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Abstract. This paper presents a model to simulate non-signalized pedestrian crosswalks. Principal scope is to develop a tool to be
used by decision-makers to evaluate the necessity of introducing a new crosswalk and/or switching to a traffic light and estimate
the potential benefits of such a measure in terms of Level of Service. The model is based on empirical evidence gained during
an observation of a non-signalized crosswalk. Pedestrian motion is simulated using a Cellular Automata model which is capable
to simulate pedestrian dynamics at low density conditions, as observed in the considered scenario. Vehicles use a continuous
car following model inspired on Gipps equations in which driver’s reaction time is considered. Pedestrian’s decision-making
process on crossing attempt and model parameters are directly obtained from the analysis of pedestrian-vehicle interactions
observed in reality. The model developed employs small time steps, thus allowing the consideration of different pedestrian
speeds (intrinsically considering pedestrians with reduced mobility, such as elderlies) and smoothly reproducing car-pedestrian
interactions. This aspect required the definition of distinct behavioral rules for vehicles and pedestrians that, in their dynamic
interaction, implement an ad-hoc coordination model. In order to validate the model, delays (or waiting times) measured for both
pedestrians and drivers were compared with simulated values. Results show a good agreement between empirically obtained
time delay and values computed in the simulation.

Keywords: Keywords: non-signalized crosswalk, vehicular traffic, pedestrian traffic, traffic simulation, pedestrian-vehicle
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1. Introduction

Traffic accidents have occurred since the introduc-
tion of the first engine powered vehicles with initial re-
ported cases dating back at the end of the 20th century
[44]. Before the problem became widespread legisla-
tors had already started improving the safety of road
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users by clearly separating pedestrian and vehicular
flows. Traffic lights were first installed in the United
Kingdom in 1868 and in 1890 it was suggested to cre-
ate under/overpasses to physically separate the road
surface used by pedestrians and vehicles [44].

More than one century later road safety has greatly
improved, with the number of road fatalities reported
in the United Kingdom passing from a maximum of
7°952 in 1965 to 3’172 in 2006, this although the
number of licensed vehicles has almost tripled [9]. In

0000-0000/14/$00.00 (© 2014 — IOS Press and the authors. All rights reserved



2 C. Feliciani et al. / A simulation model for non-signalized pedestrian crosswalks based on evidence from on field observation

Italy, a similar trend has been observed with a peak
of 11’078 road casualties registered in 1972 when the
country fleet size was about 15 million vehicles. The
number of fatalities has rapidly decreased reaching
4’090 in 2010 (with the number of registered vehicles
more than tripled) [24]. However, although in Italy the
number of casualties has kept decreasing for a number
of years, after 2013 this figure has slightly increased
making it questionable whether the objective of 2°057
road traffic victims set for 2020 could be effectively
reached [23].

When road safety is considered on a global scale the
situation appears different, with emerging economies
seeing an increase in road traffic causalities, both in
absolute and relative terms. For example, in India traf-
fic fatalities per 100’000 population were about 3 in
the 70’s but passed to 8 at the end of the 21st cen-
tury [25]. The situation appears particularly dramatic
in south Asia where the number of death in traffic ac-
cidents is predicted to more than double during the
2010-2020 period. Globally, traffic injuries were the
11th leading cause of death with the number of fatal-
ities only slightly below the ones caused by malaria
[25].

Among all road users, pedestrians are some of the
most vulnerable, with the percentage of pedestrians fa-
talities lying at 25% of the overall traffic victims in
the United Kingdom in 2014 [10] and at 17% in Italy
in 2015 [23]. In developing countries pedestrians ap-
pear to be also vulnerable road users, in particular in
India where they represent the majority of road users
killed in accidents with a proportion over 40%. The
percentage grows when large cities are considered and
in Mumbai 78% of the traffic victims are pedestrians
(53% for New Dehli). Worldwide, crashes between ve-
hicles and pedestrians account for more than a third of
all road-traffic deaths and injuries [25].

Although in modern countries the number of pedes-
trians casualties has rapidly decreased in line with a
general improvement of road safety and compliance,
this figure has been almost unchanged in the recent
years. In the United Kingdom the number of pedes-
trians killed in road accidents has been fairly constant
since 2010 [10] and in Italy an increase of 4.2% has
been recorded for the period 2014-2015 [23]. In the
U.S., the number of pedestrian fatalities has not shown
any significant trend since 2004 [49], with pedestrians
still representing 14% of all fatal crashes in 2013.

While the increasing number of pedestrian fatalities
in developing economies can be related to the overall
increase of motorized traffic and non-compliance is-

sues, the recent increase of pedestrian’s crashes in de-
veloped countries appears to be more difficult to ex-
plain. Some studies suggest that one of the possible
causes for this increase is related with elderly pedestri-
ans [3,10], which have often been identified as being
one of the most vulnerable group of pedestrians [1,41].
Although most of the fatalities recorded for pedestri-
ans are relative to the 15-29 age group, results dras-
tically change when the proportion of each age group
inside the corresponding population is taken into ac-
count [1,25].

Clearly, the reason for the high relevance of fatal-
ities in elderly pedestrians is related to different fac-
tors associated with physiological limitations given by
their age. In particular, factors limiting their capability
to interact with road users are given by: (i) their limited
locomotion capabilities (e.g. reduced muscle strength
and coordination abilities, posture differences and low
walking speed); (ii) the reduced reliability of percep-
tive sensors and cognitive functions (e.g. ability to dis-
tinguish colors and evaluate lighting conditions, ineffi-
cient suppression of background noise, poor attention
and reaction time, disorientation and slower decision-
making) [16].

Concluding, the importance in improving safety for
elderly pedestrians is clearly reported in the “World
Report on Road Traffic Injury Prevention”, which
highlights pedestrian safety as the main safety concern
for the elderly road users.

Some of the most critical traffic components in
which pedestrians and drivers interact are represented
by crosswalks, with non-signalized ones creating an
higher risk for pedestrians compared with the one sig-
nalized using traffic lights. For example, in the case
of Israel, elderly pedestrians crossing the road in lo-
cations within a metropolitan/urban area were found
as the most common type of road accidents leading to
death [41].

However, research on pedestrian behavior on cross-
walks has been limited by a variety of factors: diffi-
culty in obtaining empirical data through on-field ob-
servations, safety and ethical concerns related with ex-
periments involving individuals and the limited scope
of the simulation models developed in the past. More
recently virtual reality is offering the possibility to
evaluate driver and pedestrian reaction in an environ-
ment very close to reality without the risks which
would exist in a real scenario [32,33,42]. But still, al-
though a variety of simulation software can deal with
traffic from both a microscopic and a macroscopic
point of view, only little attention has been put in de-
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veloping simulation models to reproduce crossing be-
havior on the basis of empirical data collected in real
situations. Such a simulation tool is required if pedes-
trian safety and comfort has to be improved and a de-
velopment in this direction would also lead to an in-
creased accuracy on the macroscopic scale. In addi-
tion, a reliable simulation model would allow policy-
makers to take decisions based on more rigorous crite-
ria, thus contributing to the creation of safer and com-
fortable areas for pedestrians and road users.

This paper is organized as follows: section 2 pro-
vides a literature survey of research on non-signalized
crosswalks covering both experimental studies and
modeling attempts. Section 3 presents in detail the
simulation model for this study and in section 4 the
main results are presented. Finally, section 5 will pro-
vide a conclusive discussion.

2. Literature survey

As the numbers above testify, it is rather easy to
find statistical data concerning the relevance of a cer-
tain type of accident involving pedestrians and most
of the countries make those data openly available.
Howeyver, it is more difficult to find relevant studies
describing the behavior of pedestrians in crosswalks
and this may be one of the reasons why simulation
models developed so far could not be validated using
empirical data. Hereafter, we will attempt to summa-
rize some of the most relevant studies considering the
interaction between pedestrians and vehicles at non-
signalized crosswalks (when relevant, research on sig-
nalized crosswalks will be also considered). We will
summarize empirical studies at first and later focus on
modeling attempts. Finally, we will summarize the em-
pirical aspects on which our model is based.

