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Abstract: Sharing bus lanes with ride-sharing vehicles is beneficial for improving the
utilization efficiency of these lanes and alleviating urban traffic pressure. This paper ap-
plies evolutionary game theory to explore the evolutionary game dynamics of three travel
modes—buses, ride-sharing vehicles, and driving alone—under different sharing strategy
scenarios for bus lanes. Before constructing the game model, various influencing factors
such as travel costs, time costs, and the combined costs of ride-sharing are quantified to
calculate the cumulative prospect values before travel. The gains and losses in the cumula-
tive prospect values are defined as parameter variables in the game model, establishing
a payoff matrix for the three travel modes: buses, ride-sharing vehicles, and private cars.
During the model-solving process, the Lyapunov first method is used for stability analysis
of the equilibrium points, resulting in three groups of asymptotically stable equilibrium
points. By rotating the parameter values according to the actual circumstances of different
sharing strategies, the model simulates and evaluates the impact of various sharing policies
on the travel mode choices among the three options. The results indicate that the gain and
loss values in the cumulative prospect values of travel modes are key factors influencing
travelers’ mode choices. Under the synergistic effects of urban ride-sharing policies and
traffic system optimization, when the cumulative prospect value of ride-sharing is a gain,
travelers recognize its advantages and are willing to choose it. Conversely, when the cumu-
lative prospect value indicates a loss, travelers are more inclined to choose bus travel or
driving alone. This paper provides a theoretical foundation for the formulation of sharing
policies for bus lanes with ride-sharing, contributing to improved utilization efficiency of
these lanes and alleviating urban traffic pressure.

Keywords: sharing strategy; evolutionary game; travel behavior choice; equilibrium
point analysis
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1. Introduction

With the annual increase in vehicle ownership, urban traffic congestion has become
increasingly severe, particularly during peak hours, when the excessive concentration
of vehicles reduces the efficiency of road resource utilization and significantly impacts
commuters’ travel experiences. The long-term traffic congestion problem has also had a
significant negative impact on the environment, such as air pollution, increased energy
consumption, and greenhouse gas emissions. To address these challenges, promoting the
sustainable development of transportation systems is essential, in 2012, the State Council
of China proposed the implementation of a strategy prioritizing the development of urban
public transportation with the establishment of bus lanes being one of the key measures [1].
This strategy not only improved the efficiency of public transportation but also reduced
dependence on private vehicles, lowering traffic emissions and promoting the widespread
adoption of green, low-carbon travel modes.

In the establishment of bus lanes, scholars both domestically and internationally
conducted extensive research. Liu Y et al. proposed a method for setting up urban bus
lanes by integrating road traffic information technology to identify traffic bottlenecks [2].
Arasan et al. developed a micro-simulation model for heterogeneous traffic flow to study
the specific impacts of bus lanes on urban roads and defined the conditions for their
establishment [3,4]. Yang XG et al. developed a model for the average delay of buses,
which validated the ideal layout positions for bus lanes and stops [5,6]. Erland Aakre et al.
proposed a method for continuously setting bus lanes in the center of roads to reduce
conflict points between buses and motor vehicles, enhancing bus priority [7]. Tanaboriboon
et al. analyzed the impact of bus lanes on buses and other types of vehicles, observing that
the introduction of bus lanes significantly improved the quality of bus services [8].

The establishment of bus lanes has improved the transportation efficiency of buses
but has had negative impacts on general traffic. Considering that the implementation of
bus lanes can interfere with social vehicles, many scholars have conducted research on
optimizing bus lanes. Jepson et al. studied the effects of different bus priority measures on
urban traffic flow and provided guidance for the optimal passenger capacity and travel
sharing ratio of bus lanes in various traffic environments by comparing average delay times
with and without bus lanes and traffic signals [9]. Shu et al. proposed a variable bus guiding
and priority control design that effectively reduced delays for straight and left-turning
buses [10]. Chen et al. introduced a bi-level planning model that considers accessibility
and budget constraints to determine the layout of urban bus lane networks to support bus
operations [11]. Xiao Guangnian et al., in order to reduce the time losses of electric buses
and improve the operational efficiency of buses, proposed a synchronous spatiotemporal
attention transition (S2TAT) model by utilizing operational data of new energy electric buses
in Shanghai. This model simultaneously models the time and spatial dependencies [12].
Wang Wei proposed the strategy of “optimizing the network by line-by-line layout”, which
has become an important method for urban bus network planning due to its ease of
implementation and wide applicability [13]. Luo Yi explored bus lane layout strategies
from three dimensions: achieving balance in the bus network, enhancing accessibility in
urban road networks, and alleviating commuter pressure on subway networks [14]. Jia
et al. used a bi-level planning model to address the combined optimization problem of bus
lanes and bus frequency [15]. Li HR, Yuan ZZ, and others proposed a new dynamic control
logic and method for borrowing bus-only lanes, which not only ensures bus priority but
also dynamically identifies the remaining resources in the bus-only lanes and improves the
utilization efficiency of time and space resources [16]. Zou YK, Wang ZY, and others used
a big data analysis approach, including GPS data and IC card swiping data, to conduct
a systematic study on bus flow, passenger flow, operating speed, and other indicators.
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They also combined the operational status of the roads with bus-only lanes to provide data
support for further optimization and management of bus-only lanes [17]. Liu F, Huang
S, and others conducted a scientific evaluation of the operational status of bus-only lanes
in the central urban area of Chengdu, considering indicators such as bus passenger flow,
time periods of operation, network layout, and operating hours, and provided suggestions
for optimizing the bus-only lane system in Chengdu [18]. Wei FP, Fang YY, and others
selected seven road sections with bus-only lanes on the First Ring Road in Chengdu as their
research subjects. They established an evolutionary game model for road right allocation
between public buses and private vehicles at different times and road sections, analyzed the
decision-making process of private vehicles participating in bus-only lanes, and proposed
a plan for optimizing bus lane configuration [19]. To improve the efficiency of bus-only
lanes, countries such as China, the United States, the United Kingdom, and France have
implemented time-based control, allowing all vehicles to use bus-only lanes during specific
time periods. For example, in China, cities like Beijing and Xi’an have adopted this control
method. This approach not only maintains the priority passage for buses but also reduces
traffic congestion and improves road usage efficiency, which is of significant importance
for the sustainable development of urban transportation. The above studies aimed at
improving the efficiency of bus lanes generally focus on optimizing designs in terms of time
and space without considering optimization from the traveler’s perspective. To address
this issue, some scholars have introduced shared mobility into the field of urban public
transportation. By strategically planning and setting up bus-only lanes, and allowing buses
to share these lanes with specific types of shared mobility vehicles, more travel options
are provided for passengers, thereby promoting the development of green transportation
modes.

Shared mobility, as a flexible and low-carbon transportation model, aligns with the
principles of sustainable development. A. Susan et al. proposed the positive impact of
car sharing on the social environment with research indicating that car sharing can reduce
vehicle emissions and decrease the demand for private car purchases, thus playing a
significant role in environmental sustainability [20]. Dong et al. explored the decision-
making issues faced by private car owners between ride-sharing for commuting and using
ride-hailing services, considering both travel time and spatial distance [21]. Santos and
Xavier examined the willingness to pay for taxi and ride-hailing services based on travel
costs [22]. Yang et al. used a discrete choice model to compare the impacts of Uber rides,
Uber pool, and private car use on urban traffic systems, taking into account factors such
as waiting time [23], in-vehicle travel time, travel costs, parking costs, and the level of
automation (driver service vs. self-driving). Die X, Zhou Q, and others conducted a study to
explore the factors influencing carpooling behavior, using urban commuters as the research
subjects. Based on data from a commuting carpooling behavior choice questionnaire, they
analyzed the factors affecting commuters’ carpooling decisions [24]. Liang JH considered
four types of travel modes: solo drivers, carpool drivers, carpool passengers, and public
transport passengers. She constructed a carpooling network and established a general
travel cost function by incorporating a carpool cost-sharing strategy [25]. Zhao MY and Lv
JW, based on data from a residential travel survey, conducted preliminary statistical analysis
of the results and used gray relational theory to analyze the factors influencing residents’
willingness to carpool [26]. To further investigate the advantages and disadvantages of
various travel modes, an increasing number of scholars are studying the travel behavior
choices of commuters.

