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Abstract: It is largely consented that the bicycle is a sustainable mobility alternative in the city.
Despite its many benefits, cycling comprises risks of injury or death. Among others, these risks are a
result of unsafe overtaking manoeuvres performed by motorized vehicles against cyclists. This study
aims to identify the characteristics of the road network and traffic influencing the lateral distance
and duration of overtaking. Using bicycles equipped with distance sensors, GPS, and cameras, four
cyclists covered 1689 km in Montréal. Hence, 3591 overtakings were identified with an average
distance of 176 cm; 111 overtaking manoeuvres took place at distances less than 1 m, resulting in an
unsafe event for every 32 overtakings. On average, the duration of an overtaking was 1.082 s and
dangerous overtakings (less than one metre) lasted 0.57 s more than safe overtakings (one metre and
over). A generalized additive logit model (GAM) is built to predict the likelihood of a dangerous
lateral passing (less than 1 m). The results show that in taking a major route, the presence of parked
vehicles and the time required for overtaking significantly increase the probability of experiencing a
dangerous overtaking. However, the participant, type of vehicle, or presence of a bike lane have no
significant effect. Therefore, the results demonstrate the importance of keeping cyclists isolated from
traffic. Furthermore, providing a bike path along parking spaces seems to be a solution that does not
enhance cyclist safety.

Keywords: bicycle; cyclist safety; lateral passing distance; overtaking manoeuvre; generalized
additive model (GAM); Montreal

1. Introduction

Today, the bicycle is a sustainable mobility alternative for numerous actors. In fact,
many governments and cities encourage their citizens to travel by bicycle because of its
multiple benefits. According to Garrard et al. [1], these benefits can be separated into three
categories: improvement of health due to an increase in physical activity, psychosocial
benefits for mental health, and environmental benefits (reduction of atmospheric and noise
pollution, and road congestion). Despite these individual and collective benefits, cycling
in the city comprises risks of injury and death associated with collisions with motorized
vehicles, and particularly in cities where the cycling network is underdeveloped and/or
not separate from automobile traffic [2,3]. This situation is especially prevalent in North
American cities, contrary to their Northern European counterparts (in particular Dutch and
Danish) [4]. For example, on the island of Montréal (QC, Canada), only 24% of the cyclable
network corresponds to lanes exclusively dedicated to cyclists (isolated from traffic) [5,6].
Cyclists must therefore share a significant part of their trip with motorized vehicles. As
a result, 1389 collisions involving cyclists were registered between 2018 and 2019; 11% of
these accidents took place in bicycle lanes (non-protected infrastructures), and 60% in traffic
lanes [7].

It is largely recognized that a significant number of accidents involving cyclists take
place during overtaking manoeuvres by motorized vehicles [8]. Consequently, many
countries have adopted a regulation on overtaking distances to ensure the safety of cyclists.
In the Province of Québec (QC, Canada), regulation establishes the following lateral passing
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distance (LPD): 1 metre in zones of 50 km/h zones or less, and 1.5 metres in zones of more
than 50 km/h [9]. Previous studies have demonstrated that many factors influence LPD,
sometimes placing cyclists in a particularly vulnerable situation [10–21]. They can be
separated into three categories: characteristics of the road network, factors related to traffic,
and those associated with cyclists.

1.1. Factors Associated with Characteristics of the Road Network

Many authors have found that LPD increase on roads of two lanes or more, compared
to those that have only one lane [10,17,19]. Because the road width provides more space
to drivers during an overtaking manoeuvre, unsurprisingly, the LPD is greater on wide
roads than on narrow roads. As would be expected, the authors also report that where
lanes are larger and more numerous, vehicle speed was greater during a LPD [10,17,19],
thus possibly contributing to a decrease in the cyclist’s feeling of security [10].

