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Abstract: The mixed traffic flow has an increasingly impact on the operation of urban traffic. To study
the evolution law of multi-group behaviors in pedestrian crossing, we used the evolutionary game
theory to establish a multi-group behavior evolution model for pedestrian crossing. The process of
concern started from the risk perception and multi-group behavior choice. The evolutionary stability
strategies, evolution trends, and factors affecting the evolutionary path of multi-group behaviors
are discussed in this paper. This study found that evolutionary strategy equilibrium of pedestrians,
drivers, and traffic managers not only relied on their own earning, but also on those of the other
two groups. The factors affecting its behavior included the revenue factor and the limiting factor.
Evolutionary game theory was used to analyze the multi-group interaction behavior of pedestrians,
vehicle drivers, and traffic managers in the process of pedestrian crossing, as well as to analyze
the behavior of traffic subjects in the process of pedestrian crossing. This paper provides a basis
for decision-making for the traffic management department to manage road traffic, offering a new
idea from the perspective of evolution for solving the conflict of interest at the crosswalk of the
road section.
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1. Introduction

Traffic accidents involving pedestrians have long been a major safety concern all over
the world, particularly in developing countries, due to high population density, rapid ur-
banization, and lack of adherence to traffic regulations by both drivers and pedestrians [1].
In view of the fact that traffic participants such as pedestrians, vehicle drivers, and traffic
managers have a very important influence on the state of urban traffic, their behavior
has become the focus of research at home and abroad. Previous studies were conducted
from the perspectives of group behavior characteristics [2—6], behavioral simulation [7,8],
and behavioral psychology [9] of pedestrians, vehicle drivers, and traffic managers.

In terms of group behavior characteristics, some existing studies have focused on
the behavioral characteristics of certain types of people, including groups such as the
elderly and children, men and women [10-17]. Some studies used the probability theory
method combined with the survey data to explain the traffic engineering characteristics
of traffic subject behavior [18,19]. There are also studies exploring the risk behaviors of
road users [20-22] and reliability analysis of drivers in urban intersections [23]. However,
at present, only the behavior characteristics of different groups of crossing pedestrians have
been studied, which are not comprehensive, and there is limited research on the behavior
characteristics of multi-group.

In terms of behavioral simulation, some existing studies have used fluid mechanics,
dynamics [24,25], the theory of planned behavior (TPB) [26,27], cellular automaton mod-
els [28,29], etc. to study the effects of pedestrians, vehicle drivers, and traffic managers on
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road traffic. These models and theories are capable of simulating the traffic participants
characteristics, but they are unable to fully demonstrate the dynamic interaction between
traffic participants and external environment. In terms of behavioral psychology, studies
have used statistical analysis methods to explain the behavioral mechanisms of pedestri-
ans, vehicle drivers, and traffic managers under the guidance of social psychology, traffic
psychology, and cognitive psychology [30].

In the latest research on pedestrian crossings, empirical trajectory data are used to
study the influence of pedestrian flow on path planning behavior in a certain spatial and
temporal range [31]. On the basis of dynamic group decision theory of herd mentality,
Xiao et al. [32] analyzed pedestrian violation mechanism and focused on the interaction
views of pedestrian violation under the influence of herd mentality. The generalized
estimation equation is used to construct a binary model of pedestrian crossing behavior,
and the benefit of refuge island is evaluated [33]. Pedestrian crossings have been assessed
from an operational perspective, wherein Hyung et al. [34] considered the conflict between
pedestrians and driving vehicles, vehicle encounter, crossing time, and auditory perception
as indicators. The dynamic decision model of pedestrian jaywalking is proposed on the
basis of the extended decision field theory. The model links the perception of pedestrians in
the three dimensions of efficiency, safety, and fairness with the dynamic traffic environment,
and shows the evolution process of pedestrian decision-making [35].

Most of the existing literature are analyzed from the static perspective or the dy-
namic perspective of the two parties involved. Rarely has research been conducted on the
three-party multi-group interaction behavior of pedestrians, vehicle drivers, and traffic
management personnel in the process of pedestrian crossing. At the same time, for the
evolution process and evolution law of traffic participants, the traditional traffic flow
model, and theory are unable to explain the crossing mechanism sufficiently. The evolu-
tionary game used in this paper can better analyze the evolution process, evolution law,
and evolution path of traffic subject behavior in the process of pedestrian crossing from
the perspective of evolution. On the basis of this, this paper based on evolutionary game
theory took into account the time-revenue factors, security factors, and psychological fac-
tors in order to construct the payment matrix from the perspective of bounded rationality,
and the behavior of the traffic participants were systematically modeled. On the basis of
the equilibrium point analysis, we analyzed the evolution trend of the above traffic subject
behavior. The behavioral development trend and the influencing factors of the evolution
path were simulated by MATLAB. Additionally, the evolution path of crossing pedestrians
and vehicle drivers’ behavior are discussed.

