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ABSTRACT Currently, the surface topology at large domestic airports with increasing traffic flow is
becoming more complex. Taxiing conflicts grow as well. This paper proposed a strategy based on aircraft
priority to solve the problem. Under the premise of ensuring aircraft priority, this strategy resolved the
problem reasonably and improved the safety and efficiency of airport operation. With the purpose of
minimizing time cost of all aircraft, an aircraft taxiing model was built. Simulation results showed the
advantages of this strategy. Compared with a common conflict resolution strategy, taxiing routes of 9 aircraft
changed. The total waiting time was reduced by 50% and the running time was reduced by 43.6s. In addition,
to ensure taxiing efficiency of high-priority aircraft, low-priority aircraft tended to choose more tortuous
routes when choosing suboptimal alternative routes.

INDEX TERMS Aircraft priority, dynamic taxiing, rolling horizon, taxiing conflict resolution strategy.

I. INTRODUCTION cost rate, and a new aircraft taxiing conflict resolution
With the increase of air traffic, available resources during strategy considering suboptimal alternative taxiing paths
busy period of large airports can’t meet the demand of air are proposed. From the perspective of aircraft attributes,
transport, which causes much congestion. Such congestion we established a dynamic aircraft taxiing model based on
not only reduces the operating efficiency of airports, resulting priority with the objective of minimizing time cost of all
in air pollution and noise pollution, but also increases the arrival and departure aircraft. It not only ensured the safety
workload of controllers and the risks of runway invasion. of operation, but also reduced aircraft’s time cost as much as
It brings many unsafe factors to the operation of airports [1]. possible.
How to improve the operational efficiency of airport surface The rest of this paper is structured as follows.
has become a hot spot in air transport management research. Section 2 presents a review of existing work in Airport
Airport surface operation mainly includes runway schedul- Taxiing Scheduling Optimization. Then, the requirements
ing, taxiway scheduling and gate assignment. Taxiway sys- and preliminary description of the rolling horizon-based
tem connects the apron system and runway system. It is conflict resolution strategy will be explained in Section 3.
the key resource of airport surface operation. Improving the Section 4 formulates the aircraft taxiing problem as a model

operating efficiency of taxiways can reduce air pollution and combined with rolling horizon, and the proposed conflict
noise pollution caused by aircraft engine. It is helpful to resolution strategy. The performance of the proposed strategy
environmental protection and reducing operating cost of air- is validated in Section 5 using problem instances based on
lines and workload of controllers. Therefore, improving the real-world airport layouts. Finally, conclusions and future
efficiency of taxiways is the key to improving the efficiency directions are presented in Section 6.
of airports.

The major contributions of this paper are as followed:
a concept of aircraft priority based on the relative aircraft

Il. LITERATURE REVIEW
With the rapid development of civil aviation transportation
industry, airport surface management is gradually becoming

The associate editor coordinating the review of this manuscript and more complicated and increasingly detailed. The taxiway
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runway system and the apron system. Its operational effi-
ciency directly affects the entire airport surface. Research
on the optimization of aircraft taxiing has attracted signif-
icant attention in recent years. Minimizing taxi time is the
most common objective function in taxiway optimization.
Li et al. [2] took the change of velocity profile into account
when aircraft turned. They established a path optimization
model for aircraft taxiing at airport surface with the shortest
total taxi time as the target. Kariya ef al. [3] put forward two
strategies to reduce taxi time. Strategy one was to control
the time interval between two consecutive departure aircraft,
and strategy two was to adjust the total time of aircraft from
the beginning to the end of taxiing. Both of them can effec-
tively reduce taxi time. Weiszer (2015) et al. [4] used active
routing strategy when considering sliding factors and estab-
lished a dynamic model with the shortest taxi time. Xing and
Lu [5] developed a taxiing route optimization algorithm for
departures based on backpressure routing. The taxiing routes,
which possessed the maximum airline satisfaction and min-
imum taxiway load rate reduced taxi time of aircraft effec-
tively, and improved the throughput of airport. In addition
to taxi time, there were studies considering other goals, such
as least congestion, least taxi delay, least aircraft emissions,
etc. On the basis of Cellular Automata, Mori [6] simulated
the running process of aircraft at Tokyo International Airport
with a model mainly considering taxiing speed and time. Con-
gestion phenomenon was modeled well with an average accu-
racy of about 30s. Badrinath and Balakrishnan [7] considered
the optimal control of tandem queues, whose evolution of the
mean lengths were described with ordinary differential equa-
tions, in order to mitigate surface congestion at large airports.
Guépet et al. [8] applied mixed integer programming (MIP) to
solve the problem. He extended the problem from single paths
to alternate paths and creatively added punctuality index into
the objective function. Adacher et al. [9] proposed a general
approach to optimize the airport ground movement problem,
with the goal of minimizing total routing taxi delay and
the pollution emissions. Evertse and Visser [10] designed a
real-time airport surface movement planning tool, which was
capable of creating conflict-free timed taxiing trajectories
for aircraft, while minimizing the total emission of pollu-
tants, fuel usage, departure slot time deviations and taxi time.
Zhang et al. [11] proposed a multi-objective optimization
method for aircraft taxiing based on the airport’s environment
and traffic conflicts. With the in-depth study of taxiway opti-
mization, in order to simulate the operation of airports, more
and more detailed factors were incorporated into aircraft taxi-
ing models. Brownlee et al. [12], Chen et al. [13] proposed
an adaptive Mamdani fuzzy rule based system to estimate taxi
time and their uncertainties. The Quickest Path Problem with
Time Windows (QPPTW) algorithm was adopted to estimate
fuzzy taxi time. Benlic [14] ef al. presented the first local
search heuristic for the coupled runway sequencing and taxi-
way routing problems, based on the receding horizon (RH)
scheme. It took into account the interactions between arrival
and departure aircraft on the airport surface. Chen et al. [15]
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developed a new holistic active routing framework for effi-
cient airport ground operations.

