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Abstract. In this paper, a constructive heuristic using the artificial bee colony 

algorithm is proposed to resolve the aircraft landing problem considering speed 

control for airborne delay and holding pattern in the near terminal area. Safety is 

a top priority in civil aviation management, and air traffic control has to consider 

handling air traffic promptly. The degree of conservatism in dealing with air-

borne and terminal traffic should be increased to maintain a high level of resili-

ence for the runways system, enhance the robustness of landing schedule, and 

reduce the workload of air traffic controllers. The computational results show 

that the proposed algorithm can resolve the problem in a reasonable amount of 

time for practical usage. 
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1 Introduction 

The Air Traffic Control (ATC) tower plays a major role in maintaining smooth air traf-

fic and balancing the airborne and airport traffic. The growing demand for air transport 

increases the pressure on the efficiency of ATC, especially during peak hours. Most of 

the runways in the international airports are foreseen to reach the maximum runway 

capacity. Airport capacity expansion is urgently needed to avoid the consequences of 

exceeding capacity and enhance resilience on managing airport resources. Over-

crowded air traffic is a serious issue in managing passengers’ satisfaction and comfort 

and affects airport’s reputation. Also, the authorities have an obligation to attempt to 

resolve safety and delay issues arising at the turnaround and terminal control. Such 

“alarms” become critical in the future, as most airports foresee a strong growth in the 

aviation sector. ATC require a robust delay and risk management system in handling 

daily air traffic and maintaining modern aviation safety standards. The airport capacity 

in controlling turnaround free-flow progress is limited by a scarce resource – the run-

way [1, 2]. The planning and construction of a new runway require a long lead-time. 

Besides the need for runway expansion, aviation authorities are seeking the computa-

tional intelligence to reduce the workload of the ATC tower and utilise the current air-

port resources. 
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The Aircraft Sequencing and Scheduling Problem (ASSP) has been well studied in 

the current literature with different configurations and model objectives leading to var-

iants of the ASSP model. The ASSP model includes the Aircraft Landing Problem [3, 

4], Aircraft Take-off Problem [5, 6] and mixed-mode aircraft sequencing operation [7, 

8]. Depending on the airport design configuration, the runway system can be heteroge-

neous or interdependent. As for heterogeneous runways systems, the flight can have a 

significant difference in the estimated time of arrival (ETA) when runways are located 

in different position [9]. An interdependent runway system refers to the aircraft sched-

uling operation using a pair of adjacent runways. The approaching flight generates 

vortices and may affect the nearby flights from other runways and trailing flights from 

the same runways [10]. The literature adopts a static approach without consideration of 

speed control and holding pattern. 

In civil aviation, ATC is required to manage the air traffic and safety issues in air-

borne and airport traffic in the Terminal Manoeuvring Area (TMA). ATC need to de-

termine the scheduled time of landing by priorities and the possible arrival time landing 

by priority and possible arrival time. Under free flow situation, the speed restriction can 

be cancelled by the ATC (e.g. flight CX710, no speed restrictions / resume normal 

speed).  Flight speed needs to be maintained when there is a high volume of airborne 

traffic. ATC restricts the speed of the flight within the TMA to keep a safe distance 

between flights via speed command. Besides, ATC has the authority to command a 

particular flight speed during high traffic situations in near terminal area (e.g. Flight 

BER456, reduce speed to 210 knots.). Moreover, the engine type, flight weight and 

vertical altitude at standard pressure are also the factors affecting the possible upper 

bound and lower bound speeds. Therefore, the speed profile of each flight is a class-

dependent and flight-level-dependent set. 

In this research, we aim to reduce the ATC workload and maintain a high level of 

resilience for the runway system by the adopting the computational intelligence to ob-

tain an aircraft scheduling solution considering discrete airborne delay and holding pat-

terns. The complexity of the ASSP model is a Non-deterministic Polynomial hard (NP-

hard) problem [11]. Therefore, swarm intelligence is proposed to reduce computational 

effort while ensuring the quality of the solution with close-to-optimal performance.  

2 An aircraft scheduling considering discrete airborne delays 

and holding pattern 

As mentioned in the previous section, aircraft scheduling considering discrete airborne 

delays and holding pattern is considered in the model. The runway is configured as an 

aircraft landing problem, in which the runways are solely for approaching flights only. 