The type of bicycle facility may also have an impact on LPD. As for the presence of a
bicycle lane, the results vary greatly from one study to the next. In Victoria (Australia) [11],
Lancashire (England) [18], and Ann Arbor (MI, USA) [15], riding in a bike lane would seem
to significantly decrease the LPD (compared to a single lane without this facility). How can
such a result be explained? It is probable that certain car drivers wrongly consider the line
of the bicycle lane as a protective measure for the cyclist; therefore, they do not hesitate
in driving close to it, thus executing a dangerous overtaking. Conversely, in Kitchener-
Waterloo (ON, Canada), Mehta et al. [17] conclude that the LPD increases on two-lane roads
with a bicycle lane, compared to the roads without a bicycle lane. Similarly, in Taiwan,
Chuang et al. [12] found an increase in LPD on roads (with a speed limit of 50 km/h) with
a bicycle lane.

The presence of parked vehicles on the road is a variable accounted for in many
studies [10,11,13]. According to Beck et al. [11], LPD would be reduced from 30 to 40 cm in
the presence of parked vehicles. This could be explained by the fact that cyclists steer clear
of parked vehicles to avoid the probability of a dooring crash.

1.2. Factors Associated with Traffic

Among the factors associated with traffic, traffic density is certainly the one that is the
most explored in literature [10,14–16,19,21]; moreover, it is evaluated either with proxies
(e.g., annual average daily traffic—AADT) [18], or real-time traffic measures [10]. In this last
study, the researchers found that an increase in traffic density resulted in a decrease of LPD.
Speed limits are also taken into account in many studies, although the speed limit does
not necessarily correspond to the speed of vehicle overtaking [18]. There again, results
differ: some studies report an inferior value for LPD [11,13,19] and others report a superior
value [18] on roads with higher speed limits.

Many authors have measured vehicle speed while overtaking (with a speed sensor) [14,16]
or have estimated it (with videos or the frequency of capture by the distance sensor) [10,17].
Some conclude that speed had no significant influence on the LPD [14,17], contrary to Apas-
nore et al. [10], reporting that it is positively correlated at LPD. Llorca et al. [16] conducted
a quantitative analysis of the cyclist’s perception during overtaking. Although researchers
found no significant relation between speed and LPD, the cyclist’s perception of danger was
remarkably high during a high-speed overtaking manoeuvre (>80 km/h).

LPD could also vary significantly according to types of vehicles. Although the classifi-
cation used differs from one study to another, the starting hypothesis remains the same;
that is, bigger vehicles (buses, trucks, vans) tend to decrease LPD compared to smaller
vehicles (cars, taxis, SUVs). Many studies confirm this hypothesis [11–13,18].

Finally, it would seem that LPDs decrease with the presence of oncoming vehi-
cles [14–16,19]. Paradoxically, Dozza et al. [14] find that the speed of passing vehicles
decreases in the presence of vehicles in the adjacent lanes (same direction or oncoming).



Safety 2022, 8, 16 3 of 14

1.3. Factors Associated to Cyclists

Many individual factors could contribute to significantly decreasing or increasing
LPD, particularly as concerns gender, experience, speed, and appearance of the cyclist.

First, some researchers have attempted to evaluate the influence of the cyclist’s gender
on LPD. According to Debnath et al. [13], this individual factor would have no significant
influence in Queensland (Australia). On the contrary, Chuang et al. [12] have shown
that drivers have a tendency to allow more space to women than to men in Taiwan. It is
important to highlight that the participating men in the study had more cycling experience
than the participating women. These results are corroborated by Walker et al. [20], where
the cities of Salisbury and Bristol (England) use a particularly original approach; that is, the
cyclist wearing a wig to imitate an appearance often associated with the female gender. As
a result, they report that LPD is greater for the cyclist wearing the wig [20].

Secondly, some suggest that the cyclist’s experience could have an impact on LPD [12,20,21].
Yet, to our knowledge, this element is not taken into account in the quasi-naturalistic stud-
ies. Indeed, some studies involve participants with various levels of experience; however,
they do not include participant identifiers as explanatory or control variables in their
models [11,12,16]. Other studies will prefer to impose upon participants a predefined
distance between the bicycle and the sidewalk during trips (usually between 0.3 m to
1 m) [14,16–19,21]. Consequently, it seems difficult to establish if the experience or the type
of driving has a significant impact on LPD or not.

