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Abstract— Airport capacity has become a constraint in 

the air transportation networks, due to the growth of air 
traffic demand and the lack of resources able to 
accommodate this demand. This paper presents the 
algorithmic implementations of a decision support system 
for making a more efficient use of the airspace and ground 
capacity. The system would be able to provide support for 
air traffic controllers in handling large amount of flights 
while reducing to a minimum the potential conflicts. In 
this framework, airspace together with ground airport 
operations are considered. Conflicts are defined as 
separation minima violation between aircraft for what 
concerns airspace and runways, and as capacity overloads 
for taxiway network and terminals. The methodology 
proposed in this work consists of an iterative approach 
that couples optimization and simulation to find solutions 
that are resilient to perturbations due to the uncertainty 
present in different phases of the arrival and departure 
process. An optimization model was employed to find a 
(sub)optimal solution while a discrete event-based 
simulation model evaluated the objective function. By 
coupling simulation with optimization, we generate more 
robust solutions resilient to variability in the operations, 
this is supported by a case study of Paris Charles de Gaulle 
Airport. 
 

Index Terms—Airport, Airspace, Optimization, Simulation, 
Uncertainty. 
 

I. INTRODUCTION 
ANY airports nowadays are on the edge of their capacity. 
The main reason can be found in the constant growth of 

the air traffic and the many constraints that hinder airport 
expansion. Environmental restrictions and land use limitations 
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are the main constraints for airport expansion. Air traffic 
growth rate for the next 20 years is forecasted as 4.4% [1], this 
calls out for extra capacity in airports to accommodate the 
future traffic. Moreover, this growth requires solutions in the 
short-term horizon rather than the long-term one. Short-term 
solutions focus normally in improving airport operational 
efficiency. This improvement will result in an increase of the 
airport throughput and will reduce delays which is one of the 
most common indicator of inefficiencies.  

The focus of this study is on air traffic management 
operations in the vicinity of airports, where airside and 
airspace operations are tackled in an integrated fashion. 
Airside operations are defined as operations carried out by 
aircraft that involve ground components like runways, 
taxiways and gates. Airspace operations are defined as those 
carried out by aircraft in the terminal manoeuvring area 
(TMA), a portion of the airspace which surrounds airports. In 
the literature regarding this research area, it is possible to find 
several studies about the improvement of these operations. In 
some cases researchers focused on individual operations [2], 
[3], while other focused on the integration of them [4]. In this 
context, many analytical models have been developed and 
applied to real case studies. 

The problem studied in this work aims at providing an 
efficient decision support system (DSS) for managing the 
traffic and capacity of an airport. The objective is to avoid any 
type of conflict (e.g. separation minima violations, runway, 
taxiway, terminal capacity violations), and harmonize the 
sequence of arrivals and departures. Such a problem is defined 
by the authors as extended conflict detection and resolution 
(ECD&R), which is an extension of the air traffic conflict 
detection and resolution (CD&R) problem [5] considering also 
ground operations such as runways, taxiway and terminals 
operations. The main issue of most of the models about airport 
operations present in literature is that they do not consider the 
variability of real the system. Therefore, when solutions are 
applied to real conditions, they are very rigid and can become 
unfeasible due to disturbances of the real system. With the 
objective of making the solutions more resilient and 
applicable, the uncertainty coming from real-world conditions 
is considered in this approach. To this end, simulation 
techniques have been incorporated in the optimization 
algorithm to include the inherent variability of the real traffic. 
The purpose of the problem is to generate solutions which are 
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more resilient to perturbations due to uncertainty.  
The remaining of the paper is organized as follows: in 

section Ⅱ a literature review about optimization and simulation 
techniques applied to aviation-related problems is given, in 
section Ⅲ the problem tackled by this study is described. 
Section Ⅳ describes the methodology proposed in this study 
explaining the architecture of optimization and simulation and 
how it is applied for the specific problem. In section Ⅴ the 
implementation of the methodology on a real case study is 
presented. Conclusions and future work are presented in 
section Ⅵ.  

II. LITERATURE REVIEW 
This section presents a literature review about various 

techniques that include the use of optimization, simulation and 
a combination of the two, for problems that involve air traffic 
management operations at airports. 

A. Optimization techniques 
In the literature, one can find approaches that integrate 

arrival, departure and surface management as presented in [6]. 
In this work, it was implemented an optimization algorithm 
for solving in a sequential way the aircraft ground routing, 
arrival and departure sequencing, and conflict resolution 
problems. The ground aircraft routing problem was solved 
applying a shortest route algorithm, the arrival and departure 
schedule were solved with a time indexed formulation and the 
conflict resolution with a linear program model. The algorithm 
was tested with a real case study, achieving general 
improvements in surface performance indicators such as taxi 
times and punctuality. In [7], near-terminal airspace and 
airside operations were unified in a two phase approach 
where, at the beginning, runway configuration selection and 
runway sequence problems were solved, and then, gate 
holding and ground routing decisions were made for airside 
operations. A binary optimization model was developed and 
results showed reductions in delays, fuel use and emissions. In 
[8], airspace aircraft sequencing operations were integrated 
with airport ground operations at a macroscopic level. In this 
work, taxiways and terminals were modelled in low detail, 
considering them as nodes of a network characterized only by 
their capacity. The problem was solved by a heuristic 
employing a sliding window approach. The model was tested 
with a real case study and results showed the capability of 
reaching a conflict-free scenario for the sequencing of aircraft 
while mitigating ground congestion. In [4] departure process 
management integrated with ground routing problem was 
proposed, with the aim of increasing runway efficiency and 
reducing taxi times. A mixed integer problem was formulated 
for both runway sequencing problem and ground routing 
problem. A sequential heuristic to solve both problems was 
employed. The methodology was able to provide high quality 
results in terms of completion times and taxi time while 
achieving short computational time. In all the work mentioned 
in this section, the solutions generated were based on 
optimization models using deterministic values, this represents 
a drawback since they will not be able to perform well in a 

real world scenario. In this work this drawback has been 
overcome by coupling simulation techniques to an 
optimization model. Furthermore, a limitation found in [7], is 
linked to the fact that the operations were modeled in a 
deterministic way, by not addressing the uncertainty related to 
these kinds of operations. In this work, in order to overcome 
this limitation, we included different sources of uncertainty by 
coupling optimization techniques with simulation techniques. 
In the present work the optimization part is based on [8], while 
and the simulation is based on discrete event simulation (DES) 
model where stochasticity is included to represent uncertainty 
from the real world.  

