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Abstract: To explore the mixed traffic characteristics of vehicles and aircraft on the airport surface
and solve the problem of real-time conflict detection at key intersections. According to the actual
taxiing procedures and airport control rules in China, this paper focus on abstracting the mixed
motion process of aircraft and vehicles in the maneuvering area, defining the convergent cross-
safety operation scenario. To quantify the driver’s attention to safety separation and the degree of
conservatism in adjusting speed, the vehicle deceleration rate and acceleration rate are defined with
α as the exponent. Under the same spacing, the vehicle deceleration rate is directly proportional
to α, and α is named the vehicle safety sensitivity. At the same time, the rules of speed change of
vehicles and aircraft will be designed, and a convergent operation model of aircraft and vehicles will
be proposed. Based on real-time speed and separation dynamic assessment of safety and efficiency
under different traffic strategies, the computer simulation results show that vehicle safety sensitivity
and deceleration rules determine the sequence of vehicles and aircraft when they are passing through
in the short term and can affect the proportion of mixed traffic flow in the long run. The safety
probability of vehicles passing the intersection first is negatively correlated with vehicle safety
sensitivity, while the safety probability of aircraft passing the intersection first is correlated positively
with vehicle safety sensitivity. The efficiency of passing without conflict with mixed traffic has an
inverse relationship with vehicle safety sensitivity. When the vehicle safety sensitivity takes the value
in the interval [0.4, 0.6], a mixed traffic flow with higher safety and efficiency, better stability, and
a balanced ratio of locomotives can be obtained.

Keywords: airport traffic management; mixed traffic flow; converging operation; safety assessment;
computer simulation; numerical modeling

1. Introduction

To meet the need for the development of comprehensive transportation, the scale
of airport construction in China has been expanding. By the end of 2021, there will be
29 airports with an annual throughput of more than 10 million passengers, accounting
for 70.8% of the total passenger transport volume [1]. To ensure smooth aircraft surface
operation, many airports surface multiple types of special vehicles and aircraft to run
together. For example, it is stipulated that ‘Follow Me’ vehicles guide aircraft taxiing, and
patrol vehicles regularly inspect the runway status, etc. However, the complex structure
of large airports, more intersections, less training for special vehicle drivers, and the lack
of standardization and organization of vehicle operations [2] have led to frequent aircraft-
vehicle conflicts, scrapes, and other unsafe events, reaching 57% of the total number of
ground accidents at airports [3], so that the safety of vehicle operations has gradually
become a key issue in the operation of airport surfaces.

In recent years, related research has focused on 2 directions: special vehicle scheduling
optimization and surface operation risk identification. In terms of vehicle scheduling,
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Braaksma et al. [4] established an optimization model for special vehicle safety services
based on the critical path method at Toronto International Airport. Cheung et al. [5] estab-
lished a vehicle scheduling optimization model intending to maximize vehicle utilization
or minimize vehicle idle time and solved it by genetic algorithm. Mao et al. [6] studied
airport de-icing services and established a heuristic vehicle scheduling algorithm based on
the first come first serve Agent to verify the feasibility of the method. Heng et al. [7] pro-
posed a saving algorithm solution to improve the scheduling equilibrium. Padrón et al. [8]
defined a bi-objective optimization algorithm for airport surface vehicle scheduling to min-
imize pre-operation waiting time and turnaround completion time and evaluated it in two
busiest airports in Spain. Zhang et al. [9] developed a tri-objective optimization model by
maximizing the task volume, minimizing the operation time, and minimizing the number
of operations and gave out a solution. Wang et al. [10] developed a greedy algorithm for
the airport refueling vehicle scheduling problem with time window constraints. Zaninotto
et al. [11] designed a man-in-the-loop aircraft taxiing optimization strategy considering
a trailer tow taxiing scheme to reduce fuel consumption and carbon emissions in taxiing.
Liu et al. [12] developed a multi-objective optimization model for ferry vehicle scheduling
and solved it with a heuristic algorithm, using Kunming Changshui Airport in China as
a prototype. Zhao Zheng et al. [13] constructed a multi-agent discrete simulation model
based on a surface operation to improve the synergistic optimization of airport dependency
rate and flight regularity. In terms of operational risk management, Sun [14] classified
vehicle-aircraft scuffing events and analyzed various types of risk events using the bow-tie
diagram (Bow-Tie) technique. Wilke et al. [15] proposed an overall risk assessment frame-
work for airport ground operations that integrates all relevant stakeholders, defining risk
indicators and quantification methods. Fei et al. [16] defined safety indicators for electric
special vehicles and quantified them using a fuzzy integrated assessment method with
improved affiliation functions. Wang et al. [17] used FTA (Fault Tree Analysis) to identify
risk factors and used GRA (Gray Relational Analysis) and expert scoring methods to obtain
risk values for each factor. Zhao et al. [18] proposed a method to verify the safety integrity
level of the system based on the Petri net model and Monte Carlo simulation of the dynamic
operation of the tractor-trailer during peak hours. Wang et al. [19] established a surface
aircraft damage fault tree and applied the fault Tree analysis-optimal distance solution to
construct the prevention and control risk proximity index and evaluate the risk prevention
and control status of various airport businesses. Tong [20] conducted a qualitative analysis
of operational safety and control service quality after the apron handover and discussed
the impact of the ‘Follow Me’ vehicle operation command on control load. Hu et al. [21]
distinguished between sleepiness and mental fatigue to study the types and nature of
fatigue in existing pilots and vehicle drivers. Liu et al. [22] explored the endogenous and
exogenous factors of unmanned special vehicle risk in airport flight areas and established
a risk assessment model to judge the weight of each factor and quantify the risk index.
Wang et al. [23] proposed a critical conflict point identification method in airport flight
areas based on median entropy and take Xianyang International Airport in Xi’an as an
example to validate it.

