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Abstract

A significant percentage of pedestrians walk in social groups (friends, families, or acquaintances who walk together). Although
patterns generated by social interactions among group members have been shown to affect crowd dynamics, studies on the
effect of social interactions at different crossing phases under low pedestrian density are limited. This study aims to compre-
hensively examine the influence of size and sex composition on pedestrians’ behaviors when walking alone and with friends in
different phases before, during, and after the road crossing. For this, experiences were carried out with controlled small
groups of friends (varying size and sex composition) at three unsignalized crosswalks with low pedestrian density. The aver-
age speed and distance between the young pedestrians in six segments of the trajectories (two in each phase), extracted from
video recordings, were analyzed with linear mixed models. Results show that pedestrians reduce their speed when approach-
ing the curb, they accelerate while on the crosswalk, and reduce again when they reach the other side. In all phases, the aver-
age speed of the groups was lower than the single pedestrians, and the females’ groups walked slower than the males, except
during the crossing, where no sex-related differences were found. On the contrary, before the crossing, the distance
increased and decreased from the second segment in the crosswalk. The smallest distance was observed between the female
groups and dyads. These findings have relevant implications for research on pedestrian behavior, helping to better understand
the complexity of pedestrian dynamics and improve pedestrian safety.
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Social interaction plays a significant role in shaping the
walking behavior of pedestrians, particularly on cross-
walks or on sidewalks where they frequently have to
adjust their path to accommodate others. Furthermore,
pedestrians often walk in small social groups, comprising
individuals with some kind of social connection, such as
couples, friends, or families (/—4). The coherent move-
ment of these groups is influenced by social rules that
impact their walking dynamics. They share the same des-
tiny and intentionally walk together, avoiding splitting
(5, 6). Social groups within a pedestrian flow can range
from two to six individuals, but most frequently have
only two or three. Groups with more than four members
have a tendency to split into single individuals, dyads,
and triads (7-9). A possible reason for this is that in big
groups, people tend, for the sake of efficiency, to focus
communication only on the surrounding elements (3). It

has been reported that the formations they adopt and
their walking speeds facilitate communication, even
though this may hinder the task of moving through a
flow of pedestrians (3, 10, 11).

The behavior of social groups has been mainly ana-
lyzed in two scenarios: (i) in normal conditions (i.e., non-
emergency and non-mass events), such as crowded com-
mercial walkways or corridors connecting a train station
with a shopping center (3, 6, 9, 12), and (ii) more complex
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scenarios, such as during evacuation processes or mass
events (/3—16). In most of these studies, the observed dif-
ference between individuals and groups was related to
the need of the latter ones to maintain cohesion, to facili-
tate social interactions and communication (3, 7).
Notably, the majority of them were conducted under
medium to high population densities, and thus tthe
results obtained could have been explained mostly by the
effort required for the groups to stay together. Most
importantly, to our knowledge, no study has ever
addressed crossing behavior. This is an important gap in
pedestrian behavior research, considering the prevalence
of group walking and noting that road crossing remains
one of the most safety-critical moments in everyday
urban walking.

Pedestrian behavior during interaction with vehicles is
critical because it directly affects the likelihood and
severity of accidents. The high number of pedestrian
crashes at unsignalized intersections and the likelihood
of severe injury or death owing to pedestrian vulnerabil-
ity have led to extensive research aimed at understanding
how pedestrian—vehicle interactions occur at such cross-
walk locations (/8). For example, different behavioral
factors that could lead to pedestrian—vehicle collisions
have been investigated, including drivers’ compliance
with pedestrians’ right of way on zebra crossing and age-
driven pedestrian crossing behavior, focusing on motor
skills (speeds and trajectories) and decision-making
(accepted time gap to cross) (19). Factors affecting pedes-
trians’ crosswalk decisions have been investigated such as
position and speed of the approaching vehicle (20, 21) or
the influence of the built environment (perception of
comfort and safety) (22). Quite strikingly, the behavior
of social groups when approaching road crossings
remains largely unexplored. The goal of this research is
thus to explore walking and road crossing behavior of
social groups of different sizes and sex compositions. The
study is focused on urban contexts in streets with low
pedestrian density and in normal conditions.

Pedestrian group walking behavior can be categorized
according to walking speed and spatial organization. To
interpret these variables correctly, three interrelated levels
of analysis must be considered: the individual level (per-
sonal factors), the external level (environmental factors),
and the group level (social factors) (1, 23, 24).

Concerning personal factors, some studies have
related demographic characteristics, such as age and sex,
to variations in walking speeds. For example, several
studies have shown that walking speed declines, on aver-
age, with increasing age (25—28). Moreover, on average,
men walked faster than women (8, 27).

Beyond personal dimensions, external factors associ-
ated with the environment where pedestrians walk, can
also influence walking behavior. These include the

geographic locations, cultural and traffic regulations,
infrastructure characteristics, the presence of obstacles,
and traffic conditions (23, 27, 29). As regards social fac-
tors, there is substantial evidence that variables such as
group size and sex composition influence the walking
speed of groups of pedestrians. Social groups are on
average slower than isolated individuals and speed
decreases as the group size increases (27, 30, 3I). This
may happen because individuals in social groups become
distracted while talking to each other, or they may adjust
their speed to the slowest member (3). Nessler and
Gilliland (32) suggest that people with similar leg
lengths, when walking side by side tend to unconsciously
synchronize their stepping, which can, in turn, affect
their walking speed. There is also evidence that the speed
of pedestrians’ groups significantly depends on the sur-
rounding pedestrian density level, with people in groups
walking faster at lower densities (6). Concerning sex,
there seems to be a tendency for male groups to walk
more “scattered” than female or mixed groups, and
walking speed was highest for male triads compared with
mixed and all-female triads (7, 27).

Researching pedestrian crossing behavior can be chal-
lenging owing to the multitude of factors that influence it
and that are difficult to control. Many studies found in
the literature use field observations as a data collection
method. These provide the most naturalistic results about
the movement and behavior of street users. However,
crossing situations in realistic settings are highly variable.
Many observations are necessary to obtain statistically
significant conclusions, making data collection and analy-
sis time-consuming. Additionally, individual characteris-
tics of pedestrians are difficult to capture with this
method (23). Contrarily, the effect of particular factors
can be casily observed and analyzed using controlled
experiments. These are predominantly used to study the
operational movement behavior of pedestrians. However,
it is often challenging to ensure that data collected in a
laboratory can represent real-life pedestrian behavior or
be transferable to different situations (23). Semi-con-
trolled studies may be a valid compromise between con-
trolled and naturalistic approaches. These experiments
take place in real settings, but the researchers can assign
participants to groups, select the route, and define the
tasks, while participants have freedom to decide if, when,
where, and how to perform them (33).

