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Abstract

With the growing adoption of connected and autonomous vehicles (CAVs), their market
penetration is expected to rise. This study investigates the mixed traffic flow dynamics of
human-driven vehicles (HDVs) and CAVs at airport terminal curbsides. A two-lane parking
simulation model is developed, integrating the intelligent driver model, PATH-calibrated
cooperative adaptive cruise control, and a degraded adaptive cruise control model to
capture different driving behaviors. The model accounts for varying time headways
among HDV drivers based on their information acceptance levels and imposes departure
constraints to enhance safety. Simulation results show that the addition of CAVs can
significantly increase the average speed of vehicles and reduce the average delay time.
Two metrics are inversely proportional. Specifically, as illustrated by a curbside length
of 400 m and a parking demand of 1300 pcph, when the CAV penetration rate p is 10%,
30%, 50%, 70%, and 100%, respectively, compared to p = 0, the average traffic flow speed
increases by 1.7%, 6.4%, 15.0%, 27.2%, and 48.7%, respectively. The average delay time
decreases by 2.8%, 6.4%, 10.5%, 13.5%, and 20.0%, respectively. Meanwhile, CAVs and
HDVs exhibit consistent patterns in terms of parking space utilization: the first stage (0–30%
of parking spaces) showed a stable and concentrated trend; the second stage (30–70% of
parking spaces) showed a slow downward trend but remained at a high level; the third
stage (70–100% of parking spaces) showed a rapid decline at a steady rate.

Keywords: mixed traffic flow; two-lane curbside; car-following model; connected vehicle;
penetration rate

1. Introduction
The international civil aviation industry has undergone rapid expansion in recent

decades, establishing air transportation as a critical mode of travel for both domestic and
international routes. According to the International Air Transport Association’s prelimi-
nary annual report on global aviation statistics, passenger demand in 2024 demonstrated
significant growth, with a 10.4% year-on-year increase. This recovery not only reflects a
robust rebound but also exceeds pre-pandemic levels by 3.8% [1]. The continuous increase
in air travelers has intensified pressure on airport infrastructure and operational efficiency.
Researchers have emphasized that rising passenger volumes have led to increased demand
for airport services, increased ground congestion around airports, and increased flight
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delays [2–4]. Furthermore, these challenges raise security concerns for travelers and com-
plicate airport management, necessitating strategic interventions to ensure sustainable
aviation growth.

Most researchers focus on how to properly plan and design curbsides to address
ground congestion around airports and flight delays. Increasing curbside capacity is a
popular method. Parizi et al. conducted a comprehensive investigation into airport terminal
curbside design by analyzing passenger demand patterns, and their research led to the
development of a novel single-lane parking simulation model for evaluating curbside
operational capacity [5]. Then, Lu et al. proposed a two-lane curbside capacity formula
considering internal and external mobility based on a single road parking model, and
the results showed that the curbside capacity could be effectively improved by adding
other lanes [6]. Zhang found that curbside capacity can be improved by optimizing the
form of berth arrangement [7]. However, all these articles estimated the curbside length
by empirical values or formulas, which led to changes in results that were difficult to
explain. After that, the research focus turned to simulation modeling, aiming to explain the
impact of traffic flow on curb capacity from a microscopic perspective. Various researchers
conducted theoretical analysis through queuing models and established a curbside capacity
calculation model with vehicle arrival, stopping, and departure times as indicators [8–12].
Chen et al. analyzed the impact of lane width, number of vehicles, stopping mode, and
other factors on the curbside capacity; based on the queuing theory and the influence
coacceptable method, they established a capacity calculation model considering the time
of passenger alighting and vehicle stopping time [10]. Liu et al. considered the role of
vehicles and added the constraints of the car-following (CF) model to establish a two-lane
parking model, which solved the problem of calculating the number and length of parking
spaces, the study also showed that even if all the parking needs were satisfied, a certain
amount of delay would be incurred [11]. Harris et al. developed a mesoscopic simulation
model to evaluate the effectiveness of management policies for addressing increasing
airport curbside congestion. The model simulates scenarios of parking allocation, increased
passenger demand, and dwell time constraints. The results show that different management
strategies with different impacts on various scenarios can significantly reduce the waiting
time for passengers and vehicles [12]. In summary, existing studies largely rely on empirical
formulas, leading to insufficient accuracy; some static or simplified assumptions overlook
real traffic fluctuations and passenger behavior differences, and there is also a lack of
systematic evaluation across multiple scenarios and strategies. However, the previous
work has laid a better foun-dation for the study of the terminal curbside.

The findings of these studies can provide theoretical guidance for curbside design in
new airport construction. However, applying this approach to improve curbside capacity
at existing airports may not be advisable. Terminal reconstruction constitutes a capital-
intensive undertaking that requires substantial financial investment and may temporarily
disrupt airport operations. During the expansion of the terminal forecourt at London
Heathrow Airport T5, the newly added ride-hailing zone initially caused short-term traffic
delays for pick-up and drop-off vehicles. Meanwhile, some passengers had to take tem-
porary detour routes, increasing their walking distance. The development of connected
and autonomous vehicles (CAVs), especially adaptive cruise control (ACC) and coopera-
tive adaptive cruise control (CACC) systems [13–15], allows real-time tracking of vehicle
dynamics, thereby enhancing car-following efficiency. The efficacy of CAVs in improving
transportation outcomes has been well-documented, with substantial evidence supporting
their role in accident reduction, traffic flow optimization, and safety improvement [16–19].
However, because of the complexity of autonomous driving technology and relevant poli-
cies, as well as the challenge of changing people’s habits and perceptions towards traditional
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driving modes, it may take several decades for CAVs to achieve high market penetration
rate. Consequently, a transitional phase featuring a new type of mixed traffic flows that
include both CAVs and human-driven vehicles (HDVs) is expected to persist in airport
curbside for the foreseeable future [20].