2.1. Empirical studies

Most of the experimental studies on pedestrian
crosswalks focused on measuring walking speed of
pedestrians and investigating possible differences with
behavior observed among pedestrians in common sit-
uations. Pedestrian speed at crosswalks was found
roughly following a normal distribution [14,21,27,35,
40], which should not come as a surprise since gen-
eral pedestrian walking speed has been long known for
being normally distributed [12,20,52]. Reported cross-
ing speed changes depending on the type of cross-
walk considered (signalized or non-signalized) and

the physical characteristic of the pedestrians walking
on it, with gender and age being statistically relevant
(young and males are significantly faster than elder-
lies and women). On the other side, ethnicity of the
pedestrians, grouping pattern and lighting condition
of the crosswalk were not found to significantly im-
pact the crossing speed [14,35]. In addition, in the
case of signalized crosswalks, pedestrians were shown
having significantly higher crossing speeds when at-
tempting to cross in the “don’t walk” time [40]. Speed-
density relation for the situation of signalized cross-
walk showed a linear relationship similar to the one
observed in other pedestrian facilities [40,52].

Other researchers have set their attention on drivers’
behavior and speed profiles observed while approach-
ing a (non-signalized) zebra crossing. It was found that
drivers do not follow the law concerning speed behav-
ior and that instead, maintaining high speeds or even
accelerating was used to signalize to pedestrians that
they do not intend to give the way. The region lying
between 50 to 40 m before the zebra crossing was
found critical for influencing drivers’ behavior [50].
Pedestrians’ capability to estimate approaching car’s
speed vary by weather conditions and vehicle speed.
If the speed of the oncoming vehicle exceeds an up-
per bound, pedestrians are more likely to underesti-
mate vehicle speed, thus increasing the risk of trying
dangerous crossing attempts [47].

Waiting times for pedestrians attempting to cross ze-
bra crossings are typical of the location considered,
but in general short waiting times are much more fre-
quent than long intervals, with the distribution rapidly
decreasing as the waiting time grows bigger [21]. In
a particular study [18], waiting time has been ana-
lyzed based on a number of factors which can poten-
tially have an influence in reducing it, consequently
trying risky crossing attempts. Results show that fe-
male pedestrians, those having children, those who
own and drive a car, elderly pedestrians and people
having assisted to traffic accidents are more likely to
accept longer waiting times at the curbside. Among
factors influencing pedestrians toward more risky be-
haviors were found commuting to work, frequent use
of the given crosswalk and crossing in group behavior
[18].

Concerning crossing attempts, it has been shown
that slightly less than half of pedestrians (41.67%) try
to cross at the first attempt and that expected wait-
ing time seems to influence the number of attempts
required to cross the street [18]. It has been shown
that the perception of ease in regard with the crossing
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task influences the degree of hazard taken by pedestri-
ans when attempting to cross a road. Those thinking
it would be easy to cross are more likely to take risks
[11].

Several researchers identified the acceptance gap as
one of the main parameters unconsciously used by
pedestrians in judging if a crossing attempt can be con-
sidered safe or not. The accepted time gap can be de-
fined as the relation between the distance (along the
driving direction) and the average speed of oncom-
ing vehicles when pedestrians decide to cross [16].
Although data on this aspect are limited, researchers
seem to agree that accepted gaps are in the order of 46
seconds [16,27,54]. Distributions for accepted and re-
fused gaps are different, but both tend to flatten when
accepted gaps get longer and refused gaps shorter.
Interestingly, the distributions for accepted gaps by
pedestrians waiting (stopping before crossing) and not
waiting (directly stepping into the road without stop-
ping) only differ to a small extent [27]. Finally, time
gap (or vehicle headway to use another expression)
was found having a positive coefficient toward waiting
time, meaning that waiting time seems to decrease for
short time gaps.

Other studies considered aspects generally related
with city planning and infrastructure selection. A com-
parative study considered different types of pedestrian
crossings (signalized, non-signalized, marked, non-
striped, midblock crosswalks...) and analyzed pedestri-
ans preference and compliance observed for each type.
Non-signalized midblock crosswalks were among the
preferred by pedestrians and high crossing compliance
was also observed. However, location of the cross-
walk relative to origin and destination was found be-
ing the most influential decision factor. Less incisive
but still remarkable were the presence of traffic con-
trol and vegetation or concrete barriers [45]. The rela-
tionship between pedestrian accidents and infrastruc-
ture selection has been investigated by considering dif-
ferent types of intersections: three-legged, four-legged,
roundabouts and road segments. A function predict-
ing accident’s frequency in relationship with pedes-
trian and traffic flow was derived for each intersection
[15].

2.2. Previous modeling attempts

Vehicular traffic has been studied for several decades
and both mathematical formulations and more sophis-
ticated models are available to perform simulation on
traffic flow (an extensive summary including several

modeling approaches is given in [37]). Modern soft-
ware are commercially available to study road net-
works extending from small neighborhood to large
cities. In addition, multiple lanes models have also
been developed to simulate lane change and overtaking
maneuvers [38].

Pedestrian models have also reached a considerable
degree of accuracy. At the present, both continuous and
discrete models are successfully employed in a vari-
ety of applications, ranging from scientific research to
crowd management (a comprehensive review of pedes-
trian modeling techniques is given in [39] and [51]).
Specific models designed to deal with elderly pedes-
trians have been developed by considering different
walking velocities for each agent used in simulation
[5].

Although both vehicular and pedestrian models have
been constantly developed separately for decades, at-
tempts to combine both road users are rarer. One of
the first modeling attempt to describe non-signalized
pedestrian crossing is the mathematical model devel-
oped by Griffiths [17]. This model, however, allows
only qualitative considerations of purely mathematical
nature and it is difficult to adapt it to real-life scenar-
ios. Helbing et al. [19] also developed a mathemati-
cal model which has been able to grasp delay caused
by the intersecting flows of cars and pedestrians. How-
ever, although this model allows a rigorous analytical
treatment of the problem, its foundation is based on
many-particle streams, which do not present some of
the heterogeneous aspects found in traffic flow, espe-
cially if elderlies are considered.

Lawniczak et al. [30,31] proposed a simple Cellular
Automata model to simulate the hypothetical case of
creatures crossing a highway. In their model, priority
is not set on accurately capturing behaviors found in
nature, but rather to create a cognitive process in which
each creature tries to cross the highway and follow-
ing creatures learn from mistakes observed by looking
at their predecessors. Knowledge is transferred from
one creature to the following one by judging the be-
havior which resulted in successful and failed crossing
attempt.

Daganzo and Knoop [8] have considered a simi-
lar case in which pedestrians are allowed to cross at
any point of a given road: the so-called “pedestrian-
ized streets” (to use their own words; also referred as
“shared space”). Analytical equations have been de-
rived to assess the impact of pedestrian’s flow on ve-
hicular traffic. The researchers qualitatively concluded
that the street’s capacity is inversely proportional to the
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square root of the pedestrian flux for low pedestrian
densities.

Yang et al. [54] developed a Cellular Automata
model to simulate pedestrian behavior at signalized
crosswalks. Although their model is designed for
pedestrians crossing in the presence of traffic light, the
main goal of their study is to implement two types
of behaviors observed during red light period: law-
obeying pedestrians (waiting at the curbside until the
traffic light turns green) and opportunistic ones (di-
rectly stepping into the road and crossing while fac-
ing red light). To account for the interaction between
pedestrians and vehicles in the crossing attempts with
red light, they used a distribution for the accepted time
gap. From this point of view, the model by Yang et al.
intrinsically contains behavioral mechanisms proper of
non-signalized crosswalks.

More recently, Zeng et al. [56] developed a social
force model to simulate pedestrians’ behavior at sig-
nalized crosswalks. Similarly to the model by Yang
et al., also in the approach by Zeng et al. interactions
with drivers are considered to account for the effect
of turning vehicles which (compliantly) invade the ze-
bra crossing during green light periods. The simula-
tion by Zeng et al. considers a number of phenom-
ena (individual interactions, group behavior, vehicle
interaction, speed changes and deviations from zebra
stripes) by modeling them using repulsive or attrac-
tive forces of different magnitude. Their model pre-
dicts very well pedestrians’ trajectories observed in re-
ality by even reproducing pedestrians walking outside
the boundary, which are usually not considered in typ-
ical social force models. However, interaction with in-
coming vehicles was only considered in terms of devi-
ation from the normal crossing trajectory and compli-
ance has not been an issue in their study.