The complexity of pedestrian behavior also poses
challenges for data analysis. To address potential unob-
served heterogeneity across different study sites and indi-
vidual pedestrians, several pedestrian behavior studies
have employed multilevel or hierarchical statistical mod-
els in field observations or controlled experiments with
repeated observations from each participant. These mod-
els include frequentist or Bayesian frameworks such as
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linear mixed models (LMM), generalized linear mixed
models (GLMM), and Bayesian multilevel models
(BMM) (34, 35). The choice of statistical framework
depends on various factors, such as the research ques-
tion, data, model complexity, and researcher familiarity
with each framework (36). Frequentist frameworks are
suited for scenarios where computational efficiency is rel-
evant, simpler models are appropriate, well-established
normal distributions exist, or when researchers are more
familiar with these methods. Bayesian frameworks are
preferable when modeling complex relationships and
temporal dependencies, incorporating prior knowledge,
non-normal distributions, or complex random effects
structures (35-37). In this study, we selected a frequentist
approach, specifically LMMs, as they are aligned with
the data characteristics and research question and have
proven effective in modeling multilevel data on pedes-
trians’ crossing behaviors (34).

In this sense, this work intends to study the influence
of size and sex composition on pedestrian behavior when
walking in a group in urban areas in normal conditions
with low pedestrian density and the difference in the
pedestrian behaviors of the groups in three phases:
before, during and after crossing the road. For this,
semi-controlled experiences were carried out in three
urban sites in Guimaraes, with small groups of young
pedestrians (1, 2, and 3) who had a defined path to walk,
varying group size and sex composition.

The work contributes to an improved understanding
of how speed and distance between pedestrians vary at
different phases of street crossings, when walking in social
groups. The resulting insights are relevant to improve
simulation techniques, optimize pedestrian facilities, and
assign more realistic values in modeling the operational
behavior of pedestrians to develop effective strategies for
reducing accidents and improving safety for road users.

Method

The experimental approach used in this study is divided
into three steps: (1) parameter definition; (2) data

collection; and (3) data analysis (see Figure 1). These
steps are described below.

Parameter Definition

To define the variables analyzed in this study, the selec-
tion of social, personal, and external factors is presented
below.

Social Factors. Previous studies have identified that group
sizes ranging from two to four people are the most com-
mon. However, they can be affected by the pedestrian
density and population of the study location. To deter-
mine the most common group sizes in Guimaraes, pre-
liminary counts of pedestrian groups were conducted at
two sites—Londres and Sdo Gongalo Avenues. Videos
were recorded for a duration of one hour at each loca-
tion. These streets are characterized by mixed land use
and are located close to the city center.

The number of pedestrians per group was counted (a)
on the sidewalks and (b) on the crosswalks. The results
are presented in Figure 2. As one can see, at least 40%
of pedestrians walk in groups, with the most common
sizes being 1, 2, and 3 people, while groups of more than
three people only represent 4% of the total. Therefore,
this study focused on analyzing the behavior of groups
of pedestrians consisting of 1, 2, and 3 people (group
size). Female, male, and mixed groups were considered
based on the participants’ personal characteristics. The
measurement of the participants’ leg length was also con-
sidered, as there are indications that it may influence
behavioral coordination.

Personal Factors. In this study, participants were recruited
from the University of Minho community in Portugal.
The study consisted of 90 adults, including 45 females
and 45 males, with ages ranging from 23 to 43 years old
(mean = 27.8 years old; standard deviation = 3.9 years
old). All participants provided informed consent before
participating in the experiments. Demographic informa-
tion, such as sex and age, was recorded for each
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Figure 2. Pedestrians group walk on the crosswalks and
sidewalks of Londres and Sdo Gongalo avenue.

participant, and leg length was also measured before the
experiments began (minimum = 0.82m, maximum =
1.20m, mean = 0.95m, standard deviation = 0.078 m).
Since all participants were young adults within the same
age range, this factor was not analyzed in the study
owing to the lack of variability.

External Factors. The experiments were conducted in
unsignalized crosswalks in an urban area, namely on

three streets in Guimardes, Portugal: Teixeira de
Pascoais street, Martins Sarmento square, and Doutor
Joaquim de Meira street (see Figure 3).

The three streets being studied have varying sidewalk
and crosswalk widths, as well as different numbers and
placements of obstacles. Each street is a collector road
without traffic lights, with two lanes, and mixed land use
that includes both commercial and residential properties.
A reasonable volume of pedestrian traffic is observed on
these streets, resulting in a level of service (LOS) A on the
sidewalks according to the Highway Capacity Manual
(HCM) 2010 reference values (38). Table 1 presents the
main characteristics and features of the streets. The infra-
structure characteristics were measured on-site.

To characterize the space occupied by obstacles on
the sidewalks, the effective width was calculated
according to HCM, that defines it as the total walkway
width minus the width of unusable buffer zones along
the curb and building line (HCM, 2010). The widths
and shy distances from obstructions considered are
presented in Appendix A.

Data Collection

Experimental Procedure. For the experiment, participants
were asked to walk a fixed trajectory, from predefined
point A to B and vice versa (returning from point B to
point A). The circuits included an initial part where parti-
cipants walk on the sidewalk, followed by a road cross in
a crosswalk, then back to the sidewalk on the other side
of the road (see Figure 4). At the end of the trajectory,
the pedestrians were instructed to return to the starting
point, executing the inverse path.

For each experiment, a cluster of five participants was
requested to participate. Half of the clusters consisted of
three males and two females (type 1), while the other
part consisted of three females and two males (type 2)
(Figure 5a). Each cluster was then organized into six
experimental groups formed by either a single person,
two dyads, or three triads. To analyze the influence of

Site 2

Site 3

Figure 3. Study section: (a) site |—Teixeira de Pascoais Street, (b) site 2—Martins Sarmento Square, (c) site 3—Doutor Joaquim de Meira

Street, Guimaries, Portugal.
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Table I. Main Characteristics of the Study Sites

Study site
Characteristics Site | Site 2 Site 3
Road pavement Asphalt concrete Cobblestones Asphalt concrete
Distance to a bus stop (m) 99.13 9.75 1.2
Park on street Yes No No
Width of the crosswalk (m) 5.12 2.983 3.994
Length of the crosswalk (m) 7.13 7.994 8.790
Average width of the lanes (m) 2.950 3.265 2.570
Effective width of the sidewalk A (m) 8.137 2.141 1.535
Effective width of the sidewalk B (m) 9.536 1.987 1.457
Pedestrian volume (15-min) 65 42 28
Pedestrian unit flow rate (p/min/m) 0.68 1.543 1.144

Site 1

Site 2 Site 3

Figure 4. Pedestrians’ trajectories in study sections: (a) site I, (b) site 2, (c) site 3.

social factors on individual behavior, one participant
was kept fixed as the cluster’s reference person and was
part of all its groups. The composition of the remaining
participants in the group, as regards their sex and num-
ber, was varied across the six experimental groups. This
made it possible to study how the behavior of the refer-
ence person was influenced by different social factors in
the group. In cluster type 1, the reference person was a
man, while in cluster type 2, it was a woman.