Research on the characteristics of mixed traffic flow has become relatively mature.
Yao et al. used different car-following models to describe the behaviors of high-density
vehicles, CACC vehicles, and ACC vehicles, respectively. This study assessed highway
safety performance in mixed traffic conditions through a comprehensive evaluation frame-
work incorporating multiple safety indexes and heterogeneous traffic flow stability analysis
across varying CAV penetration rates levels. The results of the study indicate that ap-
propriate deployment of CAVs can significantly improve traffic flow stability and road
safety [21]. Pan et al. systematically examined the influence of CAVs on heterogeneous
traffic systems, focusing particularly on congestion mitigation and traffic efficiency en-
hancement. Their analysis reveals that CAVs can substantially diminish human-factor
uncertainties in driving behaviors, leading to measurable improvements in traffic stability,
safety performance, and overall system sustainability [22]. Amirgholy and Nourinejad
proposed a novel CAV control framework, where CAVs act as platoon leaders to coordinate
the movement of HDVs at road intersections, enabling macroscopic optimization of mixed
traffic flow. By establishing a stochastic model and employing a Markov-based approach,
they characterized the randomness in multi-lane intersection platoon coordination. Results
demonstrate significant improvements in both intersection capacity and network efficiency
through the proposed approach, achievable even with minimal CAV penetration rates [23].
Cen et al. developed a heterogeneous traffic flow framework grounded in the intelligent
driver model (IDM) to investigate the interactive dynamics between CAVs and HDVs. By
incorporating V2V communication, they constructed a Markov chain model to describe
vehicle distribution patterns. Numerical simulations demonstrated that increasing CAV
penetration rates can significantly enhance traffic flow stability and road capacity [24]. In
summary, existing studies on mixed traffic flow models are mostly limited to typical scenar-
ios and lack adaptation to the specific conditions of roads around airport terminals. Some
models are based on idealized assumptions, failing to fully capture complex factors such as
traffic fluctuations, disturbances caused by passenger boarding and alighting, and driving
behavior differences in mixed traffic. Simulation analyses also lack systematic sensitivity
evaluations for various management strategies, changes in traffic demand, and unexpected
events, making it difficult to comprehensively assess the robustness and applicability of
the models across diverse scenarios. Nevertheless, these studies offer valuable insights for
optimizing road capacity around airport terminals and mitigating traffic congestion.

CAVs have already been implemented in terminal curbside operations at major inter-
national airports. Representative cases include the following: London Gatwick Airport
partnered with British autonomous software company Oxbotica in 2018 to conduct trials
of electric autonomous vehicles, with the aim of enabling seamless transportation of staff
between the North and South Terminals; The Beijing High-Level Autonomous Driving
Demonstration Zone Working Office, in collaboration with Baidu and Pony.ai, success-
fully completed trial runs of autonomous vehicles in 2023. These vehicles were used for
picking up and dropping off passengers at the terminal building of Daxing International
Airport and conducting internal transfers within public areas; New York’s John F. Kennedy
International Airport has launched several autonomous vehicle pilot projects to improve
passenger transportation efficiency. In July 2024, the Port Authority of New York and New
Jersey launched an autonomous shuttle pilot project offering free transportation services.
However, there is still a gap in this area of research on the characteristics of the new mixed
traffic flow composed of HDVs and CAVs with the airport terminal curbside as the driving
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environment; fewer studies provide a good theoretical basis for future airport curbside
design and traffic management.

In this study, we attempt to explore the characteristics of a new type of mixed traffic
flow, aiming to provide theoretical guidance for airport curbside design. To achieve this
target, this paper establishes a two-lane simulation model. We take the car-following model
as a constraint and consider the impact of the HDV driver’s driving experience on the
vehicle’s information reception ability. Moreover, to avoid the occurrence of dangerous
accidents after the vehicle completes parking services, we limit its departure conditions.
Using these methods, we simulated the characteristics of new mixed traffic flow in different
scenarios, reproducing the entire process of vehicle arrival, parking service, and departure.
Thus, we analyzed the impact of the penetration rate of connected vehicles on the traffic
efficiency of traffic flow, delay time, and parking space utilization.

2. Research Scenario and Framework
2.1. Curbside Characteristics

The terminal curbside serves as a critical connection platform, facilitating passenger
and luggage transfers between ground transportation and the airport terminal. It accom-
modates vehicle pick-up and drop-off operations, ensuring efficient passenger flow and
baggage handling. The different types of airport terminal curbsides are inconsistent; the
physical environment selected for simulation in this paper is a two-lane departing curbside.
Since single-lane curbsides are rare in practice, with most vehicle service points located near
terminals and traffic concentrated internally, the two-lane configuration serves as a basis
for analyzing multi-lane scenarios. In most airport configurations, the departure curbside
is vertically segregated from the arrival curbside, typically positioned on the upper level to
facilitate passenger drop-off before terminal entry and flight boarding.

Figure 1 illustrates the conventional lateral layout of departure curbside operations.
The vehicle operation process is divided into three distinct phases:

• The vehicle enters the curbside area in the direction of the traffic flow indication
direction;

• The vehicle performs stop and drop off service within the designated drop-off lane;
• The vehicle exits through the ride lane after service is completed.

 

Figure 1. Classic departure curbside layout.

