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ABSTRACT

The most of Intelligent Transport System applications rely on various traffic flow data collection
technologies. Bluetooth is widely used standard for wireless short-range communication. It is not
dedicated for traffic data collection, but Bluetooth devices located in vehicles make them act as
detectable probes in traffic flow. That allows collecting of very desirable traffic flow data such as travel
times and constructing origin-destination matrices. The Bluetooth probe penetration rate analysis is
the first and necessary step for assessment of Bluetooth as traffic flow data collection technology in
the area of interest. In this paper we bring field measurement, raw data processing, and filtering with
robust filters for detecting outliers in vehicle detection using Bluetooth signal as a marker. In
accordance with the reviewed literature, obtained results show that Bluetooth probe penetration rate
in the City of Zagreb is sufficient for some ITS applications, and it is stable throughout the week.
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1. INTRODUCTION

Traffic flow data collection technologies are essential for Intelligent Transportation Systems (ITS)
applications. Some of them, which include Bluetooth, can provide very desirable traffic data such as
travel time and Origin-Destination (O-D) matrix. Bluetooth (BT) is trademark for short range radio
communication standard designed for exchanging data between electronic devices which are
frequently and widely used in everyday life. BT based detectors can record unique identifiers of BT
devices, Media Access Control (MAC)-addresses. Quality of traffic information derived from collected
data by BT detectors depends on number and density of BT probes in traffic flow. BT probe is a vehicle
which contains at least one detectable BT device. Therefore, measuring BT probe detection rate in
overall flow is a necessary step for assessing the applicability of BT detectors in the area of interest.

Today, data collection technologies for traffic management applications can be sorted in three
groups: point sensors, point-to-point sensors and area wide sensors. Technologies which provide
vehicle detection at multiple locations as they traverse the network belong to the point-to-point
sensors and these are: Automated Vehicle Identification (AVI) Systems, Vehicle identification without
driver "cooperation" which include Wi-Fi and BT, and Automatic License plate recognition (ALPR) (1).
The application of BT for traffic data collection has some obvious advantages: BT detectors have low
cost components, number of BT-enabled devices is increasing, poor weather does not influence
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detector’s performance, and this identification principle is far more acceptable in privacy issue then
ALPR.

There are number of papers about BT technology application in traffic which show that BT as a
traffic data collection technology has been subject of research in the past decade and still remains
topicality. The most frequent papers about BT application in traffic deal with travel time estimation
and analyzing its accuracy and reliability, for example (2-5). Some papers extend this topic with
application in traffic management or with providing data other than travel time. Authors in (6) deals
with BT-based travel time for automatic incident detection. (7) presents integration of BT MAC
Scanners data and inductive loop data to obtain travel time and density estimation on urban network.
(8) used network of BT Low Energy devices and the received signal strength indicator to detect and
classify vehicles by their type: personal car, semi-truck and truck.

Because of BT communication establishment procedure and other factors like signal strength,
distance, used antennas and speed of the vehicle in the detection area, not every BT device will be
detected by a BT detector. In (4), an experiment was described in which BT devices in vehicles are
detected only 80% of the time while passing the BT detector. Quality of information derived from BT
data depends on penetration of BT probes in overall flow. In (9) it is concluded that penetration rate
should be at least 3% of total vehicle volume and minimum of 20 days of data collection for estimation
travel time gives reliable results. Some studies concluded that the minimum percentage of BT
penetration rate should be at least 5% (10). Authors in (11) proposed a detection probability model
for moving Bluetooth devices. Empirical measurement of BT probe penetration rate is reported in a
few studies (12—14). Authors in (12) reported the average rate of 4.5%, in (13) of 29%, and in (14)
between a minimum of 4.3% and a maximum of 6.9%. However, the literature is not rich with papers
giving precise data about the BT probe penetration rate.

The main objective of this work is to determine the BT penetration rate in overall flow. The rest of
this paper is structured as follows. In Section 2 BT standard, test site and used measuring equipment
are described. Also, presents proposed filters for outliers. Section 3 combines the case study results
and discussion. The final section concludes the case study.

