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Abstract: A dynamic game model based on multiple decision makers is developed to minimize
pedestrian—vehicle conflicts at unsignalized crosswalks. The characteristics of pedestrians and drivers
crossing the street are divided into traffic features, behavioral characteristics, and psychological
factors, using data collected from a survey of pedestrian crossing behavior. Based on waiting delay
and risk assessment, a utility model of pedestrian crossing choice behavior is presented, and a
probability model for different phases of the waiting stage is developed by splitting the waiting
process into three stages with pedestrian waiting duration. The payment function and the game
model of pedestrian—vehicle conflict based on distinct previous decision makers are developed using
game theory and “mixed strategy”, and they are resolved in equilibrium.

Keywords: pedestrian—vehicle conflict; behavioral characteristics; utility payments; game theory;
decision model

1. Introduction

In urban transportation systems, pedestrian crossing behavior often involves a sig-
nificant risk of pedestrian—vehicle conflict, which requires specialized traffic facilities to
protect pedestrians crossing the street. Currently, the existing infrastructures, such as street
overpasses, underpasses, traffic signals, and pedestrian crossings, can separate pedestri-
ans and vehicles in time and space to avoid conflicts, but most of the sections only take
separate crosswalks as signs to guide pedestrians and remind vehicles to avoid under
the present road conditions, not guaranteeing pedestrian crossing safety. Therefore, it
is necessary to study the risk mechanism of pedestrian—vehicle conflict for unsignalized
mid-block crosswalks.

Crossing pedestrians and vehicles have a conflict of traffic interests; both hope to pass
first when they arrive at the crosswalk. In practice, when pedestrians and vehicles are on
the crossing section without hard separation, one is bound to wait for the other to pass
first, which then increases the risk of pedestrian—vehicle conflicts, and even traffic acci-
dents. The existing studies are mostly based on the crossing characteristics of pedestrians
and the decision-making behavior of drivers, with less consideration of the influence of
different factors on the decision outcome, and a lack of quantitative research on the factors
influencing the decision-making behavior.

Therefore, this research considers the influence of decision priorities on choice out-
comes, combines game theory with decision behavior, explores the intrinsic connection
between the interests of decision subjects and the existence of decision outcomes, introduces
quantitative probability functions and payment utility values for decision makers’ choices,
quantitatively analyzes the utility values generated by different choices, and investigates
the mechanism of pedestrian—vehicle conflicts under pedestrian crossing behaviors, to
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reduce the probability of conflicts and minimize accident losses on the basis of reducing
conflict risks and time delays.

2. Literature Review

At unsignalized control sections, there is a conflict between pedestrians and vehicles in
which the main decision makers are pedestrians and drivers. Due to the lack of segregation
facilities, pedestrian crossing behavior is influenced by a variety of factors. By analyzing
the characteristics of crossing behavior, the safety of crossing behavior can be effectively
improved and traffic accidents can be reduced [1].

The crossing pedestrian is an important component that contributes to the conflict
phenomenon. The driver’s awareness of yielding and the pedestrian’s awareness of risk
have a great impact on the safety of pedestrians crossing the street [2]. Nowadays, existing
research separates the pedestrian from the crosswalk system and analyzes a particular
characteristic of the pedestrian separately, concentrating on the study of the individual
behavioral and psychological characteristics of the pedestrian. Duan and Long [3] con-
structed a decision model of pedestrians crossing an unsignalized street based on the
logistic regression method to analyze the influence of different factors on pedestrian cross-
ing decisions. In the phenomenon of pedestrian—-vehicle conflict, pedestrian crossing speed
is an important factor. Zheng et al. [4] construct bivariate logistic models for the interaction
between pedestrians and vehicles at unsignalized crosswalks to investigate the effect of
different factors on the severity of conflicts, which can be used to explain pedestrians’
crossing choices in different scenarios.

Zhang and Wang [5] explored the traffic psychology and traffic behavior of pedestrians
crossing the street, as well as the effect of group behavior on the change of pace speed, while
Wang et al. [6] showed that pedestrians decide their crossing speed and ways according
to the position and speed of the approaching vehicle. In addition, pedestrian crossing
behavior [7], factors influencing pedestrian crossing safety [8], the effect of crossing behavior
on safety, and the phenomenon of phone use while crossing for pedestrians [9] are also
studied in depth.

