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Abstract

Bluetooth technology emerged over twenty years ago and has continuously
improved throughout the years to meet diverse and complex applications. In-
itially invented to replace the need for physical data cables, Bluetooth offers
users a quick and easy way to share data files over a wireless network. Traffic
engineers and transportation engineering researchers have utilized the poten-
tial opportunities that exist with Bluetooth and have implemented this tech-
nology into traffic monitoring techniques. To gain a better understanding of
Bluetooth sensors and how they work, a comprehensive literature search was
conducted. Twenty-five articles were studied regarding case studies of Blu-
etooth sensor implementation for travel time measurement. Besides review-
ing the literature and previous case studies, three new case studies in the State
of Delaware, USA, were also conducted and carefully analyzed. The benefits
and drawbacks associated with Bluetooth technology for travel time mea-
surements have been identified in this paper. The overall conclusion of the
authors is Bluetooth alone and by itself is not a proper technology for travel
time measurements. More studies need to be conducted on the accuracy and
overall application, before one can confidently utilize the Bluetooth technol-
ogy for travel time measurements.
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1. Background and Introduction

Bluetooth technology is a wireless alternative that allows users to interconnect

various electronics (e.g., cellphones, laptops, computers, speakers/headsets) to
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one another and share data over this connection. Created in 1994, the purpose of
Bluetooth was to establish a connection and collaboration between unique
products and industries. The concept of Bluetooth is to be ideally utilized over
short-range distances [1]. The application of Bluetooth technology contains
hardware and software components. Bluetooth hardware consists of an antenna
of some sort to transmit signals from one device to another; the software is effec-
tively responsible for interpreting radio signals to and from the device [2]. The
radio frequency that Bluetooth commonly operates at is 2.4 GHz. When present
among other devices that utilize a radio frequency to operate, the Bluetooth
transmitted signal “hops around the frequency”. This phenomenon is called
Frequency Hopping Spread Spectrum (FHSS). In order to establish a connection
between two Bluetooth devices, the two devices must be “paired” [1].

Bluetooth devices can be broken down into three general classes—Class I,
Class II, and Class III, referring to the power that is transmitted from the devic-
es. Table 1 provides a general overview of the three different power classes that
Bluetooth devices are commonly described by. For pairing two devices from dif-
ferent classes, the maximum communicating distance is based on the one with
shorter range [3].

Bluetooth technology has been innovated throughout the years since it was
first introduced to the public over twenty years ago. It was primarily created to
eliminate the need for data cables and connections. This technology has made
wireless keyboards, mice, and even wireless printing possible [4]. Over the years,
this technology has been greatly improved and led to simplicity in other applica-
tions. Bluetooth is commonly recognized and associated with communication.
Extending Bluetooth technology to mobile phones has led to hands-free com-
munication. Such applications have guided Bluetooth technology to be imple-
mented in cars. Vehicles equipped with Bluetooth technology allow the driver to
make hands-free calls and even texts while driving on the road. Another very
common application of Bluetooth is wireless networking. Because Bluetooth in-
terconnects two electronic devices, data or information that can be transferred,
shared, and synchronized over this wireless connection. A more recent applica-
tion of Bluetooth technology is travel time measurement. This application will
be further discussed in this paper.

The Bluetooth Special Interest Group (SIG) owns the Bluetooth trademark
[1]. The Bluetooth SIG licenses out the trademark to companies who have
earned membership within the SIG [1]. Generally, the Bluetooth devices are po-
wered by private companies. Bluetooth sensors have been deployed in different
locations all over the United States, Canada, Australia, New Zealand, and coun-
tries in Europe to collect travel time data. The travel time data collected by these
Bluetooth sensors is sometimes used to produce origin-destination matrices for
freeways, arterials, and urban roadways. Additionally, these sensors are also used
to monitor real-time traffic conditions. Different models of Bluetooth sensors

are available for different applications.
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Table 1. Bluetooth device power classes. Source: SANS Technology Institute [3].

Class Maximum Tr:ansmitted Maximum Range Applications
Power (milli-Watts) (meters)
I 100 100 Laptops, Desktops
I 2.5 10 Mobile phones, Headsets
III 1 <10 Bluetooth adapters

Although Bluetooth is quick to install and easily adaptable, there are some
risks that are associated with the technology. Security breaches are one of the
main concerns associated with this technology. Eavesdropping is a possible con-
cern when Bluetooth headsets are used. Despite the many iterations and im-
provements with this technology, hackers tend to always find a flaw in the soft-
ware [5]. Furthermore, whenever data is transferred across a Bluetooth connec-
tion, users are highly advised to properly encrypt the data. Failure to encrypt the
data properly may result in interception or even disclosure of the transferred
data by the hacker [6]. Bluetooth connections in automobiles have led hackers
the ability to hack vehicles [5]. Due to software vulnerabilities, hackers have be-
come able to control a vehicle from some distance away. Aside from safety and
security risks, Bluetooth may pose a threat to human health. Radiation from
Bluetooth has become a recent concern. Since Bluetooth uses radio transmis-
sions that hop around the frequency, it is these “pulsed radio frequency signals”
that emit radiation [7]. The rate at which the human body absorbs radiation due
to Bluetooth signals is 0.23 W/kg. Comparing the Bluetooth specific absorption
rate (SAR) to low SAR cellphones, in some cases the Bluetooth SAR is worse
than the low rated SAR cellphone. The amount of radiation emitted is direction-
ally proportional to the Bluetooth power class. Considering that Class I devices
operate at the highest power level, the most radiation is emitted from Class I de-
vices. Studies have shown that Class I Bluetooth devices emit similar levels of

radiation as cellphones, which may ultimately contribute to DNA damage.

2. Literature Review

Numerous studies have been conducted to explore the applications of Bluetooth
technology in the last decade. In this section, existing studies related to Blu-
etooth travel time technologies are summarized and sorted chronologically. But
before that, examining some solutions provided by different organizations can
help in understanding the mechanics of collecting travel time data by Bluetooth
technology.

