which maidumec after approximately 1 hour

and 45 minutes, there was an overall detectionaf@®30% for the day. Including the
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devices only detected by the control sensor aruayd the time that it was functioning,

the overall detection rate for the two-hour pei®thcreased to 5.65%.

Table 15: Summary of Day 5 Detection Rates

Configuration Max.i mum Ov?rall
Detection Rate | Detection Rate

Control 5.41%* 2.76%*

2 Readers 8.26% 3.06%

3 Readers 5.79% 2.56%

4 Readers 9.09% 4.04%

* Control rates are only for 7:15AM-9:00AM
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Figure 33: Day 5 Detection Rates by Sensor Array

Figure 34 shows the increase in number of deviegscted for each multi-reader
sensor array when compared to the single-readay.dResults are only shown from
7:15AM to 9:00AM to exclude the 15 minutes when ¢batrol array was not collecting

data. The four-reader array detected more MAC adeéefairly consistently throughout
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the study period, as did the two-reader array. &esre a few periods, however, when
the control detected 4 or more MAC addresses thamwo-reader sensor array. The only
other day of the configuration tests that this¢anfja difference was seen from separated
multi-reader arrays was on Day 1, again with twdigally separated readers.
Furthermore, for the time period where all fourserarrays were working, the three-
reader array detected only 71 MAC addresses, sigrféhan the control array. These
results support previous observations that veljicaparated readers are not the ideal

sensor array configuration.

8
. Day 5
S 64
<
=
+— 4_ﬁ
T 5
EEZ = 2 Readers
-—o n —
[aNg) —[
OBO III T T T T T III T III T T III T T T T 1
_2'8 momomomlngmomoEomomEm 3 Readers
o ANNONIIDODOOAddNND® T DWW
gg_z NN NSNS SRR B0 66 60 60 6 B0 o 606 66 e o
Z £
= O
.§Q4 4 Readers
g s

-8 :

Time

Figure 34: Comparison of Day 5 Sensor Array Configurations by Increasein Different Detections
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4.3.6 Day 6 Results

Data were collected on Day 6, Monday, JulieZ®11 from 7:15AM-9:15AM.
The day six configurations consisted of four semsoays, two with three readers
separated vertically at 7 feet, 10 feet, and 18 el two with three readers separated
horizontally, all at a height of 10 feet. The dagata were analyzed to further compare
the performance of vertical and horizontal sens@ya, as well as evaluate the
variability between identical types of sensor astayhe volume data for the two-hour
data collection period is shown in Figure 35, bohirefive-minute intervals. There was a
total volume of 3,455 vehicles over the two howrish 2,482 vehicles traveling in the

southbound direction.
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Figure 35: Day 6 Configuration Test Volumes

Table 16 gives a summary of the sensor array corgtgpns for Day 6, including
the number of different devices detected by eaatigeon the array. The detections

across all readers ranged from 40 to 69 differeACMddresses, except for Reader 14
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and Reader 22, which identified 93 and 81 devimspectively. These readers were both
on separate horizontally configured sensor arragscantributed to the larger number of
detections by the horizontal arrays than the va@rtaicrays. No trend is evident in the

number of detections based on the height of theersaon the vertically separated arrays.

Table 16: Summary of Day 6 Sensor Arrays and Number of M ACs Detected

. # of Different | Total Different
. Sensor | Reader | Height . .
Variable Arra 4 (feet) Orientation MACs MACs per
v Detected Sensor Array
1 11 7 Flat 59
Vertical
1 12 10 Flat 40 110
(Array 1) a
1 13 13 Flat 67
2 14 10 Flat 93
Horizontal
(Array 2) 2 15 10 Flat 69 141
2 16 10 Flat 61
3 17 7 Flat 59
Vertical
(Array 3) 3 18 10 Flat 53 106
3 19 13 Flat 43
4 20 10 Flat 59
Horizontal
(Array 4) 4 21 10 Flat 46 123
4 22 10 Flat 81

As indicated in Table 17 and Figure 36, SensoryAZrand Sensor Array 4, both
with horizontal reader configurations, showed tighast detections rates of the four
sensor arrays with overall detection rates of 4.@8h 3.56%, respectively. The vertical
sensor arrays had detection rates of 3.18% anda3.0fe maximum detection rates for
any five-minute period were highest for the hortabconfigurations as well. This
observation continues the trend seen in previoys’ dita in that horizontally separated
arrays appear to be more effective than vertic#lyarated sensor arrays. Overall, a total

of 198 different devices were detected by any nreadseensor array at the site on Day 6.
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Using the assumption of one device per vehiclethadounted volume of 3,455
vehicles, this indicates that combining the detexdifrom all the arrays, there was a total

vehicle detection rate of 5.73% for the study perio

Table 17: Summary of Day 6 Detection Rates

Confieuration Maximum Overall
& Detection Rate | Detection Rate
Vertical (Array 1) 6.78% 3.18%
Horizontal (Array 2) 8.40% 4.08%
Vertical (Array 3) 5.42% 3.07%
Horizontal (Array 4) 7.63% 3.56%
9%
Day 6
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Figure 36: Day 6 Detection Rates by Sensor Array
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Figure 37 and Figure 38 show the variability ines#ibns across sensor arrays of
the same configuration. During each five-minutdqukrboth the vertical and horizontal
arrays varied by at most 4 detections. In totaleheas only a 4 MAC address difference
in the vertical sensor arrays and an 18 MAC addiétsence in the horizontal sensor
arrays, which correspond to percent differencesndf 0.93% and 3.41%, respectively.
This suggests that while there is some variahititthe MAC addresses detected by a
sensor array, identical sensor arrays gather cabfganumbers of detections. These
results coincide with the Day 3 results which abowed little variability in the two

identical sensor array configurations.
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Figure 37: Differencein Detections by Five-Minute Periodsfor the Vertical Sensor Arrays
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Figure 38: Differencein Detections by Five-Minute Periodsfor the Horizontal Sensor Arrays

44 Travel Time Tests

The data from the week of Juné"12011 were collected to evaluate the viability
of collecting travel time data using Bluetooth teclogy on Buford Highway, as well as
to further assess the various sensor array couafiigms explored during the previous
configuration tests. Due to the location of the sites, there were a limited number of
vehicles that traveled through the entire five-naiteridor. The presence of 1-285 and
Jimmy Carter Boulevard in between the sites reduktdew vehicles traveling past both
sites. In this analysis, a matched pair is defeed MAC address that was detected by at
least one Bluetooth reader at each site. The nuofbeatched pairs from each data
collection period with a full set of results at kasite is shown in Table 18. When a
device was observed multiple times at the sameailg the first detection is included.
As seen in the table, there were insufficient madcpairs to allow for conclusions to be
drawn about the travel times along the corridorwith the previous tests, unless
specifically stated, all probe vehicle data hasbeenoved from the results. While
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statistically reliable travel times cannot be meadwsing the data from this study, the
effectiveness of each different sensor array comndiion can still be evaluated based on

the results of the tests.