On the other hand, the study of driver characteristics mainly focuses on the driver’s
decision-making behavior. When a moving vehicle encounters a pedestrian crossing in
front of it, the driver makes a decision based on the actual situation and the pedestrian
status, which is influenced by experience due to the different characteristics of drivers,
even in the same scenario. Since “avoiding pedestrians” increases vehicle delays, some
drivers tend to pass quickly when it is not necessary. Yu et al. [10] analyzed the delays
caused by vehicles avoiding pedestrians, and the results showed that the delay is closely
related to the volume of pedestrians. In addition, to overcome increased delays due to
vehicle avoiding, Wang et al. [11] proposed a lane-splitting avoiding model based on
the principles of pedestrian priority and efficiency to reduce vehicle delays, while not
excessively increasing pedestrian delays. The personality and behavioral characteristics
of drivers are also important factors in the generation of pedestrian—vehicle conflicts.
Through big data [12] and scenario testing [13], it is found that drivers’ psychological
burden increases when facing pedestrians crossing the street in a much greater way than in
other cases, and the road hazard level can be classified in drivers” heart rate to provide a
theoretical basis for road safety control measures. Furthermore, Wang et al. [14] constructed
intersection cellular automata models based on different driver personalities to analyze
the effects of different combinations of proportions of driver characteristics on the average
speed of the road.

Radhameri et al. [15] studied the yielding behavior of drivers on unsignalized road-
ways and evaluated the effect of different traffic sighs on driver guidance, showing that the
signs have a positive effect on vehicle yielding to pedestrians and can improve traffic safety
in unsignalized streets. Lantieri et al. [16] analyzed driver attention and driving behavior
to explore the safety effects of roadside LED lights on nighttime travel at unsignalized
crosswalks, and showed that roadside lights are effective in increasing drivers’ probability
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of yielding and improving pedestrian detection distances. Tomas et al. [17] considered the
actual road conditions of different scenarios and introduced road section speed as the upper
speed limit to quantify the probability of drivers yielding on unsignalized road sections and
to investigate the intrinsic connection between speed conditions and yielding probability.

As for pedestrian—vehicle conflict, the mathematical analysis method is used to es-
tablish the model of pedestrian—vehicle conflict, to grasp the significant characteristics of
pedestrian—vehicle conflict in the unsignalized street. Noh et al. [18] constructed a potential
risk analysis system for pedestrians at unsignalized crosswalks to uncover potential risk
factors in pedestrian crossing scenarios, in order to detect safety behavior on unsignalized
roadways. Yang et al. [19] explore the influence of road conditions and environmental
conditions on accident severity, which can effectively identify the potential risk factors of
traffic accidents. Ma et al. [20] developed a pedestrian—vehicle conflict probability estima-
tion model based on the arrival volume and operational characteristics of pedestrians and
vehicles, by estimating the probability of a decision subject appearing on a crosswalk. In
addition, some scholars classified the causes and levels of pedestrian—vehicle conflict by se-
quence comparison [21], and constructed a new evaluation system for quantitative analysis
of the severity of traffic accidents [22], and for correlation analysis among variables [23] to
determine the factors affecting pedestrian—vehicle conflict levels.

Game theory considers the predicted and actual behaviors of individuals to obtain
the optimization strategies of the game parties, which can be used to solve transportation
problems. Wardrop [24] first combined problems in transportation with game theory
to build the first and second principles of transportation network equilibrium, which
laid the foundation of game theory in transportation research. Szeto [25] proposed two
cooperative game concepts to determine the reliability of travel costs and showed that
the classical game theoretic approach might overestimate the reliability of road network
travel costs. Wei et al. [26] quantify the pedestrian—vehicle conflict and build a conflict
game matrix between pedestrians and vehicles to establish a kinetic model of the evolution
of pedestrian—vehicle conflict, to analyze the evolution direction and rate of pedestrian—
vehicle encounters under different conditions. Chen et al. [27] proposed a game theory-
based intelligent vehicle conflict decision model for avoiding traffic conflicts and saving
time across unsignalized intersections.

As a result, most research focuses on the conflict subject, and there is sufficient research
on pedestrian—vehicle crossing, crossing conflict, and behavioral characteristics, which form
a more complete road traffic theory system, but conflict at unsignalized crossings has not yet
been universally recognized in terms of theoretical system and practical application. There
is a lack of research on the impact of the first decision on other subjects, the quantitative
probability and payment utility of decision makers, and the combination of game theory
and the problem of pedestrian—-vehicle conflict in unsignalized streets.

In this paper, the behavioral characteristics of the participants are studied from the
perspective of the decision sequence of traffic participants, to build an evaluation index
system, and the utility payment division of pedestrian—vehicle conflict is made in terms
of risk and delay. On this basis, a “hybrid strategy” is chosen according to the game of
behavior between drivers and pedestrians, and a dynamic game model is established to
analyze the mechanism of pedestrian—vehicle conflict and predict the decision-making
behaviors of pedestrians and drivers under different situations, so as to obtain the optimal
set of strategies, which can effectively alleviate the problem of pedestrian traffic safety, and
is of great significance for solving urban traffic safety problems.

