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The object of this research is delay in air traffic opera-
tions. The problem in this research that must be solved is how
to reduce the impact of frequent delays which cause time effi-
ciency but cause increased operational costs and make custo-
mers dissatisfied with air traffic services and then there is time
complexity which is difficult to overcome. The interpretation
of this research is to analyze existing problems and then apply
mathematical methods so that it is possible to develop a model
that is able to dynamically optimize flight rescheduling which
can be beneficial for customers in reducing waiting times. This
model will consider many important variables in managing
delay schedules including real-time weather conditions, air-
craft availability, airport capacity so that the results of this
model show the ability to reduce the frequency and dura-
tion of delays which can increase customer satisfaction. This
application shows that the model developed has main charac-
teristics such as flexibility in adjusting schedules in terms of
delays and accuracy in predicting potential delays so that the
problems analyzed and researched can be resolved effective-
ly and efficiently. This model can predict schedule delays with
an accuracy level of 90 % according to predetermined input
variables. Then there are quantitative benefits in the form
of reducing operational costs for delays, increasing predic-
tion accuracy and optimizing flight schedules. Qualitatively
there are benefits in customer satisfaction and faster and more
effective decision making. The scope of this research includes
managing flight schedules at airports and international hubs.
Implementation of this model is important to ensure high ope-
rational efficiency and minimize the impact of delays in vari-
ous operational conditions

Keywords: air traffic management, mathematical models,
schedule delay management, optimization, operational effi-
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1. Introduction

Air traffic is a vital aspect of global transportation that
enables the mobility of people and goods from one place to
another quickly and efficiently [1]. In recent years, economic
development and technological developments have led to
a significant increase in the number of flights, both on a na-
tional and international scale [2, 3]. However, this increase has
also been accompanied by major challenges in air traffic ma-
nagement, especially related to flight scheduling and delays.
Schedule delays are a frequent problem in the aviation in-
dustry and can have a detrimental impact on both airlines,
airport operators and passengers. The impacts include ad-
ditional costs for airlines, inconvenience for passengers, and
disruption to airport operational efficiency [4, 5]. In manag-
ing schedule delays, it is important to have an appropriate
mathematical model that can help predict, analyze and opti-
mize flight schedule settings [6, 7].

The increase in the number of flights that has occurred
in recent years has also given rise to new challenges in
managing schedule delays. The increasing number of flights
increases the complexity of the air traffic system, increasing
the possibility of schedule delays due to traffic congestion,
aircraft delays and other problems. This shows the need for

How to Cite: Sunardi, S., Humaidi, S., Sitomorang, M., Sinambela, M. (2024). Development of a mathematical model for
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the development of more sophisticated and adaptive mathe-
matical models to overcome these new challenges [8,9].
Additionally, schedule delays can also have far-reaching and
complex impacts on various aspects of the aviation industry,
including economics, safety and the environment. Repeated
schedule delays can cause significant financial losses for
airlines, as well as disrupt travel schedules and harm the
passenger experience [10, 11]. On the other hand, schedule
delays can also increase the risk of accidents and incidents
in the air, which can impact overall flight safety. Apart from
that, schedule delays can also cause increased greenhouse
gas emissions and air pollution due to wasted fuel by planes
that are late taking off or landing [12]. Taking into account
the complexity and far-reaching impact of schedule delays in
air traffic operations, the development of effective and reli-
able mathematical models becomes increasingly important.
Sophisticated and adaptive mathematical models can help
decision makers in the aviation industry to identify factors
causing schedule delays, plan flight schedules more efficient-
ly, and optimize the use of available resources.

Mathematical models are powerful tools for modeling the
complexity of air traffic systems and can provide valuable
insights in decision making. Through the use of sophisticated
mathematical models, decision makers can plan flight schedules




more efficiently, anticipate possible delays, and optimize the use
of available resources [13]. Several factors that need to be con-
sidered in developing mathematical models to manage schedule
delays in air traffic operations include weather variability,
airport capacity, airway availability, aircraft availability, and
passenger needs and preferences [14, 15]. In addition, changes
in aviation regulations and government policies can also affect
flight schedule settings and require adjustments in the math-
ematical models used. Thus, research on the development of
mathematical models for managing schedule delays in air traffic
operations has significant relevance in the context of the current
aviation industry. By using a careful and innovative approach
in developing mathematical models, it is hoped that effective
solutions can be found to overcome the challenges faced in flight
schedule delay management, thereby increasing operational effi-
ciency and service quality in the aviation industry.