The rest of this paper is organized as follows. Section 2 recurs the multi-group
behavior interaction scenario and establishes an asymmetric behavior evolution model.
Section 3 analyzes the behavior evolution trend and parameter sensitivity on the basis
of the equilibrium point. Section 4 numerically simulates the evolution of multi-group
behavior. The conclusions of this paper are presented in Section 5.

2. Multi-Group Asymmetric Behavior Evolution Model
2.1. Scenario Recurrence and Hypothesis

There are three pairs of gaming: gaming between government and traffic participants,
gaming between traffic managers and traffic participants, and gaming between traffic
participants. He et al. [36] believe that traffic managers aim to maximize social revenue,
while traffic participants are tempered to maximize their own revenue. There are informa-
tion asymmetry and conflicts between these two groups, which are in line with the premise
and application conditions of game theory. In reality, pedestrians and vehicle drivers do
not always follow the traffic rules, and traffic managers sometimes manage carelessly.
In this case, there is room for gaming. This chapter analyzes pedestrians, traffic managers,
and vehicle drivers on the basis of the main game mechanism of traffic participation.

To analyze the multi-group game of pedestrian crossing, we developed the cross-street
scenario of this model as follows: at the intersection, there are traffic managers who are
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supervising and pedestrians who may violate the rules in order to save crossing time.
Meanwhile, drivers also violate regulations due to profit-driven motives. Moreover, in the
process of crossing, vehicles and pedestrians also have conflicts and disturbances due to
competition for limited traffic resources. Traffic managers impose penalties on pedestrians
and drivers because of their violation. In order to facilitate the establishment of the model,
we made the following assumptions according to the characteristics of various traffic
participants in urban traffic in China.

(1) Under the complicated traffic environment, there are three groups with learning
adaptability in the process of pedestrian crossing: pedestrians, vehicle drivers, and traffic
managers. The set of pedestrian behavior is Option; = {violation, obeying traf fic rules}.
The set of driver behavior is Option, = {violation, obeying traf fic rules}. The set of traffic
manager behavior is Options = {strict management, careless management}.

(2) Obeying traffic rules will bring safety revenue to pedestrians, which is represented
by e,. Pedestrians will obtain certain time revenue in violation of traffic rules, which is
represented by e3. Pedestrians” compliance with traffic rules will result in a loss of time
revenue, which is represented by —e3. Violation of traffic rules will cause traffic accidents,
and this loss is represented by L. The probability that a pedestrian violates the regulations
and the driver does not violate but a traffic accident occurs is p3.

(3) Effective traffic management will bring about certain revenue to traffic managers,
which is represented by e;. At the same time, careless management leads to traffic disorder
and adverse effects on traffic patency, because the accountability of the superior department
causes a certain loss to the traffic managers, which is represented by D. Meanwhile,
the traffic management department has administrative law enforcement costs in the process
of traffic management, and we assume that the cost of strict management is C;.

(4) The vehicle drivers’ compliance with the rules has a safety revenue, assuming that
the safety revenue obtained by obeying traffic rules is e5, with the loss of time revenue
being indicated by —es. Meanwhile, it is assumed that the time revenue that drivers may
obtain in violation of traffic rules is represented by e;. When a vehicle driver violates
regulations and causes a traffic accident occurs, the loss to the driver is L. Under the
condition that the pedestrian does not violate the regulations but the drivers violate them,
the probability of a traffic accident occurring is p4. Under the condition that pedestrians
and vehicles are all in violation of regulations, the probability of a traffic accident occurs
is ps.

(5) Assume that traffic managers manage strictly. Once pedestrians and vehicle drivers
are found to be in violation of regulations, penalties will be imposed. The number of penal-
ties imposed on pedestrians is 1, and the number of penalties imposed on vehicle drivers
is M. The probability of pedestrians’ punishment under conditions of careless management
is p1. Moreover, the probability of vehicle drivers’ punishment under conditions of careless
management is p».

(6) Assume that the probability of strict management is z, and the probability of
careless management is 1 — z. Suppose that the probability of pedestrians obeying traffic
rules is x, and the probability of violation is 1 — x. Moreover, it is assumed that the
probability of the vehicle driver complies with the traffic rules is y, and the probability of
violationis 1 —y.

With reference to the above assumptions, we show the payoff matrix of multi-group
game in the context of pedestrian crossing in Table 1.

2.2. Multi-Group Behavior Evolution Dynamic Replication Equation

Traffic participant behavior has subjective initiative and adaptability. In a complex
traffic environment, traffic participants can search for rules and practices of the new
environment, and crossing pedestrians can continue to evolve in this continuous search
process. On the basis of this, the behavior evolution of traffic participants in this paper
refers to the traffic subject constantly adjusting its own behavior and evolution path in
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order to adapt to the changes of the new environment. This leads to a series of changes in
the state and characteristics of the traffic individual.

Table 1. The payoff matrix.