The remainder of this paper is organized as follows: in Section 3, the characteristics
of the traffic participants in the unsignalized streets are analyzed by data collection and
questionnaire survey; in Section 4, a dynamic game model between pedestrians and vehicles
is constructed and solved based on different prior decision makers; and in Section 5, a
summary concludes this paper.
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3. Characteristic Analysis of Traffic Participants on Unsignalized Sections

In order to analyze the traffic characteristics of unsignalized crosswalks and the char-
acteristics and influencing factors of crossing behavior, a field survey by video acquisition
is needed to record pedestrian crossing behaviors. Three typical unsignalized sections with
crosswalks were selected for survey in Mentougou District, Beijing, to exclude bias at single
intersections and systematic errors. The road flow of the three sections met the research
demand, and the sight distance conditions were favorable, leaving sufficient judgment
time for drivers. No intersections were set on both sides of the road to attract vehicles, and
the vehicle composition was mainly cars, excluding the interference of other factors. The
survey time is chosen as that with high traffic volume, instead of the morning and evening
peak hours, as it is considered that road congestion affects the survey data, since vehicle
delay caused by congestion or waiting for pedestrians cannot be strictly distinguished. The
survey was conducted from March 15 to March 22, 2019, with a daily data collection time
of 120 min; the details of the survey are shown in Figure 1.
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Figure 1. Characterization Survey.

3.1. Traffic Characteristic Analysis
3.1.1. Pedestrian Crossing Walking Speed

The influence of walking speed was studied by individual pedestrian attributes. The
average walking speed of the pedestrian group crossing the street is 1.25m/s, with the
peak concentrated at 1.1-1.3m/s, which conforms to the normal distribution. In particular,
age has the greatest influence on the average walking speed: where age increases, walking
speed decreases. The overall walking speed of males was greater than that of females, and
the higher the vehicle speed, the faster the pedestrian crosses the street. The percentage of
pedestrian walking speed is shown in Figure 2.
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Figure 2. Percentage at different walking speeds.

3.1.2. Characteristics of Pedestrians When Crossing the Street

Since the acceptance of safe crossing gaps varies, there are differences in pedestrians’
waiting time and number of pauses to cross the street. The active waiting time for crossing
can reflect the traveler’s need for safe crossing gaps, while the passive waiting time can
be used to study the effect of pedestrian psychological changes on behavioral decisions,
which means a direct relationship between waiting time and pedestrians’ decision to cross
with a risky rush.

As shown in Table 1, about 15% of pedestrians need to pause three times or more to
cross the street, in order to reduce the risk of the crossing and ensure the safety gap of the
crossing, of which 12.28% can directly cross the street, and 39.30% and 33.33% pause once
and twice, respectively. The statistical results show that, although crosswalks are set up
on the unsignalized road sections, the absence of clear distribution of road rights forces
pedestrians to pause several times to cross the street smoothly. The waiting time shows the
same trend as the number of pauses in the crossing, with 70.18% of the waiting times in the
range of 10-30 s. In addition, the statistical results of the phenomenon of “rush” indicate
that pedestrians become less aware of the safety risks associated with “rush” as the waiting
time increases.

Table 1. Pedestrian crossing features.

(a) Number of pauses for street crossings

Number of stops 0 1 2 3 More than 3

Proportion 12.28% 39.30% 33.33% 9.47% 5.61%
(b) Waiting time for street crossings

Waiting time/s less than 10 10-20 20-30 30-45 more than 45

Proportion 18.95% 42.46% 27.72% 8.77% 2.11%
(c) The relationship between waiting time and rush crossing

Waiting time/s less than 10 10-20 20-30 30-45 more than 45

Rush crossing ratio 1.40% 8.42% 32.63% 27.37% 30.18%

The judgment of pedestrians on crossing risk is immutable on a subjective basis, but
when the waiting time exceeds a threshold value, the acceptable waiting time, pedestrians
expand their acceptance of crossing risk and take actions such as rushing to cross because
they believe the current delay loss exceeds the risk payoff.

3.1.3. Risk Assessment and Waiting Delay

Risk assessment results are an important basis for pedestrians to make crossing deci-
sions, which include the distance from vehicles on the road to the crosswalk, pedestrians’
crossing pace, acceptable crossing gap and crossing mode, etc. The waiting delay affects the
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pedestrians’ judgment on the acceptable range of the above indicators, and a long waiting
delay may even make the pedestrians cross, regardless of the risk.

As shown in Figures 3 and 4, more than 80% of crossing pedestrians observe the
location of vehicles at a distance of 10 m, while 14% of pedestrians observe at a distance
of up to 30 m or more, which ensures that the pedestrian maintains a safe distance from
straight ahead vehicles, to judge the passing conditions. When the vehicle is close, only
29.82% of pedestrians give crossing information and make signs to alert drivers when
crossing the street, reducing the risk of crossing the street by informing drivers of their
own choices.