Table 18: Number of Matched Pairsfor Each Study Period

Study Period Number of Matches
Monday AM 26
Tuesday AM 14
Thursday PM 12
Friday AM 13

4.4.1 Monday AM Results

Data were collected on the morning of Monday Jusle 2011 from 7:00AM to
9:00AM. The variable sensor array configuration Waee readers at 10 feet, each

separated by three feet horizontally.
4.4.1.1Travel Time Results

The Monday morning travel time matches are displageFigure 39. The small
number of data points is not sufficient to draw atgtistically significant conclusions or
identify any trends in the traffic flow during tio hours, but the test did demonstrate
that travel times can be gathered through the tiBé&uetooth technology. Furthermore,
the three outliers, one in the southbound directiot two in the northbound direction,
are easily recognized, as they had travel timeseBb minutes. This indicates that some
form of data filtering would be necessary to idgntiutlying data points; however, there
were insufficient travel time pairs to analyze @ during this study, with a total of 388

MAC addresses detected at either of the two sitd2& matched pairs for the Monday
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morning study. It is important to note that thisiselatively small sample of the entire
traffic stream. Much larger samples will be necessaverify matched pair data and to

assess the confidence bounds around the net deteate.
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Figure 39: Monday AM Travel Times

4.4.1.2Site A2 Results

At the northbound site, Site A2, 155 different MAGdresses were detected by
Sensor Array 1, the control, while 275 different MAddresses were detected by Sensor
Array 2, a 77% increase over the single readerssersay. Combining both sensor
arrays, a total of 293 different devices were idieat at Site A2. The added benefit of
having multiple readers per sensor array can beisdégure 40. The three-reader array
identified an additional 138 MAC addresses oves¢hdetected by the single-reader
array. In addition, each individual reader on tine¢-reader array detected at least 20

MAC addresses that were not detected by any o#laeler on either array.
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Figure 40: Unique Detection of Monday Site A2 MACsby Sensor Array and Reader

4.4.1.3Site A4 Results

Similar results to those at Site A2 were founditg 84. A total of 131 different
MAC addresses were detected between the two amétysSensor Array 1 identifying
73 devices and Sensor Array 2 discovering 124 @svithe added benefit from
including the three reader array at the site wadeéd8ctions. Using only the horizontally
separated three reader array instead of the sieglier array results in a 70% increase in
the number of devices detected. Figure 41 showsuh®er of detections uniquely
identified by individual readers or by combinatiamfgeaders on one or both sensor

arrays.
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Figure 41: Unique Detection of Monday Site A4 MACs by Sensor Array and Reader

4.4.2 Monday PM Results

Data were collected on Monday evening between 4Mard 6:45PM. The
variable sensor array configuration was the santbeasiorning test: three readers at 10
feet, each separated by three feet horizontallg ©ueader malfunctions and very low
number of matched pairs at the two sites, no triwed results can be evaluated for this

study period.
4.4.2.1Site P1 Results

A total of 183 different MAC addresses were detéce Monday at Site P1.
Sensor Array 1 detected 108 devices and Sensoy Ardetected 160 devices, a 48%
increase over the single-reader array. As seerguré42, a majority of the single-reader
detections (85 MAC addresses) were also detectesh®yr more readers on Sensor

Array 2. Twenty-five devices were detected by eflders at the site. On Sensor Array 2,
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Reader 20 detected 32 devices that were not ddtbgtany other device, 20% of all

detections by the array.
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Figure 42: Unique Detection of Monday Site P1 MACs by Sensor Array and Reader

4.4.2.2Site P3 Results

The control reader and one reader on the threeereatsor array malfunctioned
at Site P3 during the afternoon test, renderingtbaday P3 data set unusable.
4.4.3 Tuesday AM Results

During the Tuesday AM study period data were ctdélddrom 7:00AM to
9:00AM. Once again there were three readers omahable sensor array; however, this
time they were separated by three vertically witk ceader at a height of 7 feet, another

at 10 feet, and the last at a height of 13 feet.
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4.4.3.1Travel Time Results

Figure 43 shows the travel time data for the Tugsdarning study. Not
including probe vehicles, 9 southbound and 5 nantinld matched pairs were identified.
Out of the total 355 MAC addresses that were idfiedtithere were only 14 matched
pairs. This may be a result of a combination ofoea, such as many passing MAC
addresses not being detected or that a signiffpencentage of vehicles are not traveling

through the entire corridor.
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Figure 43: Tuesday AM Travel Times

4.4.3.2Site A2 Results

On Tuesday morning, Sensor Array 1 at Site A2 ifiedt152 different MAC
addresses and Sensor Array 2 identified 253 dewaés a total of 276 different MACs
detected at the site. This results in a 66% inergathe number of different devices
detected by the vertically separated multi-readexyeover the control array. Figure 44

shows a visual representation of this increase/efisas how many MAC addresses were
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detected only by one reader, by all readers, arlyycombination of readers on both
arrays. Interestingly, nearly a third of the desidéscovered by Sensor Array 2 were only
identified by one of the three readers. This ingisdhat there may be significant added

benefit to having multiple readers per sensor array

300 1 Tuesday AM Site A2
% 250 -
% R18 Only, 26
< R17 Only, 22
O 200 -
< R16 Only, 35
=3 = R17 & R18,
$ @ 150
o = All Array 2, 6
é 100 - Array 1 & Array 1 &
o Array 2 Array 2
g 85 85
g 50 -
z All Four Readers All Four Readers
44 44
0 A T
Sensor Array 1: One Reader Sensor Array 2: Thregl®s

Figure 44: Unique Detection of Tuesday Site A2 MACs by Sensor Array and Reader

4 .4.3.3Site A4 Results

At Site A4, Sensor Array 1 gathered 78 MAC address®l Sensor Array 2
detected 85 different MAC addresses. In total, diférent devices were detected at the
site. Figure 45 shows the number of detectionsaoh @ossible combination of readers
for Sensor Array 1 and Sensor Array 2. ContrartheoMonday data and Tuesday Site
A2 data, there appears to be little added bereefiazing multiple vertically separated
readers on the array, with only a 9% increase faafi®ns on the multi-reader array over
the control array. Overall, the number of detedianhthe site was lower than during the

other tests throughout the week.
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Figure 45: Unique Detection of Tuesday Site A4 MACsby Sensor Array and Reader

4.4.4 Tuesday PM Results

On Tuesday evening, data was collected betweerP#3nd 6:35PM. The
variable reader configuration was the same as thra@ing configuration, with one reader

at 7 feet, one at 10 feet, and the last at a heighB feet.
4.4.4.1Site P1 Results

A total of 235 MAC addresses were detected atFsiteuring the Tuesday study.
Of these, 157 were detected by the control sensay ahile 192 of them were detected
by Sensor Array 2. A total of 156 devices were dete by both arrays. The percent
increase in detections from using the verticallyssated three-reader array over the

single-reader array is only 22% for these data.
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Figure 46: Unique Detection of Tuesday Site P1 MACs by Sensor Array and Reader

4.4.4.2Site P3 Results

No conclusions can be drawn from the Site P3 searsay data as one reader on

the multi-reader array malfunctioned during thé.tes

4.45 Wednesday AM Results

Data were collected during the Wednesday AM stuehyod from 7:30AM to
9:30AM. As with the previous days, the control sereray consisted of one reader at a
height of ten feet. The other sensor array was ceeg of five Bluetooth adapters, all at
a height of 10 feet, separated horizontally bysdaglice of 3 feet. Due to a reader
malfunctioning at Site A2 and only 22 matched paisn the remaining readers,

conclusions about the travel time data cannot Be/difrom this day’s results.
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4.4.5.1Site A2 Results

During the test, reader 12 malfunctioned and didgather any data between the
study hours, although it identified MAC addressethtbefore and after the 2-hour

period. As a result, the Site A2 data is not us&dnieomparison between sensor arrays.

