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A B S T R A C T   

Distractions have been recognised as one important factor associated with pedestrian injuries, as the increasing 
use of cell phones and personal devices. However, the situation is less clear regarding the differences in the 
effects of visual-manual and auditory-cognitive distractions. Here, we investigated distracted pedestrians in a 
one-lane road with continuous traffic using an immersive CAVE-based simulator. Sixty participants were 
recruited to complete a crossing task and perform one of two distractions, a visual-manual task and an auditory- 
cognitive task. Moreover, normal and time pressure crossing conditions were included as a baseline and com-
parison. For the first time, this study directly compared the impacts of visual-manual, auditory-cognitive dis-
tractions, and time pressure on pedestrian crossing behaviour and safety in a controlled environment. The results 
indicated that although pedestrian safety was compromised under both types of distraction, the effects of the 
applied distractions were different. When engaged in the visual-manual distraction, participants crossed the road 
slowly, but there was no significant difference in gap acceptance or initiation time compared to baseline. In 
contrast, participants walked slowly, crossed earlier, and accepted smaller gaps when performing the auditory- 
cognitive distraction. This has interesting parallels to existing findings on how these two types of distractions 
affect driver performance. Moreover, the effects of the visual-manual distraction were found to be dynamic, as 
these effects were affected by the gap size. Finally, compared to baseline, time pressure resulted in participants 
accepting smaller time gaps with shorter initiation times and crossing durations, leading to an increase in unsafe 
decisions and a decrease in near-collisions. These results provide new evidence that two types of distraction and 
time pressure impair pedestrian safety, but in different ways. Our findings may provide insights for further 
studies involving pedestrians with different distraction components.   

1. Introduction 

Pedestrians are generally regarded as the most vulnerable road users 
due to a lack of protective equipment and a slower pace of movement 
than other road users. Their safety issues have prompted extensive 
research and concern from academics and policymakers (El Hamdani 
et al., 2020). Every year, >300,000 pedestrians are killed worldwide, 
which accounts for 22 % of all traffic fatalities (World Health Organi-
zation, 2018). In particular, pedestrian accidents are common at un-
controlled intersections, as there are no traffic signals to coordinate the 
behaviour of all road users adequately, and vehicles are not forced to 
give way to pedestrians at uncontrolled intersections. Hence, crossing at 

such locations is extremely complex and affected by multiple factors, 
such as traffic characteristics (Ackermann et al., 2019), road environ-
ments (Zhao et al., 2019), and the presence of various distractions 
(Ropaka et al., 2020). In the context of the increasing use of cell and 
personal devices, distractions have been recognised as one important 
contributor to pedestrian injuries (Jiang et al., 2018). Although the 
number of accidents involving distracted pedestrians is relatively less 
than those caused by drivers (Campisi et al., 2022), distraction is 
dangerous because it can significantly compromise pedestrian safety by 
reducing their looks to the left and right, walking speed, reaction time, 
and more (O’Dell et al., 2022). 

To date, numerous studies (e.g., Jiang et al., 2018; Lin and Huang, 
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2017; Neider et al., 2011) have been conducted on distracted pedes-
trians in road crossing scenarios, whereas there is limited information on 
the effects of distractions with different components and their safety 
impacts. Moreover, as personal mobile devices advance in functionality, 
there is a growing request to reveal the mechanisms of influence of 
different distraction components to help comprehend various complex 
forms of distraction (Chen and Pai, 2018b). Specifically, distraction re-
fers to engagement in activities not critical for a safe main task (e.g., 
road-crossing), such as scanning digital devices, texting, talking on a cell 
phone, or listening to music (Walker et al., 2012). Distractions are 
typically categorised into visual, manual, and cognitive based on their 
components (Engström et al., 2017). The two former distractions 
involve perceptual or motor processes (e.g., texting messages, web 
surfing, or gaming). In contrast, cognitive distraction generally refers to 
the nonvisual and nonmanual tasks that take attentional resources away 
from the main task (e.g., pedestrians listen to music using a headset, 
where their vision and movement are not impeded) (Chen and Pai, 
2018a; Engström et al., 2017; Walker et al., 2012). Existing studies 
indicated that the cognitive processes of visual and manual distractions 
affect pedestrians’ ability to allocate attentional resources to road situ-
ations (Haga and Matsuyama, 2018). For instance, a field test by Jiang 
et al. (2018) compared the effects of texting, cell phone conversation, 
and music listening distractions on pedestrian crossing behaviour and 
found that texting on a cell phone had the greatest impact because it 
occupied the most visual attention of pedestrians. Another study from 
Chen and Pai 2018b indicated that pedestrians playing cell phone games 
had more unsafe crossing behaviours, such as fewer head-turning fre-
quencies or not looking at traffic before crossing. From a general 
perspective, such pattern changes caused by distractions are referred to 
as inattentional blindness, where a human fails to notice an unexpected 
object while engaged in another task or object (Hyman et al., 2009; 
Hyman et al., 2014). Current research results share a general consensus 
that visual and manual distractions impair most aspects of road cross-
ings. However, existing studies offer different opinions in the case of 
distraction tasks that require pure listening. Some studies indicated that 
these tasks could slow down pedestrian crossing initiation time (Jiang 
et al., 2018; Liu et al., 2021), making pedestrians more likely to be hit 
(Schwebel et al., 2012). On the other hand, evidence from several 
studies indicated that a listening distraction task did not significantly 
affect pedestrian crossing behaviour (Neider et al., 2011; Simmons et al., 
2020) and sometimes even made them more cautious (Nasar et al., 2008; 
Walker et al., 2012). Therefore, from the above discussion, there is 
currently little understanding of the difference between auditory- 
cognitive distractions (from here on, we will refer to such distractions, 
including listening to music, as an auditory-cognitive distractions 
(Siegmann et al., 2017) and other types of distractions, such as those 
involving visual and manual resources, on pedestrian crossing behav-
iour and safety. 

In addition to the differences between distractions, recent studies 
have explored the potential pedestrian crossing performance metrics or 
characteristics associated with distractions, such as walking speed, 
crossing initiation time, age, gender, and more. Specifically, it has been 
shown that pedestrians who use a cell phone while crossing the road 
have a reduced walking speed (Campisi et al., 2022). Although gender 
may not affect the likelihood of being distracted, males are more likely 
to be involved in high distraction levels (Larue and Watling, 2022). In 
addition, age is also a significant factor affecting distraction behaviour, 
as teenagers are more likely to play with their cell phones while walking 
(Gitelman et al., 2019; Larue and Watling, 2022). Apart from the factors 
mentioned above, existing distraction studies rarely shed light on some 
critical performance metrics related to pedestrian crossing safety (e.g., 
crossing gap acceptance, time to arrival (TTA) and post encroachment 
time (PET)). As pedestrians make crossing decisions by judging the gaps 
between two consecutive vehicles, gap acceptance is a critical perfor-
mance metric for identifying and quantifying pedestrian crossing 
behaviour (Oxley et al., 2005; Petzoldt, 2014). Without studying gap 

acceptance and how distraction affects it, it is hard to clearly understand 
how pedestrians weigh their safety and efficiency and whether they 
adopt certain decision strategies to deal with distractions. Moreover, to 
the best of our knowledge, no studies have explored the relationship 
between distractions and TTA. Therefore, less is known about how pe-
destrians adjust their crossing behaviour in different TTA conditions 
while distracted by secondary tasks. Furthermore, the PET has been 
applied as a strong indicator of pedestrian crossing safety (Avinash et al., 
2019; Hong et al., 2022). However, few studies have investigated how 
distractions affect pedestrian PET. 