B. Simulation techniques 
Simulation is a technique widely used for many different 

types of problems in different fields. Its use is supported by 
the fact that it allows to include the variability and causality of 
real processes replicating with high detail the evolution of real 
systems. Simulation has been traditionally used for what-if 
analysis and the modeling of facilities during their planning 
phase or for infrastructures that are difficult or too expensive 
to experiment with in real life, like manufacturing plants, sea 
ports, airports or supply chain systems. In recent years, due to 
its capabilities for including variability and different 
abstraction levels, scientific community has done extensive 
research in techniques that couple simulation techniques with 
optimization ones with good results [9]. Within the air 
transportation framework, simulation has been widely used for 
many different types of operations involving airspace, airport 
airside and terminals. In [10] an extensive survey on the 
existing airport simulators at the time is presented. Although it 
is quite outdated, the main software that are described still 
exist, and they are still utilized to date. In this survey, it was 
made a classification between the airport models in 
macroscopic, mesoscopic and microscopic based on the level 
of detail and their purpose (strategical, tactical and 
operational). The most relevant airport software presented in 
the survey are SIMMOD [11] and RAMS [12], developed by 
the FAA and EUROCONTROL, respectively. SIMMOD is 
able to simulate airspace and airfield operations at airports, it 
also considers disruptive events, human activities as well as 
advanced operating concepts among other features. RAMS is a 
fast-time simulation software that focuses on airspace 
operations with the objective to quantify performance benefit 
for air traffic management (ATM) decision support. The 
majority of these programs are based on discrete event 
simulation paradigm [13], in which the state of the system 
changes based on specific event that are not time dependent. 
In [14] was made an evaluation of SIMMOD simulation 
software for developing a model of the ground operations at 
Boston Logan Airport. The purpose of their study was to 
develop a model to be employed as a support decision tool for 
short term planning, where short-term planning considers 
operations that needs to be planned after alterations made by 
gate management or small disruptions. In [15], SIMMOD was 
used as a tool to make an analysis of a closely spaced parallel 
runway, several scenarios were built based on the runway 
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configurations assessing the overall performance according to 
delay and runway departure queue values. Beside simulation 
software used for specific purposes like SIMMOD and 
RAMS, there are also other types of simulation programs that 
for general purpose, that can be used for different application 
in different fields. These simulation software allow analysts to 
be more flexible when building the logic of the system, 
contrary to specific simulation software, where analysts are 
restricted to use the predefined objects and logic. In [16] a 
DES model for the evaluation of the integrated operations of 
both airspace and airside was proposed,  by combining four 
different modules, each of them representing a specific 
operation (airspace aircraft sequencing, turn around, taxiway 
routing, runway movements). In this way an analysis of the 
airport performance from a holistic view was realized, 
identifying potential problems that might affect the capacity of 
the airport. This approach allows to run each module as a 
stand-alone model for conducting a more specific analysis, 
narrowing the area of interest to a specific area of the airport. 
This simulation model was developed with a general purpose 
simulation software called SIMIO [17]. SIMIO, like other 
general purpose simulation software present on the market, 
provides an extendable library of objects useful for modeling a 
wide range of dynamic systems. This program is used in the 
current study of the paper. In this work, a simulation model 
was developed, similarly as [16], however, in [16], the conflict 
detection and resolution (ECD&R) was not implemented, as it 
represents an innovative feature implemented in this work. An 
additional feature in which this work goes beyond the state of 
the art, is the inclusion of uncertainty in order to represent the 
variability of the operations both in the airspace and on the 
ground.  

C. Simulation combined with optimization 
Simulation together with optimization has proven to be a 

good combination of techniques for tackling problems were 
uncertainty plays a crucial role. Simulation on the one hand, 
allows representing the uncertainty that affects the system 
under study, which is not possible to model by using analytical 
models. On the other hand, optimization gives an optimal or 
near-optimal solution even for complex systems. By coupling 
the two techniques, a solution that is more feasible for 
implementation in real life can be found. In [18] examples of 
applications of simulation and optimization techniques for 
problems that include aeronautical, logistics and industrial 
cases study are presented. Within airport operations, 
uncertainty is a crucial factor and therefore it should always be 
considered when making an analysis. Reference [19] 
highlights the importance of considering uncertainty in airport 
and air traffic control operations and the importance of 
including probabilistic aspects. It also mentions the use of 
computer models as a tool for the evaluation of such systems. 
In the literature we can find many applications that employ 
optimization combined with simulation techniques to solve 
specific airport operations: for instance [20] deals with the 
problem of reducing the cost of delay in air traffic; [21] 
focuses on stochastic aircraft recovery problem; [22] considers 

airport surface traffic; and [23] copes with the check-in 
allocation at airport terminals. Regarding similar problems as 
the one faced in this work, in [24] a DES model integrating 
TMA and airside operations has been developed. Furthermore, 
they integrated the optimization tool OptQuest [25] in order to 
find the best combination for the number of ground vehicles 
with the objective of minimizing the turnaround time. To the 
best of our knowledge there are no studies that tackled the 
aforementioned ECD&R problem employing simulation 
together with optimization, therefore the purpose of this work 
is to fill this gap in the literature. In most of the previous 
references, simulation is used in order to include uncertainty 
and evaluating the objective function of an optimization 
model, our work differs from them in the sense that a better 
solution is found by applying an iterative process where some 
input parameter of the optimization are tuned after the 
optimized solution has been evaluated by using simulation. 
The paper presents a novel methodology which introduces for 
the first time simulation and optimization in a coordinated 
fashion. We present throughout the paper all the details on 
how to tackle real problems using this approach and we finally 
support it by presenting a case study based on real data from 
Paris Charles da Gaulle Airport. 

III. PROBLEM DESCRIPTION: INTEGRATING AIRSPACE AND 
AIRSIDE OPERATIONS 

The problem tackled in this work, consists in the integration 
of airspace and airside operations. Airspace operations involve 
landing sequencing while airside operations involve runway, 
taxiway and terminal operations. The objective, regarding the 
landing sequencing, is to resolve airspace conflicts and have a 
smooth arrival flow of aircraft. Regarding airside operations, 
the objective is to regulate the departure rate aiming at 
mitigating the congestion at the airport surface. The overall 
objective is to produce a solution that balances both systems in 
terms of conflicts. In Fig. 1, a schematic representation of the 
main components modeled is given, showing how these 
components are linked to each other. In this section the 
airspace and airside operations which have been modeled are 
explained, giving the necessary details to the reader for 
understanding the level of abstraction that has been applied. 
For further details about the problem definition please refer to 
[8]. 