4.4.5.2Site A4 Results

While there were too many possible combinatiorshimwv a visual representation
of the number of detections uniquely identifiedibgividual readers and combinations of
readers, 82 devices were detected by Sensor Arnaitile 167 devices were detected by
Sensor Array 2. In total, 170 MAC addresses wetedlled at Site A4. Using a five-
reader horizontally separated sensor array overggessensor array resulted in a percent
increase of 104% in the number of different devidetected. This indicates that there is
significant benefit to using this multi-reader grrastead of one single reader per

Bluetooth station.

4.4.6 Wednesday PM Results

The data from the Wednesday afternoon data callesssion were not usable
for this study, as the equipment is not weathedér@ed and the test was rained out after
one hour. In addition, two readers malfunctione8it¢ P3 prior to the end of the one

hour.

4.4.7 Thursday PM Results

On Thursday June f6the evening travel time test was conducted betwee

4:35PM and 6:35PM. The reader configuration fontagable sensor array was four
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readers separated from one another by three fegtally. The adapters were placed at

heights of 5.5 feet, 8.5 feet, 11.5 feet, and 1deb.
4.4.7.1Travel Time Results

Figure 47 shows the limited number of matched fair¢he Thursday data. Not
including the probe vehicles, only 12 MAC addresser: detected at both Site P1 and
Site P3. All but one of these vehicles was trawglinthe northbound direction. From
observation of the data, it is evident that theesarthree outliers which had unusually
slow travel times, each above 30 minutes. Theskldmudue to vehicles leaving and re-

entering the roadway somewhere along the 5-mikcstibetween the two sites.
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Figure 47: Thursday PM Trave Times

4.4.7.2Site P1 Results

A total of 171 different Bluetooth devices werentéed at Site P1 during the

Thursday PM study period. Sensor Array 1 detectedfQhe 171 devices, while Sensor
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Array 2 detected 155 devices. Installing the mugader vertical array resulted in a 65%

increase in detections over the single-reader cbatray.

4.4.7.3Site BB Results

At Site P3 the control array, Sensor Array 1, detdd 38 MAC addresses. Sensor
Array 2 detected 230 different devices, a 67% iasesover the control array. In total 250

MAC addresses were identified by either array.

4.4.8 Friday AM Results

On Friday June 1% 2011 the final morning travel time test was cartdd from
7:00AM to 9:00AM. The sensor array configurationsrevidentical to those during the
Thursday PM session: four readers separated by faet vertically at heights of 5.5 feet,

8.5 feet, 11.5 feet, and 14.5 feet.
4.4.8.1Travel Time Results

The travel time results for Friday’s study periad ahown in Figure 48. It is
immediately evident that the point with a travehdi over 100 minutes is an outlying
point that cannot be attributed to a Bluetooth dewn a vehicle traveling directly from

Site A2 to Site A4. A total of 13 matched pairs v&und for this study period.
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4.4.8.2Site A2 Results

Sensor Array 1 at Site A2 detected 130 differenteBioth devices, while Sensor
Array 2 detected 218 different devices, a peraeereiase of 68% over the control array.
This suggests that a larger sample size of thengasshicles can be gathered by using a
4-reader vertically separated sensor array ralizer & Bluetooth station with only a

single reader. In total 242 Bluetooth devices wigtected at Site A2.

4.4.8.3Site A4 Results

At Site A4 there were 113 Bluetooth devices detkbtgone or both of the
arrays. The control reader identified 86 differBAC addresses and the variable sensor
array identified 92 different MACs. The similar nber of detections by both the single
and multi-reader arrays results in a small peroemease of only 7% for the additional

benefit gained from using Sensor Array 2 instea8eaisor Array 1. The large disparity
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between the results at Site A2 and Site A4 sugglesatsa large amount of variability can

exist with regard to Bluetooth detections, everhulite same array.

4.5 Combined Test Results

4.5.1 Bootstrap Analysis

To establish confidence bounds around the rela@tection efficiency of the
different array configurations, a bootstrap stetétanalysis was performed on the
observed fractional increase in detection efficiefoe each multi-reader array compared
to the control array for the same site and daye Gdotstrap approach helps account for
the influence on the mean of potential outlierthimm data and small sample size and can
be used to produce a reasonable estimate for tifelence bounds of the resulting
means [39]. The bootstrap approach employs a largéer of randomly sampled data
sets created from the original data set (randonpBagof data, with replacement), and
calculates the outcome (percent change) for eaammele [40]. Only complete data sets
for each array configuration and its correspondiogtrol were evaluated and aggregated
to produce a total of 1000 re-samples for each eoisgn. There were twelve complete
comparison datasets for horizontal arrays and comeplete comparison datasets for
vertical arrays. The percent increase for eatchese data sets prior to the bootstrap
analysis is shown in Table 19. The data were aggee into 10 minute bins, yielding 12
ten-minute samples from each 2 hour data set. €ssafrom different days but with the
same number of readers and the same type of siepanadre merged for bootstrap re-

sampling purposes.
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Because the configuration comparisons indicateltbarontal configurations
gather a larger sample size than vertically sepdradnfigurations (see Table 19), the

discussion below focuses on the horizontally sépdrsensor array results.

Table 19: Overall Percent Increasein Detections by M ulti-Reader Arraysover Control Array During

Two-Hour Period

2 Readers | 3 Readers | 4 Readers | 5 Readers
55% 31% 123% 69%
84% 38% - 104%
o Horizontally
o] 0, 0, - -
& Separated 86% 77%
o
° Reader N 70% N
£ Trials
(7]
= - 48% - -
>
)
2 - 69% - -
.2
i}
% Average 75% 56% 123% 87%
o
q‘—f 29% 66% 67% -
§ Vertically
- 0, 0, 0, _
= Separated 55% 9% 65%
*é Reader N 22% 63% B
o Trials
()]
= - - 7% -
Average 42% 32% 52% -

The results of the bootstrap analysis coincide wWighoriginal results that indicate
that the use of multiple readers per sensor amag dignificantly increase detection
efficiency and that even and odd number readerigarations showed different trends,
with even number configurations being more effitie®n average, the two and four

reader configurations showed 73% and 124% imprownécmmpared to the control
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respectively, while the three and five reader gunations showed improvements of 56%
and 75%. This difference is potentially due torayes in multi-reader interference
patterns associated with the mounting configuratiégure 49 illustrates the median and
95% confidence interval (2.5 and 97.5 percentigaiits) for detection efficiency
improvements based on the bootstrap analysis. il@dbe relatively wide confidence
bounds for this set of experiments, there is aréleprovement in detection efficiency of
multiple reader configurations, although additioegberiments with longer sample
durations will be required to determine the moftieint configuration of the multiple

reader arrays.
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=
7] 0%
o 2 Readers 3 Readers 4 Readers 5 Readers
- 0, 1
Upper 95% Confidence 95% 68% 153% 96%
Bound
+ Median 73% 56% 124% 75%
- % Confi
ower 95% Confidence 6% 47% 101% 58%
Bound

Figure49: Increase of M ulti-Reader Array Detection Efficiency Based on Bootstrap Analysis
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CHAPTER 5: CONCLUSIONS

5.1 Discussion

The series of four field studies reported on is thiesis led to a number of
important conclusions regarding the use of Bludt@ensor arrays for gathering traffic
data. Each result relates to the overall effectgsrof utilizing Bluetooth technology to
gather traffic data along arterial roadways. Todlep a sensor array that will reliably
and efficiently gather the largest sample of pags#ghicles, the trends observed over the

course of these tests need to be considered hdithdoally and cumulatively.