The difference between taxiway scheduling and routing
problem is that taxiway scheduling problem needs to consider
the safety distance between aircraft. We must ensure that
there are no conflicts during taxiing. Research on taxiing
conflict resolution has achieved many results. Luo et al. [16]
developed a colored taxiway-oriented Petri net model for
real-time adjustment for conflict-free route planning. Taxiing
routes were adjusted by decreasing the priority of delayed
aircraft to access road section. For the detection of aircraft
intersection conflict, Zhu et al. [17] proposed an Extended
Hybrid Petri-nets (EHP) to model the airport surface opera-
tion. Su and Qiu [18] established a dynamic Petri net model
by adding the time attribute to the static model and simu-
lated conflict-free taxiing. Hang and Jiang [19] planned the
taxiing routes according to conflict detection and searched
the shortest routes of static network with improved Ax algo-
rithm. Landry et al. [20] utilized the properties of com-
plex conflict networks for effective conflict detection and
resolution. Mou et al. [21] established a threshold traits
model for conflict detection alarm based on the analysis
of the operation rules of aircraft on the ground and exclu-
sive principle of accessing to critical resources. Wang and
Zuo [22] planed taxiing routes for aircraft based on airport
surface hotspots in order to avoid hotspots. It turned out
that no conflicts occurred, which effectively alleviated the
risk level of hotspots. Zhang et al. [23] proposed a sys-
tematic approach for online speed profile generation with
the goal to generate fuel-efficient speed profiles respect-
ing timing constraints imposed by routing and scheduling.
Zhang et al. [24], [25] used zone control rules to avoid
conflicts between aircraft with a taxiway partition model, and
developed the trajectory-based surface operations concept to
deal with different characteristics of lanes and intersections.
Okuniek ef al. [26], Okuniek and Beckmann [27] applied
the management tool Taxi Routing for Aircraft: Creation
and Controlling (TRACC) to trajectory-based ramp traffic
management, where TRACC generated conflict-free aircraft
trajectories in a congested ramp area.

In the past, during the process of conflict resolution,
the order of passing through conflict areas was usually spec-
ified for aircraft according to First Come First Serve (FCFS)
principle. But this priority can no longer meet the require-
ments of actual operation, and scholars have done research
on this. Priority Queueing theory was used in a mathematical
model proposed by Sivaramasastry et al. [28] for network
traffic analysis. Nakawicz et al. [29] proposed a mathematical
framework that could be used to analyze a general set of
priority rules and enabled proofs of important properties.
Specific properties including safety, exclusiveness, and sta-
bility was considered. Shi er al. [30] developed a dynamic
hyper-heuristic algorithm for the Aircraft Landing Schedul-
ing (ALS) problem. The Scatter Search algorithm was chosen
as the high level heuristic to build a chain of intensification
and diversification priority rules.
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lll. PROBLEM DESCRIPTION

Taxiway scheduling is a routing problem, which is regu-
lated by safety rules that impose spatial and time separation
between each pair of aircraft in the airport. Time-efficient
routes without conflicts must be allocated to aircraft seeking
to traverse the taxiways between the runways and stands.
Routes must respect allocated runway time, route restrictions,
and safety constraints on the proximity of other aircraft.
Interactions between moving aircraft indicate that a more
sophisticated approach is required at busy airports. In this
work, with the goal of the shortest taxi time, we seek to find
suboptimal alternative routes for conflicting aircraft, which
doesn’t exactly follow pre-determined routes, allowing for
greater flexibility.

The actual network of airport surface includes major
resource subsystems of runways, taxiways and aprons. The
actual distribution is more complicated. This paper is based
on graph theory and builds a topological network of air-
port surface based on actual resource distribution, as shown
in Fig. 1. Inside the dotted frame is an apron. The long black
bold solid line is runway. The remaining short solid lines
are taxiways. The network is an undirected graph network
containing only nodes and edges. Each intersection belongs
to the set of nodes, which only contain location information,
not physical information such as specific size and length. All
taxiways, including apron taxiways, parallel taxiways, belong
to the set of edges. A taxiing route can be described as a
sequence of nodes, and the corresponding spatial taxi trajec-
tory can be easily reproduced using the connecting taxiway
central lines.

A rolling horizon framework is selected for implementa-
tion of aircraft surface taxiing. The purpose is to decompose
a single large problem into a number of smaller problems,
rendering the approach amenable to real-time aircraft surface
scheduling. Moreover, by periodically advancing the time
window, the total aircraft taxiing schedule can be dynamically
updated, allowing to deal with unexpected events or perturba-
tions on taxiways.