Many organizations provide their own approaches for measuring transporta-
tion related parameters by Bluetooth and other wireless technologies [8] [9] [10]
[11]. The process of collecting data by Bluetooth sensors and software are simi-
lar. The Bluetooth software detects Bluetooth or radio signals being emitted
from driver/passenger cellphones as well as vehicles. As a Bluetooth sensor de-

tects the radio signals from approaching vehicles, Bluetooth software assigns the
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vehicle with an anonymous Mac address and records the data (time) at that in-
stant. When the car begins to approach the second antenna, the Bluetooth soft-
ware matches the anonymous Mac address with the vehicle from the first an-
tenna and records the corresponding data. Some companies have suggested us-
ing the Bluetooth software with Wi-Fi to increase the match rate of vehicles.
Without utilizing Wi-Fi, the Bluetooth software is unable to measure intersec-
tion delays [8]. Studies conducted by ITS International show that the Bluetooth
software can be just as accurate as Automated License Plate Readers (ALPR) [9].
Moreover, Bluetooth systems tend to be cheaper than ALPR. Since ALPR re-
quires cameras to be mounted in essentially every lane, the cost of camera im-
plemented technology is more expensive than installing two Bluetooth antennas
or poles. But they also conclude that, although Bluetooth detection systems seem
promising, more testing is required to fully compare its benefits with current
detection systems. Other Bluetooth travel time measurement systems claim that,
since the Bluetooth vehicle detection rate is quite high, traffic managers are able
to update travel time message signs and respond to roadway incidents much
faster [10]. One of the leading global companies providing solutions in traffic
management [11] note that knowing the number of stops and the durations of
delays experienced by a vehicle, one may have a better estimate for the amount
of carbon emissions being released into the atmosphere.

The remainder of this section describes the assessment of different researches

in using Bluetooth technology for travel time measurements.

2.1. Studies Conducted by the University of Maryland [12] [13]
[14] [15] [16]

In 2008 the University of Maryland launched a project to investigate travel times
along the I-95 corridor. At the beginning, the project spanned approximately
1500 miles of freeway and 1000 miles of arterials along parts of Delaware, Penn-
sylvania, New Jersey, Maryland, Virginia, and North Carolina. Temporary Blu-
etooth scanners were installed along roadways to detect approximately 5% of ve-
hicles within the traffic stream. To establish reliability, GPS probe vehicles were
deployed to collect traffic data at the same times the Bluetooth sensors were col-
lecting data. This experiment investigated the quality of GPS collected data
against Bluetooth collected data. Researchers found that the data proved to be
dependable. The collected data fell within the specifications of an average abso-
lute speed less than 10 MPH and speed error bias of 5 MPH. Additionally, it was
found that the GPS data has a superior quality at higher speeds.

In the next few years, the University of Maryland continued their research on
travel time measurement by Bluetooth sensors. The researchers conducted an
experiment involving Bluetooth detection sensors to investigate the ability to es-
timate the specific lanes the detected vehicles are traveling in. Consequently,
they have proposed an estimation technique to provide an average speed for ve-

hicles traveling in different lanes. In 2012, The Center for Advanced Transporta-
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tion Technology at the University of Maryland provided a report regarding the
research for using Bluetooth traffic detectors and their ability to be used as per-
manently installed travel time instruments. The installed sensors operated for 24
hours a day for the duration of almost a year. Since that, the report provides
useful information for estimating the cost of operating and maintaining the Blu-
etooth sensors. The author, Young, notes that factors that influence detection
rates include “primarily distance and proximity to the traffic stream”. He speci-
fies that the most ideal height to place Bluetooth sensors to be about 10 feet
above the ground, in order to maximize detection rates. One of the biggest
problems Young faced was the reliability of cellular communications. Outages
and maintenance on cellular towers caused disturbances in data collection.

Haghani et a/ assesses the reliability of travel time reports based on the selec-
tion of the data source and published the results of their study in 2014. In order
to make a valid comparison, they use data provided by Bluetooth technology and
probe data provided by a private company. However, when statistical methods
were applied to the two sets of data, it was concluded that there was no signifi-
cant evidence to suggest that the reliability of the Bluetooth data and the probe
vehicle data were different.

This project consisted of deploying two data collection methods—GPS probe
vehicles and Bluetooth technology. Relative to the GPS probe vehicles, the Blu-
etooth technology allowed for a direct sample of travel times and determined
overall traffic travel time. The researchers for this particular project concluded
that using GPS and Bluetooth provided a better overall travel time measurement

experience.

2.2. An Investigation of Bluetooth Technology for Measuring
Travel Times on Arterial Roads: A Case Study on Spring
Street [17]

In 2011, Vo published his cases study on measuring travel time on arterial roads
by Bluetooth technology. The author notes that the type and placement of Blu-
etooth sensors dictates the “quality and quantity of the data”. Vo also mentions
that arterials are more likely to experience “trip-chaining,” where drivers stop
for errands or other purposes between Bluetooth sensors, thus producing inac-
curate travel times. For roads with higher traffic volume, it is suggested to use
shorter sampling times. To prevent oversampling, the sensors were placed at
mid-block locations, if indeed available. The first result Vo noticed from the data
is that the Bluetooth technology only detected a small percentage of the total cars
traveling in the detection zone, but vehicles traveling in lanes closer to the Blu-
etooth sensor were detected more frequently. Moreover, the author also noticed
that, between the two sensors that were investigated, the heights by which the
Bluetooth readers were varied at produced fluctuating results. The author found
that having multiple Bluetooth readers at one station produced a higher number
of total detected vehicles. Comparing the Bluetooth data to the GPS data, Vo
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found that the error between the two data sets was generally under 2%.

2.3. Studies Conducted by the University of Washington [18] [19]

In the same year, a study published by a team of engineers and researchers at the
University of Washington shows their investigation on the errors associated with
Bluetooth Mac address matching for travel time measurement. Properly filtering
out these modes of travel produced the traffic data regarding each mode of
transportation. Additionally, the team mentions that Bluetooth sensors may take
up to 10.24 seconds to detect a Bluetooth-enabled device, thus detection zones
should be designed to ensure that a high-speed moving vehicle is within the de-
tection zone long enough to be identified. After conducting experimentation, the
team found that the error produced from using Bluetooth technology ranged
from 4.0% to 9.4% when compared to the data collected by the ALPR cameras.
The team of researchers suggests that despite this small percentage of error, the
Bluetooth technology was still representative of actual conditions.

