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Abstract: With the current popularity of mobile devices with Bluetooth technology, numerous studies
have developed methods to analyze the data from such devices to estimate a variety of traffic
information, such as travel time, link speed, and origin–destination estimations. However, few
studies have comprehensively determined the impact of the penetration rate on the estimated travel
time derived from Bluetooth detectors. The objectives of this paper were threefold: (1) to develop
a data-processing method to estimate the travel time based on Bluetooth transactional data; (2) to
determine the impact of vehicle speeds on Bluetooth detection performance; and (3) to analyze how
the Bluetooth penetration rate affected deviations in the estimated travel time. A 28 km toll section
in Bangkok, Thailand, was chosen for the study. A number of Bluetooth detectors and microwave
radar devices were installed to collect traffic data in October 2020. Five data-processing steps were
developed to estimate the travel time. Based on the results, the penetration rate during the day (50 to
90 percent) was higher than during the night (20 to 50 percent). In addition, we found that speed
had adverse effects on the MAC address detection capability of the Bluetooth detectors; for speeds
greater than 80 km/h, the number of MAC addresses detected decreased. The minimum Bluetooth
penetration rate should be at least 1 percent (or 37 vehicles/h) during peak periods and at least
5 percent (or 49 vehicles/h) during the off-peak period.

Keywords: tollway; Bluetooth; detection rate; penetration rate; travel time

1. Introduction

Efficient traffic-data collection is necessary to estimate and manage the traffic condition
and lessen congested road networks in large developing cities that have toll-road networks
and complicated main- and sub-routes. Conventionally, traffic data such as traffic volume,
origin–destination data, travel period, and speed of traveling for different time periods are
manually collected through surveys. Nowadays, various technologies can be used to collect
traffic condition data for most survey research studies. For example, recent studies [1,2]
used vehicle trajectory data from smartphone and GPS-equipped vehicles to estimate travel
behavior and road traffic conditions. Mobile phone location data are also used to estimate
travel time and the origin–destination matrix [3–5]. Among the many choices of detecting
devices, with wide ranges in cost and implementation time, low-cost Bluetooth technology
is one of the most popular and has been extensively embedded in several essential devices
such as smartphones, car stereo speakers, wireless headphones, and other gadgets used in
our daily life. Unlike GPS-equipped vehicles, Bluetooth detectors do not rely on individual
vehicles to send location data to a central system. Using Bluetooth devices as traffic
detectors is also non-intrusive and more affordable compared to other types of sensors.
In addition, Bluetooth detectors are less sensitive to low light and inclement weather
compared to an automatic license-plate recognition approach [6]. Consequently, Bluetooth
detection technology has become a preferred means of major traffic data collection to
support the analysis of traffic conditions on many road networks globally.
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In this study, conducted on weekdays in October 2020, we evaluated the accuracy of
Bluetooth detectors used to collect traffic information on the Don Muang Tollway, Bangkok,
Thailand. The penetration rate of Bluetooth detectors was analyzed by comparing the
number of trips detected by Bluetooth detectors and the traffic volume counted using
microwave radar. In addition, the effect of vehicle speeds on detection capability and the
impact of travel time on the accuracy of traffic prediction were investigated.

2. Previous Studies

Bluetooth is a short-range communications technology requiring low power. It has
been used to perform wireless communication between fixed and mobile devices within a
10 m range, yet the range of operation may be extended up to 100 m [6,7]. Bluetooth
operates at frequencies between 2.402 and 2.480 GHz, or 2.400 and 2.4835 GHz, including
guard bands 2 MHz wide at the bottom end and 3.5 MHz wide at the top. The connection
is performed by pairing each device through the device’s Media Access Control (MAC)
address, typically represented as 12 hexadecimal characters (e.g., 60:C4:CC:9D:42:F9).
The MAC addresses are assigned by the manufacturers without any publicly available
list and centralized database. On the other hand, some hardware MAC addresses are
programmable, so it is possible for two devices to have the same MAC address [8,9]. Due
to security, Bluetooth Low Energy (BLE) on some devices may periodically use randomized
addresses instead of their permanent MAC addresses to prevent tracking on their public
channels. Therefore, the same device may announce its presence to other devices with
different MAC addresses [10].

A fixed Bluetooth detector will scan the relevant spectrum from the mobile Bluetooth
device by broadcasting packets (advertising process). After being detected, the MAC
address of the mobile device is recorded and encrypted. Bluetooth transmitters (or de-
tectors) perform transmission (or detection) periodically to find definitive information of
the detected device. The raw data received by one detector are limited, but the rest of
the data can be collected using more detectors. As the amount of detected data increases
significantly, some useful inferences from those data can be made. Traffic data that can be
acquired by Bluetooth communication include travel time, travel patterns, travel frequency,
stop duration, overtaking behavior, and pedestrian surveys [6,11,12].

On the other hand, telecommunication requirements, privacy issues [13], and low
sampling rates are limitations of this technology. One of the most important issues in
Bluetooth detection systems is their short detection range. Due to Bluetooth communication
installation and other related factors such as signal strength, distance, antennas, and the
speed of the vehicle under the detection area, not every Bluetooth device can be successfully
detected. In [14], it was revealed that only 80 percent of the Bluetooth devices in vehicles
can be detected correctly while passing the detecting zone.

One study [15] highlighted that the penetration rate of the Bluetooth detector is an
important factor that defines the quality of the estimation. It concluded that the pene-
tration rate should be at least 3 percent of the total vehicle volume and the minimum
time-period used to collect traffic data that can provide reliable travel-time estimation is
20 days. Another study [16] proposed a detection probability model for moving Bluetooth
devices. Empirical measurement of the Bluetooth penetration rate has been reported in
a few studies [17,18], and [19] and the average penetration rate values reported were
4.5 percent, 29 percent, and 4.3–6.9 percent, respectively.