 

 
Figure 1: Schematic representation of the airport components 
modeled, airspace and airside. 
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A. Airspace operations 
The airspace operations considered in this work concern the 

sequencing of landing aircraft inside the TMA airport 
airspace.  The TMA is a portion of airspace that surrounds 
airports, its size is usually between 30 and 40 nautical miles 
radius, and its center is located at the airport location as it is 
represented in Fig. 2. According to [26], airports are classified 
by the number of departing seats transported per year. 
Especially for the ones that transport more than 30 million of 
seats, classified as mega airports, TMA can be a very 
congested zone due to the converging traffic flow from and to 
different origin/destination airports. For that reason, the 
management of the aircraft flow in the TMA, ensured by the 
work of the air traffic controllers (ATCOs), can be very 
demanding.  

 
Fig.  2.  TMA representation 

In literature, there are many studies aiming at supporting 
ATCOs work by the development of optimal arrival schedules 
[2], [27], [28], [29], [30], [31].  

In this work, the optimal scheduling of the aircraft during 
their landing phase is ensured by making decisions regarding: 
entry time in the TMA, initial speed in the TMA and runway 
choice. The objective is to avoid conflicts derived from the 
violation of separation minima between aircraft. 
1) Airspace conflicts detection 

Aircraft incur conflicts every time a loss of separation 
minima between two consecutive aircraft is detected. 
ICAO [32] provides values regarding separation minima 
based on the aircraft wake turbulence category. The wake 
turbulence category is an indicator related to the aircraft 
maximum certificated take-off mass, and it classifies 
aircraft in three categories: light, medium, and heavy. In 
Table Ⅰ the values about separation minima are shown. 
Formalizing: let be A a given set of landing aircraft, i and j 
consecutive pair of aircraft, 𝑆𝑆𝑖𝑖𝑖𝑖  the separation minima 
between the leading aircraft type i and the trailing aircraft 
type j and 𝐷𝐷𝑖𝑖𝑖𝑖 the distance between aircraft type i and 
aircraft type j. In this way conflicts are detected and 
calculated as: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �
1,𝐷𝐷𝑖𝑖𝑖𝑖 < 𝑆𝑆𝑖𝑖𝑖𝑖 ,∀𝑖𝑖, 𝑗𝑗 ∈ 𝐴𝐴 

0, 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  (1) 
 

Another type of conflict is detected for aircraft that do not 
respect the order of the sequence along the landing route. 

In this context, this type of conflict is detected by checking 
at the entry and exit of each link which belong to a route, 
that the order of the entry sequence is equal to the order of 
the exit sequence.  
Formalizing: let be 𝑙𝑙(𝑢𝑢, 𝑣𝑣), 𝑙𝑙 = 1, . . ,𝑛𝑛,  a given set of links 
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑙𝑙  𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑙𝑙  the positions of the aircraft 𝑖𝑖 on the 
link entry 𝑢𝑢 and on the link exit 𝑣𝑣, respectively. The order 
of sequence conflicts are calculated as: 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
 ∑ (∑ 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑙𝑙 − 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑙𝑙𝑖𝑖∈𝐴𝐴 )𝑛𝑛

𝑙𝑙=1  (2) 

B. Airside operations 
According to [8] decisions about landing operations can be 

made in a time frame of two hours in advance, while keeping 
the system with a certain level of detail and preserving the 
system from any loss of feasibility. In such a time frame, due 
to the uncertainty present in the airspace it is not relevant to 
give instructions for airside operations such as taxiway routing 
logics, and that is why, in this study, airside operations were 
modeled following a so-called macroscopic approach. In this 
context, a macroscopic approach for airside operations is 
achieved by modeling airside components in a high level, 
which means, by identifying the main airside components such 
as taxiways and terminals and considering them as nodes of a 
network characterized by their own capacity. In this study a 
capacity for the taxiway network is defined as the maximum 
number of aircraft that can simultaneously cross it without 
incurring surface congestion; capacity of the terminals is 
defined by the number of available parking gates. 

  
TABLE I 

ICAO [31] SEPARATION MINIMA 𝑆𝑆𝑖𝑖𝑖𝑖 IN NAUTICAL MILES (NM) 

  Leading Aircraft 

 Wake turbulence 
category Heavy Medium Light 

Trailing 
Aircraft 

Heavy 4 3 3 
Medium 5 3 3 

Light 6 5 3 

 
A factor which is considered as a decisions variable for airside 
operations is the choice of the push back time, that is, the time 
when an aircraft receives clearance to leave from its gate. 
Following this approach, the objective for airside operations is 
to keep the level of congestion under a certain threshold, 
which is the taxiway and terminal declared capacity. 
1) Airside conflicts detection 

Airside conflicts are detected, for taxiway and terminal 
components, when their declared capacity are exceeded 
(capacity overload). Conflicts values are derived from the 
weighted sum of two factors: the maximum overload (max 
OL) and the average overload (avg OL).  
Formalizing: let be C the declared capacity, 𝑂𝑂𝑡𝑡 the aircraft 
occupancy for each discrete time increment 𝑡𝑡 ∈ 𝑇𝑇; and T 
the entire time frame considered, the max OL is given by: 

𝑀𝑀𝑀𝑀𝑀𝑀 𝑂𝑂𝑂𝑂 = �𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡∈𝑇𝑇(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑡𝑡), 𝑖𝑖𝑖𝑖 𝑂𝑂𝑡𝑡 > 𝐶𝐶
0, 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  (3) 

and avg OL is given by: 
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𝐴𝐴𝐴𝐴𝐴𝐴 𝑂𝑂𝑂𝑂 = ∑ 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡∈𝑇𝑇
𝑇𝑇

 (4) 
where, 

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡 = �𝑂𝑂𝑡𝑡 − 𝐶𝐶, 𝑖𝑖𝑖𝑖 𝑂𝑂𝑡𝑡 > 𝐶𝐶 ∀ 𝑡𝑡 ∈ 𝑇𝑇
0, 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  (5) 

the total conflicts value for each airside component is: 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 𝑂𝑂𝑂𝑂 + 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 𝑂𝑂𝑂𝑂(6) 
The weights 𝛼𝛼 and 𝛽𝛽 can guide the optimization 
minimization objective function towards different 
directions since they can prioritize the reduction of the 
max OL or of the avg OL. In this work these two weights 
have the same value, but in the future they can be 
exploited for further investigations.  