The inputs to the priority-based scheduling model consist
of, (i) a directed graph representing the taxiway grid, (ii)
the characteristics and parameters for each aircraft (type,
seat number, speed, fuel consumption), (iii) a fixed flight
schedule for inbound and outbound traffic. This flight sched-
ule consists of starting taxi time for all aircraft, as well
as the entry and exit node of each flight, (iv) constraints
such as the minimum safety interval, speed limitation,
etc.

IV. MODEL
A. ASSUMPTION OF THE MODEL
1) The taxiing speed of all aircraft are constant and they
are only dependent on the aircraft type;
2) The minimum safety distance between aircraft, shown
in Fig. 2, is set to 20s [8], [31];
3) The starting and ending points of taxiing paths of all
aircraft are known;
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FIGURE 1. A topological network of airport surface.

4) All aircraft have continuous taxiing paths;
5) Information about aircraft is known, such as standard
seating number, taxiing fuel consumption, etc.

B. DEFINITION OF VARIABLES

F The set of all aircraft; F = {f1, />, - -+ , fx}

N The set of airport surface nodes; any node p, g € N

Ly; Length of the taxiway between node p and node ¢

Tj,  The actual time of aircraft f; arriving at node p with
conflict resolution (if aircraft f; doesn’t reach node
p, then T}, = 0)

tip  The time of aircraft f; reaching node p without

conflict resolution (if aircraft f; doesn’t reach node

p, then t;, = 0)
t; Minimum safety distance
Vi Taxiing speed of aircraft f;

0 otheisize
Cpq = § 1 There is a directly connected and available

taxiway from node p to node q

R — 1 Aircraft f; slides from node p to node q
4710 othersize

7z 1 Aircraf ¢ f; arrives at node p before f;
iip =

0 othersize

N'  The taxiing route of aircraft f;, composed of a series
of nodes

M' The set of nodes passed by aircraft f;, M' = o', n’] s
ny, ,, n}q, d', o' is the starting point, d' is the ending
point.

C. OBJECTIVE FUNCTION

Based on the taxiing conflict resolution strategy proposed
in this paper, we built a model with the goal of minimizing
time cost of all aircraft. The taxi time and waiting time were
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FIGURE 2. The minimum safety distance between aircraft.

main factors affecting time cost. Objective function Z was
expressed as follows:

RiyoL
Z:minz Z — Ty — 1y 1)
fi€F p,geN !

D. CONSTRANT CONDITIONS
Constraint (2) indicated that taxiing routes of aircraft must
meet the physical connectivity.

Ripg<Cpqy Vfi€F, VpgeN )

Constraint (3) showed that taxiing routes of aircraft were
continuous.

I, q=d
ZpGN Ripg = ZseN Rigs = § 0, Others‘ize
-1, q=o
Vfi € F,Vp,q,s € N (3)

Constraint (4) indicated that the distance between any
two aircraft passing through the same node mustn’t be less
than the minimum safety distance. This included intersection
conflict constraints.

z,,p(Ti,,+t;—Tj,,)50 V. fieF. peN 4

Constraints (5) and (6) meant that no head-on conflicts
were allowed. Constraints (7) and (8) revealed that no rear-
end conflicts were allowed when two aircraft taxied in the
same direction on the same taxiway.

Zipp = Zijg = 2= (Ripg + Rigp) ®)
Zijp = Zijg = =2+ (Ripg + Rigp) ©)
Zip — Zijq = 2~ (Ripg + Rjpq) N
Zijp = Zijg = =2+ (Ripg + Rijpg)
Vii.fieF.,p,geN (8)

E. CONFLICT RESOLUTION STRATEGY

The conflict resolution strategy proposed in this paper was
to choose taxiing paths by judging priority. Aircraft with
high priority could pass directly through the conflict zone
according to original planned paths. Low-priority aircraft had
two options for taxiing. One was to slow down and wait
before entering conflict zone. The other was to choose a
sub-optimal alternative taxiing path in advance (a shortest
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path that didn’t go through the conflict area and reached the
end). The shortest route obtained by Dijkstra algorithm was
as followed.

Assume W; is the length of the shortest path from the
starting point s to point j, p; is the previous point of j in the
path. S is the marker collection, T is the unmarked collection,
and N is the collection of all points. dj; represents the distance
between point i and point j. (if i connects j directly, d;; is the
length, otherwise dj; = 00). Specific steps are as follows:

D S={s}, T=M-S5,W; =d(j €T, s and j connect
each other directly) otherwise W;; = oo(j € T, s and j
connect each other indirectly).

2) Search point i in 7, and ensure that the distance
between s and i is the shortest, then add i into S (gen-
erally searching is started from the point j which is
near s). If dyj = min{dy|j € T}, also s and j connect
directly. Add i into S, at this time S = {s,j}, T =
T—-{i},jeT,pi=s

3) Update Wj in T, W; = min{W;, W; +d;}; if W;
changes, thenp; =i,je T,i € S

4) Choose all points with the least W}, then add them into
S:W;=minW;, S = SU{i}, T = T —{i}. If the amount
of elements in S is n, all points have been marked and
the algorithm ends. Otherwise, it returns to step 3.

Suppose that we find a shortest path from O to
D: 0-2-4-3-7-9-D, and aircraft i and j have conflict at node 7.
Keep O-2-4-3 unchanged, A* algorithm is used to find the kth
shortest route from 3 to D. We set k as 2 and the sub-short
route from 3 to D is found (e.g. 3-8-6-D). Then the taxiing
route for aircraft i or j is O-2-4-3-8-6-D.