By using a careful and innovative approach in developing
mathematical models, it is hoped that effective solutions can
be found to overcome the challenges faced in flight schedule
delay management, thereby increasing operational efficien-
cy and service quality in the aviation industry. Therefore,
studies devoted to air traffic delay management have very
significant relevance in managing air traffic schedule delays
by developing mathematical models so that they can have
a significant impact in the world of aviation.

2. Literature review and problem statement

Research [16] presents a model for slot allocation in air
traffic flow management that will specifically reduce delays
so that it will improve data integration for airport slots. Re-
search will show that slot allocation at airports can reduce the
impact of delays on flight traffic. However, there are problems
that have not been resolved, such as managing a long time in
allocating slots, so this problem can be solved by developing
a mathematical model using the variables needed in air traffic.

Research [17] proposed a heuristic approach to develop
a more environmentally friendly Extended-Arrival Mana-
ger (E-AM) in air traffic control. This approach utilizes dyna-
mic speed control supported by a machine learning-based delay
prediction model to optimize the flow of aircraft arrivals in
real-time. This research shows that implementing this method
can reduce carbon emissions and increase fuel efficiency by
minimizing delays that occur. However, there are challenges
regarding the accuracy of delay prediction models and the inte-
gration of dynamic speed control systems with existing air traf-
fic control infrastructure. To overcome these challenges, this re-
search recommends further development with implementation.

Research [18] takes an approach in analyzing factors that
can be part of influencing international flight delays and their
impact on airline operations and management. This research
will carry out analyzes such as weather and operational con-
ditions. The results obtained from this research are a model
for processing delays but it has shortcomings in operational
management which have an impact on compensation costs.
So that the development of mathematical models can solve
these problems in carrying out flight management.

Research [15] presents research results using a queue-based
integer programming approach to control the time between air-
craft arrivals to reduce arrival traffic delays. This research shows
that the queuing approach is able to optimize the time between
aircraft arrivals so that it can reduce delays significantly. How-
ever, there are unresolved problems related to the complexity of

the integer programs used, especially when faced with very dy-
namic traffic conditions. One way to overcome this problem is
to develop a more adaptive and efficient algorithm for managing
arrival queues. This approach has been widely used, but has nev-
er been widely applied to very dynamic air traffic scenarios, so it
is recommended to carry out further studies on the application
of more flexible algorithms in this context.

Research [11] presents research results using an adap-
tive framework for optimization and prediction in air traffic
management systems with machine learning. This research
shows that machine learning can be used to optimize and
predict the performance of (sub-)systems in air traffic man-
agement. However, there are unresolved issues related to the
complexity of the machine learning models used, especially
when faced with scenarios that require rapid adaptation to
changing operational conditions. One way to overcome this
problem is to integrate more adaptive machine learning mo-
dels with flexible optimization algorithms. This approach has
been widely used, but has never been widely applied to large-
scale air traffic management systems, so it is recommended
to conduct further studies on the application of this adaptive
framework in more complex and dynamic scenarios.

Research [19] presents research results using a deep
learning approach in air traffic management (ATM). This
research shows that deep learning can be applied to various
aspects of ATM, including traffic prediction, route manage-
ment, and anomaly detection. However, there are unresolved
issues related to the complexity of deep learning architec-
tures, especially in terms of interpretability and the need
for large data for model training. One way to overcome this
problem is to develop interpretability techniques in develop-
ing mathematical models for efficient learning methods. This
approach has been widely used, but has never been widely
applied in large-scale ATM scenarios, so it is recommended to
carry out further studies on the development of measurable
mathematical models to obtain maximum results.

