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In high density urban areas, pedestrians have a great influence on the capacity of intersections. *is paper studies the influence of
pedestrians on road capacity and proposes an exclusive right-turn lane capacity model considering pedestrian-vehicle interaction
(PV-RTC). Firstly, a pedestrian-vehicle interaction (PVI) model is proposed based on the logit model and static games theory of
incomplete information.*rough this model, the probability of 6 kinds of pedestrian-vehicle interaction situations (vehicles yield
to pedestrians, pedestrians yield to vehicles, etc.) in the crosswalk can be obtained. *en, based on the basic idea of the stop line
method and the probabilities of above situations, the PV-RTC model is established, and the sensitivity analysis of the important
factors (pedestrian arrival rate, yielding rate, and green time ratio) affecting the model is carried out to clarify the mechanism of
the proposed model. Finally, a pedestrian-vehicle interaction model of cellular automata for the exclusive right-turn lane is
established and its simulation results are compared with the results of the PV-RTC model. *e results show that the relative error
between the microscopic simulation model and PV-RTCmodel is less than 15% overall, which verifies the validity of the PV-RTC
model. *is study provides references for a more precise estimation method of pedestrian impact on road capacity.

1. Introduction

With the continuous aggravation of traffic congestion in big
cities and the improvement of sustainable development
requirements such as rational land use, energy conservation,
and environmental protection, more and more attention has
been paid on using limited road resources to relieve traffic
congestion and improving the operation efficiency of the
traffic system. Intersections play a significant role in the
operation of road networks [1]. *e traffic flow efficiency at
these spots largely determines the traffic efficiency of the
whole road network; they are the main bottlenecks in the
system [1]. Correctly analyzing and calculating the capacity
of intersections and rebuilding or building new intersections
accordingly are of great significance for improving the ef-
ficiency of intersections and the traffic conditions of in-
tersections. Especially, with the development of intelligent
transportation systems (ITS) in recent years, obtaining a
more accurate intersection ability to carry out intelligent

control and management at intersections has become an
important demand for traffic management departments.

In 2016, Article 47 of the Road Traffic Safety Law of
China stipulates that when a motor vehicle passes a cross-
walk, it shall slow down; when a pedestrian is passing the
crosswalk, the vehicle shall stop and yield; when a motor
vehicle passes a road without traffic signals, it shall yield to
the pedestrian. “Vehicles yield to pedestrians” has changed
from an idea to a mandatory traffic regulation. *e regu-
lation further increases pedestrian’s safety in crosswalk and
intersection and also leads to some changes in the mecha-
nism of pedestrian-vehicle interaction.

So far, there are four main methods to calculate the
capacity of intersections: the conflict point method [2–4],
the stop line method [3, 5], the method of Design Regulation
of Urban Road Engineering [6], and the saturation flow rate
method [7–11]. Among them, except that the first calcula-
tion method is only used for special phase-controlled in-
tersections, the other three methods can be applied for
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general signalized intersection, and the stop line method and
the method of Design Regulation of Urban Road Engi-
neering are essentially the saturation flow rate methods [12].
*erefore, the saturation flow rate method is the main
method to calculate the capacity of an intersection, which is
obtained by multiplying the basic saturated flow rate of the
traffic flow and some correction parameters that affect the
traffic flow.

In order to obtain a more accurate capacity of signalized
intersection, much research has been carried out on capacity
modification. *e factors considered mainly include the
following aspects: vehicle type [13, 14], lane width [15], the
impact of bus stop [16], driver’s behavior [17], lane utili-
zation [18], the impact of short lane [19], left-turn traffic [7],
right-turn traffic [7], access and leave traffic [20], the impact
of interleaving area [21], the impact of pedestrian and
nonmotor vehicle [22, 23], the impact of intelligent transport
system [24], and weather and brightness conditions [25]. In
the aspects above, the research method or theory of pe-
destrian’s influence on traffic capacity mainly includes the
following categories.

(a) Gap acceptance theory [22]: it is applied to the re-
search of pedestrian and nonmotor vehicle on the
traffic capacity of intersection by some scholars.
However, the limitation of this theory is that it only
takes the distance or time between pedestrian and
vehicle as the consideration to distinguish the pri-
ority of vehicle and pedestrian to pass, with too few
factors considered.

(b) Simulation model: at present, Legion, TransModer,
PTV, and some other traffic simulation software
have added pedestrian module. Based on the Vissim
simulation model, Chen et al. [26] studied the
sensitivity of intersection capacity to mean flow of
pedestrians and nonmotor vehicles under mixed
traffic conditions. However, computer simulation
runs based on certain models (e.g., vehicle following
model and social force model for pedestrian traffic
simulation), which have their own limitations.

(c) Saturation flow rate correction method: it takes the
pedestrian arrival rate as an independent variable
and establishes a modified calculation model
reflecting the interference of pedestrians (by
studying the proportion of travel time available to
pedestrians and vehicles in the conflict zone or the
relationship between pedestrians and saturated
headway [23] of traffic flow). However, due to the
lack of discussion on the interaction mechanism
between single pedestrian and vehicle, the calcula-
tion model established by the current study cannot
adapt to the changes of some factors in the traffic
environment (e.g., the promulgation of the new
traffic regulations of “vehicles yield to pedestrians”).

At crosswalk, the interaction between pedestrian and
vehicle is affected by many factors. In this aspect, scholars
have conducted a lot of research, mainly from the following
three aspects:

(a) Pedestrian factors: Mcmahon et al. [27] found that
drivers are less likely to stop for black and male
pedestrians on marked crosswalks; the research of
Bourquin et al. [28] shows that some behaviors of
pedestrians have an effect on the yield behavior of
drivers (e.g., when a pedestrian is crossing the street,
the action of raising hands can increase the proba-
bility of the drivers’ yield rate); Zheng et al.’s [29]
research shows that drivers are less likely to yield to
pedestrians who do not obey traffic laws.

(b) Vehicle factors: driver is the decision-maker of a
yield behavior. Because it is difficult to quantify the
research, the current research on vehicles mainly
focuses on the number of vehicles and driving speed.
*e research of Dou and Gou [30] shows that the
yielding rate decreases with the increase of vehicle
flow; studies by Stapleton et al. [31] and Sucha et al.
[32] show that the yielding rate of vehicles with
higher speed is less than that of vehicles with lower
speed when theymeet pedestrians crossing the street.

(c) Traffic environment factors: traffic environment
includes road geometry, traffic control, and natural
conditions. Stapleton et al. [31] studied the effect of
adding auxiliary equipment at intersections on the
yielding rate. *e results show that the yielding rate
would be significantly increased at intersections with
Rectangular Rapid Flashing Beacons (RRFBs)
equipment. Kay et al. [33] found that the difference
of road width has an effect on driver’s decision-
making, Houten et al. [34] studied the impact of
traffic law enforcement on the yielding rate. *e
results show that the yielding rate increases with the
strengthening of traffic law enforcement, and after a
period of traffic law enforcement in a certain area, if
the traffic law enforcement is not continued, the
yielding rate in this area will still maintain at a
certain level.