Let’s set the priority of aircraft as p, the minimum waiting
time as At, the difference between the length of the shortest
route and the suboptimal alternative route as Ac, and the aver-
age taxiing speed as v. We calculated time cost of two strate-
gies respectively. Strategy 1 was to decelerate and wait before
entering conflict areas. The time cost was A¢. Strategy 2 was
to select a suboptimal alternative route. By comparing At
with Ac/v, we chose the smaller one and select a reasonable
conflict resolution strategy. The process was shown in Fig. 3.

F. ROLLING HORIZON

Rolling horizon is a time decomposition method. Resear-
ches [32]-[39] show that the essence of rolling horizon is
to replace a large-scale problem with a series of small-scale
problems that are repeated over time. It aims at reducing
calculation amount and being adapted to uncertain changes.
Rolling horizon is a highly generic framework and can be
used in a variety of scheduling models and environments.
In this paper, it was adopted for aircraft taxiing scheduling,
which only took into account the known information in a
small range and neglected information in a larger range that
was not completely clear at present. Rolling horizon included
three elements: prediction window, scheduled time domain
window (STDW) and rolling window. Fig. 4 showed the
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fi conflicts with f;

No
fj can avoid fi can avoi
conflicts by waiting No No conflicts by
or bypass waiting or
bypass
v P
A deadlock occurs. Yes
fi passes through conflict Exchange priority f; passes through conflict

of aircraft until the
conflict is done.
Restore the priority

aeras directly. Compare f;'s
waiting and bypassing cost

aeras directly. Compare f;'s
waiting and bypassing cost

b £ taxi
of taxiing of aircraft of taxiing
At; < Ac;/v; No i ¢ No Aty < Aci/v;
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fi/ fj chooses a
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FIGURE 3. The flow chart of conflict resolution strategy.
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FIGURE 4. Scheduling process of aircraft taxiing based on rolling horizon.

relationship between three elements. For the scheduling of
aircraft dynamic taxiing, they were defined as follows.

Prediction window. It was a predictable time domain range
from a certain scheduling moment and contained all known
and predictable information. Let’s set the current scheduling
time as ¢ and the predictable time domain range as I". Then the
prediction window was the set of all aircraft in the prediction
time domain I starting from time ¢. The set included aircraft
that didn’t finish taxiing in the last period and those begun
taxing in the prediction time domain I.

Scheduled time domain window (STDW). After the pre-
diction window was determined, the information in it should
be selectively entered into partial scheduling. The purpose
was to avoid reducing the validity of calculation due to
a large scale. The size of STDW was set as 7. Aircraft
scheduling was carried out in each scheduled time domain
and every STDW was processed in time sequence. In each
iteration, we considered not only aircraft starting taxiing in
the current scheduled time domain, but also those aircraft that
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didn’t complete taxiing in the last scheduled time domain.
It was assumed that the taxiing scheduling of any aircraft
could be completed within two consecutive STDW. As shown
in Figure 2, aircraft 1 and 2-1 of aircraft 2 were scheduled in
STDW 1 without considering aircraft 3. The remainder 2-2 of
aircraft 2 was scheduled in STDW 2. In STDW 2, the taxiing
scheduling of aircraft 2-1 was fixed.

Rolling window. It could roll forward based on time or
events. When something that met the condition occurred,
it triggered the rolling window rolling forward. In each itera-
tion, we considered m aircraft, which were called the size of
rolling window. We scheduled aircraft 1, 2, ..., m in the first
iteration, and if there were n aircraft completing scheduling,
we got rid of these aircraft in the next iteration. According
to the earliest starting taxiing time of aircraft, we selected
n new aircraft to enter the scheduling window and iterated
repeatedly until the remaining aircraft waiting for scheduling
were less than m. Then the iteration ended. At this time, if an
aircraft was taxiing, the current information would be used as
the new initial state and entered into the next scheduled time
domain.

The following is the scheduling process based on rolling
horizon.

1) We initialized the starting time of scheduling, and set it
as tg, then t; = 1p;

2) At time t;, assuming that aircraft information in the
prediction time domain I" was known, we selected aircraft
that would start taxiing and aircraft that were taxiing in the
scheduling time domain [#;, ¢; + I'] to form the prediction
window. Information of aircraft could be updated through
prediction window;

3) According to Dijkstra algorithm, we calculated the
shortest taxiing paths of each aircraft in the prediction
window;

4) A taxiing scheduling subproblem was formed in STDW.
The objective function and constraints of taxiing subproblem
were defined as same as the original problem. In addition
to the newly added aircraft, the aircraft which didn’t finish
taxiing in the previous STDW were also included. The start-
ing time and place of taxiing was the state at the end of the
previous scheduled time domain;

5) We determined the length m of rolling window and the
number n of aircraft completing scheduling, and then iterated.
In the process of taxiing, if there was a conflict, we solved it
according to strategy proposed in this paper. Until the number
of aircraft in STDW was less than n, the scheduling in the
current scheduled time domain was terminated;

6)Lettiy) =6t +T,i=i+1.1Ift; < T, go to step 2);
otherwise, end.