There are different types of vehicles that use airport terminal curbsides, which may
include taxis, public buses, airport buses, and private cars. Empirical studies confirm that
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private cars dominate airport access patterns. This prevalence stems from factors such
as convenience, lack of competitive public transit alternatives, and passenger preferences
for door-to-door service [25,26]. This phenomenon generates significant parking demand
and leads to frequent congestion on the terminal curbside. Extensive studies have been
conducted to examine the distinct parking behaviors of various vehicles at airport terminal
curbside, with particular focus on dwell time patterns and space utilization [27–29]. For
example, Chen et al. investigated the airport departure curbside traffic characteristics to
obtain the parking time of different vehicles using Beijing Capital International Airport as
the research object [10]. Yang et al. used video to record the behavioral characteristics of
drop-off taxis at the terminal curbside, along with detailed counts of the taxis’ stopping
times [29]. Referring to Chen and Yang, the space occupation and dwell time at the
departure curbside for different types of vehicles are shown in Table 1. There is a common
view that private cars and airport buses are recommended to load passengers in parking
lots near airports; in other words, these two types of vehicles are not allowed to reach the
airport terminal curbside in most airports.

Table 1. Comparative analysis of vehicle parking characteristics: space occupation and dwell time.

Curbside Vehicle Space Occupation Dwell Time

Departing curbside
Bus 20 m 120 s

Airport bus 14 m 121 s
Taxi 8 m 50 s

2.2. Mixed Traffic Flow Configurations

The simulation framework incorporates mixed traffic conditions with both HDVs and
CAVs operating simultaneously at the terminal curbside. Vehicle interactions are modeled
using car-following theory, where the lead vehicle is specifically defined as the closest
preceding vehicle to each follower in the traffic flow.

The intelligent driver model (IDM) was selected to simulate human-driven vehi-
cle (HDV) dynamics, as it effectively captures both free-flow acceleration characteristics
and congestion-induced deceleration behavior while maintaining collision-free operation.
Model validation against empirical data demonstrates strong agreement with real-world
driving patterns [30]. To simulate the experiment close to the real scenario, we consider
the effect of the driver’s driving experience on the vehicle’s information acceptance ability
and categorize HDVs into radical, stable, and cautious types [31]. Some studies indicate
that stable drivers are more often present in CAVs [32]. We choose the ratio of 1:3:1 in this
experiment, which is mainly reflected in the different time headways from the lead vehicle.

CACC vehicles can utilize inter-vehicle communication technology to implement
communication with the front vehicle, but the realization of CACC vehicle functions
requires the front vehicle to install communication equipment. In other words, if the lead
vehicle of CAV is CAV, the vehicle is controlled by CACC; on the contrary, if it is HDV,
CACC degrades to ACC, so the interaction of information is realized by the ACC and the
CACC vehicle constituting the connected vehicle fleet. Due to the limited length of the
curbside, it is assumed that inter-vehicle communication can be realized within the length
of the curbside, and the vehicle distribution is shown in Figure 2.

Figure 2. Schematic diagram of the vehicle distribution.
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2.3. Research Framework for the Operating Characteristics of Mixed Traffic Flow

This study focuses on mixed traffic flow with the participation of CAV vehicles, using
the airport terminal departure-level curbside as the simulation model environment to
explore the operational characteristics of mixed traffic flow. The research framework is
shown in Figure 3. In Section 3.1, the models required for the simulation experiments are
constructed, including the vehicle following model and the lane change model. Section 3.2
designs the simulation program, based on the models built in Section 3.1, with four pro-
grams: selection of the car-following model, parking space status handling, vehicle state
handling, and the principles of the simulation experiment. Section 4 presents the analysis
of the simulation results, where different simulation scenarios are built based on curbside
length, CAV penetration rate, and parking demand. Evaluation metrics, including average
vehicle speed, average vehicle delay, and parking space utilization, are used to analyze the
performance of the three indicators in different scenarios.

 

Mixed Traffic Flow Model Construction

Car-following model
 ACC model
 CACC model
 IDM model

Vehicle lane-changing model
 Model assumptions
 Basic security
 Emergency safety assurance

 Selection of car-following 
models

 Treatments of vehicle status

 Treatments of parking space 
status

 Vehicle simulation principle

Simulation results analysis

Curbside lengths Parking demandCAV penetration rates

Average vehicle speed Average vehicle delayParking space utilization rate

Simulation program design

Figure 3. Research framework for the operating characteristics of mixed traffic flow.

3. Method
3.1. Model Construction
3.1.1. Car-Following Model

The IDM model considers the interaction between vehicles and can predict the be-
havior of traffic flow more accurately. Meanwhile, it can distinguish the responsiveness of
different types of drivers to connection information when describing the driving behavior
of HDVs [33–36], so it has been widely used by researchers with the model in Equation (1).
For CAVs, the motion state of each vehicle is controlled by the CACC model only when
the lead vehicle is also a CAV. Extensive research conducted by the PATH Laboratory
at UC Berkeley has demonstrated the efficacy of this modeling approach through field
experiments, particularly in examining CAV following behavior under various traffic con-
ditions [37,38]. The CACC is given by Equation (2). For CAVs, when the lead vehicle is an
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HDV, CACC degrades to ACC, and the vehicle motion is controlled by the ACC model. The
ACC vehicle following the model proposed by the UC Berkeley team through the study of
ACC vehicles is generally recognized [39,40], which is shown in Equation (3).