Two previous studies [20,21] collected the Bluetooth detection rates for the highways
in Europe and the USA. They found that the penetration rate largely fluctuated in the range
of 0.2–70 percent. The average detection rate reported in Bavaria, Germany, was 25 percent,
and in Europe it was 30 percent. The Bluetooth matching rate is generally in the 5-percent
range for most areas in the USA. In the Netherlands, the detection rates for the freeways
A6, A7, A31, and A32 were rather high (54–70 percent). The detection rates from different
places depend on various factors such as the type of sensors, antennas, position and angle
of the installation, road configuration, and traffic characteristics.
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From [19], accurate traffic information requires the determination of a minimum
appropriate sample size. Although some studies concluded that 5 percent was a mini-
mum acceptable sampling rate, other factors, such as the level of accuracy and roadway
conditions, must be considered while determining the minimum sampling rate. Thus,
the minimum sample size for an entire set of roadway links is not constant and can be
obtained dynamically. The sample-size requirements may also depend on the time of day.
For exceptionally low or very high traffic volumes, the minimum percentage sample rate
should be higher than that for medium levels of traffic volume.

The work in [19] studied the vehicle detection rate for Bluetooth traffic sensors in
Maryland and Delaware in the USA. It was found that peak/off-peak hours and traffic
volume significantly affected the penetration rate. Bluetooth detectors can detect vehicles
more successfully during peak hours due to vehicles moving more slowly due to the high
traffic volume. One study [20] found that any Bluetooth detector could detect vehicles
traveling at a speed below 120 km/h. The Maryland study [19] also found that the Bluetooth
penetration rate during the period from midnight to 7:00 a.m. was higher than during other
periods, which coincided with the high freight transportation activity during the night. The
authors in [19] concluded that unfiltered data from a single vehicle might contain multiple
devices. Thus, the detection rate result could be higher than usual. A similar study [20]
explored the A3 Freeway in Germany and reported that the detection rate among trucks
was in the range of 65–70 percent, indicating that they were detected approximately five
times more often than passenger cars that had a detection rate in the range of 12–17 percent.

In addition to the Bluetooth penetration rate, data processing and filtering are equally
important [22]. On the Don Muang Tollway, it is likely that a single transit vehicle has
several devices, especially for public transit vehicles, such as intercity public vans and
buses. The Bluetooth detector would detect more than one MAC addresses from the same
vehicle, which might create bias in the sampling process. Therefore, a data-cleaning and
-filtering process is necessary to ensure the accuracy of the estimated travel time from
such technology.

3. Data Collection
3.1. Study Corridor

The Don Muang Tollway is a 28 km toll road connecting central Bangkok with its
northern suburbs and serving approximately 120,000 vehicles/day. The toll-road structure
is elevated 14 m above the at-grade street network in the area.

3.2. Bluetooth Detector Setup

Along its length, the Don Muang Tollway has 11 stations installed with two Bluetooth
detectors/station for inbound and outbound traffic. The average distance between adjacent
stations is in the range 0.5–4 km, as shown in Figure 1. The specification and technology of
the Bluetooth detectors are given in Table 1.

Table 1. Specifications of Bluetooth detectors.

Item Descriptions

Detector Bluetooth 4.0 Class 1
Maximum coverage range 100 m

Sampling rate 1 Hz
Maximum speed detection 120 km/h

Storage 32 GB
Antenna type Flat panel 9 dB

Frequency range 2.402~2.480 GHz
Transmit Output Power +19 dBm (+6 dBm EDR) E.I.R.P.

Antenna Connector RP-SMA
Operating temperature −40~+85 °C

Power consumption 10 W
Interface Ethernet 100 mbps

Power supply Power over Ethernet 802.11af
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Figure 1. Bluetooth detector installation configuration.

3.3. Location/Dataset

To determine the reference for the detection, fourteen microwave radar detectors
were installed along the 28 km road corridor to count passing traffic as a baseline for
Bluetooth penetration rate determination. The locations of all Bluetooth detector stations
and microwave sensors on the Don Muang Tollway are illustrated in Figure 2.
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Figure 2. Locations of Bluetooth detectors (blue filled circles) and microwave radars (yellow filled
pentagons) along study corridor.

3.4. Bluetooth Detector Data

MAC addresses and timestamp data from the Bluetooth devices were collected at each
of the 11 Bluetooth stations for 20 weekdays during October 2020. Data obtained from each
Bluetooth detector consisted of Record ID, Device ID, Timestamp, MAC address, and other
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related information as described in Table 2. Notably, the MAC address provides a unique
identifier for each Bluetooth device. In addition, the Timestamp was recorded once the
MAC address had been successfully detected.

Table 2. Data fields obtained from Bluetooth detectors.

Variable Description

Record ID A number in the sequence of detection
Device ID Identification number of the detector
Timestamp The time whenever the device MAC Address is detected

MAC address MAC address of the Bluetooth device
First timestamp The first time when the device MAC address is detected
Last timestamp The last time when the device MAC address is detected

An example of the dataset is shown in Table 3. In this work, comprehensive data-
analysis was performed on 19.4 million records collected from all stations for 20 weekdays.

Table 3. Sample results from devices passing Bluetooth detectors.

Record ID Device ID Timestamp MAC Address

114779044 Bluetooth No. 9 00:00.0 5A:72:74:06:94:DB
114779045 Bluetooth No. 9 00:00.0 59:EE:9C:71:37:56
114779046 Bluetooth No. 9 00:00.1 77:5B:F3:89:4A:34
114779047 Bluetooth No. 9 00:00.1 7A:A9:8D:A7:0E:5E
114779048 Bluetooth No. 9 00:00.1 58:49:75:FD:A5:2D
114779049 Bluetooth No. 9 00:00.1 54:D8:1E:51:6B:29
114779050 Bluetooth No. 9 00:00.2 5A:8D:A8:D9:AE:85
114779051 Bluetooth No. 9 00:02.9 41:F4:97:27:9F:E6
114779052 Bluetooth No. 9 00:03.7 6D:B4:D3:D9:8D:29
114779053 Bluetooth No. 9 00:04.1 7B:28:B1:51:A0:9F
114779054 Bluetooth No. 9 00:04.2 67:F0:36:FB:8E:23
114779055 Bluetooth No. 9 00:04.8 4E:47:EF:8D:03:7A
114779056 Bluetooth No. 9 00:04.9 EB:BC:50:FC:A3:5B

Later, the Device ID, Timestamp, and MAC address data were used to analyze the
travel time, number of detected MAC addresses, and the Bluetooth penetration rate. For
example, travel time can be determined as the difference between Timestamps of the
same MAC address between the two Device IDs on the study corridor. Furthermore,
the Bluetooth penetration rate can be calculated as the ratio of the number of detected
MAC addresses to the number of vehicles obtained from the nearby microwave radar.
Data-cleaning and -filtering processes were also required, and these are discussed in the
next section.