Finally, Crociani and Vizzari [7,46] developed a
model with the specific intention to consider both sig-
nalized and non-signalized crosswalks. In their model,
cars move in a continuous space environment, while
pedestrians’ motion is simulated using a standard
Floor Field Cellular Automata model. Interactions
at the crosswalks are modeled in an idealistic way:
drivers will stop every time a waiting person (not walk-
ing) is spotted on the curbside and pedestrians are ca-
pable of precisely estimate car breaking distance based
on its speed. One of the limitations of their model is the
constant time step (which has to be chosen equal to the
drivers’ reaction time) which does not allow a smooth
variation of pedestrians’ walking speed and drivers’
reaction times. Also, decision-making processes used

in the model by Crociani and Vizzari are based on in-
tuition and not on empirical evidence, thus limiting
the scope of application (their model was mostly de-
veloped with the intention to optimize traffic light cy-
cles by maximizing vehicular and pedestrian flow). Fi-
nally, empirical data have not been used to validate
their model, limiting the suitability in evaluating real-
life situations.

2.3. Short summary of field survey in Milan and main
results

Creating a universal model able to reproduce pedes-
trian behavior observed in different countries and ac-
counting for different types of vehicles would be an
extremely difficult and not necessarily indispensable
task. On the other side, any new knowledge gained
while analyzing a specific traffic scenario will con-
tribute to a better understanding of human behavior in
streets, eventually allowing to create increasingly com-
plex and generalized models. It is therefore important
to define strength and limitations of the model to be
developed and clearly illustrate the context on which
it can be applied (scope of application). In the case of
this study, rules and parameters implemented into the
model have been obtained based on an observation per-
formed in Milan on a non-signalized crosswalk. Main
results of the field survey and empirical knowledge
used to develop the simulation are presented in this
section (a complete analysis of the results with detailed
information is given in [16]).

A non-signalized crosswalk in a residential area of
Milan (Italy) has been chosen for a roughly hour-long
observation. The specific location has been selected
based on a number of criteria: the high number of
accidents with pedestrians reported, a proportionally
large elderly population and strategical factors (prox-
imity with public facilities, possibility to obtain video
recordings from a tall building...). A schematic repre-
sentation of the studied crosswalk is given in Fig. 2.
A camera has been used to record a video (a snapshot
is given in Fig. 1) which has been later analyzed by
means of tracking software and manual analysis. Dur-
ing the 1:15-long observation 1379 vehicles and 585
pedestrians have passed through the target crosswalk.
However, after excluding biased vehicle-pedestrian in-
teractions (parked car obstructing the view, turning
vehicles, bicycles interfering pedestrians’ movements,
bikes overtaking cars...), only a dataset with cross-
ing actions involving 50 pedestrians and 79 vehicles
(mostly cars) has been used to study in detail the
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Fig. 2. Schematic diagram of the investigated crosswalk [16].

relationship between different factors in determining
pedestrian’s decision on crossing or not.

Vehicular traffic throughout the whole observation
was evenly distributed in both directions with a large
proportion of cars (67%), followed by bikes (13%),
vans (8%), cycles (6%) and heavy vehicles (6%). Mea-
sured traffic volume accounted to 1139 vehicles per
hour for both directions. Speed limit in the consid-
ered section is of 50 km/h, although vehicles have
been rarely observed exceeding a speed of 35-40 km/h
(with a partial exception for bikes), mostly because
of the consecutive presence of several crosswalks be-
fore and after the one analyzed. Among pedestrians,
many of them have been observed crossing from South
to North (relative to the orientation of Fig. 2), with
the largest part being composed by adults (71%) fol-
lowed by elderly (24%). Most of the pedestrians were
walking alone (65%), with groups dominated by dyads
(26%) and triples (8%). Pedestrian flow on the cross-
walk stood at 8.01 pedestrians per minute. However, if
groups are considered as a “single entity” because of
their cohesion and synchronized motion, the flow for
crossing sets (or blocks) reduces to 5.52 per minute.

The so-called “Level Of Service” (LOS) has been
used to grade the quality of the crosswalk facility.
The idea behind the LOS (for which details are given
in [34]) is to compute the time lost due to conges-
tion/delay formed in a given infrastructure (highway,
intersection...) and rate its quality/safety on a graded

scale. In the case of crosswalks, both the time lost
by pedestrians and drivers need to be considered. For
drivers, braking, queuing, waiting and accelerating are
actions considered to contribute to the time loss. For
pedestrians, the time spent while waiting and during
start-up from the curbside is used.

In the case of the crosswalk analyzed, delay (or time
loss) for both road users resulted in 3.20 £ 2.73 s per
vehicle and 1.29 £ 0.21 s per pedestrian. In the grad-
ing used in the LOS, this corresponds to a A-level (see
Table 1), meaning that nearly all drivers found freedom
of operation and that no pedestrians crossed irregularly
(therefore taking very few risks).

Analysis of the velocities from selected tracked
pedestrians revealed that 3 phases are characteristic
in a crossing attempt. During the approaching phase
pedestrians move toward the crosswalk; here veloci-
ties are equivalent to the ones observed during com-
mon situations with only density and social structure
influencing it. Around 3 m before reaching the curb-
side (this figure slightly varies among individuals),
pedestrians slow down and start assessing the viabil-
ity of their crossing attempt. If it is considered safe to
cross, pedestrians will accelerate (eventually reaching
a walking speed slightly higher than their approaching
speed) and walk toward the opposite side of the cross-
walk. Walking speeds during the 3 phases are differ-
ent between adults and elderlies (values are reported in
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Table 1

The Level of Service criteria for two-way stop-controlled non-
signalized intersections [22,34]

LOS  Description

Vehicular delay [s/veh]

Pedestrian delay [s/ped]

- Nearly all drivers find freedom of operation

- Very seldom is there more than one vehicle in queue

<5

- Very small delay to cross

- Low likelihood of

risk-taking behavior by pedestrians

<10

- Some drivers begin to consider the delay an inconvenience

- Occasionally there is more than one vehicle in queue

5-10

- Small delay to cross

- Low likelihood of

risk-taking behavior by pedestrians

10-15

- Many times there is more than one vehicle in queue

- Most drivers feel restricted, but not objectionably so

10-20

- Small delay to cross

- Low likelihood of

risk-taking behavior by pedestrians

15-25

- Often there is more than one vehicle in queue

- Drivers feel quite restricted

- Big delay to cross

20-30

- Moderate likelihood of risk-taking behavior by pedestrians

25-35

- Demand is near or

equal to the probable maximum number

of vehicles that can be accommodated by the moment

- There is almost always more than one vehicle in queue

30-45

- Drivers find the delay approaching intolerable levels

- Very big delay to cross

- High likelihood of risk-taking behavior by pedestrians

35-50

- Forced flow

- An intersection failure condition that is caused by geometric

F and/or operational

> 45

constraints external to the intersection

- Very big delay to cross

- High likelihood of risk-taking behavior by pedestrians

> 50

Table 2), although in general

to consistently walk about 0.25 m/s slower.

Table 2

Velocity during different crossing phases (relative to the selected

elderly pedestrians tend
Table 3.