Thirdly, an increase in cyclists’ speed is associated to a decrease in LPD [10]. According
to them, automobile drivers would consider rapid cyclists to be more experienced and
therefore less vulnerable during an overtaking with little lateral distancing.

Fourthly, the appearance of the cyclist does not seem to have a significant impact [13,21].
As an example, Walker et al. [21] compared seven outfits associated with the cyclist’s level
of experience, one of which included a vest printed with the word “police”. Only this
latter one is associated with a significant difference on LPD of approximately 8 cm more
compared to other types of clothing.

1.4. Research Objectives

Many factors relative to the road network, traffic, and cyclists may therefore have an
impact on LPD and thus increase or decrease the probability that a cyclist must deal with a
dangerous overtaking. However, these factors are often inconsistent from one study to the
next, depending on the city or country reviewed. To our knowledge, another factor has
been rarely explored until now: the duration of cyclist overtaking. Yet, it is probable that the
longer a dangerous overtaking, the greater the risk of collision and feeling of insecurity for
the cyclist. According to Dozza et al. [14], an overtaking manoeuvre comprises four phases
(approaching, steering away, passing, and returning). For the cyclist being overtaken by the
vehicle, the average time is 1.65 s (±0.61), with an average distance of 2.03 m (±0.28) [14].
According to Chuang et al. [12], the LPD will be significantly lower during rapid overtaking
(0.1 to 4 s) compared to those whose duration is superior to 4 s.

The main objective of this study is to analyze the factors contributing to the increase or
decrease of the probability of a dangerous overtaking in Montréal (QC, Canada) by using a
naturalistic cycling approach. For a second objective, we explore the relationships between
LPD and passing duration.

2. Materials and Methods
2.1. Study Area and Primary Data Collection

A mobile primary data collection was conducted on the territory of the island of
Montréal (population of 1.942 million in 2020) during five dry-weather weekdays (12, 17–
19, 21 June 2019). Four graduate students, in good physical condition and with moderate
urban cycling experience, were involved in the data collection (one female and three male
between 25 and 36 years old). The study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by the Ethics Committee of Institut national
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de la recherche scientifique (project no. CER 19-509). The participants wore the same
cycling jersey, a bike helmet, and used the same bicycle equipped with mandatory visibility
accessories (white front reflector, red rear reflector, yellow reflector on each pedal, reflectors
on the wheels). Participants rode for two data collection sessions per day, in the morning
(8 a.m. to 1 p.m.) and in the afternoon (2 p.m. to 6 p.m.). Cyclists covered 80 to 100 km
individually per day, for a total of 1689 km (Figure 1a). They were provided with three
riding instructions: (1) respect current traffic regulation; (2) ride at a safe speed for the
urban environment (between 15 and 20 km/h); and (3) divide their routes into 40-min
segments, to simplify data processing. However, no instruction was provided to define a
specific distance they should keep from the sidewalk when riding.
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Figure 1. Data collected (a) Trips completed by the four participants; (b) dangerous overtakings or not.

As for collection devices, each bicycle was equipped with four: a Codaxus sensor
(C3FT v3 Codaxus, Austin, TX, USA) to measure distance (up to 250 cm); two Garmin
cameras (Virb XE, Garmin International, Inc., Olathe, KS, USA), a Raspberry Pi Zero W
(Raspberry Pi Foundation, Cambridge, UK) to record data from the distance sensor, a cell
phone to follow pre-determined itineraries. The devices were placed on the bicycle, as
illustrated in Figure 2. The cyclists also wore a GPS watch (Forerunner 920XT, Garmin
International, Inc., Olathe, KS, USA), which recorded their speed and geographical position
each second.

2.2. Operational Definition of Overtaking

An overtaking manoeuvre is the event that occurs when a motorized vehicle overtakes
a moving cyclist. However, this manoeuvre largely depends on the morphology of the road
in the urban environment. In order to establish overtakings through the analysis of videos,
we defined a set of rules outlined in Figure 3. We consider that overtaking takes place when
a vehicle overtaking a cyclist switches lane (Figure 3a,b), when there is an overtaking in the
absence of a dividing line (Figure 3c), when there is overtaking parallel to a cycling lane
(Figure 3d), and when there is overtaking in the presence of parked vehicles (Figure 3e–h).
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Figure 3. Cases considered to be overtakings. (a) and (b) overtaking by switching lanes; (c) overtaking
in the absence of a dividing line; (d) overtaking along a bike lane; (e–h) overtaking in the presence of
parked vehicles.