*e research above is of great significance for the study
of the pedestrian-vehicle interaction process. However, most
of the current theories and methods about pedestrian-ve-
hicle interaction cannot adapt to the changes of the pe-
destrian-vehicle interaction mechanism brought by the
changes of traffic regulations.

Based on the analysis of previous studies, the following
two topics are urgently needed. One is to study the pe-
destrian-vehicle interaction mechanism under the combined
influence of the new traffic regulations and important traffic
environment factors (e.g., vehicle characteristics, pedestrian
characteristics, and traffic conditions). *e other considers
the relevant impact of the pedestrian-vehicle interaction
mechanism (e.g., intersection capacity, signal timing, and
level of service (LOS)). Research on the impact of pedes-
trians on traffic capacity has received considerable attention.
However, there has been little discussion about the capacity
modification considering pedestrian-vehicle interaction.

*e primary objective of this study is to propose a ca-
pacity evaluation method for the exclusive right-turn lane in
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signalized intersections to improve the assessment systems
for intersections. *e proposed PV-RTC model will be used
(a) as a reference for intersection capacity estimation and
service level evaluation when pedestrian-vehicle interaction
is considered and (b) to provide traffic managers with more
accurate information about signalized intersections to fa-
cilitate their formulation of traffic management measures.
*is research contributes to a more accurate capacity value
of exclusive right-turn lane under the influence of pedes-
trians. *is study mainly makes three contributions.

(a) Based on the quantitative method, the main factors
influencing the interaction between pedestrians and
vehicles are summarized. After that, a pedestrian-
vehicle interaction (PVI) model is proposed based on
the logit model and static games theory of incom-
plete information.

(b) Based on the basic idea of the stop line method, an
exclusive right-turn lane capacity model considering
the pedestrian-vehicle interaction (PV-RTC) model
is established. And then, this paper analyzes the
influence of traffic environment change on the safety
and efficiency of pedestrian-vehicle interaction and
puts forward suggestions for improving traffic safety
according to the sensitivity analysis results of the PV-
RTC model.

(c) *e pedestrian-vehicle interaction microscopic
simulation model is established based on cellular
automata, and the validity of the proposed PV-RTC
model under low pedestrian flow cases is verified by
the microscopic simulation model after real data
calibration.

*e structure of this dissertation is as follows: the first
section gives an introduction on the quantitative evaluation
method of the PV-RTC model; the second section is con-
cerned with the methodology. In this part, the PVI model is
driven and the PV-RTC model is established; the next two
sections are sensitivity analysis and model validation, which
are established to clarify the proposed mechanism of the PV-
RTC model; and conclusion are made in the last section.

2. Problem Description

2.1. Capacity Model Considering Pedestrian-Vehicle
Interaction. Pedestrian factor is a critical consideration in
the capacity estimation of the exclusive right-turn lane in
this paper. When pedestrian and vehicle meet at crosswalk,
there is no information exchange between them, and pe-
destrian (vehicle) will not be able to accurately determine
whether the vehicle (pedestrian) passes or not.*erefore, the
essence of the decision-making made by driver and pe-
destrian is discrete choice behavior, and their choices are
independent of each other. If the interaction mode between
pedestrians and vehicles is not vehicles yield to pedestrians
or pedestrians yield to vehicles, then there will be a game
process of incomplete information between them in the next
moment. After making clear the process of pedestrian-
vehicle interaction, the exclusive right-turn capacity can be

obtained by taking this process into account in the calcu-
lation method of capacity. *e layout of construction for the
PV-RTC model is shown as Figure 1.

2.2. Parameter Description. To facilitate the model presen-
tation, the key notations used hereafter are summarized in
Table 1.

2.3. Mathematical Description. In this paper, a single cycle is
divided into pedestrian-vehicle interaction time and non-
pedestrian-vehicle interaction time, and the number of vehicles
passing through each period of time is represented by letters a
and b, respectively. According to the pedestrian-vehicle in-
teraction process, it can be concluded that the number of
vehicles passing through the lane during pedestrian-vehicle
interaction time is related to the pedestrian arrival rate,
probabilities of different pedestrian-vehicle interaction situa-
tions, and their interaction time and the number of vehicles
passing through the lane during nonpedestrian-vehicle inter-
action time is related to the pedestrian arrival rate and
probabilities of different pedestrian-vehicle interaction situa-
tions. In this paper, it is assumed that pedestrian arrival and
vehicle arrival obey Poisson distribution, respectively, and all
pedestrians obey the traffic laws.

Figure 2 is the block diagram of the PV-RTC model.
*rough the PVI model and its evolution model, the main
parameters (Pm) of the PV-RTC model can be obtained, and
then the final capacity value can be obtained through the
stop line method. In formula (1), 3600/ht is a formula for
calculating the exclusive right-turn lane capacity based on
the stop line method, where ht(s) is the average headway of
the right-turn traffic flow when there is no pedestrian in-
fluence (ht can be obtained by the measured data):

Cr �
3600

ht

�
3600

c

c

ht

⟶ pedestrians 3600
c

(a + b), (1)

a � Φ1 Pm, tm, qm( , (2)

b � Φ2 Pn, qp . (3)

2.4. CapacityModel. In this section, the PVI model based on
the logit model and static games theory of incomplete in-
formation is established, and then the PV-RTC model is
proposed.

2.5. Pedestrian-Vehicle Interaction Model. When a motor
vehicle meets a pedestrian crossing the street, both sides will
make a pass or not pass decision after a short judgment [35].
On the basis of previous studies, this section first summa-
rizes the factors that affect vehicle’s and pedestrian’s deci-
sion-making when they meet, then through the correlation
analysis method to analyze the relevance between factors
affecting pedestrian’s and vehicle’s decision-making and
yielding rate, through the principal component analysis
(PCA) method to analyze the mutual independence between
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factors affecting pedestrian’s and vehicle’s decision-making,
and finally regarding the factors influencing pedestrian’s and
vehicle’s decision-making as independent variables to es-
tablish the PVI model.

Due to the fact that the logit model can well describe the
influence of the change of influencing factors (traffic envi-
ronment, pedestrian flow, etc.) on the decision-making of
pedestrian and vehicle and it is one of the most widely used
discrete choice models, this paper establishes the PVI model
based on the logit model.

2.6. Pedestrian’s Decision-Making Model. When pedestrian
and vehicle meet at crosswalk, the pedestrian will make a
decision with the maximum utility for them (wait or cross).
For different pedestrian-vehicle interaction processes, the
utility corresponding to waiting and crossing is different, so
pedestrian’s decision-making is also different. *e logit
model of pedestrian’s decision-making is as follows:

Pp(i) �
expU

p
i


2
i�1 expU

p
i

. (4)

*rough Pearson’s correlation analysis and principal
component analysis, the principal component expressions
for pedestrian’s decision-making are as follows:

F
p
α � 

j

k
pα
j x

α
j . (5)

Definition of utility function: taking the principal
components influencing pedestrian’s decision-making as the
independent variables of utility function, the formula is
given as

U
p
i � 

α
θi
αF

p
α + ai. (6)

*e model coefficients are regressed according to the
specific traffic environment. Firstly, substitute the

standardized original data into (5) to obtain the principal
components F

p
α that affect pedestrian’s decision-making and

then regress the weight coefficients through F
p
α and the

measured probability of pedestrian’s decision-making.