50 pedestrians considered in the dataset are given in

Table 3

Measured car’s quantities at the beginning of the crossing phase [16]

pedestrian-vehicle interaction dataset) [16] Quantity Adult pedestrians Elderly pedestrians
Car dist: 16.21 + 8.0 17.61 + 9.50
Crossing phases Adult pedestrians  Elderly pedestrians ardistance om 9-50m
- Car speed 16.54 = 6.48km/h  15.15 & 7.68 km/h
Approaching speed  1.28 + 0.18 m/s 1.03 £ 0.18 m/s
Appraising speed 0.94 £ 0.21 m/s 0.69 £ 0.23 m/s

Crossing speed 1.35 £ 0.18 m/s 1.09 £ 0.17 m/s

Finally, the decision-making process for pedestri-
ans attempting to cross the road has been analyzed by
using the time gap previously discussed. Time gaps
are obtained by measuring the distance and speed of
each vehicle at the time pedestrians decide to cross the
road (this moment is represented by the transition be-
tween appraising and crossing phase). Results for the

Although deviations are very large, it can be seen
from Table 3 that elderlies tend to start crossing the
street when cars are further and move at a lower speed
compared to adult pedestrians. While data analysis was
performed taking pedestrians as reference, it is also
possible that a reciprocal attitude existed, i.e. drivers
slowed down more significantly and earlier when an
elderly pedestrian was spotted waiting at the curbside.
In any case, the very large deviations make this kind of
considerations statistically insignificant.
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Based on those two data, it is possible to compute
the accepted time gap by simply dividing distance and
speed. Results are presented in Table 4 with distinction
being made for near and far lane.

Table 4

Accepted time gaps for different types of pedestrians and each lane
[16]

Time gap  Adult pedestrians  Elderly pedestrians
Near lane  3.84 £2.87 s 443 +£1.72s
Far lane 422+196s 459 +£192s

Again, elderlies appear to be more caution when
deciding to cross the road, although also in this
case deviations are very large making differences sta-
tistically insignificant. Nonetheless, differences are
smaller when the far lane is considered.

The model that we will introduce in the next section
is based on the qualitative aspects apprehended while
visioning the video recording and empirical evidence
gained. In addition, numerical values obtained in the
above analysis has been used to calibrate the model.

3. Simulation model

As shortly discussed above, Crociani and Vizzari [7,
46] already developed a model to simulate interactions
between vehicles and pedestrians at non-signalized
crosswalks. However, their model had several short-
comings and it was not able to reproduce the empir-
ical results previously introduced for validation. The
model presented here represents a substantial improve-
ment from the initial modeling attempt and it allows
to perform rigorous validation based on empirical data
gained from field observations.

In this section, the simulation model will be dis-
cussed in detail, including geometrical setup for the
road (and crosswalk), algorithms to sequentially move
pedestrians and cars and the rules governing interac-
tions between both road users.

3.1. General structure

The simulation code has been written using Repast
Simphony (version 2.4), which has several libraries
dedicated to multi-agent simulations and particularly
suits to the case of traffic dynamics. The simulated
geometry corresponds to the scenario of the observa-
tion, whose dimensions are given in Fig. 3. The por-
tion of road considered has a single crosswalk in the

center where pedestrians and cars interact. The cross-
walk section contains a “virtual” midblock which al-
lows pedestrians to stop in the middle of the street
without colliding with incoming cars (details for this
approach will be presented below).

Cars move on each of the two lanes in opposite di-
rections. Periodic boundary conditions are used to al-
low a continuous flow of cars: once a car leaves from
one side of the road it is (re)created in the next compu-
tational step on the opposite side. Pedestrians are ran-
domly generated from one of the cardinal points indi-
cated in Fig. 3. Origin and destination are randomly
chosen by ensuring that the chosen combination will
force the given pedestrian to pass through the cross-
walk. After reaching the destination each pedestrian is
removed from the scenario.

Car and pedestrian environment is modeled using
two different approaches, allowing to use the best ap-
proach for each type of agent (a schematic represen-
tation is given in Fig. 4). Cars are modeled in a con-
tinuous space, in which the position along the lane
can be computed in an accurate way limited only by
the machine precision (car position will consequently
be given as a decimal number). This approach is nec-
essary since cars move with a large range of veloc-
ities and a discrete approach would not allow to ac-
curately compute positions at low and high velocities.
Pedestrian sub-environment is made using a grid com-
posed of square cells of fixed side length (size is cho-
sen based on typical literature values). Each pedestrian
can occupy one cell at a time, thus ensuring that max-
imum density for human crowd is not exceeded even
when all cells are occupied. Pedestrians can only move
in the portion of the grid which is not occupied by the
road, with the exception of the crosswalk where both
pedestrians and cars are allowed to pass.

The reason for using a mixed approach is that it
combines the potential of both methodologies and al-
lows a flexible use of the model adapting it to different
scenarios. In the case of cars, a space continuous time
discrete approach is the most used in the literature and
there are several models available [4]. Although there
are also continuous model for pedestrians, we found
the use of the discrete Cellular Automata approach
more appropriate. The main reason is that densities
considered in non-signalized crosswalks are very low
(and they will always be, since when it gets crowded
a traffic light is used). Under this condition a discrete
model is accurate enough and faster in terms of com-
putational time compared to continuous ones. Also,
by using a discrete pedestrian model, volume exclu-
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Fig. 3. Schematic representation with dimensions of the simulated model (dotted area is the “virtual” midblock).
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Fig. 4. Representation of the global environment created by superposition of the vehicular and pedestrian sub-environments.

sion is directly included and motion rules are easy to
implement. This last aspect represents a major advan-
tage for a scenario like the crosswalk which requires
the implementation of different decision-making pro-
cesses. If motion of groups, anticipation behavior or
accidents would have to be included in the future, the
implementation is easier in the Cellular Automata ap-
proach. Since pedestrians are much slower than cars,
the discrete approach for pedestrians and continuous
for cars does not affect the accuracy in the calculation
of their interaction (this would not be true for the op-
posite case).

3.2. Pedestrian model

Pedestrian motion inside the computational grid is
based on the Floor Field model, which will be pre-
sented here shortly (for a detailed review on different
Floor Field approaches see [39,43,51]). By using the
Moore neighborhood and assuming that a pedestrian is
located in the black cell indicated in Fig. 5, there are
8 possible cells in which the pedestrian may move in a

single step: the 4 cells lying at each side and the 4 cells
located at the corners.

O O O

(-1, j+1) | (i j+1) | (i+1, j+1)

O @ O

(-1,)) ()] (+1,))

O O 0O

(-1,-1) | (i J-1) | (i+1,)-1)

Fig. 5. Pedestrian mesh using Moore neighborhood.

In the Floor Field model the selection for a cell to
move in is based on a probability assigned to each cell.
In order to “guide” each pedestrian to a preferred des-
tination, the closest the cell will be to that destination
the lowest will be the value assigned to the cell. For
the case of the scenario considered here an illustrative
example of the static floor field (i.e. the field guiding
the pedestrian) is provided in Fig. 6.

The example provided here represents the case of
a pedestrian aiming to the SW-exit (see also Fig. 3
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Fig. 6. Static floor field for the scenario considered in simulations (pedestrian’s destination is South-West).

for reference). Clearly, the smallest values of the static
floor field are found at the left-lower corner. As a con-
sequence, the pedestrian will be directed there, with
no regard on the corner from which it is generated. By
looking again at Fig. 3, it can be noticed that the field
strength is symmetrical in both sides of the upper sec-
tion of the street. This means that if a pedestrian is gen-
erated at the upper side of the sidewalk (no matter if
left of right), he/she will have to cross the road in any
case to reach his/her destination.

In the most simple implementation of the Floor
Field model each pedestrian determines the next cell
during each time step only based on the static floor
field discussed earlier. Walking speed is simply con-
sidered by adjusting the size of time step and cell size.
Typically 40 cm cells and time steps in the order of
0.3 s are used, with a resulting free walking speed of
about 1.3 m/s. However, in our model we wish to con-
sider different walking speeds and a small time step
is also required to accurately represent car behavior.
It is therefore important to consider a system allowing
to set pedestrians’ individual walking speeds. An idea
would be to have pedestrians moving to the next cell
with some probability computed to match with the ac-
tual walking speed (an approach already proposed by
Weng et al. [53]). This “update probability” p can be
computed as:

t
[ = Vpoq—2P (1)
Scell

where )4 is the (desired) pedestrian speed, ¢4¢c,, iS
the time step and s..;; is the side length of the grid’s
cell. For each iteration, a random number r = [0, 1]
is generated and the pedestrian is moved to a neighbor
cell if » < p. The method is simple and efficient, but
real moving speed tends to have large oscillations as
shown in Fig. 7.