In terms of research methods, existing studies on travel mode choice are mostly based
on discrete choice models, such as the MNL model [27], Binary Logit model [28], SEM-Logit
model [29], and Probit model [30]. While discrete choice models are efficient and portable,
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they rely on the assumption of complete rationality of decision-makers, which diverges
significantly from real-world decision-making. When multiple travel modes coexist, these
models cannot effectively analyze the interactions between them. With the continuous
development of game theory, evolutionary game theory has addressed the limitations of
discrete choice models, providing new directions for revealing the evolutionary patterns
of residents” travel mode choices. Jia YG et al. constructed a three-party evolutionary
game model involving the government, waste incineration power enterprises, and the
surrounding public to analyze the strategic interactions of stakeholders and simulate the
corresponding evolutionary process [31]. Liang JS et al. established a three-party evolu-
tionary game based on the ideal carbon balance condition of marine ranch enterprises and
proposed strategies and suggestions for improving the government’s supervision mech-
anism for zero-carbon production in marine ranches based on the numerical simulation
results of the model’s evolutionarily stable equilibrium [32]. Chang YC developed a three-
party evolutionary game model to explore the evolutionary patterns and evolutionarily
stable strategies of government supervision, personnel participation, and corporate green
production behavior. The application of evolutionary game theory to study the evolu-
tionary patterns of residents’ travel mode choices offers a new perspective on travelers’
decision-making. In related research on travel mode selection, many scholars have also
applied evolutionary game theory [33]. Evolutionary game theory aligns more closely with
the limited rationality of decision-makers; as individuals in a group may not maximize
their gains in a single game, but through continuous repetition and imitation, the system
gradually stabilizes [34].

Many scholars have conducted research on travelers’ behaviors using evolutionary
game theory [35-37]. Cheng GZ et al., based on behavioral economics theory and prospect
theory, introduced the theory of mental accounting, constructing a profit account and
a loss account. Using evolutionary game theory, they developed an evolutionary game
model between travelers and government departments. Through the replicator dynamic
equation, they analyzed the dynamic evolutionary process and stability conditions of
both parties’ strategies [38]. Li CY, Lei AG, et al. focused on conventional buses and rail
transit, categorizing travelers based on their sensitivity to travel time. They constructed
a game model to study the evolutionary process of two types of travelers, providing a
more comprehensive evaluation model for the selection of travel modes in urban pub-
lic transportation and offering references for residential travel and traffic planning and
management [39]. Yan KL, Shen DF, et al., based on evolutionary game theory and users’
bounded rationalities, considered “economy” and “efficiency” as two stages of service
goals. They constructed game situations for fixed-point and floating shared cars versus
private cars, discussing the evolutionary paths of user choices in these two scenarios. Their
findings are significant for the development and promotion of shared cars by governments
and related enterprises [40]. Wu XH, based on factors such as urban comprehensive traffic
conditions and residents’ low-carbon awareness, constructed an appropriate model using
game theory as the main theoretical foundation to predict the evolutionary trend of low-
carbon travel among urban residents and conducted experimental verification. This further
enriched the theory of transportation travel games and contributed to the long-term goal of
achieving carbon neutrality in society [41]. Li RF, considering the characteristics of green
travel behavior, constructed an individual utility function from the three aspects of “health
benefits”, “reputation benefits”, and “travel costs”, and used network evolutionary game
theory to establish a relevant model. This model analyzed the impact of an individual’s
travel utility on their choice of green travel behavior [42]. But, most studies primarily focus
on the game between bus travel and driving alone [43—46]. The establishment of bus lanes
impacts other transportation modes, and especially in scenarios where bus lanes are shared,
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balancing the traffic demand between buses and social vehicles becomes an urgent issue
that needs to be addressed. Based on the above, this paper employs evolutionary game
theory and constructs a choice model for travelers among three modes of transportation
(bus travel, ride-sharing, and driving alone) using cumulative prospect value, illustrating
the evolution and game dynamics among individual travelers. This study contributes to the
theoretical understanding of travelers” behavioral patterns and their evolution, providing
a basis for the formulation and implementation of practical transportation policies. At
the same time, it holds significant practical importance in advancing the development of
a green, low-carbon, and sustainable transportation system. The structure of this study
is arranged as follows: Section 2 introduces evolutionary game theory and constructs
the cumulative prospect value model; Section 3 presents the evolutionary game model;
Section 4 describes the analysis of model parameters; Section 5 outlines model simulation
and recommendations; and Section 6 contains the conclusions.

2. Introduction to Evolutionary Game Theory and Construction of the
Cumulative Prospect Value Model

In the context of implementing bus lane sharing strategies, this paper establishes an
evolutionary game model for travel mode choice based on cumulative prospect value to
study travelers” behavioral choices. It simulates the decision-making behavior of travelers
within new travel mode strategies and examines the effects of different sharing strategy
schemes on the outcomes of the evolutionary game. This analysis aims to understand
the impact of sharing strategies on the benefits of bus lanes, providing a reference for
formulating optimization policies for bus lanes.

2.1. Introduction to Theory
2.1.1. Evolutionary Game Theory

Evolutionary game theory is a mathematical model that studies the interactions and
decision-making processes among individuals within a group. It analyzes and predicts
changes in group behavior by simulating and examining the strategy choices and behavioral
evolution of individuals. In this framework, individuals are seen as strategic decision-
makers who interact with others by selecting different strategies. Each individual’s strategy
choice is influenced by both personal and group interests. The theory primarily focuses
on two aspects: strategy evolution and evolutionarily stable strategies [47]. Strategy
evolution refers to how individuals select optimal strategies based on their interests through
interaction and competition with others in the group. Evolutionary game theory explores
changes and the evolution of strategies by simulating and analyzing these decision-making
processes. Evolutionarily stable strategies are strategies that can persist and spread within
a population over time. An ESS represents a stable equilibrium state of group behavior
that maintains stability throughout long-term evolutionary processes. By analyzing and
comparing the evolutionary stability of different strategies, the theory aims to study and
predict the evolutionary outcomes of group behavior.

Evolutionary game theory has several characteristics that distinguish it from classical
game theory:

(1) Evolutionary game theory rejects the assumption of complete rationality found in
classical game theory, positing that participants are limited in their rationality and
may not always make correct choices, meaning they can make mistakes. It emphasizes
their abilities to learn, imitate, and adjust.

(2) Evolutionary game theory focuses on groups of participants rather than specific,
defined individuals.
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(3) Evolutionary game theory is an evolutionary process rather than a one-time static or
finite dynamic game. It involves infinite repetitions of interactions and emphasizes
the dynamic adjustments that lead the system to reach equilibrium.

(4) Inthe evolutionary game process, mutations may occur, where certain individuals
might abandon optimal strategies, potentially destabilizing the system’s equilibrium.

Evolutionarily stable strategy (ESS) represents a stable state of a population that can
resist the invasion of mutant strategies. A strategy s’ is an ESS if and only if
(1) Foranys' #sands’ € S, itholds that u(s’,s) > u(s,s);
(2) Ifs’ # ssatisfies u(s’,s") = u(s’,s), then it must hold that u(s’,s) > u(s,s).
Replication dynamics is the differential equation that describes the frequency of a
specific strategy being adopted in a population. If the payoff of a certain strategy is higher

than the average payoff of the population, then that strategy will invade the population,
1 dsg

leading to a growth rate of s dt

> 0. Replication dynamics can be expressed using a
differential equation as

dsi _

T = S[u(k,s) —u(s,s)],k=1,2---K 1)

Note that k represents different strategies, Sy is the proportion of strategy k adopted
in a population, u(k, s) is the payoff when adopting strategy k, and u(s, s) is the average
payoff.

2.1.2. The Evolutionary Game Theory of Travel Mode Choice

Game theory provides a framework for modeling decision-making processes involving
multiple decision-makers. In a transportation system, the decision-making behavior of
participants can be viewed as a game among travelers. Classical game theory assumes
that decision-makers are fully rational, pursuing their own maximum interests during
decision-making. It primarily focuses on the interactions between independently deciding
individuals in a single game. However, this approach does not align well with the decision-
making processes of travelers in real-world scenarios. In practice, travelers consider
available traffic information, their past experiences, and personal preferences when making
decisions, which means they are not fully rational. Compared to classical game theory,
evolutionary game theory is more reflective of reality.