3.5. Traffic Volume Data Collection

The reference traffic volume in this study was identified by the installed microwave
radar devices as shown in Table 4. Each of collected set of data consisted of Device ID,
Reftime, Updatetime, Lane, and Totalcount. The Lane of the toll road was identified by one
of the numbers one (slowest), two, or three (fastest), with lane number zero denoting all
three travel lanes. Totalcount is the number of vehicles captured every minute. Notably, the
microwave radar units used in this study had been recently installed and calibrated. The
volume count accuracy was at least 95 percent.
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Table 4. Sample traffic volume data collected using microwave radar.

Device ID Updatetime Lane Totalcount

TCU-BK-RDO-02 2020-09-30T17:00:25.550Z 3 0
TCU-BK-RDO-02 2020-09-30T17:00:25.551Z 0 2
TCU-BK-RDO-02 2020-09-30T17:00:25.551Z 2 1
TCU-BK-RDO-02 2020-09-30T17:00:25.551Z 1 1
TCU-BK-RDO-02 2020-09-30T17:01:25.792Z 3 2
TCU-BK-RDO-02 2020-09-30T17:01:25.792Z 0 4
TCU-BK-RDO-02 2020-09-30T17:01:25.792Z 2 2
TCU-BK-RDO-02 2020-09-30T17:01:25.793Z 1 0
TCU-BK-RDO-02 2020-09-30T17:02:26.134Z 3 2
TCU-BK-RDO-02 2020-09-30T17:02:26.135Z 0 3
TCU-BK-RDO-02 2020-09-30T17:02:26.135Z 2 1
TCU-BK-RDO-02 2020-09-30T17:02:26.135Z 1 0

According to the traffic counts from the microwave radar devices in October 2020,
the inbound and outbound traffic volumes had different patterns, with the inbound traffic
peaking from 6:00 a.m. to 9:00 a.m. and the outbound direction characterized by a peak
from 4:00 p.m. to 7:00 p.m., as shown in Figure 3. This pattern indicates the characteristics
of commuter traffic between the northern suburbs and central Bangkok served by the Don
Muang Tollway.
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traffic directions for weekdays in October 2020.

4. Data Processing and Analysis
4.1. Data Processing

As mentioned in [20], one MAC address does not necessarily represent an individual
vehicle because there might be multiple Bluetooth devices in a vehicle. Furthermore, driving
behavior and other factors can cause errors in data collection that affect the penetration-rate
analysis. Therefore, data-cleaning and -filtering processes were required before performing
further analysis. In the data processing, duplicate MAC addresses were removed to obtain
only one value representing a vehicle, which was then used to perform node-to-node
(station-to-station) analysis, and consequently to create a trip model for each MAC address.

Figure 4 shows the five important steps of data processing of raw data collected from
the Bluetooth detectors. The main objective of data processing was to achieve trip data for
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one vehicle trip that would be suitable for the penetration rate analysis. The PostgreSQL
database management system was used for data cleaning based on the following steps:

1. Duplicate data cleaning;
2. MAC addresses matching between Bluetooth detectors;
3. Direction identification;
4. Trip determination;
5. Same-vehicle-trip removal.
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4.1.1. Data Cleaning

The raw transactional data obtained from the 22 Bluetooth detectors, including de-
vice_id, bt_station, ref_time, date_bt, time_bt, and mac_address, are described in Table 5. From
the initial dataset of 19.4 million records, we removed approximately 18 percent as dupli-
cate records. Additionally, the MAC addresses detected at only a single Bluetooth location
could not be used to estimate the travel time on the toll road; thus, such MAC addresses
were removed, resulting in 16 million records remaining for the next step.

Table 5. Data field descriptions in raw data collection.

Variable Description

id A number in the sequence of detection
device_id Identification number of the detector and direction
bt_station The name of the detector
ref_time The date and time whenever the device MAC Address is detected
date_bt The date whenever the device MAC Address is detected
time_bt The time whenever the device MAC Address is detected

mac_address MAC address of the Bluetooth device

4.1.2. MAC Address Matching between Bluetooth Detectors

Each record in the raw dataset refers to a data point where the MAC addresses were
detected at one Bluetooth station. In this step, we connected these data points and converted
them into link data.

First, the data were sorted by the three attributes mac_address, ref_time, and device_id,
respectively. Next, we defined linkij for each MAC address as a pair of records with the
same MAC address between stations i and j, as shown in Figure 5.

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 24 
 

duplicate records. Additionally, the MAC addresses detected at only a single Bluetooth 
location could not be used to estimate the travel time on the toll road; thus, such MAC 
addresses were removed, resulting in 16 million records remaining for the next step. 

Table 5. Data field descriptions in raw data collection. 

Variable Description 
id A number in the sequence of detection 

device_id Identification number of the detector and direction 
bt_station The name of the detector  
ref_time The date and time whenever the device MAC Address is detected 
date_bt The date whenever the device MAC Address is detected 
time_bt The time whenever the device MAC Address is detected 

mac_address MAC address of the Bluetooth device 

4.1.2. MAC Address Matching between Bluetooth Detectors 
Each record in the raw dataset refers to a data point where the MAC addresses were 

detected at one Bluetooth station. In this step, we connected these data points and con-
verted them into link data.  

First, the data were sorted by the three attributes mac_address, ref_time, and device_id, 
respectively. Next, we defined linkij for each MAC address as a pair of records with the 
same MAC address between stations i and j, as shown in Figure 5. 

 
Figure 5. Definition of linkij. 

To create linkij data, the record (k + 1) was copied and appended to the existing record 
k. Figure 6 represents the processed data in this step. The data table is composed of three 
parts “node i” data, “node j” data, and “linkij” data. “Node i” data consist of mac_address, 
i_date, i_time, and i_station, where “node j” data consist of mac_address, j_date, j_time, and 
j_station. Lastly, the linkij column contains a pair of Bluetooth station numbers at which 
the MAC address was detected. Data attributes are described in Table 6. It is possible that 
the same vehicle creates multiple trips on the tollway. Therefore, the time-difference 
threshold has been specified to determine separate trips with the same MAC address. The 
time difference between the ith and jth stations was calculated. If the time difference was 
more than 10 min, the link was discarded. Notably, a time difference of 10 min equals the 
99th percentile of all travel times between adjacent Bluetooth stations, which is equivalent 
to a travel speed of 5 km/h or less. 