The Payoff Matrix under Strict Management by Traffic Manager

Vehicle Driver

Obeying Traffic

Violation Rules

es — psLy —m,
P es — psLli —m,

. Violation ey — v5Lo — M,e1Cy +

Pedestrian nj n K/SI 2 ™ es —eg,e1—Cr+m

2% er—e3,e5—e
Obeying trafficrules ey — psLp — M, 82 _ C3 T T

e1—Ci+M 1 1

The Payoff Matrix under Careless Management by Traffic Manager
Vehicle Driver
Violation Obeying Traffic

Rules

¢~ pska —mp1, es — psLy —mpy,

] Violation eg — psLy — _ _
Pedestrian Mpa,mp1 + Mpy — D es —eyq, mpy — D
€ —ée3,
Obeying traffic rules eq — palyp — Mp, ep —e3, e5 —ey, —D.
MP, — D

where e;: effective traffic management will bring certain revenue to traffic managers; e;: obeying traffic rules
will bring safety revenue to pedestrians; e3 : pedestrians will obtain certain time revenue in violation of traffic
rules; e4: the time revenue that drivers may obtain in violation of traffic rules; es: the safety revenue obtained
by obeying traffic rules; L: violation of traffic rules will cause traffic accidents; L,: the loss to the driver when a
vehicle driver violates regulations and causes a traffic accident; p;: the probability of pedestrians’ punishment
under conditions of careless management; p,: the probability of vehicle drivers’ punishment under conditions of
careless management; p3: the probability that a pedestrian violates the regulations and the driver does not violate
them but a traffic accident occurs; py: the probability of a traffic accident occurring where the pedestrian did not
violate the regulations but the driver violated them; ps: the probability of a traffic accident occurring in which
pedestrians and vehicles were all in violation of regulations; D: the accountability of the superior department
causing a certain loss to the traffic managers; Cy: the cost of strict management; m: the amount of penalties
imposed on pedestrians; M: the amount of penalties imposed on vehicle drivers.

According to the behavior payoff matrix above, the expected revenue U; of the
pedestrian violation, the expected revenue U, of obeying the traffic rules, and the average
expected revenue U are as shown in Equations (1)-(3), respectively.

The expected revenue V; of vehicle drivers in violation of traffic rules, the expected
revenue V; that obeying the traffic rules, and the average expected revenue V of vehicle
drivers are shown in Equations (4)—(6), respectively.

In the same way, the expected revenue W of strict management by traffic managers,
the expected revenue W, of careless management, and the average expected revenue W of
traffic managers are shown in Equations (7)—(9), respectively.

In accordance with the Malthusian dynamic replication equation, the dynamic repli-
cation equations for the behavior evolution of pedestrians, vehicle drivers, and traffic
managers are shown in Equation (10).

F(x,y,2z), G(x,y,2z), and H(x,y,z) are separately derived to obtain a Jacobian matrix
as shown in Equation (11).

From the dynamic replication equations of behavioral evolution of pedestrians, vehi-
cle drivers, and traffic managers, it is known that when the revenue of a certain strategy
S is greater than the average revenue of the group, more individuals choose the strategy.
When the revenue of the selected strategy S is exactly equal to the average revenue of the
group, the individual growth number of the selected strategy is zero. When the revenue of
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the selected strategy S is less than the average revenue of the group, the individual growth
number of the selected strategy is negative.

U = (1 —-y)z(es — psLa —m) +yz(es — psly —m) + (1 —y)(1 = 2)(e3 — psLy — mp1) + y(1 = z)(e3 — psly —mp1) M
Uy =(1—y)z(ea —e3) +yz(ea —e3) + (1 —y)(1 —z)(e2 —e3) + y(1 —z)(e2 —e3) = (ex —€3) )
TU=xl+ (1- 1) 3)
Vi = (1 —x)z(es — psLy — M) + xz(es — paLlo — M) + (1 — x)(1 — z) (es — psLa — Mp2) + x(1 — z)(es — paLo — Mp») 4)
Vo =(1—x)z(es —eq) +xz(es —eq) + (1 —x)(1 —z)(es —eq) +x(1 — z)(e5 — e4) )
V=y+(1-y)W (6)
Wi=e —C+m+M—mx— My (7)
Wy = mpy + Mpy — D — mp1x — Mpay (8)
W=zW;+(1—2)W, )
{ F(x,y,z) = x(1 — x)[ea — 2e3 + z(m — mp1) — yL1(ps — p3) + psLy + mp1]

G(x,y,2) = y(1 —y)les — 2e4 +z(M — Mps) — xLa(ps — pa) + psLa + Mps] (10)

H(x,y,z) = z(1—z)[e1 = G + (m —mpy)(1 — x) + (M — Mpz)(1 —y) + D]

—y(1=y)(ps — pa)L2, (1 —2y)[es — 2e4 +2(M — Mps) — x(ps — pa) Lo + psL2 + Mp2], y(1 —y) (M — Mp2) 11)
—z(1=z)(m —mp1), —z(1 —z)(M = Mp2), (1 —2z)[er — Cy + (m —mp1)(1 = x) + (M = Mp2)(1 —y) + D]
where
Uj: The expected revenue of the pedestrian violation;
Uy: The expected revenue of obeying the traffic rules;
U: The average expected revenue;
V1: The expected revenue of vehicle drivers in violation of traffic rules;
Vu: The expected revenue of obeying the traffic rules;
V: The average expected revenue of vehicle drivers;
Wi: The expected revenue of strict management by traffic managers;
Wa: The expected revenue of careless management;
W: The average expected revenue of traffic managers;
x: The probability of pedestrians obeying traffic rules;
y: The probability of the vehicle driver complies with the traffic rules;
z: The probability of strict management.