It is important to note that the observation approaches may also 
affect the results of distraction studies. A case in point, as mentioned in 
above section, is that naturalistic observations generally indicated that 
pedestrians distracted by personal music devices could initiate crossing 
later and look less at traffic than non-distracted pedestrians (Liu et al., 
2021; Pešić et al., 2016; Thompson et al., 2013), resulting in unsafe 
crossing behaviour. However, several controlled field and simulated 
tests showed that the use of personal music devices might not have a 
significant influence on pedestrian crossing behaviour (Neider et al., 
2010; Walker et al., 2012). Although naturalistic observations typically 
reflect the real behaviour of pedestrians, the lack of effective control of 
variables can make it difficult to draw precise conclusions (e.g., pedes-
trians selecting music in the device includes visual-manual distractive 
components, and in a naturalistic setting, it may be difficult to separate 
such distractions from purely auditory-cognitive music distractions). 
Accordingly, recent studies have focused on formulating hypotheses 
about distracted behaviour that occurs in the real world and experi-
mentally testing these ideas in more controlled environments. Simulated 
experiments are one of the most applied approaches, although it has 
several possible limitations that need to be further improved. First, some 
studies applied semi-immersive simulated environments to evaluate 
pedestrian crossing behaviour, such as screens with fixed visual angles 
and walking on a treadmill (Lin and Huang, 2017; Neider et al., 2011). 
Those overly abstract simulated environments may not be able to 
reproduce the pedestrian crossing behaviour in real traffic. In addition, 
the head-mounted display (HMD) can obstruct the pedestrians’ view 
making it difficult to interact with real distracting tasks (e.g., using a cell 
phone). Researchers attempted to add virtual distractions in the simu-
lated environment to solve this problem (Schneider et al., 2019; Sobhani 
and Farooq, 2018). However, given the essential differences between 
virtual and real distraction tasks, such manipulations may introduce 
new and unknown variables to the experiment. 

Finally, similar to distractions, time pressure has been regarded as 
one of the important factors associated with road-crossing safety, which 
can reduce the quality of decisions (Cœugnet et al., 2019) and increase 
the propensity to take risks (Madan et al., 2015). It has also been shown 
that participants with time pressures have high crossing speeds 
(Kalantarov et al., 2018). The literature, therefore, suggests that in the 
context of street crossing under time pressure, participants usually pri-
oritise walking progress over safety, which leads to more dangerous 
behaviour (Cœugnet et al., 2019). Moreover, there exists a mixed situ-
ation with pedestrians distracted by their mobile phones or under time 
pressure to reach their destinations in the real traffic. Concerning the 
safety impacts of the time pressure mentioned above, it is interesting to 
know how its effects on pedestrians differ from distractions. A controlled 
study that includes both factors is needed. However, this kind of 
research has not been previously done. 

In light of the above discussion, the research aims of this study were 
therefore identified as follows:(i) Investigating the difference between 
visual-manual and auditory-cognitive distractions in a highly immersive 
and controlled simulated environment. (ii) Comparing the effects of 
time pressure and distractions on pedestrian crossing behaviour. (iii) 
Appling detailed metrics to evaluate the impacts of these secondary 
tasks on pedestrian crossing behaviour and safety. 
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2. Methodology 

2.1. Experiment 

Using a CAVE-based pedestrian simulator, an experiment was 

designed to investigate pedestrian road crossings with and without 
secondary tasks. The simulator did not have the field of view or move-
ment limitations of past controlled studies and allowed pedestrians to 
interact directly with a real handheld device. Three secondary tasks, 
namely, a time pressure task, a visual-manual task, an auditory- 

Fig. 1. Experimental scenario and apparatus. (a) Road crossing scenario in the CAVE-based pedestrian simulator. A police box to the right of pedestrians was 
included in the simulated environment to ensure that the road would not be visible from the participant’s starting position. (b) Timer task. (c) Arrows task. (d) N- 
back task. 

Fig. 2. Empirical cumulative distribution functions of participants’ crossings with different secondary tasks in four traffic scenarios. The several boxes above the 
curve plot denote the time gap sequence for the corresponding traffic scenario. The numbers in the boxes refer to the gap size in seconds. The vertical grey lines 
indicate the times when the rear end of a vehicle passed the participant’s position. 
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cognitive task, and a baseline task, were applied to compare the effects 
between the different distractions and the effects between them and 
time pressure in this study. A range of pedestrian crossing performance 
metrics were investigated, including time gap, gap acceptance, initiation 
time, walking speed, and PET. The experiment was approved by the 
University of Leeds ethics committee (reference number: LTTRAN-117). 

Experimental design. Three secondary tasks, i.e., time pressure, visual- 
manual, and auditory-cognitive tasks, were named as Timer, Arrows, 
and N-back. In the Timer task, the participants were informed: “During 
these scenarios, please cross the road as quickly as possible, but maintain a 
safe behaviour and do not run…”. To produce a time pressure effect, two 
timers were shown prominently on the VR screen to inform participants 
of the time already spent. Participants could thus adjust their behaviour 
based on informed timing information (Fig. 1b). The Arrows task has 
been commonly used as a visual-manual secondary task in driving 
studies (Engström et al., 2005; Jamson and Merat, 2005), and was 
adapted here to the pedestrian context. As shown in Fig. 1c, a 4 × 4 grid 
of arrows was shown on the cell phone screen, and participants were 
required to find and select the single upward pointing arrow, as quickly 
as possible, by pressing on the screen, while also maintaining a safe 
crossing behaviour. Each response prompted a new 4 × 4 grid of arrows. 
To motivate participants to focus on the task, the phone vibrated after 4 s 
if they did not respond to the task, and a new set of arrows was dis-
played. The Arrows task started at the beginning of the trial and ended 
when participants returned to the starting point. The third task was the 
auditory version of the N-back task, used in multiple research areas to 
test working memory capacity (Mehler et al., 2011) (Fig. 1d). Specif-
ically, an audio headset worn by participants played a series of numbers, 
and participants were required to say the number played just before the 
most recently played number. The N-back task started at the beginning 
of the trial and ended when participants returned to the starting point. 
Finally, a baseline condition with just the road crossing task, without 
any of the secondary tasks, was also included. 

Regarding the design of the traffic environment, the simulated road 
and pavement widths were 3.5 m and 1.85 m. Four traffic flow scenarios 
with different time gap sequences were implemented (Fig. 2), providing 
various opportunities for participants to cross. For example, in the first 
scenario, the time gap order was: 1, 1, 1, 3, 3, 3, 6, 1, 1, 6 s. According to 
our design, most participants would reject the first three one-second 
gaps. Then, some of them accepted one of the following three three- 
second gaps. Finally, all reminding participants crossed the road dur-
ing the six-second gap. Thus, the one-second and two-second time gaps 
between vehicles were considered dangerous crossing opportunities, 
that few pedestrians would accept. For the three-second and four-second 
gaps, decisions were expected to differ significantly between partici-
pants, due to their heterogeneity (e.g., age and gender). The time gaps 
longer than four seconds were included as safe gaps, where most par-
ticipants would be expected to cross. Therefore, we expected pedestrians 
to accept different time gaps in terms of their preferences and observed 
pedestrian crossing performance as a function of time gap size. More-
over, different traffic flow scenarios could avoid the influence of 
learning effects, as pedestrians had to continually adjust their crossing 
decisions in terms of traffic. In addition, the use of traffic flow made the 
crossing task more realistic and immersive. In each scenario, the traffic 
flow consisted of a range of compact, midsize, van and SUV types of 
vehicles, ranging in width from 1.67 m to 1.86 m, all driven at 48.3 km/ 
h (30 mph), for an average traffic volume of 22 vehicles per minute. The 
time duration of the scenarios was between 43 and 62 s. 

Procedure. Four tasks (i.e., the Timer, Arrows, N-back, and baseline) 
made up the four experimental blocks separately. Before each block, 
there was an approximate five-minute practice session to familiarise 
participants with the task. To counterbalance the order of experimental 
blocks, participants were spread as evenly as possible across all twenty- 
four possible orderings of the four experimental blocks. Each participant 
was randomly confronted with one of the twenty-four possible order-
ings. For each block, four traffic scenarios were presented in random 

order and repeated twice so that 4 × 4 × 2 = 32 trials of data were 
collected for each participant, resulting in a total of 32 × 60 = 1920 
trials. The whole experiment for each participant took approximately 60 
min. 