5.1.1 Bluetooth Detection Zone Observations

While Bluetooth does not require line-of-sightwis observed in this study that
the outer walls of the buildings around the stutgssare thick enough to prevent
detections of discoverable Bluetooth devices inffii@ebuildings. Similarly, positioning
the probe device behind the wall of a building frbra reader eliminated the ability to
detect the device. In addition, beyond the immediatinity of the Bluetooth reader, the
human body appeared to be a sufficient barrieimia the signal of the probe device

from being detected by the master device.

Nonetheless, while these results indicate thatogsvinside adjacent buildings
would not have influenced the results of the presiBluetooth travel time test on Spring
Street, the ability to identify probe devices 566tfaway at the pedestrian crosswalk at
5™ Street suggests that heavy pedestrian traffic maag falsely increased the detection

rate, as the detection rate is based on the asgumipat each different MAC address
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corresponds to one passing vehicle. The detectipedestrian devices would not have
influenced the travel time results, however, agidgestrian device’s MAC address
either would not be identified at both Bluetootatins or the significantly longer travel
time of a pedestrian would classify the devicerasutlier. These results highlight the
importance of surveying a site before a Bluetoothlementation to determine if there
are potential non-vehicle related Bluetooth sigaald, if so, to determine their source to

allow for development of appropriate filters.

5.1.2 Bluetooth Antenna Orientation and Configurations

The results of the antenna orientation test shahaitdthe Bluetooth antenna with
a flat orientation (i.e. parallel to the groundyilibe longest detection range of
approximately 360 feet compared to an on edge mica#ty oriented antenna. If using
similar antennas, future tests should incorpotatefinding into their studies, positioning
all antennas in a flat orientation to increasedéeection zone and therefore the number
of Bluetooth device detections. Otherwise, différ@mennas should be similarly tested
to determine optimal orientation. Antennas sholdd &e separated, as interference does
occur when two readers are placed directly adjateanhe another with little or no

separation. Further research is needed to assesgtimal antenna separation distance.

The use of multiple Bluetooth readers per sengayas beneficial for increasing
the fraction of discoverable Bluetooth devices Hratdetected in passing vehicles. The
tests consistently showed detection rates belowartieipated 5-10% for all
configurations; however, all of the multi-readenfigurations evaluated during the
bootstrap analysis showed statistically signifidanteases in detection efficiency with

the largest noted detection increase (+124% cordpara co-located single Bluetooth
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detector) obtained from a four reader horizontedyarAlthough the vertically separated
Bluetooth reader arrays showed more variabilitytthee horizontally separated arrays
and were somewhat less efficient, they also carsistand significantly out-performed

the single reader.

In addition, identical sensor array configuratiolesected approximately the same
number of Bluetooth devices when tested duringstme time period. The similar
detection rates obtained by these duplicated cordigns indicate that the results are
generally replicable and reliable. With the maistaaf the Bluetooth installation coming
from labor and the communications setup, the cbatiditional readers and data
collection systems is expected to be very costetfe With perhaps only 5-10% of
vehicles in the traffic stream currently carryinip&ooth devices operating in
discoverable mode, increasing the number of dedétections and therefore vehicle
detections using Bluetooth sensor arrays rather shegle readers will yield more
accurate origin-destination analyses, travel titndiss, corridor performance

assessments, etc.

5.2 Traved Time Tests

While reliable travel time results were not obtariem the limited set of travel-
time experiments in this study, there were sevessons learned. The low number of
matched pairs throughout the test emphasized thertance of site selection: for
Bluetooth technology to be an effective methodaldlecting travel times, the stations
need to be selected to ensure a sufficient volunafbic that passes by both sites. The
origin and destination of vehicles using the carideeds to be assessed prior to

choosing the installation site locations. One sotuif major intersections are
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unavoidable is to shorten the segments or incris@seumber of Bluetooth stations
collecting data in a manner that increases thenpiatdor matches. However, while the
shorter travel time segment may improve the nuroberatched pairs between the sites,
one must still consider that the percentage ermotlse measurements are larger when the

size of the detection zone becomes comparablestsggment size.

5.3 Limitations of Bluetooth for Transportation Applications

Bluetooth has shown its viability as a methodolémycollecting travel time and
origin destination data along arterials; howeveeré¢ are several limitations that must be
addressed and considered when using this methdtieAtasic level, the maximum
amount of data that can be gathered through Bltietechnology is limited by the
percent of passing vehicles that contain Bluetoetices in discoverable mode,
currently believed to be only 5-10% [1, 4, 8, 138]. The method also assumes that each
device MAC address corresponds to one vehicle, whéact there may be multiple
Bluetooth devices per vehicle or the discoveredagemay belong to a pedestrian or
bicyclist. The impact of pedestrian and other I@&ed transportation means can be
mitigated during travel time calculations with oeitlfilters to discard the longer times.
When considering a single site, the detectionmaist consider pedestrian and other

transportation modes as well as other potentiaicgoof extraneous signals.

The assumption of one Bluetooth device per veln@g create a bias toward
higher occupancy vehicles such as buses and car@soit may be more likely that there
are multiple Bluetooth enabled devices in a vehidté multiple people. This was not a
major factor on Buford Highway as there was a malimumber of higher occupancy
vehicles, but could play a factor on freeways ¢erals with HOV or bus only lanes.
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Increasing technology in new vehicles may also teadultiple detections from a single
vehicle. In addition, there may be a bias towaldwar vehicles, as they stay within
range of the Bluetooth sensors for a longer peasiddne and therefore have a higher
probability of being detected. Newer vehicles wittegrated Bluetooth systems may also

have a higher probability of being detected.

Finally, a reliable filtering method must be deysdd to screen outliers during
travel time data calculations. For instance, vesielith discoverable devices may pass
the first site, divert from the route for any ambahtime, then pass by the second site
later. While this will result in a matched pairgttravel time will not be representative of
the corridor; however, filtering of data must bendavith caution as it is similarly
possible that a long travel time is due to an ientdr significant congestion. In
addition, if a vehicle makes multiple passes by sites it will only be recorded once
when a first-to-first or last-to-last detectiortdiling method is used unless the filter is
limited to a certain time frame. This can affea thetection rate as well as the number of

matched pairs that are calculated.

5.4 Further Research

Further research is needed to fully understand thevBluetooth sensors interact
with one another and to design an efficient, pdetadind cost-effective system. First, the
Bluetooth reader setup utilized for this reseanthget was only designed for temporary
deployments in the field. To use this method tdvgateal-time Bluetooth traffic data
with permanent installations, weather hardenedpnent that can withstand both the
heat and the rain needs to be developed. Moseaktiders that malfunctioned did so
during the evening data collections sessions ie Jwhen temperatures reached upward
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of 90 degrees Fahrenheit and potentially signifigagreater inside the Bluetooth device
case. In addition, for multi-reader sensor arraysiethod needs to be developed to
enable multiple readers to function off of only ammputer to decrease the bulk of
equipment and simplify the setup. For real-timeagdabmmunications systems that

connect the field units to a central computatiawveewould also need to be installed.