{ (1 —2x)[ex — 2e3 + z(m — mpy1) — yLa(ps — p3) + psLy + mpa], -x(1 — x)L1(ps — p3), x(1 — x)(m —mp1)

3. Multi-Group Behavior Evolution and Stability Analysis
3.1. Analysis of Behavior Evolution Trend Based on Equilibrium Point

On the plane B = {(x,y,z)/0<x,y,z <1}, let the differential equations
F(x,y,2)=0
{ G(x,y,z) =0 , and the solutions of the third-order differential equations can be ob-
H(x,y,z)=0
tained as shown in Equations (12)—(14).

Among them, for the convenience of solving, the following equations are defined:
AM = m—mpy, Ay = Ll(PS — pg), A3 = ey —2e3+ psLy +mpy, 91 = M — Mpy,
@2 = Lo(ps — pa), 93 = e5s —2e4 + psLy + Mpo, 03 = e1 —C1 + D.

If the evolutionary game equilibrium is a gradual steady state, it must be a strict Nash
equilibrium. While the strict Nash equilibrium is a purely strategic Nash equilibrium,
it is only necessary to discuss points of (0, 0, 0), (1, 0, 0), (0, 1, 0), (0, 0, 1), (1, 1, 0),
(1,0,1),(0, 1, 1),and (1, 1, 1) for the dynamic replication system of Equations (12)—(14).
Obviously, these eight points are the balance points of the dynamic replication system,
which correspond to an evolutionary game equilibrium. Meanwhile, in order to make the
traffic participants revenue closer to the actual traffic situation, it is necessary to increase
the constraint conditions. For crossing pedestrians and vehicle drivers, they are motivated
to violate the regulations under the condition that traffic managers manage carelessly.



Sustainability 2021, 13, 2009

60of 17

Therefore, it is reasonable to assume that the revenue of violations of pedestrians and
vehicle drivers are greater than the revenue of obeying the rules. For traffic managers,
under the conditions of pedestrians and vehicle drivers who violate the rules, the revenue
of their strict management is greater than the revenue of careless management. At this
time, there are constraints as shown in Equation (15) for pedestrians, vehicle drivers,
and traffic managers.

According to the second method of Lyapunov stability, the stability of the equilibrium
point can be judged as shown in Table 2.

Ao(A 4 @1 +03) + A3 — A3y

x=0,x=1x"= 12
M(A2 + ¢2) 12)
«_ 2(M+ 91 +03) +A391 — Aigs
=0,y=1,y" = 13
Y Y Y P1(A2+ ¢2) 13)
_ Ao@r (A + @1 +03) — AMArp3 — Az3@1 9

z=0,z=1,z* (14)

Ag1(A2 + ¢2)
2e3 —ey — psLy —mpy > 0,2e4 —e5 — psLy — Mpy >0, —C1+D >0 (15)

Table 2. Measurement conversion.

Equilibrium Point Jacobian Matrix Eigenvalues  Result

ey —2e3+ psL1+mp; <0,
e5 — 2e4 + psLy + Mpy <0,
ep—Ci+m+M—mpy —
Mp,+D >0

(0,0, 0) Unstable

2e3 — ey — psL1 —mpy >0,
(1,0, 0) es —2eq + ps L2 + Mpp <O, Unstable
eg—C+M—-Mp,+D >0

ey — 263 —+ p3L1 + mpy < 0,
(0,1, 0) 2e4 —e5 — psL2 — Mpy > 0, Unstable
eq—Ci+m—mpy+D >0

ey —2e3+psL1+m <0,
es —2e4 +psL2+ M <0,

(0,0, 1) Cr—e1 — m — M+ mpy + Stable
Mp, —D <0
2e3 — ey — p3L1 —mpy1 > 0,

(1,1, 0) 2e4 —e5 — pgL2 — Mpy > 0, Unstable

e1—Ci+D>0

2e3 — ey — psL1 —m >0,
(1,0, 1) es —2es + M+ pgLy <O, Unstable
Ci—eg—M+Mp,—D <0

ez —2e3+ p3l; +m <O,
(0,1, 1) 2e4 —es — M — psLy >0, Unstable
Ci—e—m+mp—D<O0

263—62—p3L1—m>0,

(1,11 2e4 —e5 — M — pgLy >0,

Unstable

It can be seen from Table 2 that the system has a global unique stable equilibrium
point (0, 0, 1), and the corresponding behavior strategies of traffic subject are crossing
pedestrian violation, vehicle driver violation, and traffic manager strict management. It is
an evolutionary stability strategy under current conditions. When crossing pedestrians and
vehicle drivers violate with x* and y*, and the traffic managers manage with z*, the hy-
brid strategy Nash equilibrium state is reached between the vehicle driver, the crossing
pedestrian, and the traffic manager. By analyzing the mixed strategy Nash equilibrium,
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the probability of strict management of traffic manager can be obtained. Meanwhile, vehicle
drivers and crossing pedestrians have adopted the most favorable strategy for themselves
in order to obtain greater revenue. As a result, they all receive sub-optimal revenue and
fail to maximize total revenue and self-revenue.

