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Abstract: The purpose of the study is to investigate the comparative field performance of Wi-Fi,
Bluetooth Classic (Bluetooth) and Bluetooth Low Energy (BLE) signal modes for integration in
vehicle–pedestrian collision warning systems. The study compares these wireless signal modes to
find out which one is most appropriate to be utilized in these systems and provides better results
in terms of accuracy and functionality. Five factors including received signal strength indicator
(RSSI)-distance relationship, rainfall effects on the signals, motion effects, non-line of sight effects
and signal transmission rates were selected for evaluation. These factors were selected considering
the requirements of vehicle–pedestrian collision warning systems and compared with each other
based on experimental outcomes. The results of the experiments indicated the overall superiority of
BLE mode over Wi-Fi and Bluetooth modes to be utilized in these systems. Application of this mode
may provide the possibility of fast collision warnings thanks to low signal transmission intervals
and high probability of simultaneous signal detections by multiple signals scanners. Moreover, the
capability of this mode to accurately estimate distance and position is higher than Wi-Fi mode and
not significantly different from Bluetooth mode.
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1. Introduction

The over-representation of pedestrian-involved collisions in fatal outcome is a serious
challenge in North America. In 2019, 6519 pedestrians were killed in traffic crashes in
the US and Canada. This was equal to one death every 81 min and involved 17.2% of
all traffic fatalities during this year [1,2]. Extensive effort has been made in recent years
to apply advanced onboard technologies to alert drivers when pedestrians are in their
close proximity or in hazard zone. Currently, most pedestrian detection sensors are visual
or radar-based with significant limitations in certain conditions. They are not always
reliable and may only be considered as a backup rather than a self-sufficient system
for collision avoidance. Conditions in which pedestrians may not be detected by these
systems are often specified in a vehicle owner’s manual. Examples are darkness, inclement
weather conditions and lateral offset of the vehicle [3]. Detection rates of camera systems
significantly decline at nighttime, during precipitations, and in foggy weather conditions.
Cameras should be kept relatively clean which may not be observed in many situations [4].
Resolution in radar sensors is relatively low and is not effective in recognizing object details
or distinguishing between pedestrians and other objects. Lidar systems are sensitive to
precipitation and fog. They may also be blinded by direct sunlight. Ultrasonic detectors do
not have the potential to be used for pedestrian detection. They usually have an effective
range of 6 m or less and are typically utilized in parking assistance systems [3].

With advances in communication technologies, innovative traffic control systems have
been developed and are commercially available. Wireless technology has been widely

Sustainability 2021, 13, 10823. https://doi.org/10.3390/su131910823 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su131910823
https://doi.org/10.3390/su131910823
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su131910823
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su131910823?type=check_update&version=2


Sustainability 2021, 13, 10823 2 of 20

used in traffic studies in recent years. Utilizing wireless signal scanning sets is a common
technique for traffic data collection. Wireless signal transmitters (beacons) are sufficiently
widespread among road users thanks to the popularity of Wi-Fi and Bluetooth activated
smart devices; therefore, the transmitted signals by beacons may be collected by signal
scanners and used in determining some traffic parameters.

Unique media access control (MAC) address, signal mode, detection timestamp and
received signal strength indicator (RSSI) are the only data the current models of signal
scanners provide. A MAC address is a unique ID assigned to each network module. None
of these provide direct information about the position of the beacon. Due to the complexity
of wireless signal positioning using these data, the applications of this technology in traffic
studies have historically been limited to finding some parameters in certain situations. The
technology is commonly applied for finding travel time and origin-destination in long
road segments using MAC re-identification technique. This is achieved by determining the
presence of a beacon located at an origin and a destination by signal scanners. Although
the most common applications of these scanners are in travel time measurement and
origin-destination classification, recent studies on their application in safety management
are emerging. An area with a significant value is the application of wireless signal scanning
in real-time vehicle–pedestrian collision warning systems as a supplement for the currently
available technologies. This requires determination of positional data of pedestrians.

Extensive effort has been made for developing reliable methods to locate beacons
based on their RSSI values, e.g., [5], since these values normally decrease along with the
distance between the beacon and signal scanner. RSSI values solely collected by a signal
scanner, can provide an estimation of the distance, but not the direction nor the position.
For finding a beacon position, the data obtained by multiple signal scanners should be
utilized. Trilateration and radio map creation are among the methods introduced for
beacon positioning, although they generally come with inaccuracies and need further
improvement. This is because RSSI values normally have fluctuations and include outliers.

2. The Case for Sustainable Models of Travel

With the recent advances in wireless signal positioning using the data provided by
wireless signal scanners, new avenues have been opened to application of this technology
in traffic studies in which accurate positional data of road users are required. The case
for studying sustainable modes of travel and vulnerable road users is especially evident.
Most pedestrians and cyclists currently, or in the soon future, carry smart devices on their
person. The practical context is to utilize the prevalence of beacons and advanced sensing
technology in real-time vehicle–pedestrian collision warning systems with the goal of
preventing these types of crash. These systems should be able to detect pedestrians if
present in the hazard zone of vehicles. The vehicle hazard zone may be considered an area
around the vehicle whose edges are several meters away from it. Detection of pedestrians
in the hazard zone may be done on account of the potential of RSSI values transmitted by
pedestrians’ beacons for wireless signal positioning.