Cases not considered to be overtakings are presented in Figure 4: there is no overtaking
in the presence of a two-way traffic bike lane (Figure 4a), when a lane separates the cyclist
and the overtaking vehicle (Figure 4b), when parked vehicles separate the cyclist and the
overtaking vehicle (Figure 4c), and when urban property is present between the cyclist
and the overtaking vehicle (Figure 4d); that is, traffic delineator posts, cones, bollards, or
protective concrete.
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with a lane separating the cyclist from the vehicle; (c) overtaking alongside parked cars; (d) overtaking
alongside a protected bicycle lane.
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Vifeco, an open-source software that allows us to annotate several features on videos [22],
was used to characterize overtakings. Five categories were created in the software according
to type of vehicle: car, truck, bus, pick-up, and others (see supplementary material). Starting
with the operational definition of overtaking and the Vifeco software, two analysts were
trained to identify and record overtakings (see supplementary material).

As for counting methodology, the analyst simultaneously observed frontal and lateral
videos. Then, once an overtaking was identified, on the lateral video, he/she recorded the
beginning and the end of the passing, as illustrated in Figure 5.
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The two analysts dedicated approximately 230 h to video analyses, and they concluded
with a global concordance index of 92.4% for 165 videos totalling 101 h. Finally, a third
expert (professor of urban studies) reviewed the discordant cases with the two analysts to
correct them.

2.3. Structuring of Data

Structuring of data includes five phases, all completed with version 4.0.2 of the R
software [23]. First, lateral passings were exported from the Vifeco software in JSON format
and imported in the R software, as distance measurements from Codaxus recorded in
CSV format on Raspberry Pi. Second, these two data sources—passings and distance
measurements—were then merged by exact time (timestamp). Third, by using the two
respective observations for each passing manoeuver (beginning and end), it was possible
to determine minimal distance and duration. Fourth, from the observations of the GPS
watch, itinerary coordinates were mapped and map matched with OpenStreetMap. Thus,
for each passing, we obtain the following information: types of roads (Key:highway on
OpenStreetMap), types of bicycle paths (Key: cycleway on OpenStreetMap), and the
cyclist’s speed recorded on the GPS watch. The last phase of structuring aims to identify
the presence of parked vehicles and a bicycle lane during each overtaking. In order to do
so, images and 20-s videoclips were exported for each event, then analyzed.

2.4. Modelling

A generalized additive logit model (GAM) was constructed using the mgcv pack-
age [24], with the LPD as the dependent dichotomous variable (less than one metre or not).
The control variables and predictors are presented in Table 1.
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Table 1. Model specifications.

Variable Name Modality Dimension Family

Outcome Type of overtaking Dangerous (<100 cm),
Non-dangerous (≥100 cm) - Binomial

Control

Participant Cyclist ID FC Categorical
Day of collection 12, 17, 18, 19, 21 (June 2019) FT Categorical
Time of the day Number of minutes since 08:00 FT Continuous

Geographical position Geographic coordinates (x,y) FT Continuous

Predictor

Type of road Primary road, secondary road, tertiary road,
residential street and unclassified street FR Categorical

Bike lane Presence. Absence FR Binomial
On-street parked vehicles Presence. Absence FR Binomial

Type of vehicle Car, truck, bus, pick-up and other FT Categorical

Passing duration Logarithm of time between the end and the
beginning of the lateral passing (in seconds) FT Continuous

Cyclist speed Speed at the moment of lateral passing (km/h) FC Continuous

FC: Factors associated to cyclists; FR: Factors associated with the road network; FT: Factors associated to traffic.