Evolutionary game theory focuses on the evolution and dissemination of strategies
within groups in repeated games, studying the dynamic evolution and adaptation of strate-
gies in populations. It starts from a systems theory perspective, viewing the adjustment
processes of group behavior as a dynamic system. Individuals make decisions through
dynamic processes such as learning and imitation, with the equilibrium outcomes depend-
ing on the initial state of the game and the evolutionary path taken. This approach aligns
with the decision-making processes of travelers under shared bus lane policies. In the
context of shared bus-only lanes, using evolutionary game theory to model the travelers’
decision-making process offers the following advantages:

(1) Evolutionary game theory is particularly suitable for modeling decision-making
processes in multi-agent environments. In the shared bus lane scenario, the behaviors
of travelers are interdependent, with each traveler’s choice not only relying on personal
benefits but also influenced by the choices of others. Evolutionary game theory can effec-
tively describe these complex interactions and simulate the strategic evolution of multiple
participants in repeated games.

(2) Travelers’ decisions are not static but continuously adjusted and optimized over
time. In the context of bus-only lanes, travelers adapt their choices based on traffic flow,
road conditions, and the behavior of others. Evolutionary game theory is well-suited to
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simulate this adaptive behavior, reflecting how travelers gradually optimize their travel
choices through experience and feedback.

(3) Bus-only lanes are a limited resource, and different travelers compete for the use
of this resource. Evolutionary game theory can address the issue of resource competition,
helping us understand the dynamic equilibrium between different strategies.

(4) The concept of evolutionarily stable strategy (ESS) in evolutionary game theory
is particularly useful for describing the long-term behavioral stability of travelers under
specific conditions. In the context of bus-only lanes, ESS can reveal which strategies will
dominate in the long-term game, helping us understand how travelers’ decision-making
behaviors will ultimately reach equilibrium under different policies or system parameters.

Therefore, establishing an evolutionary game model for travel mode choice allows for
examining how shared policies influence travelers’ decisions and subsequently assessing
their impact on the operational benefits of bus lanes. In the model-building process,
cumulative prospect values are used to quantify the gains and losses associated with
different travel modes.

2.2. Cumulative Prospect Value Model Construction

(1) Travel costs

To select the most convenient travel mode for travelers, this study uses travel cost
as a scalar to compare three different travel options. The travel cost includes expenses
incurred during the journey, the time spent traveling, and the combined costs associated
with ride-sharing. The combined cost of ride-sharing encompasses waiting costs and the
cost associated with the lack of personal space during the ride-share. Based on the varying
degrees of perception of each cost component by travelers, this study sets perception weight
coefficients and establishes the following expression for travel cost:

G=Té+Fc+ Ht (2)

Formulas contain the following: G is the total travel cost, T is the time cost, J is the time
perception weight parameter, F is the travel expenses, ¢ is the weight perception parameter
for travel expenses, H is the combined cost of ride-sharing, and 7 is the perception parameter
for combined cost.

To make the model more realistic, the average local wage is used for quantification. In
the model scenario, the ride-sharing decisions of travelers will affect traffic conditions. This
study employs a road congestion model to calculate travel time. This study uses a road
congestion model based on classical traffic flow theory, simulating congestion on the road
by quantifying the impact of traffic flow on travel time. The core principle of the model
is that it reflects the changes in travel time due to traffic flow by considering the impact
of traffic density (the ratio of the number of vehicles to the road’s capacity) on vehicle
speed. When the number of vehicles approaches or exceeds the lane’s capacity, excessive
flow leads to a decrease in speed, thereby increasing travel time. The model also takes into
account the impact of travelers’ decisions on traffic flow. The calculation expression is as

follows: c
Ti = tix to = to x (14 @(Z2)?) x (14 17:) X ta (3)
C1
_ Cig .
b= to x (1 p(SH)?) x (1+1) @
C1
to =L/vg )

Formulas contain the following: T; is the time cost of travel mode i, ¢; is the travel time of
travel mode i, t, is the average hourly wage in the area, ty is the travel time of vehicles on
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that road segment under free conditions, C; is the number of vehicles for travel mode 7, C¢;
is the capacity of the lane used by travel mode i, ¢, ¢ are model coefficients, and #; is the
correction factor for bus stops. The travel times for ride-sharing and buses are affected by
bus stops, and the correction factor should be included when calculating travel time. When
i refers to driving alone, 77 = 0.

(2) Setting a reference point

In cumulative prospect theory, the reference point is used to assess the subjective value
of options in terms of gains and losses. The method for setting the reference point varies
depending on the research objectives. In this paper, the expected travel cost of driving alone
is chosen as the reference point for travel mode decision-making. This allows decision-
makers to compare the costs of other travel modes with the costs of driving, helping them
better understand and evaluate whether other travel modes offer greater benefits or smaller
losses. The reference point can be expressed as

Gio = Tioo + Fiog (6)

Formulas contain the following: Gy is the total expected cost associated with travel mode
i, Tjp is the expected time cost associated with travel mode i, and Fjj is the expected travel
expense associated with travel mode i.

(3) Determining the value function

When travelers make decisions about travel modes, they must consider both the actual
travel costs and the reference points based on individual psychological expectations to
comprehensively evaluate various options. To more thoroughly measure the potential
gains or losses of each option, a gain-loss value is introduced as an evaluation indicator. By
observing the gain-loss value, we can analyze the relative advantages and disadvantages of
each decision option for the traveler in greater detail. The calculation of the gain-loss value
involves comparing the actual travel costs with the reference points set by individuals, as
expressed in the following formula:

Vi = Gjp — G; ()

Formulas contain the following: V; is the gain or loss of travel mode i relative to the
reference point, and G; is the actual total travel cost corresponding to travel mode i.

The gain-loss value is used to indicate the gains or losses of the selected option relative
to the reference point. If the gain—loss value is positive, it indicates that the decision option
brings potential gains compared to the reference point; conversely, if the gain—loss value is
negative, it suggests the possibility of potential losses. Specifically, when V; < 0, the actual
travel cost is greater than the expected travel cost, leading the traveler to perceive a loss
with travel mode i. When V; > 0, the actual travel cost is less than the expected travel cost,
resulting in the traveler perceiving a gain with travel mode 1.

By constructing the value function, we can effectively transform the gain—loss values
of decision options into the relative value perceived by travelers, providing a more accurate
representation of individuals” subjective feelings and irrational factors. The value function
expression established in this paper is as follows:

Vi Viz0
W(V;) = {_8(_@% 0 ®)

Formulas contain the following: W(V;) is the relative value of travel mode 7, and « and B
are risk sensitivity coefficients, where 0 < « <1 and 0 < B < 1. The higher their values,
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the more the traveler’s decisions tend to be risk-seeking; ¢ is the loss aversion coefficient,
with € > 1. The higher its value, the more the traveler’s decisions tend to be conservative.

(4) Determining the decision probability weighting function

The formation of travelers’ decision choice probabilities is influenced by their indi-
vidual travel experiences. This probability is derived from a subjective assessment of the
perceived benefits of various travel options. To make the model more realistic, this paper
establishes the decision probability weighting function based on travelers’ perceived prob-
ability functions, enhancing the model’s practical applicability. Specifically, the probability
weighting function is divided into two aspects: one for when the perception is of gains and
the other for when the perception is of losses. The mathematical expressions are as follows:

']
w* (P) = i ©)

I:Piﬂ +(1- Pi)ﬂ}l/ﬁ

(P) p!
w (P) = ! (10)
[Piy + (1 _ Pi)y} 1/u

Formulas contain the following: P; is the perceived probability that a traveler chooses travel
mode i, w" (P;) is the decision probability weighting function when the traveler perceives
gains, w™ (P;) is the decision probability weighting function when the traveler perceives
losses, ¥ is the risk attitude coefficient for gains, and y is the risk attitude coefficient for
losses.

