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Abstract

The increasing demand for air travel has intensified the need for more efficient air traffic
management (ATM) solutions. One of the key challenges in this domain is the optimal
sectorization of airspace to ensure balanced controller workload and operational efficiency.
Traditional airspace sectors, typically static and based on historical flow patterns, often fail
to adapt to evolving traffic complexity, resulting in imbalanced workload distribution and
reduced system performance. This study introduces a novel methodology for optimizing
ATC sector geometries based on air traffic complexity indicators, aiming to enhance the
balance of operational workload across sectors. The proposed optimization is formulated
in the horizontal plane using a two-dimensional cell-based airspace representation. A
graph-partitioning optimization model with spatial and operational constraints is applied,
along with a refinement step using adjacent-cell pairs to improve geometric coherence.
Tested on real data from Madrid North ACC, the model achieved significant complexity
balancing while preserving sector shapes in a real-world case study based on a Spanish
ACC. This work provides a methodological basis to support static and dynamic airspace
design and has the potential to enhance ATC efficiency through data-driven optimization.
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1. Introduction

Air Traffic congestion has emerged as a critical challenge in modern air traffic manage-
ment. Imbalances between demand and capacity at various elements of the air transporta-
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indicators, which, while effective for global demand regulation, do not fully capture
workload variations driven by traffic interactions and sector geometry.

One variable that determines air traffic capacity is the workload of Air Traffic Con-
trollers (ATCOs) [9]. The ability of ATCOs to manage growing air traffic determines the
capacity of the system and its resilience to increasing demand [10]. ATCOs manage traffic
in fixed ATC sectors. Sectors have essentially remained unchanged over time in terms
of geometric shape and the total number of sectors inside a specific airspace. However,
with a rapidly increasing air traffic demand, fixed sectors cannot accommodate air traf-
fic anymore [11], thus raising ATCOs” workload. By saturated sectors inducing ATCOs’
workload, it is understood that an optimization of the sectors to avoid this saturation can
reduce the workload of controllers [12]. According to [13], reshaping the ATC sectors’
structure could balance the airspace capacity to meet the cognitive workload of ATCOs.
Current airspace sectorization is based on having the best possible distribution of air traffic
flows [14]. Therefore, a change in airspace sectorization must consider the air traffic flows
that have evolved over time and adapt to this evolution.

Several studies have been based on the prediction of air traffic trajectories and
flows [15-17]. But the influence of traffic flows alone can give incomplete information
about how air traffic is structured. Air Traffic Complexity gives a detailed insight into the
characteristics of air traffic [18]. Air Traffic Complexity has become the critical indicator to
reflect ATCOs’ workload in ATM system [19]. Although many complexity indicators are
used to optimize the ATCOs’ tasks and reduce their workload [20], Air Traffic complexity
indicators could also help ATFM to manage air traffic flows [21].

The aim of this paper is to develop a sector optimization module using a complexity
indicator. According to [22], airspace design changes could help to reduce ATCOs” work-
load. Air Traffic complexity could determine which airspace areas are more congested and
motivate changes in airspace structure [23]. For this purpose, a process is proposed in which
the complexity of the airspace is evaluated macroscopically but the airspace is divided
into cells of limited size. The macroscopic evaluation is focused on airspace structural
characteristics, so it can provide guidance for airspace design [24]. Once the complexity
has been evaluated in the airspace, an optimization process of the shape of the ATC sectors,
based on the complexity indicator, is intended to be carried out. Specifically, the aim is to
optimize the shape of the sectors to balance the Air Traffic complexity between the different
sectors created. In this work, sector occupancy is considered an implicit outcome of the
complexity-balancing process, since cell reassignments directly modify the distribution of
aircraft across sectors.

The creation of this optimization model has several advantages.

e  The creation of sectors has been done through expert knowledge. As in other ATFM
processes, such as the development of complexity indicators, expert judgment may be
associated with bias [25]. To eliminate this bias, a sector shape optimization process is
proposed that is influenced exclusively by complexity. The complexity in turn is based
on air traffic data, so the data on which this model is based will be the air traffic flown.

e  The aim of this paper is to show a method to optimize the shape of the sectors of an
airspace according to the complexity of air traffic. This modification of the shape of
the sectors is expected to be static. However, this work can lay the foundations for an
application of Dynamic Airspace Configuration (DAC) [26]. There are studies based
on the development of DAC using optimization algorithms [27]. This paper, through
the creation of a proprietary algorithm, can help to advance this research. Although
the objective differs slightly, thanks to the flexibility of the model, varying only the
time horizon of the input data and making small adaptations, this model could be
applied for DAC.
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e As discussed, airspace design changes could help in reducing ATCOs” workload.
Specifically, the model in this paper attempts to balance the complexity of ATC sectors
in the sample airspace. This, given the relationship of complexity to controller work-
load, may help in balancing controller workload. This could have a beneficial effect
on the ATM system by allowing for better management of human and technological
resources [25].

In addition to these advantages, the optimization model developed in this paper has
been tested with real traffic data, so that more clear and real conclusions can be drawn
about its feasibility.

2. Materials and Methods

The need for sector-level optimization of airspace has been highlighted in several
recent studies [28] as an effective way to improve the efficiency of the ATM system. Such
optimization seeks to balance complexity across sectors, thereby reducing the likelihood of
congestion and improving the allocation of operational resources. This work proposes an
optimization methodology applicable to real airspace configurations.