2.7. Vehicle’s Decision-Making Model. Similarly, when pe-
destrian and vehicle meet at crosswalk, the driver will make a
decision with the maximum utility for them (yield or not).
For different pedestrian-vehicle interaction processes, the
utility corresponding to yielding and passing is different, so
vehicle’s decision-making is also different.*e logit model of
vehicle’s decision-making is as follows:

Pv(i) �
expUv

i


2
i�1 expUv

i

. (7)

*rough Pearson’s correlation analysis and principal
component analysis, the principal component expressions
for vehicle’s decision-making are as follows:

F
v
c � 

r

k
vc
r y

c
r . (8)

Definition of utility function: taking the principal
components influencing vehicle’s decision-making as the
independent variable of utility function, the formula is given
as

U
v
i � 

β
μi
βF

v
β + bi. (9)

In the section above, the pedestrian-vehicle interaction
model is established.*rough the model, the probabilities of
the following four situations [35] (see Table 2) can be ob-
tained, respectively: (1) vehicles yield to pedestrians and
simultaneously pedestrians yield to vehicles, (2) vehicles
yield to pedestrians, (3) pedestrians yield to vehicles, and (4)
vehicle does not yield to pedestrian and simultaneously
pedestrian does not yield to vehicle. For situations (2) and

Import

Methodology

Application

Traffic environment data of intersection (road
geometry, traffic monitoring facilities, etc.)
Various parameters (pedestrian arrival rate, etc.)

(i)

(ii)

Logit model (variables of the utility function: Fop, Fov)

Stop line method (pedestrian-vehicle interaction
time, nonpedestrian-vehicle interaction time)

Pearson correlation analysis
Principal component analysis

Exclusive right-turn lane capacity evaluation

Interaction capacity modification

Pedestrian-vehicle interaction in each lane

Static games of incomplete information
(i)

(iii)

(ii)

Pf
m, Pm

cl

Pcir

Figure 1: Layout of construction for the PV-RTC model.
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(3), from the perspective of traffic efficiency, one side always
passes first and the other side passes later and the interaction
process is always completed at one time. However, for sit-
uations (1) and (4), the interaction process cannot be
completed at one time, so it is necessary to further study the

pedestrian-vehicle interaction process of situations (1) and
(4). Due to the fact that, in both situations (1) and (4),
pedestrian and vehicle are all in a state of mutual compe-
tition, in this section, the pedestrian-vehicle interaction
evolutionary model based on static games of incomplete

Table 1: *e key notations.

ht: saturation headway under ideal condition (s);
θτ , μτ: weight coefficients of utility function of the logit model;
U

p
i , Uv

i : utility function of pedestrian/vehicle;
F

p
α , Fv

c: principal component α(c) affecting pedestrian’s (vehicle’s) decision-making;
Xε, Yε: standardized variables affecting pedestrian’s (vehicle’s) decision-making;
Pcro

p (i), Pcro
v (i): probability of pedestrian’s (vehicle’s) choosing to cross (i � 1) or not (i � 2) at crosswalk cro;

Vv: average speed of traffic flow in the exclusive right-turn lane (km/h);
Wdis: distance between vehicle and pedestrian (m);
ψ: payoff function;
Sδω: security payoff of pedestrian or vehicle under situation δ;
Eδ
ω: time payoff of pedestrian or vehicle under situation δ;

Vδ
p, Vδ

v: the speed of pedestrian (vehicle) crossing the exclusive right-turn lane under situation δ;
Tδ

p, Tδ
v: the time of pedestrian (vehicle) crossing the exclusive right-turn lane under situation δ;

Ep1, Ep2: pedestrian’s decision-making payoff without the influence of vehicles;
Ev1, Ev2: vehicle’s decision-making payoff without the influence of pedestrians;
Ep, Ev: pedestrian’s (vehicle’s) decision-making payoff under the influence of vehicles (pedestrians);
xδ, yδ: probability of pedestrian (vehicle) choosing to cross or not in pedestrian-vehicle interaction evolutionary stage;
χ, τ: weight coefficients of payoff function;
Cr: exclusive right-turn lane capacity (veh/h);
Pcir: the probability of different pedestrian-vehicle interaction situations;
c: cycle length (s);
tclgj: the total time for pedestrians to cross the crosswalk cl in each cycle (s);
t
f

gk: the total time for pedestrians to cross the crosswalk f in each cycle (s);
tfrl : the total time for pedestrians to cross the crosswalks f and cl simultaneously in each cycle (s);
C

f

cir, Ccl
cir: exclusive right-turn lane capacity under the influence of crosswalk cl or f (veh/h);

C3: exclusive right-turn lane capacity without the influence of pedestrians (veh/h);
kcl1 , k

f
1 : bidirectional pedestrian influence coefficients at crosswalk f or cl;

k2: average number of pedestrians per pedestrian cluster (ped);
kcl3 , k

f
3 : capacity model coefficients at crosswalk f or cl (change with the number of pedestrians);

kcl4 , k
f
4 : overlapping coefficients of bidirectional pedestrian-vehicle interaction;

tcro11 , tcro12 : the crossing time of pedestrians accumulated during red time in two different directions (1 or 2) and crosswalks (f or cl) under
situation 1 (s);
tcro21 , tcro22 : the crossing time of pedestrians accumulated during red time in two different directions (1 or 2) and crosswalks (f or cl) under
situation 2 (s);
tcro1p : the maximum of tcro11 , tcro12 (s);
tcro2p : the maximum of tcro21 , tcro22 (s);
Q

f
p1, Q

f
p2: pedestrian arrival rate at crosswalk f in direction 1 or 2 (ped/c);

Qcl
p1, Qcl

p2: pedestrian arrival rate at crosswalk cl in direction 1 or 2 (ped/c);
μf, μcl: the proportion of accumulated pedestrians in the number of pedestrians arriving in each cycle;
A: area occupied by single pedestrian (m2);
d: the width of the crosswalk (m);
L: the width of the exclusive right-turn lane (m);
vp: pedestrian crossing speed (m/s);
P

f
m, Pcl

m: pedestrian-vehicle interactive probability of situation m at crosswalk f or cl;
tm: pedestrian-vehicle interaction time of situation m (s);
q

f
p, qclp : pedestrian arrival rate at crosswalk f or cl (ped/c);

qcrop1 , qcrop2 : pedestrian arrival rate in direction 1 or 2 at crosswalk cro (ped/c);
myrcl,myrf: yielding rate of crosswalk f or cl;
tclv , t

f
v : the time spent on vehicles passing at the early stage of pedestrian green time (s);

φf
v ,φcl

v : the number of vehicles passing at the early stage of pedestrian green time (veh);
Qr−t

v : vehicle arrival rate of the exclusive right-turn lane (veh/h);
vn: the speed of vehicle in the cellular automata model (acceleration: a);
xn: the position of vehicle in the cellular automata model;
vi,j: the speed of pedestrian in the cellular automata model;
di,j, d

j−1
i,j , d

j+1
i,j : the number of cells in front of, in front of the left, and in front of the right of cell (i, j).
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information is established to explore the evolution results of
situations (1) and (4).