Less than 10 meters
/777 10m to 20m

20m to 30m
S~
37.89% More than 30 meters

2,

7

7
i
34.04% < //

13.33%

Figure 3. Observation Distance.

Remind
No action

Pedestrians make gestures when crossing the street

Figure 4. Make a gesture before crossing the street.

The pedestrian safety crossing gap, a time interval for a pedestrian to safely cross the
street, is judged by the speed of the arriving vehicle and the distance between vehicle and
pedestrian. As shown in Figure 5, most pedestrians choose to cross the street only when
the gap is greater than 5.25 s.
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Figure 5. Time gap for safe street crossing.

3.2. Behavioral Characteristic Analysis
3.2.1. Pedestrian Behavior Characteristics

Pedestrian crossing behavior characteristics mainly refer to the reaction characteristics
of pedestrians when they judge whether to cross or encounter vehicles on unsignalized
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streets, which is jointly determined by the location of vehicles, waiting time, and the
personality characteristics when pedestrians arrive at the crossing. The basic actions of
pedestrian crossing include waiting, passing, avoiding, backing up, running, and moving
sideways. The main decisions in crossing are “wait” and “cross.”

3.2.2. Driver Behavior Characteristics

When arriving at an unsignalized street, the driver takes actions such as “pass directly”,
“slow down to avoid”, or “stop to avoid”, and use the warning horn depending on the
vehicle speed, and the location and speed of pedestrians. The main decisions in crossing
are “avoid” and “pass.”

3.3. Psychological Characteristic Analysis

When making crossing decisions at unsignalized crosswalk sections, pedestrians” indi-
vidual psychological state affects the decision a lot. Common psychological characteristics
of pedestrians crossing the street include tense mentality, conformity psychology, efficiency
psychology, and relying psychology.

At unsignalized intersections, there is a conflict between crossing pedestrians and
vehicles, since pedestrians are not separated from vehicles in time and space. Pedestrians
are often in a disadvantaged position compared to vehicles with fast and well-equipped
safety equipment, and therefore pedestrians are nervous before crossing the street, which
affects crossing decisions and judgments. Therefore, in this paper, we conducted a statistical
analysis of pedestrians’ nervousness before crossing the street through a questionnaire.
As shown in Table 2, about 70% of the pedestrians feel nervous when crossing the street
and need to wait longer to seek a safe crossing gap. Nervousness increases pedestrians’
alertness and encourages them to walk faster. When encountering vehicles, pedestrians
who crossed the street less frequently tended to “back off” to avoid risk or to reduce their
nervousness, as shown in Table 2.

Table 2. The impact of tension on pedestrians crossing the street.

(a) Tensions that arise when crossing the street

Frequency Often Sometimes Seldom
Proportion 27.37% 41.40% 31.23%
(b) Crossing the street with a tension psychology
Mode Average speed Adjustment at any time Fast Crossing
Proportion 35.90% 16.67% 47.43%
(c) Options for tense people at risk of conflict
Options Fast Crossing Back off Stop in place
Proportion 11.54% 80.77% 7.69%
(d) Average daily number of street crossings for tense people
Number 0 to 2 times 2 to 6 times More than 6 times
Proportion 71.93% 22.46% 5.61%
(e) Waiting time for tense crowds
Waiting time 30to60s 60t0 90 s 90to 120 s More than 120 s
Proportion 10.18% 24.91% 23.51% 41.40%

As shown in Table 3, group crossing poses a psychological implication for pedestrians
and drivers to improve the safety of pedestrian passing, but the crowd mentality reduces
the times pedestrians observe the road and increases waiting delays with safety risks.
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Table 3. The impact of conformity psychology.

(a) Proportion of people choosing to cross the street in groups

Scale One person 2 to 4 people Group
Proportion 55.09% 32.28% 12.63%
(b) Number of road observations under group crossing
Number Frequently Lower than single person Rarely
Proportion 43.16% 51.93% 4.91%
(c) Group waiting time for crossing the street
Waiting time 30to60s 60to 90 s 90to 120 s More than 120 s

Proportion 5.56% 25.00% 16.67% 52.77%

Due to the enhancement of enforcement of vehicle yielding to pedestrians at cross-
walks, pedestrians feel a dependence on vehicle active yielding, which affects their judg-
ment of acceptable gaps when crossing the street.

The high efficiency psychology causes pedestrians to cross the street by taking short
cuts and accelerating, which contributes to the efficiency of pedestrian crossing and re-
duces delays, but affects drivers’ judgment of pedestrian trajectory, increasing the risk of
crossing significantly.