Figure 6 demonstrates how each linkij was constructed for the MAC address 
1C:91:9D:F2:5E:32. At line 1, this MAC address was initially detected by Bluetooth No. 10 

at time 7:00:00 prior to Bluetooth No. 9 at time 7:01:05. Thus, the link between the two 
stations was defined as link10-9. Similarly, in line 2, the same MAC address was detected 
by Bluetooth No. 9 (i_station = 9) and Bluetooth No. 8 (j_station = 8). As a result, link9-8 was 
constructed to represent the MAC address movement between the two stations. 

Figure 5. Definition of linkij.

To create linkij data, the record (k + 1) was copied and appended to the existing record
k. Figure 6 represents the processed data in this step. The data table is composed of three
parts “node i” data, “node j” data, and “linkij” data. “Node i” data consist of mac_address,
i_date, i_time, and i_station, where “node j” data consist of mac_address, j_date, j_time, and
j_station. Lastly, the linkij column contains a pair of Bluetooth station numbers at which
the MAC address was detected. Data attributes are described in Table 6. It is possible
that the same vehicle creates multiple trips on the tollway. Therefore, the time-difference
threshold has been specified to determine separate trips with the same MAC address. The
time difference between the ith and jth stations was calculated. If the time difference was
more than 10 min, the link was discarded. Notably, a time difference of 10 min equals the
99th percentile of all travel times between adjacent Bluetooth stations, which is equivalent
to a travel speed of 5 km/h or less.

Figure 6 demonstrates how each linkij was constructed for the MAC address
1C:91:9D:F2:5E:32. At line 1, this MAC address was initially detected by Bluetooth
No. 10 at time 7:00:00 prior to Bluetooth No. 9 at time 7:01:05. Thus, the link between the
two stations was defined as link10-9. Similarly, in line 2, the same MAC address was de-
tected by Bluetooth No. 9 (i_station = 9) and Bluetooth No. 8 (j_station = 8). As a result,
link9-8 was constructed to represent the MAC address movement between the two stations.
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Table 6. Data attributes used in determining linkij.

Variable Description

mac_address MAC address of the detected Bluetooth device
i_date The date when the MAC address is detected at Bluetooth No. i
i_time The timestamp when the MAC Address is detected at Bluetooth No. i

i_station The name of detector detected at Bluetooth No. i
j_time The timestamp when the MAC Address is detected at Bluetooth No. j
j_date The date when the MAC Address is detected at Bluetooth No. j

j_station The name of detector at Bluetooth No. j
linkij Link between Bluetooth numbers i and j with the same MAC address

4.1.3. Direction Identification

The traffic characteristics for different traffic directions vary. Therefore, it is important
to identify the MAC address direction before determining travel-time values from this
dataset. To identify the MAC address direction of each linkij, we began by sorting the link
data using date/time information (i_date, i_time, j_date, and j_time, respectively). Then,
the values of the i_station and j_station were compared. If i_station is greater than j_station,
the direction is inbound (southbound). On the other hand, if i_station is less than j_station,
this indicates that the MAC Address direction is outbound (northbound). Figure 7 shows
direction identification for linkij. Notably, the i_date/i_time is always prior to the j_date/j_time
since the records were sorted according to date/time information in Section 4.1.2.
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Figure 8 gives an example of how to obtain the traffic direction for a vehicle with
MAC address 1C:91:9D:F2:5E:32. This MAC address was detected by Bluetooth No. 10
(i_station = 10) at time 7:00:00 and then detected again by Bluetooth No. 9 (j_station = 9) at
the time 7:01:05. Therefore, the MAC address direction of link10-9 is from Bluetooth No. 10
to No. 9, which can be identified as the inbound direction.
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4.1.4. Trip Determination

In this step, we constructed each trip by summing all links from the origin to the
destination to obtain the origin–destination trip (O-D trip); that is, a trip made up of a
collection of the links determined in Section 4.1.2. Figure 9 illustrates the trip derived from
the sequence of links.
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Data for a single trip consist of mac_address, trip_path (a list of Bluetooth numbers),
direction, start_time (timestamp at the first Bluetooth detector), end_time (timestamp at the
last Bluetooth detector), and dif_time (time difference in minutes between start_time and
end_time). An example of trip data is shown in Figure 10. Notably, the total travel time is
checked and if it exceeds 60 min the algorithm removes the trip, as this implies an average
speed of less than 28 km/h, which is unlikely to happen on the 28 km tollway.
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For example, the MAC address shown in Figure 8 (lines 1–9) can be used to construct
a trip with the following information:

1. mac_address = 1C:91:9D:F2:5E:32;
2. trip_path = 10-09-08-07-06-05-04-03-02-01;
3. direction: IN;
4. start_time = 2020-10-01 7:00:00;
5. end_time = 2020-10-01 7:18:40;
6. dif_time = 18.67 min.

As a result, this vehicle spent 18.67 min traveling inbound from Bluetooth No. 10 at
07:00 a.m. to Bluetooth No. 1 at 07:18 a.m.

4.1.5. Same-Vehicle-Trip Removal

It is possible that one vehicle contains more than one MAC address, especially for
high-occupancy vehicles such as transit vans and buses. This could create biases in the
dataset; for example, it could result in high-occupancy vehicles having a greater influence
in the travel-time dataset. Therefore, it was important to detect multiple MAC addresses
potentially in the same vehicle and apply a proper treatment to obtain a single sample as
the representative of the individual vehicle.

Logically, if multiple MAC addresses are detected at a Bluetooth detector at nearly
the same time (less than a 5 s time window) and the same group of MAC addresses are
detected at the next Bluetooth detector also at nearly the same time, it is likely that these
MAC addresses are from the same vehicle.

Therefore, we developed an algorithm to detect if multiple trips (with different MAC
addresses) had differences in both start_time and end_time of less than 5 s; if so, they were
considered as a single trip to represent the movement of one vehicle [20].