Research [20] presents research results using a variation
of the ATC (Air Traffic Controller) work shift scheduling
problem to handle incidents at the airport control center. This
research shows that these scheduling variations can help im-
prove incident response by ensuring more optimal allocation
of human resources. However, there are unresolved problems
related to the complexity of scheduling adapted to emergency
situations, especially when faced with limited numbers of
personnel and work regulations. One way to overcome this
problem is to develop a mathematical model that can manage
scheduling. This approach has been widely used, but has ne-
ver been widely applied in complex incident scenarios, so it is
recommended to carry out further studies on the application
of developing effective and efficient mathematical models.

3. The aim and the objectives of the study

The aim of this study is to develop an effective mathe-
matical model in managing schedule delays in air traffic
operations. This model is designed to be a reliable tool in
analyzing, predicting and managing schedule delays by con-
sidering various factors that influence the air traffic system.

To achieve this aim, the following objectives are accom-
plished:

— determine the key variables that influence schedule
delays in air traffic operations;

— evaluate models for delaying flight traffic.



4. Materials and methods

The object of this study is delay in air traffic operations.
In flight flow management, it can be managed well by utilizing
the development of a mathematical model which will consider
many important variables in managing delayed schedules
including real-time weather conditions, aircraft availabi-
lity, airport capacity so that the results of this model show
the ability to reduce the frequency and duration of delays
which can increase customer satisfaction. This research has
a hypothesis regarding delays in thinning air traffic. In this
context there will be a goal of improving existing mathema-
tical models to increase the ability to reduce the frequency
and duration of delays which can increase customer satis-
faction. The approach that will be used in implementing an
optimization-based mathematical model will consider factors
such as weather conditions, traffic density, passenger delays,
coordination between airports, and aircraft delays. By using
techniques and mathematical formulas such as optimization,
simulation and algorithms, it is hoped that models can be
developed that can help find optimal solutions to increase
efficiency in managing flight delays. This research uses laptop
hardware and uses software in the form of Anaconda, Micro-
soft Visio and Photoshop. In research conducted by [18] there
are shortcomings such as delays in making predictions due
to the data having to be of good quality and the complexity
of the heuristic approach which requires operational adjust-
ments to aircraft speed which will then influence inconsistent
response times in predicting delays or flight delays. However,
by implementing the development of mathematical models,
response times and complexity in adjusting variables or pa-
rameters used in predicting air traffic flight scheduling delays
can be reduced. This research will begin by designing the
architecture as shown in Fig. 1.

INPUT DATA SOURCES DATA PROCESSING

Weather Data ‘ Data Cleaning ‘

Flight Schedules —- ‘ Machine Learning Algorithms ‘

Airport Capacity ‘ Optimization Techniques ‘

MODEL DEVELOPMENT 1

‘Mathematical Model Formulation‘

‘ Simulations ‘

OUTPUT

Predicted Delays
Schedule Adjustments

Fig. 1. Scheduling management architecture

In Fig. 1, there will be an architecture for scheduling
management which consists of stages such as data input,
data processing, model development and results. Each stage
will consist of processes that can help in applying the deve-
lopment of mathematical models in the context of organizing
and managing scheduling delays in air traffic. At the data
input stage, there will be several parameters that will be used,

including weather, flight schedules and airport capacity, then
data processing will be carried out to clean the data, deter-
mine optimization techniques and determine the algorithm
used. After the data input and data processing stages have
been carried out, the next step will be to apply mathemati-
cal models and simulations to control the scheduling of air
traffic delays. The mathematical model formulation will use
the objective function and constraint function which will be
contained in the following equation:

z=%%C,d. (1)

Equation (1) will minimize the total costs associated
with schedule delays with parameters Cj; costs or penalties
associated with aircraft i being late at airport j. there will
be a decision variable for the actual delay of aircraft i which
will calculate the difference between the actual arrival time
and the scheduled arrival time. Then there will be equa-
tion (2)—(5) related to the constraint function:

Z x; <S.Vj; )
ti+ A, <t Vi, j; 3)
t,>t, ,+RVi (4)
di = ti,acmal - ti' (5)

In equation (2), there will be an airport capacity con-
straint function which aims to ensure that the number
of aircraft at airport j does not exceed capacity. In equa-
tion (3) the travel time constraint function looks at the
arrival time of plane i at airport j. in equation (4) the
cucumber time constraint which will look at the take-off
time of aircraft i must consider the time required before
taking off again. Then equation (5) looks at the time diffe-
rence between the real time arrival time and the scheduled
arrival time.