The following characteristics exist in the current research: (1) The research objects
are mostly apron-wide operating vehicles, such as food trucks, refueling trucks, de-icing
trucks, etc., while less research has been conducted on operating special vehicles in the
maneuvering areas (including runways, taxiways, and some apron taxiways). (2) The
surface operation safety assessment is mainly based on single aircraft collision risk and
multiple aircraft taxiing conflicts, such as predicting runway incursion risk in airport
flight area based on GEM or LSTM [24–26] or using target detection models to identify
key locations such as aircraft fuselage and wingtip to identify scraping risk [27–29], or
constructing risk assessment models with different situations such as aircraft crossing,
opposite, convergence waiting, etc. to calculate dynamic conflicts between aircraft [30–33].
(3) When studying the surface traffic flow, the vehicles and aircraft are separated, with
the aircraft being only a service object without considering their cooperative movement of
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them. In the actual surface operation, special vehicles such as patrol vehicles and ‘Follow
Me’ vehicles will be driven in the maneuvering area, and the aircraft will taxi or be dragged
in the maneuver area, not a stationary state. The two co-operations affect each other, which
leads to great safety risks. According to the airport field operation rules issued by the Civil
Aviation Administration of China (CAAC) [34], the rules for driving and controlling special
vehicles in the maneuvering area are different, so the existing results of aircraft operation
conflict and aircraft traffic flow conflict detection cannot be directly applied to the study of
vehicle-aircraft conflict detection.

To explore the mixed operation characteristics of vehicles and aircraft in the airport
maneuvering area and solve the problem of real-time conflict detection at key intersections,
this paper aims at the mixed motion process of aircraft and vehicles in the maneuvering
area, abstracts the real-time operation and mutual influence process of aircraft and vehicles,
defines the safe operation scenario under the convergence trend, and designs the speed
change rules of vehicles and aircraft respectively. The paper also simulates the cross-passage
process of aircraft and vehicles, and the safe operation probability was evaluated based on
the real-time speed and separation of them, and the operation efficiency was quantified to
provide solutions for improving the safety level of the maneuvering area and formulating
efficient passage strategies at key road intersections.

2. Rules for Separation Establishment between Aircraft and Vehicle

Vehicle and aircraft safety convergence operations are defined as a situation where
vehicles and aircraft are traveling in different directions to the same taxiway intersection or
key point and passing through the intersection one after the other with a safe separation
that is not less than the minimum separation. The Civil Aviation Administration of China
stipulates that when the front and rear positions of vehicles and aircraft are different [35,36],
they should be equipped with different minimum longitudinal separations. This article
refers to the minimum longitudinal separation between the aircraft in front and the vehicle
behind as the minimum aircraft-vehicle separation (referred to as AV separation in the
following text), and the minimum longitudinal separation between the vehicle in front and
the aircraft behind as the minimum vehicle-aircraft separation (referred to as VA separation
in the following text).