2. METHODOLOGY

Bluetooth standard

BT stands for technology with short-range communication, low-cost components, and low energy
consumption. It is convenient for machine-to-machine applications, mobile, voice or stereo handsets,
wireless controllers or human interface devices, etc. Bluetooth standard has been constantly evolving
since 1994. The last version of Bluetooth is v5.1, presented on 21st January 2019 (15). However,
previous versions are still widely used. The commonly used BT versions: Bluetooth v.1.x support data
rates up to 1 Mbps, Bluetooth v2.1 + EDR introduced enhanced data rate (EDR) up to 3 Mbps, Bluetooth
v3.0+HS 24 Mbps speed rate and Bluetooth v4.0 and Bluetooth Low Energy (15) (16). BT connection
between two devices is a multi-step process and those steps are the inquiry, paging or connecting, and
connection. It uses the same 2.4-GHz ISM frequency band as RF protocols ZigBee and Wi-Fi (17). The
vehicle detection system (VDS) is possible because the BT device has a unique 48-bit address. Usually
it is shown in form of a 12-digit hexadecimal value. The half (24 bits) of the address refer to the
organization unique identifier (OUI), which identifies the manufacturer. The lower 24-bits are a unique
part of the address. Also, important part of BT detection system is its detection range. BT devices are
separated into three groups by their power class and range. Class 1 with 100 mW output power and
100 meters range, Class 2 with 2.5 mW output power and 10 meters range, and Class 3 with 1 mW
output power and 10 centimeters range (16).
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Bluetooth detector

The BT data collection system consists of a BT detector or scanner, a host computer (for gathering
and analysing data) and communication, an antenna, power supply, casing, and equipment for
mounting. BT is mounted mainly on lighting poles next to roads and it detects passing BT devices,
collects data and stores them for future use. Detectors constantly scan the surrounding area in search
of an active BT device. Successfully detection means that a device is identified with a unique MAC
address. Besides the MAC address, BT detectors receive further information such as a time stamp,
name of the device, class, and the strength of the received signal.

The high resolution and time-stamped data can be provided by BT probes to derive traffic metrics
such as travel time, O-D matrix, and speed (18). For calculating these measures, two or more BT
detectors are required, but there are traffic data that can be provided with only one BT detector.

Number of Hits ( Ny;;s) is the number of times (k) a device or vehicle identified by a unique MAC
address is detected in a single detection zone. It is obvious that vehicles or devices are detected more
often if they stay longer in the detection zone, based on the fundamentals of the BT detection process
(19, 20).

k
Nyits = Z MAC _address; [hits] (1)
i=1
BT Dwell Time (dwT) is a single detector measurement that is computed from the timestamps of a
device entering the detection zone of a detector (first detection) and exiting it (last detection) (19).

dwT = Time of Last Hit — Time of First Hit [s] (2)

Number of Hits and Dwell Time is a surrogate measure for loop detector occupancy. For example,
the greater the dwell time, the longer a vehicle “occupies” the detection zone. As it is possible for a
device or vehicle to be detected multiple times at a single detection zone, there are several ways to
define BT travel time. The difference between the time of detection first — first, first — last, last — last,
last — first, average — last, and average — first.

Average BT travel time ( TTgy ) between nodes A and B during the period P, where n is the number
of observations during the period P (21).

i (tis — tia) (5]

P

TTgr(P) = (3)

Data collection and filtering

The result of BT observations are mostly heterogeneous datasets collected from various personal
devices used by commuters. (22) used three cluster analysis methods K-means (KM), fuzzy c-means
(FCM), and partitioning around medoids (PAM) to automatically classify different travel modes from
MAC addresses collected from moving entities. In this paper the goal is to detect only vehicles with BT
devices. So, we choose the test site where other modes of transportation are rare. The main idea to
classify BT device as “vehicles” relies on recorded BT Dwell Time and Number of Hits. If the BT Dwell
Time is reasonable in duration and has a reasonable Number of hits than that device is considered to
be a “vehicle”. All others are considered as outliers. Detection of outliers is an essential part of data
analysis. Outliers may cause a negative effect on data analysis, such as Analysis of variance (ANOVA)
and regression, based on distribution of assumptions, or may provide useful information about data
when an unusual response to a given study is discovered. Some methods are sensitive to extreme
values, and others are resistant to extreme values, like Tukey’s and Median rule method (23), used as
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methods for filtering the outliers. In the section 3 results of these two methods are compared regard
to detection rates of BT vehicles.

Bluetooth probe dataset

An example of recorded BT probe dataset is shown in Table 1. Each row in dataset contains
columns presenting timestamp in Unix Timestamp format, MAC address, the first part of MAC address,
device type in hexadecimal form, and Received Signal Strength Indicator (RSSI). RSSI is measure of
signal strength or received signal power in dBm.