A few years later, Wang et al at the University of Washington conducted a
study to compare the error between multiple methods of travel time measure-
ment. The modes of measurement studied in this investigation included auto-
mated license plate recognition (ALPR), Bluetooth sensors provided by a private
company, and traffic data provided by a private company. The researchers
sought to compare the mean absolute deviation (MAD) and the mean percent
error (MPE). In order to measure such error, the team looked into mean abso-
lute percent error (MAPE) and the root mean square error (RMSE). It was found
that the Bluetooth sensors had detected significantly fewer vehicles than ALPR
cameras. Consequently, after analyzing all the modes of measurement, the re-
searchers suggest that the benefits and drawbacks of each method should be
compared and contrasted (e.g., cost, operating condition, power supply) and

then selected based on which method best suits the desired application.

2.4. Studies Conducted in Canada [20] [21] [22]

Szuch & McDaniel’s research released in 2011 summarized that transportation
systems engineers in Calgary, Canada investigated Bluetooth methods to accu-
rately measure travel times. To ensure travel time reliability, the team of re-
searchers required a 3% detection rate of the total vehicles traveling along the
route, as well as a minimum of twenty days of data collection. The engineers
found that there was little variation between the two Bluetooth data sets col-
lected.

Furthermore, Shahram describes a study described by that was conducted in
Canada to determine travel time and speed recorded by Bluetooth technology. In
order to determine travel time reliability, certain metrics recommended by
FHWA were considered: 95% travel time, buffer index, travel time index, and
planning time index. Ultimately, it was concluded that the Bluetooth technology

could produce reliable data; however, the enormous amount of data that was
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collected for a short study period made analyzing the results quite difficult. After
comparing the two groups of results collected by two systems provided by dif-
ferent companies, the researchers suggest that there is a need for further research
into crowdsourcing accuracy and the required minimum penetration rate for
Bluetooth detection.

In 2014, students at McGill University published their study on investigating
the ability to record traffic data using a Wi-Fi/Bluetooth detection system. Es-
sentially, Wi-Fi works different from Bluetooth sensors. It communicates by
“listening” to the signals broadcasted by Wi-Fi devices. Due to the lack of Blu-
etooth-enabled devices, Wi-Fi has become increasingly popular since it has a
higher detection rate. The researchers note that this data would be useful in es-
timating the number of individuals at a bus stop, accident detection (e.g., queue
length and speed), and even smart traffic apps on cellphones. Additionally, they
suggest that future studies should consider activity-based modeling for urban
areas, airports, campuses, and public transportation hubs. They also note, it
would be useful to investigate public transportation planning as well as accident

occurrence prediction.

2.5. Studies Conducted in European Countries [23] [24] [25] [26]

In 2011, Australian researchers published a study focusing the application of
deploying Bluetooth technology for collecting traffic congestion data. Not only
do the researchers consider the travel times collected by the Bluetooth sensors,
but they also consider the “Duration” data—which describes the time spent by
Bluetooth-enabled devices to pass through the detection range of the Bluetooth
sensors. What the researchers found upon processing the data was that the Du-
ration data had an average value of about twenty seconds, providing a travel
speed close to the free flow speed. Moreover, they also found that Duration in-
creases as travel time increases. With fixed red-light signals, the Duration data
was able to provide details about traffic delays, such as that travel time was heav-
ily impacted by intersections downstream and mid-link delays. After analyzing
the data, the team suggests that longer study periods should have been used to
increase the sample size in order to fully understand the delays.

Researchers at the University of Portugal investigated traffic detections via
Bluetooth technology by deploying two research methods and published their
studies in 2013. The first method describes installing Bluetooth sensors at key
points in the city, whereas the second method involves placing Bluetooth sensors
within commuting cars designated to travel the route. From the data, the re-
searchers were able to determine average travel times and speeds for rush-hour
traffic. Additionally, the associated sample size was large enough to develop pre-
liminary origin-destination matrices for the studied routes. Collecting data using
the Bluetooth technology within the commuting cars provided information re-
garding traffic volume in areas where static Bluetooth sensors were not being

used. Moreover, such information regarding the traffic volume may help traffic
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engineers and managers undercover information about drivers who carpool. The
authors mentioned Portugal planned to continue using Bluetooth technology to
extract reliable data regarding roadway traffic.

According to a 2015 publication in the city of Bonn, Germany, researchers
looked to find a cheaper alternative to collect traffic data than the currently used
systems. The researchers were hoping that Bluetooth sensors may be the solution
and allow them to collect traffic information to assess the performance of cur-
rent posters and billboards. The team of researchers installed the sensors in bill-
boards that were located in close proximity to the street and free from any con-
struction zones. The study spanned a four-week duration from the middle of Ju-
ly to the middle of August. Upon analyzing the data, the researchers had col-
lected over 85,000 unique Mac addresses, which originated from over 260 dif-
ferent Bluetooth-enabled devices. Researchers found that after comparing the
two sets of data, there was a 7% - 10% ratio. Additionally, the data was aggre-
gated depending on the dwelling times. From this data, the researchers were able
to identify recurring Mac address throughout the duration of the study. Ulti-
mately, the researchers found that the commuter interval information provided
useful mobility patterns of commuters. However, they also soon realized the
importance of selecting the right Bluetooth sensor, depending on the application
of the project. The team suggests that further research should consider studying
correlation coefficient for the sensors to relate similar measurements.

By implementing Bluetooth sensors in floating cars, researchers were able to
collect data regarding all traffic participants, which includes motorists, bicyclists,
and pedestrians. The researchers at the German Aerospace Center who created
the approach called it “DYANAMIC”. In order to test the approach, the re-
searchers deployed a simulation model on a program called SUMO. From the
software, the researchers were able to obtain a detection probability distribution
function based on the factors that were controlled during the simulation. The
team of researchers was hoping that the simulation could provide them with a
detection interval of Bluetooth sensors to maximize detection and match rates.
Ultimately, the researchers concluded that the detection probabilities provided
by the simulation and field test provided decent results; however, they suggested
that the parameters of traffic characteristics should be studied in more detail be-

cause there was some variation in the probability distributions.