At the beginning of each trial, participants stood on the pavement 
and behind a police box, positioned there to occlude the participants’ 
view of the road before the start of each trial (Fig. 1b). Once participants 
felt prepared to start a new trial, they stepped up to the kerb, and (un-
beknownst to them) this body movement triggered the start of the traffic 
scenario. From this position, participants could see the traffic as they 
stood at the edge of the pavement and prepared to cross the road. One 
trial was completed after walking to the other side of the road and back 
to the starting point. In the Arrows and N-back blocks, the participants 
were required to start the secondary task before stepping out from 
behind the police box in the experiment, to ensure they crossed the road 
while engaging in distracting behaviour. 

Apparatus. As shown in Fig. 1, a single-lane road scenario with ve-
hicles approaching from the right, was generated in a highly immersive 
CAVE-based pedestrian simulator with 9 × 4 m walking space. Eight 4 K 
projectors behind glass panels were used to project the scene at 120 Hz. 
The simulated environment was controlled by eight computers and ten 
cameras, which tracked the head position through tracking glasses on 
the participant’s head and corrected the projected image to the partic-
ipant’s perspective. The Unity3D platform was used to establish the 
virtual environment and control the simulation loop. Internal code 
automatically recorded the positions and velocities of vehicles and 
participants at 120 Hz (Sadraei et al., 2020). 

Participants. Sixty participants, 30 males and 30 females aged 18–68 
(M = 37.67, S.D. = 12.72) were recruited via the University of Leeds 
Driving Simulator recruitment pool. They all declared that they did not 
have serious mobility problems or medical conditions such as epilepsy. 
Also, we required them to have either normal or corrected-to-normal 
vision to make sure they could accurately perceive the traffic scenario. 
Before participation, each participant provided written informed con-
sent to take part in the study. After the study, £10 was paid to them as 
compensation for their time. 

2.2. Data reduction 

Dependent variables. Four dependent variables were defined as 
pedestrian crossing behaviour indicators: crossing gap acceptance, 
crossing initiation time, crossing duration, and PET: 

(i) Participants’ gap acceptance data have a binary structure, rep-
resenting whether participants crossed the street or not in each time gap 
in the sequence of vehicles. 

(ii) Crossing initiation time refers to the period between when the 
rear end of the previous vehicle passed the participant’s position and 
when the participant began crossing the road. To calculate the initiation 
time, the crossing onset time point is defined as the time when the 
participant walked across the edge of the pavement and stepped into the 
traffic lane. The detailed criteria include (a) the longitudinal position of 
the participant should exceed the edge of the pavement; (b) change in 
longitudinal position in one 120 Hz simulation time step should be 
bigger than 0.003 m; (c) one second after the first two conditions are 
met, the participant must have walked one meter from the edge of the 
pavement. Note that small negative crossing initiation times are 
possible, if the participants entered the road slightly before the nearest 
vehicle had completely passed them. 

(iii) Crossing duration represents the time between when the par-
ticipants started crossing and when they arrived at the opposite 
pavement. 

(iv) PET was applied as the safety performance indicator, repre-
senting the time difference between the accepted time gap (i.e., 
remaining time gap at time of crossing initiation) and crossing duration. 
It has been widely applied to quantitatively describe the risks of 
pedestrian crossing decisions (Avinash et al., 2019; Lobjois and Cavallo, 
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2007). In addition, three performance levels were identified to catego-
rise crossing decisions in terms of the PET: ’near-collision’ when the PET 
was<0; ’unsafe’ decisions when the PET was between 0 and 1.5 s; ‘safe’ 
decisions when the PET was bigger than 1.5 s (Lobjois and Cavallo, 
2007). The term, ’near-collision’, represents that the accepted time gap 
is not enough for pedestrians to arrive at the opposite pavement, sug-
gesting a potential collision risk. While the ‘unsafe’ indicates that the 
time margin for pedestrian crossings is too small to allow any hesitation. 

Independent variables. In this study, several factors in the traffic flow 
that may influence pedestrian crossing decisions were considered and 
directly controlled and extracted by researchers, including time gap size, 
secondary tasks, and traffic flow characteristics: 

(i) Time gap size (numerical variable): This is the temporal distance 
between two consecutive vehicles. As shown in Fig. 2, a variety of time 
gaps ranging from 1 s to 8 s were used in this study. 

(ii) Secondary tasks (categorical variable). Categorical variables 
were used to represent these tasks (i.e., Timer, Arrows, N-back, and 
normal crossing), and the normal crossing task was set as the baseline. 

(iii) Traffic flow characteristics (categorical variables). As pedestrian 
decisions were made in the context of continuous traffic, the effects of 
traffic flow should be decoupled to avoid misinterpreting it as the effects 
of secondary tasks. Prior studies have shown that pedestrian crossing 
decisions can be affected by traffic flow (waiting time is the frequently 
used traffic flow related factor), suggesting that pedestrians tend to 
accept smaller gaps and exposure to more risk as waiting time increases 
(Tiwari et al., 2007; Zhao et al., 2019). However, Lobjois et al. (2013) 
have demonstrated that pedestrians who miss a crossing opportunity do 
not take more risks and accept a shorter gap at the next opportunity. The 
flow of vehicles might help pedestrians compare gaps between each two 
consecutive vehicles and better attune their crossing decisions. More-
over, waiting time itself does not directly depict traffic flow character-
istics, such as the time gap size and traffic flow density. Therefore, 
according to Lobjois et al. (2013) and our empirical observation (Fig. 2), 
we made the following assumptions for crossing decisions in the traffic 
flow: (i) Pedestrians are unwilling to accept the current gap equal to or 
smaller than the maximum gap they previously rejected, represented by 
Tpre. For example, if pedestrians reject a three-second gap, they would be 
more likely to reject the same or a smaller one upstream of traffic. (ii) If 
pedestrians find the next gap is bigger than the current gap, they prefer 
to wait for the next gap rather than accept the current one, represented 
by Tfollow. 

2.3. Statistical analysis 

For the analysis of the repeatedly measured data from subjects, 
population-averaged (PA) regression models violate the independence 
assumption (Hu et al., 1998). Therefore, mixed-effects regression 
models (ME), also called hierarchical models, allowing heterogeneity of 
individuals or groups to be retained, were applied here. 

Eq. (1) shows a generalised linear mixed effects model (GLMM) for 
predicting the effects of independent variables on a binary response (i.e. 
crossing gap acceptance) (Gelman and Hill, 2006). 

logit{Pr(yi[j] = accept)} = β0 + β1x1,i + β2x2,i + β3x3,i + u1,i[j]zi + u0,i[j], fori

= 1,⋯, n,

u1,[j] = a1 + b1ui[j] + τ1,j, for j = 1,⋯, J,

u0,[j] = a2 + τ2,j, for j = 1,⋯, J, (1)  

where Pr(yi[j] = accept) represents the probability that the jth partici-
pant’s gap acceptance. x1,i, x2,i and x3,i are independent variables (e.g., 
time gap, secondary task and traffic flow characteristics) of the ith trial, 
and their corresponding coefficients are β1, β2 and β0. These coefficients 
are known as fixed effects and do not vary across participants. zi is the 
independent variables for random effects (i.e., time gap), and u1,i[j] and 
u0,i[j] are coefficients with random effects of ith trial data, belonging to 
the jth participant. Each participant’s u1,[j] and u0,[j] are assumed to be 
independently normally distributed with error terms τ1,j and τ2,j. In other 
words, the coefficients with fixed effects are modelled based on the 
average population and do not vary across pedestrians. By contrast, the 
random coefficients are modelled using the subject-specific data to 
retain unobserved heterogeneity between participants. 