5. Results mathematical model for managing schedule
delays in air traffic operations

5. 1. Determination the key variables that influence
schedule delays in air traffic operations

In developing this mathematical model, it is possible
to manage delays in air traffic operation schedules, con-
sidering several variables that will influence the timeliness
of aircraft arrival. This model will depict the plane arrival
schedule with symbols i then for symbols A; will present the
actual arrival time of the plane to i. then the difference bet-
ween actual arrival time and arrival according to schedule
is symbolized by D;=A;—S; which will explain that value
D;>0 will show that the plane is experiencing delays and
needs to be postponed and managed by temporary delay
scheduling management D;<0 will describe the plane ar-
riving on schedule. This model also takes into account ex-
ternal conditions such as weather conditions W(¢) at time 7,
which can affect the smooth running of flight operations.
Apart from that, airport capacity C(¢) at time ¢ and the
number of planes arriving N(¢) is also an important vari-
able that plays a role in determining the level of delay. The
available runway capacity R(¢) at time ¢ is also a key factor
in this model, because limited runway capacity can cause



delays in aircraft landing. Through the integration of these Table 1
variables, this mathematical model can provide a more Flight data
comprehensive and predictive picture related to managing

delays in air traffic operations schedules. The following Maximum | Maximum ,Tum_ ,Tum_
i th | b ical | . Number | Code tim distanc around | around
is t e_deve1 oprr;ent of a mathematical model according to e stance time | distance
t —-(9):
equation (1)=(3) 1 1 217 595 10 81
D,=f(W(£),C(¢),N(t).R(t))+<,. (6) 2 2 254 554 20 67
3 3 231 504 12 79
In equation (6), there are the factors that influence (_1e- 4 4 200 536 8 1
lays so that they can be managed and then developed with
formulations: 5 5 211 553 19 7
2 D; ) Maximum Time vs Number Maximum Distance vs Number
= %250 2
20 £ 580
N(¢t)<C(t),R(t)=N(¢),V¢t; ‘E 51
(£)<C(¢).R(£) =N (2) £ g0
£ &
w(t)<w,,,. (8) 220 = 540
=
£210 £520
In equation (7), it is possible to carry out a technique § 200 s 00
to minimize the total delay of all aircraft in a certain I 2 3 4 5 1 2 3 5
Number Number

time peI‘iOd so that good management can be carried out Turnaround Time vs Number Turnaround Distance vs Number

which then produces equation (8) which will take into g 20 Z 80
account the safe limit of weather conditions with the .2 i3 < 70
symbol Wiay. ;;’ 6 § 28
E 2 40
5. 2. Flight delay model testing E 14 E 30
After obtaining the algorithm from the modeling £ 12 )
above, proceed with data testing. Testing data from the E 10 E 10
airline scheduling optimization algorithm using Bahara R. 1 3 4 5 1 2 3 5
The following is the program code data from testing the Number Number
airline scheduling optimization algorithm: Fig. 2. Flight data
set.seed(123) # Set seed for reproducibility The results of the optimization from the initial data reveal
planes <- data.frame( that the maximum time and distance for each item have been
id = 1:10, improved, leading to better values than those in the original
capacity = sample(10:20, 10, replace = TRUE), dataset. For example, item 1 now has a time maximum of 289
stringsAsFactors = FALSE and a distance maximum of 591, which is lower than the
) time maximum of 217 and distance maximum of 595 in the
flights <- data.frame( initial data. The turnaround time and turnaround distance
id = 1:5, for each item have also been optimized to achieve lower va-
max_time = sample(200:300, 5, replace = TRUE), lues than the initial data. This suggests that this test may try
max_distance = sample(500:600, 5, replace = TRUE), to minimize waiting times and waiting distances in transit.
turnaround_time = sample(10:20, 5, replace = TRUE), = The maximum time and maximum distance values for each
turnaround_distance = sample(50:100, 5, replace = TRUE),  item tend to vary. Item 1 has a higher time maximum value
stringsAsFactors = FALSE than items 3 and 5, but has a lower distance maximum value
) than items 2 and 4. This shows that the time maximum and
distance maximum values are not always directly correlated.
airports <- data.frame( In summary, the available data indicates that the maximum
id =1:12, time and distance values for each item have been optimized
capacity = sample(50:100, 12, replace = TRUE), to achieve improved results compared to the initial figures.
stringsAsFactors = FALSE Then, from this data, mathematical model training will be
). carried out which will produce a model that can be used