This happens because of the probabilistic nature of
the method employed. The pedestrian may move se-
quentially for several time steps and stop a similar

1.8

1.6

Speed [m/s]
o N
©® = N »

o
o
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Simulation time [s]

Fig. 7. Pedestrian velocity computed with (gray) and without (black)
the moving average correction (moving average has a period of 10
seconds).

long time, thus generating the oscillations depicted in
Fig. 7. In addition, at the time when update proba-
bility is computed, it cannot be known if the pedes-
trian will move to a side or a corner cell. Since the
center-to-center distance is different by V2 — 1, the
desired velocity is not correctly reproduced in simula-
tion. To improve accuracy and precision of the walk-
ing speed, we decided to introduce an additional al-
gorithm (specifically designed for the situation consid-
ered here), which is briefly presented in Fig. 8.

Move according to Move to
probabilistic rules next cell

Real speed in
given margins?

Check speed:
real vs. set

Wait

Fig. 8. Speed refinement algorithm for pedestrians.

At each time step the moving average of the real
walking speed vgq,4 is computed according to:

diot * Scell
’l}avg — o] ce (2)
Nrwg : tstep
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where d;,; is total distance traveled in cell units (di-
agonal motion count as V2), Seen is the cell’s side
length, Ng,,, the number of time steps considered and
tstep the time step length. To avoid cyclic oscillations,
the size of Ng,4 is slightly changed every time step.
Once vg,4 has been computed, it is checked if the ve-
locity lies within given margins of the desired walking
speed. If this test is passed, update is performed ac-
cording to probabilistic rules (as shown above). If v,
is too large or too low, update is halted or forced ac-
cording to each case. As the gray line in Fig. 7 shows,
the use of this algorithm allows to greatly stabilize the
real walking speed.

To conclude the discussion about walking speed,
it is important to remember that pedestrians do not
only have different individual walking speeds, but also
change their speed in accordance with each phase of
the crossing attempt.

Pedestrian created
at origin

!

i | Keep walking at

Approaching g constant speed

Appraisin | Decelerate until
PP 9 g reaching curbside

i »| Accelerate until

Crossing = desired speed

Leaving »| Keep walking at

constant speed

!

Pedestrian reached
destination

Fig. 9. Phase update and consequent actions.

In Fig. 9 the process used to update phase and
change the desired speed is illustrated in detail. When
a pedestrian is created it is decided if the given indi-
vidual is an adult or an elderly according to the pro-
portion of each group inside the population. Later, the
desired walking speed is assigned to each pedestrian
by using the distribution relative to the corresponding
age group. By using the walking speed assigned, the
pedestrian will move toward the crosswalk. At a given
distance from the crosswalk (appraising distance), the
pedestrian will start decelerating. The desired walking
speed will consequently be changed every time step
according to the given deceleration. When the pedes-
trian reaches the curbside, deceleration will stop and

a decision will be taken on whether to cross or not. If
safe conditions are met (details on the decision-making
process are presented later), the pedestrian will accel-
erate until reaching the original walking speed. The
destination is reached by keep walking on that speed
for the remaining time. The different phases and the
relative actions are given in Fig. 9.

Check
neighbor cells

Select
destination cell

. N Select
Floor Field

A

Y
Y

Y

Reserve
destination cell

Move to
destination cell

Fig. 10. Schematic representation of the pedestrian’s moving algo-
rithm.

Finally, it has to be remarked that under certain con-
ditions, it is possible that multiple pedestrians will at-
tempt to move to the same cell. The algorithm used
to avoid the overlapping of pedestrians is presented
in Fig. 10. Keeping in mind the previous discussion,
each time a position update is considered necessary,
a pedestrian will use the corresponding floor field
(which change depending on the destination) to se-
lect a cell within his/her neighborhood. The given cell
will be reserved first and when every pedestrian has
selected the target cell, it is checked if conflicts exist
(multiple pedestrians aiming at the same cell). Pedes-
trians will directly move in cells without conflicts. In
case of conflicts, one pedestrian will be picked up as
winner among the candidates trying to move there.
Only the winner will be allowed to move to the desti-
nation cell, the remaining candidates will have to stay
in their original position.

3.3. Vehicular model

The car following computational method is based
on a modified version of the Gipps model [13,29] on
which further changes have been made to allow the use
of time steps different from the driver’s reaction time.
In the original formulation of the Gipps model it is
assumed that drivers need a time step before reacting
to changes occurring in the traffic. This constraint re-
quires the use of a computational time step as close as
possible to the typical driver’s reaction time (usually in
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the order of 1 s). When only cars are considered, this
limitation does not cause any problem, since space is
continuous (thus allowing accurate speed calculations)
and for large vehicle fleets the use of constant reaction
time is an acceptable approximation. However, since
our model includes pedestrians who move in a discrete
space and need to change their velocity before and dur-
ing the crossing attempts, choosing time steps equal
to the reaction time is not a satisfactory solution. For
this reason, the Gipps model has been further modified
allowing the use of time steps much smaller then the
driver’s reaction time.

According to the time discrete Gipps model the
maximum speed at which a car can travel without col-
liding with the front vehicle (or obstacle in general) is
given by:

VUsafe = b (O‘safe + /Bsafe) (3)
where b is the maximum breaking deceleration

(given by the car’s performances). asq fe and Bsq fe are
two functions defined as follows:

_ dp+g 1 1
Usafe = [ 2 b + 4 2‘| (4)
d, + Qg
ﬁsafe = L J - afe (5)

(asafe + 1)b 2

with g being the distance with the front car and d,,
the minimum breaking distance which can be com-
puted using:

4, = b <apﬁp + “”“@‘”) ©)

where oy, and 3, are defined as the integer and dec-
imal part respectively of the ratio v, /b, being the
number of steps required to completely stop the car
moving at speed v, (remember that b is the maxi-
mum deceleration). As explained above, the reaction
time is implicitly included in the fact that each driver
can react to changes in the traffic conditions only at
the next time step, thus requiring the time step being
equal (or close) to the reaction time. To allow the use
of time steps much smaller than the reaction time it is
sufficient considering a gap gnew equal to:

Inew = 9 — treaction * Vear (7)

in which the distance traveled by the car during the
reaction time t,cqction * Vear 18 subtracted from the
“real” gap from the front vehicle. By simply using the
modified gy in Egs. (4) and (5) it is possible to in-
troduce different reaction times for each driver without
having to heavily modify the Gipps model. Although
this modification is relatively small, it represents a sim-
ple but yet effective approach, whose consequences are
rather important in regard to the crosswalk scenario
considered here. The only condition for accurate re-
sults is to ensure that the time step used is sufficiently
smaller than the smallest reaction time (this part will
be discussed in the results).

Find front Compute Compute
obstacle velocity position

Y
Y

Fig. 11. Basic algorithm updating car position and speed.

The update of speed and position for each car is per-
formed as indicated in the simple diagram of Fig. 11
and by using the update rules of the Gipps model (with
some small modifications allowing to use different val-
ues for acceleration and breaking deceleration). For a
given car with current speed v, (t), the velocity at the
next time step can be obtained by initially compute v
and v as follows:

V1 = min [Ucm" (t) + a, Vmaz, Usafe] 8)

vg = v1 — € (V1 — (Vear(t) — a)) 9)

where a is the maximum acceleration, v,,,, the
maximum speed (usually the speed limit) and € is a
model parameter typically chosen equal to 0.4. The
new velocity is finally computed by taking a random
value between vy and vy, or, in mathematical terms:

’(}0+(U1 —Uo) , ifvg <

T
10
vy + (vg —v1) -7, otherwise (10)

'Uca'r(ﬁ'i_l) = {

where r is a randomly generated number between 0
and 1. As a last step, it is necessary to check the speed
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change vear (t + 1) — veqr (t) and, if required, set it to
the maximum limits according to car’s performances.
The new position for each car is simply computed by
multiplying the updated speed with the time step and
adding the traveled distance to the old position.