3.2. Sensitivity Analysis

Sensitivity analysis is conducted to analyze the influence of various parameters on
behavioral evolution. This section uses the derivation method to analyze the impact of
parameters on behavior.

(1) The impact of C; on behavioral evolution. The following equations exist at the
center point:

- Li(ps — ps)

9Cr ~  (m—mpn)[Lalps — pa) + La(ps — pa)] "

I La(ps — pa)

aCi (M —Mpa)[L1(ps — p3) + Lo(ps — pa)] <0 )
A Li(ps — p3)La(ps — pa) 0 (18)

3G~ (m—mp1)(M— Mp)[Ly(ps — p3) + La(ps — pa)]

The increase of C; has a negative impact on the crossing pedestrians and vehicle
drivers obeying the rules, and has a negative impact on the strict management behavior of
traffic manager. Meanwhile, it increases the probability that the system converges toward
the point of (0, 0, 0).

(2) The impact of L; on the evolution of behavior. The following equations exist at the
center point:

ax* _ [(ps —p3) (M + 91 +03) — pspr1]Ai (A2 + @2) — [Ma(M + 1 +03) + M3 — Az@1] A (ps — pa)

_ >0  (19)
oL, M(A2+ g2)°
oy _ ps(ha+92)91 — (ps — pa)prl@a (M + 1 +03) + Aagr — hags] (20)
oL, A2(Az + ¢2)?
9z _ [(ps = pa)ga(Aa+ 1 +03) = (ps = pa) i@ = psgrgalMi@r(A2 + 92) — [Aa@a(Mi + 91+ 03) — Aadags — hsrpalhigr(ps —p3) -y
L, A2 (A2 + 92)°

L; has a positive impact on the behavior of vehicle drivers and crossing pedestrians
obeying the rules, and the impact on the behavior of traffic manager is uncertain.
(3) The impact of p3 on the evolution of the system. The following equations exist at
the center point:
0x*  —Li(A + @1 +03)A1 (A2 + ¢2) + [A2(A1 + @1 + C3) + A3 — Az@1] L1y S

- 0 22)
ps M (A2 + g2)
gl _ (M + ¢ Jgf73) + )\14;3 EACL AL 23)
P3 ¢1(A2 + ¢2)
0z [“Liga(M + @1+ 03) + Lid1g3|li@1 (A2 + 92) + [A2@2 (M + @1+ 03) — AMAags — A3@r192]A191 L4 (24)
ops Mgtz + g2)?

p3 has a positive impact on the behavior of the vehicle driver and crossing pedestrian
obeying the rules, and the impact on the behavior of the traffic manager is uncertain.

(4) The impact of L, on the evolution of the system. The following equations exist at
the center point:

ax* _ psAf(Aa+ @2) — [A2(A1 + @1 +03) + 193 — As@r]Aa(ps — pa)
dLp A2(A2+ ¢2)?

>0 (25
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oyt _ [(ps = pa) (M + @1+ 03) = psh]@i(Az + ¢2) — [ga(M + @1+ 03) + Aspr — M@sler(ps —ps) (26)
oL, P} (A2 + 92)?

92" _ llps —pa)da(h + o1 +03) = (ps = pa)dsgr = pshidalhi91(Aa + 92) — Paga (M + 91+ 03) = MAags = Asprgalhigi(ps —pa) o)
oL, A%qﬂ%(/\z + @2)2

L has a positive impact on the behavior of crossing pedestrians and vehicle drivers
obeying the rules, and the impact on the behavior of traffic manager is uncertain.

(5) The impact of M on the evolution of the system. The following equations exist at
the center point:

ox* (1 — p1)()\2 — )\3) + Pz/\1 S

0 (28)
oM (A + 92)?

ay* _ [(1 — pz)(q)z + /\3) — pz/\l](pl (A + (pz) — [([72()\1 + @1+ 0'3) +Azp1 — )\14’3](1 — PZ)(/\Z + 902) >0 (29)

2
oM P2(A2+ ¢2)
0z" _ [(1 = pa)Ahaga — poMiAs — (1 — p2)As@alMi g1 (A2 + @2) — [Aa@2 (M + @1 +03) — MAags — As@rga](1 — p2) M (A2 + ¢2) (30)
oM N2 (A2 + ¢2)

M has a positive impact on the behavior of crossing pedestrians and vehicle drivers
obeying the rules, and the impact on the behavior of traffic manager is uncertain.