The methodology used to develop this optimization is outlined below. First, the
process of adapting the airspace to a cell-based structure is described, followed by the
calculation of the complexity associated with each cell. Next, the formulation of the
optimization problem is detailed, including the operational constraints imposed and the
algorithm employed to achieve the optimal sectorization for a fixed number of sectors.

2.1. Methodology of the Pre-Sectorization Optimization Phase

The proposed sectorization-optimization methodology builds on an established frame-
work that begins with airspace analysis at the cell level. Starting from a two-dimensional
grid of the airspace, traffic databases are processed and adapted to that format.

With this information in hand, a complexity indicator suitable for a fixed-cell partition of
the airspace is applied, and an optimization problem is formulated to distribute complexity
more evenly across sectors. This involves performing sector optimization based on complexity
by reallocating cells to sectors, followed by validation of the resulting sectorization.

2.1.1. Pre-Optimization Considerations

Before undertaking the optimization process, a series of preliminary factors must be con-
sidered, as they shape both the overall approach and the decisions made during development:

e  First, the sectorization produced by the optimization must retain a certain structural
similarity to the sector configuration currently in operation. Preserving this operational
coherence makes any transition to the new design easier and avoids drastic changes
that could jeopardize safety, control efficiency, or controller workload. The goal is not
to reinvent airspace organization from scratch, but to improve it so it better fits today’s
traffic patterns.

e  Second, although the real problem is three-dimensional—upper and lower sectors are
differentiated—the optimization is carried out on a two-dimensional (2D) projection.
This simplification lowers computational cost and offers clearer visual interpretation
but comes with limitations. In this version of the methodology, the focus is on 2D sector
design; shapes are varied in the horizontal plane to adapt to traffic complexity. For
that reason, existing integrated-sector configurations already deployed in the airspace
are used. This keeps the model coherent with real-world structure, avoids explicitly
handling verticality, and simplifies the application of optimization algorithms.

e  Lastly, because the starting point is an integrated (non-vertically split) sectorization,
the time periods chosen for analysis must be selected carefully. Time windows with
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moderate traffic levels are preferred, and periods of high (calculated) complexity are
avoided. Without the customary vertical split between sectors, the simplified model
might fail to capture real dynamics in heavy-traffic situations. To keep the adopted
approach valid and prevent the simplification from introducing significant errors, data
from times of day when traffic volume and calculated complexity are low enough to
remain representative are prioritized.

Taken together, these considerations ensure that the optimization process remains
consistent with the proposed methodology. They also allow for viable results that align
with real-world operations, despite the existing limitations.

2.1.2. Airspace Complexity Calculation

The optimization relies on the COMETA algorithm, which measures sector complexity
in terms of equivalent flights [29,30]. The algorithm determines sector complexity using six
factors, each of which contributes a value to the overall complexity calculation depending
on the prevailing conditions. Every flight is assigned a complexity score—obtained by
adding the contributions of all six factors—and the sector’s total complexity is computed
as the sum of the individual complexities of all flights.

Cell-level complexity is computed from extensively processed raw traffic data using
the COMETA algorithm, applied over fixed one-hour time windows, as defined in the
referenced literature.

2.1.3. Gridding and Adaptation of Complexity Calculation at Cell Level

The forthcoming sector-optimization process begins with an extensive preparation
phase that includes a detailed analysis of the associated airspace. The goal is to trans-
form the available information into a format suitable for applying cell-movement-based
optimization algorithms. This preliminary phase can be divided into three main parts:
(1) designing the airspace grid, (2) characterizing traffic at the cell level, and (3) calculating
complexity with the COMETA algorithm adapted to the cell scale.

Airspace Gridding

As a first step toward optimization, a two-dimensional grid of the study airspace is
designed, allowing it to be divided into elemental volumes called cells. The proposed 2D
grid consists of square cells measuring 30 NM by 30 NM, whose upper and lower vertical
limits coincide with those of the study airspace. These cell dimensions are considered
appropriate for two main reasons. First, they yield a grid with a manageable number of
cells, making it easier to undertake an initial computational approach to the sectorization-
optimization problem.

Secondly, the 30 NM x 30 NM size has an operational rationale: it is roughly equal
to the distance an aircraft flying at a representative speed of Mach 0.75 at flight level 350
(FL350) covers in five minutes. This offers a realistic, operationally consistent basis for the
grid design.

Because the Earth is spherical, this grid for Madrid North ACC must take latitude into
account. To ensure the cells are truly square—30 NM by 30 NM in actual distance—their
width in degrees of longitude must be adjusted according to the latitude at which each
cell’s horizontal side lines.

One nautical mile is approximately equal to one arc-minute of latitude and, conse-
quently, 60 NM equal 1° of latitude anywhere on Earth. By contrast, 1° of longitude equals
roughly 60 NM only at the Equator and shrinks progressively toward the poles. Therefore,
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the following approximation (1) is adopted to convert distances in nautical miles to degrees
of longitude, ensuring that the cells remain square in terms of true distance:
distance[NM]

Alongitude[*] = cos(latitude[°]) x 60 @

According to the approximation given by expression (1), the cell dimensions—expressed
in geographic coordinates—are calculated dynamically. In other words, applying that expres-
sion performs a dynamic adjustment of the cell’s size in degrees of longitude, since that size is
computed using the current latitude of the horizontal side being evaluated.