V. SIMULATION RESULTS

A. SIMULATION INFORMATION AND PARAMETERS

In this paper, a part of a large airport in China was selected as
the research object. We combined multiple adjacent stands
into three centralized aprons G, Gp and G3. Gp repre-
sented the near apron 1 and the remote western apron 2 in
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TABLE 1. Information of aircraft in a large airport in China during research period.

Starting Starting Ending Flight Emergency
Number Time Point Point Type Speed mission condition

1 08:00:00 32 37 B733 10 airliner normal
2 08:00:00 35 33 A320 12 airliner normal
3 08:01:00 36 31 A330-300 12 airliner normal
4 08:01:00 37 31 B737 8 Private normal
5 08:02:00 37 32 B744 10 airliner normal
6 08:03:00 36 33 A321 10 airliner normal
7 08:04:00 35 32 B737 10 air-freighter normal
8 08:04:00 34 35 B738 8 airliner normal
9 08:05:00 32 36 A320 10 airliner normal
10 08:05:00 31 37 A320 8 airliner normal
11 08:05:00 34 36 B738 12 Private normal
12 08:07:00 32 37 A321 10 airliner normal
13 08:07:00 35 33 B744 10 airliner normal
14 08:08:00 32 35 A320 10 air-freighter normal
15 08:08:00 34 35 A330-200 12 airliner Faulty
16 08:10:00 34 35 A320 8 airliner normal
17 08:11:00 36 31 B738 10 airliner normal
18 08:12:00 34 37 B733 10 airliner normal
19 08:15:00 35 33 A321 12 airliner Faulty
20 08:15:00 32 36 B738 12 airliner normal
21 08:16:00 31 37 B737 10 airliner normal
22 08:16:00 37 32 A320 12 airliner normal
23 08:17:00 34 35 B738 8 airliner normal
24 08:17:00 32 36 A320 10 airliner normal
25 08:18:00 31 37 A320 8 airliner normal
26 08:19:00 34 36 A321 12 air-freighter normal
27 08:19:00 32 37 A321 10 airliner normal
28 08:19:00 35 33 B744 10 airliner normal
29 08:20:00 31 35 B733 10 air-freighter normal
30 08:20:00 34 35 A340-300 12 airliner Faulty

terminal T1. G, represented the near apron 2 in terminal
T2 and G3 represented the remote apron 8. Some irrelevant
taxiways and nodes were removed. Finally we formed a
network diagram consisting of 37 nodes, 48 sides, 2 runways
and 3 centralized aprons. Fig. 5 shows the structure of the
network.

The data of aircraft are selected from the flight data of
peak hours from 8:00 to 8:20 on a certain day in July 2016,
as shown in Table 1. The standard seats of different aircraft
is shown in Table 2, and the fuel consumption is shown
in Table 3. Table 3 refers to the ground taxiing fuel consump-
tion benchmark in Air China’s “aircraft performance data
manual”.
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We adopted the CIF duty-paid price of aviation kerosene
(standard product) approved by the National Development
and Reform Commission in December 2018: RMB 4547 per
ton. According to delay compensation, the waiting cost per
passenger per unit time was RMB 100 per hour. The air-
craft deceleration process was converted into the equivalent
waiting time without considering the impact of turning on
the speed. The safety distance between aircraft was set to
20s. Specific parameters were set as follows: the number
of aircraft in the prediction window during peak hours was
30 and the period AT of STDW was 3min (180s). The short-
est taxiing paths of aircraft obtained by Dijkstra algorithm
showed that the time for the last aircraft completing taxiing
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FIGURE 5. Partial configuration of taxiway system in the west area of a
large airport.

Type Seats
319 142
320 180
321 220
330-200 253
330-300 295
340-300 295
733 149
737 149
738 189
744 416

TABLE 2. Standard seat number of different aircraft.

TABLE 3. Taxiing fuel consumption of different aircraft.

20 minutes fuel

Reference .
Type tvpe consumption
yp benchmark (kg)

310-300/319/320/321 A320 230

330-200/330-300/AB6 A330-200 500

340-300/340-500/340-600 A340-300 500
72Y/733/734/735/736/737

738/739/73G/73Y/BBJ/ B737-800 227

744/74AE/74L/74U/74X/74Y  B747-400 908

was 1625s, [1625/180] = 10. Then there were 10 STDW,
forming 10 scheduling subproblems.

B. ANALYSIS OF TAXIING ROUTES

Scheduling results based on priority were simulated in
chronological order. Compared with results based on a com-
mon conflict resolution strategy (aircraft can only avoid con-
flicts by waiting), there were 9 aircraft whose scheduling
results were changed, as shown in Fig. 6. The scheduling
results were expressed by the nodes through which the aircraft
passed and the time of arrival at the node. The first value
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TABLE 4. Comparison of results of three different schemes.

Scheme 1  Scheme2  Scheme 3
Total waiting time 159.4s 274.8s 136.7s
Total running time 7053.2s 7018.4s 6974.8s
Total taxiing distance 68790m 67380m 68310m

in parentheses represented the node and the second value
represented time. The red letter indicated the change of time
and the underline indicated the change of node.