(6) The impact of e; on the evolution of the system. The following equations exist at
the center point:

ax* Li(ps — ps)

der ~ (m—mp)[Li(ps — ps) + La(ps — pa)] ’ o

yt Ly(ps — pa)

der ~ (M= Mps)[Li(ps— pa) + La(ps — pa)] )
oz* Li(ps — p3)La(ps — pa) >0 (33)

dey  (m—mp1)(M — Mp2)[L1(ps — p3) + L2(ps — pa)]

e not only have an impact on the strict management behavior of traffic managers,
but also have an impact on pedestrians and vehicle drivers obeying traffic rules, and their
impact is positively correlated.

(7) The impact of p5 on the evolution of the system. The following equations exist at
the center point:

ox* _ [Ll ()\1 + P1 + 0'3) + )\1L2 — qu)l]Al (/\2 + ([)2) — [/\2()\1 + P1 + 0'3) + )\14)3 — /\34)1]/\1(L1 + Lz) -0 (34)
s R+ o)
I _ [Lo(M+ @1+ 03) + Ligr — MLoJgi(Aa + ¢2) = [¢2(A1 + 91 +03) + Aspr — Mgsla(La +La) (35)
ps 93 (A2 + 92)°

az" ~(Laga + LaAz) (M + @1 4+ 03) — A (Ligs + LaAs) — @1(Liga + LaAs) M @1(A2 + ¢2) — [A2@2 (A1 + @1 +03) — AMAz@3 — Az@1@2] A1 (L1 + Ly)

5 = (36)
ors Me3(As+ o)

ps has a positive impact on the behavior of the vehicle driver and crossing pedestrian
obeying the rules, and the impact on the behavior of the traffic manager is uncertain.
(8) The impact of e3 on the evolution of the system. The following equations exist at

the center point:
ox* 2¢1
=——<0 37
863 )\1 (/\2 + §02) ( )

ay” 2¢1
=——>0 38
863 P1 (/\2 + §02) ( )
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dz* _ 2(p1 %)
des A ¢1 ()\2 + q)z)

ez have a negative impact on the pedestrians” compliance with the rules, and have a
positive impact on the vehicle drivers” compliance with the rules and the traffic managers’
strict management behavior.

In summary, through the sensitivity analysis of the parameters, we find that the
behavioral factors affecting the traffic participants include the revenue factor and the
limiting factor, and the evolution process of the traffic subject behavior is completed
under the role of two factors. The revenue factors and limiting factors for the behavior of
pedestrians, vehicle drivers, and traffic managers are as follows:

(1) The revenue factors of pedestrians to abide by traffic rules are as follows: Ly, p3,
Ly, M, ps, and e1. The limiting factors for pedestrians to abide by traffic rules are C; and es.

(2) The revenue factors of vehicle drivers to abide by traffic rules are as follows: Ly, p3,
Ly, M, ps, and e3. The limiting factor for vehicle drivers to abide by traffic rules is C;.

(3) The revenue factors of traffic managers manage strictly are e3 and e;. The limiting
factors of traffic managers management strictly are as follows: Cy, ep, and es.

(39)

4. Numerical Simulation of Multi-Group Behavior Evolution
4.1. Behavioral Dynamic Evolution Graph

From the above theoretical analysis, we find that pedestrians, vehicle drivers, and traf-
fic managers have different evolutionary trends. For different evolutionary trends, this sec-
tion uses numerical simulation experiments to visually show the behavioral evolution of
pedestrians, vehicle drivers, and traffic managers.

According to Equation (10), MATLAB is used for programming. The behavior of cross-
ing pedestrians, vehicle drivers, and traffic managers are simulated under the parameters
of Table 3 (Figure 1). Table 3 sets four initial conditions:

e Condition 1: pedestrians and vehicle drivers do not obey traffic rules and traffic
managers carefully manage;

e Condition 2: pedestrians choose to obey the traffic rules, vehicle drivers do not obey
the traffic rules, traffic managers do not carefully manage;

e Condition 3: pedestrians choose to obey the traffic rules, vehicle drivers do not obey
the traffic rules, and traffic managers carefully manage;

e Condition 4: pedestrians choose to violate regulations, vehicle drivers abide by traffic
rules, and traffic managers do not seriously manage.

Table 3. Simulation parameter settings.

Parameter

Symbol

Conditions and Values

Condition 1

Condition 2

Condition 3

Condition 4

ey — 2e3+psL1 +

m <0

e5s — 2e4+p5L2 +
M<0
Ci—eg—m—M+
mp1+Mpy, — D <0

ey — 2e3+psL1 +

m >0

e5 — 2e4+psL2 +
M>0

Cl —e] — m—M +
mp1+Mp, —D >0

ey —2e3+psL1+

m >0

e5 — 2e4+psL2 +
M<O0

C1 —e1 — m—M +
mp1+Mpy — D <0

ey — 2e3+psL1 +

m <0

e5 — 2e4+p5L2 +
M>0

C1 —e] — m—M +
mp1+Mpy, — D >0

Safety revenue of
obeying rules e
to pedestrians

10

10

Time revenue of
violation e3
to pedestrians

10

15

Probability of a
traffic accident
occurring when
pedestrians and
vehicle drivers are
in violation

ps

0.015

0.015

0.015

0.015
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Table 3. Cont.