Individual psychological differences in crossing decisions at unsignalized crosswalks
can lead to different decision options. There are many factors that affect the psychological
characteristics of individual pedestrians, such as age, gender, and personality differences,
which have different effects on the key indicators of pedestrian crossing, such as anxious
waiting psychology on the acceptable gap in crossing, risk estimation of pedestrian—vehicle
conflict, and even their own crossing speed. Pedestrians also have some common psycho-
logical characteristics, including group psychology, dependency psychology, and efficiency
optimization psychology, so it is important to study the externalization of the psychological
characteristics in crossing behavior.

Currently, there is a prominent conflict where pedestrians cross on unsignalized roads,
which seriously affects urban traffic safety, as the distribution of road rights is unclear. In
order to protect pedestrians and other vulnerable groups, cities implement the policy of
“yielding to pedestrians” to alleviate the pedestrian—vehicle conflict, which also raises a
series of new problems. The original purpose of “Yield to Pedestrians” is to ensure the
safety of pedestrians, but it only restrains drivers and raises their awareness of yielding
through relevant measures; it does not restrict the behavior of pedestrians, which can easily
give rise to other problems and cannot be effectively promoted. Therefore, it is necessary to
study the mechanism of human-vehicle conflict on roads without signal control, to provide
a new basis and new solutions to the crossing safety problem.

This chapter analyzes the psychological characteristics of pedestrians and drivers
when conflicts exist, to construct the quantitative parameters and a decision—cost model
based on the questionnaire.

4. Pedestrian—-Vehicle Dynamic Game Model
4.1. Notation
To facilitate the presentation and analysis of pedestrian—vehicle conflict at unsignalized

crosswalks based on Game Theory, all definitions and notations used throughout this work
are described in Table 4.
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Table 4. Notation Definitions.

Symbol

Definition

A and P

Decision making by vehicles in front of unsignalized crosswalks; A stands
for “avoid”; P stands for “pass”;

Wand T

Decision making by pedestrian; W stands for “wait”; T stands for “ cross”;

vi(0)

Expected utility function of game subject i;

u;(s)

Expected utility of game subject i;

Decision numbers for pedestrians and vehicles crossing the street;

Probability of waiting stage i for pedestrians, according to different waiting
times;i=1,2,3;

Decision-making subject strategy options;

ag; and a.;

Represent the utility payment values for pedestrian and vehicle delay
payments, respectively;

le‘ and bci

Represent the utility payment values for pedestrian and vehicle risk
payments, respectively;

cri and ¢,

Represents the utility payment value for safe pedestrian and vehicle
passage, respectively;

Set of selection strategies for decision subjects;

Waiting time for pedestrians to cross the street;

Critical time range values for different waiting phases; i =1, 2, 3;

Payment utility when choosing a particular strategy;

XandY

Under the game model of pedestrian first decision, the probability that the
decision maker chooses a certain strategy; X and Y represent pedestrian and
vehicle, respectively;

g1 and g3

Under the game model of vehicle first decision, the probability that the
decision maker chooses a certain strategy; q; and g, represent pedestrian and
vehicle, respectively;

4.2. Utility Values of Pedestrian Crossing Decision Behavior

When crossing, pedestrians and vehicles do not pass safely at the same time, and there
is a conflict between the utility values of both sides, which forms a game at unsignalized
crosswalks. The payment utility values for the decision-making behavior are set based on
risk assessment, delay, and whether the decision subject can safely cross the crosswalk, as

shown in Table 5.

Table 5. Strategy utility value table.

Pedestrian .
Vehicles A(avoid) P(pass)
W (wait) -1, -1 -1,1
T(cross) 1, -1 —4, -4

Since the game decision needs to be made according to the state of the pedestrian,
three stages are distinguished to ensure the model’s complete description of the crossing
behavior and to increase the differentiation of the stages. In addition, the critical range
of the three stages is obtained by integrating the results of each index through different
weight assignments based on the pedestrian crossing time, the crossing waiting time, and
the proportion of pedestrian rush in different waiting times. The specific ranges are shown

in Table 6.
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Table 6. Waiting time at different stages.
Stages Spacing Range Critical Point Range Percentage
The first stage 0<t<t 15s<t1< 255 Pr1
The second stage t<t<t 25s <ty <40s Pro
The third stage bh<t<lts 40s<t3 <60s Pr3

The first stage: pedestrians with short waiting times are emotionally stable and have
a correct prediction of risk, and therefore can accept the loss of waiting delays and make
rational decisions to avoid the risk of accidents.

The second stage: pedestrians who have waited for a period of time suffer from
psychological fluctuations and anxiousness, resulting in a shift from risk avoidance to delay
reduction, as well as a decrease in risk awareness and an increase in the probability of
risky crossing.