The presence of a pedestrian carrying a beacon in the hazard zone of a vehicle may be
determined in two approaches. In the first approach, a certain distance from the vehicle is
specified as its hazard zone. The RSSI value corresponding to this distance is determined
and is set as warning threshold for the system. Detection of RSSI values higher than this
threshold by a signal scanner installed on the outer side of the vehicle will be the indicator
of the presence of a beacon in its hazard zone (distance-based approach). In the second
approach which is more complicated, instead of only determining the presence of a beacon
at a distance closer than a threshold around the vehicle, the exact position of the beacon is
determined by using multiple scanners. Therefore, the position of the pedestrian walking
in the vicinity of a vehicle can be dynamically determined and such information is utilized
to protect the pedestrian. Specifying a hazard zone around the vehicle, the driver will be
alerted if the position of the beacon is determined to be inside this zone (position-based
approach). Successful application of wireless technology as a collision warning system in
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motorized vehicles, especially commercial vehicles, may significantly enhance the safety of
pedestrians, resulting in reduction of the number of fatalities and injuries due to vehicle–
pedestrian crashes. This is dependent on the characteristics of wireless signals as well as
the accuracy of wireless signal ranging and positioning methods.

Wi-Fi, Bluetooth, and BLE are three widespread signal modes, transmitted by popular
beacons used in daily life. BLE started as part of Bluetooth 4.0, designed for lower power
consumption as well as lower complexity and cost in comparison with Bluetooth. These
come at the expense of reductions in some functionalities such as throughput and support of
voice channels in order to reduce the required memory [6]. The strength of the three signal
modes received by signal scanners is measured by RSSI, therefore the available ranging
and positioning methods may be applied for three of them. While the three signal modes
may be utilized in collision warning systems, the question which arises is: which signal
mode leads to higher accuracy and functionality. Accurate positional data of pedestrians
are required in these systems. To address this, it is required to investigate the important
factors which may affect the aforementioned measures. These factors should be selected
considering the characteristics of traffic systems. They should be investigated in an outdoor
environment and the moving nature of road users needs to be considered. Concerning these
characteristics, five factors including [i] RSSI-distance relationship, [ii] precipitation effects
on the signals, [iii] motion effects, [iv] non-line of sight effects, and [v] signal transmission
rates were identified for evaluation. These factors are important in comparing the suitability
of the three signal modes for traffic safety applications which need the accurate positional
data of pedestrians.

This research was conducted using signal scanners, typically used for traffic data
collection which function in three scanning modes. They could scan the three signal modes
in their surrounding area using three separate signal detectors. There was also a software
platform for monitoring and analyzing the collected data including MAC address, signal
mode, detection timestamp, and RSSI. The three scanning modes were Wi-Fi (IEEE 802.11
b/g/n, Receiver Sensitivity: −92 dBm, Transmit Power: +18 dBm), Bluetooth (Class 1,
Receiver Sensitivity: −90 dBm, Transmit Power: +18 dBm), and BLE (Receiver Sensitivity:
−96 dBm, Transmit Power: +4 dBm) as shown in Figure 1. The antennas used with the
signal scanners were long-range, omnidirectional, 2400 MHz and 2 dBi gain. The beacon in
Wi-Fi and Bluetooth modes was an Android operated cell phone and the BLE beacon was a
BLE 4.0/4.1 signal transmitter.
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Five experiments were designed for evaluating the five aforementioned factors. They
were conducted outdoors in four sites located in Ottawa, Canada (Figure 2): (a) Rideau
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Canal bike road, a path used by bikes and pedestrians located several meters away from
Colonel By Drive near Carleton University campus, both with moderate traffic flows (Site
1), (b) a residential street with a low traffic flow (Site 2), (c) Hunt Club-Riverside Park soccer
field next to Paul Anka Drive with a moderate traffic flow (Site 3), (d) a public parking area
next to a high-rise building in which there were a few vehicles on the experiment day (Site
4). As mentioned, the locations were not isolated; there were other beacons in the areas
and some activities taking place in the vicinity. The location, weather and environmental
conditions were approximately similar for each experiment. Based on the results of the
five experiments, the most appropriate wireless signal mode for integration in collision
warning systems will be recommended.
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3. Previous Work

There is a growing interest in studies which attempt to accurately localize agents in
a system without using satellite signals, e.g., the Global Positioning System (GPS). The
strength of radio frequency signals transmitted by beacons may be applied to estimate the
distance between the beacon and signal scanner. This distance is estimated by the models
which relate the reduction in radio frequency signals received by the signal scanner to its
distance from the beacon [7].

Wi-Fi and Bluetooth signal interference influence the speed, strength, and range of
the signals. This can reduce the accuracy of the positioning procedure. Radio frequency
signals are affected by reflection, refraction, and diffraction [8]. Transmission of signals in a
path obstructed by obstacles is very probable in the real world and is called non-line of
sight transmission. Variations in the path conditions of wireless signals between a beacon
and a signal scanner causes signal fading. Shadowing is a situation in which the existence
of obstructions in the wireless propagation path causes attenuation in the strength of the
signals [9]. These attenuations vary due to surface type and signal frequency [10]. Finding
the suitable propagation model is complex and sometimes not possible, because of the
different objects shadowing the signals. The signals may take multi paths and hence result
in erroneous results [7]. Due to the existence of blockage or scattering, the calculated
distance may have inaccuracy which even increases as the distance between the beacon
and scanner increases [11].
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RSSI-distance models based on the detections of one signal scanner are only able to
estimate the distance between the beacon and signal scanner; hence neither the direction
nor the position. Regarding this, it will be important to develop proper approaches to
combine the results gathered from different signal scanners to find the position of a beacon
with adequate accuracy. When information from additional scanners is available, it will be
possible to find the position of the beacon, using positioning methods [11].

