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This study proposes the use of a novel integrated framework for 2D en route airspace sub-sectorization. The
integrated framework combines the multi-commodity flow optimization approach, complex network cluster-
ing approach, and Minimum Bounding Geometry (MBG)-coupled Rule-based Approach for boundary design. A
decomposition-based discrete particle swarm optimization (DPSO) is used to solve the clustering problem. The
output of the flow optimization is used as a guiding standard for the DPSO. Experimentations were performed
using the Indian airspace sector to validate the framework and DPSO was run for different maximum number of
generations (maxgen). The findings reveal that the multi-commodity flow approach captures system-wide flow
operations. Clustering results corresponding to maxgen = 100 and maxgen = 150 perform best in terms of equitable
and balanced distribution of cluster size and traffic load. The MBG-coupled Rule-based Approach leads to com-
pact and convex sub-sector boundary design. Major implications of this research include dynamic adaptability
of the integrated framework, increased sensitivity of sector design to network evolution, and a computationally
tractable framework. The higher controllability of the proposed framework also offers an increased acceptance

among practitioners.

1. Introduction

Airspace sectors are a fundamental feature of the air traffic manage-
ment (ATM) system. Sectors are smaller partitions in the airspace, mon-
itored by a team of controllers to ensure better traffic monitoring and
coordination (Teixeira 2015; Yin et al., 2017). Efficient sector organisa-
tion leads to balanced workload distribution, subsequently contributing
to smooth coordination between sectors, reduced flight re-routing, en-
hanced operational flexibility, and better ATM performance (Jaksi¢ and
Jani¢ 2020; Jani¢ 1997; Mogtit et al. 2020Zou et al. 2016; ). With in-
creased demand, sector flow increases, affecting sector organisations.
Sub-optimal sector design leads to an imbalanced distribution of work-
load among controllers, exerting significant delays and safety concerns
(Teixeira, 2015). Imbalanced workload distribution has imminent ef-
fects on aviation safety and the controller’s situation awareness (van de
Merwe et al. 2012; Milan, 1989), reducing operations efficiency. As a re-
sult, systematic airspace partitioning and design techniques are crucial
to an ATM system (Gianazza 2017; Kulkarni et al., 2011; Lee et al. 2010;
Li et al. 2009). The complete task has been identified as the airspace sec-
torization problem in ATM literature.
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The airspace sectorization problem is an intriguing, non-trivial prob-
lem with conflicting objectives and network and geometric constraints
(Jagare et al., 2013; Tang et al. 2012). The primary criteria for de-
signing airspace sectors include (Li et al. 2009; Mogtit et al. 2020;
Tang et al. 2012; Teixeira 2015; Zou et al. 2016): (i) Workload: Sec-
tor traffic load should be within an acceptable threshold (ii) Con-
vexity: Sectors should not be irregularly shaped; (iii) Boundary: Sec-
tor boundary should have a minimum distance from the potential
point of conflicts and waypoints and (iv) Connectivity: Sectors should
be contiguous and not fragmented. Literature highlights multiple ap-
proaches to the airspace sectorization problem. The problem can be
two-dimensional (2D) or three-dimensional (3D), static or dynamic
(Kopardekar et al., 2007). The underlying complexity has attracted ex-
tensive research efforts ranging from geometry-based to graph-based
approaches (Flener and Pearson 2013; Li et al. 2010; Li et al. 2009;
Mogtit et al. 2020; Sergeeva et al. 2015; Sergeeva et al. 2017). Different
approaches generate different sector configurations with unique advan-
tages and disadvantages.

This study limits it to the two-dimensional (2D) static en route sector-
ization problem (2D ERSP), where sectors are partitioned in the horizon-
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Fig. 1. Indicative sketch of the three major sec-
tor design approaches.

Geometric Approach Graph-based Approach

tal plane. The 2D ERSP is typically posed as a multi-objective problem,
aiming to minimise intrasector and intersector workload while ensur-
ing the primary constraints such as connectivity, convexity, and sector
overload (Zou et al., 2016). Within the research domain addressing the
2D ERSP, four critical avenues remain largely unexplored: the subdivi-
sion of sectors into sub-sectors for enhanced granularity, addressing the
system-wide flow operations, addressing complex air traffic network be-
haviour through network clustering principles, and the possibility of a
thumb rule for convex and compact boundary design. This study aims
to tackle these avenues by investigating the validating of an integrated
framework of system-wide network optimization, complex network clus-
tering, and rule-based boundary design to model and solve the airspace
sub-sectorization task. The primary motivation for this research effort is
aimed at improving the overall ATM efficiency and resilience.