The third stage: after a long wait or nearing the threshold of acceptable waiting,
pedestrians tend to reduce delay losses and become more accepting of risk, risking crossing
in most cases.

According to the characteristic analysis of pedestrian crossing, the range of waiting
time at different stages is shown in Table 6.

When a vehicle meets a pedestrian at an intersection, the driver needs to make a
decision based on the actual situation. If a single pedestrian is observed crossing the
road, the driver may choose to “pass directly” to reduce delay, while if a pedestrian is
observed crossing in a group, the driver’s risk of “go straight” becomes higher and the
benefit decreases, prompting the driver to “slow down” or even “stop and wait”. Therefore,
when a group of pedestrians crosses the street, the utility value of the decision needs to be
adjusted according to the actual situation. A driver could slow down if the utility value of
the safety risk is greater than the risk of delay, enabling pedestrians to cross the street safely.

The various types of utility values of behavioral strategies were initially quantified
and divided into reasonable utilities under different stages, as shown in Table 7.

Table 7. Value of utility payment table.

Stages The First Stage  The Second Stage  The Third Stage
Delay payments ag; -1 -2 —4
Pedestrian Risk payment bg; -3 -5 —6
Safe passage cg; 1 1 1
Delay payments a,; —4 -3 -1
Vehicles Risk payment b,; -7 -9 —10
Safe passage c,; 1 1 1

4.3. Pedestrian—Vehicle Dynamic Game Model and Solution

When crossing an unsignalized crosswalk, one first makes the decision, while the other
observes the road situation and the former’s action to make a game decision, therefore
a dynamic game model of pedestrian—vehicle conflict is constructed based on different
decision makers.

4.3.1. Game Model of Pedestrian First Decision and Equilibrium Solution

Since the prior decision of pedestrians affects the decision of vehicles, the payment
utilities are correlated with each other and can be obtained under different scenarios by
calculating the initial utility value.

At the beginning of the decision, pedestrian A is divided into three different waiting
stages with probabilities Pr1, Pry and Prj (i.e., the initial phase of the pedestrian), and
information on the stage’s probability distribution of pedestrian A is shared with vehicle B.
Pedestrian A decides first to “cross” or “wait” according to the state of the pedestrian and
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road conditions, while vehicle B decides after receiving pedestrian A’s decision information
to get the utility payment 11 (Pg;; (c1,¢2)) and uy(Pg;; (c1,¢2)), as shown in Figure 6a.

(_2r_6) Pri L (_6/_2)
. A(1,-4) o PP

4

1 P T
(_1/ 1) (_8/_4)
w P Pr 12
¢ [A<—1,—4) . ﬁ 1,-2)
Pr g — , I(-9,-5
@ E a “ oI, 4;
401,-3 -
A_iz— p(_2 1; k T_4,1)
Begin w . , Begin PR 51 -
A(-2,-3) (=4,-1)
P(_5,-9) A | e -3, 1)
T y e 22—
A(1,-1) (=3,-2)
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A — —
(-4,-1) '
Pedestrian Decision Making

Pedestrian Decision Making ® Vehicke Decision Making
1 1S1

® Vehicle Decision Making

(@) (b)

Figure 6. General form of the unfolding game. (a) Pedestrian first decision. (b) Vehicle first decision.

The waiting stage probabilities obey a negative exponential distribution of A with the
probability distribution as follows:

Fit)=P{T<t) =1—¢M (1)

Following the characterization in Section 3, the critical range of time for each waiting
stage can be taken as:
t1 >~ 20s,
tr ~ 33s, (2)
t3 =~ 50s.

At A = 1/24, the specific probability values for the three waiting phases are given
as follows:

Py = 0.57,
Pro» = 0.75, 3)
Prs = 0.88.

Assuming that pedestrians choose “cross” first at all three stages, the two strategies of
“pass” and “avoid” for vehicles are decided by the payment value. After the pedestrian
first chooses to “cross”, the expected payment utility of the vehicle choosing to “pass” is:

up = (T, P) = Pr1(—6) + Pra(—8) + Pr3(—9) = —17.34 4)

If the “avoid” strategy of the vehicle brings the payment utility d > —17.34, then the
vehicle chooses to “avoid”; otherwise, the two decision choices are not mutually optimal
and no equilibrium solution exists. Therefore, it is important to raise the avoidance payment
to increase the probability of drivers preferring the “avoid” strategy in real cases.

The game above is a pure strategy game, as the pedestrian and vehicle in the game
model of pedestrian-vehicle conflict are completely opposed to each other. The pedestrian’s
decision is affected by various factors, which cannot be used as the solution of the game
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model directly. Combining the actual situation, the “mixed strategy” [28] is proposed to
enable all players to choose the strategy according to a certain probability.