C. Runway operations 
Runway operations act as the connections between airspace 

and airside operations. The runway system is considered as the 
bottleneck of the airport system [33], so a crucial aspect to 
improve is the performance of the runway system in terms of 
rate (arrivals and departures). In this work, landing and 
departure operations at runway are considered, so an 
additional objective of this study is to find a balance in the rate 
of arrivals and departures. 
1) Runway conflicts detection 

Runway conflicts are defined in a similar way as conflicts 
for the airspace. The only difference is in the values of 
separation minima which depend on the type of operation 
on the runway and also on the aircraft type. In Table Ⅱ, 
values of separation minima for the different runway 
operations (A-arrivals, D-departures) are presented [34]. 
Formalizing: let be A a given set of aircraft, i and j a 
consecutive pair of aircraft, 𝑆𝑆𝑖𝑖𝑖𝑖  the separation minima 
between aircraft type i and aircraft type j and 𝐷𝐷𝑖𝑖𝑖𝑖  the 
detected time difference between aircraft type i and aircraft 
type j. In this way conflicts are formalized with the 
following function: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �
1, 𝑖𝑖𝑖𝑖 𝐷𝐷𝑖𝑖𝑖𝑖 < 𝑆𝑆𝑖𝑖𝑖𝑖 ,∀𝑖𝑖, 𝑗𝑗 ∈ 𝐴𝐴 

0, 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
 (7) 

D. Model network 
Airspace and airside operations are modeled by means of a 

network of nodes and links. Landing routes in the airspace are 
identified by the connection of nodes called waypoints 
forming a trajectory, Fig. 3 shows an example of landing 
routes or standard instrument arrival routes (STARs) taken 
from the case study considered in this work. Aircraft fly with a 
constant deceleration from one of the STAR entry points, in 
order to slow down until they reach a waypoint called final 
approach fix (FAF), from there, they continue descending with 
a constant speed until they approach the runway. In this work, 
it was possible to modify the speed at the entry point of the 
STAR. The routes considered in this work are assumed to be 
vertically well spaced, therefore, there are no possibilities of 
conflicts due to vertical separation minima violation. Another 
assumption regards to the departure routes, which in this work 
are omitted, therefore, they do not interfere with the landing 
routes. Airspace conflicts are detected on the nodes and on the 
links [8], [29]. Airside components such as runway, taxiway 
and terminals are modeled as nodes inside the network. In the 

case of the runway, conflicts are detected in the node using 
formula (7). For the airside components, each node is 
characterized by a capacity value, and conflicts are detected 
according to the maximum number of aircraft on the nodes. 

 
TABLE II 

RUNWAY SEPARATION MINIMA Sij [34] IN SECONDS (s) 

  Leading Aircraft 

 Operation-
Category A-H A-

M A-L D-H D-
M D-L 

Trailing 
Aircraft 

A-Heavy 96 157 207 60 60 60 
A-Medium 60 69 123 60 60 60 

A-Light 60 69 82 60 60 60 
D-Heavy 60 60 60 96 111 120 

D-Medium 60 60 60 60 60 60 
D-Light 60 60 60 60 60 60 

 

 
Fig.  3.  Airspace network 

E. Decision variables and objective function of the problem 
The decision variables considered for this problem, for each 

flight 𝑓𝑓 ∈ 𝐹𝐹 are: 
• TMA entry time 𝑡𝑡𝑓𝑓 ∈ 𝑇𝑇𝑓𝑓  𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑇𝑇𝑓𝑓 = �𝑇𝑇𝑓𝑓0 + 𝑗𝑗∆𝑇𝑇 � ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

∆𝑇𝑇
≤

𝑗𝑗 ≤ ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
∆𝑇𝑇

 , 𝑗𝑗 ∈ ℤ }, ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  and ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 are the minimum 
and maximum values that can be assigned to 𝑡𝑡𝑓𝑓, and ∆𝑇𝑇 is 
a discretized time increment. In this case ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  is -5 
minutes, ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 is +30 minutes and ∆𝑇𝑇 is 5 seconds.  

• TMA entry speed 𝑠𝑠𝑓𝑓 ∈ 𝑆𝑆𝑓𝑓  𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑆𝑆𝑓𝑓 = �𝑆𝑆𝑓𝑓0 + 𝑗𝑗∆𝑆𝑆 � |𝑗𝑗|  ≤
 (∆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − ∆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚)/∆𝑆𝑆, 𝑗𝑗 ∈ ℤ}, ∆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 and ∆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  are the 
minimum and maximum values that can be assigned to 𝑠𝑠𝑓𝑓 
and ∆𝑆𝑆 is a discretized increment. In this case ∆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 is 
0.9𝑆𝑆𝑓𝑓0, ∆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  is 1.1𝑆𝑆𝑓𝑓0 and ∆𝑆𝑆 is 0.01𝑆𝑆𝑓𝑓0. 

• Landing runway choice 𝑟𝑟𝑓𝑓 ∈ 𝑅𝑅𝑓𝑓 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑅𝑅𝑓𝑓 is the set of 
available landing runways. 

• Push back time 𝑝𝑝𝑝𝑝𝑓𝑓 ∈ 𝑃𝑃𝑃𝑃𝑓𝑓  𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒  𝑃𝑃𝑃𝑃𝑓𝑓 = �𝑃𝑃𝑃𝑃𝑓𝑓0 +

𝑗𝑗∆𝑇𝑇 �0 ≤ 𝑗𝑗 ≤ ∆𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
∆𝑇𝑇

 , 𝑗𝑗 ∈ ℤ },  ∆𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum 
value that can be assigned to 𝑝𝑝𝑝𝑝𝑖𝑖 , and ∆𝑇𝑇 is a discretized 
time increment. In this case ∆𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 is +15 minutes and 
∆𝑇𝑇 is 5 seconds. 

The first decision can assign a delay or an advance to the 
aircraft which is about to enter inside the TMA. The second 
decision modifies the entry speed of the aircraft that is about 
to enter one of the STARs in the TMA, in this case aircraft can 
enter with a lower or higher speed. The third decision chooses 
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the landing runway. The last decision is the push back time, in 
this case it is possible only to assign a delay, establishing the 
time when the aircraft can leave the gate. 

The objective function evaluated in this problem is 
composed by the weighted sum of two factors: airspace 
conflicts and airside conflicts. It is important to mention that 
runway conflicts are included in airside conflicts computation. 
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)  + 𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗
 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)      (8) 

The weight coefficients 𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  and 𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 , are assigned 
to the airspace and airside conflicts, respectively. Depending 
on which component the optimization process should focus 
on, these weights can be adjusted accordingly. In this work, 
for both 𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 , we assigned 1 as their values. 