The objective is to minimise the total tardiness (airborne delays and delay time caused 

by holding) of all flights. In order to avoid unnecessary workload and confusion in 

voice-communication-based command between ATC and pilots, the design of the sys-

tem is intended to enhance the resilience of the aircraft schedule via speed control and 

the number of aeronautical holdings in the TMA, as shown in Figure 1.  

 



 

Fig. 1. The aircraft scheduling problem taking into account of speed control and the number of 

holding on fixed stack 

2.1 Problem formulation 

Table 1 shows the notation and decision variables in the model. A flight is denoted 

as 𝑖, 𝑖 = (1,2, … , 𝑛) and the total number of flights is 𝑛. A multiple runway system is 

considered in the model.  Each runway is denoted as 𝑟, 𝑟 = (1,2, … ,𝑚), where 𝑚 is the 

maximum number of runways in the airport. The decision variable 𝑥𝑖𝑟  determines the 

runway assignment of each flight 𝑖, while 𝑦𝑖𝑗𝑟  denotes the sequence of flight 𝑖 and 𝑗 

(not necessarily immediately) on the same runway 𝑟. 

Table 1. Notation and decision variables 

Notations Explanation 

𝑛 The number of aircraft 

𝑚 The number of runways 

𝐸𝑇𝐴𝑖 The estimated landing time of aircraft 𝑖 
𝑆𝑇𝐴𝑖 The scheduled landing time of aircraft 𝑖 
𝑙𝑖 The latest landing time of aircraft 𝑖 

𝑆𝑖𝑗  
The separation time between aircraft 𝑖 and 𝑗 scheduled on the 

same runway, 𝑆𝑖𝑗 ≥ 0 

ℎ 
The completion time of an oval course flown on aeronautical 

holding stack 

K The maximum number of aeronautical holdings 𝐾 = max(𝑡𝑖) 

𝐷𝑖  A set of discrete airborne delay, 𝐷𝑖 = {𝑑𝑖
1, 𝑑𝑖

2, … ,𝑑𝑖
𝑄𝑖} 

𝑄𝑖  The number of elements of the set 𝐷𝑖  
M Large number associated with the artificial variable 

Decision 

variables 
Explanation 



𝑡𝑖 The cumulative number of completing aeronautical holding(s) of 

aircraft 𝑖, (𝑖 = 1,2, … , 𝑛) 
𝑑𝑖 The airborne delay time of aircraft 𝑖, (𝑖 = 1,2, … , 𝑛) 
𝑥𝑖𝑟  1, if aircraft 𝑖 is assigned to runway 𝑟, (𝑟 = 1,2, … ,𝑚) 

0, otherwise 

𝑦𝑖𝑗𝑟  1, if aircraft 𝑖 is scheduled to land before aircraft 𝑗 on runway 𝑟 

0, otherwise 

 

The safety regulation enforced is that any pair of consecutive landings flights on the 

same runway must be separated with a time buffer – separation time 𝑆𝑖𝑗 , where flight 𝑖 

is the leading flight and flight 𝑗 is the trailing flight. 𝑆𝑖𝑗  is a flight class-dependent 

value. The detailed separation requirement is shown as Table 2. 

Table 2. Separation time (in seconds) between two consecutive flights in aircraft landing 

problem 

Separation time (sec) 
Trailing flight (Arrivals) 

SSF MSF LSF 

Leading flight 

(Arrivals) 

SSF 82 69 60 

MSF 131 69 70 

LSF 196 157 96 

SSF = Small size flight; MSF = Medium size flight; LSF = Large size flight 

 

The estimated time of arrival 𝐸𝑇𝐴𝑖 of flight 𝑖 is a predetermined/roughly calculated 

arrival time found from the distance between the departure airport and destination air-

port. However, the formulation of 𝐸𝑇𝐴𝑖 does not consider the air traffic pattern, queue 

length in a specific time interval and runway capacity of the destination airport. The 

final approaching time 𝑆𝑇𝐴𝑖 is usually assigned by ATC when the flight is ready to 

enter the TMA. The assigned airborne delay time 𝑑𝑖 is from a set of discrete value 𝐷𝑖 =

{𝑑𝑖
1, 𝑑𝑖

2, … ,𝑑𝑖
𝑄𝑖}, where 𝑄𝑖  is the maximum element in the set. Besides controlling the 

speed of approaching flights, ATC arranges flights on the queue for landing by utilizing 

aeronautical holding in TMA when the airspace in TMA is congested. A completed 

time for an oval course flown in aeronautical holding is defined as ℎ, and the cumula-

tive number of completing holdings is denoted as 𝑡𝑖, where 𝑡𝑖 is less than the maximum 

number of aeronautical holdings 𝐾. Therefore, the total holding time of flight 𝑖 is cal-

culated by 𝑡𝑖 × ℎ. 