According to static games of incomplete information
theory, the game matrix of pedestrian and vehicle is firstly
established, and then the state transition equation of pe-
destrian and vehicle is derived, respectively, through the
game matrix. Finally, the probabilities of other interaction
situations transferred from situations (1) and (4) are ob-
tained, respectively. *e process is as follows.

In situations (1) and (4), there will be conflict between
pedestrian and vehicle. At this moment, both pedestrian and
vehicle have two choices (pass or not). According to all
possible combinations of choices, the pedestrian-vehicle
interaction game matrix is established as shown in Table 3.

In order to obtain the respective payoff of pedestrian and
vehicle under different combinations of choices, a payoff
function considering the safety and benefits is introduced
here, as shown in formula (10). In this payoff function, the
safety Sδω is expressed by the speed expectation when the
corresponding situation occurs, and the efficiency Eδ

ω is
expressed by the crossing time expectation when the cor-
responding situation occurs (see Table 4). Due to the dif-
ference of dimension between Sδω and Eδ

ω, they are firstly
standardized by the range transformation method in the
calculation, where χ, τ are the weight coefficients of the
payoff function, which are obtained through the question-
naire survey.

Payoff function:

ψ � χS
δ
ω − τE

δ
ω. (10)

According to the game matrix, the equilibrium point of
the game evolution between pedestrian and vehicle is de-
rived as follows:

(a) Replicated dynamic equation of pedestrian:
*e expected payoff of the pure strategy when pe-
destrian chooses to cross:

Ep1 � yδaδ + 1 − yδ( cδ. (11)

*e expected payoff of the pure strategy when pedes-
trian chooses to wait:

Ep2 � yδeδ + 1 − yδ( gδ. (12)

*e expected payoff of the mixed strategy when pe-
destrian chooses to cross with probability of xδ and
chooses to wait with probability of 1 − xδ:

Ep � xδEp1 + 1 − xδ( Ep2. (13)

From (11)–(13), the replicated dynamic equation that
pedestrian chooses to cross is obtained:

F1 xδ, yδ(  �
zxδ

zt
� xδ Ep1 − Ep  � xδ 1 − xδ(  Ep1 − Ep2 

� xδ 1 − xδ(  yδ aδ + gδ − cδ − eδ(  − gδ − cδ( ( .

(14)

(b) Replicated dynamic equation of vehicle:
*e expected payoff of the pure strategy when vehicle
chooses to pass:

Ev1 � xδbδ + 1 − xδ( fδ. (15)

*e expected payoff of the pure strategy when vehicle
chooses to yield:

Ev2 � xδdδ + 1 − xδ( hδ. (16)

Decision 1

Decision 2

PVI PVI (evolution) PV-RTC
Situations (1) and (4)

Situation (2), (3)

Stop line method
Game theory

Pp (i)

Pv (i)

Ui
v

Ui
p

ψ tm ht

Figure 2: Block diagram of the PV-RTC model.

Table 2: Four situations of pedestrian-vehicle interaction and their
corresponding probabilities.

Four situations Probability of each situation
Situation (1) Pv(2)Pp(2)

Situation (2) Pp(1)Pv(2)

Situation (3) Pv(1)Pp(2)

Situation (4) Pv(1)Pp(1)

Table 3: Game matrix.

Pedestrian/vehicle Pass Yield
Cross (aδ, bδ) (cδ, dδ)

Wait (eδ, fδ) (gδ, hδ)

6 Journal of Advanced Transportation



*e expected payoff of the mixed strategy when vehicle
chooses to pass with probability of yδ and chooses to
yield with probability of 1 − yδ:

Ev � yδEv1 + 1 − yδ( Ev2. (17)

From (15)–(17), the replicated dynamic equation that
vehicle chooses to pass is obtained:

F2 xδ, yδ(  �
zyδ

zt
� yδ Ev1 − Ev(  � yδ 1 − yδ(  Ev1 − Ev2( 

� yδ 1 − yδ(  xδ bδ + hδ − fδ − dδ(  − hδ − fδ( ( ,

zxδ

zt
� 0,

zyδ

zt
� 0,

xδ, yδ ∈ [0, 1].

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(18)

All possible evolutionary equilibrium points:

(0, 0), (1, 0), (0, 1), (1, 1),
hδ − fδ

hδ − fδ + bδ − dδ
,

gδ − cδ

gδ − cδ + aδ − eδ
 .

(19)

After the derivation above, five possible evolutionary
equilibrium points are finally obtained. *e practical
meaning corresponding to (0, 0) is that for situation (1)
or (4), the evolution decision of pedestrian and vehicle
is neither passed, which is inconsistent with the reality,
so it is excluded. *e practical meaning corresponding
to (1, 0) is that all pedestrians choose to cross and all
vehicles choose to yield, to (0, 1) is that all pedestrians
choose to wait and all vehicles choose to pass, and to (1,
1) is that all pedestrians choose to cross and all vehicles
choose to pass, which are also inconsistent with the
reality, so they are excluded. *erefore, the final evo-
lutionary equilibrium point (xδ, yδ) of pedestrians and
vehicles in situations (1) and (4) is ((hδ − fδ)/
(hδ − fδ + bδ − dδ), (gδ − cδ)/(gδ − cδ + aδ − eδ)).

*rough the derivation above, all kinds of evolutionary
situations and their corresponding probabilities during

pedestrian-vehicle interaction process can be obtained (see
Table 5).

2.8. Exclusive Right-Turn Lane Capacity Model. In the pre-
vious part, the PVI model based on the logit model and static
games theory of incomplete information theory was
established, through which the probability corresponding to
6 kinds of pedestrian-vehicle interaction situations can be
obtained (see Table 5). In this part, based on the basic idea of
the stop line method, the PV-RTCmodel will be proposed as
the following formula:

Cr � 
cir

Pcir

c


j

t
cl
gjC

f

cir + 
k

t
f

gkC
cl
cir

⎡⎢⎢⎣ ⎤⎥⎥⎦ +
C3

c


l

t
fr
l . (20)

*e capacity formula consists of two parts: the first part
represents the exclusive right-turn lane capacity when there
exists pedestrian influence in a signal period (the capacity of
this part is the probability combination of two kinds of pe-
destrian-vehicle interaction situations: (a) at the beginning of
the pedestrian green time, the vehicles first yield to the pe-
destrians accumulated during pedestrian red time, and then the
vehicles pass through and (b) at the beginning of the pedestrian
green time, some vehicles do not yield to the pedestrians ac-
cumulated during pedestrian red time. *e accumulated pe-
destrians have no chance to cross the crosswalk until these
vehicles pass, and finally the vehicle flow continues to pass) and
the second part represents the exclusive right-turn lane capacity
when there exists no pedestrian influence in a signal period
(e.g., some four-phase signalized intersections).

*e capacity calculation formulas in the two situations
mentioned above are given as follows.