F. Data input 
The data input used in both optimization and simulation 

model is similar to an airport flight schedule. The data 
available is taken from real flight data and it covers an entire 
day of operations. The optimization model modifies this flight 
schedule according to the value of its decision variables 
provided by the (sub)optimal solution. The data input contains 
the following information: 
•  Flight type (arrival, arrival-departure and departure),  
• Wake turbulence category of the aircraft  
• Terminal number 
• Entry point in the TMA (route)  
• Entry time in the TMA 
• Entry speed in the TMA  
• Landing runway  
• Push back time 
• Departing runway 
Table Ⅲ contains an example of data input from the flight 
schedule, if we consider for instance, the flight corresponding 
to the first row, we see that this flight is of type arrival-
departure meaning that the same aircraft will first land, and 
then, after turnaround operations will depart. Looking at the 
data input it is known that this aircraft will enter the TMA 
from the TMA entry point number 3 at 10:30:20 as it is 
denoted by the entry point in the TMA and the entry time in the 
TMA values. It will fly at a speed of 430 Kt as the entry speed 
in the TMA value shows, and will land at the landing runway 
number 2. Once landed, the aircraft will reach terminal 
number 2 and then leave the terminal at 12:10:30 as it is set by 
the terminal number and the push back time values present in 
the flight schedule. Finally, it will take off from the departing 
runway number 3 as it is set in the flight schedule. Values for 
entry time in the TMA, entry speed in the TMA, landing 
runway and push back time are modified accordingly to the 
solution provided by the optimization model. Looking at the 
second row, it shows a flight of type arrival, meaning that the 
aircraft will land at the runway, taxi to the terminal and then 
occupying a gate parking position for the entire day. It can be 
noticed that for this flight the records corresponding to the 

push back time and departing runway are empty, because this 
aircraft will not depart. 

IV. METHODOLOGY DESCRIPTION 
Optimization and simulation techniques are combined in 

this study in order to develop a DSS for ATM operations 
efficiency. Simulation allows to include the uncertainty 
present in the ATM framework, and supported by an 
optimization algorithm, the combination of both techniques 
provides more robust and feasible solutions. Simulation is 
used for evaluating the optimized solution when uncertainty is 
also considered, the methodology aims at finding a more 
robust solution by tuning the input parameters of the 
optimization. This procedure is furthermore iterated until a 
better solution is found. Fig. 4 shows a schematic 
representation of this methodology, where firstly, an 
optimization model is run, providing an (sub)optimal solution 
evaluated by its objective function value Z_opt. Then a 
simulation model is employed in order to evaluate the same 
objective function but including uncertainty in the problem, in 
this case, the output is the objective function Z_sim value. At 
this stage, the robustness of the solution is measured by the 
value of Z_sim. In this study, we define robustness as the 
capability of the system of being resilient to perturbations. 

 
TABLE III 

EXAMPLE OF THE DATA INPUT 

Flight 
type 

Wake 
turbulence 
category 

Terminal 
number 

Entry  
point  
in the 
TMA 

Entry  
time in the 

TMA 

Entry 
speed 
in the 
TMA 

Landing 
runway 

Push 
back 
time 

Departing 
runway 

Arr-
Dep medium 2 3 10:03:20 430 Kt 2 12:10:30 3 

Arr heavy 2 4 10:14:35 400 Kt 3 - - 

 

 
Fig.  4.  Methodology schema of the combined approach of optimization and 
simulation techniques. 

In this context, perturbations are defined as sources of 
variability that affect the airport operations, such as flight 
inefficiencies in the airspace and on the ground due to human 
factor miscommunication, weather conditions, and so on. 
These perturbations, which represent the uncertainty of the 
system, are implemented with the simulation in order to 
evaluate the objective function and measure the robustness of 
the model. Since the optimization always provides a conflict-
free solution, the absolute value of the objective function 
evaluated by the simulation, Z_sim, is taken as indicator of the 
robustness.  A small value corresponds to a robust solution, 
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while a big value means that the solution is less robust since it 
is away from the optimal solution. 

A. Optimization approach 
The optimization approach is based on the implementation 

of the sliding window method. This method has been 
employed in other studies with good results [8], [30], [31], 
[35], [36], [37], [38]. The sliding window approach consists in 
considering time frame windows of small size and shifting 
them along the entire time horizon of the study. By using this 
approach, a small instance of the problem is solved 
considering only the elements within the time window. Fig. 4 
illustrates the approach. The main parameters to set are the 
window length and the shift length. The main advantages 
coming from the use of this method are: less computational 
time required; the possibility of treating the problem in a 
dynamic way, by considering, as time passes, new information 
updates due to changes in the environment and to the 
interactions between entities with the surrounding 
environment. As highlighted by [39] it is crucial to choose the 
right values for the window and shift length, since big values 
of window length might lead to worsen the overall 
performance, as decisions that are too far ahead in time are 
made. Moreover, there will also be an increase in the 
computational time. On the other hand, small values of 
window length might lead not to consider enough information 
about aircraft, affecting the quality of the solution. In the same 
way, a big window shift will reduce the effect of the dynamic 
behavior of the method, since in this case less decisions will 
be updated from one window to another. Small window shift 
will increase the computational time performance. As it can be 
appreciated from the Fig. 5, depending on the relative time 
position of the aircraft entities with respect to the current 
active window, there can be different categories of decisions: 
fixed, updated, to make or to be made.  

 
Fig.  5.  Sliding window representation 

• Fixed decisions are the ones that fall behind the window 
and it is not anymore possible to take decisions for them.  

• Updated decisions are the ones that fall partly before and 
partly inside the window, these decisions were already 
made in the previous window and they will be updated in 
the current window.  

• To make decisions are the ones that are fully inside the 
widows and these decisions will be made for them in the 
current window.   

• To be made are the ones that are after the windows and 
these decisions are not yet made for them.  

The capability of the method to update decisions ensures its 
dynamic behavior in solving the problem. 

This type of problem is proven to be NP-hard according to 
[26], therefore a meta-heuristic has been applied to solve the 
problem and to find a (sub)optimal solution. The meta-
heuristic employed is the simulated annealing [40]. The 
metaheuristic will solve any instance of the problem in the 
boundaries of each window. This approach has been 
successfully applied to similar problems like the one presented 
in [38]. For further details about the development of the 
optimization model mentioned in this work we refer the reader 
to [8]. 

B. Simulation approach 
The simulation model for the airspace and airside 

operations has been developed with the use of DES. DES is a 
simulation paradigm which fits well for the modeling of 
systems in which the entities have already a specific set of 
processes to undergo. In DES the state of the system changes 
based on the occurrences of events and are not depending on 
time occurrences. In this specific problem, aircraft entities 
undergo a predefined set of processes in a concurrent fashion, 
for this reason, the DES paradigm was used to model the 
processes of arrival, landing, taxi and turnaround in an airport.   