To identify multiple trips that were potentially from the same vehicle, we reordered
the trips according to time, grouped these trips into the criterion of a 5 s difference, and
indexed the representative of all the other trips with the group_id (the red line in Figure 11).
The start_time (first timestamp) of the representative is the minimum value and the end_time
(last timestamp) is the maximum value of all trips in the group. Figure 11 on the left shows
that trips from Bluetooth No.1 to No. 2 and No. 3 of MAC addresses A (Path: A1-A2-A3), B
(Path: B1-B2-B3), and C (Path: C1-C2-C3) are the same. On the other hand, Figure 11 on the
right illustrates a complete trip that stems from only one Bluetooth device/vehicle.

4.2. Penetration Rate Calculation

In our work, the penetration rate (PR) at a Bluetooth station is defined as the ratio of
the number of trips detected by the Bluetooth detector and the traffic volume confirmed by
the nearby microwave radar devices, as given in Equation (1):

Penetration rate (PR) =
No. of trips passing at a Bluetooth station

No. of vehicle detected by microwave radar
(1)

To calculate Bluetooth penetration rates along the study corridor, the numbers of
detected MAC addresses yielded from the data processing steps were compared with traffic
counts from the nearby microwave sensor stations where there were no on/off ramps
in between the pairs of Bluetooth detectors and microwave radar devices. Based on the
availability of the microwave radar devices, Bluetooth numbers 5, 7, 8, and 9 were selected
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for the inbound traffic direction and Bluetooth numbers 4, 6, and 8 were selected for the
outbound traffic direction, as summarized in Table 7.
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Table 7. Bluetooth stations with nearby microwave radar for penetration-rate analysis.

Direction
Bluetooth Microwave Radar Distance

(km)Station ID Location Station ID Location

Inbound

Bluetooth No.5 14 + 952 TCU-BK-RDO-01 15 + 280 0.3
Bluetooth No.7 18 + 000 TCU-BK-RDO-03 17 + 370 0.6
Bluetooth No.8 21 + 075 TCU-DM-RDS-02 21 + 451 0.4
Bluetooth No.9 24 + 525 TCU-AN-RDO-01 23 + 300 1.2

Outbound
Bluetooth No.4 12 + 200 TCU-LP-RDO-01 12 + 525 0.3
Bluetooth No.6 16 + 400 TCU-BK-RDO-02 15 + 750 0.6
Bluetooth No.8 21 + 075 TCU-DM-RDS-01 21 + 450 0.4

4.3. Travel-Time Statistics Calculation

In this study, two statistics were calculated every 15 min to represent travel time used
on the toll road, namely the 50th percentile travel time and the 85th percentile travel time.
The former represents the median value of the travel-time distribution, while the latter also
captures travel-time dispersion [23]. The 85th percentile travel time is currently chosen to
display on the variable message signs in the facility which represents the travel time that
85 percent of the drivers spend to complete their journey on the toll road.

5. Results and Discussion
5.1. Data Processing Results

Based on the proposed data-cleaning and -filtering process, Table 8 illustrates the
amount of data remaining after each step. Based on the 20 weekdays of data collection,
there were 19.4 million records resulting from 11 Bluetooth detector stations. Approximately
40 percent of the total records remained from the data-cleaning and -filtering process.
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Table 8. Summary of data-processing results.

No. Step Results

1 Raw Data 19.4 million records

2 Duplicate Records Removal 16 million unique records (82% remaining)

3 MAC Address Matching between Bluetooth Detectors 8.7 million links created

4 Direction Identification 4.3 million northbound links
4.4 million southbound links

5 Trip Determination 1.2 million northbound trips
1.2 million southbound trips

6 Same-Vehicle-Trip Removal 0.94 million northbound trips (78%)
1.06 million southbound trips (88%)

During the 20-day period, there were 2 million Bluetooth trips resulting from the
data-processing effort. Figure 12 represents the average number of Bluetooth trips/h
during weekdays in October 2020. From the figure, the peak time for the inbound direction
was from 6:00 AM to 9:00 AM, while the peak time for the outbound direction was from
4:00 PM to 7:00 PM. The resulting Bluetooth trip data were compared with the traffic counts
recorded from nearby microwave sensors to calculate Bluetooth penetration rates in the
next section.
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Figure 12. Numbers of Bluetooth trips/h for inbound and outbound traffic directions for weekdays
in October 2020.

5.2. Penetration Rate Results

The results of the penetration rate analysis are shown in Figure 13 (inbound traffic)
and Figure 14 (outbound traffic). Notably, the penetration rates in each direction are the
average hourly penetration rates of the Bluetooth stations with nearby microwave radar
devices (Bluetooth numbers 5, 7, 8, and 9 for the inbound traffic and Bluetooth numbers
4, 6, and 8 for the outbound traffic). Each line in these figures represents the Bluetooth
penetration rate for a specific day of the week. For inbound traffic, the penetration rates on
the study corridor were in the range of 50–90 percent during the day and 20–50 percent
during the night. The penetration rates during the morning peak (6:00 a.m.–9:00 a.m.) and
evening peak (4:00 p.m.–7:00 p.m.) were also higher than for the off-peak period.



Sustainability 2022, 14, 4591 14 of 23

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 24 
 

penetration rate for a specific day of the week. For inbound traffic, the penetration rates 
on the study corridor were in the range of 50–90 percent during the day and 20–50 percent 
during the night. The penetration rates during the morning peak (6:00 A.M.–9:00 A.M.) 
and evening peak (4:00 P.M.–7:00 P.M.) were also higher than for the off-peak period. 

Outbound traffic also had a similar pattern; the penetration rates peaked during the 
morning (6:00 A.M.–9:00 A.M.) and evening (4:00 P.M.–7:00 P.M.). The penetration rates 
during the peak periods ranged from 50 to nearly 100 percent. 

 
Figure 13. Hourly penetration rates during weekdays; averaged from Bluetooth numbers 5, 7, and 
8 for inbound direction. 

 
Figure 14. Hourly penetration rates during weekdays; averaged from Bluetooth numbers 5, 7, and 
8 for outbound direction. 