It is worth noting that Trajectory Based Operations (TBO) are ex-
pected to be a new ATM paradigm with substantial interest from di-
verse stakeholders (Gardi et al., 2019; Rosenow et al., 2021; Saez et al.,
2020; Wandelt and Sun, 2014). Hence, a question naturally arises on
the relevance of this study in the given context. Literature indicates that
trajectory efficiency in terms of the difference between the actual flight
path and the shortest path (great circle distance) often depends on the en
route sector shape, size, design, and route configuration (Rosenow et al.,
2021). Recent studies have emphasized the interplay of optimal 2D en
route sectors with 4D trajectory analysis and optimization. The high-
lights include the (i) role of en route segments on the horizontal trajec-
tory shape that influences the design of optimal alternative routes for
4D trajectories (Dai et al., 2019; Juntama, 2022) and (ii) the importance
of equitable controller task load in trajectory optimization (Zeh et al.,
2024). Furthermore, 2D static en route sector designs have proved use-
ful in ATM sub-problems such as horizontal conflict detection, airspace
efficient analysis in the presence of TBO, initial planning tool for opti-
mal 4D TBO, airspace congestion, and simplified management of low-
density airspace (Airports Authority of India, 2018; Cai et al. 2017;
Dai et al. 2019; Gardi et al., 2019; Guan et al. 2017; Juntama 2022;
Zeh et al. 2024). Hence, even after the evolution of sophisticated TBO
frameworks, the 2D ERSP remains valuable for both specific en route
management applications and 4D TBO research.

The rest of the paper is structured as follows. The next section high-
lights the background and research rationale to address the problem.
Section 3 discusses the overall research design, including the frame-
works for network optimization, clustering, and sub-sector boundary
design. Section 4 describes the experimental setup to implement and val-
idate the proposed framework. Section 5 explains the results, followed
by the discussions on research implications and limitations in Section 6.
The final section, Section 7, summarises and concludes the study.

2. Research background and rationale

Various techniques have been employed to address the 2D ERSP.
One of the earliest investigations was conducted by Delahaye et al.
(Delahaye et al. 1994), utilising genetic algorithms to generate optimal
sector configurations. Subsequent research advancements in address-
ing the problem can be classified into three categories (Leiden et al.,