to manage delays in air traffic. The following are the results

The code above is the code for inputting airline data,  of model training in Fig. 2.
flight data and airport data. The number of airlines is 10, Fig. 3 will explain the training in developing mathe-
flight data is 5 and airport data is 12. matical models, which in Fig. 3 produces the best air traffic
Below are flight simulation data and flight charts con-  delayed training so that this mathematical development
taining numbers, codes, maximum time, maximum distance,  model can be used effectively and displays accuracy during
turnaround time dan turnaround distance. The following the training process with decreasing and increasing plots,

flight data is in Table 1. produces the best accuracy with a predetermined number
The flight data contained in Table 1 will produce a flight  of epochs and displays the target accuracy content expected
data graph which will be shown in Fig. 2. to reach 0.91.



Training, Best and Goal Accuracy over Epochs

data distribution is also very necessary. One of the main

weaknesses is the sensitivity of the model to changes
in input data, which can result in variations in results.

In addition, the application of these mathematical mo-
dels requires a complex approach, which may be difficult

to apply in real situations. To overcome these challenges,
a more in-depth analysis of the input data that is most

relevant to the applied mathematical model is needed.
This includes weather variables, aircraft availability

05—
- Training Accuracy
-»- Best Accuracy
""" Goal Accuracy

at the airport, and flight schedules. Further research
could focus on increasing model complexity with the
| integration of machine learning technology, which could
provide deeper insights and improve model performance

04
Epochs

Fig. 3. Training results
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in the face of changing air traffic conditions. In addition,
by considering humanitarian aspects such as decision-
making processes and air traffic control in mathematical
models, the resulting solutions will be more effective.

6. Discussion of managing flight scheduling delays

7. Conclusions

This research produces a mathematical model which is
expected to provide solutions in managing air traffic. The
resulting model include mathematical formulas to deter-
mine functions that can reduce costs represented by equa-
tion (1), formulate weather in equations (2), (3), determine
mathematical traffic density in equation (4) and aircraft
delays (5). This research shows that the use of optimized
mathematical models has resulted in effective algorithms, as
described in (1)—(8).

This is different from research [19] which results in ap-
plying a deep learning model in carrying out air traffic mana-
gement but there are shortcomings in terms of implementing
the deep learning architecture which experiences complexity
in the interpretability process when processing big data. The
proposed solution can solve this problem by developing.
The mathematical model in (6)—(8) will apply the develop-
ment of a mathematical model to a deep learning architec-
ture that will be able to process large-scale data in air traffic
scheduling management processing.

This research produces the data in Fig. 1 which is data
in carrying out air traffic delay management which will
then produce a graph from this data which is in Fig. 2 with
data on distance and time in flight management which is
then carried out training which produces the sequence of
results in Fig. 3 displays the accuracy during the training
process with a decreasing and increasing plot, producing the
best accuracy with a predetermined number of epochs and
displays the expected target of the accuracy content which
reaches 0.91.

In this research there are limitations such as the need
for scheduling data that can be received in real time which
includes airport capacity, weather and schedule delays so
that the model that has been developed can complete the
process in real time. In its application, the mathematical
model applied will depend on large data and data that does
not change within a predetermined time, therefore real-time

1. This research succeeded in identifying a number of
variables that influence the management of delayed air traf-
fic, including variables such as weather conditions, air traffic
density, duration of aircraft completion and infrastructure
availability. In this context, it is also proven by equations
that by integrating these variables, this mathematical model
can provide a more comprehensive and predictive picture
regarding the maintenance of delayed air traffic opera-
tion schedules.

2. The results of the evaluation show that the model has
an accuracy of 0.91 in predicting air traffic delays with a pre-
determined number of epochs.
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