2.6. Application of Travel Time Information for Traffic
Management [27]

Day et al. at Purdue University describe their findings from conducting a study
using Bluetooth technology to obtain probe vehicle data. The goal of this study
was to assess characteristics of traffic flow (specifically during the Brickyard 400
race in Indiana), delays due to road construction, motorists’ compliance with
work zone speed limits, motorists’ selection of a route during road construction,
and an analysis of a signalized arterial during the winter season. The researchers

suggested that Bluetooth sensors should be installed at eight feet.
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2.7. A Methodology for Using Bluetooth to Measure Real-Time
Work Zone Travel Time [28]

Stephanie Zinner, a graduate student at Georgia Institute of Technology, devel-
oped a methodology to measure real-time travel time in a work zone on I-270 in
Atlanta, Georgia. Moreover, Zinner investigates the characteristics of using dif-
ferent classes of Bluetooth devices for data collection. Upon analyzing the re-
sults, Zinner found that the Bluetooth sensors had a match rate between 12%
and 47%. Additionally, the placement of Bluetooth sensors affects the match rate
indeed. Also, Zinner found that detection rates increase as speed decreases and

proximity increases.

2.8. Reliability of Bluetooth Technology for Travel Time
Estimation [29]

Araghi et al. published their investigation on the reliability of Bluetooth tech-
nology for travel time estimates in 2013. In this experiment, data collected from
Bluetooth signals was compared against data collected from a GPS for test runs
of 1000 trips. The researchers found that many factors influence the accuracy
and reliability of Bluetooth traffic data collection. Some of these factors include
the strength and speed of the Bluetooth transmitting device, the software’s dis-
covery procedure, the location of the transmitting device relative to the Blu-
etooth roadway sensor, and the size/shape of the detection zone. According to
experimentation, the authors found that short-range Bluetooth antennas de-
tected Bluetooth-enabled devices in a closer range to the sensor, thus producing
more accurate time stamps. However, short-range antennas subsequently de-

crease the accuracy of penetration rates within the detection zone.

2.9. Validation of Origin-Destination Data from Bluetooth
Re-Identification and Aerial Observation [30]

A publication of Chitturi et al. in 2014 reported how the Department of Trans-
portation in Wisconsin (WisDOT) sought to validate two specific methods of
travel time measurement. The two methods are time-lapse aerial photography
(TLAP) and Bluetooth sensors. In order to compare the two methods of mea-
surement, WisDOT collected traffic volume data so that origin-destination (OD)
matrices could be generated for each method. The capture rates for the Blu-
etooth sensor ranged from 2.3% to 7.2%, with an average of 4.4%. Researchers
also notice that the capture rates were bias to one particular direction of traffic.
After applying the GEH (Geoffrey E. Havers) formula to the Bluetooth data, the
researchers found that daily data collection from Bluetooth sensors did not pro-
vide an accurate OD matrix, but instead a combination of multiple days of data
collection seemed to provide a more accurate OD matrix. The researchers sug-
gest that the low penetration rate of Bluetooth-enabled devices may result in a
low sampling rate, and thus, varying data. However, they note that Bluetooth

sensors do provide satisfactory results, given the characteristics of the sensors.
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2.10. Collecting Travel Times with Wi-Fi and Bluetooth [31]

Mike Post, Eastern Region Director at Iteris Inc., outlines the literature asso-
ciated with performing a study to retrieve travel times using Wi-Fi and Blu-
etooth technology. Additionally, he outlines the possible modes of collecting da-
ta via Bluetooth—using existing cables, portable, AC-powered, and so-
lar-powered units. Because many studies choose to use Wi-Fi in addition to Blu-
etooth, Post discusses the benefits of each method. He writes that Bluetooth
technology allows for a continuous scan of Bluetooth signals, retrieves Mac ad-
dresses at high speeds, and also has a very high re-identification rate of Mac ad-
dresses. On the other hand, he writes that Wi-Fi continuously listens for Wi-Fi
signals, can act as hotspots, and can detect more signals (e.g., cellphones). How-
ever, Wi-Fi has a lower re-identification rate of Mac addresses and retrieves Mac
addresses at a slower rate than Bluetooth. Post includes that, due to the charac-
teristic of Wi-Fi data collection, Wi-Fi should be used where traffic is slower or
has the opportunity to stop. Conversely, Bluetooth technology should be used in

free flow conditions.

2.11. Use of Travel Time, Travel Time Reliability, and Winter
Condition Index Information for Improved Operation of Rural
Interstates [32]

Comparing speed sensors data to Bluetooth collected data, the state of Wyoming
conducted an investigation to determine the best methodology to measure travel
times on rural freeways. Researchers found that the penetration rate was ex-
tremely low on rural interstates. Additionally, upon processing the Bluetooth
data, the researchers found that the Bluetooth collected travel times were longer
than the speed sensors. Specifically, there was a ten-minute average difference
between Bluetooth and speed sensor travel time. They note that such may be a
reason due to more trucks carrying Bluetooth-enabled devices than passenger
cars. Moreover, since the penetration rate of Bluetooth-enabled vehicles was
found to be extremely low, the team concluded that Bluetooth technology pro-

vided unreliable results to be used in measuring travel times on rural roadways.

3. Case Studies

In this section, three different projects conducted by the authors at the Univer-
sity of Delaware, Department of Civil and Environmental Engineering are de-
scribed. All these projects relate to the measurement of travel times using Blu-

etooth technology.

3.1. Case study I: 2013 Bluetooth Data Collection on Route 1—
The State of Delaware, USA [33]

In 2013, a study was launched in Delaware to observe traffic behavior at desig-
nated locations along Route One. This study was the DelDOT’s (Delaware De-
partment of Transportation) first attempt of using Bluetooth technology for tra-

vel time measurements. The University team assisted the DelDOT in processing
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data and conducting analyses.