For the non-binary, numerical dependent variables (i.e., crossing 
initiation time, crossing duration, and PET), a linear mixed effects model 
(LMM) was applied to estimate the effects of independent variables on a 
continuous response. The model is given by: 

yi[j] = β0 + β1x1,i + β2x2,i + β3x3,i + u1,i[j]zi + u0,i[j] (2) 

Similar to the GLMM model, the LMMs in the study also considered 
the fixed effects and participants’ random effects on the time gap and 
intercept. The MATLAB function ‘fitglme’ was used to estimate co-
efficients of all ME models through the maximum pseudo-likelihood 
method (MATLAB, 2021). 

As described in Section 2.2, this study proposes two novel traffic flow 
characteristics (i.e., Tpre and Tfollow) to analyse pedestrian crossing 
behaviour in traffic. To validate if these factors significantly improve the 
model, the refined models (Eq. (1) and Eq. (2)) are compared to the basic 
models (similar to Eq. (1) and Eq. (2), but without traffic flow charac-
teristics) through a likelihood ratio (LR) test. In brief, the equation of the 
LR test can be defined as: 

LR = − 2(LLR − LLU) (3)  

where LLR denotes the log-likelihood of the constrained model (basic 
model), and LLU refers to log-likelihood of the unconstrained model 
(refined model). If the test rejects the null hypothesis (i.e., the perfor-
mance of the two models is equal), then the refined model performs 
better than the basic model at a selected significance level. Therefore, 
the refined model will be applied. Otherwise, if both models have the 
same performance, the basic model will be performed to analyse the 
data. 

3. Results 

In Section 3.1, we first present the results of the GLMM on pedestrian 
gap acceptance data. In Section 3.2, the impacts of secondary tasks on 
crossing initiation time are analysed using LMM. Finally, the impact of 
each task on crossing duration and PET is presented in Sections 3.3 and 
3.4. 

3.1. Crossing gap acceptance 

The cumulative distributions of participants’ crossings are shown in 
Fig. 2. For detailed gap acceptances and rejections for each secondary 
task and traffic scenario, please see Table A1. Since the four-second gap 
always occurred after a larger five-second time gap in the experiment 
(Fig. 2), almost no participants accepted the four-second time gap 
(Table A1). We thus omitted the four-second time gap from all analyses 
of results. 

First, the results of the likelihood ratio (LR) test on refined and basic 
GLMMs are presented in Table 1. The null hypothesis is rejected at a 0.01 
significance level, indicating that the refined model’s performance was 
significantly better than the basic model. Therefore, the GLMM with 
traffic flow characteristics was applied to the gap acceptance data. 

Table 1 
Results of the Likelihood ratio test for the proposed GLMMs.  

Model df  AIC LL LRStat p Null hypothesis 

Basic model 9  2247 − 1114  –  – Rejected 
Refined model 10  2241 − 1110  7.38  0.01  
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The probability of gap acceptance is plotted as a function of the time 
gap and secondary task in Fig. 3. Specifically, the GLMM indicated that 
the gap acceptance increased with the time gap (Coef. = 5.01, z =

16.53, p < 0.001). A significant main effect of the Timer task was found, 
whereby participants accepted smaller gaps under time pressure 
(Coef. = 1.51, z = 8.70, p < 0.001). The N-back task also significantly 

affected participants, who chose smaller traffic gaps (Coef. = 0.41, z =

2.55, p < 0.05). No significant main effect of the Arrows task was 
found. The pairwise comparison showed that the participants’ gap 
acceptance behaviour was significantly different in Arrows task than in 
the N-back task (Contrast = − 0.55, p < 0.01). Moreover, there was a 
significant interaction between the time gap and Arrows (Coef. =

− 1.07, z = − 4.59, p < 0.001). In other words, the effect of time gap on 
gap acceptance was different between Arrows and baseline. Interest-
ingly, only participants in the Arrows task accepted the four-second gap 
(Table A1). As shown in Fig. 2, the four-second gap always occurred 
after a larger five-second time gap. The phenomenon, therefore, showed 
that some participants under the visual-manual distraction rejected a 
bigger gap, but accepted a smaller gap upstream in the traffic flow. 
Finally, a significant main effect of Tpre was found (Coef. = − 0.32,
p < 0.05). As shown in Table 2, participants had a reduced tendency to 
accept 3 s and 6 s time gaps if they had previously rejected an equal or 
larger gap. However, Tfollow did not have a significant influence. 

3.2. Crossing initiation time 

Fig. 4 shows the mean and 95 percentiles of initiation time for each 
secondary task and time gap. For detailed descriptive statistics of initi-
ation time, please refer to Table A2. The LR test was applied to the LMM, 
indicating that the two models performed equally. Thus, the basic LMM 
model was used for the initiation time data. The effects of time gap, 
Timer, and N-back tasks were significant. In particular, initiation time 
increased with time gap (Coef. = 0.04,z = 6.26, p < 0.001) for all tasks. 
Compared to the baseline, participants started crossing quicker in the 
Timer (Coef. = − 0.18, z = − 12.38, p < 0.001) and N-back tasks 
(Coef. = − 0.07, z = − 4.79, p < 0.001). However, the Arrows task did 
not significantly affect participant initiation time (Coef. = 0.02, z =

1.69, p = 0.09). The pairwise comparison indicated that the influence of 
the Arrows on initiation time was significantly different from the N-back 
(Contrast = 0.08, p < 0.001). 

3.3. Crossing duration 

Since the effects of traffic flow characteristics on crossing duration 
were not significant, a basic LMM was applied, which revealed signifi-

Fig. 3. Means and 95 percentiles (error bars) of crossing gap acceptance for 
each time gap and secondary task. 

Table 2 
Crossing gap acceptance for Tpre and time gaps. The term ’ Yes ’ indicates that 
participant has previously rejected a bigger or equal gap in the same scenario; 
otherwise, it is indicated by ’ No’.  

Tpre Probability of gap acceptance (%) for time gaps (s) 

3 6 

Yes  9.27  33.33 
No  32.03  96.82  

Fig. 4. Means and 95 percentiles (error bars) of initiation time for each task 
and time gap. 

Fig. 5. Means and 95 percentiles (error bars) of crossing duration for each task 
and time gap. 
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cant main effects of the time gap, Arrows, N-back and Timer, as shown in 
Fig. 5. In particular, crossing duration under all tasks increased with 
time gap (Coef. = 0.14, z = 17.24, p < 0.001), showing a tendency for 
participants to cross more slowly as traffic gaps increased. In the Timer 
task, participants had a smaller crossing duration than in the baseline 
(Coef. = − 0.10, z = − 6.82, p < 0.001). A main effect of the Arrows task 
indicated that participants under the visual-manual distraction had a 
longer crossing duration than in the baselines (Coef. = 0.06, z = 4.06, 
p < 0.001). A similar main effect (Coef. = 0.07, z = 4.93, p < 0.001) was 
found in the N-back task. The interaction between the Arrows task and 
time gap showed that the bigger the time gap, the more the crossing 
duration increased compared to baseline (Coef. = 0.03, z = 3.23 
p < 0.001). The pairwise comparison revealed no significant difference 
between the N-back and Arrows task. For detailed descriptive statistics 
of crossing duration, please refer to Table A2. 

3.4. Post encroachment time 

A basic LMM was applied on PETs, as shown in Fig. 6. Participants’ 

PETs significantly increased with time gap (Coef. = 0.82, z = 81.56, 
p < 0.001). In the Timer task, participants had bigger PETs than in the 
baseline (Coef. = 0.28, z = 14.78, p < 0.001). The Arrows task had 
significantly negative effects on pedestrians’ safety (Coef. = -0.09, z =
− 4.51, p < 0.001). By contrast, no significant effect of the N-back task 
was found. Further, there was an interaction indicating that the PETs of 
the participants in the Arrows (Coef. = − 0.04, z = − 3.45, p =0.001) and 
N-back (Coef. = − 0.04, z = − 2.92, p = 0.003) tasks did not increase as 
strongly with increasing time gaps as in the baseline. For detailed 
descriptive statistics of PETs, please refer Table A2. 