Identifying the source, or sources, for the differeends observed in even and
odd reader arrays and obtaining a better underisiguofl Bluetooth reader interference
are also topics that warrant further research. tstdeding these issues is important to
determining the ideal number of readers and regelemetry to implement on multi-
reader sensor arrays for various applicationsekample, a vertical array might prove to
be more efficient on a multilane highway where&e@azontal configuration may
perform better on a two lane facility. These optisanfigurations are also likely to
depend on device acquisition characteristics, hifutidwes, cycle time required to
acquire and release IDs etc. and will require gorawed understanding of their
contributions to overall detection system efficign€urther tests will need to be
performed to gain a better understanding of theraations between adjacent and nearby
Bluetooth readers and to determine at what poeattditional cost of multiple readers
and potential interference outweighs the benefiedditional device detections due to

the use of multiple readers.

The small number of matched pairs gathered frontréhwe! time tests in spite of
the much larger number of detections overall shotliecheed for a replication of the
travel time test at better sites. To ensure a lavgelap of vehicles that pass by both

sites, the origin and destination characteristidh® roadway should be evaluated prior
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to the Bluetooth test. In addition, major intergats in between the corridor should be
avoided to minimize the number of vehicles leawang entering the corridor. While a
shorter segment would increase the likelihood diicles passing by both sites, it also
increases measurement errors since the detectienizdarge; therefore, distance
traveled between detections can vary and will leaw®ore significant impact when

stations are closer together.

Finally, analyzing data obtained from probe veh®RS data and video license
plate data is important to establish ground trrakigl times, detection rates, and number
of matched pairs. An analysis can be done to coeniha number of times the probe was
detected by each sensor array configuration toigeca controlled detection rate. Probe
vehicle data can also be used to assess whethmerisheetrend in number of detections
based on where the probe devices are placed withiaehicle. For the last week of tests
with two sites along Buford Highway, license pldtga at both sites can be compared to
evaluate the actual number of vehicles that palsgdxbth locations. These data can also
be used to determine the number of unique vehibkgstraversed the entire corridor and

the ground truth travel times for comparison toBheetooth data.
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APPENDIX A: 771 SPRING STREET DETECTION ZONE
DEPLOYMENT PLAN

Overview

The ideal range for a class 1 Bluetooth adapt@Bsfeet. However, physical
obstacles and other wireless devices may decressehge. This field test seeks to
evaluate the extents of the detection zone of atBhth station deployed in front of the

Crum and Forster Building at 771 Spring Streetaith, Georgia.

On Friday, April 15, 2011, from 3:00 PM to 4:00 Palsensor array equipped
with a Bluetooth reader at 10 feet will be deplbge 771 Spring Street to collect MAC
address data using a netbook running PERL scriptsdbuntu operating system, a
Bluetooth adapter, and an extended USB cable. ésable Bluetooth devices with
known MAC addresses will be carried by a membehefresearch team who will walk

around the area, recording their time-stamped iocatata.

Site Location

The study site is the area surrounding the intéseof Spring Street and

Armstead Place in Atlanta, Georgia, shown in Figi0e

Tripod Setup

The tripod will be positioned on the south endr& brick area in front of the
building. Two of the legs will be parallel to Spgistreet, with one of the two flush

against the southern wall of the brick area as shiowigure 51.
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Equipment

The equipment that should be brought to the sikides:

* 1 heavy-duty tripod * 3 sandbags

* 1 Bluetooth reader » 3 orange safety cones
* 1 netbook * 2 Velcro ties

* 1 Bluetooth adapter » 1 plastic rolling bin

1 USB cable

Probe Devices

While one researcher monitors the Bluetooth statiom second researcher
carrying several discoverable Bluetooth device$walk around the area. Specifically,
the second researcher will walk to the followingdbons and stay stationary for at least

20 seconds:
* The southeast corner of the Spring Street and AansPlace intersection
» The northeast corner of the Spring Street and AzatsPlace intersection
* The west end of the Spring Street crosswalk
* Inside the southwest glass entryway of Barnes &l&lob
« The northeast corner of the Spring Street dh8teet intersection
« The northwest corner of the Spring Street afiGtteet intersection
* Inside the second floor of the Georgia Tech parkjagge
» The entryway of the Georgia Tech Hotel and ConfezeDenter
* The taxi-stands outside of the Georgia Tech Hatdl@onference Center

« The 4" Street exit to the Georgia Tech parking garage
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* Inside the entrance to the Georgia Tech Economiedpment Building

The researchers should be in communication thrautghe test. In order to
obtain the limits of the Bluetooth reader range, iésearcher with the Bluetooth devices
should also walk slowly past each test point thdarthest from the Bluetooth reader

until the devices are no longer detected.

Notes should also be taken as to the MAC addresadaif Bluetooth device,
where the Bluetooth devices are located on theoperghere the researcher traveled, the
locations where the researcher remained statiaraiythe direction that they were
facing, and the start and end times that the rekeastayed in those locations. Al
movements will also be recorded on a map of tha treasily display the range covered

during the test.
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APPENDIX B: BLUETOOTH CONFIGURATION TESTS
DEPLOYMENT PLAN

Overview

The use of Bluetooth technology in monitoring tiar@es has been developed
substantially in recent years. Many vendor applcet and research studies have only
used single Bluetooth readers at each site to gaatiehtial interference between two
Bluetooth readers. However, a previous Bluetoaidystonducted on January 21, 2011,
yielded results that suggest that multiple reademne site may increase the likelihood of
detection of discoverable Bluetooth devices in glesitraveling past the site. The major
issue with equipping one site with multiple readsrBluetooth radio interference. The
interference caused between two Bluetooth readignsowerlapping piconets is further

investigated in this field deployment.

On May 13-13" from 7:00 AM to 9:00 AM, field tests will be concted where
three to four Bluetooth-equipped tripods will beliged on Buford Highway between
Pittman Circle and Smith Ridge Trace to collect MAdtress data of Bluetooth devices
in passing vehicles using netbooks running PERIptscon a Ubuntu operating system
and Bluetooth adapters. The tripods will have vagyionfigurations of Bluetooth readers
attached to them each day. Similarly, on Jufer® June Bfour tripods will be
deployed in the same location on Buford Highwayphervehicles equipped with GPS
data loggers and Bluetooth emitters with known M&ddiresses will travel past the site
in order to provide ground-truth data. The numifarraque MAC addresses detected by

each tripod will be compared in order to analyz=dffect of the proximity of a



Bluetooth reader to another reader on its abititgétect Bluetooth devices in passing
vehicles.

Study Segment and Tripod Sites

This field test requires one roadway segment whashsufficient space for four

tripods separated by at least 50 feet to minirmterference between tripods. A 0.5-mile
segment of Buford Highway between Pittman Circléd 8mith Ridge Trace is an ideal
location for this study because it is characterag@n arterial road which experiences

high traffic volumes (24,220 AADT, Source: GDOT SH8) but has no cross-streets and

no high-volume driveways. A map of the segmenhm in Figure 52.
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Locations for the four tripods were selected basedonsistent setback from the
closest travel lane, level ground, distance betwepads, and safety for the graduate
students in the field. All four tripod locationseasn the northwest side of the study
segment and are set back 25 feet from the outer efditpe nearest travel lane (including
turn bays). The overall site is located outsidagfrurniture Wholesalers at 5015 Buford
Highway. Permission was given by the owner to heestte for this study. The four
tripods will be placed on the grassy areas on e of the driveway shown in Figure

53. The site’s coordinates are 33.955642, -84.18129

et

Figure53: Configuration Test Sﬁ on Bufor Highw o

The three or four tripods will be placed with 8&tfen between each. The tripods

are shown in Figure 54 as yellow triangles.
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Study Period

This field test will take place from 7:00 AM to @@&M on Tuesday May 10
through Friday May 18and on Friday Junéd'®and Monday June'6 The time period
was chosen to monitor the commute hours of tréiffiw traveling southbound in the
lanes closest to the tripod sites. It is expedtetl Bluetooth devices in vehicles traveling
northbound in the lanes farthest from the tripotl &so be detected; however, previous
studies have shown that the likelihood of a Blu#tgeader detecting a Bluetooth device

decreases as the separation distance increases.
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Site Equipment and Setup

The equipment vehicle will park in the Atlas Fuuné Wholesalers parking lot.