Following the experimental procedure, each of the six
small groups walked the predetermined trajectory repeat-
ing it twice in each experiment. The experiments lasted
approximately 40 min. A total of eighteen clusters took
part in the study (six clusters per study site), divided into
18 singles, 24 dyads, and 36 triads.

Video Recordings. The experimental trials were recorded
using a GoPro Hero5 black video camera with a resolution
of 1920 X 1080 pixels, a frame rate of 60 fps, and linear
range. The camera was placed at a height between 2.5 and

4m and between 2 and 10m away from the crosswalk,
depending on the conditions of each observation site.

Following the experiments, he video recordings were
analyzed using T-Analyst (Figure 6a) (Johnsson, Norén
and Laureshyn, 2020). This is a semi-automated video
analysis software developed at Lund University and
available as freeware (39). This tool has been used in sev-
eral road safety studies (40—42).

The software calculates the trajectories (x and y coor-
dinates) and the speed of the pedestrians. Calibrations
were made in a standalone software named T-
Calibration using the TSAl-calibration algorithm (43)
(Figure 6b). Manual tracking was chosen to overcome
the obstacles that represented potential pedestrian occlu-
sions and reduce the error of distances between the
pedestrians walking in groups.

The center of mass coordinates obtained for each
participant allowed the calculation of the distance
between each pair of pedestrians in the order shown in
Figure 7.
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Data Analysis

Data Organization. The pedestrians’ trajectories were split
into three analysis phases: (i) before the crossing, (ii) dur-
ing the crossing, and (iii) after crossing. The path of anal-
ysis is shown in Figure 8, which includes the width of

each zone of sidewalks or crosswalks according to the
study site. Additionally, it includes the length of 9m for
sidewalks and the length of each crosswalk. Each phase
was divided into two segments to study possible differ-
ences in the areas closest to the road crossings, before
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(segment Bl1, B2), during (segment D1 e D2) and after
(segment Al e A2) the road crossing.

The final dataset includes the dependent and indepen-
dent variables. The dependent variables, which were cal-
culated in the segments of each phase, were the average
walking speed and average distance between pairs of
pedestrians. The independent variables correspond to the
factors identified in the literature that influence the
pedestrians’ behavior and were divided according to the
social and external factors (see Table 2). Personal charac-
teristics are implicit within social factors (sex of pedes-
trians and leg length).

Figure 9 shows a summary scheme of the groups of
factors considered to study their influence on pedestrian
behavior, the variables analyzed, and the analysis phases.

Modelling Pedestrian Walking Behavior. Data was modelled
using LMMs. This class of models is primarily used to
describe linear relationships between a response variable
and some covariates in grouped data according to one or
more factors. LMMs incorporate fixed effects, which are
parameters associated with an entire population or with
certain repeatable levels of factors, and random effects,
which are associated with individual experimental units
drawn at random from a population (44).

LMMs are an appropriate technique for analyzing
nested structured data, such as the data presented in this
study, owing to repeated measurements. The participants
were divided into small groups, and each small group
walked twice the predefined trajectory (see section 2.2—
Experimental procedure).

LMDMs were estimated to assess the influence of all the
variables mentioned above (see Table 2) on the distance
between pedestrians and the pedestrians’ walking speed.

The hierarchical data structures have three levels (see
multilevel diagrams Figure 10). Each observation corre-
sponds to a trajectory of a pair of pedestrians (Pair_ID)
for the distance between pedestrians and, of each pedes-
trian (Ped_ID), for the walking speed. These form part of
an upper-level group of participants (Cluste_ID).

The model, fori=1,....m;j =1, ..
can be written as

Lomi k=1, ... ,mij

P L
Y = Z By Xk + Za,z,,» oy + b+ e

p= =1
uj ~ N(0, a7

b; ~ N(0, 0'[)

ek ~ N (0, oF)

(1)

where Y is the response variable (pedestrians speed or
distance between pedestrians) for the kth trajectory from
the jth pedestrian or pair of pedestrians of the ith group
of participants, Xp;; is the corresponding value of pth
predictor variable at trajectories’ level and Z; is the cor-
responding value of /th predictor variable at group level.
& 1s the zero mean gaussian error, o7 is the component
of variation owing to variability among groups, o7, is the
component of variation owing to variability among
pedestrian (or pair of pedestrians) nested within groups,
and oZ is the component of residual variability in the
repeated measurements within pair of pedestrians or
pedestrians. The usual assumptions are made about the
random effects: u; and b; are assumed to be Gaussian
distributed and uncorrelated across the levels.

The variance inflation factor (VIF) was used to verify
that there was no multicollinearity among the indepen-
dent variables. It was found that none of the independent
variables in the models for walking speed and pedestrian
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Table 2. Description of Independent Variables used in the Study

Description variable

Abbreviation

External factors
Study site

Phase: before (Bl e B2), during (D1 e D2) and after (Al e A2) the road crossing
Effective width of zone (sidewalks or crosswalk) of each study site (m)

Average lane width (m)
Crosswalk length (m)
Presence of parking places: yes or no
Road pavement: asphalt concrete or cobblestones
Distance from the crosswalk to the nearest intersection (m)
Approaching vehicles: yes or no
Interaction with other pedestrians: yes or no
Social factors

Sex composition of the group of participants: female, male and mix

Size group: |, 2, or 3 pedestrians

Difference between the length of the legs of each pair of pedestrians

Site
Phase
Width

W_Lanes
L_Crosswalk

Parked

Pav

Dist

Veh

Ped

Sex
Size
D_Leg

Groups of factors

{
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Figure 9. Pedestrian walking behavior analysis scheme.

distance had a VIF greater than 5 (45). Variance com-
ponents are used to calculate the intraclass correlation
(ICC), a statistic that quantifies the degree to which
data at the lower level are correlated (46). The ICC,
also referred to as the variance partition coefficient
(VPCQ), is obtained as the proportion of random effects
variance over the total variation and it ranges from
zero to one.

ICC,; quantifies the correlation among all the values
between and within pairs of pedestrians (distance) or
each pedestrian (speed) nested within groups and is given
by:

ICCy = o7 /(0] + 07, + o}) (2)

Similarly, ICC, quantifies the correlation among the
repeated measurements within pairs of pedestrians (dis-
tance) or each pedestrian (speed) nested within groups
and is given by:

ICC, = (o7 + 0y)/(0] + o) + 0F) (2.1
This work’s modelling approach followed the backward
deletion method, which consisted of iteratively removing
the statistically non-significant variable with the highest
p-value. The final model for each response variable,
namely walking speed and distance between pair of pedes-
trians, presents the independent variables that were statis-
tically significant to a level of 5%. All statistical analyses
were performed using the R statistical software (47).
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Results

To study the pedestrian behavior when crossing the road
in a group, two separate models were developed for the
dependent variables: (i) the average walking speed of
each participant (see section 3.1), and for (ii) the distance
between pairs of participants (section 3.2).