As an example, Figure 1 shows the resulting grid of the airspace associated with
Madrid North ACC. The grid is made up of 115 regular cells in total (except for those
that border the ACC boundary). Dividing the selected study airspace into this regular
grid of cells serves as the foundation for the optimization process. Although it is not
represented in Figure 1, the airspace can be divided into a different number of sectors, and
in reality Madrid North ACC is divided into 5 different sectors (as it is later shown in the
upcoming figures).

AIRSPACE MESHING WITH 30NM x 30NM CELLS
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Figure 1. Grid of the airspace associated with Madrid North ACC based on square cells measuring
30 NM x 30 NM.

Characterization of Traffic at Cell Level

Once the grid had been created, the traffic data is adapted to the new elemental
unit—the cell. The first step determines the ordered sequence of cells that each clustered
flight traverses. To streamline the process, traffic is structured into air-traffic flows using
the algorithm detailed in [13]. This makes it possible to classify flights into flows according
to their similar trajectories. The inverse relationship is also constructed: for each cell,
the flights that pass through it are identified and likewise classified into air-traffic flows.
This information allows trajectory prediction to be framed as a succession of cells rather
than sectors.

Figures 2 and 3 illustrate, respectively, graphical examples of the analysis of the flows
that traverse a cell and of the cells that a given flow traverses, using the Madrid North
ACC case.
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REPRESENTATION OF FLOWS PASSING THROUGH A CELL
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Figure 2. Graphical representation associated with the analysis of the flows that cut through a cell.

REPRESENTATION OF FLOW OVER THE MESH
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Figure 3. Graphical representation associated with the analysis of the cells which a flow cuts through.

COMETA Complexity Calculation Adapted to COMETA Algorithm

With all the data adapted, a modified version of the COMETA algorithm is applied
to calculate complexity in each cell of the grid. This adaptation means that, instead of
operating at sector level, the calculations are carried out for each individual cell. The key
modification is the computation of a flow-interaction matrix for every cell in the grid; this
matrix records the level of interaction between each pair of flows that pass through the
same cell.

For each cell and time window, once the matrix has been computed, the six complexity
factors of the COMETA indicator described by [29] are calculated. The aggregate complexity
for a cell is obtained by summing the individual complexities of all flights present in that
cell during the interval. The result of this phase is a cell-level complexity map. Figure 4
illustrates a sample calculation for Madrid North ACC. This complexity map will serve as
the starting point for the sectorization-optimization phase.

Cell Complexity - Color Map 4
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Figure 4. Complexity per cell in the 6 a.m.—7 a.m. time window on 1 June 2022.
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Using the resulting complexity values, the optimization process—based on grouping
cells—is applied, aiming to balance workload across sectors while maintaining spatial
connectivity. This procedure transforms operational airspace and traffic information into a
cell-level format. In subsequent phases, this model will serve as the basis for defining new
sectorizations in which the sectors have similar complexity values.

2.2. Methodology of the Sector-Optimization Process

The proposed sector-optimization approach begins by subdividing the selected study
airspace into smaller elemental volumes: cells. Each cell has an associated complexity value,
computed from the traffic it contains over a given period. Sector complexity is estimated as
the sum of the complexities of the cells that compose it. The objective is to create clusters of
adjacent cells with similar complexity levels, thereby defining the new sectors. The aim
throughout the process is to ensure an even distribution of operational workload.

To solve this redistribution problem, we use an iterative optimization algorithm
grounded in classical graph-partitioning techniques with topological constraints [31,32],
which preserve spatial connectivity between cells. The progressive-improvement scheme
adopted here shares its foundations with other optimization approaches applied to complex
networks [33] and combinatorial systems, where stochastic mechanisms—such as random
restarts—are employed to escape local optima [34,35]. These strategies have proved effec-
tive in settings where the solution space is large and the objective function is non-convex,
as is the case for our problem.

The optimization begins with a user-specified target sectorization (i.e., the desired
number of sectors). The algorithm then performs successive moves of cells between sectors
while respecting operational and connectivity constraints. The outcome is an alternative,
optimized, and operationally viable sectorization derived from real airspace data.

2.2.1. General Structure of the Optimization Process

The sectorization-optimization process consists of a series of methodological steps
designed to balance and efficiently optimize complexity across sectors. Each stage of this
process is described in detail below:

1.  Grid and input data: Each cell is defined by its polygon and a previously calculated
complexity value. The “real” sector configuration is also available and always serves
as the starting point for the optimizations.

2. Initial assignment: Each cell is assigned to its “real” sector by computing the polygon
intersections and choosing the sector with the largest intersection area

3. Adjacency-graph construction: Each cell is a node, and two nodes are connected if
they share an edge. Because the imposed connectivity criterion is edge-based (to
avoid cells connected only at a vertex or disconnected “jumps” in the sectorization),
neighboring cells must share a full edge.