A total of six Bluetooth sensors (Figure 1) were installed at the following loca-
tions (relative to Route One)—DE 30, DE 16, Five Points, Collins Street, DE 26,
and DE 54. More specifically, the identification of each of the sensors, respec-
tively, were SBT0003, SBT0004, SBT0001, SBT0002, SBT0005, and SBT0006. The
sensors were deployed for data collection on four separate days—Sept. 25, 2013
(6:30 AM-9:30 AM), Sept. 26, 2013 (3:30 PM-6:30 PM), Oct. 1, 2013 (6:30
AM-9:30 AM), and Oct. 22, 2013 (3:30 PM-6:30 PM). The three-hour periods of
data collection were considered to be the peak hours of data collection. Each
Bluetooth reader had a scan length of 5.12 seconds. On the four days of data col-
lection, the Bluetooth sensors collected traffic data in both directions of traffic.
To validate the Bluetooth data, travel times derived from GPS probe vehicles
were used for comparisons.

The data from all six Bluetooth sensors was separated into four Excel spread-
sheets based on the date the data was collected. It was ensured that all reported
detection times were converted into standard time for processing simplicity.
Each Mac address was individually analyzed for a match between Bluetooth
sensors. If the Mac address was recognized by more than one sensor, the travel
time was calculated by taking the difference between time stamps. An example of
the travel time calculation is provided in Figure 2. Once all the individual travel
times had been calculated, the average travel time for a particular segment on a

particular day could be generated to compare with the GPS travel times.

Figure 1. The map of Bluetooth Sensors, 2013 [33].
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Detection Log
Station Vehicle Detected Time D;t"e‘zt;d .{;:v::x::
DE1 @ DE26 +UWGSMVYA7BOCKLOLIVWSWXSRNS= Tue Oct 22 2013 17:42:35EDT = 5:42:35
DE1 @ DE26 +UWGSMVYA7BOCKLOLIVWSWXSRNS= Tue Oct 22 2013 17:42:39 EDT = 5:42:39
DE1 @ DE26 +UWGSMVYA7BOCKLOLIVWSWXSRNS= Tue Oct 22 2013 17:42:48 EDT = 5:42:48
DE1 @ DE26 +UWGSMVYA7BOCKLOLIVWSWXSRNS= Tue Oct 22 2013 17:42:53 EDT  5:42:53

DE1 @ Collins St +UWGSMVYA7BOCKLOL1IVWSWXSRNS= Tue Oct 22 2013 18:10:30 EDT  6:10:30 0:27:37
DE1 @ Five Points +UWGSMVYA7BOCKLOLIVWSWXSRNS= Tue Oct 22 2013 18:22:28 EDT  6:22:28 0:11:58
DE1 @ DE16 +UWGSMVYA7BOCKLOLIVWSWXSRNS=Tue Oct 22 2013 18:28:56 EDT = 6:28:56

DE1 @ DE16 +UWGSMVYA7BOCKLOLIVWSWXSRNS= Tue Oct 22 2013 18:29:01 EDT  6:29:01 0:06:33

Figure 2. Example of calculating travel time based on Bluetooth data [33].

The total number of detected vehicles for this study was 3399. The detection
rates of all roads were ranged from 5% to 36%. For each daily observation pe-
riod, the average travel time collected Bluetooth and GPS probe vehicle methods
were compared. The GPS travel time data was also used for filtering out the out-
liers of Bluetooth data. Bluetooth travel times that were three times greater than
the average GPS travel time for a particular segment were excluded from the
calculation of average travel time reported by Bluetooth technology. Additional-
ly, to illustrate the importance of filtering, calculations were repeated for the da-
ta after Bluetooth travel times, two times greater than the average GPS travel
times were excluded as outliers. Since standard deviation and coefficient of va-
riance are both common statistical measurements that provide the information
for how “spread out the data points are”, they were also calculated and analyzed
in this study. The data for each observation period—each three hours, was ana-
lyzed separately. The following Table 2 and Table 3 show examples of how the
resulting data was presented.

As demonstrated by the results, Bluetooth sensors can provide satisfactory re-
sults of travel time measurement. However, upon manually analyzing the data, a
few interesting details were noticed. In this analysis, last-to-last matching was
used; that if a sensor detected a vehicle more than once, the last recorded detec-
tion would be used in the travel time calculations. As the travel times were being
calculated, it was noticed that in several situations a significant phenomenon kept
repeating. More specifically, a vehicle would be detected at a sensor at some time
X and would be detected at the following sensor at a much later time Y. Conse-
quently, longer travel times would be produced from these situations. Despite the
attempt to filter out any outliers in the data, some of these longer travel times
were still within the error threshold and thus, were accounted in the calculated
average travel time for each segment. When the filtering procedure was adjusted
to eliminate Bluetooth travel times two times greater than the average GPS travel
time (rather than three times greater), many of the average Bluetooth travel times
changed considerably. In some cases, the average Bluetooth travel time was de-
creased by as much as one minute when compared to the previously calculated
Bluetooth travel time (times that filtered out data three times greater than the
GPS average). Further research and investigations into Bluetooth travel time data
collection may help develop a specific methodology for determining “ground
truth” data. The match rate for each day of data collection was also calculated
[33]. During data processing, it was noticed that some sensors matched more ve-
hicles than the other sensors, which may be a result of reduced traffic density.
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Table 2. Example of travel time data table regarding Bluetooth and GPS methods [33].

SR 30/ SR 16/ Five Points/  Collins St./ SR 26/

Direction " cp 16 FivePoints CollinsSt. SR 26 SR54
Coefficient of Variance I SB 6.1% 18.1% 22.1% 12.0% 32.9%
Coefficient of Variance II SB 6.1% 7.6% 10.4% 12.0% 21.8%
Coefficient of Variance I NB 11.9% 6.6% 35.0% 27.8% 31.5%
Coefficient of Variance II NB 11.9% 6.6% 20.2% 5.0% 15.9%

Table 3. Example of coefficient of variance table [33].