2.8.1. Situation 1. For each situation, due to the fact that the
pedestrian-vehicle interaction process at crosswalk f and
crosswalk, respectively, cl is different while the pedestrian-
vehicle interaction time at the two crosswalks is comple-
mentary in single cycle, the right-turn lane capacity under the
independent influence of the two crosswalks is calculated,
respectively, and then the exclusive right-turn lane capacity in
situation 1 could be obtained by combining the capacities of
the two crosswalks according to the time proportion.

*e right-turn lane capacity of crosswalk f:

Table 4: Security and time payoff of pedestrian and vehicle.

Sδω Eδ
ω

aδ Pp(1)Pv(2)Vδ
v + Pv(1)Pp(2)(Vδ

p + Vδ
v) Pp(1)Pv(2)Tδ

p + Pv(1)Pp(2)(Tδ
p + Tδ

v)

bδ P2V
δ
v + Pp(1)Pv(2)(Vδ

p + Vδ
v) P2T

δ
v + Pp(1)Pv(2)(Tδ

p + Tδ
v)

cδ Vδ
p Tδ

p

dδ Vδ
p + Vδ

v Tδ
p + Tδ

v

eδ Vδ
p + Vδ

v Tδ
p + Tδ

v

fδ Vδ
v Tδ

v

gδ Pp(1)Pv(2)Vδ
p + Pv(1)Pp(2)(Vδ

p + Vδ
v) Pp(1)Pv(2)Tδ

p + Pv(1)Pp(2)(Tδ
p + Tδ

v)

hδ Pv(1)Pp(2)Vδ
v + Pp(1)Pv(2)(Vδ

p + Vδ
v) Pv(1)Pp(2)Tδ

v + Pp(1)Pv(2)(Tδ
p + Tδ

v)
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*e coefficients of the PV-RTC model are as follows:

k
f
1 � 1 + ρ1 min q

fi
p1, q

fi
p2 ,

k
cl
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cli
p2 ,

k
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(25)

Formula (21) consists of two parts, the first part rep-
resents the number of vehicles passing in a single cycle when
there exists no pedestrian-vehicle interaction crosswalk f
(the cycle time is subtracted from the time spent on 8 types
of pedestrian-vehicle interaction and the time spent on
accumulated pedestrians crossing at the beginning stage of
green time); *e second part represents the number of
vehicles passing in a single cycle when there exists pedes-
trian-vehicle interaction crosswalk f.

Similarly, the capacity formula of crosswalk cl and the
two capacity formulas of situation 2 are given as follows.

*e right-turn lane capacity of crosswalk cl:

C
cl
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6
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3
n�1 Pcl

n
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,

t
cl1
2 �

Qcl
p2μclA /d + L

vp

,

t
cl1
p � max t

cl1
1 , t

cl1
2 .

(26)

Table 5: Six situations of pedestrian-vehicle interaction and their corresponding probabilities.

Six situations Probability of each situation Interaction time of each situation
Situation (2) Pp(1)Pv(2) t1
Situation (1)⟶ situation (2) Pp(2)Pv(2)x1 t2
Situation (4)⟶ situation (2) Pp(1)Pv(1)x2 t3
Situation (3) Pv(1)Pp(2) t4
Situation (1)⟶ situation (3) Pp(2)Pv(2)y1 t5
Situation (4)⟶ situation (3) Pp(1)Pv(1)y2 t6
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2.8.2. Situation 2. *e right-turn lane capacity of crosswalk
f:
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*e right-turn lane capacity of crosswalk cl:
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3. Sensitivity Analysis

A numerical case study will be presented. Various factors are
taken into account to investigate effects on the PV-RTC
model. *e following is a brief summary of the assumptions
that have been made before conducting the simulation.

(a) *e number of vehicle arrivals per cycle is a random
variable with a known probability distribution. In the
case of an isolated intersection, the Poisson distri-
bution is employed. *e number of vehicles arrivals
in each cycle time obeys Poisson distribution.

(b) *e pedestrian arrival in each cycle time obeys
Poisson distribution.

(c) All pedestrians obey the traffic laws.

In this section, to illustrate the applicability of the
proposed models, this study applies the control approach to
the intersection, which has exclusive right-turn lane (each
right-turn lane has two crosswalks at the intersection). *e
basic parameters are shown in Table 6.

3.1. Sensitivity to Pedestrian Flow. Figures 3(a) and 3(b)
show the change of exclusive right-turn capacity under
the change of the pedestrian arrival rate in direction 1 of
crosswalk f. In Figure 3(a), calculations show the difference
of average capacity between two adjacent curves is 34 and
25 veh/h, respectively, and the difference of average capacity
between two adjacent curves in Figure 3(b) is 9 and 10 veh/h,
respectively.*e capacity difference between adjacent curves
in Figure 3(a) is greater than that in Figure 3(b). A possible
explanation for this phenomenon is as follows: the pedes-
trian green time of crosswalk f is 90 s and that of crosswalk cl
is 27 s in each cycle, when other conditions are certain, and
pedestrians at crosswalk f have a longer influence on right-
turn traffic flow than that of crosswalk cl, which means a
longer pedestrian-vehicle interaction time of crosswalk f and
longer delay time to right-turn traffic flow. Figures 3(a) and
3(b) have the same pedestrian arrival rate but different green
times (a longer time for crosswalk f ) for pedestrians.
*erefore, the capacity of crosswalk f has a wider range of
changes.
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Table 6: Parameters in sensitivity analysis.

Parameter Physical value
Vehicles yield to pedestrians (field measured)

t1 (s) 4.6
t2 (s) 5.2
t3 (s) 5.7

Pedestrians yield to vehicles (field measured)
t4 (s) 3.7
t5 (s) 4.8
t6 (s) 5.1

*e probability of different pedestrian-vehicle interaction situations
P1 (0.95)
P2 (0.05)

Two situations at intersection
tclv (s) 25
t
f
v (s) 20.5
φcl

v (veh) 4
φf

v (veh) 3
Parameters of the PV-RTC model

k
f
1 , kcl1 ρ1 � 0.005

k2 1.3

k
f
3 , kcl3 ρ23 � −0.5806

k
f
4 , kcl4 ρ4 � 0.1

Parameters of traffic environment
A (m2) 0.75∗0.75
c (s) 120
tclg (s) 27
t
f
g (s) 90

vp (m/s) 1.2
tg (s) 3.3

Parameters of the crosswalk geometry
d (m) 2.75
L (m) 4.0
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Figure 3: Continued.
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In addition, the average change range of capacity in
Figure 3(a) is 24 veh/h, and, accordingly, the change range in
Figure 3(b) is 42 veh/h. Figure 3(b) also shows a wider range
of changes. A possible explanation is that the variables q

f
p1,

q
f
p2 studied in Figure 3(a) are in the same crosswalk
(crosswalk f ), so pedestrians in direction 2 can take ad-
vantage of the crossing time in direction 1 to cross the lane;
while the variables q

f
p1, qclp2 studied in Figure 3(b) are in

crosswalk cl and crosswalk f, respectively, under the same
pedestrian arrival rate, the time effect of this situation on
traffic flow is almost twice that of Figure 3(a).