Table 1 — Row example in dataset

TIMESTAMP MAC_ADDRESS FIRST_MAC DEVICE_TYPE RSSI (dBm)
1552565883 48:09:d2:ef:9c:98 48:09:d2 340408 -84

BT detector scans the space and if the device is retained in the detection zone for more than 10
seconds, the same MAC address will be recorded. The number of hits is a measure that points to
several rows with equal MAC addresses. This leads to a logical conclusion that if devices pass faster
through the detection zone, they will have less amount of the number of hits and vice versa (18).

Filtering methods

Tukey’s method is applicable to skewed or non-mound shaped data (24). This paper proposes Tukey’s
method or Interquartile range (IQR) method for filtering BT probe dataset.

In cases when a dataset has outliers or extreme values for describing a dataset by a typical value, the
median is used in opposition to the mean. Variability should be summarized by a statistic measure
called the interquartile range. The interquartile range is the difference between the first and the third
quartile.

The first quartile denoted as Q1, represents the value in the dataset that holds 25% of the values
below it. The third quartile denoted as @3, represents the value in the dataset that holds 25% of the
values above it.

The interquartile range is defined as follows:

IQR = Q3 —01 (4)
Tukey fences filtered data outside the following range:
[Q1 — k- IQR, Q3 + k-IQR] (5)

for some non-negative constant k.

Tukey proposed this test, where k = 1.5 indicates a less skewed distribution, which is called an inner
fence, and where k = 3 which indicates data with outliers far out, called an outer fence (24).

The median is a robust estimator of population. It is an 50% breakdown point. The values that are
located exactly in the centre of the population when the data is arranged in order (23).

{(n+1)} th value, if nis odd number

(6)

QZ = [{g}th value+ {§+1}th value]
2

,if nis an even number



D. Cvetek, V. Boji¢, N. Jelusi¢, M. Mustra: Initial Bluetooth Probe Vehicle Penetration Rate Analysis: A Case ...

The Median rule filtered data outside the range:

[-Q2 —23%IQR, Q2+23xIQR ] (7)

Measuring equipment and test site

Measuring equipment used in this case study includes BT traffic detector and radar traffic detector.
Radar detector is used as ground truth technology for counting the total number of vehicles and
measuring their speed. For the power supply we used a solar-powered system independent of outside
power source. Photovoltaics system contains a solar panel, battery, and charge controller.

Frequency Modulated Continuous Wave Radar (FMCW) used for overall flow measurement was
Huston SpeedLlLane, working in 24 GHz K-band. This radar is specifically designed for portable or
permanent traffic data measurement and collection (25).

The DeepBlue Sensor v2t R-Model by trafficnow® is used as a BT detector. It detects all BT versions
in more than 500-meter range with -104 dB receive sensitivity. It is suitable for usage in large urban
metropolitan area or at intersections (26). In this paper, the BT detector is used as a point detector on
a road segment.

In this experiment we used a flat patch range extender antenna L-com model REO9P with the gain
of 8 dBi. It is suitable for both indoor and outdoor applications in the 2.4 GHz ISM band, including IEEE
802.11b and 802.11g, BT and for public wireless hotspot applications (27). (Figure 1) shows antenna
gain (radiation) pattern.
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Figure 1 —Antenna gain patterns
Source: (27)

Measurement of BT probe data was done in Zagreb near the underpass - Miramarska street. All
equipment was mounted on the concrete pole. Figure 2 shows the exact location of radar and BT
detector in Miramarska street.
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Figure 2 — The location of radar and BT detector

3. RESULTS AND DISCUSSION

BT detector collected 84,767 records between 14th and 15th and between 22nd and 25th March
2019. From 14th March in 15:00 h to 15th March in 15:00 h 4,167 unique MAC addresses, referring to
unique devices were recorded and 4,763 from 23rd March in 00:00 h to 26th March in 00:00 h. The
observed dataset is used to compare the BT vehicle penetration rate on working and non-working
days. Figure 3 shows behaviour of the traffic from 14th March in 15:00 h to 15th March in 15:00 h. Y-
axis shows that only few devices were detected with large amounts of hits and all three days show a
very similar distribution of the number of hits.