The decision probability weighting function can be further classified based on whether
the gain-loss value is positive or negative, resulting in the following expressions:

(11)

wi(Pi) — {w+(Pit)Vi >0

wi(Pir>Vi <0

Formulas contain the following: Pj; is the decision probability weighting function when the
gain-loss value is positive, and P;, is the decision probability weighting function when the
gain—loss value is negative.

Calculate the cumulative probability weighting function using the following formula:

o =w (py Upipa U~ Upir) —w ' (pirs1 U+ U pir) (12)
T, =w (Pir Upip1 U - Upir) —w ™ (Piry1 U+ Upir) (13)
i = w” (pir) (14)
Tig =W (pir) (15)

Formulas contain the following: 7} and 7, represent the choice probabilities correspond-
ing to the states of maximum and minimum values, respectively, 77;; is the cumulative
probability weighting function when the decision choice is a gain, and 77, is the cumulative
probability weighting function when the decision choice is a loss.

(5) Calculating the cumulative prospect value

Based on the reference point, value function, and decision weighting function de-
termined above, calculate the cumulative prospect value for each mode of travel [48], as
expressed in the following formula:

T R
CPVi=Y 7y W(Vie) + ) i, W(Vi) (16)
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The structure diagram is illustrate in Figure 1.

1
1
I
i
Programme !
1
1
I
I
1
1
I

effectiveness
Value Decision weighting Prospect values
function function for each scenario

4

Scenario
reference point

Y
Select the maximum
foreground value
scenario

Scenario selection
probability

T

Editing phase Evaluation phase

Figure 1. Cumulative prospect theory structure diagram.

3. Construction of a Dynamic Evolutionary Game Model for Travelers’
Mode Choices

3.1. Analysis of Travel Choice Behavior

This paper studies the impact of bus lane sharing policy on travelers’ travel choice
behaviors, and in the sharing scenario, travelers’ travel choices are mainly classified into
three categories: bus travel, carpooling travel, and driving alone travel. The specific
selection process will be affected by a variety of factors, including but not limited to
traffic demand, time cost, travel convenience, traffic safety, environmental impact, and
personal preferences and attitudes. In this study, the bus-only lanes are provided exclusively
for buses and carpool vehicles, while the general lanes are designated solely for single-
occupancy vehicles.

Analyzing the characteristics of the three types of travel modes, the cost of bus travel
is relatively low and is generally more economical than driving alone or carpooling. As
a low-carbon mode of travel, buses generally emit fewer pollutants and have a lower
environmental impact than individual cars. Buses can carry a large number of passengers,
which can effectively reduce road traffic congestion. However, most buses have fixed routes,
which may not fully meet individual travel needs, requiring walking or transferring, and
congestion and noise on the bus may also affect the comfort of passengers. Carpooling is
shared by many people in a car, which can share the cost of travel. In the case of improving
the safety and efficiency of carpooling software and the high recognition of carpooling by
travelers, carpooling can reduce the cost of travel to a certain extent and reduce the number
of vehicles on the road, but there are also time uncertainties such as the need to wait for
carpooling or carpooling passengers, the itinerary of other passengers not being completely
compatible, and some travelers feeling that carpooling with others affects travel comfort.
Driving alone has the advantages of convenience, time flexibility, etc., and travelers can
freely choose the itinerary, route, and departure time according to their personal needs
and preferences, but they need to bear all the traffic costs when driving alone, and in
areas where road resources are tight and parking resources are tight, they will also face
problems such as traffic congestion and parking difficulties. Traveling alone by car also
emits more pollutants relatively and has a greater impact on the environment. There is
both a competitive relationship and a complementary connection between the three modes
of transportation.

Competitive analysis: driving alone vs. carpooling. In terms of time, driving alone
offers higher flexibility, as the driver can freely choose the departure time and route, saving
time on less congested roads and during off-peak periods. Driving alone avoids waiting,
especially when there is no traffic congestion, allowing the driver to reach the destination
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quickly. In terms of cost, driving alone typically incurs higher expenses, including fuel costs,
parking fees, and vehicle maintenance. In contrast, carpooling significantly reduces the
travel cost for each passenger by sharing the vehicle costs among multiple people. In terms
of comfort and privacy, driving alone generally offers greater comfort and privacy. The
driver has control over the in-car environment, such as air conditioning, seat adjustments,
and music, and can enjoy personal space without sharing the vehicle. In comparison,
carpooling sacrifices some comfort and privacy, as passengers must share the vehicle,
and the in-car environment may not fully match each individual’s preferences. Driving
alone vs. bus travel: In terms of time, driving alone usually allows the driver to reach
the destination in the shortest time when there is no traffic congestion. The driver can
choose the departure time and route, avoiding waiting. In contrast, buses, although they
run on fixed schedules and may experience overcrowding during peak times, can avoid
traffic congestion when there are bus lanes, offering relatively fixed and predictable arrival
times. In terms of cost, driving alone may be a lower-cost option for short trips with fewer
parking requirements. However, as the travel distance increases, fuel and parking costs rise
significantly, and the cost burden of driving alone increases. In contrast, the bus is typically
the most cost-effective option, especially for long commutes, with lower fares and often
subsidized by the government. In terms of comfort and convenience, driving alone offers
higher comfort and privacy, as the driver can adjust the in-car environment to personal
preferences. However, the comfort on buses is usually limited by passenger numbers and
the condition of the vehicle, particularly during peak times when passengers may face
overcrowded conditions. Nonetheless, the bus remains a reliable mode of transport in
efficient urban traffic networks, especially for travelers who want to avoid traffic jams
and parking difficulties. Carpooling vs. bus travel: In terms of time, carpooling’s greatest
advantage is flexibility. Passengers can choose the most suitable route and departure
time according to their needs. Especially when carpooling uses bus lanes, it can avoid
competition with private vehicles, improving travel efficiency. In contrast, buses have fixed
routes and schedules, and passengers need to follow a fixed timetable and stop locations. In
terms of cost, carpooling may be slightly more expensive than taking the bus, particularly
due to shared platform service fees, making carpooling slightly less cost-effective than the
bus. The bus, however, is typically the most cost-efficient mode of transport, especially
for long-distance commuting and with government subsidies, where bus fares are usually
lower and fares are transparent and fixed, making it ideal for budget-conscious travelers.
In terms of comfort and convenience, carpooling generally offers greater comfort than
the bus. However, the flexibility of carpooling may pose certain convenience challenges,
particularly when adjusting departure points and destinations among multiple passengers,
which could affect the convenience of some passengers.

Complementary analysis: time-based complementarity. Driving alone typically pro-
vides higher flexibility and shorter travel times when traffic is smooth. However, during
peak hours, driving alone may face severe congestion, causing a significant decrease in
time efficiency. The bus, especially with a dedicated bus lane, can avoid traffic competi-
tion with private cars and provide a more stable and efficient mode of travel, particularly
during peak times. In this case, the bus complements driving alone during peak hours.
Carpooling helps reduce traffic pressure by sharing vehicles, increasing travel efficiency
during congestion, and, especially with the support of bus lanes, compensates for the
lack of flexibility in bus travel, offering a more flexible and faster alternative. Cost-based
complementarity: The cost of driving alone usually increases with distance and higher
parking fees, making it suitable for short trips or when there are few parking requirements.
Carpooling reduces the travel cost for each individual passenger, making it more econom-
ical than driving alone, especially when passengers share fuel and parking costs. The
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bus and carpooling complement each other, especially for passengers who do not require
flexibility. The bus offers a more economical option for regular travel, while carpooling
can offer higher flexibility at a relatively low cost when flexibility is needed. Comfort
and convenience complementarity: Driving alone provides the highest level of comfort
and privacy, making it ideal for passengers who have high personal space requirements.
However, it also faces issues like parking difficulties and traffic congestion, which reduce
convenience. Carpooling offers higher comfort, as there are fewer passengers and both the
driver and passengers can adjust the in-car environment based on their needs. However,
flexibility may affect convenience when adjustments need to be made to departure points
and routes. The bus offers lower comfort but provides stable service for passengers with
fixed travel needs, avoiding the stress of driving, making it suitable for long commutes.
The above analysis is a general analysis, and the actual situation varies depending on
the level of regional transportation infrastructure construction, traffic conditions, personal
preferences, and the influence of relevant local policies. On the whole, the three modes of
transportation have advantages and disadvantages, and travelers’ travel choices will not be
concentrated on a certain mode of transportation, but according to the influence of various
subjective and objective factors, they choose the optimal mode of transportation and route.