Permission has been obtained from the owner téhessite during this study. The

equipment that must be taken to the site includes:

4 heavy-duty tripods

10 to 12 Bluetooth readers
(dependent on the day’s
configurations)

10 to 12 netbooks

10 to 12 USB cables

10 to 12 Bluetooth adapters
4 plastic rolling bins

9 sandbags

4 safety cones

1 allen wrench

10 to 12 Velcro ties

3 high-definition video cameras

3 SD cards for video cameras
video camera batteries

2 camera tripods

GPS device

1 measuring tape

4 safety vests

1 information packet containing a
copy of the deployment plan,

emergency contacts, and a signed
letter explaining the project

A different Bluetooth adapter configuration will deployed at each tripod

location on each day. At each tripod there wilbbglastic rolling bin which will house

the netbooks. Bluetooth adapters, attached todti®oks via USB cables, will be

attached to the tripods using Velcro ties. A sagdi@i be placed on each leg of each

tripod to ensure stability, and orange safety cami#e placed on top of the sandbags

for increased visibility. Two students will be stated at the site to monitor the tripods.
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Tuesday May 10"

Tripod 1 will have one reader at 10’ placed “flat”
Tripod 2 will have two readers at 8.5 and 11.%q#d “flat”
Tripod 3 will have two readers at 10’ separate@bgnd placed “flat”

Wednesday May 11™

Tripod 1 will have one reader at 10 feet placed édge”

Tripod 2 will have two readers at 8.5’ and 11.%q®d “on edge”

Tripod 3 will have two readers at 10’ separate@band placed “on edge”
Tripod 4 will have two readers at 10’ with no segiann placed “flat”

Thursday May 12"

Tripod 1 will have three readers at 10’ separate@’Iplaced “flat”
Tripod 2 will have three readers at 10’ separate@’tplaced “flat”
Tripod 3 will have five readers at 10’ separatedBbglaced “flat”

Tripod 4 will have one reader at 10’ placed “flat”

Friday May 13"

Tripod 1 will have two readers at 10’ separate@hylaced “flat”
Tripod 2 will have four readers at 10’ separate@bpglaced “flat”
Tripod 3 will have one reader at 10’ separated lpl&&ed “flat”

Tripod 4 will have three readers at 10’ separate@’tplaced “flat”

Friday, June 3"

Tripod 1 will have one reader at 10’ placed “flat”

Tripod 2 will have two readers at 8.5’ and 11.%q#d “flat”

Tripod 3 will have four readers at 5.5, 8.5’, 1'1&nd 14.5’ placed “flat”
Tripod 4 will have three readers at 7’, 10", anddlaced “flat”
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Monday, June 6™

» Tripod 1 will have three readers at 7’, 10’, anddlaced “flat”
» Tripod 2 will have three readers at 10’ separated@’Iplaced “flat”
» Tripod 3 will have three readers at 7’, 10’, anddlaced “flat”

* Tripod 4 will have three readers at 10’ separate@’lplaced “flat”

Video Data Collection

Two video cameras will collect data during the gtpdriod. The first will record
a wide-angle view of the traffic passing througé study segment in order for post-
processing of traffic volume counts. The seconderanwill be directed southbound to

collect license plate data of vehicles travelinghie peak direction.
Probe Vehicles

Two probe vehicles will be equipped with a Bluetoehabled BT-335 GPS data
logger and three IOGEAR class 1 Bluetooth adattteshed to netbooks. Each probe
vehicle will be operated by one driver. The firsblpe vehicle will drive northeast in the
right lane through the study segment, completiotpekwise loop by utilizing Pittman
Circle, Bronco Trail, Old Norcross Road, and Camhpei Street. The second probe
vehicle will travel southwest in the left lane thgh the study segment, completing a
counter-clockwise loop via Old Norcross Rd and SampCircle. The clockwise route is

shown in Figure 55.
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Figure 55: Probe Vehicle Travel ‘Route (Background image from [36])
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Within each vehicle the GPS data logger will baated to the dashboards. The
three Bluetooth adapters will be attached to trshldaard, to the front passenger seat,
and to the floor in front of the front passengeatsaAll of these devices will be in
discovery mode and will be able to be detectechkyRluetooth readers. The MAC

address and location of each reader will be recbpdier to the field test.

The equipment for each probe vehicle is listedwelo

1 BT-335 GPS data logger * 3 Bluetooth adapters
* 3 Bluetooth emitters 3 USB cables
* 3 netbooks * Adhesive tape

Pre-Deployment Procedure

The probe vehicles will be outfitted with the GP8alloggers and Bluetooth

devices before leaving Georgia Tech’s campus. Aattatly, the Gwinnett County Police
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Department will be contacted at 770-513-5911. Thewing is the message that should

be relayed to the dispatcher:

“This is a non-emergency notification call. Geor@ech will have a
transportation data collection crew located on Badifdighway between Pittman Circle
and Smith Ridge Trace from 7:00 AM to 9:00 AM thsrning. This is part of a Georgia
DOT project. There will be students collecting dat#side of Atlas Furniture

Wholesales.”

The dispatcher will also ask that you provide yoame and cell phone number.
Additionally, Dr. Guensler’'s name and number (4@4-8405) may be provided as a

secondary contact.
Data Output

The data collected from this field study will indieithe detection logs from each
Bluetooth reader (detections of both probe veldeleices and non-probe vehicle
devices) and the GPS data. The detection logsalolv for comparison across the three
Bluetooth station configurations, and the GPS dallebe used to determine the times at
which the probe vehicles passed each tripod. Tédteeof this study will aid in
determining the best configuration of Bluetoothdea to yield the greatest detection
rates. The traffic volumes which will be procesfedn the recorded video will allow for

the calculation of detection rates for each Blut#teeader and for each Bluetooth tripod.
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APPENDIX C: BUFORD HIGHWAY TRAVEL TIME AND LICENSE
PLATE CAPTURE PLAN

Overview

The goal of this study is to collect travel timgadalong the SR-13 (Buford
Highway) between Chamblee Tucker Rd and Old PeaelRd corridor using Bluetooth
technology. During the study license plate videtaduill also be collected in order to
identify regular commuters for future studies. Aswn in Figure 56, this segment
of Buford Hwy is roughly parallel to the sectionldOV lanes that will be converted to
HOT lanes along Interstate 85. SR-13 has beeneativitto four segments between the
major intersections along the corridor: Chambleekéu Road to Interstate 285,
Interstate 285 to Jimmy Carter Boulevard, Jimmyt&adBoulevard to Beaver Ruin Road,
and Beaver Ruin Road to Old Peachtree Road. Ttialidata collection will consist of
license plate captures and Bluetooth reads at fltecsegments: 1. Between Chamblee
Tucker Rd to 1-285 and 2. Between Jimmy Carter Elad Beaver Ruin Rd. The
Bluetooth and license plate data will then be meddio assess travel times between the

two segments.