The optimal probability distributions of the pedestrian and driver selection strategies
are calculated by the mixed strategy, which can ensure the existence of stable solutions of
Nash equilibrium and obtain reasonable Nash equilibrium solutions.

The expected utility function of game player i v;(¢) = v;(0;,0—;) can be expressed
as follows:

vi(o,0-1) =) ﬁ0k<5k)ui(5) ®)

seS k=1

If for all gamersi = 1,2, ..., n, there are
vi(of,0%;) > vi(oy,0%), Yo € ) ;i (6)

o = (0},...,0;;) is a Nash equilibrium of mixed strategies.

The perfect Bayesian equilibrium solution steps for the pedestrian first decision game
model under the mixed strategy are as follows:

Strategy hypothesis 1: As shown in Figure 6a, assume that pedestrians make random
decisions at node 1 and choose the strategy “cross” at node 2 and node 3, while vehicles
first observe pedestrians’ decisions and decide the strategy according to the payment
utility value.

Hypothesis 2 on the probability of a random decision: Assume that the probabilities
of pedestrians choosing the strategies “pass” and “wait” at node 1 are X and (1—X), while
the probabilities of vehicles choosing the strategies “pass” and “avoid” after observing the
pedestrians’ crossing decisions are Y and (1—Y), respectively.

The solution for X and Y: To obtain the equilibrium solution, pedestrians at node 1
choose the strategies “wait” and “cross” randomly, which means the payment utility of the
two strategies is the same at node 1.

u (T, 0p) = =2Y+ (1Y)
up(W,00) = —1 ?)
Uy = up

Solving the above equation results in Y = 0.67.
When pedestrians choose the strategy “cross”, the probability of vehicles choosing
“avoid” at different stages can be calculated as follows:

_ 057%
PALIT) = Garxsom
_ 075X
P(12]T) = (057X +043) (8)
_ 088X
P(L3|T) = Garxrom)

Similarly, at node 2, the utility values of vehicles with different strategies chosen are
definitely the same to obtain the equilibrium solution.

up(op, P) = =3p(1.1| T) =5p(1.2| T) —6p(1.3 | T) = up(0p, A) =d )
Solving the above equation gives the expression:

(242 +0.43d)
X = 71— 0574) 10)

From Equation (10), it can be seen that the vehicle avoidance payment d is related to
the pedestrian decision, in which the probability X of the pedestrian choosing to “cross”
decreases as the vehicle avoidance payment d rises.
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The probability of choosing various strategies in the pedestrian first decision model is
shown in Table 8.

Table 8. Strategy selection probability of the game model under mixed strategy.

Strategy Probability of Different Strategy Combinations

Portfolio Pedestrian First Decision Vehicle First Decision
o) S 0w) (e Syl
a(T),c2(4) (725570, 0.33) (1 i 1 — M )
(W), ca(P) (1 + #5055, 039) (g she ™, e )
c1(W), c2(A) (1+ 224384 ,0.67) (1 — Baf2ledPy AP tOhg Py )

In the pedestrian first decision game model with mixed strategies, the probability
of choosing different strategies depends on the avoidance payment value of vehicles,
which affects the probability of drivers choosing the “avoid” strategy and pedestrians
choosing to “cross” or “wait.” Traffic management can improve the safety of pedestrians
crossing the street by adjusting the vehicle payment value of “avoid” in accordance with
realistic conditions.

4.3.2. Game Model of Vehicle First Decision and Equilibrium Solution

In reality, vehicles often form a new game by making decisions ahead of pedestrians to
improve their own utility payment, so the game model of vehicle first decision is established,
and the result is shown in Figure 6.

The game process is as follows: at the beginning of the game, the driver first decides
to drive normally (or accelerate) or to slow down, and then the pedestrian chooses the
waiting stage depending on the probability Pg;, obtaining the payment utility of both.

The expected utility of the vehicle choice strategy “pass” and “avoid” is given below:

Mz(P, WWW) = _PRl — ZPRz — 4PR3 11
Uus (A, TTT) = —4PR1 — 3PR2 — PR3 ( )
The mixed strategy equilibrium solution is as follows:
[92P + (1 = g2) A, W + (1 = q1)T] (12)
g1 and g7 is given by the Equation (13):
91(Pr1 + Pra + Prs) = (1 — q1)(—4Pr1 — 3Pr2 — Pr3) 13
q2(Pr1 + Pro + Pr3) = (1 — q2)(—Pr1 — 2Pra — 4Ppg3)
Simplify:
__ 4PR1+3Pgo+Pr3
91 = 3Py +2Px,
_ Pri+2Pro+4Pg3 (14)
92 = = Prr+3Pzs

The equilibrium solution of the mixed strategy game model for the driver’s first
decision is explained as follows.