. . SR 30/ SR 16/ Five Points/ Collins St./ SR 26/
Direction

SR16  Five Points  Collins St. SR 26 SR54

Distance Miles 9.4 6.7 7.2 10.4 6
GPS Average SB 09:04 07:14 11:42 10:55 08:12
Bluetooth Average I SB 09:39 07:22 14:12 11:29 10:41
Standard Deviation I SB 00:57 01:31 03:12 01:36 03:42
Bluetooth Average II SB 09:39 07:11 13:26 11:29 09:56
Standard Deviation II SB 00:57 00:54 01:38 01:36 02:08
GPS Average NB 09:03 06:40 13:29 10:53 07:46
Bluetooth Average I NB 09:00 07:02 18:32 11:36 09:56
Standard Deviation I NB 01:07 00:46 06:40 03:16 03:01
Bluetooth Average II NB 09:00 07:02 15:32 11:00 09:14
Standard Deviation II NB 01:07 00:46 03:09 00:55 01:45

3.2. Case Study II: 2015 GPS Probe Vehicle Data and Bluetooth
Sensor Data Comparison—The State of Delaware, USA [33]

In 2015, a more extended study of using and evaluating Bluetooth technology for
travel time measurements was conducted. The investigators (the authors) were
trying to understand and experience the advantages and disadvantages of using
Bluetooth technology for travel time measurements, and observe first-hand how
such things as the position of the Bluetooth sensors, trip-chaining, oversampling
and other risk factors can impact the results.

GPS probe vehicles and Bluetooth sensors were both deployed to collect travel
time data along US 113. GPS probe vehicles were equipped with navigation
equipment to detect and record locations and timestamps as the probe vehicle
traversed the route. Using GPS signals, the equipment could pinpoint the exact
location of the vehicle and determine when the vehicle has crossed predeter-
mined checkpoints. Many of these checkpoints correspond to the exact same lo-
cations as the deployed Bluetooth sensors; thus, a comparison between the two
methods of measurement could be made. Once the probe vehicle crosses a
checkpoint, the timestamp is recorded on the navigation device and travel times
can be determined between checkpoints. Figure 3 displays locations of GPS

probe vehicle checkpoints and Bluetooth sensors.
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Figure 3. The map of Bluetooth Sensors and GPS Probe
Vehicle Checkpoints, 2015 [33].

Upon receiving the data for comparison, it is important to note that an out-
side source had previously processed and reduced the Bluetooth data with un-
known algorithms and techniques. The GPS data had also been processed by the
research team and average travel times were used for comparison. The Bluetooth
sensor data was collected in fifteen-minute intervals. However, the GPS probe
vehicle data was collected during the marked peak hours and the GPS travel
times corresponded to the timestamp at which the vehicle crossed the check-
point. Consequently, the time at which the average GPS travel times were col-
lected may not exactly match the times at which the Bluetooth sensors collected
travel time data. To account for this small difference, GPS travel times were
“rounded up” to the closest fifteen-minute interval to match the Bluetooth data.
For example, if the GPS timestamp at which the vehicle crossed the checkpoint
occurred at 4:52 PM, the Bluetooth average travel time that was used in the
comparison was collected at 5:00 PM. Table 4 shows an example of travel time
comparison between Bluetooth and GPS data.

The results show that travel times reported by the GPS probe vehicles and
Bluetooth sensors are close. Some of the times are only within seconds of each
other, others close to a minute. Additionally, since the GPS and Bluetooth travel
times were not collected at the exact same time as each other, there may be some

variation in the results displayed. Moreover, it is important to note that the
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Table 4. Example of travel time data comparisons between Bluetooth and GPS methods [33].

Bluetooth L X GPS GPS Time Bluetooth Time
Segment Direction Distance Count .
Sensor Timestamp (sec) (sec)
SR24-US9 SBT0007 to SBT0009 NB 8.66 mi 9 4:49 PM 631 570
SR 20 East - SR 24 SBT0008 to SBT0007 NB 1.60 mi 4 5:00 PM 126 127
US 9 - SR 404 SBT0009 to SBT0010 NB 1.17 mi 6 5:02 PM 97 114
SR 404 - SR 16 SBT0010 to SBT0031 NB 7.98 mi 10 5:09 PM 454 490

reported Bluetooth sensors tend to overestimate the travel times. This trend may
be a result of the unknown locations of the vehicles detected by the Bluetooth
sensors within the detection zone. This characteristic of Bluetooth sensors may

be enough to create a bias in the travel times to overestimate.

3.3. Case Study III: 2019 Bluetooth Travel Time Data Information
Extraction—The State of Delaware, USA

Starting in 2016, the Department of Civil and Environmental Engineering, at the
University of Delaware, started to use Bluetooth data for state-wide travel time
measurement as an alternative to GPS probe vehicle data collection approach.
Having gained experience from last two case studies, the authors continued ana-
lyzing collected data, and working with the state officials closely to see how the
results can be incorporated into the overall congestion management system.
Advantages and disadvantages of using Bluetooth technology by itself as op-
posed to using Bluetooth with GPS and other technologies were clearly commu-
nicated to the professional staff in the state. The mechanics of collecting data by
GPS data was by driving probe vehicles through target roadways based on stan-
dards set by the Federal Highway Administration (FHWA) [34] in critical pe-
riods of a day. Each run of data collection had to be accomplished by a group of
students.

The process of Bluetooth travel time data collection adopted by the University
of Delaware was similar to the aforementioned approaches used by different
teams. Figure 4 shows how the University collected travel time data by Blu-
etooth sensors. The method of how to obtain one travel time record was intro-
duced in section 3.1. But that process wasn’t accomplished by the University of
Delaware. The data that University of Delaware received was stored in an Excel
file and had three sheets: 15-min average travel time, 15-min median travel time,
and 15-min observation number. The first sheet stored the average travel time
data for each “segment” (a road section between two consecutive Bluetooth sen-
sors) and each 15-minute observation interval. The second sheet showed the
median of travel time for each “segment” and each 15-minute interval. The last
sheet stored the number of vehicles that was detected and matched by two con-
secutive Bluetooth sensors in each 15-minute observation interval. The three
sheets were used to calculate different measures that DelDOT staff requested in-
cluding monthly and annual average travel times for the three counties and for
the State of Delaware. The analysis results for Fall 2016, Summer and Fall 2017
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were reported to the DelDOT [35] [36] [37].