In order to show the superiority of the conflict resolution
strategy in this paper, we added two sets of experiments
for comparison. Scheme 3 adopted the conflict resolution
strategy and priority proposed in this paper based on routes
obtained by Dijkstra algorithm. The only difference between
scheme 2 and scheme 3 was that scheme 2 adopted a common
conflict resolution strategy (aircraft can only avoid conflicts
by waiting). Scheme 1 was based on the actual operation.
In actual operation, FCFS was usually accepted. FCFS meant
that the aircraft arriving at the node first had priority to
pass through it. Subsequent aircraft needed to slow down or
stop waiting until the distance between it and the previous
aircraft met the minimum safety interval. In actual operation,
taxiing routes of aircraft were previously assigned by ground
controllers for each aircraft, not necessarily the shortest path.
We compared the waiting time, running time (the sum of
waiting time and taxi time) and taxiing distance of each
scheme. The results were shown in Table 4 and Fig. 7.

The total number of conflict points based on the shortest
paths was 26, including 17 intersection conflicts, 8 head-on
conflicts and 1 rear-end conflict. According to Table 4 and
Fig. 6, compared with the other two schemes, scheme 1 had
the largest total running time and total taxiing distance. This
was because in reality, in order to reduce the complexity
of airport surface operation and the workload of controllers,
the taxiing routes of aircraft were relatively fixed, and usu-
ally were not the shortest. Therefore, in actual operation,
the taxiing routes of aircraft were 1410m longer than Dijk-
stra’s shortest routes. The waiting time was between scheme
2 and scheme 3. Both scheme 2 and scheme 3 could resolve
conflicts, but the cost was different. Scheme 2 selected the
shortest routes and avoided conflicts by waiting. Therefore,
the taxiing distance was the shortest, but the waiting time
was the longest, which was 101% more than that of scheme
3. Scheme 3 sacrificed the taxiing distance to reduce the
waiting time, so the waiting time was the shortest, which
is 136.7s. However, when choosing suboptimal alternative
routes, it tended to choose more tortuous routes to avoid
conflict points, so the taxiing distance increased, which was
930m more than scheme 2. Scheme 2 and 3 showed the game
of time and distance.

C. ANALYSIS OF PRIORITIES
We put forward the concept of priority based on the relative
aircraft cost rate, which was mainly determined by aircraft
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FIGURE 6. Changes in aircraft scheduling results.
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properties, such as aircraft type, aircraft passenger capacity,
fuel consumption rate, and aircraft usage. The aircraft cost
rate was mainly affected by two indexes: passenger capacity
and average fuel consumption rate. Other factors, such as
corporate reputation, staff workload and aircraft maintenance
cost could be converted to waiting cost per unit passenger or
fuel price. The standard seat number of aircraft was set as K
and the fuel consumption rate was set as N (kg/min). The loss
value of each passenger waiting on the ground for one minute
was set as H and the fuel price was set as P. The aircraft cost
rate CT could be calculated by formula: CT = K «H +N %P,
and the relative aircraft cost rate was CR; = CT;/ Talgc(CTk).
€

The priority of aircraft was judged according to their
attributes (flight mission and emergency situation). The prior-
ity of faulty aircraft was the highest, set as 3, and the priority
of private aircraft was set as 2. The priority of a normal
airliner was set as 1 and the air-freighter had the lowest
priority, set as 0. When aircraft with the same property had
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taxiing conflicts, aircraft with higher CR; could taxi first. K
was determined by table 2 and N was determined by table 3.
H = 0.2 RMB/min, P = 7.139 RMB/kg. The calculation
results were shown in Table 5.

As can be seen from Table 5, there were 4 aircraft with
priority number 0, 21 aircraft with priority number 1, 2 air-
craft with priority number of 2, and 3 aircraft with priority
number of 3. For aircraft with the same priority number,
the priority order needed to be further determined according
to relative aircraft cost rate CR;. for the four aircraft with
priority number 0, CR; = CRy9 < CRj4 < CRyg; for the
twenty one aircraft with priority number 1, CRy = CRg =
CRy1 < CRy, = CR9 = CRjg = CR1g = CRyy; = CRy4 =
CR25 < CR17 = CR20 = CR23 < CR6 = CR12 = CR27 <
CR3 = CR13 < CRs = CRy3 = CRag; for the two aircraft
with priority number 2, CR4s < CRj1; for the three aircraft
with priority number 3, CRj9 < CRj5 < CR3p. According
to the above rules, the accurate priority order of 30 aircraft
could be finally determined.

It could be seen from Table 6 that in case of taxiing
conflicts, all aircraft with high priority were guaranteed to
taxi first based on priority proposed in this paper. However,
according to FCFS, only aircraft 5, 6, 11, 13, 20, 21 and
27 had priority to taxi first when arriving at the conflict
area.

D. ANALYSIS OF CONFLICT RESOLUTION PROCESS

In this example, conflicts were divided into two types: “‘there
were no secondary conflicts” and ‘“‘there were secondary
conflicts”. The definition of ‘““secondary conflicts” in this
paper was as followed. After the first conflict between aircraft
fi and f; was successfully released, f; and f; conflicted in other
areas, or conflicted with other aircraft fy. We called these
conflicts “secondary conflicts”. In addition, the “‘secondary
conflicts’ in this paper not only referred to the second taxiing
conflict, but also a relatively broad concept. All taxiing con-

613



IEEE Access

Y. Jiang et al.: Priority-Based Conflict Resolution Strategy for Airport Surface Traffic

TABLE 5. Relative cost rate and priority number of aircraft.

TABLE 6. Guarantee of aircraft priority.