Average Walking Speed

Traffic regulations in Portugal require that drivers cede
passage to pedestrians when approaching a crosswalk
without traffic lights. However, in 5% of the study’s sam-
ple, drivers did not adhere to this regulation, resulting in
pedestrians having to wait for the car to pass. Two trajec-
tories with the same participants are shown in Figure 11.
One can observe that in the first case (Figure 11a), the
vehicle did not stop, forcing pedestrians to considerably
reduce their speed compare with the second trajectory
(Figure 11b). Only trajectories in which drivers complied
with traffic regulations were selected for analysis (5,676
observations).

Table 3 presents summary statistics for pedestrians’
walking speed, as a function of social and external fac-
tors. On average, the highest walking speed was observed
for isolated individuals rather than those in groups, male

groups, in the absence of approaching vehicles, and dur-
ing road crossings.

The pedestrians’ walking speed was estimated using a
LMM. Random effects were considered for pedestrian
and group of participants, to account for repeated mea-
surements. The final model includes all significant predic-
tor variables (Equation 3). Non-significant social factor
was D_Leg (leg length) and, external factors were Pav
(pavement), W _Lanes (lane width), L_Crosswalk (cross-
walk length). The full summary statistics of the model are
presented in Appendix B. Contrasts were used to analyze
the interactions between variables and to compare the
levels within each variable.

For i=1,...,18;j=1,....,5k=1,...,mij,
model, can be written as

the

WSiix = Bo + Sizejx X Phasej, + Sizej, X Pedjj

+ Sizeyr X Parky; + Sexiji X Phasey + Sexj X Pedy
+ Sex;x X Parky, + Sexiy X Vehyx + Phase;j,

X Vehyx + Phase X Parkyy, + Vehy X Park;

+ Widthy, + Dist; + u; + b; + g

3)

Significant effects of variables on walking speed were
observed based on Satterthwaite’s test (Table 4).
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Figure | 1. Differences between pedestrians’ speed: (a) the vehicle did not stop, (b) the vehicle stopped.

Significant predictor variables and interactions are dis-
cussed below.

Social Factors. The statistically significant interactions
between group size and the crossing phase were analyzed
using contrasts. As shown in Figure 12, the pedestrians’
average speed varied with the crossing phase. The aver-
age speed decreased as pedestrians approached the road
crossing (B2), increased during the road crossing (D1
and D2), and then decreased as pedestrians returned to
the sidewalk on the other side of the street. Notably, the
average speed in Bl was similar to that in A2, suggesting
that pedestrians return to their comfortable walking
speed after crossing.

Figure 12 also revealed that speed depended on group
size, with pedestrian speed decreasing as group size
increased. The highest speed was observed for singles
and the lowest for triads, and this decrease was consis-
tent throughout the phases. Table 5 indicated that the
difference between pedestrian speeds according to group

size was significant (p-value < 0.05) at each crossing
phase.

The interactions between variables group size (Size) with
the presence of out-group pedestrians (Ped) and parked
vehicles (Parked) were also significant (see Figure 13).

Table 6 presents the contrast comparing the effect of
the presence of pedestrians outside the group (Ped) and
parked vehicles (Parked) for each group size (Size). These
results reveal that the difference between having or not
having interactions with pedestrians outside the group
was significant only for triads. In the case of interactions
with parked vehicles, it was significant for dyads and
triads. Without these interactions, the observed pedes-
trians’ speed was higher.

The average speed also varies according to the group
sex (Figure 14). It is important to emphasize that
although there was a similar pattern of average speed
according to the phases, the pattern of the average speed
per group sex was not as homogeneous as per group size.

Concerning the phase before crossing (Bl and B2),
there was also a marked reduction in the average speed
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Table 3. Descriptive Statistics of the Walking Speed

Walking speed (m/s)

Variable (Abbreviation) Min. Max. Mean SD
Social factors
Size group (Size)
| 0.897 1.978 1.435 0.184
2 0.660 2.000 1.318 0.176
3 0.452 1.922 1.253 0.197
Sex composition of the group (Sex)
Female 0.581 1.880 1.278 0.204
Male 0.683 1.978 1.329 0.196
Mix 0.452 2.000 1.270 0.191
External factors
Study site (Site)
Sl 0.581 2.000 1.289 0.211
S2 0.622 1.857 1.272 0.178
S3 0.452 1.900 1.293 0.200
Crossing phase (Phase)
Before
Bl 0.737 1.821 1.270 0.178
B2 0.452 1.806 1.158 0.216
During
DI 0.789 1.900 1.360 0.169
D2 1.019 1.931 1.372 0.138
After
Al 0.612 2.000 1.287 0.214
A2 0.688 1.879 1.259 0.173
Approaching vehicles (Veh)
Yes 0.452 2.000 1.274 0.201
No 0.612 1.900 1.305 0.186
Interaction with other pedestrians (Ped)
Yes 0.622 2.000 1.249 0.200
No 0.452 1.978 1.290 0.195
Presence of parked vehicles (Parked)
Yes 0.452 1.978 1.267 0.198
No 0.612 2.000 1.291 0.196
Note: Min. = minimum; Max. = maximum; SD = standard deviation.
Table 4. Satterthwaite’s Test Results for the Model for the Pedestrian’s Average Speed
Variables Sum Sq Num DF F value p-value
Size 6.271 2.000 145.144 <0.001
Sex 0.507 2.000 11.729 <0.001
Phase 12.256 5.000 113.474 <0.001
Ped 0.039 1.000 1.824 0.177
Parked 0.202 1.000 9.345 0.002
Veh 0.428 1.000 19.817 <0.001
Width 1.145 1.000 53.008 <0.001
Dist 0.121 1.000 5.606 0.028
Size X Phase 0.457 10.000 2.118 0.020
Size X Ped 0.333 2.000 7718 <0.001
Size X Parked 0.348 2.000 8.049 <0.001
Sex X Phase 0.838 10.000 3.880 <0.001
Sex X Ped 0.159 2.000 3.683 0.025
Sex X Parked 0.205 2.000 4.736 0.009
Sex X Veh 0.219 2.000 5.064 0.006
Phase X Veh 1.288 5.000 11.928 <0.001
Phase X Parked 0.895 5.000 8.282 <0.001
Parked X Veh 0.081 1.000 3.737 0.053

Note: Sum Sq = sum of squares; Num DF = degrees of freedom.
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Figure 12. Pedestrians’ average speed and respective standard
error according to the group size per crossing phase.

that was more pronounced for women. The reduction in
speed between Bl and B2, in most cases (1, 2, and 3
pedestrians and mixed groups and all-men), was between
8% and 9%, except for female groups where the average
speed reduction was of 13% (Table 7— phase B2).
Additionally, between B2 and DI, the average speed
increase in the female groups was also the highest (24%).
Although this study did not evaluate the decision-making
process to cross, these results indicate that the group sex
could be a relevant factor for the crossing time.