4. Objective function definition: The main objective function combines (i) the sample
variance of complexity across sectors—this criteria drives an even distribution of
complexity—and (ii) the difference between the maximum and minimum sector
complexity—this criteria pushes the algorithm to lower the complexity of the busiest
sector while increasing that of the least loaded one. Both variables are of the same
order of magnitude, so normalization is unnecessary.

5. Optimization: A new assignment of cells to sectors is sought to balance total com-
plexity among sectors by minimizing the objective function. This is accomplished
by transferring cells between sectors while respecting the connectivity constraints
described above.
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2.2.2. Global Optimization Constraints

To preserve connectivity between cells within each sector, maintain spatial continuity,

and ensure consistency with real-world operations, a set of global constraints is defined

for the optimization; these constraints are applied during every cell reassignment. The

constraints are:

Movement of border cells: Only cells that have at least one neighboring cell in a
different sector are considered move candidates, so as not to break internal continuity.
In other words, only cells sharing an edge with two or three sectors at once can be
moved. Cells located in the core of a sector cannot be moved, preventing cell “jumps”
or discontinuous sectorizations. Let:

¢ € C: a cell from the total set of cells.

S(c): sector to which cell ¢ belongs.
N(c): set of neighboring cells of c.

O O O O

Cell ¢ may be considered for relocation if and only if:
3¢’ € N(c)so that (") # S(c) (2)

Movement to adjacent sectors: For every cell on a sector boundary, the only sectors it
may belong to during optimization are those of its neighboring cells in the graph. The
algorithm identifies boundary cells and transfers a cell only to one of the sectors with
which it shares an edge.

Sc = {S()|" e N(c)} 3)
o New sector assignment must therefore satisfy:
Snew(¢)€ Sc (4)

Valid neighborhood: Ensures that every move preserves edge contact between the
moved cell and the sector it departs from. In this way, sector connectivity is maintained
even after cells are reassigned. Let

Ns(c) = {¢" € N(c)|S(c’) = S(c) } (neighbors in the same sector) (5)
o After the change, for the neighborhood to remain valid
[Nsod(c) = 1] (6)

Preserved connectivity: Checks that, after moving a cell, both sectors—the one that
absorbs the cell and the one that loses it—remain connected. This ensures that cell
transfers maintain the desired spatial continuity. Let

Gs = (C,, Es) be the sub — graph of cells belonging to sector S, with Cs C C  (7)

° Being Cs C C the set of cells in the sector and S and Es the set of edges between
neighboring cells inside S. After moving cell ¢, both the source sector S,;; and
the destination sector S, must still satisfy that their graphs Gy and Gs new
are connected. In other words, the number of connected components must
remain equal to 1:

Components(G,) =1 (8)

Limit on changes per sector: Caps the number of cells that can be removed from each
original sector. This is a tunable decision parameter. Let
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o AS: be the number of cells that have left sector S
Ls be the maximum number of cells allowed to leave sector S

As < LsVSeS )

2.2.3. Implementation of the Sector-Optimization Algorithm

The initial optimization algorithm operates through an iterative process that continu-
ally seeks to improve the assignment of cells to sectors, minimizing the objective function
described in earlier sections and linked to problem complexity [33]. The algorithm’s basic
operation can be broken down into several stages that repeat until a solution is reached in
which no further cell movement improves the objective function.

In each iteration, the algorithm begins by randomly selecting a border cell—one that
is in contact with another sector, meaning one or more of its edges belong to two different
sectors. Once the cell has been chosen, one of the neighboring sectors to which the cell
could be transferred is also picked at random (if several are available). If there is only one
possible candidate, the cell is moved to that sector directly. This movement is treated as a
proposed change in the cell assignment.

To determine whether a move is valid, the algorithm must verify that it satisfies all
predefined constraints and that it actually lowers the objective-function value. If both
conditions are met—that is, the move is valid and improves the objective function—the
change is accepted and the cell assignment in the system is updated accordingly. Otherwise,
if the move fails to improve the objective function or violates any constraints, it is rejected
and the algorithm proceeds to try again with a new cell and a new neighboring sector.

This cycle of random selection, proposed movement, constraint validation, and ac-
ceptance or rejection of the move is repeated continuously throughout each iteration of
the algorithm. The iteration ends when no moves can be found that improve the objective-
function value—that is, when no further improvements can be made to the cell assignment.

However, to keep the algorithm from getting stuck in local optima—that is, sub-
optimal solutions that are not necessarily the best achievable—a restart strategy is em-
ployed [34,35]. At each restart, the entire process begins anew, but with a different ran-
dom seed. This ensures that every restart explores a different search path in pursuit of
better solutions.

The number of restarts is another tunable decision parameter. After all restarts have
been completed, the algorithm compares the final objective-function values obtained in
each run. The cell assignment that achieves the lowest objective-function value—i.e., the
best balance in terms of complexity—is selected as the final solution. This approach not
only produces an effective solution but also helps ensure that the chosen solution is robust
and less likely to be trapped in sub-optimal configurations.

2.2.4. Additional Cell-Movement Step with Geometric Considerations

To reinforce the geometric consistency of the sectors produced by the optimization
process—and to anticipate undesirable configurations—an extra step has been added to
the methodology. This step is designed to prevent isolated cells or spatial arrangements
that are not coherent and that could hinder real-world operations.