Triangulation is a method applicable in wireless signal positioning using triangle
specifications to find a beacon position. It is based on angle measurement and estimates an
unknown point position, forming triangles which connect it to points with known positions.
The positioning method is called trilateration if three distances from an unknown point
to three known points are used instead of angles. If both angles and distances are used in
positioning, the method is called triangulateration. If the common area of the three circles
formed by the three measured distances in trilateration is large, finding the exact position
will be more difficult [12]. Another method for wireless signal positioning is creating radio
maps and using appropriate algorithms such as k-nearest neighbors (k-NN). k-NN is a
mathematical data classification algorithm for assigning an object to a group according to
the similarity of their specifications [13]. Specifications in this method may be the RSSI
values of the beacon received by multiple signal scanners and the radio maps created for a
number of reference points. These authors [5] developed this method in a transportation-
based study using four Bluetooth signal scanners in a four-legged intersection to determine
pedestrians’ positions using Bluetooth signals. It was found that [i] increasing the distance
between the radio map stations along with meeting the minimum accuracy requirements,
[ii] making the system arrangement asymmetric can improve the positioning accuracy.

Applying wireless technology for traffic data collection has been the subject of several
research projects in recent years. The reliability and efficiency of Bluetooth MAC re-
identification technique in comparison with traditional methods for finding arterial traffic
parameters such as travel time, origin-destination and average speed was confirmed
by [14]. The average detection rate of Bluetooth signal scanners on highway segments was
investigated by [15] and reported between 2.00% and 8.13%. It was also found that the
rate is generally lower in peak hours compared with off peak hours. The mean error of
travel time measurement in arterials using Bluetooth MAC re-identification technique was
investigated by [16] and found to be sufficiently low in different traffic conditions. Ref. [17]
combined the data collected by loop detectors and a Bluetooth traffic monitoring system
to enhance the accuracy of traffic speed measurement on freeways. Ref. [18] confirmed
the satisfactory performance of Bluetooth MAC re-identification technique for origin-
destination data collection in access-controlled networks. Ref. [19] presented a technique
to distinguish between motor vehicles and bicycles prior to travel time calculation using
Bluetooth signals. The technique used different criteria such as MAC address specifications
to classify travel modes. An approach for determination of different transportation modes
applying clustering algorithms was proposed by [20]. The approach performed based on a
parameter defined as the total time a Bluetooth beacon spent in the detection area of the
entire Bluetooth signal scanning system. A method for filtering the data collected by Wi-Fi
and Bluetooth signal scanners was proposed by [21] in order to accurately find pedestrian
counts, flows, and wait times. Ref. [22] developed a simulation-based technique which
worked on the basis of multiple Bluetooth inquiry scans in order to model the detection of
Bluetooth beacons for using in transportation applications.

Behavior of pedestrians in presence of vehicles and safety of walking as a sustainable
mode of travel has been the subject of numerous studies. In order to identify important
behavioral differences of pedestrians in different situations, gap acceptance and crossing
probability models were developed using linear and logistic regression by [23]. Fixed and
in-motion videography techniques were applied to analyze pedestrians’ behaviors from
the perspective of both pedestrians and drivers. A data-driven model was proposed by [24]
to simulate trajectories of pedestrians attempting to avoid collisions. The model did not
need a calibration phase and was developed using generalized regression neural networks
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based on only one free parameter. The relationship between incidents and the potential
contributing factors was probed by [25]. Negative and random negative binomial models
were developed to predict the number of incidents and an inverse stepwise procedure was
used to determine the importance of variables. Horizontal alignment, visibility, speed,
AADT and pavement conditions were identified to have significant impacts on occurrence
of incidents. The performance of several statistical methods and machine learning algo-
rithms in predicting incident clearance time was investigated by [26]. It was observed
that statistical methods provide more details about the relationship between variables.
By contrast, machine learning algorithms ignore the relationship between the variables.
Instead, they aim at finding the optimal mapping for prediction. In order to analyze and
predict incident clearance time in freeways, a Bayesian averaging method was applied
by [27]. Posterior probabilities were used as the weights for averaging the feasible models.
The prediction performance of the method was assessed comparing it with two classical
methods including Cox proportional hazards and accelerated failure time methods and
was found to be superior.

Several researchers have tried to use the data collected by wireless signal scanners
in real-time safety analysis. In an effort to extend the applications of this technology, [28]
developed a microscopic simulation tool using cellular automata models. Occupancy
and traffic flow over time were correctly determined on roads with traffic flow anomalies.
An automated algorithm for detecting incidents in arterials by Bluetooth signal scanners
was proposed by [29]. The algorithm performed based on travel time and volume data
obtained by a MAC re-identification system and a time moving average approach with
the capability of recognizing travel time and volume data patterns caused by incidents.
Ref. [30] proposed a technique based on time dependent comparison of travel times with
neighbor values to differentiate between normal and anomalous situations. Bluetooth
travel time data were monitored in near real-time to determine if they are beyond a
plausible threshold for incidents according to the historical data. Ref. [31] investigated the
relationship between occurrence of incidents in urban arterials and real time characteristics
of traffic streams as well as signal timing. Bayesian conditional logistic models were created
to find parameters with significant impacts on occurrence of incidents. Average speed,
downstream green ratio, upstream left-turn volume, and rain were identified as factors
with significant impacts. An automated incident detection method using Bluetooth data
for freeways was presented by [32]. The method was developed applying isolation forest
technique based on the fact that anomalies are scarce and distinct, consequently easier to
isolate in comparison with normal situations. Ref. [4] proposed a technique for blind spot
detection based on RSSI values of BLE signals. The purpose was notifying pedestrians and
drivers of the possible blind spot collisions. Being at a distance less than 8 m to trucks was
specified as the measure for vulnerability of the pedestrians. The RSSI value corresponding
to this distance was considered equal to −70 dBm. The system alerted both the driver
and pedestrian if a signal with an RSSI value of higher than −70 dBm was detected as a
sign for a potential hazard. The results indicated that the system performed well with a
high reliability.