Trajectory-based Approach

2009; Mogtit et al. 2020; Zou et al. 2016): (i) geometry-based or region-
based approaches utilising Voronoi diagrams coupled with Evolution-
ary Algorithms (EAs) to design sectors, (ii) weighted undirected graph
cutting approaches coupled with EAs to partition airspace graphs into
sub-graphs i.e. sectors, and (iii) trajectory clustering approaches cou-
pled with cell (grid) growth (grouping) techniques to design sectors
around major routes. An indicative sketch of the three approaches are
provided in Fig. 1. All three sketches, 1A, 1B, and 1C, are generated in
R using the “deldir”, “igraph”, and “trajectories” packages, respectively.
Each approach offers specific advantages in handling the problem’s com-
plexity but also exhibits unique limitations. Geometry-based or region-
based methods are popular, flexible, and easy to build but computa-
tionally expensive, struggle to achieve workload balance and represent
the air-route structure efficiently (Xue 2009; Tang et al. 2012; Xue 2010;
Hind et al. 2018; Yousefi 2005). The weighted graph-cutting approaches
are promising in addressing complex objectives and representing the un-
derlying topology of the airspace but have limited adaptability to the 3D
problem and struggle with boundary design and convexity (Chen and
Zhang 2014; Hind et al. 2018; Li et al. 2009; Li et al. 2010; ). Tra-
jectory clustering approaches are the most flexible approach but may
encounter challenges in compact shape generation and trajectory pre-
diction (Brinton and Pledgie, 2008; Jagare et al., 2013; Hind et al. 2018).
Table 1 presents selected research studies dealing with the 2D ERSP.
The table summarizes the problem objective(s), constraints, methodol-
ogy, and key takeaway (s). The state-of-the-art clearly reveals that cur-
rent approaches and existing methods often fail to fully account for the
inherent complexities that networks introduce to the problem itself. This
translates to a disregard for the intricate interactions and dependencies
within the network structure. Second, traffic data is a crucial input, and
it is expected that airspace configurations cope with traffic states. How-
ever, practically no study considers the implications of network-aware
demand-based traffic flow values as input (Hind et al., 2018). Finally,
the existing approaches frequently struggle with the challenge of design-
ing smooth, convex, and compact sector boundaries. To reduce compu-
tational complexity, some approaches resort to outsourcing the crite-
ria of convexity and compactness as post-processing steps, essentially
splitting them from the overall design methodology (Chandra et al.,
2024). Hence, despite the substantial advancements in the state-of-the-
art, there remain a few critical gaps that motivate continuing research
efforts. Further exploration into the state-of-the-art of airspace design
and sectorization, as well as a summary of the advantages and disad-
vantages of different approaches, can be found in Hind et al. (2018).
Based on the comprehensive review, the future avenues of improve-
ments include (i) computationally tractable approaches, (ii) static-to-
dynamic and dynamic-to-static adaptability, (iii) reflection of system-
wide flow operations, (iv) reflection of inherent network complexities,
dynamics, and structures, and (v) thumb rule for convex and compact
sector design. The aspects of system-wide flow, inherent network com-
plexities, tractable methods, and thumb rule play critical roles. Litera-
ture highlights the importance of system-wide flow assignment on net-
works in traffic control and sector management (D. Chen et al. 2017;
D. Chen et al. 2016; Bianco and Bielli 1992; Pien et al. 2015). The
system-wide flow assignment should respect the network capacity con-
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Table 1
Summary of selected studies on 2D ERSP.
Author(s) Objective(s) Constraints Methodology Key Takeaway(s)
Mogtit et al. (2020) Min CORD SECT, MIND, CONV, Multi-agent optimization Superior solution outcome
CONC, and BAL using ordered weighted
averaging
Gerdes et al. (2016) Min BAL COMP and CORD Fuzzy clustering, VOR, Dynamic adaptability

Todorov and Simeonov (2020)

Zou et al. (2016)
Treimuth et al. (2016)
Chen and Zhang (2014)

Chen et al. (2013)
Sherali and Hill (2013)

Yang et al. (2022)
Savai et al. (2010)
Li et al. (2010)

Min (BAL+ CORD + CONF)

Min (BAL+ CORD+ SECT)

Min (BAL+INTR+TRA)

Min (BAL+CORD)

Min (BAL+CORD+ SECT)
Min (BAL+ CORD+ CONF)

Min (INTR+ CORD+ BAL)
Min (BAL+CORD+TRA+PART)
Min (INTR+ CORD+ CFW)

SECT and CONV

CONV, CONGC, INTR,
MIND, and COMP
CONC and MIND

CONV, CONC, and MIND

CONV, MIND, and CONC
CONV, MIND, and CONC

SECT, MIND, and CONV
INTR and CONC
INTR, CONV, and MIND

and EVO

VOR and geometric
algorithm

Graph cutting and EVO

GRA as MIP solved using
branch-and-price
GRA and EVO

GRA and EVO
Restricted bisection
reformulated as MIP

Sector size has a lower bound

Boundary definition using the
concave hull

Absence of COMP and CONV
consideration

Low traffic results in fewer
sectors

Inherently warrant COMP
Leveraging convex hull for
boundaries

Xue (2009) Min (BAL+ CORD +MIND+SECT)

CONV and CONC

Binar search based GRA Limitations in boundary design
Multilevel GRA Better BAL

GRA and Spectral Efficient design of boundaries
clustering

VO and EVO BAL dominates decisions

Notations: CORD- Coordination workload; BAL- Balancing workload; INTR- Intrasector workload; CONF- Conflict workload; TRA- Transition between sector;
SECT-Sector-crossing time violation; CONV- Convexity; CONC- Connectivity; MIND- minimum distance between fixes and boundaries; COMP- Compactness;
EVO- Evolutionary algorithms; VOR- Voronoi diagrams; GRA- Graph partitioning; MIP- mixed integer programming; PART- Partitioning time.