Figure 1 shows the simulation illustration of different viewpoints before and after
the cross-convergence of ‘Follow Me’ vehicles and aircraft. Figure 1a shows the situation
before convergence from the controller’s viewpoint, where the ‘Follow Me’ vehicle crosses
and converges with an aircraft in front of the side to a convergence point, and the aircraft
will pass the intersection first, and the vehicle should slow down or stop in time to keep
the minimum locomotive separation with the convergence point. Figure 1b shows the
post-convergence situation from the left-seat pilot’s view of the following aircraft. The
vehicle slows down or stops, and the following aircraft behind should keep the locomotive
separated from the vehicle in time. Due to the small size of the vehicle and the impact of
the height of the aircraft cockpit, the pilot can only visually inspect the vehicle if the vehicle
is far away from the aircraft, so the minimum VA separation is greater than the minimum
AV separation.
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Figure 1. Simulation of Vehicle and Aircraft Convergence in the Intersection. (a) Before cross con-
vergence; (b)After cross convergence. 
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and aircraft are located in this area at the same time, the distance between the two will be 
less than the minimum safety separation, resulting in conflict. The literature [30–33] de-
fines the taxiing conflict area between aircraft as a rectangle with a fixed position and area. 
By comparison with Figure 2, it can be seen that the conflict area and position of the con-
flict area have changed due to the change of vehicle and aircraft length and minimum 
safety separation, so the vehicle and aircraft conflict situation is more complicated. 

Figure 1. Simulation of Vehicle and Aircraft Convergence in the Intersection. (a) Before cross
convergence; (b) After cross convergence.

3. Aircraft and Vehicle Convergence Safety Assessment Model Set-Up
3.1. An Abstract Description of the Convergence Operation Process

As shown in Figure 2, the taxiway intersection is a T-shaped intersection, and the
trajectory of aircraft m and vehicle n crosses at point O. The distance of aircraft m from point
O at time t is Gm(t), the velocity is vm(t), and the length is lm. With vehicle n, at moment t
the distance from point O is Gn(t), the velocity is vn(t), and the length is ln. In Figure 2a, the
vehicle crosses the intersection first and Smin

n,m is the minimum VA separation. In Figure 2b,
the aircraft crosses the intersection first and Smin

m,n is the minimum AV separation. The gray
rectangle in the figure is defined as the conflict area, for if the vehicle and aircraft are located
in this area at the same time, the distance between the two will be less than the minimum
safety separation, resulting in conflict. The literature [30–33] defines the taxiing conflict
area between aircraft as a rectangle with a fixed position and area. By comparison with
Figure 2, it can be seen that the conflict area and position of the conflict area have changed
due to the change of vehicle and aircraft length and minimum safety separation, so the
vehicle and aircraft conflict situation is more complicated.

3.2. Vehicle and Aircraft Cross-Motion Regulations

The controller specifies the aircraft’s taxiing path, and the pilot determines the real-
time taxiing speed depending on the taxiway arrangement and separation. According to
much research [30–33], the aircraft taxiing speed is equally distributed throughout a narrow
range. Set fm(t) as the probability density function of the velocity of aircraft m at time t.
Then there is:

fm(t) =
1

vmax
m (t)− vmin

m (t)
(1)

The airline advises the captain to employ slower acceleration and deceleration speeds
to improve passenger comfort. We have ∆υm as speed variance per second. The following
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requirements should be met by the control provisions for the extreme value of instant taxi
speed vmax

m :
vmin

m (t) ≥ max(0, vm(t− 1)− ∆υm) (2)

vmax
m (t) ≤ min(vm(t− 1) + ∆υm, vmax

m ) (3)

Make the vehicle speed uniformly distributed in a range. fm(t) is the probability
density function of the speed of vehicle n at time t. Then we have:

fn(t) =
1

vmax
n (t)− vmin

n (t)
(4)
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Figure 2. Scenarios of Vehicle-Aircraft Cross Convergence. (a) A vehicle crosses the intersection first;
(b) Aircraft crosses the intersection first.

The distance between the aircraft and the vehicle is calculated from the perspective of
the vehicle driver and is given as:

∆d(t) = |Gm(t)− Gn(t)| (5)

Since relevant studies have been conducted to validate the relationship between com-
plex driver responses, speed estimation, and personality traits [37,38]. In airport field
operations, a linear relationship between vehicle-aircraft separation and deceleration has
also been defined [39]. However, the linear relationship can only describe ideal motion
states such as uniform acceleration and deceleration. Therefore, in this paper, the decel-
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eration rate is replaced by the acceleration and deceleration rates, and the exponential
relationship between separation and acceleration and deceleration rates is defined as fol-
lows. The vehicle safety sensitivity is defined as α, and the rate of increase or decrease of
vehicle speed as:

ra(t) = max(1,
(

∆d(t− 1)
Smin

m,n

)α

) (6)

rd(t) =

(
Smin

m,n

∆d(t− 1) + 1

)α

(7)

The following conditions should be met by using the control provisions for the ve-
hicle’s maximum speed for vmax

n , each moment of speed variance for ∆υn, and t moment
vehicle speed maximum and minimum value:

vmax
n (t) ≤ min(vn(t− 1) + ra(t)∆υn, vmax

n ) (8)

vmin
m (t) ≥ max(0, vn(t− 1)− rd(t)∆υn) (9)

The speed update rule of the vehicle under the impact of aircraft position is described
by the equation above. The greater α, the more sensitive the vehicle is to the aircraft position.
If ∆d(t) is smaller, the vehicle tends to slow down more at time t. in contrast, if ∆d(t) is
greater, the tendency is for the vehicle to pick up speed at time t.