The penetration rates were highest during the peak periods—morning peak for the 
inbound direction (see in Figure 13) and evening peak for the outbound direction (see in 
Figure 14). Hypothetically, slower traffic during peak periods makes it more likely for the 
Bluetooth detectors to detect MAC addresses. In Section 5.3, we investigate the 

Figure 13. Hourly penetration rates during weekdays; averaged from Bluetooth numbers 5, 7, and 8
for inbound direction.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 24 
 

penetration rate for a specific day of the week. For inbound traffic, the penetration rates 
on the study corridor were in the range of 50–90 percent during the day and 20–50 percent 
during the night. The penetration rates during the morning peak (6:00 A.M.–9:00 A.M.) 
and evening peak (4:00 P.M.–7:00 P.M.) were also higher than for the off-peak period. 

Outbound traffic also had a similar pattern; the penetration rates peaked during the 
morning (6:00 A.M.–9:00 A.M.) and evening (4:00 P.M.–7:00 P.M.). The penetration rates 
during the peak periods ranged from 50 to nearly 100 percent. 

 
Figure 13. Hourly penetration rates during weekdays; averaged from Bluetooth numbers 5, 7, and 
8 for inbound direction. 

 
Figure 14. Hourly penetration rates during weekdays; averaged from Bluetooth numbers 5, 7, and 
8 for outbound direction. 

The penetration rates were highest during the peak periods—morning peak for the 
inbound direction (see in Figure 13) and evening peak for the outbound direction (see in 
Figure 14). Hypothetically, slower traffic during peak periods makes it more likely for the 
Bluetooth detectors to detect MAC addresses. In Section 5.3, we investigate the 
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for outbound direction.

Outbound traffic also had a similar pattern; the penetration rates peaked during the
morning (6:00 a.m.–9:00 a.m.) and evening (4:00 p.m.–7:00 p.m.). The penetration rates
during the peak periods ranged from 50 to nearly 100 percent.

The penetration rates were highest during the peak periods—morning peak for the
inbound direction (see in Figure 13) and evening peak for the outbound direction (see in
Figure 14). Hypothetically, slower traffic during peak periods makes it more likely for the
Bluetooth detectors to detect MAC addresses. In Section 5.3, we investigate the relationship
between speed and the number of MAC addresses recorded by the Bluetooth detectors.
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5.3. Impact of Speed on Bluetooth Detection

From the previous section, the number of MAC addresses and Bluetooth penetration
rates were higher during peak periods when traffic flow was high and average speed was
low. The free-flow speed measured using microwave radar near Bluetooth No. 8 was
80 km/h. However, during peak periods, the average speed reduced to approximately
60 km/h (a 25 percent reduction). To determine the impact of traffic speeds on Bluetooth
detection capability, the 3.1 km section from Bluetooth No. 9 to Bluetooth No. 8 was
selected, since it contained no on/off-ramps. Therefore, the number of detected MAC
addresses should be similar at both Bluetooth stations. We also used nearby microwave
sensors to measure the speed and flow at these two stations, with microwave radar No. 9
located 1.3 km downstream of Bluetooth No.9 and microwave radar No.8 located 0.3 km
upstream of Bluetooth No. 8, as shown in Figure 15.
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Figure 15. Locations of inbound Bluetooth numbers 8 and 9, microwave radars devices, and Don Muang
toll plazas. Traffic moves from Bluetooth number 9 (upstream) to Bluetooth number 8 (downstream).

Inbound traffic data on Monday 26 October 2020 were selected for this analysis because
there is typically high inbound traffic volume on Monday mornings. Figure 16 depicts
5 min average speeds at microwave radar numbers 9 (green line) and 8 (red line) throughout
the day. Speeds measured at microwave radar number 9 (green line) were relatively stable
(90–100 km/h) throughout the day. On the other hand, speeds measured at microwave
radar number 8 (red line) ranged between 70 and 80 km/h with a speed drop (60 km/h)
during the morning peak (6:00 a.m. to 7:30 a.m.). Speed at the downstream location
(Bluetooth number 8) was lower than at the upstream location because the downstream
location had two staggered toll plazas where drivers were required to slow down to enter
toll booths.

In addition to the speed data, the numbers of MAC addresses detected at Bluetooth
numbers 9 (upstream) and 8 (downstream) were analyzed. Since there is no on-ramp
or off-ramp between the two stations, the numbers of MAC addresses at both stations
should be similar. However, the number of MAC addresses detected at the downstream
location was consistently higher than for the upstream location throughout the day. The
difference of number of MAC addresses between Bluetooth numbers 8 and 9 (NBT8-NBT9)
is illustrated in Figure 16 (gray line). During the night, the difference was nearly zero.
However, when the average speed dropped approximately 25 percent at the downstream
location during the morning peak, the number of MAC addresses at Bluetooth No. 8
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also increased, implying that Bluetooth detection performance increased as the vehicle
speed decreased.
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5.4. Sensitivity Analysis of Bluetooth Penetration Rate

We analyzed how various levels of Bluetooth penetration rates affected travel-time
estimation. The mean absolute percentage error (MAPE) is commonly used to measure the
accuracy of estimated travel times from Bluetooth detectors compared with ground-truth
travel times. However, in this study, the actual (ground-truth) travel time was not available.
We assumed that the higher penetration rate had a higher accuracy due to its larger sample
size. Therefore, we compared travel-time values at different penetration rates, with the
travel time at the highest penetration rate for each scenario. Changes in travel-time values
affected by various penetration rates were compared with the travel time derived from the
highest penetration rate for that scenario. Thus, we modified the traditional MAPE and
renamed it the mean absolute percentage deviation (MAPD) using the formula:

MAPD =
1
n ∑

∣∣∣∣ t́i − t̂i

t́i

∣∣∣∣ × 100% (2)

where n is number of observations, t́i is an estimated value from the highest penetration
rate data, and t̂i is an estimated value from lower penetration data.

It is important to select a road segment that contains no on-ramp or off-ramp between
a microwave radar and a Bluetooth detector in order to accurately control the number
of vehicles in the penetration-rate calculation. For the inbound direction, Bluetooth trips
from Bluetooth numbers 9 to 7 were selected. For the outbound direction, Bluetooth trips
from Bluetooth numbers 2 to 4 were selected and any trips that passed both the origin and
destination points were considered. For example, a trip passing Bluetooth numbers 2, 3,
and 4 as well as a trip passing only Bluetooth numbers 2 and 4 would be included in the
sensitivity analysis.