The above PET analysis shows the average level of safety of partic-
ipants at each time gap. However, since the secondary tasks also affected 
participant gap acceptance, the PET analysis alone does not fully 
describe the safety implications. Accordingly, a decision category 
analysis was conducted based on participant crossing decisions and 
PETs. First, each participant’s crossing decision was grouped into three 
levels (i.e., near-collision, unsafe, and safe) in terms of the definition in 
Section 2.2. To determine the proportion of each decision category, the 
frequency of the decision category was divided by the number of trials 
with each secondary task. In other words, this analysis treats each full 
trial in the experiment as one measurement, where the obtained data 
point is the safety of the crossing that the participant eventually made in 
that trial, which thus depends both on which gap the participant chooses 
to cross in, as well as their crossing performance in that gap. The 
detailed results are summarised in Table A3. 

A multinomial logit regression was applied to these crossing outcome 
data, with secondary tasks as independent variables. As the results show 
in Fig. 7, whereas fewer participants made ‘near-collision’ crossing de-
cisions (i.e., 9.9 %  < 20.7 %) under time pressure (Coef. = − 0.71, z =
− 3.43, p < 0.001), their ‘unsafe’ crossings were significantly increased 
(i.e., 44.3 % > 28.9; Coef. = 5.19, z = 3.58, p < 0.001). Since most 
participants under time pressure accepted the three-second gap, rather 

Fig. 6. Means and 95 percentiles (error bars) of PET for each task and time gap.  

Fig. 7. Percentages of decision categories for each task.  

Table 3 
Summary of influences of secondary tasks on participants, compared to the 
baseline. When an interaction with time gaps is mentioned, the stated interac-
tion effect is for increasing time gaps.  

Performance metric Effect of the secondary task, and interactions with the time 
gap 

Time pressure Visual-manual 
distraction 

Auditory- 
cognitive 
distraction 

Gap acceptance Smaller; 
No significant 
interaction 

No significant 
main effects; 
Decrease with 
time gaps 

Smaller; 
No significant 
interaction 

Initiation time Earlier; 
No significant 
interaction 

No significant 
main effects; 
No significant 
interaction 

Earlier; 
No significant 
interaction 

Crossing duration Shorter; 
No significant 
interaction 

Longer; 
Increase with 
time gaps 

Longer; 
No significant 
interaction 

PET Larger; 
No significant 
interaction 

Smaller; 
Decrease with 
time gaps 

No significant 
main effects; 
Decrease with 
time gaps 

Proportion of 
decision category 

Fewer ‘near- 
collision’ 
decisions 

No significant 
main effects 

No significant 
main effects 

More ‘unsafe’ 
decisions 

More ‘unsafe’ 
decisions 

More ‘unsafe’ 
decisions 

Fewer ‘safe’ 
decisions 

Fewer ‘safe’ 
decisions 

Fewer ‘safe’ 
decisions  
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than waiting for larger gaps, it led some participants to miss out on safer 
opportunities (e.g., five-second gap) (Table A3). There was no signifi-
cant difference in ’near-collision’ decisions between the Arrows and 
baseline. However, the percentages of ‘unsafe’ decisions were bigger 
than the baseline (i.e., 34.0 % > 28.9 %), with a corresponding reduc-
tion in safe crossings (Coef. = − 0.53, z = − 2.19, p < 0.05). Regarding 
the N-back task, the performance of the participants was very similar to 
the Arrows task in that they had bigger percentages of ‘unsafe’ decisions 
(i.e., 36.4 % > 28.9 %) and smaller percentages of ‘safe’ decisions(i.e., 
45.4 % < 50.4 %) than in the baseline (Coef. = − 0.46, z = − 1.94, 
p < 0.05). Finally, according to the pairwise comparison, there were no 
differences between the Arrows and N-back tasks for all decision 
categories. 

4. Discussion 

In this section, a detailed discussion of the research results is pre-
sented. Table 3 summarises all the effects of secondary tasks on 
participants. 

4.1. Time pressure 

Our results demonstrated that participants tended to accept smaller 
time gaps in the Timer task than in the baseline, suggesting that time 
pressure makes them pursue riskier crossing opportunities, which is 
consistent with previous research that time pressure increases pedes-
trians’ propensity to accept small gaps (Lobjois and Cavallo, 2007; 
Morrongiello et al., 2015). At the same time, participants started earlier 
and walked faster under time pressure than when they crossed the road 
normally, which could be seen as a form of compensation for their 
acceptance of smaller gaps, to nevertheless achieve successful crossings 
(Kalantarov et al., 2018). Although a similar previous study (Kalantarov 
et al., 2018) found that time pressure did not increase ‘near-collision’ 
decisions, we further indicated that such ‘compensatory’ behaviour 
appeared to effectively cover some of the reduction in safety, whereby 
their PETs were bigger than in baseline across all time gaps, leading to a 
reduction in the proportion of ‘near-collision’ decisions. However, the 
increased PET for each time gap does not mean that their performance 
during time pressure was safer than that in the baseline. As noted in 
Section 3.4, time pressure increased the amount of ’unsafe’ decisions 
and decreased the number of ‘safe’ decisions. Similar results were also 
reported by Kalantarov et al., 2018 and Lobjois and Cavallo, 2007. The 
possible explanation for this is that time pressure causes pedestrians to 
accept small gaps and finalise decisions quickly, thus losing opportu-
nities to choose big gaps upstream of the traffic flow. As a result, time 
pressure leads some participants who could have crossed the road at a 
safe gap to choose a smaller gap, thus compromising their safety. 

Therefore, although the ‘compensatory’ strategy might mitigate 
seriously dangerous situations (e.g., the ‘near-collision’ decision), it is 
not sufficient to cover all reductions in safety. Time pressure can still 
impair participant safety in three ways: (i) by limiting the pedestrians’ 
options (i.e., they focus on the current choice at the expense of subse-
quent choices), (ii) by reducing the time for judgment and reflection, 
and (iii) by increasing the propensity to take risky decisions (Cœugnet 
et al., 2019). Finally, beyond the current knowledge of time pressure, 
our results firstly found that, unlike distractions (further discussed in 
Section 4.2), the impacts of time pressure did not interact with the traffic 
gap size. This could be taken to suggest that time pressure does not affect 
participants’ perception of the traffic environment as such, but rather 
their actions in response to what they perceived. 

4.2. Distractions 

Our results revealed significant impacts of distractions on pedestrian 
crossing behaviour. Regarding the visual-manual distraction (i.e., Ar-
rows), we showed that its impacts on gap acceptance and crossing 
duration varied across the time gaps. With the increase in time gap, the 
tendency to accept gaps did not go up as much as in the baseline con-
dition. A multimodal attention orientation theory (Davis et al., 2019) 
may provide explanations for this pattern in that participants allocate 
different proportions of attention on the crossing task and the visual- 
manual distraction, based on the gap size. Specifically, when the time 
gap is short, participants need to concentrate on the crossing task and 
give low priority to their cell phones. In contrast, the amount of atten-
tional resources allocated to distraction tasks increases with a long time 
gap. Similar to a recent study by Larue and Watling 2022, the effects of 
distractions are not necessarily a constant. Pedestrians may regulate 
their level of distraction when they recognise the changes in situations. 
Moreover, evidence in the case of driving tasks also suggests drivers may 
be able to compensate for the influences of distractions to some extent 
by self-regulating their engagement in a secondary task (Davis et al., 
2019). Interestingly, only the participants in the Arrows task ever 
crossed in the four-second time gap. This behaviour would seem un-
reasonable because participants chose a riskier gap (i.e., four-second) 
after rejecting a safer gap (i.e., five-second) (Fig. 2, Scenario 3 and 4). 
The potential mechanism is that the Arrows task involves both visual 
and manual components, which not only limits the frequency with 
which individuals scan the environment but also greatly affects their 
ability to allocate attentional resources for information processing 
(Jiang et al., 2018; Lin and Huang, 2017). In other words, due to the 
visual distraction, some participants seem to have missed the opportu-
nity to cross in the five-second gap, thus causing them to cross in the 
smaller and potentially less safe four-second gap succeeding. 