The model minimises the total delay from the estimated time of arrival in absolute 

value for the worst case directly. The completed mathematical formation for aircraft 

scheduling considering the airborne and holding pattern is shown as below:  

 min 𝑓 = ∑ (|𝑑𝑖| + ℎ𝑡𝑖)
𝑛
𝑖=1  (1) 

s.t. 

 𝑆𝑇𝐴𝑖 = 𝐸𝑇𝐴𝑖 + 𝑑𝑖 + ℎ𝑡𝑖, ∀𝑖 (2) 



 𝑆𝑇𝐴𝑖 ≤ 𝑙𝑖 , ∀𝑖 (3) 

 𝑆𝑇𝐴𝑗 − 𝑆𝑇𝐴𝑖 ≥ 𝑆𝑖𝑗 −𝑀(1 − 𝑦𝑗𝑖𝑟), ∀𝑖, 𝑗, 𝑖 ≠ 𝑗 (4) 

 𝑦𝑖𝑗𝑟 + 𝑦𝑗𝑖𝑟 ≤ 1, ∀𝑖, 𝑗, 𝑟, 𝑖 ≠ 𝑗 (5) 

 ∑ 𝑥𝑖𝑟 = 1, ∀𝑖𝑚
𝑟=1  (6) 

 𝑥𝑖𝑟 , 𝑦𝑖𝑗𝑟 ∈ {0, 1}, ∀𝑖, 𝑟 (7) 

 𝑑𝑖 ∈ 𝐷𝑖 = {𝑑𝑖
1, 𝑑𝑖

2, … ,𝑑𝑖
𝑄𝑖} (8) 

 𝑡𝑖 ∈ ℤ, 0 = min⁡(𝑡𝑖) ≤ 𝑡𝑖 ≤ max⁡(𝑡𝑖) (9) 

 

The objective function (1) is used to minimise the airborne delay in absolute values 

and the total holding time of all flights. Constraint (2) computes the scheduled time of 

arrival 𝑆𝑇𝐴𝑖 of flight 𝑖 by the sum of estimated time 𝐸𝑇𝐴𝑖 of arrival of flight 𝑖, airborne 

time 𝑑𝑖via speed control and the total holding time ℎ𝑡𝑖.Constraint (3) limits the sched-

uled time of arrival 𝑆𝑇𝐴𝑖 before the latest time of arrival 𝑙𝑖. Constraint (4) guarantees 

that the scheduled time of arrival 𝑆𝑇𝐴𝑗 of flight 𝑗 can only approach when the landing 

procedure of flight 𝑖 is completed with separation time 𝑆𝑖𝑗 . Constraint (5) ensures that 

the landing sequence on the same runway 𝑟, either flight 𝑖 before flight 𝑗 or flight j be-

fore flight 𝑖. Each flight 𝑖 is restricted to being assigned on only one runway 𝑟 by con-

straint (6). Constraint (7) confirms that decision variables 𝑥𝑖𝑟 , 𝑦𝑖𝑗𝑟  are binary numbers. 

Considering the travel time by speed up or slowdown is a discrete operation in aviation 

management, and the controlled airborne delay 𝑑𝑖 is a discrete value from a set of speed 

profiles 𝐷𝑖  of flight 𝑖 by constraint (8). Constraint (9) denotes the minimum and maxi-

mum rounds of aeronautical holding in integer values.  

3 Resolution Procedure for Aircraft Scheduling  

3.1 Proposed MIP-based Artificial Bee Colony Algorithm 

The Artificial Bee Colony (ABC) algorithm is considered as a Swarm Intelligence 

based (SI-based) algorithm in optimisation problem [12]. The major advantage of using 

the ABC algorithm in optimisation problem is that the design of the algorithm focuses 

on balancing the exploration and exploitation during searching. Exploitation refers to 

the ability of searching from a known solution, while exploration refers to the ability of 

escaping from local optimal. Three major features foster the optimisation process ef-

fectively and efficiently. These include: decentralisation, self-organizing and collective 

behaviour [13]. The notation and the process flowchart of ABC algorithm are shown in 

Table 3 and Figure 2 correspondingly. The ABC algorithm constructs the aircraft 

scheduling and sequencing solution, while the mixed integer programming is involved 

in obtaining the discrete airborne delay and number of aeronautical holdings. 