The main advantage of using simulation in this work, is that 
it includes sources of uncertainties in the system. Uncertainty 
can derive from different causes like external and internal 
factors such as the surrounding environment or the human 
factor. Often, the mere use of analytical models does not allow 
to represent these uncertainty, thus, to overcome this limit, 
simulation can be used as a tool for including uncertainty. In 
the specific problem tackled in this work, uncertainty refers to: 
• Entry time in the TMA, it can be affected by deviations 

due to speed, environmental variations and human factors. 
• Taxiway time, it can vary based the speed of the aircraft 

on the taxiway, that in turn, it can be affected by the 
taxiway network configuration and by the level of 
congestion on the taxiway. 

• Pushback time for the aircraft, it can vary due to ground 
handler inefficiencies in performing the necessary 
maneuvers to the aircraft. 

Despite the fact that turnaround operations can be very 
fluctuant in terms of time consumed, uncertainty was not 
considered for them, and this represents the main assumption 
of the simulation model. Turnaround times have been derived 
from a real schedule, which is why uncertainty was not 
considered. The following subsection describe the conceptual 
modeling of the elements in the system under study. 

 
1) Modeling airspace network 

The airspace in the simulation model has been modeled by 
a network of nodes and links. Each node represents some 
of the main waypoints that aircraft follow while flying the 
landing route. Since uncertainty plays a crucial role in the 
system, in the airspace network is important to detect 
conflicts as accurately as possible. In the simulation 
model, unlike the optimization model, airspace conflicts 
are detected only on the nodes of the network. In this 
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context, the number of nodes used for building the routes 
of the airspace network plays an important role because 
there is the potential risk of missing some conflicts on the 
links. Fig. 6 shows an example that compares two different 
ways of modeling the airspace routes by using different 
number of nodes. As it can be seen the comparison 
between the route with less nodes, placed at the bottom in 
Fig. 6, and the other one with more nodes, placed in the 
upper part of Fig. 6, illustrates that some conflicts might 
not be detected when the route has few nodes. To 
overcome this problem, we divided each route in links of 5 
NM, which according to [20] seems to be a good distance 
for achieving a good level of accuracy. An additional 
feature of the simulation model is that it is capable of 
evaluating the number of aircraft involved in the conflicts, 
which is an indicator that provides more insights about the 
level of congestion of the airspace. 

 
Fig.  6.  Example of the detection of an airspace conflicts in the airspace 
network of the simulation model. 

V. IMPLEMENTATION 
As a proof of concept of the approach, we applied it to a 

real case study. The case of study refers to one of the major 
airport with the biggest traffic in Europe, so to properly test 
the benefits of the methodology. The optimization and 
simulation models were run on a 2.5 GHz core i7 CPU, under 
Windows operating system PC. The optimization model was 
developed based on Java code, while the simulation model 
was developed by using a general purpose simulation software 
called SIMIO. The average computational time was similar for 
each of the different scenarios, and it was 20 minutes for the 
optimization model and 5 minutes for the simulation model. 
These computational times make the approach suitable for an 
ATC tactical decision making. Tactical decisions are the ones 
taken on the day of operations and include the update of daily 
plans and the continuous capacity optimization according to 
real traffic demand [42].  In the next sections the case of study 
is introduced and results for the different scenarios are 
presented. 

A. Case study: Paris Charles de Gaulle Airport 
In this work, Paris Charles de Gaulle Airport (PCDG) was 

taken as a case study. PCDG Airport is one of the major 
airports in Europe, for its size, passengers transported and air 
traffic movements. It is the hub of the French carrier Air 
France, and according to EUROCONTROL [41] in the 2016 it 
transported 66M of passengers and carried 473K air traffic 
movements. The data used in the experiments refers to a flight 

schedule of an entire day of operations at the airport. In total 
there were 1116 movements. Table Ⅳ presents the type of 
traffic involved. 

 
TABLE IV 

NUMBER OF MOVEMENTS CLASSIFIED BASED ON THE TYPE OF 
MOVEMENTS 

Type of movement Number of movements 

Arrival 554 

Departure 562 

Total movements 1116 

 
1) Airport characteristics 

Airport TMA and runway system. PCDG Airport has 4 
parallel runways. They operate as independent runways, in 
the sense that they can simultaneously accommodate air 
traffic movements. In real operations two of the runways 
are used only for landings (runway in) and other two only 
for departures (runway out). In the TMA four landing 
routes were identified, two coming from south and two 
coming from north. These routes were identified based on 
airspace surveillance records. Depending on which of the 
two landing runway is used, in any of the four available 
landing routes, it is possible to take two different route 
trajectories. These trajectories are spaced by a safe vertical 
distance, so to have in total 8 trajectories available.  
Airport airside. PCDG Airport is constituted by three 
terminals and a complex taxiway network. Following the 
macroscopic approach for modeling the airport airside, 
only capacity has been considered for terminals and 
taxiway network. One assumption was made for ground 
operations regarding taxiway routes potential aircraft 
conflicts due to physical position on the taxiway were not 
detected. Another assumption was also that aircraft could 
park at any gate of the terminal, regardless of the aircraft 
size. Tables Ⅴ and Ⅵ show the capacity of these 
components and the average times taxiway were used in 
the optimization model. In Fig. 7 it is possible to see a 
schematic representation of the model and the 
methodology applied to it. 

TABLE V 
AIRSIDE COMPONENT CAPACITY 

Ground component Capacity value 

Terminal 1 11 

Terminal 2 91 

Terminal 3 57 

Taxiway network 18 

 

B. Analysis of the original and the first optimized schedule 
The conflict detection and resolution problem applied to 
airport operation such as landings and ground components has 
been solved by means of an optimization model.  
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TABLE VI 
AVERAGE TAXI TIME IN SECONDS (S) 

 
Runways 

Landing runways (taxi 
in time) 

Departing runways 
(taxi out time) 

Terminals 26L 27R 26R 27L 

Terminal 1 651 439 859 1197 

Terminal 2 523 764 861 835 

Terminal3 599 569 1240 1139 

 

 
Fig.  7.  Schematic representation of both model and methodology. 