aIDMi = ami

1 −
(

v
v0

)δ

−
(

s0 + vhi + v∆v(2
√

amibi)
−1

h − l

)2
 (1)

aCACC =
kp(h − l − s0)− kptcv + kdv

∆t + kdtc
(2)

aACC = kc[h − Tv − l − s0] + kv∆v. (3)

where aIDMi, aCACC, and aACC are the accelerations under different car-following models,
respectively. ami is the maximum desired acceleration, v0 is the free flow speed, v is the
vehicle speed, ∆v is the vehicle and the lead vehicle speed difference, δ is the acceleration
component, hi is the safety time headway, bi is the absolute maximum desired deceleration,
and h is space headway. l is the vehicle length, and the value is chosen as 5 m. s0 is the
minimum safety distance and the value is chosen as 2 m. In addition, i = 1 denotes type
radical, i = 2 type stable, and i = 3 type cautious. We use different safety time headways to
distinguish between the driving styles of different drivers (h1 = 0.8 s, h2 = 1.0 s, h3 = 1.5 s).
kp and kd are the control error parameters, tc is the desired time headway, kv and kc are the
control error parameters, and T is the desired time headway. The parameters of each type
of model are shown in Table 2.

Table 2. Model parameters for IDM, ACC, and CACC.

Type Parameter Value

IDM

bi 2.0 m/s2

ami 2.17 m/s2

v0 11.1 m/s
δ 4

ACC

kp 0.45
kd 0.25
tc 0.8 s
∆t 0.01 s

CACC
kc 0.23
kv 0.07
T 1.1 s

3.1.2. Analysis of Vehicle Lane-Changing Conditions

When the vehicle completes the parking service, the vehicle chooses a suitable moment
to leave the parking space and drive into the ride lane, eventually leaving the curbside.
Vehicles leaving the drop-off lane under normal situations need to be conditioned. Mean-
while, we have considered the occurrence of real-life emergencies in our simulation model.
Based on these two points, we make the following assumptions when vehicles enter the
ride lane:

• We ignore the lateral motion of the vehicle and assume that the vehicle enters the
destination lane in a translational attitude at one instant;

• When an emergency occurs in the lead vehicle, the back vehicle can immediately sense
and act, assuming a reaction time of 0 for the driver;

• The vehicle brakes well and brakes at maximum acceleration;
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• The occurrence of an emergency is only considered when a vehicle leaves the drop-off
lane and is related to the departing vehicle;

• Vehicles entering the ride lane drive at the speed of the lead vehicle as the desired
speed, and when there is no lead vehicle, the vehicle speed is 0.

In this section, we denote a vehicle that leaves the drop-off lane and enters the ride
lane as Carn. The two situations of whether Carn. has the lead vehicle are discussed by us.
The purpose is to avoid vehicle collisions in the events of vehicle emergencies. When the
Carn has no lead vehicle, the normal conditions for departure satisfy Equation (4). Figure 4
shows an extreme case of an emergency in which the Carn enters the ride lane and remains
stationary. At this time, the back vehicle senses the Carn failure and brakes immediately
until the speed is 0. The change in position of the vehicle behind the Carn is represented by
Equation (5). The distance between the two vehicles is denoted by dsa f e. When dsa f e > 0,
the back vehicle can react to the emergency situation of Carn timely to avoid the collision of
the two vehicles. This case satisfies Equation (6), and the Carn can enter the ride lane.

x(n,t,1) − x(back_n,t,2) > l (4)

x(back_n,t+1,2) = x(back_n,t,2) +
v2
(back_n,t)

2amax
(5)

x(n,t,1) − x(back_n,t+1,2) > l (6)

where x(n,t,1) denotes the position of Carn in the drop-off lane at time t, x(back_n,t,2) denotes
the position of the vehicle closest to the back of Carn in the direction of traffic flow in the
ride lane at time t, v(back_n,t) denotes the speed of the vehicle closest to the back of Carn

in the direction of traffic flow in the ride lane at time t, and amax denotes the maximum
acceleration of the vehicle during deceleration braking.

Figure 4. Analyzing conditions for collision avoidance in an extreme case of no lead vehicle.

When the Carn has the lead vehicle, for normal conditions, the Carn satisfies
Equations (4) and (7) and can enter the ride lane. Since the Carn has the lead vehicle,
the Carn enters the ride lane at the same speed as the lead vehicle. Therefore, when an
emergency occurs in the lead vehicle, the Carn and the lead vehicle brake together at the
same time, and a collision between the two vehicles does not occur. In Figure 5, we show
an extreme case in which the Carn brakes as an emergency occurs in the Carn. Meanwhile,
the back vehicle senses the position of the Carn and reacts with braking. The change in
position of the Carn and the back vehicle is represented by Equation (8). The final distance
between the two vehicles at rest is denoted by dsa f e, and when dsa f e > 0, it can avoid a
collision between the two vehicles. In this case, the Carn satisfies Equations (4), (7) and (9),
and the Carn is able to drive into the ride lane.

x(head_n,t,2) − x(n,t,1) > l (7)
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 x(n,t+1,2) = x(n,t,1) +
v2
(head_n,t)
2amax

x(back_n,t+1,2) = x(back_n,t,2) +
v2
(back_n,t)
2amax

(8)

x(n,t+1,2) − x(back_n,t+1,2) > l (9)

where x(head_n,t,2) denotes the position of the nearest vehicle in front of Carn in the direction
of traffic flow in the ride lane at time t. Equation (4) is to ensure that Carn enters the ride
lane and the vehicle in front has enough distance. Equation (7) indicates that Carn enters
the ride lane, and the vehicle behind will not collide at the next moment.

 

Figure 5. Analyzing the conditions for collision avoidance in an extreme case with the lead vehicle.