The mechanism restricts certain cell movements, allowing only those that involve
pairs of adjacent cells within the same sector. First, all border pairs that share an edge and
belong to the same sector are identified. For each pair, the neighboring sectors that both
cells have in common are then determined as potential valid destinations.

Before any move is applied, the algorithm verifies that all the constraints defined in
the overall optimization are satisfied. An additional condition is added: the move must not
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create any isolated cell in any sector. Only if this condition is met—and the change further
reduces the objective function—is the move accepted.

This additional step not only preserves the spatial consistency of the model but also
seeks to lessen the likelihood of problematic re-entries. By moving two contiguous cells
instead of one, the air traffic travels a greater distance before re-entering its original sector.
This gives the controller of the intermediate sector more time to manage potential conflicts,
thereby reducing the operational workload of the initial sector.

This mechanism is conceived as a natural extension of the original optimization,
providing greater robustness to the model without compromising the goal of balancing
complexity across sectors.

3. Results

After establishing the complexity-based sector-optimization methodology, this section
presents the optimization results for a chosen case study. The input databases used for the
optimization correspond to real traffic over Spanish airspace in 2022 [30]. The data has
been obtained by the Spanish service provider ENAIRE, and processed and validated by
the company C.R.I.D.A (Madrid, Spain).

Regarding the database structure, each flight has as many records as the number of
sectors it crosses within the ACC. This format is convenient when adapting the traffic
database to the cell level. The selected case study focuses on the time window from 6 a.m.
to 7 a.m. on 1 June 2022. The airspace examined during this period is that of Madrid North
ACC, so the optimization will be performed on sectorizations within this ACC.

As an example, Figure 5 shows the real geometry of sectorization CNF5A for Madrid
North ACC, while Figure 6 presents its representation after assigning the cells to their
corresponding sectors. In this second image, besides the geometry, the sector-complexity
values are also included, calculated as the sum of the complexities of the cells that make up
each sector.

Representation of the Study Sectors
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Figure 5. Configuration CNF5A for ACC Madrid North.

The initial sectorization, along with its sector-complexity values for the optimization
process, is the one shown in Figure 6. Its sector complexity values differ greatly from
one sector to another, indicating that the current sectorization can be optimized for this
time window.
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Figure 6. Complexity values for sectorization CNF5A after cell assignment.

3.1. Optimization Using Individual Cells

This subsection presents the first results obtained after applying the optimization
algorithm to a specific sector configuration of Madrid North ACC. The main goal of this
initial phase is to assess the algorithm’s ability to redistribute complexity among sectors
while respecting the imposed constraints, such as cell connectivity and the maximum
number of changes allowed per sector. For each case, we display the evolution of the
sectorization after optimization, together with the resulting complexity values for each
sector. These initial results will lay the groundwork for introducing additional constraints
in later phases, aimed at guaranteeing more operationally realistic sector geometries.

3.1.1. Optimization Results for a Five-Sector Configuration with One Allowed Cell Change
per Sector

To begin the validation and presentation of results, we analyze the most restrictive
case of this optimization, which occurs when the maximum cell change per sector is limited
to one. The number of iterations is fixed at ten optimization runs, allowing several search
paths to be explored without excessively increasing total runtime. The parameter for the
maximum cell changes per sector is denoted max_change, and the number of optimization
iterations is denoted n. Figures 7 and 8 display the initial optimization results for a five-
sector configuration.
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WEN LECMSAN W LECMSAN
LECMASI 2 LECMASI
BN (ECMBL | — W LECMBLI
LECMPAl | 'y LECMPAI
LEcMpGl | 5 B LECMDGI
= " -
] e L]
o W
a1
-12 -10 -8 -6 -4 -2 0 -12 -10 -8 -6 -4 -2 [}
Longitude [2] Longitude [2]

Figure 7. Initial sectorization versus optimized sectorization (max_change = 1, number_sectors = 5
and n = 10).
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Figure 8. Initial sectorization versus optimized sectorization with the corresponding complexity
values per sector (max_change = 1, number_sectors = 5 and n = 10).
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The figures compare the initial cell-level sectorization with the optimized one. The
initial configuration shown in Figure 7 is generated using the initial-assighment procedure
described earlier. The optimization process is then applied while respecting the connectivity
constraints. Figure 8 displays the optimized sectorization, where it can be seen at a glance
that no sector absorbs more than one extra cell—the imposed limit. The improvement in
complexity resulting from these cell moves is also evident: shifting the cells substantially
redistributes complexity among sectors, lowering the maximum complexity and raising
the minimum, precisely as required by our objective function.

However, setting max_change = 1 prevents the algorithm from continuing to optimize
the sectorization—i.e., it is a very restrictive setting. The benefit of fixing such a low
maximum cell change per sector arises in situations where one wishes to make only minor
adjustments to the current sector geometry (for instance, to ease implementation in real
operations, since radical sectorization changes are harder to deploy) or when carrying out
early-handover maneuvers for aircraft. In these cases, the option of limiting the maximum
change to just one cell is truly useful.

Despite the benefits of this optimization (with max_change set to 1), the geometry of
the final sectorization has certain limitations arising from the restrictiveness of the use case.
One such limitation is the emergence of isolated cells—cells that, after being transferred
from one sector to another, keep connectivity with the new sector through only a single
edge. In other words, they are cells surrounded by the original sector, since inter-sector
connectivity is defined by shared edges.