This model was based on a heuristic algorithm which provides 
a (sub)optimal solution. 
The objective of the model was to minimize an objective 
composed by the sum of the conflicts for the airspace and 
ground operations. Section Ⅲ gives a detailed description of 
the problem. Table Ⅶ shows the number of conflicts detected 
when the original flight schedule is run without implementing 
the heuristic algorithm, and the total value of objective 
function is 1972.76. Most of the conflicts were detected in the 
airspace, where we had 1114 conflicts on links and 461 
conflicts on nodes. Runway was also affected, having 381 
conflicts. Taxiway network had an overload peak of 8 and an 
average overload of 0.14, which shows that the system is 
always at the edge its capacity. Regarding the terminals, they 
had overload peaks of 2, 4 and 3 for terminal 1, 2 and 3, 
respectively. Average overload were 0.12, 0.3 and 0.2 for 
terminal 1, 2 and 3, respectively. From these results it can be 
seen that terminal 2 was the most congested in terms of both 
peak and average overload, although terminal 1 and 2 suffered 
from congestion as well. Overall, the results revealed that the 
airspace was more congested than the ground, meaning that 
the capacity of the ground was able to absorb the traffic better 
than the capacity of the airspace. Conflicts on the airspace 
routes (links and nodes) were transferred on the runway, 
which was also highly overloaded. Therefore, the optimization 
process needs to pay a lot of its effort in solving airspace 
conflicts, being a critical area to focus on. 
As first step in the methodology, the optimization model 
effectively finds a solution that reduces the conflict to zero, 
therefore it is considered as optimal. The solution obtained by 
the optimization model, is tested with the use of a simulation 

model where uncertainty is considered with their values 
showed in Table Ⅷ. 

TABLE VII 
VALUE OF THE OBJECTIVE FUNCTION BROKEN DOWN INTO THE 

DIFFERENT COMPONENTS USING THE ORIGINAL SCHEDULE. 

Objective function 
component 

Objective 
function 

subcomponent 

Individual 
value 

Aggregated 
value 

Airspace conflicts 
Link conflicts 1114 

1575 Node conflicts 461 
Runway conflicts   381 

Taxiway network 
conflicts 

Max OL 8 

8.14 Avg OL 0.14 

Terminal 
conflicts 

T1 
Max OL 2 

8.62 

Avg OL 0.12 

T2 Max OL 4 
Avg OL 0.3 

T3 
Max OL 2 
Avg OL 0.2 

Total conflicts   1972.76 

 
TABLE VIII 

UNCERTAINTY FACTORS AND THEIR RESPECTIVE VALUES 

Uncertainty factor Value 

Entry time in the TMA deviation [-30s, +30s] 

Taxiway time deviation [-10%, +10%] 

Pushback time deviation [-60s, +60s] 

 
Values have been chosen based on the experience of the 
authors, and they are continuous. Table Ⅸ shows the results 
obtained by the simulation model. The simulation model has 
been able to evaluate the conflicts for all the airspace and 
airside components, moreover, it has been able to evaluate 
further indicators like the number of aircraft involved in the 
airspace conflicts. Regarding the conflicts on the runway, it 
was possible to break them down in landing runway (runway 
in) and departing runway (runway out) conflicts.  As can be 
seen from Table Ⅸ, when including uncertainty in the system, 
we detect some conflicts, especially for the airspace and the 
runway out components of the objective function. In Table Ⅸ 
are also shown minimum, average, maximum and standard 
deviation values since there were run 50 replications for each 
scenario. Looking at the average values, it can be noticed that 
terminals are not affected by uncertainty since they do not 
have any overload, while the taxiway network is slightly 
affected with max OL of 2.1 and an avg OL of 0.0057. This 
can be explained by the fact that the turnaround time, which 
ranges approximately between 30 minutes and 2 hours, 
absorbs the deviation of taxi times and pushback times, 
reducing at minimum the effect of the uncertainty. The 
component which is the most affected is the runway out with 
90.44 conflicts, it is followed by the airspace with 19.18 
conflicts and then runway in with 9.2 conflicts. These initial 
experiments pointed out that using optimization techniques 
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alone to deal with such problems would not be enough for 
supporting decision makers in real operations. The 
deterministic nature of the optimization model represents a 
relevant limitation, as it was highlighted by the number of 
conflicts found after including uncertainty in the system by the 
simulation model. 

TABLE IX 
VALUE OF THE OBJECTIVE FUNCTION BROKEN DOWN INTO THE 

DIFFERENT COMPONENTS USING THE OPTIMIZED SCHEDULE 
Objective 
function 

component 

Objective 
function 

subcomponent 

Values 

Min Avg Max St.dev. 
Aircraft 

involved in 
airspace 
conflicts 

 4 8.64 15 2.3884 

Airspace 
conflicts  5 19.18 44 7.5746 

Runway 
conflicts 

Runway in 3 9.2 15 2.5314 
Runway out 72 90.44 108 6.9463 

Taxiway 
network 
conflicts 

Max OL 2 2.1 3 0.3149 

Avg OL 0.0009 0.0057 0.0147 0.0035 

Terminal 
conflicts 

Max OL 0 0 0 0 
Avg OL 0 0 0 0 

 

C. Additional scenarios 
From the previous analysis simulation raises the impact of 

uncertainty. With this in mind, the objective of the 
methodology is to improve the solution of the optimization 
and make it more resilient to uncertainty. One way of 
achieving this objective is by fine-tuning some of the 
optimization input parameters and obtaining a new solution 
that in turn can be tested with simulation for evaluating the 
performance. Following this line, a series of tests have been 
conducted based on the different values for the chosen input 
parameters to be tuned. The parameters chosen to be tuned are 
the separation minima between aircraft in the airspace and the 
one on the runways. By enlarging the separation minima in the 
optimization model we relax this constraint of the problem. 
With those new parameters, the optimization will achieve a 
more conservative solution, however, it might reduce the 
effect of the uncertainty on the number of conflicts because of 
the separation minima violation. Table Ⅹ shows the different 
value that have been tested for the input parameter. 

 

TABLE X 
VALUES OF THE INPUT PARAMETER CHOSEN AS FINE TUNING 

PARAMETER OF THE METHODOLOGY 

Input parameter Value 

Separation minima increase 10% 20% 30% 

  
An indicator for measuring the goodness of a solution has 

been defined as the magnitude of the conflict detected. In this 
analysis, indicators like the average conflict size violation (%) 
is measured. Moreover, also the number of conflicts falling 
within a certain interval of separation violation percentage is 

measured and showed in a graph. With these two additional 
indicators, we conducted a more exhaustive analysis. In the 
next sections this analysis is presented individually for each 
objective function component: airspace, runway in, runway 
out, taxiway network and terminals conflicts. 
1) Airspace conflict analysis 

Fig. 8(a) shows the number of aircraft involved in conflict 
airspace, and looking at average values it can be clearly 
seen that it has been reduced from almost 9 to 4. In Fig. 
8(b) the absolute number of airspace conflicts is shown. As 
it can be noticed, scenario with 20% and 30% separation 
minima increase, obtained both around 10 conflicts 
providing a lower amount of conflicts than the base 
scenario and 10% separation minima increase scenario that 
provided around 20 and 15 conflicts, respectively. 
Considering the amount of aircraft involved in the airspace 
conflicts it can be deducted that each aircraft has incurred 
in average around 2 conflicts.  