Five days of Bluetooth travel time and video liceptate data will be collected.
Cameras will be focused in the commute directionttgbound to Atlanta in the morning
and northbound out of Atlanta in the evening. Canwocks will be coordinated prior to
field deployment in order to obtain reliable tratiele data. Southbound vehicle license
plates will be recorded at sites A2 and A4 durimg AM peak hours of 7:00-9:00am.
Northbound vehicle license plates will be recordedites P1 and P3 during the PM peak

hours of 4:30-6:30pm. Detailed information abouttesite, including camera placements
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and access is included in the Site Descriptionsaseof this report. A probe vehicle with
Bluetooth emitting devices and a GPS unit instaitteid will also be driven continuously

past the site throughout the two-hour study period.

Buford Hwy &
Old Peachtree Rd
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\ - ~ A -
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Beaver Ruin Rd
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Buford Hwy & PO ; /
Interstate 285 9 \Z

P

Buford Hwy &
Chamblee Tucker
N

é} ‘_k‘.;"_ = Mountain

0/ Parkts :

Figure56: Map of study coridor and parallel segment of 1-85 (Background image from [36])

Data collection teams will consist of undergraduwsatd graduate students. Four
undergraduate team members will collect licensteplata, two per site. A graduate
research assistant (GRA) will supervise the daliacmn and be responsible for
deploying the teams and equipment at each locaBafety vests, long pants, and closed-

toed shoes will be worn at all times while in thedd.

Once all teams have been dropped off at their ddtaction sites, the GRA will
serve as the probe vehicle driver. Probe vehicleedsy are only to use their cell phones

or other electronic devices when the car is sgdatked. The probe vehicle will begin at
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site A4 in the morning and site P3 in the evenkagl descriptions of the routes are
described below and maps of the turnarounds fordhtes are shown in Figure 58 and
Figure 59. At the end of the data collection peribe team members will be picked up
in the same order in which they were deployed. Eaehwill have a set of safety gear,
letters explaining the team’s activities, and thtape contact information for project

managers, GDOT staff, and local police.

Probe Vehicles

Configured inside the probe vehicle will be a Bagth GPS device and three
discoverable Bluetooth adapters connected to nkthdagure 57 shows the setup of the
probe vehicle. Within the vehicle the GPS data évggill be attached to the dashboard.
The three Bluetooth adapters will be attached éadéshboard, to the front passenger
seat, and to the floor in front of the front paggerseat. The MAC address and location

of each adapter and GPS logger will be recordeat prithe study.
AM Probe Vehicle Route

Begin at site A4. Turn right to proceed south oriidBdi Hwy and begin the route.
Turn left at the third signal onto Shallowford Rdke the first right (no stop sign or
signal) onto Chamblee Dunwoody Rd and then tuint @gain at the next signal onto
Buford Hwy. Proceed on Buford Hwy for more than Bes) past the intersection with I-
285, the railroad tracks, and site A2. After thgnsil at Mitchell Rd move into the right
turn lane and take the channelized right onto SurooneSt. At the stop sign, turn right
onto Price Place, then right again onto Mitchelld&dhe signal. At the next signal turn

left onto Buford Hwy and repeat the loop.
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PM Probe Vehicle Route

Begin at site P3. Turn right to proceed north ofdBililHwY and begin the route.
At the first signal turn left onto N Norcross Tucked. Take the first right onto Lively

Ave (no stop sign or signal). If you reach Carl8ke you have gone too far, but can turn
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right on Carlyle St to get back to Buford Hwy. Turght at the stop sign onto Buford
Hwy. Proceed on Buford Hwy for more than 5 milessthe railroad tracks, the
intersection with 1-285, site P1, and Chamblee Budkd. Turn left at the signal onto
Beverly Hills Dr. Take the first left onto Ortegaa¥y then turn right on Shallowford Rd.

At the first signal turn right back on to Beverlyllsl Dr. At the signal turn right onto

Buford Hwy and repeat the loop.

‘.A'
=N u%‘{
S <

Figure59: PM ProbeVehicITurnounds(Background images from [36])

Police Notification

Prior to deployment, the police department forjthiesdictions where the sites are
located should be contacted. The morning sitefoaeged in the City of Doraville
(police non-emergency phone number: 770-455-1000)lee City of Norcross (770-

448-2111). The afternoon sites are located in &xtat the City of Chamblee (770-986-
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5005) and the City of Norcross (770-448-2111). idiewing is the message that should

be relayed to the dispatcher:

“This is a non-emergency notification call. Geor@ech will have a
transportation data collection crew located on Badifdighway from [7:00 AM to 9:00
AM/4:30 PM to 6:30 PM] this [morning/afternoon]. iBhs part of a Georgia DOT

project. There will be three students collectintadautside of [location name].”

The dispatcher will also ask that you provide ttidrass of the site, your name,
and cell phone number. Dr. Guensler's name and eu@i®4-894-0405) may also be

provided as a secondary contact.

Video Quality

License plate data collection will be taken witgthresolution (1080/60p) video
cameras mounted on tripods. Each camera will dollata from two lanes
simultaneously. Two cameras will be used at sit¢®Ad P1, as SR-13 has three lanes in
each direction at these locations. For all sithqaats of the camera tripod(s) should be
fully extended and the camera(s) should be zooméal the full extent. Figure 60 gives
an example of the video quality necessary in ota@btain legible license plate data. It
is important that the cameras are set up exactthawn in Appendix B1 and Appendix

B2 so that legible license plate video is colleatethis study.
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FingeGO: mpe Frame of High Resolution Video Required to Read L icense Plates

Site Descriptions

AM Data Collection Sites

An overview of the AM data collection Sites Al thgh A4 are shown in Figure
61. As this deployment will involve only sites ABhA4, these locations are described

in detail on the following pages.

Al SpaBella

A2 Chen Eye Center
§j A3 Discount Auto Saleg
& A4 Korean Town Plaza

g

Figure 61: AM data collection sites along Buford Hwy (Background image from [36])
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Site A2: Southbound between Beaver Ruin Road and Jimmy Carter Boulevard

L egend

Camera
A Bluetooth Tripod
O Parking

v/ ik 2
Figure 62: Map of Site A2 (Background image from [36])

Site A2 is located immediately south of Carlyleo8tside of Chen Eye Center at
5825 Buford Highway, shown in Figure 62. The GP8rdmates are 33.93869°N,
84.21210°W. Parking for this site is located in @teen Eye Center parking lot.

Permission has been obtained from the owner tohissite for the study.

The camera should be set up next to the sidewak@sn in Figure 63. A rope
should be tied around the top part of the tripo@retthe legs meet and tightly secured at
the other end to a sandbag on the ground in oodemgure that the camera does not fall
over. All parts of the camera tripod should beyf@ktended and the camera should be
zoomed in to the full extent. A detailed view oéttamera focus is shown in Appendix 1.

Note the striping in the bottom right of the screen
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Figure 63: Cameralocation for Site A2.

The Bluetooth tripods will be set up 50 feet ap@igure 64 shows the location of Tripod 1 and
Figure 65 shows the location of Tripod 2. A sandlibbe placed under the leg of the tripod
closest to the road in order to provide a levelgrh Sandbags will also be placed on the other
two legs of the tripods to ensure stability. Anrgga cone will be placed at the base of each tripod

to warn pedestrians of the potential obstacle.