Number  Type (kgfrflin) CR; Remark Priority
1 B733 110.83 0.27 Airliner 1
2 A320 118.10 029  Airliner 1
3 A;gg' 237.48 0.58 Airliner 1
4 B737 110.83 0.27 aplrrlcvr‘;tg 2
5 B744 407.31 1 Airliner 1
6 A321 126.10 031 Airliner 1
7 B737 110.83 0.27  Airfreighter 0
8 B738 118.83 0292 Airliner 1
9 A320 118.10 029  Airliner 1
10 A320 118.10 029  Airliner 1
1 B738 118.83 0.292 erlcvrz‘fi 2
12 A321 126.10 031 Airliner 1
13 B744 407.31 1 Airliner 1
14 A320 118.10 029  Airfreighter 0
15 Aj&?' 229.08 0.56 ;ﬁ‘l‘:rlgr 3
16 A320 118.10 029  Airliner 1
17 B738 118.83 0292 Airliner 1
18 B733 110.83 027  Airliner 1
19 A321 126.10 0.31 ;fﬁrllt; 3

20 B738 118.83 0292 Airliner 1
21 B737 110.83 027  Airliner 1
2 A320 118.10 029  Airliner 1
23 B738 118.83 0292 Airliner 1
24 A320 118.10 029  Airliner 1
25 A320 118.10 029  Airliner 1
26 A321 126.10 031  Airfreighter 0
27 A321 126.10 031 Airliner 1
28 B744 40731 1 Airliner 1
29 B733 110.83 027  Airfreighter 0
30 A;gg' 237.48 0.58 ;fl‘:llq‘; 3

flicts caused by previous conflict relief operation belonged
to the category of ““secondary conflict”’. All conflicts on the
same aircraft except the first conflict were called secondary
conflicts. So the detection of secondary conflicts was a cyclic
iterative process.

In the type of ‘no secondary conflicts’, aircraft with lower
priority only needed to change taxiing scheme once and
reached destination without conflicts.

Example 1: slow down and wait. The time when aircraft 6
arrived at node 23 was 244 (set 8:00 as 0) and the time when
aircraft 7 arrived at node 23 was 247. The interval was less
than 20s. Therefore, there was a conflict at node 23. The
conflict resolution strategy was as follows: first, according
to table 5, we compared the priority number of two aircraft
and we knew that the priority of aircraft 7 was lower. Then
we compared Ac%3 /v7 with At723 and got Ac%3 /v7 > At723.
So, aircraft 7 chose to slow down and wait at node 35 before
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Compa Priority FCFS
Conflict Conflict -rison . . . K
aircraft node of F1r§t taxing F1r.st taxing
priority aircraft aircraft
3,5 10,11 3<5 5 5
34 1,31,5,(5,2) 3<4 4 3
6,7 23 7<6 6 6
8,11 26 8<11 11 8
11,13 24,25 13<11 11 11
8,13 24 8<13 13 13
14,17 14 14<17 17 14
20,22 10 22<20 20 20
17,21 2 17<21 21 21
18,20 14 18<20 20 18
18,24 10 18<24 24 18
21,27 10 21<27 27 27

@

fe conflicted
with f; at
node 23

fe (high priority)
passed through
node 23 —_—

o L ® 3 O

f7 (low priority)
waited at node 23

|
@ @
L St

Aircraft 6 Aircraft 7 Route of high

priority aircraft

Route of low
priority aircraft

FIGURE 8. Example 1 of conflict resolution process (slow down and wait).

node 23 in advance. Then we updated the taxiing scheme
of aircraft 7 and continued conflict detection with other air-
craft until it reached the end. It was found that there were
no conflicts. The conflict detection was completed and the
resolution process was shown in Fig. 8.

Example 2: choose a suboptimal alternative taxiing route.
The time when aircraft 24 arrived at node 10 was 1092 and
the time when aircraft 18 arrived at node 10 was 1102.8. The
interval was less than 20s. The conflict resolution strategy
was as follows: first, we compared the priority number of
two aircraft according to table 5 and we knew that the pri-
ority of aircraft 18 was lower. Then, we compared Ac}g /vis
with Atllg and got AC}g/Vlg < Atllg. Therefore, aircraft
18 chose a suboptimal alternative taxiing path 12-13-11-
10-37 at node 12 before node 10 in advance. Afterward,
we updated the taxiing scheme of aircraft 18 and continued
conflict detection with other aircraft until it reached the end.
It was found that there was no conflict. The conflict detec-
tion was completed and the resolution process was shown
in Fig. 9.

In the type of ‘there were secondary conflicts’, after the
aircraft with lower priority changing taxiing scheme, they
conflicted with the original aircraft or a third aircraft. Accord-
ing to subjects that caused secondary conflicts, we could
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FIGURE 9. Example 2 of conflict resolution process (choose a suboptimal
alternative taxiing path).

divide secondary conflicts into two categories: ‘‘secondary
conflicts that didn’t involve a third aircraft” and “‘secondary
conflicts that involved a third aircraft”.

Example 3: secondary conflicts not involving a third air-
craft. The time when aircraft 11 arrived at node 25 was
452.5 and the time when aircraft 13 arrived at node 25 is
452.5.