4. Study Method

The comparison between the three modes of wireless signals will be in the form of five
field experiments. Each experiment was conducted in the three modes separately. These
are described in the next sections.

4.1. Experiment 1: The Relationship between Received Signal Strength Indicator (RSSI)
and Distance

RSSI is a parameter obtained in signal scanning which may be used for finding the
distance between a beacon and a signal scanner and, therefore, has the potential to be
used in beacon positioning. The robustness of the relationship between RSSI and distance
is important for distance-based collision warning systems which operate based on a set
RSSI threshold corresponding to the beginning of the hazard zone of the vehicles. This
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relationship is also important for finding the position of the beacons in position-based
approach. Distances are directly used in positioning methods such as trilateration, while
in methods like radio map, they affect the results indirectly. Hence, a more accurate
relationship between RSSI and distance leads to more accurate positioning results. This
will increase the accuracy and functionality of collision warning systems.

In order to investigate the quality of the relationship between RSSI and distance, a
signal scanner was installed on a lighting pole at the height of 1 m and 12 stations were
specified on the ground on a longitudinal path (Site 1). The distance between the first
station and the signal scanner was 1 m; this distance was 3 m for the second station, 10 m
for the third station and after that the distance between each two stations increased to 10 m.
The distance between the last station and the signal scanner was considered equal to 100 m
(Figure 3a). The beacon was held stationary at each station at the height of 1 m for 1 min,
beginning from the nearest station and then was carried to the next stations. The signals
transmitted by the beacon from each station were recorded by the signal scanner.
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To determine the relationship, the corresponding RSSI-distance chart was created, and
its best fit curve was drawn. RSSI values usually involve some fluctuations and outliers
which pollute the data. In order to specify the closeness of the data to the fit curve, R-
squared value of the fit curve was specified. In addition to the RSSI-distance curve and
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R-squared value, in order to determine the dispersion of the data at each distance, five
stations were selected (3, 10, 40, 70, and 100 m from the signal scanner) and the variance of
the RSSI values was calculated for each of them.

4.2. Experiment 2: Precipitation Effects

Vehicle–pedestrian collision warning systems generally need to operate outdoors;
hence, it is important to investigate how variations in weather conditions may impact the
quality of signal detection. Rainfall as a probable event in outdoor areas was selected for
investigating the effects of weather changes on the data. In order to check if rainfall can
have significant impacts on the signals, an experiment was conducted in Site 2. A beacon
was placed at a distance of 20 m from a signal scanner (both at the height of 1 m) on a day
for which a moderate rainfall had been forecast and signals were continuously collected
(Figure 3b). The moment at which rainfall started was recorded and the signals collected
from 15 min before the rainfall to the beginning of it, and the signals collected from the
beginning of the rainfall to 15 min after it were separated and compared. In order to
compare these two sets of data, the number of the detections, average RSSI values and
their variances were considered.

4.3. Experiment 3: Effects of Beacon Motion

According to the fact that in general, both signal detection and positioning in traffic
systems should be done for moving beacons, investigating the impacts of motion of the
beacons as the transmitters of the signals on their quality is important. Since the beacons
are carried by pedestrians, the impacts of the motion of pedestrians were investigated in
the research. These impacts were investigated in an experiment conducted on a circular
path to keep the other factors, especially the distance between the beacon and the signal
scanner constant. A circle with a radius of 10 m was drawn on the ground in Site 3. The
signal scanner was placed on the center of the circle at the height of 1 m from the ground.
A research assistant carried the beacon at the height of 1 m on the circle perimeter, running
at a speed of approximately 10 km/h for two minutes and the transmitted signals were
collected by the signal scanner (Figure 3c). The speed of 10 km/h was selected because
pedestrians may rarely move faster than that in urban or rural transportation systems. This
is a running speed and may hardly be reached when walking. Then, the beacon was held
stationary on a point on the circle perimeter by the research assistant for two more minutes
and the data were collected in this position too. The data collected from the moving beacon
and the stationary beacon were compared with each other considering the number of the
detections, average RSSI values and their variances.

4.4. Experiment 4: Non-Line of Sight Effects

In traffic systems, signals are transmitted by beacons belonging to road users in
different situations. They may be riding bikes or be the occupants of vehicles; the beacon
may be in a pedestrian’s pocket or may be in his/her hand. Existence of obstacles between
a beacon and a signal scanner causes the signals to travel through non-line of sight paths,
which may have some impacts on the signals. Therefore, investigating the impacts of
existence of obstacles in transmission path on the signals is necessary. Although this may
require extensive research and lots of experiments to be thoroughly studied, the impacts
of auto glass and vehicle blockage as two examples of the situations causing non-line of
sight in traffic systems were investigated in the form of two tests. Each test had two stages.
The first stages were conducted in line of sight (free path), and the second stages were
conducted in non-line of sight conditions.