Figure 64: Location of Site A2 Bluetooth Tripod 1
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Al

Figure 65: Location of Site A2 Bluetooth ipod 2

Site A4: Southbound between 1-285 and Chamblee-Tucker Road

Site A4 is located south of Park Avenue, betweeR&} del Taco and the Korean
Town plaza at 5302 Buford Highway shown in Figueahd Figure 67. The GPS

coordinates are 33.89709°N, 84.28163°W. Parkinghfesite is in the large Korean
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Town parking lot located after the white Title Bsckitle Pawn building. Permission has

been obtained to use the site for this study.

L egend

Camera

A Bluetooth Tripod
O Parking

Due to the three lanes of southbound traffic & kbcation, two cameras will be
used to collect license plate data at Site A4. tWeecameras should be set up as shown
in Figure 68. A cable should be tied around thepan of the tripods where the legs meet
and tightly secured at the other end to eitheBilnetooth tripod or a sandbag on the
ground in order to ensure that the camera doefahatver. Camera 1 will capture the
inside and middle lane and camera 2 will captueentiddle and outside lane. All parts of
the tripods should be fully extended and the camehauld be zoomed in to the full
extent. Detailed pictures of the camera views &onera 1 and camera 2 are shown in

Appendix B1.
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Figure 68: Cameralocation for Site A4.

The Bluetooth tripods will be set up 65 feet apdigure 69 shows the location of Tripod 1, and
Figure 70 shows the location of Tripod 2, whichlwé the control tripod with only one reader at
10 feet. Sandbags will be placed on the legs ofrtheds to ensure stability. An orange cone will

be placed at the base of each tripod to warn peéalestof the potential obstacle.

Figure 69: Location of Site A4 Bluetooth Tripod 1
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Figure70: Location of Site A4 Bluetooth Tipod 2

PM Data Collection Sites

A map of the PM data collection sites P1 throughaf4shown in Figure 71. As
only sites P1 and P3 will be used for this deployindetailed information about these

locations is included below.

)i
LA

L egend

P1 Mercado del Pueblo

P2 First Intercontinental Bank
P3  Carter Crossing

P4  Duluth History Museum

B

_ o ST g
Figure71: PM

data collection sites along Buford Hwy (Background i

mage from [36])
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Site P1: Northbound between Chamblee Tucker Road and 1-285

=2 Stafford Pl

el

Chamblee

: ,'A ,,',_ ‘ §rva i | o

Figure 72: Map of Site P1[36]

Site P1 is located to the north of Chamblee Tu&a@ad outside Mercado del
Pueblo at 4949 Buford Hwy, shown in Figure 72 aiglife 73. The GPS coordinates are
33.88683°N, 84.28738°W. Parking for this site ishie Mercado del Pueblo parking lot.

Permission has been obtained to use the siteifostindy.

The camera location is on the northwest cornehefparking lot between the
sidewalk and the stone wall, as shown in FigureA7eape should be tied around the top
part of the tripods where the legs meet and tigbglyured at the other end to the
Bluetooth tripod, the fence, or a sandbag on tbermt in order to ensure that the camera

does not fall over. All parts of the tripod shoblel fully extended and the camera should
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be zoomed in to the full extent. A detailed viewtlod camera focus is shown in

Appendix B2.

& Camera

A Bluetooth Tripod

O Parking
F~

Figure 74: Cameralocation for site P1
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The Bluetooth tripods will be set up 120 feet apligure 75 shows the location
of Tripod 1, and Figure 76 shows the location apdd 2, which will be the control
tripod with only one reader at 10 feet. Sandbadjsbsiplaced on the legs of the tripods
to ensure stability. An orange cone will be plaaéthe base of each tripod to warn

pedestrians of the potential obstacle.

Figure 76: Location of Site P1 Blu 0 ri 2
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Site P3: Northbound between Jimmy Carter Boulevard and Beaver Ruin Road

-

Figure77: Map of Site P3 [36]

Site P3 is located north of Jimmy Carter Blvd ionfr of Global Brokers in the
Carter Crossing Shopping Center at 6355 Buford Hilye GPS coordinates are
33.93258°N, 84.22022°W. Parking for the site ithie shopping center lot. Permission

has been obtained to use the site for this study.

-

Figure 78: Setup for Site P3 (Background image from [36])
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The camera location is in the grass between tlewsitk and the parking lot near
the north end of the shopping center. A rope shbaltled around the top part of the
tripods where the legs meet and tightly securédeabther end to the Bluetooth tripod in
order to ensure that the camera does not fall e .tripod should be positioned above
the manhole as seen in Figure 79. All parts otiiped should be fully extended and the
camera should be zoomed in to the full extent. faitkel view of the camera focus is

shown in Appendix B2.

Figure 79: Cameralocation for site P3.

The Bluetooth tripods will be set up 60 feet apligure 80 shows the location of
Tripod 1, and Figure 81 shows the location of Tdi2o which will be the control tripod
with only one reader at 10 feet. Sandbags willlaegu on the legs of the tripods to
ensure stability. An orange cone will be placethatbase of each tripod to warn
pedestrians of the potential obstacle. Due to tibepsslope, the camera tripod will be

secured to the weighted Bluetooth tripod usingtdeca
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Figure81: Location of Site P3 Buett Tripod 2

Bluetooth Configurations

Various Bluetooth configurations will be implemethieach day of the study. One
tripod will always be the control, with one reagéaced at 10 feet. The other tripod will
vary as follows, with the same configuration impéted during the morning and

evening data collection.
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Day 1: Monday June 13th
» 3readers placed horizontally at 10, spaced 3itapa

» Each site will require 4 total readers

Day 2: Tuesday June 14th
» 3readers placed vertically at 7’, 10", and 13’

» Each site will require 4 total readers

Day 3: Wednesday June 15th
» 5readers placed horizontally at 10’, spaced 3itapa

» Each site will require 6 total readers

Day 4: Thursday June 16th
» 4 readers placed vertically at 5.5, 8.5, 11.5idd 4.5’

» Each site will require 5 total readers

Day 5: Friday June 17th

* To be determined based on earlier results
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Equipment

Each site will require the following equipment. ‘Kfers to the number required for the

specific day’s Bluetooth configurations as statethe Bluetooth Configurations section.

Site A2 » 3 safety vests
* 1 high resolution camera & SD card » 2 sandbags
» 2 batteries » 3 orange cones

1 camera tripod

1 measuring wheel

2 Bluetooth tripods

X Bluetooth readers & USB
extension cables

1 rope/cable

SitesA4 and P1

2 high resolution cameras & SD
cards

* X netbooks * 4 batteries
* X Velcro ties * 2 camera tripods
e 1field bin * 1 measuring wheel

1 netbook bag
1 packet with letter explaining the
project

2 Bluetooth tripods
X Bluetooth readers & USB
extension cables

» 3 safety vests * X netbooks
* 4 sandbags » X Velcro ties
e 3 orange cones » 1 field bin

1 rope/cable

All other sites
1 high resolution camera & SD card .

2 batteries

1 camera tripod

1 measuring wheel

2 Bluetooth tripods

X Bluetooth readers & USB
extension cables

1 netbook bag

1 packet with letter explaining the
project

3 safety vests

2 sandbags

3 orange cones

2 ropes/cables

Probe Vehicle

3 netbooks

e X netbooks e 3 Bluetooth readers & USB
X Velcro ties extension cables
« 1 field bin e 1 GPS device

1 netbook bag
1 packet with letter explaining the
project
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Appendix B1: AM Camera Views

Figure 84: Camera View for Camera 2 (Outside Lanes) of Site A4

144



Appendix B2: PM Camera Views

' 4

/4

Figure87: Camera View for Site P3
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