In 2019, the Bluetooth travel time data analysis team at the University of De-
laware was requested to extract data and information in order to comply with
the new FHWA standards [38] [39] [40]. The objectives included 1) calculating
the planning time index; 2) determining appropriate speed limits based on the
85th percentile operational speed, and 3) identifying and categorizing conges-
tions and causes.

For the first and the second objectives, different percentiles of travel time data
were required. Planning time index equals to the ratio of the 95th percentile tra-
vel time to free-flow travel time [38]. The way to calculate free-flow travel time
varies. FHWA suggests using travel time at the 85th percentile of off-peak oper-
ational speeds as free-flow travel time for the Urban Congestion Report [41].
Figure 5 shows an example of the outcome of the 85th percentile operational
speed analysis. Both objectives required percentiles of different groups of travel
time data. But the data that the authors received only provided the preprocessed
average and median values of travel time and observation number for each time
interval. So, taking the percentiles of those averages and medians could not pro-
vide the exact percentiles of the entire population.

Comparing the data collection processes by GPS probe vehicles and Bluetooth
sensors, it’s easy to see that one drawback of Bluetooth method is the difficulty
on determining the causes of congestion. As mentioned, during the collection of
travel time data by GPS probe vehicles, students were also asked to record the
causes of congestions. But obviously the Bluetooth sensors were not capable of

collecting such information.

D)

€
D MAC: XOCXX-XX-01
ol

NBTooo010 9/16/2017 —13:37:23 4 NBTooo011

() NBTooo10 9/16/2017 —13:51:03 () NBTooo11
-
MAC: XX-XX-XX-01

Figure 4. Collecting travel time data by Bluetooth sensors [42].

Weighted | ‘ Perc Diff
Overall 85th | TT at Overall
Direction of Length Average | TT at Speed between Spd
Segment Bolis Name, Route Description; Traffic County, (Mile) | Speed Limit | Limit (min) P‘z'm“ :;"’ o (‘::I'n“)‘ Limit & 85th
(mph) s B Perct
KeTooo1-KeTooos SR1 Toll Plaza to Exit 104 NB Kent 233 5833 240 7323 1912 2555%
[F— SR1 Toll Plaza to § Bay Rd 8 Kent 335 5100 394 6699 3001 3135%
KBT0001-KBT0029 SR1 Toll Plaza to Exit 98 8 Kent 163 2993 196 6709 1457 3436%
KBT0002-KBT0003 SR1 SR 9 to Bowers Beach Rd SB Kent 447 55.00 487 6558 4088 19.24%
KBT0002- KBT0015 SR1 Exit 91 to Exit 97 NB Kent 439 6500 405 6843 3850 527%
KBT0002- KBT0025 SR1 Sit3 and uncheon i NB Kent an 5085 438 5752 3874 1311%
Connector
KBT0003-KBT0002 SR1 Bowers Beach Rd to SR 9 NB Kent 448 5500 488 6487 4140 17.94%
KBT0003- KBT0013 SR1 Bowers Beach Rd to SR 12 B Kent 185 5500 202 6581 1691 1965%
KBT0004-KBT0010 | US 113 Rd 409 to SR 14 8 Kent 304 4500 406 5046 3617 1213
KBT0004-KBT0013 SR1 Rd 409 to SR 12 NB Kent 448 5500 488 6687 4017 21.58%
KBT0004- SBT0003 SR1 Rd 409 to Rd 206 B Kent 519 5478 568 7042 4421 2855%

Figure 5. Example of the 85th percentile operational speed analysis outcome.
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4. Issues Related to Using Bluetooth Sensors for Collecting
Travel Time Data

After reviewing existing studies in the literature and the three case studies, some
issues were unveiled when using Bluetooth sensors for collecting travel time da-
ta. A summary of the issues is presented below.

4.1. Unknown Location of Detected Vehicle within the Detection
Zone

By the nature of Bluetooth technology, Bluetooth used for travel time data col-
lection leads to an enormous amount of data to be processed. Despite algorithms
and software used to analyze the data, it is always good to have a first-hand re-
view of sections of the data (if not all of the data). Consequently, the dense data

makes data processing very time consuming.

4.2. Extremely Dense Data Processing

Since Bluetooth sensors rely on cellular communications and outside power
sources (unless the sensor is solar or installed in a traffic cabinet), complications
may arise with the reliability of the equipment. Heavy storms or strong winds
may knock cellphone towers down which may result in communication disrup-

tions in the sensors.

4.3. Communications/Power Supply Complications during Sensor
Deployment

Since Bluetooth sensors are unable to exactly pinpoint the location of the vehicle
when it is detected in the detection zone, a few seconds may be overestimating
or underestimating the Bluetooth reported travel time. (In many cases Bluetooth

travel times are overestimated when compared to other data.)

4.4. Oversampling

The location of the Bluetooth sensor relative to the roadway is extremely impor-
tant. Bluetooth sensors placed at intersections typically detect the same vehicle
multiple times, leading to an excess amount of data. Sensors deployed at
mid-block locations tend to minimize the number of detections of a vehicle in

one passing.

4.5. Unable to Determine Traffic Volume

Again, by the characteristics of how Bluetooth works as travel time measure-
ment, this method of measurement is unable to determine the total volume of
traffic during deployment. Consequently, it is unknown whether the resulting
data provides a strong sample of the population. Supplemental methods must be

used with Bluetooth sensors to account for traffic volume.

4.6. Trip-Chaining

Trip-chaining is the term used to describe when drivers stop for errands or other
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purposes between Bluetooth sensors. More common to be problematic on arte-
rials, trip-chaining can result in misleading or inaccurate travel times if not re-

moved from the data prior to processing.

4.7. Low Detection/Match Rates

Bluetooth sensors and their ability to serve as a method used for travel time
measurement rely on drivers and passengers carrying at least one Blu-
etooth-enabled device in order to detect the vehicle. Although detection rates
have improved in recent years, many drivers still do not have or do not enable
Bluetooth while driving. Low detection rates may provide insufficient data for a

proper data analysis.