In the first test, a signal scanner was installed on a pole beside a residential street
(Site 2) at the height of 1 m and four stations were specified on the ground along the street.
The distances between the stations and the signal scanner were 3, 10, 30 and 50 m. The
signals transmitted by the beacon from each station were collected in the two stages to
examine free and non-line of sight paths. In the first stage in which the path was free,
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a research assistant stood on each of the stations and held the beacon in his hand at the
height of 1 m. In the second stage, the beacon was placed on top of the dashboard in a car
with closed windows while stopping on each of the stations to examine non-line of sight
situations (Figure 3d). The duration of data collection on each station in each stage was
five minutes. For comparison of the data collected from each station, the number of the
detections, average RSSI values and their variances in the two situations were considered.

The second test was conducted in a public parking area (Site 4). The first stage of
this test was similar to the first stage of the first test, but in the second stage, the signal
transmission path was blocked by a vehicle (Figure 3e). In this stage, the beacon was held
stationary at each of the four stations by a research assistant for five minutes while there
was a stationary vehicle between the beacon and the signal scanner. The distance between
the vehicle and the signal scanner was considered equal to 1 m.

4.5. Experiment 5: Signal Transmission Rates

In wireless signal positioning methods such as trilateration or radio map, it is necessary
to have signals detected simultaneously by multiple signal scanners in order to determine
the position of a moving beacon at a certain moment. Therefore, the higher probability
of having such detections increases the chance to have proper signals for positioning.
Because of the nature of safety criteria, this factor is important in the design of position-
based collision warning systems. To have on time alerts, the system requires to be able
to determine the beacon positions in short time intervals. A high probability of having
simultaneous detections by multiple signal scanners is necessary to meet this requirement.
In the distance-based approach, short intervals between transmitted signals are important
for the system. This reduces the time difference between entrance of the beacon into the
hazard zone and alert by the system, which is the indicator of its fast performance.

To investigate signal transmission rates and the opportunity to have simultaneous
detections, an experiment was conducted in Site 1 using three signal scanners equipped
with the same type of signal detectors. Three signal scanners were used because this is
the minimum number of observations required for positioning in trilateration. This is
also an acceptable number of signal scanners in radio map technique. The three signal
scanners were placed at the height of 1 m above the ground beside each other on a circular
sector. Five stations at 1, 3, 10, 15, and 20 m from the signal scanners were specified on the
ground. Each station had the same distance from all the three signal scanners (Figure 3f).
The beacon was placed stationary on each station at the height of 1 m for 30 min, so
that the total experiment duration was 150 min. The signals transmitted by the beacon
were collected by the three signal scanners in order to specify the moments at which the
three of them had detected a signal (matching moments). Because of the large number of
detections, a MATLAB code was written for finding these moments and the number of
them. A time difference of less than 1000 milliseconds, equal to one second was considered
as the measure for being simultaneous in the code. The probability of having simultaneous
detections by three signal scanners is equal to the number of matching moments divided
by the average number of total detections by a signal scanner during the experiment.

5. Results
5.1. Experiment 1: The Relationship between RSSI and Distance

RSSI-distance charts and their best fit curves in the three studied modes may be
observed in Figure 4. It is evident that there is a logarithmic relationship between RSSI
values and the distance from the beacon to the signal scanner which is true for the RSSI-
distance charts of the three studied modes. In these charts, as the distance increases, the
curve slope decreases. The curves have their highest slopes in short distances and then the
slopes gradually go to near zero.
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The typical equation for the fit curves of the RSSI-distance charts is:

RSSI = −a ln D − b (1)

where:

• RSSI is received signal strength indicator in dBm;
• D is the distance from beacon to signal scanner in m;
• a and b are positive coefficients;

and the charts for estimating the distance based on RSSI have exponential fit curves with
the following typical equation:

D = ie−j(RSSI) (2)

in which:
i = e(−

b
a ), j =

1
a

According to Figure 4, it is observed that R-squared values for Wi-Fi, Bluetooth
and BLE equations are 0.80, 0.85 and 0.88 respectively in the conducted experiments.
Comparison of these values indicates that in BLE mode, R-squared value is higher than
Bluetooth and Wi-Fi modes and its curve is better fit to the data. This value for Wi-Fi
mode is the least compared with the other two modes. The variances of the RSSI values
for five stations of the experiment as another measure for the quality of the signals may
be observed in Table 1. The histogram of these variances is also provided in Figure 5a
for better illustration. It is observed that although R-squared value of the BLE curve was
the highest among the three modes, RSSI variances generally have their lowest values in
Bluetooth mode. The variances are the highest in Wi-Fi mode in most cases.

Table 1. Variances of RSSI values.

Wi-Fi Bluetooth BLE

Distance (m) Number of
Detections

RSSI Variance
(dBm)2

Number of
Detections

RSSI Variance
(dBm)2

Number of
Detections

RSSI Variance
(dBm)2

3 10 29.6 10 19.9 30 32.0
10 10 27.7 11 7.0 28 15.1
40 9 42.5 10 8.7 31 16.3
70 10 21.2 6 3.1 24 12.9

100 9 12.8 3 1.1 8 17.1

Repeating the experiments for beacons produced by different manufacturers and in
different environments, it was observed that although RSSI-distance curves always follow
a logarithmic trend and the findings about ranking of R-squared values and variances are
generally true among the three modes, there are some variations in RSSI magnitudes. The
manufacturers of network modules are identifiable in MAC addresses [6], therefore, in
order to have more reliable reference data in practice, it is recommended to calibrate the
models for different manufacturers and environments.