As can be noted in Table 8, there was a clear differ-
ence between the average speed of the all-male groups
compared with the all-female ones before and after the
crossing. The differences between all-female and mixed
groups were only significant before the crossing. This
could indicate that women tend to slow down even
more when deciding to cross, which is why only in this

Table 5. Group Size Contrasts According to the Phase.

phase there were significant differences from the mixed
groups.

Interactions between group sex (Sex) and the presence
of out-group pedestrians (Ped), parked (Parked) and
approaching vehicles (Veh) were also found to be signifi-
cant. The results of the contrast between these variables
are shown in Table 9.

As indicated by the model (see also Figure 15), the
speed increase in the female groups was significant when
there were no out-group pedestrians compared with when
there were (Figure 154). In the male groups, the increase
in speed was significant when there were no parked vehi-
cles versus when there were parked vehicles (Figure 15b).
Finally, in these two types of groups (male or female),
the increase in speed was significant when no vehicle was
approaching (Figure 15c¢).

External Factors. With reference to the external factors
influencing pedestrian walking speed, the interaction
between approaching vehicles (Veh) and parked vehicles
(Parked) was significant, as were the interactions between
approaching (Veh) and parked vehicles (Parked) with the
crossing phase (Phase).

On the one hand, the model results show that differ-
ences in the pedestrians’ speed with or without parked
vehicles were significant only when the vehicles
approached (f’, = —0.031, SE = 0.008, p-value < 0.001).
When there were no approaching vehicles, the effect of
parked vehicles was not significant ([3 = —0.011,
SE = 0.009, p-value = 0.229) (see Figurel6).

On the other hand, in the interactions between
approaching and parked vehicles with the crossing
phase, as shown in Figure 17, @ and b, there was a simi-
lar pattern in both cases, according to the crossing phase.
This pattern was similar to the one mentioned previ-
ously: speed reduction before the crossing, speed increase
during the crossing, and decrease again after the cross-
ing. The results of the contrasts used to analyze these
interactions are presented in Table 10.

Size contrasts

-2 1-3 2-3
Phase Estimate SE p-value Estimate SE p-value Estimate SE p-value
Bl 0.088 0.023 <0.001 0.182 0.023 <0.001 0.094 0.012 <0.001
B2 0.093 0.023 <0.001 0.182 0.022 <0.001 0.089 0.012 <0.001
DI 0.104 0.024 <0.001 0.158 0.023 <0.001 0.054 0.013 <0.001
D2 0.126 0.024 <0.001 0.190 0.023 <0.001 0.063 0.013 <0.001
Al 0.154 0.023 <0.001 0.247 0.022 <0.001 0.093 0.012 <0.001
A2 0.090 0.024 <0.001 0.170 0.023 <0.001 0.080 0.012 <0.001

Note: SE = standard error.
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Figure 13. Pedestrians’ average speed and respective standard error per group size according to (a) presence of out-group pedestrians,
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Table 6. Contrast of Interactions with Out-Group Pedestrians and Parked Vehicles per Group Size
Ped Parked
No—Yes No—Yes

Size Estimate SE p-value Estimate SE p-value
| pedestrian 0.017 0.021 0.437 —0.027 0.017 0.102
2 pedestrians —0.018 0.011 0.122 0.044 0.009 <0.001
3 pedestrians 0.035 0.008 <0.001 0.045 0.007 <0.001

Note: SE = standard error.
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Figure 14. Pedestrians’ average speed and respective standard
error according to the group sex per crossing phase.

Without approaching vehicles, the average speed was
higher in phases B1, B2, D1, and A2 (Figure 17a), and
the model confirm a significant positive difference. On
the contrary, there was a significant difference with a neg-
ative coefficient in the first segment after the crossing.
These results seem to indicate that when pedestrians con-
firm that there are no approaching vehicles, they begin to
slow down during the road crossing (Phase D2), as on
reaching the other side of the road (phase A1), their speed
was lower in comparison to when vehicles were approach-
ing. Conversely, when a vehicle approached or waited,
pedestrians increased their speed during the crossing.

The pattern according to the phases without parked
vehicles was similar to that without approaching vehicles
(Figure 17b). Although smaller differences between the
speed with or without a parked vehicle exist before the
crossing, the contrasts confirm these positive differences.

Before the road crossing (Bl and B2) if there was a
parked vehicle, the model results showed that the speed
of pedestrians decreases, perhaps owing to difficulty of
seeing the oncoming vehicles. During the crossing in D2,
the pedestrians increased their speed even more if there
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Table 7. Pedestrian Average Speed by the Phase According to the Size and to the Sex of the Group

Phase Size Average speed (m/s) SE Speed variation Sex Average speed (m/s) SE Speed variation
Bl I 1.417 0.022 na Female 1.263 0.013 na
B2 I 1.287 0.022 —9% Female 1.102 0.015 —13%
DI I 1.489 0.018 16% Female 1.366 0.012 24%
D2 I 1.529 0.017 3% Female 1.384 0.010 1%
Al I 1.491 0.024 —2% Female 1.294 0.015 —6%
A2 I 1.395 0.021 —6% Female 1.256 0.012 —3%
BI 2 1.318 0.010 na Male 1.329 0.012 na
B2 2 1.206 0.012 —8% Male 1.219 0.015 —8%
DI 2 1.377 0.009 14% Male 1.385 0.012 14%
D2 2 1.389 0.007 1% Male 1.397 0.011 1%
Al 2 1.326 0.012 —5% Male 1.338 0.016 —4%
A2 2 1.295 0.010 —2% Male 1.304 0.013 —3%
Bl 3 1.232 0.007 na Mix 1.250 0.007 na
B2 3 1.123 0.009 —9% Mix 1.147 0.009 —8%
DI 3 1.338 0.007 19% Mix 1.345 0.007 17%
D2 3 1.348 0.006 1% Mix 1.359 0.006 1%
Al 3 1.248 0.008 —7% Mix 1.266 0.009 —7%
A2 3 1.229 0.007 —2% Mix 1.245 0.007 —2%

Note: SE = standard error; na = not applicable (the variation in speed is determined calculating the difference with the previous segment of phase).