To verify the conjecture above, Figures 3(c) and 3(d)
present the influence of the change of the pedestrian arrival
rate (0–1000 ped/h) at crosswalk cl on the exclusive right-
turn lane capacity. It can be found that the capacity dif-
ference between adjacent curves in Figure 3(d) is greater
than that of Figure 3(c) and the average change range of
pedestrian capacity in Figure 3(d) is greater than that of
Figure 3(c), which is consistent with the phenomena re-
flected in Figures 3(a) and 3(b). *erefore, it can be assumed
that the results of sensitivity analysis are considered to be
consistent with the actual situation.

3.2. Sensitivity toYieldingRate. In practice, the probability of
vehicle and pedestrian choosing to pass the lane or not is
independent of each other [35]. *e change of some factors
in intersection will have different degrees of influence on the
decision-making of pedestrian and vehicle. *erefore, it is
necessary to analyze the probability combination of each
decision-making of pedestrian and vehicle.

In Figure 4(a), when both P
f
p(1) and P

f
v (1) are close to 0

or 1, the capacity reaches its minimum (480–500 veh/h);
when P

f
p(1) is close to 0 and P

f
v (1) is close to 1, the capacity

reaches its maximum (660–680 veh/h). A possible expla-
nation for the results might be that when both pedestrian
and vehicle choose to yield or pass at the same time, pe-
destrian-vehicle interaction efficiency will be greatly re-
duced. *is is because when vehicle and pedestrian meet in
the conflict area and P

f
p(1) and P

f
v (1) are close to 0, both

sides make the decision not to pass. In this case, the delay
time of traffic flow increases and the right-turn lane capacity
decreases; when P

f
p(1) and P

f
v (1) are both close to 1, al-

though the vehicle makes the decision to pass when it meets
a pedestrian, the pedestrian also chooses to pass. In this case,
both sides enter the next decision-making moment, which
increases the delay time of traffic flow and the vehicles
capacity of the exclusive right-turn lane is reduced ac-
cordingly. When P

f
v (1) is close to 1 and P

f
p(1) is close to 0

and the pedestrian arrival rate (qf
p1) in Figure 4(a) is only

300 ped/h, the traffic flow is little affected by pedestrians;
therefore the capacity reaches its maximum.

In Figure 4(b), q
f
p1 � 500 ped/h. Compared with

Figure 4(a), there is almost no difference between
Figures 4(a) and 4(b) in P

f
p(1) and P

f
v (1) corresponding to

the maximum and minimum capacity. What is different is
that the corresponding capacity of each pair of P

f
p(1) and

P
f
v (1) reduced by about 100 veh/h. A possible explanation

for this phenomenon is that under certain other conditions,
the increase of the pedestrian arrival rate not only increases
the number of pedestrians crossing the street at the be-
ginning of the pedestrians green time, but also increases the
number of pedestrian-vehicle interactions, which increases
the delay time of the traffic flow; therefore the capacity of the
exclusive right-turn lane is reduced.

In addition, it can be found that the number of the
maximum capacity points in Figure 4(b) increases and they are
all concentrated in area H(Pf

v (1) > 0.7, P
f
p(1)< 0.2), which
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Figure 3: *e sensitivity of capacity to the pedestrian arrival rate.
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indicates that when q
f
p1 increases to 500 veh/h, the capacity has

little difference in these probability combinations (e.g.,
P

f
v (1) � 0.9, P

f
p(1) � 0.1 (combination 1); P

f
v (1) � 0.8,

P
f
p(1) � 0.2 (combination 2)). A possible explanation is that

compared with probability combination 2, vehicles in proba-
bility combination 1 have a higher probability of pass, but the
crossing rate of pedestrians is smaller. *ose pedestrians with
small crossing rate may choose to cross with a greater prob-
ability in the evolutionary decision-making stage, which has a
greater impact on the traffic flow than probability combination
2.*erefore, in general, there is almost no difference in capacity
between the two probability combinations.

In Figure 4(c), q
f
p1 � 900 ped/h. It can be concluded that

the increase in the pedestrian arrival rate continues to reduce
the capacity of the right-turn lane. Compared with
q

f
p1 � 500 ped/h, the capacity values corresponding to each
pair of probability combinations are reduced by about 90 veh/
h. In addition, different from q

f
p1 � 300 ped/h and

q
f
p1 � 500 ped/h, in this case, themaximum capacity points are
no longer concentrated in the area where P

f
v (1) is very large

and P
f
p(1) is very small, but move away from point M2, and

finally stop near the center of Figure 4(c), M3(0.6, 0.3). *e
traffic capacity aroundM3 is gradually decreasing. Analysis of
this phenomenon is as follows: when the pedestrian arrival
rate increases to a certain value, if P

f
v (1) is still very large

(more than 0.7) and P
f
P(1) is still very small (less than 0.3),

then the arriving pedestrians in each cycle will not be able to
cross the street completely, and the detained pedestrians may
have time impact on the traffic flow at the beginning stage of
pedestrian green time or evolutionary decision-making stage,
which decreases the capacity of the exclusive right-turn lane.
*erefore, when the pedestrian arrival rate reaches 7004 ped/
h, the maximum point of capacity shifts.

Figure 4(d) presents capacity change with the change of
probability combination when q

f
p1 � 900 ped/h. *e change

trend of Figure 4(d) is consistent with that of Figure 4(c).
When P

f
p(1) and P

f
v (1) are both 0.5, the capacity reaches its

maximum, which proves the rationality of the conjecture
above on the phenomenon of Figure 4(c).

*e research results above can be used for references in
the efficiency and safety management during the pedestrian-
vehicle interaction process.
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Figure 4: *e sensitivity of capacity to P
f
p(1) and P

f
v (1). (a) q

f
p1 � 300 (ped/h). (b) q

f
p1 � 500 (ped/h). (c) q

f
p1 � 700 (ped/h).

(d) q
f
p1 � 900 (ped/h).
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(a) In efficiency aspect: because the traffic environment
(traffic management facilities, road conditions, etc.)
and traffic volume (pedestrians, vehicles, etc.) at a
specific intersection are relatively stable in a certain
period of time and the probabilities of different
pedestrian-vehicle interaction situations in this in-
tersection are also relatively stable. However, in this
case, the pedestrian-vehicle interaction efficiency is
not necessarily the highest (e.g., the right-turn lane
capacity is not at its maximum). When the traffic
management department is committed to improving
the efficiency of pedestrian-vehicle interaction, they
can obtain the optimal P

f
p(1) and P

f
v (1) (Pf

p,m(1),
P

f
v,m(1)) under any pedestrian arrival rate according

to the methods above and then change the measured
P

f
p(1), P

f
v (1) by changing the traffic environment

(e.g., install monitoring devices at crosswalks and
add speed limit sign), so that they can reach their
corresponding optimal value (Pf

p,m(1), P
f
v,m(1)) in

which the right-turn lane capacity reaches its
maximum.