3.2. Game Analysis of Travel Decision-Making

The game analysis of travel decision-making can be viewed as a game concerning the
traffic allocation problem within a transportation system. When travelers have multiple
travel modes to choose from, each individual will select the mode with the highest perceived
value based on their circumstances. However, as more travelers opt for a particular mode,
the traffic volume for that mode increases, leading to issues such as longer waiting times
and congestion. The change in cumulative perceived value is not only related to individual
decisions but is also closely tied to the collective effects of group behavior. As more travelers
choose a particular mode, the service level of that mode decreases, resulting in a decrease
in its overall perceived value. If the cumulative perceived value of the current mode falls
below that of other options, some travelers will begin to switch to alternative modes. As
the number of participants in the decision-making process grows, all modes will be chosen
by the majority of travelers, resulting in a game among multiple travelers.

In the travel decision-making game model, Wardrop’s first principle is used to find
the optimal solution. For a given transportation system TS = (S, Q) (where TS represents
a transportation system with S travel modes and Q travelers), the relationship is as follows:

Yyt =Q (17)

Formulas contain the following: S represents travel modes, N represents the total number
of available transportation modes, 1, is the number of travelers choosing mode 7, and Q is
the total number of travelers in the transportation system.

According to Wardrop’s first principle and the utility maximization principle for trans-
portation participants, each traveler chooses the travel mode with the highest cumulative
perceived value, in line with individual rationality and the principle of utility maximization.
This can be expressed mathematically as follows:

Zae(nq_mq) CPV,(ng) > Zae(mq_nq) CPV,(ng +a) (18)

Formulas contain the following: CPV,(n,) is the cumulative perceived value when n,
travelers choose mode n, CPV, (nq + a) is the cumulative perceived value when 1, +a
travelers choose mode 7, and (mg; —ng) = {a:a € myand a & ng,ny € Q,my € Q}.
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If all travelers satisfy the equation above, meaning that no subset of travelers a can
achieve a higher cumulative perceived value by changing their travel choice, then when
a traveler shifts from travel mode n to mode m, the cumulative perceived value of mode
m will not be higher than that of mode n. This signifies that user equilibrium is reached.
In other words, at user equilibrium, among all available paths (routes and travel modes)
between a given origin and destination, the cumulative perceived values of the selected
paths are equal and at least as high as those of the unchosen paths.

The main elements of this game are as follows:

Game Participants: Each traveler g € Q is considered a game participant.

Game Strategy: A pure strategy for each game participant is represented as S; =
(sql 542, ...54N), wheres,’ € (0,1),i =1,2,...,N.

Payoff: The payoff function in game theory describes the values obtained by different
decision-makers under various strategy combinations. It maps each possible strategy
combination to its corresponding payoff value, which in this context is represented by
cumulative perceived value. Thus, the payoff function is given by ¢; = }.;,co CPV, (ng).
In this game, based on the principle of user optimization, it can be understood that when
equilibrium is not achieved, there exist n; € Q,m, € Q, such that CPV;(n,) > CPV, (mg).
This implies that some travelers can achieve a higher cumulative perceived value by
changing their travel decisions from mode #n. The goal in this game is to maximize the
payoff function, ultimately reaching an equilibrium state.

According to the definition of Nash equilibrium, when Nash equilibrium is achieved,
no participant can improve their payoff by adopting any new strategy. This means that
when travelers shift from any travel mode to another, they cannot achieve a higher payoff,
which aligns with the state of user optimization. Therefore, when a user optimum exists
and a Nash equilibrium solution exists for this game, the two are equal.

3.3. Dynamic Evolutionary Game Model Construction

The travel choice behavior of travelers is related to their perceptions of different travel
modes, which can be quantified using cumulative perceived value. An evolutionary game
model based on cumulative perceived value is constructed to utilize dynamic analysis of
participants’ learning and adjustments, thereby facilitating research into the evolution of
travelers’ mode selection behaviors. Based on the characteristics of transportation modes, a
logical relationship for travelers’ mode choice in the evolutionary game is established. See

May face congestion Lower-emission and
and nced to transfer low-cost mobility

Travelers (decision-making
group)

Figure 2.

Traffic congestion,
higher costs

Low cost and
high efficiency

Need to take a detour, Strong comfort and
spend time waiting high convenience

Figure 2. Evolutionary game model logical relationship diagram.
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By constructing a game model, we analyze the stability of strategies and equilibrium
points for all parties as well as the influence relationships among various factors. The
description of model parameter variables is shown in Table 1.

Table 1. Model parameter description.

Variable Parameters Variable Descriptions

The perceived benefits of choosing public transportation

for travelers

O Perceived benefits of choosing carpooling for travelers

] Perceived benefits of choosing to drive alone for travelers
Excess perceived benefits of carpooling compared to

p factors like transfers from public transportation and

congestion inside the vehicle

Carpooling occupying dedicated bus lanes affects bus

operations, resulting in perceived losses for bus travelers

Excess benefits of driving alone compared to public

transportation in terms of comfort and convenience

Losses encountered by driving alone due to congestion,

d which does not align with the shared strategy of dedicated

bus lanes

Losses incurred by bus travelers due to increased walking

distance to stations and other related factors

Losses associated with waiting for carpooling, potential

delays, and the social pressure of sharing a ride with others

M

Participants in the game are the group of travelers, and each traveler’s decision space
S = (Bus, Ridesharing Vehicles, Driving alone). Parameters are assigned values based on
the cumulative prospect values quantified by the travelers’ perceptions.

Based on the above rules, establish the game matrix for buses, carpooling, and private
cars, as shown in Table 2.

Table 2. Profit matrix.

Bus Ride—Sharing Vehicles  Driving Alone
Bus M, M M-b0+p M—e J+c
Ride — Sharing Vehicles O+p M-0b 0,0 O—gq,]+d
Driving Alone J4+c,M—e J+d,0—gq I ]

4. Stability Analysis of the Equilibrium Points in the Evolutionary Game
of Three Travel Modes

Let the proportions of travelers choosing public buses, carpooling, and driving alone
be x1, xp, x3, satisfying x1, X2, x3 € [0,1] and x1 + x + x3 = 1. The expected payoffs for the
public bus, carpooling, and driving alone options are Wy, W,, W3, and the average expected
payoff is denoted as W. The calculation formula is as follows:

Wiy =xiM+x(M—b)+x3(M—e) =xe+x2(e—b)+M—e (19)
Wy = x1(0+p) + 10 +x3(0 —q) =x1(p+49) + 229 + O —q (20)
W3 =x1(J+¢)+x2(] +4d) +x3] = x1c +x0d + ] (21)

W = 1 Wy 4+ xo W, + x3W3 = xl[x1M+ XQ(M —b)+x3(M— 6)]
+x2[x1(0 + p) + 220 + x3(0 — q)] (22)
+x3[x1(J +¢) +x2(] +4d) + x3]]
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The dynamic equation is as follows:

F(x1) = dfxtl =x (W —W) =
—xl{xl [X1M+X2(M - b) + X3(M - E) - M]
+x2[x1(O + p) + %20 + x3(0 — q) — M + 1]

+x3[x1(J+c¢)+x2(J+d) +x3] —M+el}

(23)

F(XZ) = % = xz(Wz —W) =
—xp{x1[xiM + x2(M —b) + x3(M —e) — O — p]
+x2[x1 (0O + p) + 220 + x3(0 — q) — O]
+x3[x1(J+¢) +x2(] +d) +x3] — O +q]}

(24)

F(xz) = 42 = x3(Ws — W) =
—x3{x1[xiM + x2(M —b) +x3(M —e) — ] — ]
+x2[x1 (O +p) + 00+ x3(0 —q) — ] — 4|
+x3[x1(] +¢) +x2(] +d) +x3] — ]I}

(25)

Calculate the Jacobian matrix | of the game system:

I+ 5 Je 0F(x3)/0x1 OF(xp)/0x, OF(x2)/0x3
J7 Js Jo 0F(x3)/0x1 0F(x3)/0x2 0F(x3)/0x3

h 2 3 OF(x1)/0x1 OF(x1)/0x2 OF(x1)/0x3
] = = (26)