3.4. Car-pedestrian interaction

Having discussed how pedestrians and cars move in-
side their own sub-environment, the next step is to con-
sider the interaction between both agents at the cross-
walk, which is the main topic of this study. Here, it
is important to remark that the actual definition of a
model for the coordination of individual actions be-
tween pedestrians and vehicles requires adding spe-
cific rules in the behavioral specification of the two dis-
tinct types of agents, that are certainly self-interested
in general (i.e. they try to pass through the intersection
in the smallest possible time) but, at the same time,
they are generally benevolent towards the others due
to the desire to avoid impacts [6,26]. Neither a pedes-
trian nor a vehicle driver wish to have an accident so,
despite the possibility of having non-compliant behav-
iors, both of them are willing to yield either to a cross-
ing pedestrian (whenever a vehicle can safely stop in
time) or to a passing car (whenever the vehicle would
be too close and/or too fast to yield).

To start with, we begin the discussion by consid-
ering the decision-making process for cars, which is
summarized in Fig. 12.

Approaching
car?
Yes
Compliant
car?
Y
Yes Keep moving

A
Pedestrian No
waiting?
Yes
Possible
to stop?

Fig. 12. Decision-making algorithm for cars’ drivers.

At first, it is important to define if the considered ve-
hicle is approaching the crosswalk or not. Obviously,

vehicles which just passed the crosswalk do not need
to pay attention on pedestrians attempting to cross it
(except the case in which only one car is present). If
a queue of vehicles is approaching the crosswalk, it is
assumed (supported by empirical evidence) that only
the leading vehicle will consider the presence of pedes-
trians. The remaining vehicles will only consider the
front vehicle as an “obstacle” and adjust their speed
accordingly. Next, we need to check if the approach-
ing car is compliant or not. When vehicles are gener-
ated, compliance is assigned according to a given prob-
ability (obtained empirically). Non-compliant cars will
ignore the presence of pedestrians at the curbside (or
at the midblock) and will keep driving only caring of
the distance from the front vehicle. Here we need to
remark (and will be discussed later on) that vehicles
are updated before pedestrians in the simulation. As a
consequence, when a non-compliant car is approach-
ing, pedestrians are able to judge on its non-decreasing
speed that it is not safe to cross. Non-compliant cars
ignore pedestrians at the curbside, but will always stop
if a pedestrian is in the middle of the lane (and since
pedestrians are very careful before attempting to cross,
cars will always have enough distance to stop).

In the next step of the decision-making algorithm for
vehicles, it has to be checked if a pedestrian is waiting
on the relative side of the road. If not, there is no need
to break before the crosswalk. Waiting pedestrians are
only finally considered if all the previous conditions
are met: approaching compliant car spotting pedes-
trian(s) waiting on the side of its lane. In this case, it
is important to determine if the car is able to stop in
the distance available before the crosswalk. This is per-
formed by using the equations of the Gipps model. If
the speed is too high to allow a complete stop, then
the driver will abort the stopping attempt and instead
adjust the speed by using the distance with the front
vehicle. If the speed is low enough to allow a com-
plete stop before the crosswalk, the driver will start
breaking eventually arriving at a complete stop just be-
fore the crosswalk. As we will see later (and briefly
discussed above), pedestrians make similar considera-
tions, which means that they will not attempt to cross
if a vehicle cannot or do not want to stop.

Concerning pedestrians, the decision-making pro-
cess for crossing is summarized in Fig. 13. After care-
fully examining the video recording, it was concluded
that a 2-steps crossing mechanism would better sum-
marize the behavior observed in reality (a fact which
was also supported by empirical evidence). Pedestrians
studied will usually start crossing the road provided the
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Fig. 13. Crossing decision algorithm for pedestrians near and on
crosswalk.

near lane is safe. While crossing the road pedestrians
will judge if stepping into the far lane is safe or not
and will stop (or slow down) around the middle of the
street if the incoming car is deemed as not breaking.

Therefore, the algorithm to assess if a pedestrian can
start crossing or not has been designed as follows. At
the beginning, we need to check if a pedestrian is on
the curbside, since crossing actions start from there. If
so, the pedestrian will check the safety of the near lane
at first. For this check two different methods have been
adopted as listed below.

— Method 1: calculation based on car speed and dis-
tance using the same equations of vehicles. If the
speed is judged too high to stop in the space pro-
vided the crossing attempt is considered unsafe
and the pedestrian will wait.

— Method 2: accepted time gap. When pedestri-
ans are generated, together with the individual
walking speed, a specific accepted time gap is
assigned to each one according to the distribu-
tions for adults and elderlies. Because of the sta-
tistical nature of distributions, a minimum value
for accepted time gap is used to avoid insignifi-
cant values (negative numbers in particular which
would lead to collisions with cars and are not
consistent with observations). Before starting to
cross, pedestrian compute the time gap by using
speed and distance of the incoming vehicle. If the
time gap is larger then the accepted one, then the
pedestrian will step into the crosswalk.

Pedestrians judging the near lane as safe will start
crossing and after entering the “virtual midblock™ the
decision-making process is repeated for the far lane.
When lanes are not judged as safe, pedestrians will

simply wait at the same position until safe conditions
are met.

After discussing pedestrian, car and interaction
modeling we can now consider how these aspects are
combined in the computational loop which is pre-
sented in Fig. 14.

v

Generate (new) pedestrians
and cars (if required)

v

Update car properties
(position and speed)

v

Tentatively compute pedestrians'
new position and reserve it

v

Resolve possible conflicts
between pedestrians

v

Update pedestrians' properties
(position, speed and phase)

v

Check for pedestrian-car
collisions and compute statistics

Fig. 14. Computational loop including update for pedestrians’ and
cars’ properties.

Since vehicle and pedestrian sub-environment are
independent, it is possible to update each class of
agent in a predetermined order. At first, if the num-
ber of pedestrians and/or cars is below the input given,
pedestrians and/or cars are generated into each sub-
environment. Next, each car’s speed and position are
updated in a sequential way by using the car-following
model previously introduced. Here, interactions with
pedestrians will be considered while computing the
speed of approaching vehicles. Later, pedestrians’ new
speed and position are also computed, but, since con-
flicts (with other pedestrians) need to be solved first,
pedestrians do not move yet. Interaction with cars is
considered to judge the next move of pedestrians on
the curbside or on the midblock. The cell to move in is
first reserved and conflicts resulting from pedestrians
aiming at the same cells are resolved. When cells re-
served by each pedestrian do not overlap, pedestrians
are moved in sequential way. Finally, it is check if col-
lisions did not occur between pedestrians and vehicles
on the crosswalk and output values are computed and
stored.
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In the present model a perfect feedback between ve-
hicles and pedestrians is present and therefore colli-
sions do not occur. In particular, pedestrians, which
are more vulnerable than cars, make decisions after
drivers and are in a position of advantage in terms of
safety. Collisions could be introduced by allowing the
accepted time gap to become negative, but this, al-
though mathematically correct, does not correspond to
the reality. Finally, it has to be reminded that the scope
of this model is to measure the Level of Service of a
crosswalk given the context in which is (or should be)
integrated. As a consequence, accidents are not rele-
vant and should be excluded from the outcome of sim-
ulations.

3.5. Model parameters and constants

To conclude the discussion about the simulation
model, it is relevant defining the numerical values
which has been used in simulations. This sections is
divided into two parts: constants and parameters. Al-
though, strictly speaking, both class of numbers can
be changed for each simulation, constants are intended
for those values which are typical for the scenario con-
sidered and are not intended for modification. For in-
stance, walking speed and driver reaction time are rel-
ative to human nature and will not change much (if
not at all) if a different road with similar properties is
chosen in a different area (these values will however
change from country to country). On the other side,
parameters refer here to conditions typical of the time
of the day and the weather when the observation was
performed. For example, rainy weather will alter the
breaking performance of cars and the flow of pedestri-
ans will also change.

Model constants given in Table 5 were mostly ob-
tained from the field study described above. Among
the values taken from the literature is the drivers’ reac-
tion time [28,36,48] and the pedestrians’ acceleration
and deceleration [55]. Although values found in the lit-
erature are not specific of the scenario considered here,
they refer to phenomena which only slightly change
depending on the case considered. Model parameters
are given in Table 6.