straints and match the traffic demand. Studies on system-wide network
optimization, however, are limited. The majority of efforts hint towards
the use of a multi-commodity like flow optimization model, with each
Origin-Destination (OD) pair treated as a commodity and represented by
a Source (Origin), Sink (Destination), and Demand (Chen et al. 2017;
Bianco and Bielli 1992; Pien et al. 2015). Such models have dynamic
adaptability and prove useful in improving air traffic management ef-
ficiency. Apart from the multi-commodity nature of en route flow,
air transportation networks also exhibit complex dynamics akin to so-
cial media networks, as evidenced by previous studies (Bagler 2008;
Huber 2018; Pien et al. 2015). For instance, the air transportation net-
work in India demonstrates hierarchical traits, with traffic load concen-
trated on interconnected airports, a pattern expected to intensify with
the growth of low-cost air services (Bagler 2008). This hierarchical struc-
ture, characterised by a truncated scale-free degree distribution, is not
unique to India but is also observed in networks of other countries like
Australia and China (Hossain and Alam 2017; Wang et al. 2011). Re-
cent literature., although limited, suggest that it is reasonable to infer
similar complex organization in worldwide air transportation networks
(Sun, Wandelt, and Zanin 2017; Liu, Wang, and Zhang 2023).

Until now, existing sectorization techniques have overlooked the
above-discussed aspects of system-wide flow operations and the inher-
ent complexity of air transportation networks. Furthermore, the sec-
tor design has been dealt with differently during the post-processing
step, with no common set of rules for compact and convex boundary
design (Mogtit et al. 2020; Chandra et al., 2024. A suitable thumb
rule is essential to decrease the overall problem complexity of simi-
lar tasks (Martinez 2006; Openshaw 1978; Openshaw 1977; L Martinez
2007; Evler et al. 2021). Therefore, by conceptualising an integrated
framework involving a complex network clustering problem guided by
a system-wide network optimization model, we can leverage the over-
looked aspects (Chandra et al., 2024). Further, the utility of network
clustering and thumb-rule is definitive in eliminating the need for ex-
clusive connectivity constraints, thereby reducing, and improving the
computational tractability of the overall problem.

3. Research Design

The overall research design is illustrated in Fig. 2. The process begins
with a directed network graph, considering key characteristics such as

edge length and capacity. Subsequently, a network flow optimization
model is used to determine the optimal flow on each edge. The total
input flow at each vertex is then computed as the summation of flows
from all incoming edges connected to that vertex.

Based on the range of all input flow values, we introduce a categor-
ical weighting scheme to classify vertices into high, medium, and Low
load categories. Specifically, vertices with total incoming flow within
the first tertile of input flow are categorised as Low load vertices hav-
ing a discrete traffic load value of 1. Vertices with total incoming flow
within the second tertile of input flow are categorised as Medium load
vertices having a discrete traffic load value of 2. Lastly, vertices with
total incoming flow within the third tertile of input flow are categorised
as High load vertices having a discrete traffic load value of 3. The graph
is then converted into an undirected graph for network clustering, and
the vertex labels are used as guides to obtain optimal cluster parti-
tions. The final step involves the application of a Minimum Bound-
ing Geometry (MBG)-coupled Rule-based Approach to design sub-sector
boundaries.

3.1. Network Flow Optimization Formulation

Consider the 2D airspace network, G = (V, E) with a set of vertices
V and a set of edges E. Here, V represents all potential airports and
navigation aids, commonly referred to as waypoints. Correspondingly,
the set E encompasses the edges connecting these vertices, symbolising
the established air routes within the airspace. Let the capacity of an
edge (a, b) € E be C, ;. Let the length/cost (distance measure) of an edge
(a,b) € E be d, . Assuming the set K of k OD pairs, where an OD pair
is defined by a triple- source, sink and demand, i.e., (s;, #;, d;). Let the
decision variable be the flow of OD pair k on the edge (a, b) € E, f;(a,b).
The optimal flow problem can now be formulated as a multi-commodity
flow problem (MCFP) where each OD pair is a commodity, and the task
is to find the feasible flow of commodity k on edge (a, b)) minimising the

cost 1 Y d,,fi(a b). Hence, the flow optimization problem can be
kEK (a,b)eE
formulated as

mf1n<2 Y dypfula, b)> M

kEK (a.b)€E
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Fig. 2. Overall Research Design.
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Equation 1 aims at minimising the cost of flow. Equation 2 ensures
flow conservation at each node. It suggests that for a given OD pair,
the flow of that OD pair entering a transit node a € V' is the same as
the flow of that OD pair leaving the transit node. Additionally, the de-
mand of that OD pair must exit the source node completely. Simultane-
ously, the demand of that OD pair must enter the sink node completely.
Equation 3 ensures that the sum of flows from all OD pairs on an edge
does not exceed the capacity of the edge. Finally, Equation 4 ensures
that the flow values are non-negative.