3.2. Simulation Program Design
3.2.1. Selection of Car-Following Models

The simulation environment accounts for car-following model effects on all vehicles
except the first vehicle at the curbside. In addition, the simulation experiment has five
different types of vehicles, and they are controlled by different car-following models, re-
spectively. Therefore, this section provides an explanation for the selection of car-following
models in the vehicle simulation process: this paper constructs the model in MATLAB to
realize, three different HDVs in the simulation experiment are in the form of numbers, and
the CAVs can select the appropriate model through the type of the lead vehicle. The specific
choice of the car-following models is shown in Figure 6. Carn denotes the n-th vehicle. a(n,t)
indicates the acceleration of Carn at the moment of t. Carn = I means that the Carn belongs
to vehicle type I (I = 1 denotes type radical, I = 2 type stable, and I = 3 type cautious).

Vehicle input

True

False

True

1nCar =
True

False

2nCar =

False

True

False

End

( ) 2, IDMn ta a=

( ) 3, IDMn ta a=

( ), CACCn ta a=Vehicle type = CAV The lead vehicle
is CAV

( ), IDMin ta a=

( ) 1, IDMn ta a=

( ), ACCn ta a=

Figure 6. The logic of the car-following model selection procedure.
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3.2.2. Treatments of Vehicle Status

This paper selects different curbside lengths to simulate mixed traffic flow in different
scenarios. When the length of the curbside is short, there will be some vehicles leaving
the curbside without stopping for service. The two modes of vehicles leaving the curbside
are shown in Figure 7. Since the parking service of vehicles is performed at the curbside,
and vehicles are in simple linear motion before reaching the curbside, only the status of
vehicles after reaching the curbside is considered. We set up five statuses: arriving and
car-followed (ACF), arriving and free-running (AFR), arriving and braking (AB), arriving
and parking (AP), and arriving and leaving (AL). S(n,t) = I denotes the status of Carn at
time t, and the status of the vehicle is summarized in Table 3. Notice that AB status occurs
when the vehicle is about to pull into a parking space, and AP means that the vehicle is in
parking service.

 
Figure 7. The temporal and spatial distribution of vehicle trajectories, where the red lines represent
trajectories with parking, and the blue lines represent trajectories without parking.

Table 3. Statuses of vehicles.

Vehicle Status Substitute Mode

Arriving and car-followed (ACF) S(n,t) = 1
Arriving and free-running (AFR) S(n,t) = 2
Arriving and braking (AB) S(n,t) = 3
Arriving and parking (AP) S(n,t) = 4
Arriving and leaving (AL) S(n,t) = 5

In the simulation experiment, the speed and position of the vehicles are updated as
shown in Equation (10). The acceleration follows the following principle: when Carn is in
the AFR status, the vehicle drives with the maximum acceleration. When Carn is in ACF
status, a(n,t) follows the principle shown in Figure 3. The acceleration of the vehicle in
status AB is calculated by Equation (11). When the i-th parking space is the nearest free
parking space in front of Carn, it is calculated whether A(n,t) is within the range of abrake. If
it is within its range, the calculation results in the acceleration of the Carn in the AB status.
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If it is not, the Carn continues to follow the vehicle. The change in vehicle status is shown
in detail in Figure 7. {

v(n,t) = v(n,t−1) + a(n,t) · t
x(n,t) = x(n,t−1) + v(n,t) · t

(10)

A(n,t) = v2
(n,t)/2x(n,t) (11)

where a(n,t), v(n,t), and x(n,t) are the acceleration, speed, and position of Carn, respectively,
at time t. abrake is the range of acceleration of Carn in AB status, which takes the values
1.45–2.25 m/s2, a comfortable and feasible [41–44].

3.2.3. Treatments of Parking Space Status

To be able to clearly explain the principle of simulation. We set up three kinds of
parking space statuses: target parking space (TPS), parking space locking (PSL), and
parking space unlocking (PSU). The status of the parking space is summarized in Table 4.
M(i) denotes the status of the i-th parking space. When a parking space is in the PSU
status, it means that a vehicle completes the parking service and satisfies the condition of
leaving the drop-off lane. If the i-th parking space is the nearest free parking space in front
of the Carn, then the status of this parking space is TPS. Notice that the Carn at this moment
can be many vehicles. When the status of a parking space changes from TPS to PSL status,
it means that one of the many vehicles is about to park in the parking space. The PSL status
is realized in relation to the A(n,t) of the vehicle. When the vehicle departs from the parking
space, the status of the parking space is the PSU status. The detailed process is shown in
Figure 8. The parking spaces are ranked according to the direction of traffic flow, with the
first space denoted by 1 and continuing. Car(n,i,t) denotes the i-th parking space of Carn at
time t.

Table 4. Statuses of the parking spaces.

Parking Space Status Substitute Mode

Target parking space (TPS) M(i) = TPS
Parking space locking (PSL) M(i) = PSL
Parking space unlocking (PSU) M(i) = PSU

3.2.4. Simulation Principle

To analyze the influence of the penetration rate of CAVs on the characteristics of the
new mixed traffic flow at the curbside under different scenarios, we follow the procedure
illustrated in Figures 8 and 9. This paper chooses the length of curbside as 240 m, 400 m,
and 560 m in the simulation for small, medium, and large airport terminals, respectively.
Referring to the study by Liu et al., we set the parking demand to 900 pcph, 1100 pcph,
1300 pcph, and 1500 pcph (where pcph = passenger cars per hour). These four demand
levels cover scenarios ranging from “near saturation” to “severe oversaturation,” ena-bling
the analysis of capacity limits and delay patterns. Meanwhile, the CAV penetra-tion rates
are set at 0%, 10%, 30%, 50%, 70%, and 100% [11].