5.2. Experiment 2: Precipitation Effects

The results of the experiments conducted to investigate the impacts of rainfall on
the signals may be observed in Table 2 and Figure 5b. The table compares the number of
detections, average RSSI values and their variances before and during the rainfall in each
mode. Figure 5b involves the histogram of the RSSI variances. As observed, none of the
parameters were considerably affected by rainfall during a continuous data collection in
the three modes. Hence, rainfall does not appear to impact the positioning results given
that data are collected without changing other factors.
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Table 2. Rainfall effects on the signals.

Number of Detections Average RSSI (dBm) at
D = 20 m

RSSI Variance (dBm)2 at
D = 20 m

Mode
Rainfall

Rate
(mm/h)

Total Cloudy
Weather Rainfall Total Cloudy

Weather Rainfall Total Cloudy
Weather Rainfall

Wi-Fi 0.5 323 163 160 −59.6 −59.7 −59.5 26.2 25.9 26.6
Bluetooth 0.7 337 171 166 −70.7 −70.5 −70.9 9.7 9.2 10.2

BLE 1.2 873 439 434 −64.6 −64.2 −65.0 11.1 11.8 10.0

5.3. Experiment 3: Effects of Beacon Motion

Table 3 and Figure 5c summarize the results of the experiments conducted to probe
motion impacts on the signals. The number of the signal detections, average RSSI values
and their variances during the experiments for both stationary and moving beacons in
each scanning mode may be observed in the table. Figure 5c involves the histogram of
the RSSI variances. Although there seem to be some slight differences in the average RSSI
values of stationary and moving beacons in each mode, the differences do not indicate
systematic impacts caused by motion as these fluctuations are normal for RSSI values. This
is while the RSSI variances indicate an overall increase for moving beacons compared with
stationary beacons.

Table 3. Effects of beacon motion on the signals.

Mode Distance (m) Speed (km/h) Number of
Detections

Average RSSI
(dBm)

RSSI Variance
(dBm)2

Wi-Fi 10
0 22 −62.4 20.8

10 21 −60.3 42.5

Bluetooth 10
0 22 −65.4 12.7

10 24 −63.3 22.6

BLE 10
0 61 −68.7 18.3

10 54 −69.3 22.1

5.4. Experiment 4: Non-Line of Sight Effects

The results of the two tests conducted to investigate the impacts of obstacles on the
signals may be observed in Tables 4 and 5 as well as Figure 5d,e. Table 4 compares the
number of the signals detected by the signal scanner from each station, average RSSI values
and their variances when the transmission path was free and when there was an auto
glass between the beacon and the signal scanner. Table 5 compares the results of free
path with the situation in which the path was blocked by a vehicle located between the
beacon and the signal scanner. The histograms of the RSSI variances may also be observed
in Figure 5d,e.

Table 4. Comparison of the signals in free path and non-line of sight path (auto glass obstacle).

Number of Detections Average RSSI (dBm) RSSI Variance (dBm)2

Mode Distance (m) Free Path Non-Line of
Sight Path Free Path Non-Line of

Sight Path Free Path Non-Line of
Sight Path

Wi-Fi

3 54 51 −45.3 −47.4 35.6 28.3
10 48 46 −58.6 −59.5 18.7 26.8
30 44 48 −64.8 −65.8 25.4 23.4
50 47 45 −68.9 −71.6 28.4 19.8
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Table 4. Cont.

Number of Detections Average RSSI (dBm) RSSI Variance (dBm)2

Mode Distance (m) Free Path Non-Line of
Sight Path Free Path Non-Line of

Sight Path Free Path Non-Line of
Sight Path

Bluetooth

3 51 50 −53.4 −55.2 16.4 20.4
10 47 49 −63.1 −61.7 8.2 15.6
30 45 47 −68.7 −69.4 11.7 6.9
50 44 41 −75.5 −76.8 5.8 13.1

BLE

3 174 178 −61.7 −61.3 26.6 23.7
10 169 157 −69.1 −71.0 16.3 25.2
30 173 165 −75.8 −77.7 13.6 17.3
50 162 155 −82.3 −83.4 15.9 11.5

Table 5. Comparison of the signals in free path and non-line of sight path (vehicle obstacle).

Number of Detections Average RSSI (dBm) RSSI Variance (dBm)2

Mode Distance (m) Free Path Non-Line of
Sight Path Free Path Non-Line of

Sight Path Free Path Non-Line of
Sight Path

Wi-Fi

3 47 49 −46.5 −48.3 27.4 31.5
10 51 51 −56.7 −56.3 14.8 19.3
30 43 38 −65.3 −68.0 23.1 18.7
50 49 41 −69.7 −72.9 26.8 22.4

Bluetooth

3 46 48 −55.6 −57.9 12.6 7.8
10 50 46 −62.5 −64.8 10.0 6.9
30 46 43 −68.8 −71.2 2.3 5.8
50 44 37 −74.3 −78.1 7.3 6.9

BLE

3 183 175 −63.7 −65.8 11.7 13.4
10 176 163 −71.5 −70.4 10.2 9.4
30 164 142 −75.3 −78.8 7.9 9.2
50 167 139 −81.7 −85.4 5.1 8.2

As observed in the two tables, a reduction in the number of the detected signals in non-
line of sight conditions is generally observed compared with line of sight conditions. This
reduction is slight for the auto glass obstacle in most cases and for vehicle obstacle when
the distance between the beacon and the signal scanner is short (3, 10 m). However, for
the vehicle obstacle, this reduction tends to be more as the distance increases. In addition,
a reduction in the strength of the signals due to the existence of obstacles is generally
observable in non-line of sight conditions, which is again more sever for the vehicle
obstacle especially at far distances. The changes in the variances in the two situations do
not seem to be systematic.