 



 

Fig. 2. The process flowchart of proposed artificial bee colony algorithm 

Table 3. Notation of Proposed Artificial Bee Colony Algorithm 

Notations Explanation 

CS The size of bee colony 

SN The number of candidate solutions 

D The dimension of an independent solution 

𝑐𝑖,𝑖 = 1,2, … , 𝑆𝑁 The position of each solution in bee colony 

fun(𝑐𝑖) The objective value of solution 𝑐𝑖 

fit(𝑐𝑖) The fitness value of solution 𝑐𝑖 

𝑃𝑟𝑜𝑏(𝑐𝑖) The probability of an individual solution 𝑐𝑖 among the 

entire colony in term of fitness value 

𝑐𝑖̅ The neighbour solution of an individual solution 𝑐𝑖 

trial(𝑐𝑖) The accumulated trial value of an individual solution 𝑐𝑖, 
which cannot be enhanced the quality of solution in 

terms of its objective value 

𝑙𝑖𝑚𝑖𝑡 The maximum tolerance of  trial(𝑐𝑖) 



𝑝 Random number, 0 ≤ 𝑝 < 1 

 

3.2 Constructive heuristic in the Initialization Phase 

Compared with randomised initialization, constructive heuristic provides a fairly good 

starting point for optimal searching from a promising solution region. Given a 

satisfactory initial solution with high quality, the algorithm is able to reduce the con-

vergence time and computational burden. A simple constructive heuristic is proposed. 

The initial solution is constructed from a sequential order of a set of ETA𝑖. The ob-

jective function is to minimize the airborne delay and holding delay. The construction 

from a First-come-first-serve sequence provides a good initial solution for further ex-

ploitation. In order to maintain diversity of the solution sets by constructive heuristic, 

a random runway assignment is considered from a sorted FCFS sequence in ascending 

order of 𝐸𝑇𝐴𝑖. The flight with the earlier time in 𝐸𝑇𝐴𝑖 will be assigned an earlier posi-

tion with a random runway assignment, and vice versa. 

3.3 Employed Bee Phase 

In each iteration, an employed bee performs neighbourhood search operators to gener-

ate a neighbourhood solution 𝑐𝑖  from a known solution 𝑐𝑖 = 1,2, … , 𝑆𝑁. The greedy 

method is applied to obtain better solution quality by comparing the objective value of 

the known solution 𝑓𝑢𝑛(𝑐𝑖) and neighborhood solution 𝑓𝑢𝑛(𝑐𝑖). Two operators are 

considered in this phase: The swap operator and the insert operator. The swap operator 

randomly selects two flights from different runways and performs swapping of the po-

sition of the two elements. The insert operator aims to reassign the randomly selected 

flight to another runway at a particular position. Any unsuccessful update in the candi-

date solution will be cumulated by the parameter 𝑡𝑟𝑖𝑎𝑙(𝑐𝑖). 

3.4 Onlooker Bee Phase 

The onlook bee further enhances the solution quality by the neighbourhood search 

operators. The selection criterion of candidate follows the fitness probability 

distribution using equation (10). The high value in fitness approximation fit(𝑐𝑖) 
denotes a high solution quality in terms of the objective value across the population. 

The selective probability of each solution is calculated by equation (11). 

 fit(𝑐𝑖) =
1
1 + 𝑓𝑢𝑛(𝑐𝑖)
⁄ , ∀i (10) 

 Prob(𝑐𝑖) =
𝑓𝑖𝑡(𝑐𝑖)

∑ 𝑓𝑖𝑡(𝑐𝑖)
𝑆𝑁
𝑖=1

⁄ ,∀i (11) 



3.5 Scout Bee Phase 

Excessive exploitation may result in a local optimal trap. In the ABC algorithm, the 

scout bee will evaluate the possibility of being a trap in a local optimal by considering 

the parameter 𝑡𝑟𝑖𝑎𝑙 . A higher value in 𝑡𝑟𝑖𝑎𝑙  implies a higher probability of being 

trapped in a local optimal. The scout bee will initialize the solution candidate when the 

𝑡𝑟𝑖𝑎𝑙(𝑐𝑖) is excess the maximum tolerance of unsuccessful update 𝑙𝑖𝑚𝑖𝑡. 