It was noted that the penetration rates calculated in this section were generally lower
than the penetration rates shown in Section 5.2 because the number of Bluetooth trips in
Section 5.2 included all trips that began, passed, or ended at a specific Bluetooth station,
while the Bluetooth trips in this section included only trips that passed both the origin
and destination in a specific order (from Bluetooth numbers 9 to 7 and from Bluetooth
numbers 2 to 4).
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Table 9 shows the penetration rates considered for the inbound traffic dataset and
Table 10 shows the penetration rates considered for the outbound traffic dataset. Traffic data
on Monday 26 October 2020 were used for the inbound analysis and traffic data on Friday
2 October 2020 were considered for the outbound analysis. The analysis contained three
time-periods (AM peak, PM peak, and off-peak). Each period had different penetration
rates from 1 percent to the highest penetration rate of the dataset. Since the highest
penetration rates for each scenario/period were different, the number of penetration rate
levels was also different.

Table 9. Inbound scenarios for sensitivity analysis of penetration rates, from Bluetooth numbers 9 to
7 on Monday 26 October 2020.

Period Actual Penetration
Rate (%)

Traffic Volume from Microwave
Radar (Vehicles/Period) Penetration Rate (%)

AM peak (6:00 a.m.–9:00 a.m.) 50 7966 1, 2, 3, 5, 10, 20, 30, 40
PM peak (4:00 p.m.–7:00 p.m.) 41 5618 1, 2, 3, 5, 10, 20, 30, 40

Off peak 32 12,327 1, 2, 3, 5, 10, 20, 30

Table 10. Outbound scenarios for sensitivity analysis of penetration, from Bluetooth numbers 2 to 4
on Friday 2 October 2020.

Period Actual Penetration
Rate (%)

Traffic Volume from Microwave
Radar (Vehicles/Period) Penetration Rate (%)

AM peak (6:00 a.m.–9:00 a.m.) 28 5013 1, 2, 3, 5, 10, 20
PM peak (4:00 p.m.–7:00 p.m.) 29 10,318 1, 2, 3, 5, 10, 20

Off peak 28 17,757 1, 2, 3, 5, 10, 20

For each period, Monte Carlo sampling was used to construct a dataset with a specific
penetration rate. That is, Bluetooth trips were randomly drawn with replacement from
the total Bluetooth trip dataset until the desired penetration rate was reached for each
period. Total traffic volumes and the specified numbers of Bluetooth trips are illustrated in
Table 11 (for inbound traffic) and Table 12 (for outbound traffic). The sampling procedure
was repeated 10 times for each penetration rate. The 50th and 85th percentile travel-time
values were calculated from the sampling trips to represent travel time in each period
and penetration levels. The percentile values from the 10 runs were averaged to obtain a
representative travel time for the scenario. The MAPD was calculated to determine the
difference between the travel time obtained from the highest penetration rate and the travel
time obtained from the simulated penetration rate.

Table 11. Number of Bluetooth trips required for sensitivity analysis of inbound trips from Bluetooth
numbers 9 to 7 on Monday 26 October 2020.

Period
Traffic Volume

(Vehicles/Period)
Number of Bluetooth Trips at Each Penetration Level

1% 2% 3% 5% 10% 20% 30% 40%

AM peak (6:00 a.m.–9:00 a.m.) 7966 80 159 239 398 797 1593 2390 3186

PM peak (4:00 p.m.–7:00 p.m.) 5618 56 112 169 281 562 1124 1685 2247

Off peak 12,327 123 247 370 616 1233 2465 3698
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Table 12. Number of Bluetooth trips required for sensitivity analysis of outbound trips from Bluetooth
numbers 2 to 4 on Friday 2 October 2020.

Period
Traffic Volume

(Vehicles/Period)
Number of Bluetooth Trips at Each Penetration Level

1% 2% 3% 1% 10% 20% 1% 40%

AM peak (6:00 a.m.–9:00 a.m.) 5013 50 100 150 251 501 1003

PM peak (4:00 p.m.–7:00 p.m.) 10,318 103 206 310 516 1032 2064

Off peak 17,757 178 355 533 888 1776 3551

The next two sections discuss the sensitivity of the two travel-time statistics, namely
the 50th percentile and the 85th percentile travel times, to various penetration rates. The
50th percentile travel time represents the middle value of road users’ travel times, while the
85th percentile travel time represents the duration for which 85 percent of the road users
could traverse the section.

5.5. Impact of Penetration Rate on Estimated 50th Percentile Travel Time

The results of the sensitivity analysis for the 50th percentile travel times are shown in
Figure 17 (inbound traffic) and Figure 18 (outbound traffic).

Notably, we considered an MAPD value of 15 percent as the acceptable threshold
currently used by the toll road agency. For the inbound direction, the AM peak had the
highest traffic volume (inbound commuting traffic to the city center in the morning) and
its MAPD was under 15 percent, even with the lowest penetration rate of 1 percent (with
a sample size of 26 MAC addresses/h). During the PM peak (with relatively less traffic)
the MAPD exceeded the 15 percent threshold only when the penetration rate was below
1.5 percent (equivalent to 37 MAC addresses/h). In contrast, off-peak required at least
5 percent of the Bluetooth penetration rate to maintain the MAPD value of 15 percent
(equivalent to 34 MAC addresses/h).
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For the outbound direction, the MAPD values for both the AM and PM peaks were
lower than the 15 percent threshold for all penetration levels, while that of the off-peak pe-
riod exceeded the threshold when the penetration rate was lower than 5 percent (equivalent
to 49 MAC addresses/h), similar to that of the inbound off-peak traffic.

Comparing travel-time data among the AM and PM peak and the off peak, the off
peak tended to have a higher MAPD than the AM and PM peaks at the same penetration
rate. This could have been because vehicles were traveling at various speeds during light
traffic periods, while during peak hours they traveled at a more uniform speed.

5.6. Impact of Penetration Rate on Estimated 85th Percentile Travel Time

The sensitivity of the 85th travel-time percentile to the penetration rates is shown
in Figure 19 (inbound) and Figure 20 (outbound). For the inbound direction, the off
peak required a higher penetration rate (5%) to maintain the MAPD at 15 percent or less,
followed by the PM peak (medium traffic), and lastly the AM peak (heaviest traffic). For the
outbound direction, the off peak also required at least 5 percent of the Bluetooth penetration
rate to maintain the MAPD under 15 percent, followed by the AM peak (medium traffic)
and lastly the PM peak (heaviest traffic).