5.5. Experiment 5: Signal Transmission Rates

The number of the signals detected by each of the three signal scanners and the
moments at which there were simultaneous detections by all of them were specified
using the MATLAB code (Table 6). The time interval between the consecutive signal
detections in Wi-Fi mode was generally between 4 and 7 s, although missing signals were
also recognizable, which increased the time between the signals. Each Wi-Fi scanner had
1276 detections on average during the 150-min duration of the experiment. This was equal
to 8.5 signal detections per minute on average. The number of the matching moments in
this mode was 75, therefore the simultaneous detections by all the three scanners were
5.9% of total detections. In Bluetooth mode, the time interval between the signals was
generally between 5 and 7 s with occasional missing signals. Each Bluetooth scanner
detected 1308 signals on average during the experiment duration which was equal to
an average of 8.7 detections per minute. There were 63 matching moments among the
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detections of the three scanners, which was only 4.8% of the signals. In BLE mode, signals
were generally detected every one or two seconds, though there were missing signals
recognizable among them. Signal detections were more continuous at short distances and
missing signals were mostly at farther distances. The average number of signal detections
by the BLE signal scanners in the experiment duration was 4214, equal to 28.1 detections
per minute on average. There were 3282 matching moments in this mode, which were
77.9% of the detections.

Table 6. Simultaneous detection rates for three signal scanners.

Number of Detections Simultaneous Detections

Mode Test Duration (min) Average for Each Scanner Number Percentage

Wi-Fi 150 1276 75 5.9
Bluetooth 150 1308 63 4.8

BLE 150 4214 3282 77.9

6. Discussion

It was observed in Experiment 1 that the slopes of RSSI-distance curves gradually
go to zero as the distance increases and the functionality of the curves decreases at long
distances. This means that RSSI values are more distinct in short distances. The distinction
in short distances is important for the operation of collision warning systems. This is
because it enables the system to recognize the beacons located in the hazard zone of the
vehicle which may be considered an area around the vehicle whose edges are several
meters away from it. This is while it will be more difficult to have an accurate estimation of
the distance based on RSSI at long distances.

RSSI values usually involve some fluctuations and outliers. These reduce the accuracy
of distance estimation and positioning which may result in malfunction of collision warning
systems and erroneous alerts by them. The outliers should be removed from the data using
appropriate filtering methods as far as possible as a necessary step in distance estimation
or positioning. There are numerous techniques for filtering RSSI data sets. A simple
technique is setting thresholds such as the mean plus/minus certain coefficients of standard
deviations for different distances and removing values outside the ranges. The R-squared
value as the measure for closeness of the data to the fit curves is an important parameter
in RSSI-distance curves. RSSI fluctuations and outliers reduce R-squared value of the
fit-curves and result in higher inaccuracies in distance estimation. These fluctuations and
outliers also cause the variances of the RSSI values to increase which will decrease the
accuracy of RSSI-based distance estimation and positioning methods. This is more severe
in methods such as trilateration which require the distances of the beacon from multiple
signal scanners, because using distances with high inaccuracies will mathematically cause
propagation of the errors in calculating the beacon position. Considering these factors in
RSSI-distance curves, R-squared values and RSSI variances in the three modes indicated the
superiority of Bluetooth and BLE modes. BLE mode had the highest R-squared value, while
the variances of Bluetooth RSSI values were lower. Wi-Fi mode had the worst performance
concerning these parameters.

Rainfall did not significantly impact the data compared with normal weather condi-
tions in the three modes according to the second experiment. This is a promising factor for
utilizing wireless technology in collision warning systems which require positional data of
pedestrians, since these systems may operate even in rainy weather conditions.

The results of Experiment 3 did not indicate significant differences between the av-
erage RSSI values of stationary and moving beacons in any of the three modes, although
motion of the beacons generally increased RSSI variances. This may decrease the accuracy
of positioning for moving beacons in collision warning systems. In this case, no consid-
erable difference in the severity of the motion impacts on moving beacons was observed
comparing the three modes with each other; but it should be noted that according to the



Sustainability 2021, 13, 10823 17 of 20

results of the first experiment, the variances of Wi-Fi RSSI values were generally higher
compared with Bluetooth and BLE modes.

Experiment 4, conducted to investigate the impacts of non-line of sight path situations
on the signals, indicated a reduction in the number and strength of the signals caused
by the glass and vehicle obstacles without systematic impacts on the variances. The
reduction magnitudes in the number and strength of the signals were more for the vehicle
obstacle especially at far distances. More severity of the reductions at far distances may be
meaningful because of the lower strength of the signals in passing through the obstacles.
The changes in these parameters were not considerably different comparing the three
modes with each other. Although signals were affected by obstacles, the impacts were not
extreme. These results are promising for the possibility of beacon detection in collision
warning systems under non-line of sight situations. However, it should be mentioned that
reduction in strength of signals due to obstacles in non-line of sight situations should be
taken into consideration in setting RSSI thresholds corresponding to hazard zones.