Table 8. Contrasts of the Group Sex Per Crossing Phase

Sex contrasts

Female—Male Female—Mix Male—Mix

Phase Estimate SE p-value Estimate SE p-value Estimate SE p-value
BI —0.077 0.019 0.000 —0.023 0.016 0.307 0.054 0.015 0.001
B2 —0.119 0.018 <0.001 —0.080 0.015 <0.001 0.038 0.015 0.025
DI —0.026 0.019 0.343 —0.008 0.016 0.875 0.018 0.015 0.457
D2 —0.018 0.019 0.587 —0.008 0.016 0.863 0.010 0.015 0.782
Al —0.052 0.018 0.011 —0.014 0.015 0.626 0.038 0.015 0.026
A2 —0.059 0.019 0.004 —0.019 0.016 0.450 0.040 0.015 0.020
Note: SE = standard error.
Table 9. Contrast of Interactions with Out-Group Pedestrians, Parked Vehicles and Approaching Vehicles Per Group Sex

Ped Parked Veh

No—7Yes No—Yes No—Yes

Sex Estimate SE p-value Estimate SE p-value Estimate SE p-value
Female 0.034 0.013 0.009 0.011 0.011 0.309 0.024 0.011 0.032
Mix 0.011 0.012 0.330 0.007 0.009 0.434 0.010 0.007 0.131
Male —0.012 0.013 0.343 0.044 0.011 <0.001 0.046 0.010 <0.001

Note: SE = standard error.

was a parked vehicle. This behavior could be explained
by the pedestrians’ desire to get closer to the parked vehi-
cle faster as a way of becoming protected from an
approaching vehicle. As previously shown, the difference
between having or not parked vehicles was only

significant when vehicles were on approach. After the
crossing, the speed was lower, and the differences were

significant.

Finally, within the characteristics of the infrastructure,
there were significant effects of the effective width of the
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zone, fﬁ = —0.013, SE = 0.002, p-value 0.001 (wider pedes-
trian zones were associated with lower speeds), and the dis-
tance between the pedestrian crossing and the nearest
intersection, é = 0.003, SE = 0.001, p = 0.02 (the greater
the distance, the lower the speed of the pedestrians).

Average Distance Between Pair of Pedestrians

A sample of 3279 observations of the distance between
pairs of pedestrians was analyzed. As explained in

section 2.3, the random effects considered for these mod-
els were the ID of the pair of participants and the ID of
the group of participants.

Table 11 shows summary statistics for the average
distance between pairs of pedestrians according to the
same variables analyzed the walking speed. With these
results, it was possible to observe that, on average, the
distance between pairs of pedestrians was greater in
triads compared with dyads, in male groups compared
with female and mixed, and during crossing compared
with before.

As with the pedestrians’ walking speed, the model was
fitted using LMMs. The final model contains all signifi-
cant predictor variables (Equation 4). Full summary sta-
tistics of the model are presented in Appendix C.
Contrasts were used to analyze the interactions between
variables and to summarize the model results according
to each variable.

For i=1,...,18;j=1,....5k=1,...,mij, the
model, can be written as:

Dy = Bo + Sizejx X Sexyy + Sizejy, X Parky; + Phasey,
+ Veh,_—,—k + Wldthl/k + Ujj + bi + Si/k (4)

Satterthwaite’s test was used to identify variables with
significant influence on the average distance between
pedestrians, and the interactions. The results are pre-
sented in Table 12. The non-significant social factor was
D Leg (leg length) and external factors were: Pav
(pavement), W_Lanes (lane width), L_Crosswalk (cross-
walk length), Dist (Distance from the crosswalk to the
nearest intersection), and Ped (interaction with other
pedestrians).
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vehicles, and (b) presence of parked vehicles.

Table 10. Approaching Vehicles and Parked Vehicles Contrasts According to the Phase

Veh Parked
No—Yes No—Yes
Phase Estimate SE p-value Estimate SE p-value
Bl 0.051 0.011 <0.001 0.032 0.012 0.008
B2 0.077 0.011 <0.001 0.050 0.012 <0.001
DI 0.037 0.012 0.002 0.010 0.012 0.402
D2 —0.002 0.012 0.866 —0.036 0.012 0.003
Al —0.022 0.011 0.048 0.025 0.012 0.034
A2 0.022 0.011 0.054 0.044 0.012 <0.001

Note: SE = standard error.

Social Factors. The interactions between group size and
sex were statistically significant. As illustrated in Figure
18, distances between pedestrians were greater for triads
than for dyads. The variation was 10% for all-female,
7% for all-male, and 4% for mixed groups.

Contrasts were utilized to analyze the effect of the
interaction between sex composition (Sex) and group size
(Size) on the distance between pedestrians. When com-
paring groups of dyads and triads based on sex, signifi-
cant differences were observed in male groups
(fﬂ = —0.053, SE = 0.022 p = 0.016) and female groups
([3 = —0.104, SE = 0.024, p-value < 0.001), but not in
mixed groups (é = —0.017, SE = 0.014, p = 0.056).

Furthermore, male pairs appear to maintain a greater
distance between them compared with mixed or female
pairs. The contrasts for the interaction between sex and
size revealed a significant difference between males and
females for dyads and triads. There was only a difference

between male and mixed groups for triads, as shown in
Table 13.

Interactions of group size (Size) with parked vehicles
(Parked) were also significant for the distance between
pedestrians. As already mentioned, the distance is greater
when the size of the group increases. However, Figure 19
shows that without parked vehicles, the distance was
greater than with parked vehicles, particularly for groups
of two pedestrians. The contrast confirms these positive
differences. (é = 0.050, SE = 0.019, p = 0.009). The dif-
ferences in triads was not significant (ﬁ = —0.004,
SE = 0.011, p = 0.745).