In Figure 8 there is a moved cell between sectors LECMSAN and LECMASI that fits
this description. Because the cell is surrounded by its original sector, an aircraft following a
vertical flow through that area would enter one sector, cross this cell belonging to another
sector, and then re-enter the initial sector. In real operations, such a pattern does not align
with the flows that respect the current sectorization, so it should be avoided whenever
possible. For that reason, new constraints will be introduced to alleviate situations of
this kind.

3.1.2. Optimization Results for a Five-Sector Configuration with up to Five Allowed Cell
Changes per Sector

The optimization of the case study described above is now analyzed using a pa-
rameter of max_change = 5. The results of this optimization are shown in the figures
below—Figures 9 and 10.
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Figure 9. Initial sectorization versus optimized sectorization (max_change = 5, number_sector = 5
and n = 10).

As can be seen in the previous figures, the sector-by-sector complexity values are
distributed more evenly, which means that the more cells the algorithm is allowed to move
between sectors, the better the resulting complexity balance. Nevertheless, isolated cells
still appear in the optimized layout because the process optimizes for complexity rather
than geometry.
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Figure 10. Initial sectorization versus optimized sectorization with the corresponding complexity
values per sector (max_change = 5, number_sectors = 5 and n = 10).

3.1.3. Optimization Results for a Five-Sector Configuration with up to Ten Allowed Cell
Changes per Sector

Next, the results obtained from optimizing the chosen case study with a parameter of
max_change = 10 are analyzed. Figures 11 and 12 present the corresponding optimization
outcomes for the case under examination.
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Figure 11. Initial sectorization versus optimized sectorization (max_change = 10, number_sectors = 5
and n = 10).
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Figure 12. Initial sectorization versus optimized sectorization with the corresponding complexity
values per sector (max_change = 10, number_sectors = 5 and n = 10).

As shown in Figure 12, the complexity results achieved with this optimization are
excellent. The legend in Figure 12, which lists the complexity value for each sector, reveals
that the difference between the most complex and the least complex sector drops from 8.51
to 0.91 in the optimized sectorization. In other words, this optimization minimizes the
objective function most effectively and yields the best complexity balance overall.

3.1.4. Optimization Results for a Four-Sector Configuration with up to Ten Allowed Cell
Changes per Sector

To explore additional sectorizations and extend the algorithm’s application to other
scenarios, the figures below present the optimization results for the previously analyzed
case—this time using a four-sector configuration, as shown in Figures 13 and 14, alongside
the corresponding initial layout based on the real four-sector sectorization.
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Representation of the Study Sectors
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Figure 13. CNF4A configuration of Madrid North ACC.
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Figure 14. Initial sectorization versus optimized sectorization (max_change = 10, number_sectors = 4
and n = 10).

Just like in the five-sector case, the complexity results obtained with the optimization
greatly minimize both the variation in complexity among sectors and the gap between
the maximum and minimum sector complexity. It is also apparent that, to optimize this
scenario, the algorithm has to move a larger number of cells because complexity is more
evenly spread across the sectors. Although the complexity figures presented in Figure 15
are excellent, the geometry of the resulting layout is not fully consistent with real-world
operations, as part of sector LECMBLI ends up surrounded by sector LECMSAL
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Figure 15. Initial sectorization versus optimized sectorization with the corresponding complexity
values per sector (max_change = 10, number_sectors = 4 and n = 10).

Because this optimization does not account for geometry (beyond the required connec-
tivity), we will next explore the same optimization but with an additional constraint on cell
movement, aiming to achieve complexity values that are distributed across sectors while
maintaining operationally suitable geometries.

3.2. Sector Optimization with Geometric Considerations

This subsection presents the results obtained after applying the additional optimiza-
tion step based on moving pairs of adjacent cells. This phase complements the initial
methodology by incorporating extra constraints aimed at improving the geometric coher-
ence of the resulting sectorizations.
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The aim of this optimization is to assess the new approach’s ability to resolve the
problematic configurations identified in the previous stage, such as the appearance of
isolated cells or irregular geometries. To this end, the algorithm has been applied while
allowing only moves of boundary cell pairs that belong to the same sector and share an edge,
ensuring that the changes preserve connectivity and do not create spatial discontinuities.

The results obtained after applying this optimization to the same configurations
analyzed earlier are presented below. Both the resulting sector-complexity values and
the improvements in the geometric structure of the sectors are examined, highlighting
the operational benefits that this approach introduces in terms of alignment with real-
world sectorizations.

3.2.1. Result of the Adjacent-Cell-Pair Optimization for an Initial Five-Sector Configuration

The following section provides a detailed analysis of the optimization results, which
significantly redistribute complexity among sectors while preserving the original opera-
tional coherence and sector geometry. This sector-optimization problem inevitably involves
a trade-off between the geometry and operational aspects of the sectors and their complexity
levels. The optimization outcomes for the case study are presented in the figures below.

As Figure 16 shows, the complexity results achieved with this optimization improve
markedly over the original assignment. Moreover, the resulting sector geometry remains
similar to the starting configuration while still offering a better complexity balance. Al-
though the optimization greatly evens out complexity, it does not reach the highly precise
values obtained in the initial, geometry-agnostic run; the added geometric constraint nar-
rows the solution space. Even so, the figures confirm that sector complexity is greatly
redistributed, with the maximum gap across the five sectors shrinking from 8.51 to 1.93.
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Figure 16. Initial sectorization versus optimized sectorization by pairs of adjacent cells

(number_sectors = 5).