Within the model, many factors are controlled to reduce their potential bias on predic-
tor coefficients. First, it is possible that the probability of observing a dangerous overtaking
is influenced by the type of cyclist, particularly as regards gender and their manner of
riding. Secondly, the weekday, time of day, and geographical position are well-known
factors of impact on traffic conditions [25–28] and therefore potentially on the probability
of observing dangerous overtakings. Consequently, the participant and the weekday are
introduced as linear effects, where time of day and geographical position are introduced as
smooth effects (splines), as in recent works [29–31].

Once these factors controlled, one expects that riding on a major axis—such as primary
and secondary roads—increases the likelihood of observing dangerous overtaking com-
pared to a residential street [11,13,16,19]. As for the type of vehicle, we expect an increase
in the probability of observing a dangerous overtaking in the presence of large vehicles
(bus, truck and, less so, pick-up) compared to a car [11,13].

The presence of a bicycle lane could either increase the observance of a dangerous
overtaking [11,15,18], or, on the contrary, reduce it [12,17]. It is possible that the duration
of dangerous overtakings would be shorter [12]. Finally, the cyclist’s speed would reduce
the probability of observing a dangerous overtaking. In compliance with the argument
formulated by Apasnore et al. [10], cyclists riding more quickly are generally considered to
be more experienced by motorized vehicle drivers who have a tendency to reduce distance
during an overtaking manoeuvre.

3. Results
3.1. Descriptive Statistics

In total, 3591 overtaking manoeuvres were registered with an average of 176 cm, the
minimal distance registered being 47 cm. Most lateral passings take place at a distance less
than 250 cm (75%, n = 2632), and 3.1% took place at a distance inferior to 100 cm (n = 111),
representing a dangerous event ratio for every 32 overtakings (Figure 1b).

Close to three-quarters of overtakings took place on secondary (40.5%) and tertiary
(32.7%) roads. The types of vehicles most frequently involved in overtaking manoeuvres
were cars (n = 3154, 78.8%), trucks (n = 131, 6.2%), pick-ups (n = 131, 3.6%), and buses
(n = 62, 1.7%). Finally, more than one-quarter of overtakings took place in the presence of
vehicles parked on the road (n = 988, 27.5%) and 13% when the cyclist was riding on a
bicycle path or a shared lane.

Also, the ratios vary significantly according to type of vehicle. If, in total, there is a
dangerous event every 32 overtakings for all vehicles combined, it is only 1 for 25 trucks
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and 1 for 12 buses. It must be noted, however, that overtaking occurrences are much lower
for these two categories of vehicles.

As for road type, it is noted that there is 1 dangerous overtaking out of 16 on a primary
road, compared to 1 out of 43 for a residential street or tertiary road. (Table 2). A variance
analysis also demonstrated a statistically significant effect of types of lanes for LPD inferior
to 250 cm (F(3, 2628) = 23.93, p < 0.001).

Table 2. Frequency of overtaking.

Variable
Lateral Passing Passing Distance

Less than 250 cm
Passing Distance

250 and Over

All <100 cm Ratio n % Mean SD n %

Primary road 372 24 16 256 4 158 46 116 31.2
Secondary road 1454 48 30 1066 16.5 173 42 388 26.7
Tertiary road 1174 27 43 837 12.9 180 40 337 28.7
Residential street 519 12 43 421 6.5 180 39 98 18.9
Unclassified street 72 0 52 0.8 195 35 20 27.8

Cycle lane 439 5 88 340 5.2 181 36 99 22.6
Shared lane 28 1 28 24 0.4 177 35 4 14.3
On-street parked vehicles 988 37 27 851 13.1 168 168 137 13.9

Car 3154 94 34 2315 35.7 176 42 839 26.6
Pick-up 131 3 44 95 1.5 176 43 36 27.5
Truck 223 9 25 156 2.4 171 43 67 30
Bus 62 5 12 50 0.8 172 49 12 19.4
Other 21 0 16 0.2 189 39 5 23.8
Total 3591 111 32 2632 73.3 176 42 959 26.7

Table 3 presents the results associated with lateral passing duration, which on average
is 1.082 s for all observations (Q1 = 0.723, Median = 0.908, Q3 = 1.299). Significant variations
are observed according to type of vehicle (ANOVA: F(3, 3587) = 179.62, p < 0.001). Not sur-
prisingly, longer vehicles have a tendency to take more time for an overtaking manoeuvre:
on average, 2.318 for a bus, 1.759 for a truck, compared to 0.993 for a car.