External Factors. Concerning external factors, the effective
width of the zone (Width) (B = —0.010, SE = 0.003,
p = 0.002) had a significant effect on the average dis-
tance. The distance between pedestrians decreases with
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Table I 1. Descriptive Statistics of the Distance Between Pairs of Pedestrians
Distance between pair of pedestrians (m)
Variable (Abbreviation) Min. Max. Mean SD
Social factors
Size group (Size)
| na na na na
2 0.427 2,129 0.813 0.192
3 0.376 2.254 0.866 0.258
Sex composition of the group of participants (Sex)
Female . 2.101 0.840 0.226
Male 0.431 2.254 0.894 0.260
Mix 0.376 2237 0.838 0.242
External factors
Study site (Site)
Sl 0.376 1.729 0.821 0.204
S2 0.430 2.129 0.852 0.258
S3 0.385 2.254 0.884 0.261
Crossing phase (Phase)
Before
Bl 0413 1.699 0.787 0.210
B2 0.425 2.047 0.860 0.242
During
DI 0.477 2.251 0.902 0.234
D2 0.475 2237 0.862 0.220
After
Al 0.376 2.254 0.852 0.265
A2 0.385 2.114 0.852 0.271
Approaching vehicles (Veh)
Yes 0.376 2.129 0.854 0.242
No 0.385 2.254 0.849 0.247
Interaction with other pedestrians (Ped)
Yes 0413 1.785 0.864 0.244
No 0.376 2.254 0.850 0.244
Presence of parked vehicles (Parked)
Yes 0.385 1.872 0.838 0.244
No 0.376 2254 0.858 0.244
Note: Min. = minimum; Max. = maximum; SD = standard deviation; na = not applicable.
Table 12. Satterthwaite’s Test Results for the Model of the Average Distance Between Pairs of Pedestrians
Variable Sum Sq Num DF F value p-value
Sex 0.473 2.000 4.870 0.010
Size 1.175 1.000 24.178 0.000
Phase 6.161 5.000 25.353 <0.001
Veh 0.383 1.000 7.888 0.005
Parked 0.202 1.000 4.151 0.042
Width 0.490 1.000 10.073 0.002
Sex X Size 0.400 2.000 4.113 0.016
Size X Parked 0.299 1.000 6.142 0.013

Note: Sum Sq = sum of squares; Num DF = degrees of freedom.

wider pedestrian zones. These results are contrary to
what was expected. With less space, shorter distances
between people were the expectation.

Furthermore, the distance between pedestrians
depends on the crossing phase (Figure 20). Near the

crosswalk (B2) the distance increases and the differences
between the segments (B1 and B2) before the road cross-
ing were significant (f% = —0.085, SE =0.013, p-value
< 0.001). In addition, the distance between pedestrians
was greater when a vehicle approached (Veh) (é = 0.029,
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Table 13. Contrasts of the Group Size Per Group Sex

Size
2 pedestrians 3 pedestrians
Sex Estimate SE p-value Estimate SE p-value
Female—Male —0.144 0.046 0.005 —0.093 0.038 0.043
Female—Mix —0.088 0.038 0.056 —0.012 0.031 0.919
Male—Mix 0.057 0.038 0.294 0.081 0.032 0.032
Note: SE = standard error.
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Figure 18. Average distance between pairs of pedestrians and
respective standard error according to the group size per group
sex.

SE = 0.010, p = 0.005). This could indicate differences
in the decision-making process to cross, which would
increase the distance if one of the people in the pair deci-
des to cross first.

Between the segment during (D1-D2) and after (Al-
A2) the crossing there were no significant differences
(B = —0.033, SE =0.014, p=0.168 and = —0.005,
SE = 0.013, p = 0.999).

During the first segment of the road crossing (D1) the
average distance increased, and the difference between
the previous segment (B2) was significant (fﬂ = —0.069,
SE = 0.014, p-value < 0.001). Then, in the second seg-
ment during the crossing (D2) the average distance
decreased and the difference with the next segment (A1)
was significant (f = 0.050, SE = 0.015, p = 0.012). This
finding suggests that as pedestrians approach the street
crossing area where they assess oncoming vehicles, they

Figure 19. Average distance between pairs of pedestrians and
respective standard error according to the presence of parked
vehicles per group size.

tend to initially separate but eventually rejoin near the
end of the crossing.

Discussion

It is indicated by the findings reported here that the
dependence of walking behavior of social group pedes-
trians on group size and the composition by sex is also
commonly observed in the road crossing context under
normal conditions of low pedestrian density.

Size
An increase in group size was found to be associated
with a decrease in average speed and an increase in aver-

age distance between pairs of pedestrians. Previous stud-
ies have shown that in areas without vehicle interactions,
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such as commercial areas, streets, or inside universities,
social groups walk at a slower speed than isolated pedes-
trians (3, 17, 30). The decrease in speed by the groups
was attributed to the need to maintain cohesion between
individuals to facilitate social interactions (3, 17).
However, these studies were conducted under medium to
high pedestrian densities, and the decrease in speed could
be an effect of the group’s difficulty to stay together.
Similarly, it was found in the present study that pedes-
trian groups also walked at a lower speed under low-
density conditions, even while crossing the street.

With regard to the distance between pedestrians, the
largest distances were observed among triads compared
with dyads (3, 27). This could be explained by a tendency
for greater intimacy among couples among triplets (27).
Nevertheless, it is also possible that triads organize them-
selves differently to facilitate communication. For
instance, on sidewalks, where there is limited space, they
may need to adopt different formations, such as a “V”-
like shape observed by Moussaid et al. (3), where the dis-
tances between people are greater.

Sex

The average speed and distance are also affected by the
sex composition of the group. Firstly, a clear difference
in average speed was observed between male groups and
female/mixed groups before and after the road crossing,
with male groups showing higher speed. These findings
were expected, as males are generally associated with
higher average speeds than females (48), and other stud-
ies have shown that male groups walk faster than females
and mixed groups (7, 27). Costa (7) suggested that the

deeper the affective involvement between a couple (mixed
dyads), the slower the walking speed tends to be. In this
study, the participants were friends, and little difference
was found between the walking speed of female and
mixed dyads (except before the road crossing).

In contrast, Federici et al. (30) did not observe differ-
ences in walking speed according to the sex of the group.
However, the analysis conditions of these two works were
different, as Costa (7) observed the group behavior of
pedestrians while walking on sidewalks and in pedestrian
areas in different urban settings, while Federici et al. (30)
focused on investigating pedestrian dynamics in medium-
high density situations with observations of incoming
pedestrian flows to a university admission test. This dif-
ference could indicate that in normal or/and low-density
conditions, sex can be a relevant factor in the speed of
pedestrians.

Secondly, male groups maintained a greater distance
than the female groups (dyads and triads), as well as the
mixed triads. No difference was observed between female
and mixed groups. Similar results were reported by Costa
(7), who found that male dyads and triads tended to walk
together less often than female dyads, and mixed dyads
walked together more often than same-sex dyads. This is
consistent with the literature on the topic of interpersonal
distance, which indicates that female pairs tend to main-
tain closer distances than male pairs, possibly owing to a
greater predisposition of women to be affiliative (see
Uzzell & Horne [49] for a review and discussion).

Phases

It was found that neither the pedestrians’ average speed
nor the distance between pairs remained constant
throughout the three crossing phases, according to the
results. Empirical observations in previous studies of
stairs inside a university had shown that the average dis-
tance for groups of different sizes is stable for the pur-
pose of maintaining group structure (50). However, the
results of this study showed that the distance between
pairs of pedestrians changed according to the phases of
the road crossing. One possible reason for this may be
that individuals increase their distance from each other
(separate) near the crosswalk when deciding whether to
cross or not. Furthermore, since the width of the cross-
walk is usually greater than the effective width of the
sidewalks, the distance between pedestrians could also be
expected to increase during the road crossing. However,
in this study, the effect of the effective width showed that
the distance was smaller in the broader zones.