3.3. Vehicle and Aircraft Cross-Motion Safety Assessment

Set TO
n (t) and TI

m(t) as the anticipated times for vehicle n departure and aircraft m
entry into the area of conflict at time t respectively, as shown in Figure 2a.

TO
n (t) =

Gn(t) + Ln

vn(t)
(10)

TI
m(t) =

Gm(t)− Smin
n,m

vm(t)
(11)

Under the following circumstances, the aircraft enters the conflict area after the vehicle
has left it:

TO
n (t) ≤ TI

m(t)⇒
Gn(t) + Ln

vn(t)
≤

Gm(t)− Smin
n,m

vm(t)
(12)

According to Figure 2b, let the predicted vehicle entry and aircraft departure times
from the conflict area at time t be TI

n(t) and TO
m (t):

TI
n(t) =

Gn(t)− Smin
m,n

vn(t)
(13)

TO
m (t) =

Gm(t) + Lm

vm(t)
(14)

Under the following circumstances, the vehicle enters the conflict area after the aircraft
has left it:

TO
m (t) ≤ TI

n(t)⇒
Gm(t) + Lm

vm(t)
≤

Gn(t)− Smin
m,n

vn(t)
(15)

Equations (12) and (15) should be rewritten as linear functions of velocity that are
represented in terms of ϕn(vm(t), vn(t)) and ϕm(vm(t), vn(t)).

ϕn(vm(t), vn(t)) = vm(t)−
Gm(t)− Smin

n,m

Gn(t) + Ln
vn(t) (16)
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ϕm(vm(t), vn(t)) = vn(t)−
Gn(t)− Smin

m,n

Gm(t) + Lm
vm(t) (17)

Set Pn(t) as the safety probability of the aircraft entering after the vehicle leaves the
conflict area at time t, and Pm(t) be the safety probability of the vehicle entering after the
aircraft leaves the conflict area at time t.

Pn(t) =
x

ϕn(vm(t), vn(t))dvn(t)dvm(t) (18)

Pm(t) =
x

ϕm(vm(t), vn(t))dvn(t)dvm(t) (19)

4. Safety Assessment Simulation Design and Data Analysis
4.1. Simulation Platform Set-Up

The intersection encounter process of an aircraft taxiing and a vehicle traveling, as
shown in Figure 2, is simulated from the viewpoints of pilots and vehicle drivers in this
paper based on the taxiway configuration. The positions of the vehicle and the aircraft
within the observable range and the speed change of the vehicle and aircraft at the next
moment during the simulation period T are also dynamically calculated. In this paper, the
taxiing speed variation of aircraft at each step is dynamically calculated according to the
taxiway configuration within the visual range and the position of the proceeding aircraft
from the perspective of pilots. In this way, the taxiing process of aircraft under visual
separation within period T can be simulated.

Establish the intersection and taxiway structure as shown in Figure 2, then generate
the vehicles and aircraft at the entrance ends of the two taxiways by specific ratio and
taxi separation regulations. Finally, carry out speed and position changes by the model
rules in this paper. Figure 3 illustrates the specific program flow. Design and implement
a simulation program that is programmed to realize the paper’s model for the dynamic
simulation of multiple aircraft and vehicles crossover operations, record the position and
speed of aircraft and vehicles per second, set the number of aircraft and vehicles that can
pass through an intersection without colliding as M and N, and then record the values of M
and N in the simulation.

Figure 3 shows the simulation process of dynamically updating aircraft and vehicle
velocities and positions and calculating safety probabilities, restarting the simulation, and
recording the sorties if the vehicles or aircraft occupy the intersection at the same time. The
speed evolution process and safety posture of aircraft and vehicles under the impact of
various parameters can be repeatedly simulated by repeating the aforementioned processes.

Set the following parameters with common transport models and special vehicles:
Lm = 40 m, Ln = 5 m. The following parameters are initially set for the simulation,
vm(t0) = vn(t0) = 5 m/s, Gm(t0) = Gn(t0) = 700 m. Set the following parameters according
to the control rules [34–36], Smin

n,m = 200 m, Smin
m,n = 50 m, vmax

m = 13.8 m/s, vmax
n = 12.5 m/s,

∆υn = 1.5 m/s.
In the simulation, the following three variables are predetermined: vehicle safety

sensitivity α, α ∈ {0, 0.5, 1}; aircraft speed variance ∆υm, ∆υm ∈ [0.1, 0.6], the unit of ∆υm
is m/s, each time increasing by 0.02 m/s; and simulation times t ∈ [0, 60], the unit of t is
second, each time increasing by 1 s. The following simulation process will be repeated
500 times to obtain the average value after removing the random influence of the uniform
distribution of speed from each simulation’s 3 × 61 × 26 results.