Our study found a quasi-significant effect on participant initiation 
time, compared to other studies indicating that cell phone use signifi-
cantly slowed participants’ initiation speed (Simmons et al., 2020). A 
potential reason for this could be that the artificial surrogate task we 
used (i.e., Arrows) may not be as difficult or as engrossing as real cell 
phone distraction (e.g., texting or reading) and may not have made 
participants concentrate as they do in reality. However, this pattern may 
also be in line with the multimodal attention orientation theory (Davis 
et al., 2019). The lifelike traffic flow scenario in the study might moti-
vate pedestrians to self-regulate their attentional resources on the sec-
ondary task, thereby compensating for some of the effects caused by 
distraction. 

With regards to the auditory-cognitive task (N-back), similar to the 
effect of the visual-manual task, the results indicated that the distraction 
could lead participants to walk slower than in the baseline condition. 
However, except that, participants’ performances in the N-back task 
were somewhat unexpected. In particular, the auditory-cognitive task 
not only failed to make participants conservative about their crossings 
but led them to accept smaller gaps and initiate earlier crossings. There 
are some possible explanations for these results. First, compared to 
visual-manual distractions, auditory-cognitive distraction does not 
require any pedestrian visual resources (Jiang et al., 2018; Pešić et al., 
2016), such that basic visual monitoring of the oncoming traffic is left 
unaffected. Second, the cognitive control hypothesis (Engström et al., 
2017), applied to the driving task, may provide some insight into this 
behaviour pattern. It is argued that cognitive distraction could selec-
tively impair main tasks that rely on cognitive control (e.g., brake 
response to the brake light of a lead vehicle) but leave well-practised and 
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consistently mapped tasks unaffected, and even affected in the opposite 
way (e.g., brake response to looming stimulus of a lead vehicle may be 
enhanced by cognitive load). In the crossing task, pedestrians perceive 
the looming stimulus of approaching vehicles to make street crossing 
decisions similar to the braking task (Petzoldt, 2014; Tian et al., 2020). 
In light of the cognitive control hypothesis, pedestrian performance may 
not be negatively influenced by auditory-cognitive distraction since road 
crossing based on a looming stimulus is a well-practised task. (See also 
the literature on how cognitive load can improve drivers’ lane-keeping 
performance, seemingly due to narrowing of the visual focus, 
increased arousal, or both) (Engström et al., 2017; Li et al., 2018). 
Moreover, due to the loss of auditory cues, pedestrians may enhance 
their visual perception or compensate for their decision-making to 
achieve a “risk homeostasis” (Walker et al., 2012), leading to more 
active decision-making behaviour. For instance, evidence from some 
simulator studies shows that participants accepted small gaps and 
initiated quickly when they omitted the noise of the vehicle (Soares 
et al., 2021; 2020). In addition, similar research showed that the 
pedestrian under auditory-cognitive distractions reacted quicker than 
the baseline (Siegmann et al., 2017). 

Another important finding of the study was that the decision cate-
gory analysis showed that both Arrows and N-back distractions 
increased participants’ ‘unsafe’ decisions and reduced their ‘safe’ de-
cisions. However, the reduced safety for Arrows and N-back distractions 
were associated with different road crossing performances. For the 
visual-manual distraction, greater crossing duration compared to the 
baseline was the main reason for reducing safety. By contrast, pedestrian 
safety under the auditory-cognitive distraction was mainly impaired 
because of the smaller accepted gap and greater crossing duration 
compared to the baseline. Based on these findings, we show that visual- 
manual and auditory-cognitive distractions affect pedestrian safety by 
influencing different crossing performance metrics. 

4.3. Traffic flow 

Interestingly, a significant effect of the traffic flow characteristics 
was found, indicating that fewer participants accepted a gap equal to or 
smaller than the maximum gap they previously rejected. Previous 
studies suggested that pedestrians tended to accept smaller gaps after 
missing several opportunities or waiting for a long time, thus negatively 
impacting their safety (Tiwari et al., 2007; Zhao et al., 2019). Contrarily, 
new findings from our research provide a different source and expla-
nation of the traffic flow effect on crossing behaviour, indicating that 
pedestrians do not always become anxious when waiting for crossing 
opportunities. Instead, they can keep cautious and make rational cross 
decisions to maximise their safety and efficiency. Similar findings from 
Lobjois et al. (2013) indicated that pedestrians waiting for an available 
traffic gap was not accompanied by an increased risk of crossing. After 
rejecting several gaps, pedestrians could accurately estimate the 
approach of coming vehicles and think more carefully by comparing the 
current gap to previously rejected ones, thus avoiding unsafe behaviour. 

4.4. Implications 

The present results have several important implications in different 
areas. (1) Our findings have important meanings for understanding the 
influences of auditory-cognitive distractions and visual-manual dis-
tractions. First, the effect of distractions with different components on 
pedestrian crossing behaviour may not always be similar. Sometimes, 
they may work in an opposite way. The differences found in this study 

regarding the initiation and gap acceptance patterns of these two types 
of distractions have interesting parallels to the existing findings on how 
these distractions affect driving performance. Second, the effects of 
distractions may be influenced by the traffic gap size, i.e., pedestrians 
could actively self-regulate their engagement in the main and secondary 
tasks depending on their time gap to the approaching vehicle. (2) Our 
findings provide new evidence that time pressure negatively affects 
pedestrian crossing safety by limiting pedestrians’ choices and 
increasing their propensity to accept risky crossing opportunities. Unlike 
effects of distractions, time pressure effects are not affected by the traffic 
gap size. Moreover, (3) based on these findings, our study may provide 
insights for researchers to conduct new or in-depth studies on pedes-
trians engaged in different types of distracting behaviour, for example, 
investigating the impacts of real-life distraction tasks in a controlled 
environment. (4) Existing research on traffic flow-related crossing 
behaviour is limited. Our results provide a novel perspective to under-
stand pedestrian behaviour in complex traffic and can serve to help 
future research on this topic. In addition, (5) the results may also have 
significance in pedestrian behaviour modelling. Established safe and 
naturalistic traffic simulation or pedestrian-vehicle interactive models 
requires a deep understanding of pedestrian behaviour patterns. Our 
research results could provide insights into the improvement of crossing 
decision-making models related to distracted pedestrians and traffic 
flow. 

4.5. Limitations 

Several limitations of the present study should also be borne in mind. 
One limitation is that while the Arrows and N-back tasks clearly single 
out visual-manual and auditory-cognitive aspects of distraction, 
respectively, this also means that these tasks are different from the real 
distracting behaviours that pedestrians engage with in real traffic. For 
this reason, the results cannot be directly generalised to pedestrians in 
actual traffic. Second, although similarly to many previous studies in 
simulated environments (Lin and Huang, 2017; Sobhani and Farooq, 
2018) our results here were generally consistent with those from natu-
ralistic studies on pedestrian distraction, and although the experimental 
apparatus we used here was arguably the most immersive used so far in a 
simulator study on pedestrian distraction (large walkable CAVE envi-
ronment, handheld physical device), one must still assume that there are 
differences in behaviour between virtual and naturalistic settings. 
Moreover, the scope of the study is limited to the studied experimental 
scenarios. We only considered constant-speed traffic flow, i.e., vehicles 
do not give way to participants, which is similar to crossing scenarios at 
unmarked crossroads. However, the crossing behaviour of distracted 
pedestrians at controlled crossings may be different, which needs to be 
further studied in the future. Finally, the experiment could be further 
improved in several ways: (i) In the experiment, participants stood at the 
curb and started to cross the road instantly after finalising their decision, 
whereas in real traffic, pedestrians typically have a relevant period of 
walking while appraising the upcoming crossing location and traffic, 
and this walking phase may also be affected by distractions. However, 
this aspect was not addressed in our study. Furthermore, (ii) as we 
focused on investigating pedestrian crossing behaviour, we did not 
analyse pedestrian performance on the distraction tasks. However, these 
results may provide further insight into the impacts of traffic factors on 
distraction effects. Therefore, it would be valuable to investigate the 
above-mentioned aspects in the future. 
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5. Conclusion 