3.2. Complex Network Clustering

Complex network clustering problem is posed as an optimization
problem. Given a network represented as G = (V, E), two critical param-
eters have been proposed in the complex network literature: k-means
(KKM) and ratio cut (RC) (Gong, Ma, et al. 2012). Minimising KKM aims
to minimise the sum of edge densities within a cluster while minimis-
ing RC aims to minimise the sum of edge densities between clusters.
For this research, we redefine KKM and RC as Link Density Within Clus-
ters (LDWC) and Link Density Between Clusters (LDBC), respectively.
Thus, minimisation of LDWC ensures equitable distribution of intraclus-
ter (intra sub-sector) edge densities across different sub-sectors. Con-
versely, minimising LDBC ensures a balanced distribution of intercluster
(inter sub-sector) edge densities. Consequently, the clustering problem
is transformed into a multi-objective optimization problem with two ob-
jectives.

. LDWC
mln{ ow¢ ®)

Considering that the adjacency matrix 4;; carries the vertex adja-
cency information, and there exists ¢ clusters (subgraphs/partitions) for
this network such that C = {V},V,, ..., V,} where V, represent the set of
vertices in clusters (subgraphs/partitions) G; and i = (1,2, ..., ¢). Let | V|
be the number of vertices in the i cluster and V; = C — V. The network
clustering problem can be solved by ensuring the following objectives

3.2.1. Discrete Particle Swarm Optimization Framework

The approach of employing the decomposition-based discrete par-
ticle swarm optimization (DPSO) framework for addressing the multi-
objective problem was introduced by Gong et al. (2014). This framework
holds several benefits comprising (i) rapid convergence, (ii) automatic
determination of the cluster count, (iii) seamless integration with net-
work topology, and (iv) the capability to generate solutions evenly dis-
tributed along the Pareto front. Let a particle i be denoted by its position,
X; ={x;,x5,...,x,} where x; € [1,n]. Here, n represents the number of

vertices. The velocity of particle i is denoted as V; = {v,,v,,...,v,} such
that,
1, if x; changes
= 7
bi {O, otherwise Q)

The velocity update rule for a particle i is redefined and is given by

V= Sig<7’Vi + 512 (Pbest,- @ Xi) + 5223 (Gpeos @ Xi)) ®

v.21,2p €[0,1] )

where y represents the weight of inertia in PSO. s, and s, are cognitive
and social parameters. z; and z, are random numbers. Let Py be the
personal best position of particle i and G,,,, be the global best position
of the population. The @ is the XOR operator. The function Z = sig(X)
where Z = (z, 25, ..., z,,) is defined as

1 d(0, 1 i id (x;
Z = ,  rand(0,1) < sz‘gmm- (x,) 10)
0, rand(0,1) > stgmozd(x,-)
And sigmoid(x;) is given by
1
] id(y;) = ——— 11
sigmoi (y,) = (11)
The position update is done by
xig+1 = xf ® vig (12)

where, g represents the g/ iteration or generation. The ® operator is
defined as

ﬁ“:{é’ v =0 (13)

! Nbest," v = 1
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Therefore, the ® operator ensures that the swarm is directed to a
better solution. The parameter N,,,,; is given by

Npesti = arg max 2 ¢(x§’r) a4
JEN

where N = {n,n,,...,n,} is the set of neighbours to a vertex i and the

function ¢(i, j) is defined as

0, otherwise

1, i=j
¢<i,j>={ t=J (5)