A conflict occurred at node 25. The conflict resolution
strategy was as follows: first, we compared the priority num-
ber of two aircraft and it could be seen that the priority of
aircraft 13 was lower. Then, by comparing Acﬁ /v13 with
At1235, we got Acg /vi3 < At1235. Therefore, aircraft 13 chose
a suboptimal alternative taxiing path 23-22-24-25-28-29-30-
33 at node 23 before node 25 in advance. Update the taxiing
scheme of aircraft 13. We re-conducted conflict detection
between the new taxiing scheme of aircraft 13 and the taxi-
ing scheme of aircraft 11. It was found that the time when
aircraft 11 reached node 24 was 445.8 and the time when
aircraft 13 reached node 24 was 462. The interval was less
than 20s. Therefore, a secondary conflict occurred at node 24
We compared Ac%‘/vm with Atl and got Ac1 /viz > At
So, aircraft 13 chose to slow down and wait at node 22 before
node 24 in advance. Finally, we updated the taxiing scheme
of aircraft 13 and continued conflict detection with other
aircraft until it reached the end. It was found that there were
no other conflicts. The conflict detection was completed and
the resolution process was shown in Fig. 10.

Example 4: secondary conflicts involving a third aircraft.
In example 3, aircraft 13 found a taxiing scheme that didn’t
conflict with aircraft 11 after a secondary conflict resolution.
However, the new taxiing scheme of aircraft 13 conflicted
with aircraft 8. The time when aircraft 8 arrived at node
24 was 479.2 while the time when aircraft 13 arrived at node
24 was 465.8. The interval was less than 20s. So, a conflict
occurred at node 24. From table 5 we knew that the pri-
ority of aircraft 8 was lower. Then, we compared AC84 /v8
with At§4 and got AcS4/v8 > At824. Therefore, aircraft
8 chose to slow down and wait at node 28 before node 24.
After that, we updated the taxiing scheme of aircraft 8 and
continued conflict detection with other aircraft until it
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FIGURE 10. Example 3 of a secondary conflict resolution process (no
third aircraft involved).
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FIGURE 11. Example 4 of a secondary conflict resolution process
(involving a third aircraft).

reached the end. It was found that there was no other con-
flict. The conflict detection was completed and the resolution
process was shown in Fig. 11.

In addition, in the actual operation process, there may be
taxiing conflicts, which couldn’t be solved by slowing down
and waiting, or choosing suboptimal alternative paths. That
was deadlock. When a deadlock occurred, the priority policy
may not be strictly implemented. The priority of aircraft could
be temporarily exchanged. After the conflict was relieved,
the respective priority of aircraft was restored.

Example 5: deadlock. The time when aircraft 17 arrived
at node 2 was 996 and the time when aircraft 21 arrived at
node 2 was 990. The interval was less than 20s, so a conflict
occurred at node 2. The general resolution strategy was as
follows: first, according to table 5, it could be seen that the
priority of aircraft 21 was lower. Then aircraft 21 would slow
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FIGURE 12. Example 5 of a conflict resolution process (deadlock).

down and wait, or choose a suboptimal alternative taxiing
path at node 1 before node 2. However, the taxiing path
of aircraft 21 and aircraft 17 completely coincided in the
31-1-2 segment and the direction was opposite. Therefore,
the waiting of aircraft 21 (at node 1 and node 31) before node
2 couldn’t avoid conflicts. Since node 1 only connected node
2 and node 31, there was no suboptimal alternative taxiing
paths for aircraft 21 at node 1 and node 31, resulting in
deadlock. The conflict resolution strategy in case of deadlock
was as follows: we temporarily exchanged the priority of
aircraft and made the priority of aircraft 17 lower. Then we
compared Ac%7/v17 with Atlz7 and got Ac%7/v17 > A1127.
Therefore, aircraft 17 chose to decelerate and wait at node
5 before node 2. After the conflict was solved, the priority
of aircraft 17 and 21 were restored. The process was shown
in Fig. 12.

VI. CONCLUSION

In this paper, in combination with the accurate airport surface
structure, we established a dynamic taxiing model of aircraft
based on priority. The model aimed at minimizing time cost
of all aircraft. A conflict resolution strategy that considered
suboptimal alternative paths was proposed to improve the
original way of avoiding conflicts only by waiting. The
essence of this strategy was the game of time and distance.
By converting the increased distance of detour into time and
comparing it with the original strategy, the one with less
running time was selected, which improved the flexibility of
path selection.

The data of flight and surface structure in this article were
collected from a large domestic airport. Other data such as
cost and jet fuel prices were all from relevant documents.
Simulation results based on MATLAB showed that the strat-
egy in this paper reduced the waiting time by 50%. Combined
with taxiing time, the total running time was reduced by
43.6s. On the premise of ensuring safety, this strategy could
provide optimization theories and methods for the taxiing of
aircraft at large airports that was in line with actual operating
conditions.

Although preliminary results are promising, there is still
many pieces of research for future work. Firstly, in terms
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of priority, airline fairness should be considered. In actual
operation, how to ensure the fairness of each airline is very
important for airport management. Secondly, in the selection
of taxiing paths, soft constraints should be added to avoid
taxiing routes with higher usage rates. Different weights
to taxiing paths can be tried. Thirdly, future research will
increase the actual interference factors of the airport, compre-
hensively analyze the actual situation of the airport’s inbound
and outbound flights, dynamically adjust the taxiing path of
the aircraft and maintain the real-time performance of the
system.
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