Based on the survey by Liu et al., the vehicle composition at airport curbsides is 96%
cars, 2% airport buses, and 2% regular buses [45]. To simplify the model, all vehicles in
this simulation are cars. According to Table 1, parking times and vehicle speeds follow
a normal distribution, with an average parking time of 105 s and a mean vehicle speed
of 8 m/s. Vehicle arrivals follow a uniform distribution, with a maximum speed limit of
11.1 m/s on the curbside section. The length of the vehicle is set at 5 m, and the length of
the parking space is set at 8 m.
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Figure 8. The logic of the change in the status of the parking space.
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Figure 9. The logic of parking simulation.

We divide the simulation principle into the vehicle parking principle and the vehicle
departure principle. The principle of vehicle parking is shown in Figure 9. When the
vehicle arrives at the curbside, it is recognized in ACF status or AFR status by determining
whether there is a lead vehicle or not. There are two kinds of modes for vehicles to choose
a parking space.

• The first mode is that the Carn is in the AFR status. The Carn updates its position and
speed by constantly updating itself. When the A(n,t) of the Carn is within the range of
abrake, the Carn transitions to the AB status. Then, the final realization of braking and
stopping occurs.
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• The second mode is that the Carn is in the ACF status. In this status, the Carn is affected
by the vehicle in front of it. The Carn can only select a parking space between the
vehicle in front and the Carn for parking. When the status of the parking space selected
by the Carn changes to PSL. The Carn performs braking and eventually stops.

The principle of vehicle departure is shown in Figure 10. The AP status of the vehicle
is used as the starting point in the figure. When Carn completes the parking service and
satisfies the departure conditions (6) or (4), (7), and (9). The vehicle can enter the ride lane,
and then Carn leaves the curbside in ACF or AFR status. Tn is the Carn’s stopping time,
T(n,t) denotes the time that Carn has been parked at the moment of t, L denotes the length
of the curbside.

 

( ), 4n tS =

( ), nn tT T=

True

Stop and wait

False

True

True

( ), 2n tS =

( ), 1n tS =

False

( ),n tx L>

End

True

False

False

( ),ounting: n tC x

( ), 5n tS =

Carn satisfies the 
conditions for 

departure

Carn has the lead 
vehicle

Figure 10. The logic of departure simulation.

4. Results and Discussion
We use MATLAB R2022b software to simulate three curbside lengths, four parking

demands, and six CAV penetration rates, totaling 72 combinations. Based on the simulation
results, we analyze the impact of CAV penetration rate on the curbside mixed traffic
flow characteristics in terms of vehicle speed, delay time, and parking space occupancy,
respectively.

4.1. Average Vehicle Speed Analysis

To intuitively demonstrate the impact of different penetration rates on overall vehicle
speed under the same parking demand, we use a curbside length of 400 m as an example.
The simulation stabilization period is chosen to last between 2000 s and 3000 s, as shown in
Figure 11. In the figure, the vertical axis represents the average speed of all vehicles per
second within the curbside length.

Figure 11 shows that for a fixed parking demand, the overall average speed of vehicles
tends to increase as the penetration rate p rises. At low parking demand, the curve is denser,
but when parking demand is greater than 1300 pcph, the curve gradually transitions from
dense to sparse. To ensure accuracy of the results, we averaged the speeds of 1000 moments
for each combination, representing the speed value for that combination. This allows us to
compare the impact of different parking requirements on vehicle speed under the same
penetration rate. The results of the calculations are shown in Figure 12.
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(b) 

 
(c) 
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Figure 11. Results of the analysis of the average speed of vehicles. (a) 900 pcph, (b) 1100 pcph,
(c) 1300 pcph, (d) 1500 pcph.

Figure 12 shows the existence of two phenomena for three curbside lengths. Under the
same parking demand, as the penetration rate p increases, the average speed value shows
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an increasing trend. Moreover, the greater the parking demand, the greater the increase
in the average speed value, which means that the overall traffic efficiency of the vehicle
is improved more effectively. In Figure 12b, we compare the average speed at p = 1 with
that at p = 0 for different parking demands. When the parking demands are 900 pcph,
1100 pcph, 1300 pcph, and 1500 pcph, the overall traffic efficiency of the vehicle is improved
by 16.83%, 25.51%,48.69%, and 83.59%, respectively. Since the average velocity values all
float around 10 m/s at p = 1, the magnitude of traffic efficiency improvement depends on
the traffic situation at p = 0. At the same penetration rate p, with the increase in parking
demand, the average speed value shows a decreasing trend. Moreover, with the increase
of penetration rate p, the average speed value tends to be close to the state for different
parking demands. To exemplify this phenomenon, we calculated the maximum difference
in average speed for different parking demands. The results are summarized in Table 5.
The addition of the CAVs optimizes the operational efficiency of the traffic flow. As the
penetration rate p increases, when the penetration rate p is 1, as the homogeneous traffic
flow of CAVs, there is no major difference in the overall average speed of the traffic flow
under different parking demands. This is of great help in solving the congestion situation
in the terminal building, where the curbside presents different congestion for different
traffic volumes.

   
(a) (b) (c) 

Figure 12. Analysis of average vehicle speed results for different combinations. (a) 240 m, (b) 400 m,
(c) 560 m.

Table 5. Maximum difference in average velocity at the same permeability rate.