J1 =M — x3[x3] + x1(J +¢) + x2(] +4d)]
+x(M —=b) + x3(M —e)

e [3Mx —M+x2M—2b+0 +p)
! +x3(2M —2¢+ ] +¢)
—x2[20 + x3(0 — q) + x1(O + a)]

(27)

]2:—xl[b—M+20x2+(O—q+d+])x3

txy(M—b+0+ p)] (28)

]3I*X1[(M+]+C*€)X1+(O+]*ﬂ+d>3€2

+2]Jx3 — M +¢] @)

Ja = —xz(ZMxl + (M + 0+ p— b)xz

+(J+M+c—e)x3—O—p) (30)

Js = —x3[Jxs +x1(J+¢)+x2(J +d) —O +4]

30x, —ZO+X3(ZO+J+d—2q)
+x1(M+20+2p —b)

—x1[Mxq 4+ x2(M —b) + x3(M —e) — O — p]

—X2 (31)

Jo =—x0[(J+M+c—e)x;+(O+]+d—q)x

+2Jx3 —q— O] 2

J7=—x32Mx1 + (M+O0+p—Db)xy

+(J+M+c—e)xz—]—c) (33)

Js = —X3((M +O0+p— b)X1 + 20x7

O+ T +d—qxs—d—]) 9
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Jo = —x1[Mx;+ (M —b)x, + (M —e)x3 — ] — ]
—x2[(O+ p)x1 +Ox2+ (O — q)x3 + 2] + 24|
—x3[(2] +2c+ M —e)x;
+(2]4+2d4+ 0 —q)xp 4+ 3]x3 — 2]]

(35)

Set Equations (23)—(25) to zero, solve the system of differential equations, and use
Lyapunov’s first method to analyze the stability of the equilibrium points. If all eigenvalues
of the Jacobian matrix have negative real parts, the equilibrium point is asymptotically
stable. If at least one eigenvalue has a positive real part, the equilibrium point is unstable.
If the Jacobian matrix has eigenvalues with zero real parts and all other eigenvalues have
negative real parts, the equilibrium point is in a critical state, and stability cannot be
determined by the signs of the eigenvalues. The stability of each equilibrium point is
analyzed, as shown in Table 3.

Table 3. Equilibrium point stability analysis.

Eigenvalues

Equilibrium Point of the Jacobian Condition Stablhfy
Matrix Conclusion
(1,0,0) ~M,0-M+p]-M+c ©) Asymptotic stability
(0,1,0) ~OM-0-b]-0+d ©) Asymptotic stability
0,0,1) —J,O—J-qaM-]—e ® Asymptotic stability
(M —b)xz
+<M - 6).7('31
2 2
(0, x21, x31) —O0x” = Jxan \ Uncertain
—(0+]+d—q)xnxs
Ao = Asn
(O+p)rn
+(0 —g)x3
2 2
(x11, 0, x32) —Mxn® = Jxs \ Uncertain
—(J+ M+ —e)x11x3
A2 = Az
(] + C)Xlz
+(J +d)x
2 2
(x12, %22, 0) —Mx” — Oxp \ Uncertain
—(O + M+ p— b)x12x22
A2z = Aszs
(x13, X23, X33) A1, A2s = Asg \ Uncertain

In Table 3, x»1, x31, X11, X32, X12, X22, X13, X23, and x33 are the coordinate values corre-
sponding to the equilibrium points.

3('21:*w X31:w xllz—w x12:7M xZZ:M
(d—q) (d—q) (c—e) (p—10) (p—0)

vy = U=M+0)
, X32 = c—e)

N _ (Jb—0Ob—0d+ Oe — Je+ Jg+ Md — Mq + bq — de 4 dq)

B (pb+ pd — bc — pe + bq + ce — cq — de + dq)

X _7(]P—OC+O€—]€+]q—Mp+MC—Mq+pe—ce+cq)

B (pb+ pd — bc — pe + bg + ce — cq — de + dq) ¢

. (Ob+Jp—Oc—Jb+0Od — Mp + Mc — Md + pd + pb — bc)

33 = .

(pb+ pd — bc — pe + bg + ce — cq — de + dq)
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Ay =

The Ay1, A1, A2z, A3z, A2z, A3z, Aq1, Ana, Azgis the eigenvalue of the Jacobian matrix

corresponding to the equilibrium point.

(20 + J +d)xa1 + (O +2] — q)x31 — /402xp1% + 802xp13x31 + 402x212x312 + 80 x21 X313

2
(J4+2M 4 ¢)x11 + (2] + M — e)xzp + /4]2x112x322 — 4]2x112x37 + 8]2x11 X323 + 8] Mx113x3;

Ay =

2

An:(]—M—c—l—e)x13—|—(]—O—d—q)x23
+(c—e)x2y 4+ (d—q)xd;+ (b+c+d—e—q— p)xizxs

(O+M—-e—q+ (3] —-30—-b—-3d+e+5q9)x3+ (3] =3M+p —3c+5e +q)x13

Ay =

2 +J

Conditions: M: M > 0,0+p <M,J+c<M;@:0>0M<0+b,]+d < O;and

®:]=0,0<]+qM=<]+e.

According to x1,x2, x3 € [0,1], and x1 + xp + x3 = 1, the points (1,1,0), (1,0,1), (0,1,1),

(0,0,0), and (1,1,1) are meaningless.

5. Simulation Analysis and Policy Recommendations

5.1. Value Assignment Simulation and Parameter Analysis

To verify the effectiveness of the evolutionary stability analysis and explore the impact

of different parameters on the evolutionary outcomes, the model will be subjected to value

assignment simulation calculations based on real-world conditions.

@

@)

®)

When M > 0,0+ p < M, ] +c < M, stability analysis of the differential equation
dynamical system indicates that (1,0,0) is asymptotically stable. This means that when
the perceived benefits of taking the bus outweigh the losses associated with factors
such as congestion, transfers, and longer walking distances compared to carpooling
and driving alone, the evolutionarily stable strategy leads all travelers to choose bus
travel. Using the parametersc=2,M=10,0=7,p=2,b=3,d=2,e=2,9=1,and
J =5 for simulation experiments, the system eventually evolves to (1,0,0), as shown in
Figure 3a.

When O > 0,M < O+b,] +d < O, stability analysis of the differential equation
dynamical system indicates that (0,1,0) is asymptotically stable. This means that
when the perceived benefits of carpooling outweigh the losses associated with social
pressure, waiting for carpool arrangements, and potential delays compared to taking
the bus or driving alone, the evolutionarily stable strategy leads all travelers to choose
carpooling. Using the parametersc=2,M=7,0=10,p=2,b=3,d=2,e=2,4=1,and
J = 5 for simulation experiments, the system ultimately evolves to (0,1,0), as shown in
Figure 3b.

When | > 0, O < J+4q,M < | + e, stability analysis of the differential equation
dynamical system indicates that (0,0,1) is asymptotically stable. This means that when
the perceived benefits of driving alone outweigh the losses associated with congestion
and other factors compared to carpooling and taking the bus, the evolutionarily stable
strategy leads all travelers to choose private car travel. Using the parameters c = 2,
M=50=7p=2,0=3,d=2,e=2,q=1,and ] = 10 for simulation experiments, the
system ultimately evolves to (0,0,1), as shown in Figure 3c.
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2

(a) Evolved to (1,0,0) (b) Evolved to (0,1,0) (c) Evolved to (0,0,1)

Figure 3. Pure strategy equilibrium point.

To investigate the actual impact of the bus lane sharing strategy, further simulations
will be conducted to analyze how various influencing factors affect the evolutionary game
process and outcomes of travelers’ choice behaviors.