Table 3. Duration of lateral passings (dangerous or not) in seconds.

All Passings Dangerous Passing
Less than 100 cm

Non-Dangerous Passing
100 cm and Over Diff.

Variable Mean Median Mean Median Mean Median Mean

Primary road 1.018 0.867 1.512 1.515 0.984 0.849 0.528
Secondary road 1.099 0.924 1.548 1.238 1.084 0.916 0.464
Tertiary road 1.014 0.856 1.693 1.161 0.998 0.850 0.695
Residential street 1.240 1.080 1.624 1.290 1.231 1.075 0.393
Unclassified street 1.045 0.821 – – 1.045 0.821 –

Bicycle lane 1.132 0.970 2.538 2.136 1.116 0.968 1.422
Shared lane 1.350 1.144 3.892 3.892 1.256 1.136 2.636
On-street parked vehicles 1.136 0.969 1.788 1.488 1.110 0.954 0.678

Car 0.993 0.876 1.384 1.157 0.981 0.868 0.403
Pick-up 1.201 0.972 3.249 3.858 1.153 0.967 2.096
Truck 1.756 1.344 2.142 1.980 1.739 1.329 0.403
Bus 2.318 2.180 3.336 2.136 2.228 2.180 1.108
Other 2.954 1.916 – – 2.954 1.916 –

Total 1.082 0.908 1.583 1.236 1.066 0.900 0.517

Finally, dangerous overtakings (less than 1 m) would last longer than safe overtakings
(more than 1 m): for all observations, 1.583 compared to 1.066, representing a difference of
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more than one-half second (0.517) (Table 3). These differences also vary according to road
type: the difference between a dangerous overtaking or not is 0.393 for residential streets
compared to 0.695 s for tertiary roads (Table 3).

Figure 6 illustrates this significant negative relation between duration and distance
of lateral passing (Pearson’s Correlation Coefficient = −0.135, p < 0.001; Spearman’s
rho = −0.149, p < 0.001). In summary, even if this correlation is weak, the shorter the
LPD, the longer the duration of the lateral passing.
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Finally, since the relative variable for duration of overtaking has a positively skewed
distribution (Skewness = 4.97), it is introduced in the form of a logarithm in the GAM model.

3.2. Results of the Generalized Additive Logit Regression

The results are presented in Table 4. First, the fit statistics indicate that the model
explains 16% of the total variance (Nagelkerke R2 = 0.159; Deviance explained = 0.142). It
therefore allows to identify the variables having an impact on the probability of experienc-
ing a dangerous overtaking, once many factors are controlled.

3.2.1. Control Variables Effects

A reading of the confidence intervals of the reports rated at 95% allows us to find that
the weekday and the participant have no significant effect on the probability of experiencing
a dangerous overtaking. As for splines, time of day is not significant (edf = 1.000, p = 0.616),
contrary to geographical position (edf = 11, p < 0.001). This provides for two interesting
findings. First, although traffic levels may vary during the day, nonetheless, the time of
day does not seem to have an impact on the probability that a cyclist will experience a
dangerous overtaking. Second, all things being equal, certain areas of the space under study
are characterized by stronger or weaker probabilities of experiencing dangerous overtaking.
However, these findings only apply to the collection period and our space under study. In
other words, they cannot be generalized for the whole year or another city. Nevertheless,
the fact that geographical position is significant demonstrates that this parameter, as is the
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case for the time of day, must be controlled in order to obtain non-biased coefficients for
the other parameters (Table 4).

Table 4. Results of the generalized additive logit model.