When the probability satisfies Equation (11), —Pry — 2Pro — 4Pr3 = —4Pry — 3Pr2 — Pgs,
the equilibrium game belongs to the mixed strategy game equilibrium, and the probability of
vehicles choosing the “pass” and “avoid” is g, and (1 — g3 ), while the probability of pedestrians
choosing the “wait” and “pass” are 1 and (1 — g7 ), which satisfy Equation (14).

The equilibrium solution of the game model for vehicle first decision exhibits different
results in three probabilities.
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(1) When the relationship of probability between pedestrians and vehicles satisfies
3PRry + Pro < 3Pgs, the strategy combination is (P, W), that is, the vehicle chooses
to “pass” first and the pedestrian decides to “wait” after observing vehicles passing
without slowing down, which ensure safe passage of vehicles with minimal risk to
the pedestrian.

(2) When 3Pg; + Pry < 3Pg3, the strategy combination is (A, T), which means that the
vehicle chooses to “avoid” first and then the pedestrian chooses to “cross”, so that the
pedestrian can cross the street safely with lower risk.

(3) When 3Pgj + Pry = 3Pr3, the equilibrium is the game equilibrium of the vehicle’s
first decision under the mixed strategy, and the equilibrium solution is the probability
of strategy selection. The specific strategy combination is illustrated in Table 8.

As can be seen in Table 8, in the game model of the vehicle’s first decision, the
equilibrium conditions and the probability of choosing a specific strategy are directly
related to the waiting probability in the three stages. Strategy combinations of the higher
risk (P, T) and longer delay (A, W) occur when the probability conditions are not satisfied.

In actual pedestrian crossing behavior, the optimal decision combination of pedestrians
and vehicles is (polite, polite) when they are in a static game with complete information,
while the optimal decision combination is (pass, polite) when they are in a dynamic game
with one decision first.

Traffic management can improve the quality of drivers and pedestrians through road
safety education, to increase active choices to avoid and modify the probability of the
three waiting stages by warnings, prompts, inducements, and laws and regulations to
achieve safe equilibrium in crossing behavior, and reduce risky conflicts and delay losses
between vehicles and pedestrians. When the number of pedestrians on the roadside is
not large, the driver can accelerate or sound the horn to notify the pedestrian, so that
the pedestrian abandons the crossing and continues to wait, avoiding high-risk conflicts.
Similarly, pedestrians can use crossing gestures to inform drivers and to urge vehicles to
slow down in order to cross the street safely.

5. Conclusions and Prospects

Road traffic safety has been a hot topic that has attracted high attention, especially
traffic accidents and pedestrian accidents. In urban unsignalized streets, pedestrians are
guided to cross the street only by crosswalk signs, due to the lack of road infrastructure,
which easily causes conflicts between pedestrians and vehicles. Therefore, it is of great
practical significance to study the problem of pedestrian—vehicle conflicts on unsignalized
streets, to improve safety and reduce the risk of pedestrians crossing the street. In order
to further develop advanced models and technologies for safer and more sustainable
transportation, this research establishes a dynamic game model based on multiple decision
makers, which is developed to solve the problem of minimizing pedestrian—vehicle conflicts
at unsignalized crosswalks. In this paper, the three types of characteristics of pedestrians
and drivers are statistically analyzed to construct an evaluation system according to the
influence of each index on the pedestrian crossing; then, the problem of pedestrian-vehicle
conflict in unsignalized streets is studied from the perspective of game theory, to propose
game models based on the first decision of pedestrians and vehicles with the “mixed
strategy”, by establishing the probability function of three waiting stages according to
the waiting time; finally, the equilibrium solutions of the two models are solved and
analyzed for the actual significance and substance to improve the safety and efficiency of
pedestrian crossing.

Therefore, the conclusions of the model can equalize the pedestrian crossing behavior
safely, reduce the risk of conflict between vehicles and pedestrians, as well as delay loss,
which can be used as a reference for traffic law makers and traffic management to regulate
the traffic behavior of traffic participants, and provide a new idea to solve the conflict of
unsignalized streets.
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However, caution should be taken while directly referring to this conclusion, and
several extensions may be considered in future work. First of all, the survey is limited in
scope and the data results cannot fully reflect the actual situation, which should be investi-
gated more comprehensively and more typically in the future. Second, the establishment
of the game model assumes that all participants in the game are rational people and all
decisions made are rational to maximize their own interests, which differs greatly from
real situations, and an independent study can be conducted for individuals in the future to
improve the research diversity. Finally, whether pedestrians or vehicles make a decision
first, there is always one participant to respond based on the other’s decision, which in
practice can be more misleading and biased.
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