This study investigated the effects of distractions and time pressure 
on pedestrian crossing decisions in a road crossing environment with 
continuous traffic, using a CAVE-based pedestrian simulator. The 
research results show that revealing the mechanisms of influence of 
different distraction components is a pressing issue for pedestrian road 
behaviour research as it was found that the two applied distractions 
impaired pedestrian crossing safety in different ways. Compared to the 
baseline task, the visual-manual distraction led to a longer crossing 
duration and a reduced tendency to accept a gap as the time gap 
increased. In comparison, participants under auditory-cognitive 
distraction tended to accept smaller gaps, had a longer crossing dura-
tion, and initiated their crossing earlier than in the baseline. This has 
interesting parallels to existing findings on how these two types of dis-
tractions affect driver performance. Furthermore, in this study, we 
highlighted the dynamic pattern that the effects of visual-manual 
distraction on pedestrians changed over the time gap size. This self- 
regulation pattern of distraction suggests that the distraction effect is 
not necessarily a binary measure, but will instead change with the traffic 
environment. This situation-dependency of pedestrian distraction ef-
fects warrants considerable further research (Larue and Watling, 2022). 
Finally, regarding time pressure, it caused participants to accept smaller 
gaps, initiate earlier, and use shorter crossing duration than in the 
baseline. Its safety impacts have two sides. On the one hand, participants 
under time pressure tended to take a risk and accept small gaps, causing 
them to lose the opportunity to cross in safe gaps. On the other hand, 
participants seemingly applied a ‘compensatory’ strategy to cover some 
of the reduction in safety caused by their risk-taking behaviour, by 
crossing earlier in the gap and walking faster. 
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Appendix 

. 

Table A1 
Gap acceptance for tasks and traffic scenarios.  

Task Scenario Decision Position of the gap in traffic flow 

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 

Baseline One Accept 0 0 0 29 6 10 73 0 0 0 2 
Reject 120 120 120 91 85 75 2 2 2 2 0 

Two Accept 0 0 0 0 33 10 77 – – – – 
Reject 120 120 120 120 87 77 0 – – – – 

Three Accept 0 0 0 31 0 13 0 1 68 0 6 
Reject 119 119 119 88 88 75 75 74 6 6 0 

Four Accept 3 39 0 0 6 0 0 0 68 0 4 
Reject 117 78 78 78 72 72 72 72 4 4 0 

Timer One Accept 0 0 0 47 8 6 57 0 0 0 2 
Reject 120 120 120 73 65 59 2 2 2 2 0 

Two Accept 0 0 0 0 49 7 64 – – – – 
Reject 120 120 120 120 71 64 0 – – – – 

Three Accept 0 0 0 52 0 7 0 2 55 0 4 
Reject 120 120 120 68 68 61 61 59 4 4 0 

Four Accept 4 53 0 0 6 0 0 0 54 0 3 
Reject 116 63 63 63 57 57 57 57 3 3 0 

Arrows One Accept 0 0 0 26 11 5 72 0 0 3 – 
Reject 117 117 117 91 80 75 3 3 3 0 – 

Two Accept 0 0 0 0 32 10 73 0 0 0 2 
Reject  117 117 117 85 75 2 2 2 2 0 

Three Accept 0 0 0 34 0 9 0 5 58 2 9 
Reject 117 117 117 83 83 74 69 11 9 0 – 

Four Accept 7 31 0 0 9 0 0 0 59 4 8 
Reject 111 80 80 80 71 71 71 71 12 8 0 

N-back One Accept 0 0 0 31 11 4 71 0 0 1 2 
Reject 120 120 120 89 78 74 3 3 3 2 0 

Two Accept 0 0 0 0 34 12 73 0 0 0 1 
Reject 120 120 120 120 86 74 1 1 1 1 0 

Three Accept 0 0 0 42 0 8 0 1 62 0 7 
Reject 120 120 120 78 78 70 70 69 7 7 0 

Four Accept 2 43 0 0 7 0 0 0 60 0 4 
Reject 118 75 75 75 68 68 68 68 8 8 4  
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Engström, J., Johansson, E., Östlund, J., 2005. Effects of visual and cognitive load in real 
and simulated motorway driving. Transp. Res. Part F Traffic Psychol. Behav. 8 (2), 
97–120. 

Engström, J., Markkula, G., Victor, T., Merat, N., 2017. Effects of cognitive load on 
driving performance: the cognitive control hypothesis. Hum. Factors J. Hum. Factors 
Ergon. Soc. 59, 734–764. https://doi.org/10.1177/0018720817690639. 

Gelman, A., Hill, J. (Eds.), 2006. Data Analysis Using Regression and Multilevel/ 
Hierarchical Models. Cambridge University Press. 

Gitelman, V., Levi, S., Carmel, R., Korchatov, A., Hakkert, S., 2019. Exploring patterns of 
child pedestrian behaviors at urban intersections. Accid. Anal. Prev. 122, 36–47. 

Haga, S., Matsuyama, T., 2018. Laboratory Experiment on Visual Attention of 
Pedestrians While Using Twitter and LINE with a Smartphone on a Treadmill, in: 
International Conference on Applied Human Factors and Ergonomics. Springer, pp. 
226–232. 

Table A2 
Means and S.D. of the initiation time and PET for tasks and time gaps.  

Condition Time gap (s) 

2 3 4 5 6 7 8 

IT Baseline − 0.27 (0.22) − 0.05 (0.16) – − 0.00 (0.20) 0.02 (0.20) 0.11 (0.22) 0.17 (0.26) 
Timer − 0.09 (0.27) − 0.24 (0.19) – − 0.16 (‘0.23) − 0.10 (0.23) − 0.12 (0.20) 0.01 (0.25) 
Arrows − 0.09 (0.16) − 0.05 (0.26) − 0.02 (0.32) 0.05 (0.44) 0.05 (0.34) 0.12 

(0.34) 
0.12 (0.40) 

N-back − 0.22 (0.19) − 0.15 (0.19) – − 0.06 (0.21) − 0.02 (0.25) 0.06 
(0.41) 

0.32 (0.45) 

CD Baseline 2.58 
(0.22) 

3.07 
(0.30) 

– 3.47 
(0.34) 

3.58 
(0.33) 

3.67 
(0.36) 

3.69 
(0.26) 

Timer 2.46 
(0.11) 

2.95 
(0.35) 

– 3.40 
(0.35) 

3.53 
(0.43) 

3.58 
(0.42) 

3.83 
(0.39) 

Arrows 2.48 
(0.30) 

3.06 
(0.33) 

3.57 
(0.73) 

3.49 
(0.34) 

3.74 
(0.42) 

3.84 
(0.47) 

4.25 
(0.86) 

N-back 2.45 
(0.14) 

3.09 
(0.34) 

– 3.59 
(0.35) 

3.71 
(0.38) 

3.80 
(0.39) 

4.15 
(0.48) 

PET Baseline − 0.31 (0.86) − 0.01 (0.33) – 1.53 (0.33) 2.40 (0.38) 3.22 (0.35) 4.04 (0.24) 
Timer − 0.36 (0.24) 0.29 (0.35) – 1.76 (0.32) 2.57 (0.40) 3.53 (0.39) 4.14 (0.43) 
Arrows − 0.37 (0.43) − 0.01 (0.41) 0.45 (0.81) 1.45 (0.46) 2.21 (0.46) 3.05 (0.51) 3.60 (0.73) 
N-back − 0.23 (0.24) 0.07 (0.35) – 1.47 (0.34) 2.30 (0.39) 3.12 (0.55) 3.50 (0.71) 

Note. IT: initiation time (s); CD: crossing duration PET: post encroachment time (s)  

Table A3 
Proportion of crossing decision categories for time gaps and tasks.    

Baseline Timer Arrows N-back 

Time gap (s) Decision category Freq. Pct. Freq. Pct. Freq. Pct. Freq. Pct. 