Variables OR 1 OR CI (95%) 2

Intercept 0.025 0.008 0.078
Control variables

Wednesday, June 12 (ref.) Ref.
Monday, June 17 0.606 0.293 1.251
Tuesday, June 18 0.823 0.435 1.556
Wednesday, June 19 0.714 0.386 1.321
Friday, June 21 0.711 0.344 1.471
Cyclist 1 (male) Ref.
Cyclist 2 (male) 1.330 0.639 2.770
Cyclist 3 (female) 1.653 0.860 3.179
Cyclist 4 (male) 1.735 0.911 3.305

Splines Edf 3 P
Time of the day 1.000 0.616
Geographical position 11.002 0.004

Predictor variables OR 1 OR CI (95%) 2

Residential or unclassified street
Unclassified Ref.

Primary road 5.608 2.518 12.491
Secondary road 2.430 1.223 4.827
Tertiary road 1.424 0.687 2.951
Bicycle lane 0.423 0.166 1.078
On-street parked vehicle 1.954 1.220 3.129
Car Ref.
Pick-up 0.555 0.169 1.827
Truck + Other 0.472 0.215 1.036
Bus 1.117 0.383 3.258
Log(passing duration) 4.660 3.197 6.793
Cyclist speed (km/h) 0.945 0.902 0.991

Fit statistics
n 3591
R 2 Nagelkerke 0.159
Deviance explained 0.142

1 OR: Odds ratio. 2 CI: confidence interval. Statistically significant values are shown in bold.3 edf: estimated
degrees of freedom.

3.2.2. Effects off Factors Associated to Characteristics of the Road Network

Not surprisingly, the types of lanes greatly influence the probability of experiencing a
dangerous overpassing. Compared to a residential or non classified street, this probability
is five times higher on primary roads (OR = 5.608; CI[95%] = 2.518–12.491), and twice as
high for secondary roads (OR = 2.430; CI[95%] = 1.223–4.827) (Table 4). On the other hand,
the presence of a bicycle path has no significant effect on the probability of a dangerous
overtaking. Finally, the presence of parked vehicles doubles the probability of experiencing
a dangerous overtaking (OR = 1.954; CI[95%] = 2.220–3.129).

3.2.3. Effects of Factors Associated to Traffic

Contrary to our initial hypothesis, the type of vehicle has no influence. However,
the logarithm for time required for overtaking is significant in the model (OR = 4.660;
CI [95%] = 3.197–6.793), suggesting that a longer duration for overtaking is associated to a
higher probability of dangerous overtaking.
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3.2.4. Effects of Factors Associated to Cyclists

The cyclist’s speed is a significant factor in the model (OR = 0.945; CI[95%] = 0.902–
0.991), but contrary to our initial hypothesis, it reduces the probability of observing a
dangerous overtaking (Table 4).

4. Discussion
4.1. Limits of the Study
4.1.1. Accuracy of the Passing Duration Measurement

To assess the passing duration, two analysts recorded the beginning and the end
of the passing on the lateral camera videos (see Section 2.2 and Figure 5). This novel
approach allows us to estimate the duration of the overtaking manoeuvre; nonetheless,
measurement errors may occur. Indeed, if the angle of the handlebars in relation to
the vehicle is not exactly the same at the beginning and at the end of the overtaking
manoeuvre, the duration measurement may be slightly distorted. In other words, to avoid
the camera distortion, the angle must be 90 degrees at the beginning and at the end of the
overtaking. Unfortunately, we did not conduct a data validation test to estimate and correct
these potential measurement errors. However, we assume that these errors are randomly
distributed in the dataset; specifically, it is likely that these errors do not occur more during
dangerous overtakings than during non-dangerous overtakings.

4.1.2. Real-Time Traffic Indicators

Although the type of axis—a variable retained in this study—is considered a proxy
for traffic density and width of the street [32], it would be appropriate to include traffic
measures in real time for future research. These indicators could be introduced in the model
in the form of splines since we may suppose that traffic density does not linearly influence
the probability of an overtaking being dangerous. Although complex, resorting to methods
of image detection and computer vision [33,34] would certainly allow the automation of
camera video analyses to create these indicators. As a second limit, the effect of oncoming
vehicles on LPD was not explored in our study, as done by several authors [14–16,19].