Distribution of NumOfHits
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Figure 3 — Frequency of number of hits in observed population
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Figure 4 shows distribution when obvious outliers presented by a large value of number of hits are
discarded. From frequency distribution in Figure 4, it is evident that most devices have small values of

the number of hits.
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Figure 4 — Distribution of Number of Hits without “tail” values

Collected data show that there is a large dispersion and that points to a premise we are dealing
with a heterogeneous set of data. In order to separate vehicles from all recorded BT probe data,
filtering was done using the Tukey’s method and the Median Rule method.

Table 2 shows data from the Radar detector from Thursday to Friday (24-hour period), Saturday
and Sunday.

Table 2 — Radar vehicle data collection

Days from Thursday to Friday Saturday Sunday
Number of vehicles (N) 32,379 23,874 17,207

For the weekend period, there is an expected fall in the number of vehicles, but the percentage of
vehicles equipped with BT devices remains roughly the same. Figures 5-7 show the comparison
between the actual vehicle count measured by the radar detector and the BT share in the actual vehicle
count. The BT share for all three days is firstly filtered using the Tukey’s method. In Figures 5-7) Blue
line (lower line) shows filtered data by the Tukey’s method and k=1.5.

Number of vehicles from Thursday to Friday

—— Blustooth
Radar

200 4
150 4
100 1

0n:00 02:46:40 05:33:20 08:20 11:06:40 13:53:20 16:40 19:26:40 22:13:20
TimeofDay

PR e WP R SVl S g

Figure 5 — Radar and BT counts in 5-minute intervals for Thursday and Friday
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Figure 6 — Radar and BT counts in 5-minute intervals for Saturday
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Figure 7 — Radar and BT counts in 5-minute intervals for Sunday

The Tukey's and the Median rule method were applied to data, and the percentage of the vehicles
equipped with a BT device is presented in Table 3. The Median rule and the Tukey’s fences have the
same results for k=1.5. Tukey’s method for k=3 against k=1.5 and Median rule have the same difference
in percentage, 0.77% (which is for absolute value 183 vehicles for Saturday and 132 vehicles for

Sunday). For Thursday to Friday this difference is 0.31% and in absolute value the difference is
97vehicles.

Table 3 — Percentage of vehicles in actual vehicle count

Filtering method Thursday and Friday Saturday Sunday
Tukey’s method k=1.5 12.19% 10.43% 10.00%
Median rule 12.19% 10.43% 10.00%
Tukey’s method k =3 12.5% 11.2% 10.77%

By applying these two methods the percentage of the vehicles equipped with BT devices is in the
range between 10% and 12.19%. It can be concluded that BT penetration rate over the time is stable.

The methods used in this paper filters static BT devices, i.e. those with a far greater value of the
number of hits, than the rest of the observed population. However, this is not efficient if the measured
percentage of BT devices has a large share of cyclists or pedestrians. The number of hits for each MAC
address during the observed period is calculated cumulative. This means that the vehicles passing more
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than once through the road segment have a higher value of the number of hits. This can cause, for
example, that the vehicle which passes several times through the detection zone has the same number
of hits as the pedestrian that passes through the detection zone once.

However, the Tukey’s method for k=1.5 and the Median rule have discarded all consecutive
detections of the same devices with the number of hits above 6. This means that devices that have
been retained in the detection zone for more than one minute have not been considered in the
detection of vehicles equipped with BT devices. it is possible that vehicles that were in congestion were
thrown out by this rule. In order to obtain a more accurate estimation of the percentage of vehicles
equipped with BT devices, the number of hits should be calculated within intervals and separated by
different vehicle routes. It is necessary to find patterns of pedestrian and bicycle behavior to extract
these devices from the total number of detected BT devices. To achieve this goal, two or more BT
detectors can be used, and cluster analysis methods can be applied to more precisely determine the
mode of transport detected from BT detectors.

4. CONCLUSION

Traffic data collection based on BT technology has some notable features: possibility of measuring
very desirable traffic parameters such as travel time and O-D matrices, increasing rate of Bluetooth
devices in vehicles, more affordable assembly components of Bluetooth traffic detectors and easy
mounting of Bluetooth traffic detectors. This makes Bluetooth technology an attractive
complementary source of traffic data. Field experiment and data analysis show that the penetration
rate of BT probe vehicles is in the range between 10% and 12.19%, and it is stable over the time. This
statement is justified because robust filtering of outliers was used. For further analysis, pedestrian and
bicycle patterns should be taken into consideration as well as cases of usage of multiple BT devices per
vehicle. Results of the case study in the city of Zagreb (Croatia), shows that Bluetooth technology can
be considered as an acceptable technology for automatic data collection.
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