Ny.:; gives the position found among the neighbouring vertices of
i"h vertex. Equations (12)-(15) ensure that the i vertex identifies the
cluster with members similar in nature to the i"* vertex. The initialisa-
tion procedure involves a label propagation technique, as described by
reference (36). Let the set of neighbouring vertices to vertex i be denoted
as N = {n,n,,...,n;}, and the cluster label is denoted as C(i). Initially,
each vertex is assigned its own cluster label, i.e., C(i) = i. Subsequently,
the labels are permitted to propagate throughout the network such that
each vertex joins a cluster whose members exhibit similarity in proper-
ties, akin to the principles elucidated in Equations (14)-(15). Through
iterative label propagation, densely connected vertices converge upon
a consensus regarding an exclusive label. Consequently, with an initial
population size of p, the initial positions and velocities of the particles
are denoted as X/ = {x!, xé, x[') } and, V! = {u}, u;, u}l’ } re-
spectively. Moreover, the initial global best particle, G,,,; , is randomly
selected from the neighbourhood set N. The discussed approach en-
hances diversity within the population and contributes to reduced time
complexity.

Next, a turbulence operator is included to help preserve diversity
within the optimization process by infusing randomness into the search
trajectory. The operator’s primary function is to avoid premature con-
vergence by fostering exploration across the search space, thus en-
abling the identification of better solutions. This study utilises the well-
established neighbour-based mutation (NBM) technique. In NBM, a ran-
dom number r is generated for each vertex, such that r € [0,1]. If r is
below the specified mutation probability threshold p,, , the algorithm
iterates through each neighbouring vertex and assigns the vertex’s label
to the adjacent vertices. Consequently, the operator randomly selects a
subset of the population and propagates their positions to neighbouring
vertices. This operator is applied after the velocity update step of the
optimization algorithm.

Finally, the Tchebycheff approach is strategically employed to
decompose the multi-objective problem into a scalar problem. This
method, characterised by its weighted sum approach, operates without
the prerequisite of convexity assumption within the objective function.
The scalar optimization problem is:

min h(x|f, Z*) = max {ﬁm‘(fm(x) - Z;Fn)‘}
st.xeC

(14a)

where m € {1,2,..., M} and M is the number of objectives. f,,() is the
m'™ objective function and f = (f,,...,f,) is the weight vector. Z* =
{z],....25, ) is the reference vector such that z* = {min f,,(x)|x € C} for
each m=1,..., M. f,(x) is the value of the m" objective. If for the
i""particle, h(xf“ 1B, Z*) < h(x¥|B, Z*), then xf“ =x¢, i.e., DPSO up-
date the P, otherwise Py, retains the existing value. The decisive
solution from the Pareto front is identified based on the Normalised
Mutual Information (NMI) index. NMI calculation takes input the cat-
egorical vertex labels, obtained from the discretisation of network op-
timization flow and reflects the underlying community structure of the
network. The DPSO uses the normalized mutual info_score function from
the sklearn.metrics.cluster module to calculate the NMI.

3.3. Sub-sector boundary design

The sub-sector boundaries should be connected, and shapes should
exhibit compactness and convexity. This study proposes the use of a

Journal of the Air Transport Research Society 3 (2024) 100036

Minimum Bounding Geometry (MBG)-coupled Rule-based Approach to
achieve the desired results. The design procedure is summarised below.

Input: Set of vertices V' and their respective cluster labels {k,, k,, ..., k¢}

Step 1: MBG
for each Cluster k;

construct bounding box Envelope p,
end for

Step 2: Rule-based Approach

construct Grid with Grid centres
sort Envelopes based on increasing number of overlaps (with neighbouring
Envelopes), pV, p@, ..., p©
while j < C[p" is having smallest number of overlaps
fori = j+1t0Cdo
check for Realignment with neighbouring Envelopes p”’
perform Realignment
end for
Modify Realigned Envelope p" to surrounding sector shapes
j++
end while

The check for Realignment is conducted to identify two aspects: (i)
the neighbouring Envelopes, p”, i = {j + 1, ..., C} overlapping with the
Envelope under consideration, pY’, and (ii) the type of Realignment
needed to be performed between the Envelope under consideration, p"/)
and its neighbouring Envelopes, p®), i = {j + 1,...,C}. This study pro-
poses the use of two Realignment strategies, (i) Horizontal Realignment
and (ii) Vertical Realignment. The fundamental procedure for both Re-
alignment strategies are similar and is summarised below.