With regards to the average speed, there was a signifi-
cant reduction before the road crossing, followed by an
increase during the crossing and a posterior reduction
back to the initial speed. This pattern was expected since
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before the crossing in segment B2, near the crosswalk,
pedestrians evaluate whether they can cross or not, and
while making that judgment, they reduce their speed.
During road crossings, an increase in speed was also
expected since previous studies have reported that pedes-
trian speeds are higher when crossing streets than on
sidewalks (although the behavior of social groups has
not been previously analyzed (51).

An important conclusion of this study is that the aver-
age speed pattern is maintained through the phases by
group size (higher speed for singles and lower for groups
in all phases). However, there were some differences in
the pattern throughout the phases according to the
groups’ sex. Before the road crossing, the speed reduction
was higher for female groups, followed by mixed and
male groups. It was the only phase where there was a sig-
nificant difference between females and mixed groups.
Although the objective of this study was not to analyze
the effect of sex on the decision-making process to cross,
the observed differences may indicate that sex plays an
important role when pedestrians decide to cross. Also,
the effect of oncoming vehicles was significant on average
speed by sex composition but not by group size.

This observation is consistent with those of Holland
and Hill (52). They compared the intention to cross and
the perceived risk through the answers to a questionnaire
in which people were asked to evaluate whether to cross
or not in hypothetical textual risk descriptions, conclud-
ing that women were less likely than men to try to cross
under risky situations. Also, Diaz (53) analyzed the atti-
tude toward (illegal) mid-block crossing and found that
men reported more violations than women.

Unlike before and after the crossing, during the road
crossing, there was no significant difference in average
speed between the group sex composition. This could indi-
cate that the behavioral approach was different between
phases. During the crossing, the objective of reaching the
other side as quickly as possible may override the beha-
vioral characteristics on the sidewalks. The greater the risk
involved in walking, the higher the walking speed (57).
This contrasts the conclusion of Montufar et al. (48), who
found significant differences between the speed of men
compared with women during street crossings, although
they did not study the behavior of pedestrians in groups.

Interactions with Parked Vehicles and Out-Group
Pedestrians

The results revealed that the presence of parked vehicles
had an effect according to the phase. If there was a
parked vehicle before the road crossing, the pedestrians’
average speed decreased. On the other hand, during the
crossing, pedestrians increased their speed even more.

These results may align with the conclusions of previous
studies, which analyzed the acceptance of the gap for
mid-block street crossings and red-light violations. On
the one hand, the presence of illegal parking seems to
discourage pedestrians from crossing because it affects
pedestrians’ visibility, forcing pedestrians to be more
careful and reject shorter time gaps for crossing, accord-
ing to Yannis et al. (5/). This could be related to the
decreased speed before crossing. On the other hand,
according to Dommes et al. (52), the presence of parked
vehicles generated red light violations, suggesting that
parked vehicles may increase the pedestrians’ feeling of
safety once the road width decreases. This could be
related to increased speed during the crossing once the
decision to cross has been taken.

Finally, the results show that, in conditions of low
pedestrian density, the differences in average speed
owing to interaction with other pedestrians were signif-
icant for triads and groups of women. Groups of
pedestrians slow down, perhaps to avoid splitting up.
Additionally, no significant differences were found in
the average distance. This may indicate that in normal
situations, young pedestrians only change their speed
and do not change their organization. This was not
unexpected since it is known that the presence of other
pedestrians strongly influences average walking speeds,
depending on pedestrian density (57).

Conclusions

Even though it had been revealed in previous studies that
pedestrian traffic comprises groups and that social inter-
actions are crucial for organizing human crowds, little or
no research had been conducted on the behavior of
pedestrians’ social groups under normal conditions near
pedestrian crossing sites.

This study’s empirical observations confirmed that at
least 40% of observed pedestrians walk in a group. The
findings suggest several critical factors in the movement
preferences of social groups, even under normal condi-
tions and in places with low pedestrian density. It was
found that typical walking patterns arose from local
interactions between group members. Differences in
speed and distance between young pedestrians depended
on social factors (group size and sex composition) and
external factors (crossing phases and interaction with
other pedestrians, approaching and parked vehicles).

The results of this study should help to increase under-
standing of how young pedestrians in social groups inter-
act with each other and with the environment, thus
improving the way scientists, engineers, policymakers,
and designers increase the safety of vulnerable road
users. The description of several fundamental elements of
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movement behavior (speed and distance) can be used to
assign realistic values to models of pedestrian behavior
based on parameters such as group size, sex composition,
and crossing phases.

Furthermore, these findings could be used in risk stud-
ies of vehicle—pedestrian interactions and in new chal-
lenges concerning pedestrian dynamics, for example, to
create rules and improve shared space areas, as well as to
give indications to improve the automatic detection of
pedestrians by autonomous vehicles.

As with any experiment, there are limitations and
extensions that need to be further investigated in future
studies. The conclusions drawn in this work are based on
young voluntary participants. However, previous studies
have reported that age affects the speed and distance
between pedestrians, with older pedestrians walking at
slower speeds and preferring greater interpersonal dis-
tances (54, 55). Therefore, it is crucial to include partici-
pants from different age groups in future work on social
group behavior. Additionally, future studies should con-
sider mixed traffic conditions, including particular types
of pedestrians, such as people with disabilities (i.e.,
wheelchair users). These individuals, for example, have
different physical dimensions (i.e., weight, width, or
height) that affect the required sight distance and speed,
whether on sidewalks or at crosswalks (56).

Furthermore, conclusions drawn from these results
about infrastructure factors for urban planning should
be taken cautiously. The results have been obtained from
experiences in a few urban settings, which may not repre-
sent a diversity of environments. Nevertheless, this work
reaffirms the need to continue studying how pedestrians
perceive and interpret differences in urban environments,
such as the presence of obstacles. Another question that
remains open is whether the organization of social groups
results in more risky crossing decisions.

The coexistence of pedestrians and micro-mobility
vehicles (MMYV) presents a recent challenge for efficient
and safe use of road infrastructure. MM Vs are becoming
more popular and widely used, potentially owing to the
time savings they offer for short distances to their final
destinations (57, 58). MMVs can move at higher speeds,
which can affect pedestrians’ risk perception. For
instance, cyclists and electric scooter users have already
been observed breaking the law by riding on sidewalks
and footpaths, which could increase the rate of injuries
to both pedestrians and MMV riders. Furthermore, a
high density of pedestrians was found to significantly
reduce the speed of (e-)cyclists (58). Nevertheless, the
effect of MMV interaction on the behavior of pedes-
trians in social groups and the operational efficiency of
shared space under low-density conditions remains
unknown. Thus, it is necessary to examine these interac-
tions in future studies.
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