(b) In safety aspect: through the PVI model, the prob-
ability that pedestrian chooses to cross and vehicle
chooses to cross (Pv(1)Pp(1)) can be obtained.
Because of the high probability of traffic accident in
this situation, the probability can be used as the basis
for traffic management departments to determine
the safety level of the crosswalk. When is found is
that the probability of such situation is relatively
large; the probability can also be reduced by
adjusting the traffic environment, so as to increase
the safety level of pedestrian-vehicle interaction.

3.3. Sensitivity to Green Time Radio. In the sensitivity
analysis of the pedestrian arrival rate, the influence of dif-
ferent pedestrian green times on the exclusive right-turn
lane capacity has been preliminarily observed. In this sec-
tion, the sensitivity of the green time ratio of the PV-RTC
model will be analyzed.

It can be found that the general trend of Figures 5(a) and
5(b) is that with the change of green time, the change of the
exclusive right-turn lane capacity increases first and then
decreases, and each curve corresponds to a maximum value.
*is is because for a given cycle time, under certain con-
ditions (pedestrian arrival rate, probability of pedestrian
(vehicle) choosing to cross, etc.), the optimal allocation of
pedestrian green time in one cycle is obtained for each
crosswalk. And this is why, in 5 different, cases the distance
between the 5 curves gradually decreases and eventually
converges to a point (Bκ).

In addition, compared with Figure 5(a), the maximum
point of each curve in Figure 5(b) decreases and the optimal
green time corresponding to the maximum point decreases
(the green time ratio decreases). *e decline rate of right-
turn lane capacity in Figure 5(b) increases when the max-
imum capacity is reached, which is the result of the increase
of the pedestrian arrival rate. When pedestrian green time of
crosswalk c reaches 120 s, only crosswalk c has an impact on

the right-turn lane (the impact time is 120 s). At this mo-
ment, the difference between the ordinates of B1, B2 reflects
the difference of qclp2 in the two figures.

Figures 5(c) and 5(d) present capacity change with the
change of Pcl

p (1), Pcl
v (1). *e overall trend of Figures 5(c)

and 5(d) is the same as that of Figures 5(a) and 5(b). When
the pedestrian’s green time of the crosswalk cl is 0, only
crosswalk f has an impact on the right-turn lane (the impact
time is 120 s). At this moment, the difference of the coor-
dinates of DP reflects the difference of Pcl

p (1), Pcl
v (1), re-

spectively, in the two figures. When the pedestrian green
time of crosswalk c reaches 120 s, crosswalk f has no im-
pact on traffic flow. At this moment, only the crosswalk c has
an impact on the right-turn lane (the impact time is 120 s),
and both Pcl

p , Pcl
v at crosswalk cl are 0.5, so there is no

difference in capacity in the two figures, which is consistent
with the actual situation.

Further analysis of the maximum capacity points: in
Figures 5(a)–5(d), the maximum point of each curve rep-
resents the maximum capacity of the right-turn lane under a
certain pedestrian arrival rate. *erefore, theoretically, the
maximum capacity of exclusive right-turn lane under any
combination of pedestrian arrival rates and its corre-
sponding green time ratio can be obtained, which provides a
new idea for the optimal signal timing of intersections. For
example, the capacity estimation method based on pedes-
trian-vehicle interaction can be used to obtain the optimal
green time ratio of each lane under a certain pedestrian
arrival rate and yielding rate, and then the optimal green
time ratio of the intersection can be obtained according to
the different demand degree of each lane for capacity (e.g.,
bus lane).

*is kind of signal timing optimization method based on
pedestrian-vehicle interaction has two merits ((a) take the
demand degree of capacity of each lane into account and (b)
fully consider the impact of pedestrians on each vehicle flow)
and is applicable for some intersections with fixed cycle to
optimize signal timing (e.g., green wave coordination
control).

4. Model Validation

4.1. Pedestrian-Vehicle Interaction Model of Cellular
Automata. Due to the limitations of Vissim and other
microsimulation software that cannot adequately simulate
the pedestrian-vehicle interaction process, therefore, by
introducing the mutual interference and conflict rules of
pedestrians and vehicles at intersections and coupling the
NaSch model [36] describing vehicle flow and the Blue
model [36] describing pedestrian flow, a pedestrian-vehicle
interaction model of cellular automata in this section is
established to describe the interaction process between
pedestrians and vehicles in the exclusive right-turn lane.

For vehicle flow in the exclusive right-turn lane, the
whole pedestrian-vehicle interaction process is equivalent to
that of the vehicles passing through two near crosswalks.
*erefore, in the pedestrian-vehicle interaction model of
cellular automata, two mutually perpendicular crosswalks in
the exclusive right-turn lane at intersections are regarded as
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two near crosswalks on one road. *e schematic diagram of
the pedestrian-vehicle interaction model of cellular
automata is shown in Figure 6.

*is paper adopts the same road geometric parameters
and the size parameters of the traffic entity as Sun et al.’s [36]
study on pedestrian-vehicle conflict based on cellular
automata. Crosswalks are divided into square cell grids, each
cell can only accommodate one person, and the cell width of
the right-turn lane is equal to the side length of the cell of the
crosswalk. Assume that the cellular side length of crosswalk
is l� 0.4m and the width of the exclusive right-turn lane is
2.8m, corresponding to the edge length of 7 cells of the

crosswalk.*e length of vehicle equals the summation of the
side length of 15 cells (6m).

(a) For the vehicle model, suppose that the maximum
speed of a vehicle is vmax � 40; when the vehicle is less
than 32m (80 cells) away from the crosswalk, the
maximum speed of the vehicle is vmax � 20. *e
maximum speed of vehicle on a crosswalk is
vmax � 10. In this model, the open boundary con-
dition is adopted.*e vehicle enters the road with the
arrival rate of Qr−t

v . *e update rule from t to t + 1:
acceleration: vn+1⟶ min(vn + a, vmax); decelera-
tion: vn⟶ min(vn, dn); randomization: with
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Figure 5: *e sensitivity of capacity to green time radio. (a) q
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p2 � 50 (ped/h). (b) q
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probability of p; and position update: xn⟶ xn + vn;
(b) for the pedestrian model, pedestrians are divided
into fast pedestrians and slow pedestrians with
corresponding speed of 3 and 2, respectively. *e
pedestrian motion is divided into two steps: lane
change and move forward. *e two steps are pro-
cessed through parallel rules and the speed of the
pedestrian is recorded as vi,j. *e update rule from t

to t + 1: (1) lane change: the pedestrian chooses the
path with the best condition by calculating
max(di,j, d

j−1
i,j , d

j+1
i,j ); (2) move forward: the walking

speed vi,j � min(v
p
max, di,j); and (c) pedestrian-vehicle

interaction rules: pedestrians and vehicles choose
whether to pass or not according to the given proba-
bility in the model when they enter the conflict area.

For the evaluation of the proposed capacity model, this
section constructed a case exclusive right-turn lane, which
was microscopically simulated at P1

p(1) of 0.6, 0.7, and 0.8,
respectively. *e case lane is located at a two-phase sig-
nalized intersection (see Figure 6). Parameters of the ex-
perimental lane in the microsimulation environment are as
shown in Table 7.