4.2. Contribution to Academic Knowledge

During our cycling data collection on the island of Montréal, we found that 1 over-
taking out of 32 was dangerous. This ratio is much weaker than that reported in a study
in Victoria, Australia (1 of 17) [11]. However, these two ratios should be compared with
caution since the two collection methods are different. In the Australian study, 60 partici-
pants were recruited who cycled during their usual trips for one to two weeks. In our case,
the mobile collection was extensive and aimed to cover the whole island of Montréal from
9 a.m. to 6 p.m. for five days.

Our results sometimes refute and at other times corroborate those of previous studies.
There again, these comparisons must be interpreted with caution due to methodological
designs and geographical contexts that differ greatly from one study to the next. On the
one hand, contrary to the results of previous studies [11–13,18], the type of vehicle has
no influence on the probability that an overtaking is dangerous, nor does the presence
of a bike lane. On the other hand, our results corroborate other studies showing that
traffic density [10,14–16,19,21] and parked vehicles decrease LPD [11]. Indeed, cycling
on a primary or secondary route (compared to a residential street) and in the presence of
parked vehicles quite significantly increases the probability that a cyclist experiences a
dangerous overtaking.

This study also sheds light on two little-known results to date. First, the probability
of a dangerous overtaking may vary nonlinearly in time and space. In order to do so,
as demonstrated in this study, having recourse to generalized additive models (GAM) is
particularly appropriate to control these effects. Therefore, in later modelling studies of
dangerous overtakings or any other conflict involving different road users, control of space
and time should be generalized. Secondly, in Montréal, dangerous lateral passings are
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associated with longer durations, certainly contributing to an increase of the cyclist’s level
of insecurity. This would require being validated or refuted with further studies in other
Canadian cities and elsewhere in the world.

4.3. Implications for Decision-Makers

In light of the results, many recommendations can be formulated. Providing a bicycle
lane alongside parking places does not seem to be a safe solution since it enhances the
possibility of both dangerous overtakings and dooring crash (unless there is a buffer space
between the bicycle lane and the parking spaces).

Contrary to other studies [11,13], we did not find significant effects according to
type of vehicle on LPD. However, the duration of a lateral passing is significantly longer
for trucks and buses, and also during unsafe passings (for all types of vehicles). As a
reminder, regulatory minimal distances are 1 m (speed inferior or equal to 50 km) and
1.5 m (speed superior to 50 km/h) in the Province of Québec. It is therefore legitimate
to question whether these regulatory distances should be lengthened for heavy vehicles.
As an illustration, Figure 7 presents several overtaking manoeuvres according to type of
vehicle and distance intervals. Of course, an overtaking with less than a metre by a heavy
vehicle (truck and bus) is certainly considered to make a cyclist feel much more insecure
compared to being overtaken by an automobile. Although it is regulatory, it is also probable
that an overtaking between 100 cm and 150 cm by a truck or a bus is deemed to be unsafe.
As we have demonstrated, LPD is influenced by many variables relative to network and
road traffic; it is therefore important to question these regulatory limits in order to establish
safer riding conditions for cyclists in the future.
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5. Conclusions

Within the framework of this quasi-naturalistic study on overtaking of cyclists by
motorized vehicles in Montréal, one event in 32 overtakings was considered dangerous
(less than one metre where the speed limit is 50 km/h or less), in compliance with cur-
rent regulations in Québec. The results revealed that three major factors positively and
significantly influence the probability that a cyclist will experience a dangerous overtaking:
riding on a major road (primary or secondary route), the presence of parked vehicles, and
the duration of the overtaking. However, compared to previous studies, the type of vehicle,
the presence of a bike lane, and the participant had no significant effects. In light of these
results, it would be appropriate to develop awareness campaigns for drivers with regard
to distancing rules and risks involved in an unsafe overtaking. Also, to improve cyclists’
security, it would be useful to provide infrastructures separating cyclists from road traffic
and away from parked vehicles.

On the methodological side, it is worth noting that these types of studies are relatively
complex to implement since they are based on many different devices (commercial or home-
made distance sensor, GPS, and action camera) that are quite expensive. The collected data
set must then be merged and matched to a road network. The development of a low-cost
sensor including a distance sensor (acoustic or lidar), a GPS, a camera and a microphone
would certainly contribute to the democratization of these types of studies in the future.
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