4 Computational Experiment 

4.1 Instance Description 

The test instance is randomly generated with the number of flights 𝑛 is 20, and the 

number of runways r is 2. The 𝐸𝑇𝐴𝑖 , ∀𝑖 is randomly assigned from a uniform interval 

of [240,600] to represent a high traffic situation. The detailed description of the test 

instance is shown as Table 4. 

Table 4. Instance description of aircraft scheduling model (𝑛 = 20,𝑚 = 2) 

Flight 

ID 
𝐸𝑇𝐴 

Flight 

size 

Speed 

profile 

Flight 

ID 
𝐸𝑇𝐴 

Flight 

size 

Speed 

profile 

0 491 Small 𝐷𝛼  10 589 Medium 𝐷𝛼  

1 375 Small 𝐷𝛽 11 449 Medium 𝐷𝛽 

2 371 Medium 𝐷𝛼  12 506 Medium 𝐷𝛽 

3 388 Medium 𝐷𝛾 13 265 Medium 𝐷𝛽 

4 534 Medium 𝐷𝛼  14 474 Medium 𝐷𝛽 

5 371 Medium 𝐷𝛼  15 454 Medium 𝐷𝛽 

6 327 Medium 𝐷𝛽 16 436 Medium 𝐷𝛽 

7 291 Medium 𝐷𝛼  17 366 Large 𝐷𝛼  

8 424 Medium 𝐷𝛽 18 371 Large 𝐷𝛽 

9 491 Medium 𝐷𝛾 19 499 Large 𝐷𝛼  

𝐷𝛼 = {−180,−120,−90,0,90,120, 180}; ⁡𝐷𝛽 = {−120,−90,0,90, 120}; ⁡𝐷𝛾
= {−90, 0, 90}; 

4.2 Effectiveness of the proposed algorithm 

To measure the effectiveness of the proposed ABC algorithm, an exact method by IBM 

ILOG CPLEX Optimization Studio 12.6.3 and the original ABC algorithm are also 

applied as a baseline for comparison. The optimal solution by the exact method is 

shown in Figure 3. The configuration of the computational environment is Intel Core 

i7 3.60 GHz CPU and 16 GB RAM under Window 7 Enterprise 64-bit operating sys-

tem. The algorithms are written in C# language with visual studio 2015. In our prelim-

inary study, the parameters of the proposed ABC algorithm are set as follows: CS =

40, SN = 𝐶𝑆
2⁄ , 𝑙𝑖𝑚𝑖𝑡 = 𝑆𝑁 ×𝑚 × 𝑛 . The computational time of exact method by 



IBM ILOG CPLEX is limited to an hour, while the ABC algorithm was given a maxi-

mum computational time of 300 seconds for resolution. Each algorithm is repeated 10 

times to obtain the average performance. Table 5 indicates that proposed ABC algo-

rithm obtain a fairly good approximation solution compared with the original ABC al-

gorithm.  

Fig. 3. Gantt charts for the solution obtained by exact method with one-hour computational 

limit 

Table 5. Computational performance by exact method and ABC algorithm 

CPU = 3600 seconds CPU = 300 seconds 

MIP w/ CPLEX ABC algorithm Proposed ABC algorithm 

Optimal 
Avg 

obj 

Best 

obj 

Gap 

(Opt.) 

Avg 

obj 

Best 

obj 

Gap 

(Opt.) 

6990 9546 8430 36.57% 7785 7500 11.37% 

Avg obj = Average objective value; Best obj = Best objective value; Gap (Opt.) = De-

viation between average objective value and optimal by ILOG CPLEX 

5 Conclusion 

Due to the increase of air traffic, the workload is increasingly affecting the resilience 

of ATC. During heavy air traffic situations and in a dynamic environment, the landing 

schedule may be adjusted from time-by-time. Pilots may be confused when ATC pro-

vides an excessive voice-communication-control on flight speed and landing time by 

rescheduling. To reduce the workload of ATC, a swarm intelligence algorithm is pro-

posed to solve the aircraft scheduling problem considering discrete airborne delays and 

holding patterns for daily operation. 
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