According to the results of Experiment 5, simultaneous detection rates of the three
signal scanners were very low in Wi-Fi and Bluetooth modes. In contrast to Wi-Fi and
Bluetooth modes, the probability of having simultaneous detections was very high in BLE
mode. This is equivalent to a very low probability of having signal detections usable by
positioning algorithms in Wi-Fi and Bluetooth modes and a high probability in BLE mode.
It is a fact that signal scanners do not detect all the signals transmitted by beacons, but
lower simultaneous detection rates in Wi-Fi and Bluetooth modes were mostly because
of the lower signal transmission rates of beacons and higher detection intervals of signal
scanners in these two modes compared with BLE mode. Intervals of several seconds
between the signals in Wi-Fi and Bluetooth modes significantly reduce the functionality of
collision warning systems if they are designed to operate in these two modes. Short time
intervals between the signals especially in short distances are crucial in safety applications.
The capability of continuous signal transmission in BLE mode will enable it to have fast
performance in terms of the time gap between the entrance of the pedestrians into the
hazard zone and the system alert in both distance and position-based approaches. This is
equivalent to more time available for drivers to react properly when pedestrians in danger
are detected by the system.

Another factor which may be taken into consideration along with the five aforemen-
tioned factors is MAC address randomization which has been implemented by major
mobile phone manufacturers. MAC address randomization is a technique in which the
MAC address is changed by the networking hardware to temporary addresses different
from the true address in order to be anonymous [33]. According to [34], iOS 14, iPadOS 14,
and watchOS 7 may use different Wi-Fi MAC addresses when connecting to different Wi-Fi
networks with the purpose of privacy improvement. Activating this feature is optional
and my be done in the device settings by the device owner. This is also implemented by
Android operated devices starting in Android 8.0 [35]. According to the announcements
of the developers of these operating systems, MAC randomization is only implemented
on Wi-Fi MAC addresses, neither for Bluetooth nor for BLE. This was confirmed by the
authors observing that in Wi-Fi mode only, MAC addresses changed when detected by dif-
ferent signal scanners and not when being detected by the same signal scanner at different
timestamps. Hence, implementation of MAC randomization may be considered another
disadvantage for Wi-Fi mode, especially in position-based collision warning systems in
which the beacon information from multiple signal scanners should be combined. The
reason is that in these systems, identical MAC addresses should be detected by different
signal scanners, and this may be prevented by implementation of MAC randomization.

7. Conclusions

The aim of the research was finding out which wireless signal mode is the most proper
to be integrated in vehicle–pedestrian collision warning systems in terms of accuracy
and functionality. The characteristics of Wi-Fi, Bluetooth and BLE modes, important in
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these systems were investigated and compared with each other. Five factors including
RSSI-distance relationship, precipitation effects on the signals, motion effects, non-line of
sight effects, and signal transmission rates were selected for evaluation as the important
factors in comparing the suitability of the three signal modes for collision warning systems.
The presented findings are specific to the experiments and setup procedure used in this
study. The generality of the findings needs to be further examined.

Comparison of RSSI-distance curves fitness and RSSI variances in the three modes
indicated the better performance of Bluetooth and BLE modes, when the purpose is distance
estimation and positioning. While the R-squared value was the highest in BLE mode,
Bluetooth RSSI values had lower variances which increase the potential for more accurate
positioning. Rainfall did not significantly affect the data compared with normal weather
conditions in the three modes. This indicated that the operation of wireless collision
warning systems is not affected by rainy weather conditions. Beacon motion did not have
severe impacts on average RSSI values in any of the three modes, although it increased
RSSI variances, which may decrease the accuracy of safety systems in moving conditions.
No considerable difference in the severity of motion impacts on moving beacons was
observed comparing the three modes with each other. The presence of obstacles in signal
transmission paths generally caused a reduction in the number and strength of the signals.
These reductions were greater when the blockage was caused by a vehicle compared with
auto glass. The signal strength reductions due to the presence of obstacles should be
taken into consideration in setting RSSI thresholds corresponding to hazard zones. The
reductions were not considerably different among the three modes. It was observed that
because of the short time intervals between the signals in BLE mode especially in short
distances which are critical in safety applications, this mode may have the best performance
in terms of the time gap between the entrance of pedestrians into the hazard zone and
the system alert. Besides the results of the five conducted experiments, implementation
of MAC randomization in Wi-Fi mode by major developers of mobile phone operating
systems was identified as a disadvantage for this signal mode in comparison with Bluetooth
and BLE modes. This factor may reduce the probability of MAC address matchings by
different signal scanners to a large extent.

The promising results of this research indicate the possibility of integration of wireless
technology in the design of vehicle–pedestrian collision warning systems as a supplement
for the currently used technologies. Considering the results altogether, BLE is recom-
mended as the superior signal mode over Wi-Fi and Bluetooth modes to be utilized in these
systems. Application of this mode may provide the possibility of fast collision warnings,
whereas its capability in accurate distance estimation and positioning is roughly compet-
itive with Bluetooth mode. Wireless technology may improve the functionality of these
systems especially in darkness or inclement weather conditions in which the current sys-
tems suffer from inherent limitations. The result will be enhancement of the safety level of
both drivers and pedestrians and reduction of the number of vehicle–pedestrian collisions.

The potential of wireless signals in providing the possibility of distance estimation and
positioning is the motivation for their integration in vehicle–pedestrian collision warning
systems by automotive industry. Practical acceptance of these systems by this industry
may benefit from the long-lasting and low-cost availability of wireless technology in the
market, the economic scalability of mass production and the advances in development of
vehicular-specific amendments of wireless standards. The supplement of this economic
advantage is that currently, most pedestrians are carriers of different types of wireless
signal transmitters thanks to their personal smart devices.
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