4.2. Safety Assessment in the Case of the Vehicle Passing an Intersection First

For the scenario where the vehicle crosses the intersection first, as illustrated in
Figure 2a, Figure 4 displays the trend of the safety probability Pn(t) with time t, aircraft
speed variance ∆υm, and vehicle sensitivity α.
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Figure 3. Structure diagram of vehicle and aircraft convergence motion simulation.

When α = 0, the vehicle operates independently of the aircraft when it follows the
prescribed acceleration and deceleration random speed regulation and is not impacted by
the aircraft’s position or distance. As shown in Figure 4a, when ∆υm ≤ 0.2 m/s, Pn(t) = 0,
and the aircraft speed change are very modest, the vehicle and the aircraft in 60 s cannot
pull away from the safe distance of 200 m, and the conflict will occur when the vehicle
arrives at the intersection before the aircraft. When ∆υm > 0.2 m/s, Pn(t) is positively
associated with both t and ∆υm shows that the easier it is for the vehicle and aircraft to
draw apart the separation, which gradually widens with time t, the greater the variation
of aircraft speed. When ∆υm > 0.3 m/s, the growth of Pn(t) occurs in two stages; when
t is smaller, it stays at a lower value until it reaches a certain point or t′; at this point, it
grows in amplitude by an average of 0.015 per second to 0.5, and in a time period that is
essentially unchanged. It is clear from the figure that the data surface results in a plateau
period of Pn(t) ≈ 0.5.

This shows that even if the aircraft speed regulation causes the separation to grow,
due to Smin

n,m = 200 m, t < t′, the vehicle and aircraft speed, and distance are difficult to
meet the conflict-free condition described in Equation (12). When the condition t ≥ t′ is
met, the vehicle and aircraft can reach sufficient separation to raise the safety probability.
Further analysis reveals that t′ reduces with ∆υm growth and that the plateau period’s time
span likewise shortens as ∆υm does, suggesting that an aircraft that increases the amount
of speed change can quickly expand the separation and raise the level of safety.
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Figure 4. The trend of safety probability with safety sensitivity and time when a vehicle is first.
(a) α = 0; (b) α = 0.5; (c) α = 1.0.

When α = 0.5, the aircraft will have no effect on the vehicle’s driver, who will change
his or her speed in accordance with the distance between the two. As seen in Figure 4b,
with ∆υm ≤ 0.14 m/s, there is Pn(t) ≈ 0, which implies that when the aircraft is essentially
traveling at a uniform speed, the conflict cannot be averted even though the vehicle will
adjust its speed since it will still be unable to fulfill the safety separation after the 60 s.
When ∆υm ∈ [0.16 m/s, 0.5 m/s], Pn(t) is correlated with both t and ∆υm in a positive way,
and when ∆υm ≥ 0.52 m/s, Pn(t) is correlated with both t and ∆υm in a negative way. This
is since as ∆υm increases, the aircraft’s speed increases, creating a chase and initiating the
vehicle’s safety-sensitive deceleration process. As the vehicle approaches the intersection,
the frequency of safety deceleration increases, reducing the distance between it and the
aircraft and causing Pn(t) to slowly decrease.
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When α = 1.0, the driver of the vehicle will adjust the speed based on the position and
distance of the aircraft. Figure 4c demonstrates that Pn(t) only decreases with the increase
of t when ∆υm is small and when ∆υm is large, the value of Pn(t) is small and stable. When
∆υm > 0.2 m/s and t ∈ [20 s, 40 s], Pn(t) is of the maximum value of 0.089. When t > 40 s,
as shown in the figure, Pn(t) ≈ 0, α = 1.0, indicates that the vehicle is sensitive to the
position of the aircraft. In the early stage of the simulation, a large deceleration separation
is established to make the vehicle farther away from the intersection and keep the interval
to the intersection. In this case, the vehicle cannot reach the conflict area before the aircraft.