Some considerations need to be made here con-
cerning the parameters used. During the observation
only car flow has been measured. However, by assum-
ing that traffic conditions allowed to drive at a maxi-
mum speed of 35 km/h (data taken from video record-
ing), the relative density can be computed. Car perfor-
mances are typical of mid-range vehicles. Pedestrian

Table 5
Constants used in the model

General constants

Time step 0.1s
Pedestrian cell size 0.4 m

Scenario dimensions

Road length 374 m
Sidewalk width 24 m
Lane width 4.8 m
Crosswalk width 3.6m
Mid-lane width 1.2m
Car dynamics

Car length 4.5m
Minimum gap 1.0m
Driver reaction time (mean) 1.1s

Driver reaction time (variance) 0.2s

Pedestrian dynamics

Adult walking speed (mean) 1.30 m/s
Adult walking speed (variance) 0.20 m/s
Elderly walking speed (mean) 1.05 m/s
Elderly walking speed (variance)  0.20 m/s
Acceleration 0.30 m/s2
Deceleration 0.50 m/s?
Crossing behavior
Appraising distance 3.0m
Accepted gap adult (mean) 4.0s
Accepted gap adult (variance) 25s
Accepted gap elderly (mean) 45s

Accepted gap elderly (variance) 1.8s
Minimum accepted gap 1.0s

flow refers to the frequency of crossing attempts per
minute. Since our simulation model does not consider
group cohesion, multiple pedestrians crossing in group
in the field study are considered as a single entity (see
also the previous discussion). Non-compliant drivers
ratio is obtained from observed behavior and has an
important role in balancing pedestrian and vehicular
flow on the crosswalk. If this behavioral aspect is ex-
cluded, cars will have to continuously stop, thus reduc-
ing vehicular flow and allowing pedestrians to cross al-
most without waiting. Finally, the simulated time for
one simulation run has been chosen equal to the total
length of the observation.

4. Model validation and results
To check out the capabilities of the model developed

and in particular assess its accuracy in estimating mo-
tion of car and pedestrians, different cases have been
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Table 6
Parameters used in the model

Car related

Car density 16.30 cars/km/lane
Maximum (breaking) deceleration 9.0 m/s2
Maximum acceleration 2.0 m/s?
Maximum (possible) speed 35 km/h
Non-compliant drivers ratio 0.5 (50%)

Pedestrian related

5.52 min—!
0.25 (25%)

Pedestrian flow (both directions)
Ratio of elderly pedestrians

Other parameters

Simulated time (one run) 4500 s (1h:15m)

considered. First of all, it is important to check if the
modifications made on the Gipps model allow to cor-
rectly estimate the dynamics found in vehicular traffic.
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Fig. 15. A traffic fundamental diagram for an highway (circles) and
an urban road (dots) during free (or low congested) flow [2].

To qualitatively assess the degree of congestion in a
given road, the fundamental diagram is typically em-
ployed. Average speed and flow are measured during
a defined time period (usually 5 or 10 minutes) in the
section of the road which is to be analyzed. Density
can also be obtained experimentally but it is usually
computed by dividing the flow with the average speed.
The result for a single measurement of flow and den-
sity is plotted in a diagram, resulting in a dispersion of
points like the one shown in Fig. 15. In Fig. 15 the re-
sult for a measurement in an highway and a local road
are plotted. Both cases show a fairly linear relationship
with density and flow, translating into a smooth traffic
flow. Since speed limits are different, the slope of each

diagram is also different: 100 km/h for the highway
and 50 km/h for the local road.
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Fig. 16. Simulated car fundamental diagram for an highway with 100
km/h speed limit (density vs. flow). Blue crosses are experimental
data.
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Fig. 17. Simulated car fundamental diagram for an highway with 100
km/h speed limit (density vs. speed). Blue crosses are experimental
data.

To validate the vehicular model used in this study,
simulations without pedestrians were performed by
changing car density and time step. Results for the
highway case with a speed limit of 100 km/h are plot-
ted in Fig. 16 and Fig. 17, showing the density-flow
and density-speed diagram respectively. Results were
compared with experimental data taken in a section of
highway where traffic jams routinely occur. It can be
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noticed that the fundamental diagram does not signif-
icantly change when small time steps are used, mean-
ing that the modifications applied on the Gipps model
allow to use variable time steps. However, when the
time step grows close to the reaction time a significant
reduction in the maximum flow is observed, which is
to be expected since the remainder of the division be-
tween reaction time and time step becomes large.

It is remarkable to notice the accuracy in predicting
the transition between free-flow and congestion, which
is observed in Fig. 16 when the initially linearly grow-
ing flow reaches a maximum and capacity drops. Both
experimental and simulated data agree with a transition
around 30 vehicles/km. The maximum flow reached
is predicted with less accuracy, but a time step of 0.1
or 0.2 seconds accurately reproduces the experimental
case. The simulation model partially fails in comput-
ing the behavior of congested flow, but, if results are
analyzed in terms of speed and density (as shown in
Fig. 17), it can be concluded that the accuracy is suffi-
cient (especially considering that mostly uncongested
flow is observed near the crosswalk).
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Fig. 18. Simulated car fundamental diagram for an urban road with
50 km/h speed limit (density vs. flow).

In Fig. 18 and Fig. 19 the results for simulated
fundamental diagrams are presented for the case of
an urban road (with 50 km/h speed limit), which is
more similar to the case considered in this study, but
for which large experimental data are not available.
Nonetheless, results of the 50 km/h case seem to agree
with some simple values from the literature [38], with
transition density lying around 40 vehicles/km and
a maximum flow of slightly more than 2000 vehi-
cles/hour/lane. Again, in the 50 km/h case also, results
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Fig. 19. Simulated car fundamental diagram for an urban road with
50 km/h speed limit (density vs. speed).

are similar when the time step is chosen in the 0.01-0.2
s interval and become significantly different for rela-
tively large time steps (as the case of 0.5 s).

Having verified that the vehicular model allows to
correctly simulate car traffic behavior, it is now impor-
tant to check if the pedestrian model allows to include
the features for which has been developed. In partic-
ular, since modeling elderly pedestrians is part of the
motivation of this study, we want to check if pedestri-
ans with different velocities are correctly reproduced
in the discrete computational space. As discussed ear-
lier, some specific algorithms were required to assure
that pedestrians effectively move at the desired speed
and, since distributions are employed, we want to ver-
ify if a population of pedestrians actually move with
different walking speeds.

In Fig. 20 walking speeds for different pedestrians
are plotted against simulation time. Each line corre-
sponds to a single pedestrian which entered the simu-
lation scenario when the line started and was able to
reach the “exit” at the end of the line. Two consider-
ations can be done by observing Fig. 20. First of all,
it can be concluded that the algorithm previously pre-
sented allows to stabilize pedestrians speed, creating
a stable trend similar to situations observed in reality.
Next, it can be observed that it is possible to differen-
tiate between individual pedestrians’ velocities, mean-
ing that it is possible to consider differences between
adults and elderlies when passing through the cross-
walk. However, because of the relatively long moving
average interval used, velocity fluctuations during the
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Fig. 20. Pedestrians’ speed during a simulation with different age
groups (velocities are averaged over a 10 s interval, pedestrians char-
acteristics are given in Table 5).

different crossing phases could not be observed. To ob-
serve this type of variations, small time intervals would
have to be used when computing the moving average,
but this would result in fluctuations which cannot be
removed because of the discrete modeling approach. A
solution to see short-term velocity fluctuations would
be to use a very small mesh size, but computational
time dramatically increases and unrealistic pedestrian
densities may form during the simulation.

Finally, we would like to check the validity of
the modeling approach used to simulate vehicle-
pedestrian interactions. As a comparative quantity to
analyze differences between the simulation model and
the behavior observed in reality, the delay (or time
loss) used to evaluate the Level of Service can be used.
Pedestrian delay is simply the time lost while waiting
at the curbside. For vehicles, the time delay is obtained
by computing the difference between the travel time
(i.e. the time actually required to go from one side of
the simulation model to the other side) and the time it
would be required at maximum (allowed) speed (i.e.
if no one is present at all). Results for vehicular and
pedestrian delay and flow of both observation and sim-
ulation are presented in Table 7.