2 Near-collision (PET < 0) 3 100 4 100 5 100 2 100  
Unsafe (0 < PET < 1.5) 0 0 0 0 1 0 0 0  
Safe (PET > 1.5) 0 0 0 0 0 0 0 0 

3 Near-collision 96 54.2 43 18.5 84 48.8 85 44.0  
Unsafe 81 45.7 190 81.5 88 51.2 108 56.0  
Safe 0 0 0 0 0 0 0 0 

4 Near-collision 0 0 0 0 1 16.7 0 0  
Unsafe 0 0 0 0 5 83.3 0 0  
Safe 0 0 0 0 0 0 0 0 

5 Near-collision 0 0 0 0 2 1.4 0 0  
Unsafe 57 41.9 20 18.3 58 50.4 61 50  
Safe 79 58.1 89 81.7 57 49.6 61 50 

6 Near-collision 0 0 0 0 0 0 0 0  
Unsafe 0 0 1 1.8 6 6.8 4 5.0  
Safe 73 100 56 98.2 69 93.2 68 95.0 

7 Near-collision 0 0 0 0 0  0   
Unsafe 0 0 0 0 1 1.3 1 1.3  
Safe 81 100 67 100 80 98.7 76 98.7 

Overall Near-collision 99 20.7 47 9.9 92 19.6 87 18.2  
Unsafe 138 28.9 211 44.3 159 34.0 174 36.4  
Safe 241 50.4 218 45.8 217 46.4 217 45.4 

Note. PET: post encroachment time (s); Freq.: frequency; Pct.: percentage (%)  

K. Tian et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0001-4575(22)00206-8/h0005
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0005
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0005
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0005
https://doi.org/10.1016/j.ssci.2018.12.009
https://doi.org/10.1016/j.chb.2018.06.022
https://doi.org/10.1080/15568318.2017.1321706
https://doi.org/10.1080/15568318.2017.1321706
https://doi.org/10.1016/j.trf.2019.07.011
https://doi.org/10.1016/j.trf.2019.11.002
https://doi.org/10.1016/j.trc.2020.102856
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0045
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0045
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0045
https://doi.org/10.1177/0018720817690639
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0055
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0055
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0060
http://refhub.elsevier.com/S0001-4575(22)00206-8/h0060


Accident Analysis and Prevention 174 (2022) 106770

12

Jamson, A.H., Merat, N., 2005. Surrogate in-vehicle information systems and driver 
behaviour: Effects of visual and cognitive load in simulated rural driving. Transp. 
Res. Part F Traffic Psychol. Behav. 8 (2), 79–96. 

Hong, Z., Han, T., Alhajyaseen, W., Iryo-Asano, M., Nakamura, H., 2022. Can automated 
driving prevent crashes with distracted Pedestrians? An exploration of motion 
planning at unsignalized Mid-block crosswalks. Accid. Anal. Prev. 173, 106711 
https://doi.org/10.1016/j.aap.2022.106711. 

Hu, F.B., Goldberg, J., Hedeker, D., Flay, B.R., Pentz, M.A., 1998. Comparison of 
population-averaged and subject-specific approaches for analyzing repeated binary 
outcomes. Am. J. Epidemiol. 147, 694–703. https://doi.org/10.1093/ 
oxfordjournals.aje.a009511. 

Hyman, I.E., Boss, S.M., Wise, B.M., McKenzie, K.E., Caggiano, J.M., 2009. Did you see 
the unicycling clown? Inattentional blindness while walking and talking on a cell 
phone. Appl. Cogn. Psychol. 24 (5), 597–607. 

Hyman Jr, I.E., Sarb, B.A., Wise-Swanson, B.M., 2014. Failure to see money on a tree: 
inattentional blindness for objects that guided behavior. Front. Psychol. 5, 356. 

Jiang, K., Ling, F., Feng, Z., Ma, C., Kumfer, W., Shao, C., Wang, K., 2018. Effects of 
mobile phone distraction on pedestrians’ crossing behavior and visual attention 
allocation at a signalized intersection: an outdoor experimental study. Accid. Anal. 
Prev. 115, 170–177. https://doi.org/10.1016/j.aap.2018.03.019. 

Kalantarov, S., Riemer, R., Oron-Gilad, T., 2018. Pedestrians’ road crossing decisions and 
body parts’ movements. Transp. Res. Part F Traffic Psychol. Behav. 53, 155–171. 
https://doi.org/10.1016/j.trf.2017.09.012. 

Larue, G.S., Watling, C.N., 2022. Prevalence and dynamics of distracted pedestrian 
behaviour at railway level crossings: emerging issues. Accid. Anal. Prev. 165, 
106508. 

Li, P., Markkula, G., Li, Y., Merat, N., 2018. Is improved lane keeping during cognitive 
load caused by increased physical arousal or gaze concentration toward the road 
center? Accid. Anal. Prev. 117, 65–74. 

Lin, M.-I.-B., Huang, Y.-P., 2017. The impact of walking while using a smartphone on 
pedestrians’ awareness of roadside events. Accid. Anal. Prev. 101, 87–96. https:// 
doi.org/10.1016/j.aap.2017.02.005. 

Liu, Y., Alsaleh, R., Sayed, T., 2021. Modeling the influence of mobile phone use 
distraction on pedestrian reaction times to green signals: a multilevel mixed-effects 
parametric survival model. Transp. Res. Part F Traffic Psychol. Behav. 81, 115–129. 

Lobjois, R., Cavallo, V., 2007. Age-related differences in street-crossing decisions: the 
effects of vehicle speed and time constraints on gap selection in an estimation task. 
Accid. Anal. Prev. 39, 934–943. https://doi.org/10.1016/j.aap.2006.12.013. 

Lobjois, R., Benguigui, N., Cavallo, V., 2013. The effects of age and traffic density on 
street-crossing behavior. Accid. Anal. Prev. 53, 166–175. 

Madan, C.R., Spetch, M.L., Ludvig, E.A., 2015. Rapid makes risky: time pressure 
increases risk seeking in decisions from experience. J. Cogn. Psychol. 27 (8), 
921–928. 

MATLAB, 2021. version 9.10.0 (R2021a). Natick Mass. MathWorks Inc. 
Mehler, B., Reimer, B., Dusek, J.A., 2011. MIT AgeLab delayed digit recall task (n-back). 

Camb. MA Mass. Inst. Technol. 17. 
Morrongiello, B.A., Corbett, M., Switzer, J., Hall, T., 2015. Using a virtual environment 

to study pedestrian behaviors: How does time pressure affect children’s and adults’ 
street crossing behaviors? J. Pediatr. Psychol. 40 (7), 697–703. 

Nasar, J., Hecht, P., Wener, R., 2008. Mobile telephones, distracted attention, and 
pedestrian safety. Accid. Anal. Prev. 40, 69–75. https://doi.org/10.1016/j. 
aap.2007.04.005. 

Neider, M.B., McCarley, J.S., Crowell, J.A., Kaczmarski, H., Kramer, A.F., 2010. 
Pedestrians, vehicles, and cell phones. Accid. Anal. Prev. 42 (2), 589–594. 

Neider, M.B., Gaspar, J.G., McCarley, J.S., Crowell, J.A., Kaczmarski, H., Kramer, A.F., 
2011. Walking and talking: dual-task effects on street crossing behavior in older 
adults. Psychol. Aging 26 (2), 260–268. 

O’Dell, A.L., Filtness, A.J., Morris, A.P., 2022. Predicting the intention of distracted 
pedestrians at road crossings. Accid. Anal. Prev. 173, 106707 https://doi.org/ 
10.1016/j.aap.2022.106707. 

Oxley, J.A., Ihsen, E., Fildes, B.N., Charlton, J.L., Day, R.H., 2005. Crossing roads safely: 
an experimental study of age differences in gap selection by pedestrians. Accid. Anal. 
Prev. 37, 962–971. https://doi.org/10.1016/j.aap.2005.04.017. 
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