As seen in Figure 4a–c, the peak Pn(t) values are 1.0, 0.69, and 0.35, respectively,
whereas at time t = 60 s, Pn(t) values are 1.0, 0.3, and 0, respectively, and the Pn(t) standard
deviation values are 0.3, 0.16, and 0.17, respectively. This shows that only when α = 0 does
the safety probability of the vehicle passing the intersection first increase with t, but the
safety level is of the least stability at this time. It should be especially noted that: when
α = 0, need to meet the ∆υm > 0.5 m/s and t > 40 s conditions, the Pn(t) mean value can
exceed 0.8, and in actual operation by the control rules and observation range, aircraft speed
increase or decrease range is [0.2 m/s,0.4 m/s], it is difficult to meet the above conditions,
so the vehicle first through the intersection of higher risk, not easy to implement and the
safety level has a large fluctuation.

4.3. Safety Assessment in the Case of the Aircraft Passing an Intersection First

For the scenario where the vehicle crosses the intersection first, as illustrated in
Figure 2b, Figure 5 displays the trend of the safety probability Pm(t) with time t, aircraft
speed variance ∆υm, and vehicle sensitivity α.

As seen in Figure 5a, Pm(t) increases with ∆υm and decreases with t for α = 0,
∆υm > 0.2 m/s, and t ≤ 25 s. Pm(t) peaks at 0.72 with ∆υm = 0.6 m/s and t = 0 s. This
is because the vehicle is more maneuverable, and if the impact of the aircraft is not taken
into account, the vehicle will keep accelerating, bringing it closer to the intersection and
extending the distance between itself and the aircraft. The average decline rate of Pm(t)
at ∆υm ≥ 0.4 m/s and t ∈ [0 s, 10 s] is 0.052. When t > 25 s and Pm(t) ≈ 0, it signifies that
after 25 s, the vehicle and aircraft have developed a specific distance between them, and
there is no chance that the aircraft will arrive at the junction first and pass safely.

Figure 5b illustrates that when α = 0.5, if ∆υm ≤ 0.2 m/s, Pm(t) ≈ 0. Pm(t) has
a positive correlation with both ∆υm and t if ∆υm > 0.2 m/s. Due to the reduced ve-
hicle sensitivity, the safety deceleration range is small, the separation between the air-
craft and the vehicle grows slowly, and the increase of Pm(t) with t is relatively small.
Further analysis shows that Pm(t)’s growth rate is related to both ∆υm and t. When
∆υm ∈ (0.2 m/s, 0.5 m/s), Pm(t) grows on average at a rate of around 0.0018; when
∆υm ≥ 0.5 m/s, Pm(t) grows on average at a pace of 0.0043; and when t ∈ [50 s, 60 s], Pm(t)
grows on average at a rate of 0.007. It is clear that when approaching the intersection, an
increase or decrease in aircraft speed can cause appropriate vehicle deceleration behavior,
which can improve traffic safety in a short time.

When α = 1.0, Pm(t) has a positive correlation with both ∆υm and t, as seen in Figure 5c.
If t > 25 s, Pm(t)’s average growth rate per second is 0.02. It implies that the vehicle adjusts
its speed with the aircraft as a reference, the separation can be established quickly, and the
minimum separation is just 50 m because the aircraft is in front of the vehicle. As a result,
the condition of Formula (15) can be easily satisfied. When ∆υm < 0.3 m/s, the proportion
of probability values exceeding 0.8 (also known as the high probability ratio) is 0.55, with
a mean value of 0.69 and a standard deviation of 0.35. When ∆υm ∈ [0.3 m/s, 0.5 m/s), the
high probability ratio is 0.91, with a mean value of 0.95 and a standard deviation of 0.12,
and when ∆υm ≥ 0.5 m/s, the high probability ratio is 0.98, with a mean value of 0.98 and
a standard deviation of 0.06. This shows that vehicles traveling with high sensitivity can
enhance the safety of aircraft crossing the intersection first, and the flexibility of aircraft to
adjust their speed can reduce the fluctuation of safety level.
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4.4. Safety Assessment Comparison and Discussion

When α = 0, we can see that if ∆υm ≤ 0.2 m/s, then Pn(t) = Pm(t) = 0 comparing
Figures 4a and 5a. We can obtain Pn(t) > Pm(t) when ∆υm > 0.2 m/s and t ∈ [20 s, 60 s].
The mean value of Pn(t) is 0.45, which is 140 times that of Pm(t), and the high probability
ratio of Pn(t) is 100% only when ∆υm ≥ 0.5 m/s and t ∈ [50 s, 60 s].

When α = 1.0, the overall pattern of the safety probability data in Figures 4c and 5c is
contrary. If t > 20 s, then Pn(t) < Pm(t) and the high probability ratio of Pm(t) is 79%.

The overall trend of the data in Figures 4b and 5b is essentially the same when α = 0.5.
When ∆υm < 0.4 m/s, Pn(t) > Pm(t), and Pn(t) < Pm(t) when ∆υm ≥ 0.4 m/s, which
proves that the difference between Pn(t) and Pm(t) is positively linked with both ∆υm and
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t. The mean value of Pm(t) is 0.524, which is 2.38 times that of Pn(t) when ∆υm = 0.6 m/s
and t > 40 s.