 
(a) 

 
(b) 

Fig. 8.  (a) Aircraft involved in airspace conflicts. (b) Number of airspace 
conflicts. 

The charts depicted in Figs. 9(a) and 9(b), give information 
about the size of the conflicts. Fig. 9(a) in particular, 
shows the number of conflicts that fell in the different 
conflict size percentage intervals. Ideally a solution would 
be better if the conflicts size would be small, meaning to 
have high values on the left-hand side of the chart. In the 
chart it can be seen that the base case scenario is 
outperformed by all the other scenarios, and the best ones 
are the 20% and 30% separation minima increase 
scenarios. However, the new solutions obtained by the 
other scenarios produce more conflicts with high conflict 
size percentage than the base case scenario, and this is 
visible in Fig. 9(b) where the base scenario has a lower 
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average conflict size percentage than the other scenarios. 
In real operations, aircraft with high conflict size 
percentage imply a re-sequence by the air traffic 
controllers, who can apply different procedure such as, 
trajectory change, altitude change, speed change, holding 
procedures [43]. 

 
(a) 

 
(b) 

Fig. 9.  (a) Number of airspace conflicts that are in a specific conflict size 
interval. (b) Average airspace conflict size percentage.  

2) Runway in conflict analysis 
Fig. 10, shows that scenarios with 20% and 30% of 
separation minima increase outperform the base case and 
10% separation minima increase scenarios, obtaining in 
average a value of 2 conflicts while the base scenario and 
10% scenario have 9 and 6 conflicts, respectively. 
Concerning the conflict size we clearly see in both Figs. 
11(a) and 11(b) that scenarios with 20% and 30% 
outperform the other two scenarios. Looking at Fig. 11(a), 
it is possible to find some conflicts with a high conflict 
percentage such as 25-30%, 30-40% and 75-100%. These 
circumstances would imply that the air traffic controllers 
would apply the same procedures as they would do for the 
airspace conflicts, performing missed approaches in the 
cases when aircraft would be very close to approach the 
runway [42]. Fig. 11(b) shows an improvement of around 
1.5% from the base and 10% separation minima increase 
scenarios, with average conflict size of around 9.25% for 
the 20% and 30% separation minima increase scenarios, 
against and average conflict size of around 10.75% for the 
base and 10% separation minima increase scenarios. 

3) Runway out conflict analysis 
Fig. 12 shows the number of conflicts occurred at the 
departing runway (runway out). The graph shows that the 

best scenarios that obtains less conflicts is the 30% 
separation minima increase scenario, improving the 
performance of the base case scenario and achieving a 
reduction of almost 10 conflicts.  

 
Fig.  10.  Runway in number of conflicts. 

  

  
(a) 

 
(b) 

Fig. 11.  (a) Number of runway in conflicts that are in a specific conflict size 
interval. (b) Average runway in conflict size percentage.   

 
Fig.  12.  Runway out number of conflicts. 

Looking at Fig. 13(a) it can be noticed that most of the 
conflicts, regardless of the scenario simulated, are on the 
right-hand side of the chart, meaning to have high conflict 
size. The main reason can be found in the magnitude of the 
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uncertainty that affects ground side, identified in the 
simulation model as deviation from off block time and taxi 
time out. The values of separation minima for the runway 
out range between 60 and 111 seconds, while values of 
deviation from off block time range between minus and 
plus 60 seconds. Considering also that the deviation in taxi 
out time ranges between minus and plus 10% of the 
average taxi out time, which in turn ranges between 835 
and 1240 seconds, it can be clearly understood that this 
will affect severely the runway out conflicts performance. 
The consequence of these high number of conflicts and 
conflicts size for the runway out, are translated, in real 
operations, as number of aircraft queuing up and waiting 
times queuing at the departing runway entry. In Fig. 13(b) 
it can be seen that the average conflict size is quite high, 
between 51.7% and 52.5%, and also that the different 
scenarios obtain more or less similar values of conflict 
size. This results implies that the runway out is very 
sensitive to uncertainty and, on the contrary, it is not 
sensitive to the different scenarios, therefore the output 
does not change much between the different scenarios. 

  
(a) 

 
(b) 

Fig. 13.  (a) Number of runway out conflicts that are in a specific conflict size 
interval. (b) Average runway out conflict size percentage. 

4) Taxiway network and terminal conflict analysis 
Simulation results for taxiway network and terminals are 
depicted in the two charts of Figs. 14(a) and 14(b). 
Concerning taxiway network conflicts, we found the same 
average values for all the different scenarios, which is 
around 2. The uncertainty included in the taxi times makes 
it to be overloaded in all the scenarios, however, to a small 
extent.  Regarding the terminals, all scenarios except 
scenario 10% of separation minima increase, show no 

conflicts. For these two components, uncertainty does not 
affect too much their performance. In real operations, 
having this overload would mean having aircraft waiting at 
the terminal apron area for a gate to be released, or aircraft 
waiting in some hot spot of the taxiway network. It can be 
also noticed that the avg OL for taxiway and terminals is 
almost zero, which means that the max OL has taken place 
for a small amount of time. 
 

 
(a) 

 
(b) 

Fig. 14.  (a) Number of taxiway network conflicts. (b) Number of terminals 
conflicts. 

VI. CONCLUSION 
This paper presents a methodology that can be used for 
making a decision support system for ATM operations with 
the objective of making them more efficient. It proposes an 
innovative approach that couples optimization and simulation 
providing two main advantages; first it provides robust 
solutions for the addressed problem and second it provides    
more feasible solutions, which in turn will provide better      
support to ATC than the current technology. An analysis of 
the different components such as airspace, runways, taxiway 
network and terminals is conducted, pointing out that, some of 
the components are more sensitive to uncertainty like the 
departing runway, while other components are less sensitive to 
it like taxiway and terminals. In general, performance in terms 
of conflicts are considerably improved, confirming the 
benefits of the methodology. These results demonstrate that 
the methodology is able to improve the solution of the 
optimization when data input is tuned up. In this context, a 
crucial aspect of the methodology is the choice of the right 
input data to be tuned. The methodology presented is general 
enough and it can be adapted to any particular airport 
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configuration, however, it is aimed at close-to-congestion 
airports with a big amount of traffic.  
As a future development of the methodology, the heuristic 
algorithm will be included into the simulation model to fully 
integrate the simulation and optimization in a loop that will 
progressively improve the solution at each time window of the 
sliding window approach. Further investigation will involve 
the choice of the uncertainty parameter values, and the choice 
of the parameter to fine tune at each iteration, so to represent 
uncertainty as much as possible in a realistic way and improve 
the solution robustness.  
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