Parameter Symbol Conditions and Values

Loss to pedestrians
because of Lq 200 200 200 200
traffic accident

The amount of
penalty imposedon ~ m 10 20 20 10
a pedestrian

Safety revenue of
obeying rules to es 6 6 8 6
vehicle drivers

Loss to of vehicle
drivers because of —ey —-21 —15 -25 -10
obeying rules

Loss to vehicle
drivers because of L 300 500 300 500
traffic accidents

The amount of
penalty imposedon M 30 40 30 40
a vehicle driver

Cost of traffic

C 40 50 70 50
management

Certain revenue of
effective traffic
management to
traffic managers

e1 30 20 50 10

Loss to the traffic

managers because of

the accountability of D 15 15 15 12
the

superior department

Pedestrian’s
punishment
probability under
careless
management by
traffic managers

p1 0.3 0.4 0.3 0.3

Vehicle driver’s
punishment
probability under
careless
management by
traffic managers

P2 0.6 0.7 0.6 0.6

Curves B11, B12, and B13 simulate the evolutionary trend of condition 1. As shown in
B11 in Figure 1, after T = 227 evolutions runs, the proportion of pedestrians obeying the
rules evolved from the initial 0.7 to 0, and the crossing pedestrians all evolved into risk
violation of the crowd. Similar to the crossing pedestrians, the behavior of vehicle drivers
no longer obeyed traffic rules after T = 473 times evolutions. After T = 52 times evolutions,
the proportion of traffic managers’ management also strictly evolved from the initial 0.5 to
1. That is, the global unique stable equilibrium point was (0, 0, 1).
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Figure 1. Behavior simulation of different conditions.

Curves B21, B22, and B23 simulated the evolutionary trend of condition 2. In Figure 1,
the proportion of pedestrians obeying the rules gradually evolved from the beginning
of 0.7 and eventually remained at 0.8583, and the proportion of vehicle drivers obeying
the rules evolved to 1 after T = 85 times evolutions. The behaviors that were managed
strictly by traffic managers evolved into behaviors that were managed carelessly after T =
63 times evolutions. Finally, the entire system evolved to a point of (0.8583, 1, 0) under
the above conditions.

Curves B31, B32, and B33 simulated the evolutionary trend of condition 3. In Figure 1,
the crossing pedestrians all evolved into pedestrians obeying the rules after T = 46 times
evolutions. Different from the pedestrian evolution trend, the behavior of vehicle drivers
was no longer obeying traffic rules after T = 67 times evolutions. Affected by pedestri-
ans’ violation and their own revenue, the proportion of strict management rose with the
evolution of time after T = 152 times evolutions.

In terms of times evolutions, all of them evolved into the behaviors of strict manage-
ment. Under the effect of condition 3, the whole system gradually evolved to a point of
(1,0, 1).

Curves B41, B42, and B43 simulate the evolutionary trend of condition 4. In Figure 1,
the proportion of pedestrians obeying the rules and the proportion of traffic managers’
management strictly evolved to 0. This led to the gradual evolution of crossing pedestrians
to risk violation of the crowd. Meanwhile, traffic managers were no longer able to manage
strictly, leading pedestrians and vehicle drivers to violation. Compared with the behavior
of the above two groups, after the behavior of the vehicle driver passed T = 42 times
evolutions, the risk violations of the vehicle driver disappeared, and all evolved into the
behavior of obeying the rules. Eventually, the entire system evolved to a point of (0, 1, 0).

By comparing the above 12 curves, we found that under the same revenue conditions,
pedestrians, vehicle drivers, and traffic managers had path dependence. For crossing
pedestrians, when e; — 2e3 4 psL1 + m < 0, they chose to risk violations, and vice versa,
they chose follow the rules. For vehicle drivers, when e5 — 2e4 + psL2 + M > 0, they chose
to follow the rules, and vice versa, they chose to risk violations. For traffic managers,
when C; — ey —m — M+ mpq + Mp, — D > 0, they chose to manage carelessly, and vice
versa, they chose to manage strictly.
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4.2. Behavior Evolution Path Analysis Based on Sensitivity Simulation

In order to facilitate the analysis of the evolution process of pedestrians, vehicle drivers,
and traffic managers under different parameters, we simulated the influence of simulation
model parameters on the behavior evolution path on the basis of the above analysis of
evolutionary stability strategy.

(1) The impact of D on behavioral evolution paths. Taking the above parameters as
the standard, we set D values to 20.5, 21.5, and 22.5. MATLAB simulation was used to
obtain the following results.

As can be seen from Figure 2, different accountability losses had different impacts
on pedestrians, vehicle drivers, and traffic managers. It can be seen from Figure 2¢ that
with the increase of accountability losses, the probability of strict management by a traffic
manager at the initial stage (T < 50) increased correspondingly but then declined, resulting
in a decline in the probability of strict management by the traffic manager. Affected
by the strict management behavior of the traffic manager, the probability of crossing
pedestrians and vehicle drivers who obeyed rules was improved. Compared with crossing
pedestrian behavior, the behavior of vehicle drivers presented different evolutionary trends.
Under the influence of incomplete information, the probability of vehicle drivers obeying
rules increased and eventually converged to 1.