Based on the above analysis, the following conclusions are obtained.

(1) When α = 0, it is safer for the vehicle to cross the intersection first, but whether it
can do so without colliding with an aircraft depends on how the aircraft regulates its
speed. If the aircraft’s speed change is minimal, there is a 100% chance of a collision
at the crossing. In actual operation, when vehicles completely ignore aircraft due to
poor visibility caused by fog or when the driver cannot observe aircraft due to the
occlusion of terminals and obstacles, the controller should notify the pilot promptly
to observe and slow down in time and remind pilots to adjust speed to avoid vehicles
before reaching critical road intersection.

(2) When α = 0.5, the safety of an aircraft passing an intersection is slightly higher than it
is for a vehicle, indicating that when the vehicle safety sensitivity is low, the interval
adjustment is relatively slow and both the vehicle and the aircraft have a chance to
pass the intersection safely. However, the approach to the intersection will stimulate
the deceleration behavior of the vehicle, thus forming the priority passage of aircraft
under vehicle avoidance.

(3) When α = 1.0, the safety probability value of the aircraft passing the intersection first
is the highest. Vehicles respond sensitively to the position of the aircraft, slowing
down in time and gradually increasing the separation of the two to ensure safety, thus
forming the process of vehicles maintaining a low speed and following the aircraft
through the intersection in turn.

(4) The relationship between ∆υm and the safety probability of cross-motion of a mixed
vehicle and an aircraft is essentially positive, suggesting that the pilot’s capacity to
adjust the speed and the proper amplification of the speed range can be beneficial
to the separation establishment and operational safety. Additionally, the operational
risk can be raised by the existing driving strategy of steady-speed taxiing, which is
primarily advocated by different airline divisions to maintain taxiing stability.

5. Mixed Traffic Flow Capacity and Efficiency Analysis

The operational effectiveness of mixed traffic flow is largely determined by the safe
crossing time of a vehicle and an aircraft. Let’s say that the vehicle and the aircraft depart
from point O at distances Gn(t0) and Gm(t0), respectively. we define passage time as the
period between when the aircraft and vehicle begin to taxi and when they are safe to
cross the intersection. A safety rule is mandatory during simulation: if the intersection
is occupied, the vehicle or aircraft must hold outside of it and wait until it is vacant to
compute how long it will take for vehicles and aircraft to pass through the intersection
without colliding.

Modify the simulation procedure in the previous section to calculate the passing time
of vehicles and aircraft. Tn represents the time for a vehicle leaving the intersection, T′

represents the time for vehicles and aircraft to pass the intersection in sequence with-
out conflict. Set the following parameters with common transport models and special
vehicles: Lm = 40 m, Ln = 5 m. The following parameters are initially set for the sim-
ulation, vm(t0) = vn(t0) = 5 m/s. Set the following parameters according to the control
rules [34–36]. Smin

n,m = 200 m, Smin
m,n = 50 m, vmax

m = 13.8 m/s, vmax
n = 12.5 m/s, ∆υn = 1.5 m/s.

Assuming that the two are on separate taxiways and are separated by a distance of 700 m
from point O, Gm(t0) = Gn(t0) = 700 m.

In the simulation, the following three variables are predetermined: 1© vehicle safety
sensitivity α, so that α ∈ [0, 1] increases by 0.04 after each simulation. 2© aircraft speed
variance ∆υm, so that ∆υm ∈ [0.1 m/s, 0.6 m/s] rises by 0.02 m/s after each simulation.
The aforementioned simulation method will be performed 500 times to obtain the average
after each simulation has produced 26 × 26 results and the random influence of a uniform
distribution of speed has been removed.
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The two sets of data for Tn and T′ have similar trends, as seen in Figure 6a. Tn and T′