The resulting geometry is far more compact and consistent with the initial sectorization
than the geometries produced by the first optimization. Although the distribution of sector
complexity is slightly less uniform, the geometry benefits greatly. Additional cases will
be examined to verify the complexity values optimized with this approach in different
scenarios, but Figure 16 already suggests that this method may strike the ideal balance
between preserving the initial geometry and achieving a workable complexity distribution.
Two further cases will now be analyzed, each starting from an initial sectorization smaller
than the one evaluated in Figure 16.

3.2.2. Result of the Adjacent-Cell-Pair Optimization for an Initial Four-Sector
Configuration

The following figures—Figures 17 and 18—show the optimization results for the
scenario with a smaller number of sectors, namely four.
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Figure 17. Initial sectorization versus optimized sectorization by pairs of adjacent cells, with the
corresponding complexity values per sector (number_sectors = 5).
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Figure 18. Initial sectorization versus optimized sectorization by pairs of adjacent cells.

(number_sectors = 4).

As Figure 18 shows, the algorithm has to move a larger number of cells in order to
distribute and balance complexity. In the earlier, less-constrained optimization, moving that
many cells would have produced geometries that diverged more from the original layout.
However, thanks to the new restriction, the resulting sector is geometrically cleaner than its
counterpart. Moreover, the maximum complexity gap in Figure 19 falls from 22.36 to 0.74,
demonstrating that the algorithm can indeed redistribute sector complexity effectively.
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Figure 19. Initial sectorization versus optimized sectorization by pairs of adjacent cells, with the
corresponding complexity values per sector (number_sectors = 4).

3.2.3. Result of the Adjacent-Cell-Pair Optimization for an Initial Three-Sector
Configuration

Finally, the case featuring an initial configuration of three sectors will be analyzed,
as shown in Figure 20. This will serve as the definitive test to determine whether the
optimization algorithm preserves geometries consistent with those of real-world sectors in
day-to-day operations. The associated complexity results produced by the optimization
will also be evaluated to assess their optimality.

As shown in Figures 21 and 22, a compact sector distribution is maintained, with no
isolated cells and all sectors in contact with the ACC boundary—none are fully surrounded
by other sectors. As with previous optimizations using this algorithm, the complexity
values displayed in Figure 22 remain optimal, with the maximum complexity difference
dropping from 44.71 to 0.90.
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Figure 20. CNF3A configuration of Madrid North ACC.
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Figure 21. Initial sectorization versus optimized sectorization by pairs of adjacent cells (num-
ber_sectors = 3).
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Figure 22. Initial sectorization versus optimized sectorization by pairs of adjacent cells, with the
corresponding complexity values per sector (number_sectors = 3).

4. Discussion

The results obtained in this study demonstrate that airspace sector geometries can be
effectively optimized using air traffic complexity as the primary driver, leading to a sub-
stantial improvement in workload balance across sectors. By formulating the sectorization
problem at the cell level and applying a graph-partitioning optimization framework, the
proposed methodology successfully redistributes complexity while preserving essential
operational constraints such as sector connectivity and spatial coherence.

4.1. Effectiveness of Complexity-Based Sector Optimization

Across all tested configurations, the optimization algorithm consistently reduced
both the variance of sector complexity and the gap between the most and least complex
sectors. This confirms that cell-level complexity, computed through an adapted COMETA
framework, is a suitable macroscopic indicator for guiding airspace design decisions. The
results reinforce previous findings that air traffic complexity is closely linked to controller
workload and capacity limitations, and that balancing complexity across sectors is a viable
strategy for mitigating overload conditions.

In the most permissive optimization scenarios—where a higher number of cell move-
ments was allowed—the algorithm achieved near-uniform complexity distributions. For
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instance, in the five-sector case with a high maximum cell-change threshold, the difference
between maximum and minimum sector complexity was reduced by an order of magni-
tude. These results highlight the theoretical potential of complexity-driven sectorization to
achieve optimal workload balance when geometric constraints are relaxed.

However, such configurations also reveal an important limitation: optimizing solely
for complexity can lead to sector geometries that are operationally unrealistic. The ap-
pearance of isolated cells or narrow sector intrusions, while mathematically valid, could
introduce frequent sector re-entries and increase coordination demands between controllers.
This confirms that complexity balance alone is not sufficient as a single optimization objec-
tive in real-world ATM applications.

4.2. Trade-Off Between Complexity Optimization and Geometric Coherence

As the optimization becomes more aggressive—either by increasing the allowed num-
ber of cell movements or by reducing constraints—the resulting sector shapes progressively
deviate from established operational practices.

This trade-off is particularly evident when comparing single-cell movement opti-
mization with the adjacent-cell-pair strategy. While the former achieves the lowest possi-
ble objective-function values, it often produces fragmented geometries. In contrast, the
adjacent-cell-pair optimization yields slightly less optimal complexity distributions but
significantly improves sector compactness and coherence. Importantly, the latter eliminates
isolated cells and produces sector shapes that remain recognizable and consistent with
current ACC layouts.