4.8. No Standard form of Analysis

Data processing that has been completed in studies and research of Bluetooth
sensors all implement their own data processing techniques. There is no formal
standard to process Bluetooth travel time data. As a result, there may be varia-
tions in the calculated travel times due to how the data was filtered and what sta-

tistical algorithms were used.

4.9, Limited Information Extraction

The information extraction results based on Bluetooth travel time data rely, to a
large extent, on how the data was pre-processed. As mentioned, some informa-
tion, such as 85th percentile, have to be extracted from the raw Bluetooth data.

Otherwise, the accuracy cannot be guaranteed.

4.10. Difficulty of Determining Reasons for Delay

As mentioned in the case studies, since the Bluetooth data can only provide tra-
vel time data, it has become a challenge for researchers to derive meaningful
congestion information, especially the causes of congestions and delays. Some-
times, the researchers need multiple types of information from different sources
to understand the reasons for congestion and delay, thus making the overall

process more expensive and less reliable than existing methods.

5. Summary, Conclusions and Recommendations

5.1. Summary

Bluetooth has significantly improved and been adopted to meet higher applica-
tions than ever imagined twenty years ago. Emerging into the market as a new
and easier method for users to transfer data and synchronize files, Bluetooth has
become one of the most innovative techniques used today for travel time mea-
surement. The principle characteristics of the technology allow Bluetooth to be a
simple alternative to current travel time measurement methods. Bluetooth travel
time sensors work by transmitting a signal, within a short-range, and waiting for

a response from any Bluetooth-enabled device in the detection zone. If the Blu-
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etooth sensor receives a signal back from a Bluetooth-enabled device, the Mac
address of the device is anonymously recorded, as well as the timestamp at
which the device was detected.

With any method used for travel time measurement come benefits and draw-
backs associated with that method, including Bluetooth sensors. Traffic manag-
ers and engineers have typically praised the cost-effectiveness of Bluetooth sen-
sors. Compared to ALPR cameras and even speed sensors, Bluetooth sensors
have much lower installation, maintenance, and operating costs. Unlike ALPR
cameras, there is no requirement to have multiple Bluetooth sensors deployed in
each lane, thus Bluetooth equipment costs already begin at a fraction of the price
when compared to ALPR camera costs. It is the ability of one Bluetooth sensor
to collect traffic data from all travel lanes that has continuously attracted traffic
managers. The resulting travel time produced from Bluetooth sensor data has
also been extremely useful for developing origin-destination matrices, peak hour
and congestion graphs, and evaluating traffic signal intersection performance.
Comparing to GPS probe vehicle technology, Bluetooth is able to collect 24/7.
Such advantage can help traffic management agencies to react in a timely man-
ner. However, as a new method to travel time measurement, a lot of issues need
mitigations when deploying Bluetooth technology. These issues were specifically
outlined in the body of this paper.

After analyzing previous Bluetooth sensor case studies, literature, and re-
search, particular trends were noticed between the interaction of Bluetooth sen-
sors and passing vehicles. Case study results have demonstrated that vehicles are
more likely to be detected at slower speeds than at high speeds; however, over-
sampling may occur in such cases. Furthermore, studies that investigated the
comparison between Bluetooth traffic data collected from stationary sensors and
sensors placed in probe vehicles yielded interesting results. Probe vehicles con-
taining Bluetooth readers were found to have a significant increase in vehicle
match rate when compared to stationary Bluetooth sensors, suggesting that data
collection could be more accurate in probe vehicles. In addition, case study re-
search discovered that Bluetooth travel time analysis should rely on the raw or
non-processed data. So, it requires the researchers to pay more attention to data

filtering and initializing before extracting accurate information.

5.2. Conclusions

Bluetooth technology used for travel time measurement demonstrates many
unique benefits and drawbacks. Easy to implement, Bluetooth sensors have been
praised for their simplicity. However, drawbacks like low detection rates, inabil-
ity to count traffic volume, discrepancies in the detection zone, dependency on
power supply and cellular towers, oversampling and excessive amount of data to
be processed, necessity of access to raw data has made researchers wary of the
Bluetooth technology. Additionally, the phenomenon of trip-chaining has made

it difficult for researchers to determine valid travel times. Comparing to other
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methods, Bluetooth technology’s difficulty in collecting congestion information
also challenges researchers. Moreover, since there is no standard for Bluetooth
data processing, case study results may vary from each other. As a relatively new
technology, complying the data analyzing results with the data reporting stan-
dards is also crucial for the applications of Bluetooth technology. Researchers
suggest that decision makers looking to use Bluetooth sensors for travel time
measurement should clearly identify the goal of the study and determine if the
possible disadvantages of the Bluetooth sensors outweigh the benefits for a par-
ticular application. Moreover, after reviewing existing studies and case studies,
only eight of those studies deemed Bluetooth sensors acceptable without any
precaution or hesitation. So, further studies are necessary for investigating and
improving the travel time measurement by Bluetooth technology, and the over-
all conclusion of the authors for this technology is that the Bluetooth technolo-
gy by itself is not a proper tool for travel time measurements. However, several
studies highlighted that integrating Bluetooth traffic data with other types of
data, such as data collected by ALPR technology, or GPS, can help researchers
to achieve more accurate and comprehensive measurements on travel time in-
formation. Such conclusion coincides with the experience gained by the au-

thors.

5.3. Recommendations

This study revealed the advantages and disadvantages of the Bluetooth technol-
ogy for travel time measurement. The disadvantages are serious enough to cause
unreliable and inaccurate data and information. It is recommended that more
studies be conducted to specifically see how each one of the aforementioned
drawbacks can be fixed. Furthermore, at the present time, if a transportation
agency is interested in using Bluetooth technology for travel time measure-
ments, the users need to have a specific plan of study and make sure that the
shortcomings and disadvantages of Bluetooth method do not outweigh the ap-
plication for which it is intended. The authors strongly recommend conduct-
ing small studies that include accuracy, and reliability analysis, as well as
comparison with existing methods before large-scale investments in Bluetooth

technology is made.
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