are both proportional to α, showing that increased vehicle sensitivity to safety will result in
deceleration when it is bigger and that frequent deceleration will result in longer passage
times and worse efficiency. When ∆υm is greater, the frequency of vehicle deceleration
can be reduced by the driver and pilot’s flexible speed adjustment to achieve separation
autonomous establishment, therefore, Tn and T′ and ∆υm are inversely proportional. The
greatest value of T′ is 280 s for α = 1.0 and ∆υm = 0.1 m/s, which is 1.8 times the minimum
value. The Tn surface is lower than the T′ surface when α is smaller, indicating that the
vehicle is now passing through the intersection before the aircraft. The two surfaces of Tn
and T′ overlap when α is larger, suggesting that the vehicle reaches the intersection after
the aircraft at this moment.
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The relationship between the order of passage and the parameters α and ∆υm may
be found in Figure 6b, which is the top view of Figure 6a. Analysis reveals that when
α and ∆υm have different values, the passage process may be divided into two phases:
phase I, when the vehicle crosses the intersection before the aircraft and Tn < T′, and
phase II when the vehicle crosses the intersection after the aircraft and Tn = T′. Where
the mean value of T′ in region I is 157 s and the standard deviation is 3, indicating that
both the passing time and its variation are minor in this region, in contrast to the mean
value and standard deviation of region II, which are 1.25 times and 8.6 times of the former.
It shows that the operation in a region I is more effective and stable. When α ∈ [0.4, 0.6],
the separation between T′ and Tn is close to the minimum separation standard and the
difference value between the two is smaller. This means that after a vehicle or aircraft
leaves an intersection, other vehicles or aircraft immediately enter the intersection, the
timing of vehicles and aircraft occupying the intersection successively is closely connected,
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and the passage efficiency is higher. According to Figures 4 and 5, at this time, whether the
vehicle or aircraft first through the intersection has a high probability of safety. It implies
that vehicles and aircraft can alternate and pass more effectively when α ∈ [0.4, 0.6].

Set in the taxiway upstream of the intersection, 700 m from the point O, constantly
having vehicles and aircraft moving forward at a speed of 5 m per second, simulating the
flow of vehicles and aircraft through the intersection for 6000 s while counting the number
of vehicles and aircraft N and M. Figure 7 shows the trend of change when α= {0, 0 .5, 1 .0},
λ with time t. Define λ as the fraction of vehicle and aircraft passing, the value of the N
and M ratio.
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As observed in Figure 7, when α = 1.0, λ steadily declines with time and has an inverse
relationship to ∆υm. With a mean value of 0.257 and a standard deviation of 0.063 at
∆υm > 0.2 m/s and t > 3000 s, the value of λ is essentially consistent, indicating that the
ratio of a vehicle to aircraft passage is roughly 1:4. The vehicle-to-aircraft ratio is currently
1:1 when α = 0.5, λ changes insignificantly with t and ∆υm, and λ has a mean value of
around 0.99 and a standard deviation of 0.025. λ is proportional to both t and ∆υm for α = 0.
The ratio of a vehicle to aircraft passage is almost 3:1 for ∆υm > 0.3 m/s and t > 3500 s when
the value of λ is essentially stable with a standard deviation of 0.13 and a mean value of
about 2.67.

As can be observed, the proportion of aircraft passage is higher when α is larger, the
proportion of vehicle passage is higher when α is less, and the ratio of the two is better
balanced when α = 0.5. Figures 6 and 7 can be compared to show that the vehicle and
aircraft passage is more effective and balanced when α ∈ [0.4, 0.6]. By establishing vehicle
speed regulation rules in the upstream taxiway of the intersection, which naturally creates
the traffic flow conforming to a certain mixing ratio, the special vehicle safety sensitivity α
has a regulating effect on the traffic flow mixing ratio, which can be adjusted according to
the operation of different taxiways and the actual demand.

6. Conclusions

In this study, we create the converging operation model of aircraft and vehicles, meet
the control rules and motion characteristics, and abstract the converging motion process
under the mixed operation scenario of aircraft and vehicles. The following conclusions are
reached through simulation verification based on a dynamic evaluation of the safety and
passage efficiency under various passage strategies based on the real-time position and
speed of aircraft and vehicles.

1. Vehicle safety sensitivity is inversely proportional to the probability of vehicle priority
passing through the intersection without conflict and is directly proportional to the
probability of aircraft priority passing through. The safety sensitivity of vehicles is
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inversely proportional to the passing efficiency and is directly proportional to the
passing ratio of aircraft.

2. Vehicle safety sensitivity and deceleration rules determine the passage order of vehi-
cles and aircraft in a short local scope and affect the passage proportion of vehicles
and aircraft in the long-term multi-area range.

3. The increase and decrease in aircraft taxiing speed are proportional to safety and
efficiency, which indicates that even if the control rules stipulate that the driver should
take the initiative to take measures, the pilot’s initiative of separation and speed
adjustment should not be removed.

4. A mixed traffic flow with higher safety and efficiency, better stability, and balanced
locomotive proportion can be achieved when α ∈ [0.4, 0.6].

5. To further improve the safety of airport operations, it is possible to consider reducing
the factors that contribute to the unsafe conditions of vehicle and aircraft operations
during the airport planning stage. For example, expanding the airport area to reduce
congestion during operations [40]. Another option is to optimize the airport runway
and taxiway structures using the minimum distance model [41] after adjusting the
appropriate parameters.
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