From an operational perspective, this balance is crucial. Sector geometry has a direct
impact on controller mental models, coordination patterns, and handover stability. The
results therefore suggest that an optimal sectorization solution should not be defined by
complexity metrics alone, but rather by a compromise between workload balance and
geometric robustness.

4.3. Influence of Sector Count and Operational Context

The analysis conducted for configurations with different numbers of sectors (three,
four, and five) further illustrates the adaptability of the proposed methodology. As
the number of sectors decreases, the algorithm must redistribute increasingly large
amounts of complexity, resulting in more pronounced cell movements. Despite this, the
adjacent-cell-pair approach maintains geometrically sound sectorizations even in highly
aggregated configurations.

These findings emphasize the importance of selecting appropriate baseline sector-
izations and time windows. The methodology is most meaningful when applied to
configurations that reflect realistic operational modes for the analyzed traffic demand.
Optimizing a low-sector configuration during high-demand periods, or vice versa, may
yield mathematically balanced but operationally impractical results. This underscores the
need for integrating traffic demand context and operational constraints when interpreting
optimization outcomes.

4.4. Implications for Static and Dynamic Airspace Design

Although the proposed methodology is designed primarily for static sector optimiza-
tion, the results suggest clear potential for application in DAC. By adjusting the temporal
scope of the input data and tuning the maximum allowed sector modifications, the algo-
rithm could support pre-tactical or tactical sector reconfiguration strategies.

Notably, the ability to limit the number of cell movements per sector provides a prac-
tical mechanism for gradual transitions between configurations, which is essential for
maintaining controller situational awareness and trust. This feature aligns well with
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operational requirements for DAC, where abrupt or large-scale airspace changes are

generally undesirable.

5. Conclusions

After developing and analyzing the results produced by the different sector-

optimization strategies applied to Madrid North ACC under a representative low-to-

moderate complexity time window, the main conclusions of this study—regarding com-

plexity distribution, geometric coherence of the sectors, and the operational applicability of

the results within this scope—are summarized below:

Sector-complexity optimization: The proposed methodology effectively distributes
complexity among sectors, minimizing the gap between the most- and least-complex
sectors. This improvement is most pronounced when geometric constraints are relaxed
and a larger number of cell transfers is allowed.

Complexity—geometry trade-off: A clear trade-off exists between optimizing com-
plexity and preserving the geometric coherence of sectors. The more aggressively
the objective function is optimized—and the more cells are moved—the greater the
tendency to produce geometries that are less compatible with real-world operations,
such as “isolated cells” or fragments of one sector surrounded by others.

More balanced optimization strategies: The strategy of moving pairs of adjacent cells
offers the best balance between achieving an efficient complexity distribution and
maintaining coherent sector geometry. It prevents isolated cells and keeps sectors
compact while still delivering substantial complexity optimization.

Importance of time-window adaptability: The algorithm can tailor sectorization to
real traffic levels in different time windows. For instance, during low-demand periods
(e.g., 2-3 a.m.), it may be feasible to operate with fewer optimized sectors. Operational
realities must always be considered when interpreting results: if day-to-day operations
normally use nine sectors and the optimization begins from a configuration with only
two sectors, the resulting complexity values will be extremely high, rendering that
analysis meaningless.

Practical applications: The algorithm is useful not only for handling high-complexity
situations but also for improving day-to-day efficiency by distributing workload
more fairly across sectors—even under less demanding conditions. By limiting the
maximum number of cells that may be moved between sectors, it additionally supports
pre-emptive aircraft-control actions.

Building on the progress made in this study, several future lines of work are proposed

to enhance the representativeness, adaptability, and efficiency of airspace sectorization

based on complexity values:

Explore alternative optimization algorithms that could improve solution quality and
reduce computation times.

Extend the current two-dimensional framework toward a layered three-dimensional
approach, progressively incorporating vertical stratification and flight-level-
dependent sectorization.

Investigate the most suitable cell size to balance geometric precision and computational
cost. Future work will also explore the definition of quantitative geometric and opera-
tional indicators—such as sector compactness or isolated-cell metrics—to complement
the qualitative assessment of operational robustness presented in this study.

Include the explicit reporting of aggregated optimization metrics (minimum, maxi-
mum, and variance of sector complexity), together with a detailed analysis of com-
putational performance for both complexity calculation and optimization, in order to
assess scalability and suitability for pre-tactical applications.
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e  Conduct multi-scenario validations, including different ACCs, time periods, and
higher-complexity traffic conditions, to evaluate the behavior of the methodology
under more demanding operational settings and to assess its applicability to dynamic
airspace configuration (DAC) contexts.

As a broader methodological improvement, a relevant extension of the proposed
approach involves the treatment of cell complexity during the optimization process. In
the current implementation, cell-level complexity is computed once at the beginning of
the analysis and remains fixed throughout all optimization iterations. While this approach
enables a tractable and robust redistribution of workload at a macroscopic level, future work
will focus on developing enhanced complexity models capable of accounting for sector-
dependent interaction effects. Recalculating—or efficiently updating—cell complexity after
sector reassignment would allow the model to capture border-traffic interactions more
accurately, improving realism in highly dynamic or congested scenarios.

These topics open up interesting opportunities for future research and applied
developments.
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