Horizontal Realignment
for two neighbouring Envelopes p” and p")
slide overlapping horizontal Envelope lines such that
direction of sliding is parallel to vertical axis and away from each other
total discrete traffic load value exchanged from p’ — p\) ~ total discrete traffic
load value exchanged from p¥) — p@
sliding ends on the nearest grid line or grid center such that
final Envelope lines are collinear
final Envelope lines are near to route intersection points
end for
Vertical Realignment
for two neighbouring Envelopes p” and p")
slide overlapping vertical Envelope lines such that
direction of sliding is parallel to horizontal axis and away from each other
total discrete traffic load value exchanged from p) — p\) ~ total discrete traffic
load value exchanged from p¥) — p@
sliding ends on the nearest grid line or grid center such that
final Envelope lines are collinear
final Envelope lines are near to route intersection points
end for

The Horizontal and Vertical Realignment strategies, along with the
Modification step, are also illustrated in Fig.s 3 and 4, respectively.
The type of Realignment is selected based on the degree of overlap.
For example, in Fig. 3, there are two Envelopes corresponding to the
two clusters, red and blue. Horizontal Realignment leads to the possible
exchange of a total of two vertices. On the contrary, Vertical Realign-
ment will lead to the possible exchange of a total of five vertices. Hence,
Horizontal Realignment is the preferred option. During the process, the
overlapping Envelope lines are moved such that a vertex from the red
cluster with a discrete traffic load of one goes to the blue cluster. Sim-
ilarly, a vertex from the blue cluster with a discrete traffic load of one
goes to the red cluster. Hence, the total traffic load exchanged between
two Envelopes are balanced. The movement ends on the nearest hor-
izontal grid line, and the earlier overlapping Envelope lines are now
collinear. Lastly, the two Envelopes are modified to match the shapes
of the surrounding sector, leading to two sectors. In the case of Fig. 4,
there are two Envelopes corresponding to the two clusters, red and blue.
Horizontal Realignment leads to the possible exchange of a total of three
vertices. On the contrary, Vertical Realignment will lead to the possible
exchange of only two vertices. Hence, Vertical Realignment is the pre-
ferred option. During the process, the overlapping Envelope lines are
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Fig. 4. Illustration of The Vertical Realignment Followed by Modification of Envelope Boundaries.

moved such that a vertex from the red cluster with a discrete traffic
load of one goes to the blue cluster. Similarly, a vertex from the blue
cluster with a discrete traffic load of one goes to the red cluster. Hence,
the total traffic load exchanged between two Envelopes are again bal-
anced. The movement ends on the nearest vertical grid centre and the
earlier overlapping Envelope lines are now collinear. Finally, the two
Envelopes are modified to match the shapes of the surrounding sector,
leading to two sectors.

4. Experimental setup

This study applies the research design to Indian airspace. Despite
facing a decline in traffic due to the COVID-19 pandemic, India’s avi-
ation sector has reached pre-pandemic levels by the end of 2023 and
is bound to become the world’s third-largest stakeholder in the world
aviation market (IATA 2023; PwC 2022). Recent research underscores
the complex and fluctuating patterns of air traffic in India, necessitat-
ing the advancement of infrastruture planning, monitoring strategies,

and demand-capacity imbalance moderation policies in future ATM sys-
tems (Chandra et al. 2022, 2023, 2024a, 2024b). Currently, the Indian
airspace comprises 18 sectors characterised by irregular shapes and un-
even traffic distribution, as illustrated in Fig. 5.

Data on Indian airspace was obtained from the Airports Author-
ity of India’s open-source Aeronautical Information Services platform
(Airports Authority of India, 2023,2021). Apart from India’s rising in-
flow and outflow traffic, the existing airspace sectors also experience
flyover traffic due to international flights travelling between Southeast
Asia and the Middle East. Therefore, taking the case of Indian airspace
sectors deems fit. Fig. 6 displays the waypoints, including navigation
aids and airports, within the Indian airspace. For simplicity in imple-
mentation and discussion, we have chosen to focus on a specific sector
known as VOMF-UPPER-UML (VUU) in the southwestern region, also
depicted in Fig. 6. VUU is strategically positioned between the heavily
Chennai and Mumbai-bound airspace sectors and constitutes significant
waypoints and routes. VUU comprises 58 waypoints leading to a net-
work of 58 vertices. The presence of significant waypoints and routes
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in this sector results in a complex network topology, making it an ideal
candidate for testing and validating the proposed research design.