Penetration Rate p
Maximum Difference in Average Speed for Different Parking

Demands

240 m 400 m 560 m

p = 0 2.81 m/s 3.30 m/s 3.70 m/s
p = 0.1 2.76 m/s 2.91 m/s 3.29 m/s
p = 0.3 1.81 m/s 2.85 m/s 3.36 m/s
p = 0.5 1.39 m/s 2.54 m/s 2.31 m/s
p = 0.7 1.07 m/s 1.84 m/s 1.56 m/s
p = 1.0 0.11 m/s 0.27 m/s 0.26 m/s

4.2. Analysis of Vehicle Delays

Delay is defined as the portion of time that the driver’s real travel time exceeds the time
spent traveling at the desired speed. Vehicles’ delay times are affected in various respects.
For example, vehicles are affected by the car-following model: when the vehicle decelerates,
the rear vehicle follows the status change of the front vehicle to make corresponding
measures. The deceleration causes the occurrence of vehicle delays, and braking behavior
directly affects vehicle speed. According to the definition, the delay in this paper is
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expressed as Equation (12). We calculate the delay time for each vehicle, and using a
curbside length of 400 m as an example, the delay times are illustrated in Figure 13.

Tn = (tn − tsn + 1)− L
V

(12)

where Tn denotes the delay time of the n-th vehicle, tn denotes the moment when the n-th
vehicle leaves the curbside, tsn denotes the moment when the n-th vehicle arrives at the
curbside, L is the length of the curbside, and V is the desired speed.

 
(a) (b) 

  
(c) (d) 

Figure 13. Results of the analysis of vehicle delay times. (a) 900 pcph, (b) 1100 pcph, (c) 1300 pcph,
(d) 1500 pcph.

Figure 13 illustrates that the mean value of the overall vehicle delay time for a certain
parking demand tends to decrease as the penetration rate p of CAVs increases. To further
clarify the relationship between parking demand, penetration rate p, delay time, and
average speed, we calculate the mean value of delay time under each combination. The
results are shown in Figure 14.

(a) (b) (c) 

Figure 14. Analysis of vehicle delay time results for different combinations. (a) 240 m, (b) 400 m,
(c) 560 m.
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Figure 14 shows three key phenomena for different curbside lengths. Firstly, the
average delay time of the vehicle as a whole shows a decreasing trend as the penetration
rate p increases. This result, along with the findings in Figure 12, indicates that vehicle
delay is inversely proportional to traffic efficiency. The average vehicle delays all fluctuate
around 110 s at p = 1, which means that when the traffic flow is a homogeneous traffic flow
of CAVs, the overall average vehicle delays converge under different lengths of curbsides,
despite having different parking demands. This result verifies that the average speed floats
around 10 m/s at p = 1 in Figure 12.

Comparing the scenarios at p = 1 with those at p = 0 for the four parking demands,
the results of the calculations are shown in Table 6. From the results, the decrease in the
average delay time shows an increasing trend as the length of the curbside increases for
the same parking demand. This is because vehicles spend more time driving on longer
curbside, making them more susceptible to the deceleration of the car-following model.

Table 6. Decrease in average delay time.

Parking Demands
(pcph)

Decrease in Average Delay Time

240 m 400 m 560 m

900 pcph 5.62% 6.41% 6.46%
1100 pcph 7.84% 9.34% 10.05%
1300 pcph 12.60% 20.00% 23.22%
1500 pcph 19.22% 29.71% 30.00%

In terms of the effect of CAVs being able to reduce the vehicle delay time, this effect
depends on the traffic condition at p = 0. In Figure 14b, when the parking demands are
900 pcph, 1100 pcph, 1300 pcph, and 1500 pcph at p = 0, the average vehicle delays are
117.32 s, 121.70 s, 138.89 s, and 158.94 s, respectively. The results indicate that the greater
the parking demand, the greater the reduction in delay time. This may be caused by the
fact that when parking demand is high, the changes in vehicle status within the mixed
traffic flow are more complex and tend to cause congestion.

4.3. Parking Space Utilization Analysis

In Figure 11, although the increased penetration rate p of CAVs can improve the overall
average speed of vehicles, the volatility of the average speed remains high, indicating that
there is still congestion on the curbside. To explain this phenomenon, we analyzed the
utilization of parking spaces in different scenarios. Since some parking demand cannot be
met when the curbside length is 240 m, we calculate the utilization of parking spaces at
the curbside lengths of 400 m and 560 m by using Equation (13). The results are shown in
Figures 15 and 16.

P =

N
∑

n=1
t′n

T
(13)

where P denotes the parking space utilization rate, T denotes the period during which
vehicles with parking demand use the curbside, N denotes the maximum number of parking
spaces, and t′n denotes the time at which the n-th vehicle occupies the parking space.

According to the simulation results, there are differences in the actual parking space
utilization under different penetration rate scenarios once all vehicles have completed their
parking demand. To maintain data consistency, we convert the number of parking spaces
into a sequence of berth percentages on the horizontal axis. This method ensures that the
endpoint of the horizontal axis is 1 for all scenarios, with the horizontal axis representing
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the ratio of the individual parking space numbers to the total usage. Figures 15 and 16
show the general pattern for each combination under two curbside lengths.

As can be seen in the figure, the occupancy rate of the parking spaces is similar across
various penetration rates p, indicating that traffic flows exhibit consistent characteristics in
space occupancy under different scenarios (varying parking demands and penetration rates
p), regardless of CAV involvement. The occupancy rate decreases as the berth percentage
increases.

 
(a) (b) 

Figure 15. Analysis of parking space utilization results at 1300 pcph. (a) 400 m, (b) 560 m.