0.8
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Figure 2. Simulation diagram of traffic managers’ loss as a result of accountability. (a) pedestrians obeying traffic rules; (b)

the vehicle driver complying with the traffic rules; (c) strict management.

(2) The impact of e; on behavioral evolution paths. Taking the above parameters as
the standard, e, values were set to 5, 8, and 10. MATLAB simulation was used to obtain
the following results.

It can be seen from Figure 3a that the revenue of the pedestrians obeying the rules
delayed the rate at which the proportion of pedestrians obeying the rules converged to 0,
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0.8

and higher revenue at the same time meant a higher proportion of obeying traffic rules.
From Figure 3¢, one can see that high revenue meant that traffic managers were at a high
level of strict management. The increase in the revenue of pedestrians led to an increase in
the proportion of pedestrians obeying the rules. This gave vehicles drivers an opportunity
to violate the rules, which aggravated the violation of the drivers’ behavior and delayed
the rate at which the drivers” compliance with the rules converged to 1.

The probability of
pedestrians obeying traffic rules
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Figure 3. Simulation diagram of revenue generated by pedestrians obeying the rules. (a) pedestrians obeying traffic rules;

(b) the vehicle driver complying with the traffic rules; (c) strict management.

(3) The impact of e5s on behavioral evolution paths. Taking the above parameters as
the standard, we set e5 values to 4, 6, and 8. MATLAB simulation was used to obtain the
following results.

From Figure 4b, one can see that the greater the safety revenue generated by drivers
obeying rules, the faster the proportion of vehicle drivers following the rules converged
to 1. Affected by vehicle drivers’ compliance with the rules, the behavior of pedestrians
obeying the rules had a downward trend with the increase of revenue of obeying the rules.
Higher safety revenue accelerated the rate at which traffic managers managed carelessly
that converged to 0. With the gradual negligence of traffic managers, the proportion of
pedestrians obeying to the rules gradually declined and eventually converged to 0.
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Figure 4. Simulation diagram of driver safety revenue generated by drivers obeying the rules. (a) pedestrians obeying

traffic rules; (b) the vehicle driver complying with the traffic rules; (c) strict management.

(4) The impact of e4 on behavioral evolution paths. Taking the above parameters as
the standard, we set e4 values to 15, 20, and 25. MATLAB simulation was used to obtain
the following results.

It is shown in Figure 5b that the time revenue obtained by vehicle drivers’ violation
delayed the rate at which the proportion of compliance behaviors converged to 1 and
had a certain inhibitory effect on the behavior of obeying the rules. The increase in time
revenue had a positive effect on the violation behavior of vehicle drivers, which made traffic
managers have to manage traffic strictly. As a result, the amount of strict management by
traffic managers gradually increased. The strict management of traffic managers curbed
the occurrence of crossing pedestrian violations. This is reflected in the figure showing that
high revenue was more likely to converge to 0 than low revenue at the same time.

In summary, by simulating the influence of relevant factors on the behavioral evolution
path, we have described the interaction mechanism between traffic subject behaviors,
proving that the balance of behavioral evolution strategies of pedestrians, vehicle drivers,
and traffic managers are not only dependent on self-revenue but also on those of the other
two groups.
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Figure 5. Simulation diagram of driver time revenue generated by drivers’ violation. (a) pedestrians obeying traffic rules;

(b) the vehicle driver complying with the traffic rules; (c) strict management.

5. Conclusions

This paper used evolutionary game theory to systematically model the long-term
evolution of pedestrians, vehicle drivers, and traffic managers. Through the analysis of the
evolutionary stability strategy, we found that the dynamic replication system con-verged
to the crossing pedestrians and the vehicle drivers violating the regulations, causing the
traffic managers manage strictly. The micro-mechanism and social complexity of the inter-
action between traffic subjects were analyzed. By analyzing the sensitivity of behavioral
influencing factors, we discuss the influence degree of each factors on the behavior of traffic
participants. The behavioral factors affecting the traffic participants included the revenue
factor and the limiting factor, and the evolution process of the traffic participants” behavior
was completed under the role of two factors. The balance of behavioral evolution strategies
of pedestrians, vehicle drivers, and traffic managers were not only dependent on their own
revenue, but also on those of the other two groups.

Compared with the behavioral simulation of the one-time street crossing process,
this paper took the evolution thought of as the research paradigm and considered the traffic
subject behavior into the traffic environment in order to expand the research perspective
and research method of the traffic behavior and simulation system, so as to more effectively
reflect and explain the evolution process and laws of the traffic subject behavior and provide
a new idea for solving the conflict of interest at the crosswalk of the road section. In this
paper, the conclusion can provide the traffic administrative department of the management
of road traffic with a decision-making basis, a city state and regional average for road
intersection traffic safety, and traffic conflict rate control standards for pedestrians and
motor vehicles; provide road intersection probability of mutual concession; promote the
comity pedestrian and vehicle driver; and improve traffic efficiency, reasonable distribution
of traffic flow, and strict traffic control.
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