A set of 100 simulation runs were performed for
both methods previously discussed regarding the pedes-
trian decision-making process. Each simulation lasted
about 3 seconds (i.e. 1500 faster than real time) on a
standard PC using a single processor. Method 1 (com-
parison between vehicle speed and maximum speed
allowed for a complete stop) clearly performs better
than method 2 (accepted time gap), with delays com-
puted with method 1 lying within the margin of ob-

served quantities. Pedestrian flow appears to be consis-
tent with both methods, but, being an input parameter
not related with vehicle interaction, it is not represen-
tative of the accuracy of the model and it is only re-
ported for reference purpose. Simulated vehicular flow
(which strongly depends on the interaction with cross-
ing pedestrians) is lower than the empirical figure, but
it is necessary to remark that observed flow includes a
variety of vehicles (cars, bikes, bicycles...), while the
model has been developed on the assumption that only
cars are moving on the road. For example, a bicycle
can safely pass on the crosswalk when a pedestrian
is walking, a behavior not included in the simulation
model. If only cars (or 4-wheel vehicles) are accounted
for, then the resulting figure for the observed flow will
be lowered, getting closer to the simulated value.

The reason for the high delays computed with
method 2 may be related to the fact that the distribu-
tion of time gaps resulting from the observation is not
correctly reproduced in the simulation, where a nor-
mal distribution is used. Although the concept of time
gap is particularly useful in measuring, for example,
differences between adults and elderlies, a direct use
in simulation may not be appropriate. Possibly, an ex-
tension of the concept of time gap by using different
distributions for the accepted and refused time gap (as
proposed by some researchers [27]) may help improv-
ing the accuracy of the results. The good agreement
between observed delay and the one computed with
method 1 possibly suggests that, as some researcher
found [47], under clear weather conditions and for
low vehicles speeds (like the case of the observation)
pedestrian can correctly estimate breaking distance of
cars.

Nonetheless, although numerical values for method
2 are much higher than observed delays, results are
closest to reality when the Level of Service is adopted.
Delays measured in the field study are very low, cor-
responding to a level A for both vehicular and pedes-
trian traffic. Both method 1 and 2 are able to obtain
the same result in simulation (level A). For the ve-
hicular traffic, method 2 is only one level above the
one observed, meaning that from a qualitative point
of view this result can still be considered as satisfac-
tory. In other words, we can conclude that the model
developed allowed to correctly assess the LOS found
in non-signalized crosswalks (especially when method
1 is employed), thus making it feasible to employ it
to assess, for example, if in a given location a non-
signalized crosswalk would perform better than a traf-
fic light in term of quality of service perceived by road
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Table 7
Simulation results for vehicle-pedestrian interaction at crosswalk
(values used in the simulation are given in Table 5 and Table 6),
letters in brackets refer to the Level of Service

Simulation
Method 1
327+ 0.31s(A)
1.15 £ 0.20 s (A)
1030 = 8 veh/h
553 +£0.12min"!

Quantity observed ~ Observation

Method 2
6.27 £+ 1.08 s (B)
583 £0.79s (A)
961 =+ 24 veh/h
5.52 4 0.13 min~?!

Vehicle delay
Pedestrian delay
Vehicle flow

Pedestrian flow

3.20 +2.73 s (A)
1.29 £ 0.21 s (A)
1139 veh/h
5.52 min—1!

users. The particularity of considering elderly pedestri-
ans in the simulation would allow to assess with a bet-
ter accuracy different area of a city characterized with
different types of age groups.

This aspect is considered in Fig. 21, where the de-
lay for the scenario considered in this work is given
for different types of populations and both simulation
methods.

Method 1 - Vehicles
Method 1 - Pedestrians
Method 2 - Vehicles
Method 2 - Pedestrians

Delay [s]

A A A A
0 20 40 60 80 100
Elderly population [%]

Fig. 21. Vehicle and pedestrian delay while approaching the cross-
walk for different population compositions. Both methods discussed
in this work are employed.

Simulations (100 runs as for the previous case) were
performed by changing the population composition
from adults only (i.e. 0% elderlies) to only elderlies.
As it can be seen from Fig. 21, delays do not change
in a large extent when population changes. Although
there is some change in values obtained, the variation
is within the LOS reported in Table 7. It is also inter-
esting to notice that delay increases mostly for drivers
(vehicles) and remains almost unchanged for pedes-
trians. This is possibly related to the fact that elder-
lies need a longer time to cross the street thus requir-
ing incoming cars to stop more frequently. In the case

of a single crosswalk, differences between the adults-
only and elderlies-only case are minimal, but in a com-
mon road of several kilometers having multiple cross-
walks differences may accumulate and reach the order
of minutes.

5. Conclusions and discussion

Based on empirical results from a field survey,
a simulation model for pedestrians crossing at non-
signalized crosswalks was developed. Although both
vehicular and pedestrian motion is based on classi-
cal models found in the literature, specific modifica-
tions were required to allow considering important as-
pects related to vehicle-pedestrian interaction. Con-
cerning pedestrians, small time steps were required to
allow considering different walking speeds and there-
fore making it possible to differentiate between differ-
ent age group (adults and elderlies in particular). In
addition, a refinement of the update algorithm was re-
quired to remove large fluctuations found in the mo-
tion of pedestrians inside the discrete computational
grid. Concerning cars, the variable time steps used for
pedestrians resulted in the requirement to modify the
Gipps car-following model. Drivers’ reaction time has
been explicitly included in the computational loop,
also making it possible to consider a distribution for
the reaction time which closely reproduce drivers’ be-
havior.

Crossing mechanism of pedestrians has been mod-
eled in a two-steps fashion to reproduce behavior ob-
served in the field study. A pedestrian attempting to
cross will consider only the near lane first and later
check the safety of the far one while walking on the
crosswalk.

Results from simulations show that a good agree-
ment with delay of both road users is found when
pedestrians are supposed to estimate velocity of in-
coming vehicles and judge if they can stop in the given
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distance. The use of the accepted gap also led to some-
how acceptable results, but the concept needs to be in-
vestigated further to allow a successful implementa-
tion in the simulation model.

To conclude the discussion, it is important to re-
mark that the model developed in the frame of this
research is representative of the phenomena observed
during the field study in Milan. This means that, al-
though generally speaking behavior of pedestrians will
not largely change in different countries, the accuracy
of the model may be limited if, for example, high
non-compliance rates are found in drivers or the traf-
fic is composed by a large number of 2-wheels vehi-
cles. In addition, limitations are not only geographical
but also related to the specific time of the day when
observations were performed. During nighttime or in
case of rainy weather interactions between cars and
pedestrians will change due to the limited visibility.
This will not only result in a different set of param-
eters to be used in simulation, but also the decision-
making mechanism may change, requiring a different
approach. Nonetheless, the approach presented here
will surely constitute a basis helping to develop a par-
tially different model representing the specific behav-
ior found in another country/city and/or particular con-
ditions found for example at night or in case of rain.

In contrast to the models presented in the past, the
one proposed in this work allows to directly set its pa-
rameters using empirical data gained trough observa-
tions (there are no parameters which require an itera-
tive calibration). In addition, the simple but yet com-
plete approach taken here allows very short computa-
tional time, therefore making it suitable for large scale
simulations. Finally, given the use of a multi-agent en-
vironment, heterogeneity found in vehicular and car
traffic can be simply included into the model.

A possible application of the non-signalized cross-
walk model may be in city planning. In particular, this
model can be useful to determine where to place a
crosswalk and which LOS can be expected in the given
location. Most of the constants used in the simula-
tion will not change much, especially inside the same
city, and expected pedestrian and vehicular flow can
be estimated by means of measurements or surveys.
With both flows provided, the simulation model allows
to predict the LOS and thus help decision-makers de-
termining if a non-signalized crosswalk is appropriate
or alternative solutions have to be considered (under-
ground passage, traffic light...). The model may also be
used to assess safety of pedestrians, especially where
large populations of elderly are found.

In the future this model could be further improved
by introducing mechanisms reproducing collisions,
which are excluded at the moment. Although this po-
tential implementation will further increase the appli-
cation range, experimental data are required to cali-
brate the model. This may be the most difficult part,
since empirical data for pedestrian-car collisions are
only available at the macroscopic scale.
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