(a) (b) 

Figure 16. Analysis of parking space utilization results at 1500 pcph. (a) 400 m, (b) 560 m.

This relationship between the berth percentage and the occupancy rate can be divided
into three stages:

• First Stage (0–30% of berths): Occupancy is stable and concentrated.
• Second Stage (30–70% of berths): Known as the transition stage, occupancy shows a

slow decreasing trend but remains high.
• Third Stage (70–100% of berths): Occupancy declines rapidly at a steady rate with a

consistent slope.

In different scenarios, the mixed traffic flow with or without CAV vehicles exhibits
similar characteristics in terms of parking space utilization. Among all the utilized parking
spaces, the utilization rate is higher for the first 70%, with the utilization decreasing as
the parking spaces get closer to the end of the curbside. Therefore, congestion in the
mixed traffic flow tends to occur more frequently at the front end of the curbside, while it
dissipates more easily as it moves towards the end of the curbside.
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5. Conclusions
This paper proposes an innovative two-lane curbside parking simulation model,

focusing on mixed traffic flows that include CAV vehicles. By constructing multi-type
car-following models and integrating human driver behavior characteristics and safe
lane-changing exit conditions. The model reproduces the dynamic process of vehicles
arriving at the curbside, performing parking services, and departing from the curbside.
The scientific contribution of this study lies in its systematic analysis of the traffic flow
characteristics of CAVs and HDVs at airport terminal curbside, filling a critical gap in
professional urban transportation environment research. Additionally, in light of the
development trends in autonomous driving technology, this study not only provides
theoretical guidance for airport curbside planning but also facilitates the transition of
infrastructure toward autonomous driving technology. According to the analysis of the
results, the main conclusions from the simulation results can be summarized as follows:

(1) CAVs can increase the traffic efficiency of mixed traffic flows: As the CAV pene-
tration rate p increases, the average traffic efficiency of the mixed traffic flow gradually
improves. Specifically, for a curbside length of 400 m and a parking demand of 1100 pcph.
When the CAV penetration rate p is 10%, 30%, 50%, 70%, and 100%, respectively, the
average traffic flow speed increases by 2.2%, 4.3%, 8.3%, 14.6%, and 25.5%, respectively,
compared to p = 0. Meanwhile, when the CAV penetration rate p is 100%, the average traffic
efficiency of the mixed traffic flow remains around 10 m/s in all scenarios.

(2) CAVs can significantly reduce vehicle delays: As the CAV penetration rate p
increases, the vehicle delays in the mixed traffic flow are significantly reduced. Specifically,
for a curbside length of 400 m and a parking demand of 1300 pcph. When the CAV
penetration rate p is 10%, 30%, 50%, 70%, and 100%, respectively, vehicle delay time is
reduced by 2.8%, 6.4%, 10.5%, 13.5%, and 20.0% compared to p = 0. Meanwhile, the
increase in curbside length makes vehicles suffer more deceleration effects, which causes
more delays. The average delay time of traffic flow fluctuates around 110 s when it is a
homogeneous traffic flow of CAVs.

(3) The mixed traffic flow at different penetration rate p shows a consistent pattern
in terms of parking space utilization: the occupancy rate decreases as the berth percent-
age increases. Specifically, it can be divided into three stages. The first stage (0–30% of
berths) shows parking space utilization concentrated around 90%, exhibiting a stable and
concentrated pattern. The second stage (30–70% of berths) sees parking space utilization
fluctuating between 80% and 90%, showing a slow declining trend but still maintaining
a high level. The third stage (70–100% of berths) experiences parking space utilization
dropping below 80%, with a rapid decline at a stable rate and consistent slope.

(4) The average delay time of mixed traffic flow is inversely proportional to traffic
efficiency: Under fixed curbside length and mixed traffic flow penetration rate p, as parking
demand increases, the average traffic efficiency of the mixed traffic flow shows a decreasing
trend, while the average vehicle delay time increases. Specifically, for a curbside length of
400 m and a penetration rate of p = 0.3, the average traffic efficiency of the mixed traffic
flow is 8.8 m/s, 8.4 m/s, 7.1 m/s, and 6.0 m/s for parking demands of 900 pcph, 1100 pcph,
1300 pcph, and 1500 pcph, respectively. The average vehicle delay times are 116.6 s, 118.6 s,
130.0 s, and 149.9 s, respectively.

The simulation model used in this study assumes that vehicle acceleration, decel-
eration, and stopping behaviors are controlled by a simplified vehicle following model,
ignoring some complex factors in actual traffic, such as individual differences among
drivers, lateral vehicle movement, handling of sudden events, and the impact of weather
conditions on traffic flow. In addition, this paper assumes that all vehicles follow the same
rules and does not consider dynamic differences between different types of vehicles.



Aerospace 2025, 12, 738 20 of 22

Future research can further explore the long-term impact of driver behavior and real-
world roadside scenarios on mixed traffic flows, and optimize traffic flow management
strategies to enhance overall efficiency:

(1) Research on driver behavior and technology interaction: Considering the individual
differences among drivers and the impact of driving behavior on mixed traffic flows. Future
research can introduce individualized driving models to examine the interaction between
human drivers and CAVs on traffic flow, particularly changes in driving behavior under
high CAV penetration scenarios.

(2) Multi-dimensional traffic flow simulation: Considering that real-world airport
roadside environments may involve more complex factors, future research could expand
the complexity of current models to include simulations of non-ideal conditions (such as
weather, lighting, and traffic incidents), thereby enhancing the practical application value
of simulation models.
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