*e pedestrian arrival rate qcrop1 changes from 0 ped/h to
1000 ped/h with 50 ped/h interval value.*e simulation runs
for 3600 s for each point, and after microsimulation, the
capacity of the PV-RTC model was calculated. Under the
condition that both P1

p(1) and P2
p(2) are 0.60, the change of

capacity with the change of the pedestrian arrival rate and
the vehicle arrival rate is shown in Figure 7. It can be seen

from the figure that there is a critical value Qr−t
vt , which

divides the vehicle flow into two parts: free flow and con-
gested flow. When Qr−t

v <Qr−t
vt , the vehicle throughput in-

creases linearly with the growth of Qr−t
v ; when Qr−t

v >Qr−t
vt ,

the vehicle throughput reaches the saturation flow and re-
mains unchanged; with the increase of qclp1, the saturation
flow and critical value Qr−t

vt of vehicles gradually decrease,
but the decreasing range gradually decreases and finally
reaches a stable value.

In addition, under the condition that both q1p1 and q1p2
are 200 ped/h, the change of capacity with the change of yield
rate and the vehicle arrival rate is shown in Figure 8. Similar
to Figure 7, there is a critical value Qr−t

vt , which divides the
vehicle flow into two parts: free flow and congested flow.
When Qr−t

v <Qr−t
vt , the vehicle throughput increases linearly

with the growth of Qr−t
v ; when Qr−t

v >Qr−t
vt , it reaches satu-

ration flow and remains unchanged; with the increase of
Pcl

v (1), the vehicle saturation flow and critical value Qr−t
vt

gradually decrease, and the decreasing range increases
gradually.

*e comparison between microscopic simulation and
model estimation is shown in Figures 9(a)–9(c). At Pcl

p (1) of
0.6, 0.7, and 0.8 respectively, when the pedestrian arrival rate
is the same, the error corresponding to the three figures
tends to increase, and when the pedestrian arrival rate is
large (close to 1000 ped/h), the corresponding error reaches
the maximum. A possible explanation for this phenomenon
is that when the pedestrian arrival rate is relatively high, the
number of pedestrians crossing the crosswalk will also in-
crease, which means that the number and probability of

Crosswalk cl

Crosswalk f

2.8m

4.0m
0.4m

Pedestrian (tn+1)

Pedestrian (tn)

Pedestrian’s decision-making: cross or not 
Vehicle’s decision-making: yield or not 

vp
vc

vp

Figure 6: Schematic diagram of the cellular automata model for motor vehicles and pedestrians.

Table 7: Parameters in microscopic simulation.

Parameter category Case 1 Case 2 Case 3

Traffic environment parameters c (s) tclg (s) t
f
g (s) L (m)

120 27 90 4.00

Arrival rates of pedestrians

qclp1 (ped/h) 0–1000 qclp1 (ped/h) 0–1000 qclp1 (ped/h) 0–1000

qclp2 (ped/h) — qclp2 (ped/h) — qclp1 (ped/h) —

q
f
p1 (ped/h) 200 q

f
p1 (ped/h) 200 q

f
p1 (ped/h) 200

q
f
p2 (ped/h) — q

f
p2 (ped/h) — q

f
p2 (ped/h) —

Probability of pedestrian’s and vehicle’s decision-making

P1
p(1) 0.60 P1

p(1) 0.70 P1
p(1) 0.80

P1
v(1) 0.40 P1

v(1) 0.40 P1
v(1) 0.40

P2
p(1) 0.60 P2

p(1) 0.60 P2
p(1) 0.60

P2
v(1) 0.40 P2

v(1) 0.40 P2
v(1) 0.40
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Figure 9: Continued.
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pedestrians choosing to cross at the end of the pedestrian
green time in each cycle will also increase overall. In ad-
dition, when the pedestrian arrival rate is not very high, the
trend of capacity change of the two models is basically the
same.

Figure 10 provides the deviation between micro-
simulation calculation and model estimation. It can be seen
that the absolute error of the capacity is less than 70 veh/h
overall, and the relative error is less than 15% except when
Pcl

p (1) is 0.8 and qclp1 is close to 1000 ped/h. A comparison of
the two results reveals it is reasonable to evaluate the ex-
clusive right-turn lane capacity at signalized intersections
using the PV-RTC model constructed.

5. Conclusions and Future Research

*is paper proposes an exclusive right-turn lane capacity
model considering pedestrian-vehicle interaction (PV-
RTC). Firstly, a pedestrian-vehicle interaction model at
crosswalk is proposed. *en, according to situations (3) and
(4) during pedestrian-vehicle interaction process, a pedes-
trian-vehicle interaction evolutionary model based on game
theory is established. Finally, based on the probabilities of 6

kinds of pedestrian-vehicle interaction situations and the
basic idea of the stop line method, the PV-RTC model is
established. After that, a pedestrian-vehicle interaction
model of cellular automata for exclusive right-turn lane is
established and its simulation results are compared with the
results of the PV-RTC model. *e results show that the
relative error between the cellular automata model and PV-
RTC model is less than 15% overall, which verifies the
validity of the PV-RTC model.

*e PV-RTC model proposed in this paper has the
following limitations: (a) in the model, pedestrians are di-
vided into three categories (the young, the middle-aged, and
the old). However, pedestrians have many other charac-
teristic differences (e.g., gender and behavior) in reality.
More detailed division of pedestrians means that the utility
function in the pedestrian-vehicle interaction model is more
consistent with the actual situation; (b) in order to focus on the
influence of the pedestrian-vehicle interaction process on road
capacity, the influence of nonmotor vehicle is not considered
in the PV-RTCmodel. In future studies, their interaction with
traffic flow should be comprehensively considered.

*e change of the interaction mechanism between pe-
destrians and vehicles will have a systematic impact on traffic
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operation. Future research can be extended to the following
three aspects.

(a) Research on the theory of pedestrian-vehicle inter-
action: pedestrian-vehicle interaction situations oc-
cur in specific traffic environment. When the traffic
environment (e.g., road conditions and traffic reg-
ulations) changes, the interaction process between
pedestrians and vehicles will change accordingly.
How to establish a more practical theory of pedes-
trian-vehicle interaction is a worthy research
direction.

(b) *is study only establishes the exclusive right-turn
lane capacity model based on the pedestrian-vehicle
interaction process. *e influence of pedestrians on
traffic flow at intersections exists in almost every
lane, and a more accurate intersection capacity is an
urgent need for intelligent transportation systems
and refined traffic control. *erefore, the research
based on pedestrian-vehicle interaction can be ex-
tended to the whole intersection and other traffic
problems (e.g., intersection signal timing, level of
service (LOS), and vehicle delay).

(c) In the sensitivity analysis section of this paper, some
qualitative analysis has been conducted on the re-
lationship between the yielding rate, efficiency, and
safety, and it can be found that there is some internal
relationship between traffic environment and the
safety and efficiency during the pedestrian-vehicle
interaction process. In this aspect, the quantitative
relationship between them can be further studied in
the future, so as to provide policy suggestions for the
coordination of policy formulation and facility im-
provement for traffic management departments.
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