(1) Carpooling perception

With the incentives from the bus sharing strategy and the optimization of carpooling
platforms, factors such as reduced combination costs and improved safety during travel
have increased the acceptance of carpooling. This leads to an increase in the perceived
benefits of carpooling, represented by O. By assigning values O = —2.5,0.5,2.5 and keeping
other parameters fixed at c = 0.154, M =2.1620, p = 0.2338, b = 0.184, d = 0.212, e = 0.1503,
g =0.1119, and | = —3.186, a simulation analysis is conducted on the different perceived
benefits of carpooling, as shown in Figure 4.
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Figure 4. Evolution simulation diagram of different perceived values of ride-sharing trips (in a
composite diagram, different colors represent different x values). (a) Simulation graph of x; evolution
or different values of O; (b) simulation graph of x, evolution for different values of O; (c) simulation
graph of x3 evolution for different values of O; and (d) simulation graphs of evolution for different
values of O.
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The evolutionary simulation results indicate that as the perceived benefits of carpool-
ing increase, travelers’ willingness to choose the bus decreases, and their willingness to
drive alone also declines. When the perceived benefits of carpooling reach a certain thresh-
old, travelers tend to choose carpooling, evolving toward the equilibrium point (0,1,0). In
implementing the sharing strategy, initial measures such as subsidies for carpooling and
optimizing carpooling platforms can be adopted to enhance the attractiveness of carpooling
and improve perceptions of it.

(2) Bus travel perception

With the optimization of bus routes, the application of vehicle networking technology,
and the improvement of bus facilities, bus travel has become increasingly convenient and
punctual. As a result, the perceived benefits of bus travel have increased, represented by
an increase in M. Values of M = —0.5,2.5,5.5 are assigned, while other parameters are
set to c = 0.154, O = —2.6890, p = 0.2338, b = 0.184, d = 0.212, ¢ = 0.1503, g = 0.1119, and
J = —3.186. Keeping other parameter values constant, a simulation analysis is conducted
on the different perceived values of bus travel, as shown in Figure 5.
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Figure 5. Evolution simulation diagram of different bus travel perception values (in a composite
diagram, different colors represent different x values). (a) Simulation graph of x; evolution for
different values of M; (b) simulation graph of x; evolution for different values of M; (c) simulation
graph of x3 evolution for different values of M; and (d) simulation graphs of evolution for different
values of M.

According to the simulation results, as the perceived benefits of bus travel increase,
the trend toward the equilibrium point (1,0,0) accelerates. When the perceived benefit
is negative—meaning travelers perceive bus travel as a “loss”—the evolution rate is sig-
nificantly lower than when it is perceived as a “gain.” This aligns with the cumulative
prospect theory, which suggests that decision-makers are more sensitive to losses than to
gains. Overall, the evolution trend indicates that as the perceived benefits of bus travel
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increase, travelers” willingness to choose bus travel strengthens, while their willingness to
use carpooling and drive alone decreases. In cities where the efficiency of dedicated bus
lanes is low and bus ridership is low, strategies such as optimizing the bus network and
accelerating the smart construction of vehicle networking can enhance the attractiveness of
bus travel and improve the utilization of dedicated bus lanes.

(3) Perception of driving alone

With the widespread adoption of electric vehicles and the improvement of parking fa-
cilities, factors such as lower costs and greater convenience for driving alone have increased,
and travelers’ perceived value of driving alone is represented by an increase in J. Values
of | = —3.5,—0.5,2.5 are assigned, while other parameters are set to ¢ = 0.154, M = 2.1620,
O =-2.6890, p = 02338, b = 0.184, d = 0.212, e = 0.1503, and g = 0.1119. Keeping other
parameter values constant, a simulation analysis is conducted on the different perceived
values of driving alone, as shown in Figure 6.
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Figure 6. Evolution simulation diagram of different individual driving perception values (in a
composite diagram, different colors represent different x values). (a) Simulation graph of x; evolution
for different values of J; (b) simulation graph of x; evolution for different values of J; (c) simulation
graph of x3 evolution for different values of J; and (d) simulation graphs of evolution for different
values of J.

According to the evolutionary simulation results, the perceived value of subsidies for
driving alone significantly impacts the decisions regarding bus and driving alone options.
When the costs of driving alone decrease and congestion is less likely, travelers tend to
prefer driving alone, causing the attractiveness of bus travel to decline rapidly, along
with a decrease in the willingness to carpool. Conversely, during congested periods, the
willingness to drive solo decreases. In areas where dedicated bus lanes are implemented,
which often coincide with frequent congestion, a decline in perceived benefits for driving
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alone can lead to reduced willingness to drive alone. Thus, through scientific planning
and feasibility analysis, strategies like designating bus lanes, increasing bus frequency, and
implementing shared strategies can effectively reduce the perceived benefits of driving
alone, enhancing the likelihood of travelers choosing bus and carpooling options, thereby
alleviating congestion.

(4) Interference of carpooling with buses

The bus lane sharing strategy allows qualified private cars to use dedicated bus lanes,
which inevitably interferes with bus operations. However, by using scientific methods
to plan shared sections, configure corresponding supporting facilities, and strengthen
supervision, the interference of carpooling on bus services can be minimized, represented
by a reduction in b. Values of b = 6.1,3.1,0.1 are assigned, while other parameters are set to
c=0.154, M = 2.1620, O = —2.6890, p = 0.2338, d = 0.212, ¢ = 0.1503, ¢ = 0.1119, and | = —3.5.
Keeping other parameter values constant, a simulation analysis is conducted to assess the
varying degrees of interference from carpooling on public transport, as shown in Figure 7a.
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Figure 7. Simulation diagram of evolution of different values of b and e (in a composite diagram,
different colors represent different x values). (a) Simulation graphs of evolution for different values
of b; and (b) simulation graphs of evolution for different values of e.

(5) Public transport service area

With the continuous improvement and optimization of urban public transport, the
number of bus service points has increased, and the service area has expanded. As a result,
the walking distance and number of transfers for bus travel have decreased, represented by
areduction in e. Values of e = 6.1,3.1,0.1 are assigned, while other parameters are set to
c=0.154, M =2.1620, O = —2.6890, p = 0.2338, b = 0.184, d = 0.212, 4 = 0.1119, and | = —3.5.
Keeping other parameters constant, a simulation analysis is conducted to assess varying
degrees of convenience in bus travel, as shown in Figure 7b.

According to Figure 7a, when implementing a shared bus lane strategy, adopting
aggressive sharing policies, such as relaxing conditions for carpool vehicles, can enhance
travelers’ willingness to carpool. However, this also increases interference with bus services,
which can negatively affect travelers’” willingness to choose public transport. As this
interference grows, the willingness to use buses declines. Therefore, when formulating
bus lane sharing strategies, it is essential to conduct thorough research, make scientific
plans and predictions, and ensure the establishment of supportive traffic facilities, effective
policy promotion, and traffic regulation. Reducing the interference of carpooling with bus
operations is crucial to fully realize the benefits of the sharing strategy, effectively enhance
the operational efficiency of bus lanes, and alleviate urban congestion.
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According to Figure 7b, improving the service level of public transport, optimizing
the regional bus network, and reducing travelers” walking, transfer, and waiting times
can significantly increase the willingness of travelers to use buses. Simultaneously, the
willingness to carpool and drive alone declines. In this scenario, the operational efficiency
of bus lanes improves, and urban traffic congestion can be alleviated.

(6) Excess returns of driving alone

Driving alone has always been favored by most travelers due to its unique advantages.
When driving alone, travelers enjoy greater flexibility in time and route selection as well
as the comfort and speed of independent space. However, as the service level of public
transport continues to improve, the advantages of driving alone gradually diminish, repre-
sented by a decrease in c. Values of c = 4.1,2.1,0.1 are assigned, while other parameters
are set to M =2.1620, O = —2.6890, p = 0.2338, b = 0.184, d = —0.212, ¢ = 0.1503, g = 0.1119,
and ] = 3.5. Keeping other parameter values constant, a simulation analysis is conducted to
assess this trend, as shown in Figure 8a.
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Figure 8. Simulation diagram of evolution of different values of c and 4 (in a composite diagram,
different colors represent different x values). (a) Simulation graphs of evolution for different values
of c; and (b) simulation graphs of evolution for different values of d.

(7) Driving alone does not comply with the shared bus lane strategy

Driving alone, due to not aligning with the shared bus lane strategy, cannot utilize
bus lanes when regular lanes are congested, but bus lanes have a high vacancy rate. This
makes driving alone more susceptible to congestion compared to carpooling, resulting in
an increase in d. Values of d = 0.1,3.1, 6.1 are assigned, while other parameters are set to
c=0.154, M =1.1620, O = —1.1890, p = 0.6338, b = 0.684, e = 0.1503, g = 0.1119, and | = 2.5.
Keeping other parameter values constant, a simulation analysis is conducted to assess this
trend, as shown in Figure 8b.