The minimum penetration rates as well as the minimum numbers of vehicles/h for
both the 50th and 85th percentile travel times are summarized in Table 13. Consider-
ing the Bluetooth penetration rates, the heavier traffic scenarios (the AM peak for the
inbound traffic and the PM peak for the outbound traffic) required lower penetration rates
(1 percent or lower) to maintain travel-time estimation accuracy, while the off-peak peri-
ods required a higher percentage (at least five percent) for the Bluetooth penetration rate.
However, considering the minimum number of Bluetooth-equipped vehicles/h, the gap
between the heavy and light traffic conditions was relatively smaller. For example, the
minimum number of Bluetooth-equipped vehicles for the inbound traffic for the AM peak
(<26 vehicles/h) was slightly lower than for the off-peak period (34 vehicles/h). The
outbound traffic also required 34 vehicles/h for the PM peak, compared with 49 vehicles/h
for the off-peak period.
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Table 13. Minimum Bluetooth penetration rates with mean absolute percentage deviation ≤ 15%.

Period

Minimum Bluetooth Penetration Rate (%)

Inbound Traffic
on Monday 26 October 2020

Outbound Traffic
on Friday 2 October 2020

50th Percentile
Travel Time

85th Percentile
Travel Time

50th Percentile
Travel Time

85th Percentile
Travel Time

AM peak (6:00 a.m.–9:00 a.m.) <1% (<26) 1% (26) <1% (<16) 1% (16)
PM peak (4:00 p.m.–7:00 p.m.) 1.5% (37) 3% (56) <1% (<34) <1% (<34)

Off peak 5% (34) 5% (34) 5% (49) 5% (49)

Remark: Numbers in parentheses denote minimum number of vehicles/h for each scenario. Light-gray-shaded
cells refer to heaviest traffic conditions for the traffic direction (AM peak for inbound traffic and PM peak for
outbound traffic).

In addition, the 50th percentile travel time generally required a lower Bluetooth
penetration rate and higher numbers of Bluetooth-equipped vehicles than the 85th per-
centile travel time. Therefore, the 50th percentile statistics are recommended for reporting
travel-time information when the Bluetooth penetration rate is low.

The findings from the analyses in this section can be summarized as follows:

• We compared the number of MAC addresses detected by two Bluetooth detectors,
where one detector (No. 9) was located on the free-flow segment and the other detector
(No. 8) was located 300 m from the toll plaza. We found that the number of MAC
addresses detected at Bluetooth No. 8 (slow traffic) was consistently higher than the
number detected at Bluetooth No. 9 (free-flow traffic). This implied that Bluetooth
performance increased as vehicle speed decreased.

• Next, we analyzed the sensitivity of the estimated travel time to various levels of
Bluetooth penetration rates. We found that the mean absolute percentage deviation
(MAPD) decreased as the penetration rate increased.

• MAPD during the off-peak period was higher than during the peak period due to
the wider range of speed choice during the off-peak period. Therefore, the travel
time during the off-peak period required a larger sample size (34–49 vehicles/h) than
during the peak period (26–34 vehicles/h) to maintain the same level of MAPD.

• The 50th percentile travel time was less sensitive to various traffic conditions and pene-
tration rates compared to the 85th percentile travel time. Therefore, it is recommended
to use the 50th percentile travel-time estimate when traffic conditions are unstable, or
the penetration rate is low.

6. Conclusions

This study addressed how Bluetooth penetration rates affected the estimated travel
times on a toll road. First, data cleaning and processing were developed to estimate travel
times from Bluetooth detector transactions. To obtain Bluetooth trips that could later
be used in travel-time estimation, five data-processing steps were developed: cleaning
duplicate data; creating a Bluetooth “link” by matching the same MAC addresses detected
at two locations; identifying movement direction; determining Bluetooth trip (a series of
Bluetooth links); and removing MAC addresses in the same vehicle. As a result, 2 million
trips were identified from the 20 days of collected Bluetooth MAC address data.

To determine the Bluetooth penetration rate (the proportion between the detected
Bluetooth-equipped vehicles and the total number of vehicles traversing the study corridor),
the number of Bluetooth trips were compared with the traffic volume collected by the
microwave radar devices installed near the Bluetooth detector stations. The penetration
rate during the day was from 50 to 90 percent, while at night, the penetration rate was from
20 to 50 percent; these values were similar to another study [21]. These results could have
been due to the fact that Bluetooth detectors perform better when traffic is slower during
the day. Therefore, we also determined the number of MAC addresses detected between
two Bluetooth stations, from Bluetooth No. 9 (high-speed midblock) to Bluetooth No. 8
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(midblock approaching a toll plaza, hence a slower traffic speed). It was found that the
number of MAC addresses detected at Bluetooth No. 8 was consistently higher than the
number detected at Bluetooth No. 9. Therefore, we concluded that the Bluetooth detection
performance increased as the vehicle speed decreased.

Lastly, sensitivity analysis was conducted to determine the sensitivity of the estimated
travel times (both 50th percentile and 85th percentile travel times) to various simulated
levels of Bluetooth penetration rates. The travel-time values at the highest penetration were
assumed to be the actual travel times. The mean absolute percentage deviation (MAPD) was
proposed to measure the deviation of the travel-time values when the Bluetooth penetration
rate decreased. From the simulated scenarios, we found that the MAPD decreased as the
penetration rate increased. Light traffic conditions, such as during the off-peak period, had
higher MAPD values than during the AM and PM peaks, since drivers had a wider range
of speed choices during the off-peak period compared to the forced flow at a more uniform
speed during peak periods.

The Bluetooth penetration rate should be at least 1 percent during the peak period
and 5 percent for the off-peak period. Considering number of Bluetooth-equipped vehicles,
the peak periods required at least 26–34 vehicles/h while the off-peak period required
34–49 vehicles/h. Additionally, the 50th percentile travel time was more robust than the
85th percentile travel time, indicating that the former required a smaller Bluetooth sample
size to maintain the fifteen percent MAPD threshold.
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