(8)  Excess returns of carpooling compared to public transportation

Carpooling, compared to public transportation, can reduce walking time. During
peak periods, public transport often becomes more crowded, while carpooling ensures that
the number of passengers remains at or below the regulated capacity, resulting in a more
comfortable travel experience. Additionally, with the implementation of carpooling shared
strategies, carpool vehicles can use bus lanes, reducing the likelihood of encountering
congestion. This leads to an increase in the excess returns of carpooling compared to public
transport, represented by an increase in p. Values of p = 0.1,2.1,4.1 are assigned, while
other parameters are set to ¢ = 0.154, M = 2.1620, O = —2.6890, p = 0.1, b= 0.184, 4 = 0.212,
e =0.1503, 4 = 0.1119, and | = —3.5. Keeping other parameter values constant, a simulation
analysis is conducted to assess this trend, as shown in Figure 9a.
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Figure 9. Simulation diagram of evolution of different values of p and g (in a composite diagram,

different colors represent different x values). (a) Simulation graphs of evolution for different values
of p; and (b) simulation graphs of evolution for different values of 4.

(9) Losses of carpooling compared to driving alone

Carpooling lacks the flexibility in routes and timing that driving alone offers. It may
require additional waiting time, potentially disrupting travelers” schedules. Furthermore,
compared to the solitude of driving alone, carpoolers may experience social pressure and
discomfort. However, as shared strategies are implemented and the industry becomes more
standardized, acceptance of carpooling increases, leading to a diminished perception of
losses compared to driving alone, represented by a decrease in q. Values of ¢ = 6.1,3.1,0.1
are assigned, while other parameters are set to c = 0.154, M = 2.1620, O = —2.6890, p = 0.2338,
b=0.184,d =0.212, ¢ = 0.1503, and | = —3.5. Keeping other parameter values constant, a
simulation analysis is conducted to assess this trend, as shown in Figure 9b.

According to Figure 9a, factors such as congestion on buses during peak periods lead
carpooling travelers to perceive excess returns. When carpooling is influenced by policy
incentives or industry standardization, the excess returns increase, significantly enhancing
the willingness to choose carpooling, while the willingness to use public transport quickly
declines. Therefore, when promoting shared strategies, it is essential to consider the impact
of strategy implementation on different modes of travel in order to maximize the benefits
of bus lane usage.

According to Figure 9b, the implementation of the bus lane sharing strategy requires
a safe, reliable, and efficient carpooling platform to support it. This will reduce potential
losses associated with carpooling and enhance travelers” willingness to carpool. Only then
can the effectiveness of the bus lane sharing strategy be maximized, gradually improving
travelers’ subjective perceptions of carpooling and alleviating traffic congestion issues.

5.2. Recommendations for the Bus Lane Sharing Policy

Based on the impact of different factors on various modes of travel during the im-
plementation of the bus lane sharing strategy, the following development strategies and
recommendations are proposed.

(1) Industry guidance and governance of the government and management departments

They should adhere to the principles of prudence, inclusiveness, openness, and flexi-
bility; strengthen industry guidance; promote the introduction of relevant laws; standardize
the development of the industry; strengthen industry supervision; and improve the con-
struction of urban transportation infrastructure, including monitoring equipment and
on-site law enforcement, to ensure the smooth operation of bus lanes.

(2) Responsibilities and development of ride-sharing platforms
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Ride-sharing platforms should comply with regulatory policies while working to
improve resource utilization and the concept of intensive travel. The algorithm will be
optimized to improve the matching efficiency, provide more convenient services, and
attract more passengers to use the ride-sharing platform.

(3) Media publicity

The media should actively publicize the positive effects of carpooling, change public
perceptions, and increase the recognition of carpooling. At the same time, it should actively
promote changes in transportation policies within the city to ensure that the implementation
of policies can be quickly communicated to travelers.

(4) Navigation software

Navigation software should keep road information up to date to ensure compliant
and efficient driving routes that guide vehicles to follow traffic rules.

(5) Provide incentives

Incentive policies, such as waiving parking fees and providing dedicated parking
spaces, can be considered to encourage private car owners to choose carpooling, so as to
reduce the number of private cars driving on dedicated lanes.

(6) Data sharing and collaboration

Public transport authorities, ride-sharing platforms, and related departments can
share data and establish cooperative mechanisms to optimize the implementation and
management of bus lane sharing strategies.

(7) Optimize transportation planning and design

In the urban planning and road design stage, the rational layout and design of bus
lanes should be considered to ensure their connection and fluency with other transportation
networks.

(8) Strengthen law enforcement and supervision

Law enforcement of bus lanes should be strengthened and violations should be strictly
punished, including illegal entry and occupation of bus lanes, to ensure the smooth flow
and fair use of bus lanes. An effective regulatory mechanism should be established to
monitor and evaluate the implementation of the bus lane sharing strategy, and the strategy
should be adjusted and improved in a timely manner.

(9) Improve the user experience

User-friendly application interface and convenient payment methods should be pro-
vided to improve user satisfaction with the ride-sharing service and ease of use.

6. Conclusions

This paper analyzes the travel choice behavior of travelers in shared scenarios, con-
sidering the changes in the attractiveness of ride-sharing after the implementation of the
bus lane sharing strategy. It constructs a benefit matrix based on the cumulative prospect
values of different transportation modes and establishes an evolutionary game model for
travel mode selection. The study simulates the decision-making process of travelers under
different strategy scenarios, analyzes the existence and stability of equilibrium points, and
explores the impact of various strategy options on travelers’ choices and the benefits of bus
lanes through parameter analysis.

Simulation results indicate that when the perceived benefits of public transit increase,
travelers are more willing to choose public transportation. However, when the public
transit experience is poor and perceived as a “loss”, the attractiveness of public transit
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significantly declines. Therefore, optimizing the bus network, increasing service frequency,
and enhancing convenience are key to improving public transit ridership. The perceived
benefits of driving alone directly influence travelers’ choices, especially when traffic is
not congested, as the appeal of driving alone increases. In congested areas, scientifically
planning to reduce the perceived benefits of driving alone can effectively enhance the
attractiveness of public transit and ride-sharing.

The implementation of the bus lane sharing strategy not only enhances the efficiency of
the public transportation system but also plays a crucial role in promoting the development
of a sustainable transportation system. By optimizing the use of bus-only lanes and
promoting shared mobility, it can reduce the use of private vehicles, thereby decreasing
carbon emissions and energy consumption in urban traffic, fostering the adoption of
green, low-carbon travel modes, and advancing the sustainable development of urban
transportation.

When implementing the bus lane sharing strategy, it is important to ensure that ride-
sharing vehicles do not excessively disrupt bus operations while also improving the quality
of bus services. Reducing walking and waiting times will enhance the attractiveness of
public transit. Optimizing ride-sharing platforms and ensuring their safety and convenience
can further promote the development of ride-sharing, maximizing the effectiveness of the
sharing strategy and alleviating urban traffic pressure.

This study also has its limitations. In reality, we know that traveler decision-making
regarding travel intentions is complex and diverse, making it difficult to fully simulate the
decision-making game of travelers. Our research tends to be idealized. In the model, we
made certain assumptions (such as cost, time cost, etc.) and based our analysis on these
assumptions. However, these assumptions do not fully cover the complex situations in
real life. The model may be influenced by some external parameters (such as travelers’
preferences for different travel modes, the capacity of bus-only lanes, etc.), meaning the
results may not fully reflect all real-world conditions, especially under changing socio-
economic circumstances. Additionally, the current model assumes that travelers” behaviors
and decision-making processes are entirely rational, but in reality, travelers’ choices may be
influenced by multiple factors, such as psychology, culture, and socio-economic conditions,
which are not fully considered in the model. Future research can improve and deepen
the study in the following aspects: on one hand, by considering more influencing factors
when establishing the cumulative prospect value model, making the model analysis more
comprehensive and reasonable; on the other hand, by drawing on research ideas from
abroad, further strengthening the in-depth study of game theory.
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