The waypoints and routes within the VUU sector are represented as
a directed network graph, based on the 58 x 58, 0-1 adjacency matrix.
The directed graph is depicted in Fig. 7. Utilising the adjacency matrix
and vertex locations, we further calculate a distance matrix using the
Haversine formula. The heatmap summarising the distance matrix is il-
lustrated in Fig. 8. Additionally, the Origin-Destination (OD) demand
data is obtained from the Directorate General of Civil Aviation (DGCA)
for the month of December 2022. The DGCA provides monthly passen-
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ger flow data, which is then used to derive daily passenger flow data.
Subsequently, the daily passenger flow data is converted into aircraft
flow data, considering an average load factor of 88.84. The OD flow of
selected OD pairs is represented using a Sankey diagram in Fig. 9. In
Fig. 9, the different OD pairs are represented by connecting lines, and
the thickness of the lines represents the magnitude of demand. Higher
line thickness represents higher demand.

The multi-commodity flow problem is addressed using the open-
source Solving Constraint Integer Programs (SCIP) library. In this im-
plementation, the edge capacity, C,, is uniformly set to 50 for all edges.
We employ the DPSO algorithm with a population size of 100. The cog-
nitive and social components, denoted as s, and s,, are both assigned a
value of 1.494. The inertia weight, y, and the parameters z, and z, are
randomly selected from the range [0, 1]. Additionally, the mutation prob-
ability, p,,, is set to 0.1, and the neighbourhood size is kept at 20. These
DPSO parameters are chosen based on previous recommendations. The
termination criteria for the algorithm are determined by the maximum
number of generations (maxgen) or iterations. This study conducts ex-
periments using four different maxgen values: 50, 100, 150, and 200.
We implemented the DPSO in Python as well using the openly available
source code. The complete experimental setup utilises a machine run-
ning the Windows 10 operating system, equipped with an AMD Ryzen
7 5800 processor operating at 3.20 GHz and 16 GB of RAM.

5. Results and discussions

The optimal incoming flow in each node is illustrated in Fig. 10. The
optimal flow values ranged from O to 186 flights. As a result, the Low
traffic load vertices will have a total incoming flow in the range [0,62].
Medium traffic load vertices will have a total incoming flow in the range
of (62, 124]. Finally, High traffic load vertices will have a total incoming
flow in the range of (124, 186]. The same classification is reflected in
the categorical traffic load assignment, also shown in Fig. 10. It is worth
noting that only four vertices exhibit high traffic load: Mangalore, Goa,
Calicut, and Coimbatore airports. All four are international airports with
significant international and domestic traffic.

Among the medium traffic load vertices, all are waypoints except
one airport, the Kochi International Airport. Low traffic load vertices are
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Fig. 6. Sector selected for implementing the proposed methodology.
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Fig. 7. Network graph created based on the waypoints and routes in VUU Sector.

Heatmap-Distance Matrix (in km)

Table 2
Variation of cluster number and cluster size with maxgen.

Number of Vertices
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maxgen — 50 100 150 200
Clusters | co 20 28 21 10

C1 11 16 20 20
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Total 58 58 58 58

Table 3

Variation of average traffic load within a Cluster with maxgen.

Average Traffic Load

maxgen — 50 100 150 200
Clusters | Cco 1.15 1.25 1.62 1.40
C1 1.64 1.56 1.15 1.30
Cc2 1.00 1.21 1.10 1.32
c3 1.38 - 1.40 -
c4 1.40 - - -

Vertices

Fig. 8. Heat map of the distance matrix (in km).

gained mostly from waypoints or smaller airports with limited domestic
connectivity. Therefore, the optimal flow values from MCFP reflect the
real operational scenario of the VUU sector. The clustering algorithm
is implemented considering the categorical load as input. Clustering re-
sults put forward several interesting observations. The first set of obser-
vations consists of the fluctuation in cluster size with varying maxgen
values, as outlined in Table 2. When maxgen is set as 50, the DPSO iden-
tifies five clusters. These clusters are labelled as CO, C1, C2, C3, and
C4 in Table 2. The four clusters, respectively, have 20, 11, 4, 13, and
10 vertices. Increasing maxgen to 100 results in three clusters: CO, C1,
and C2, with 28, 16, and 14 vertices, respectively. At maxgen = 150, the
DPSO detects four clusters, CO, C1, C2, and C3. The respective cluster
sizes are 21, 20, 12, and 5 vertices. Finally, setting maxgen = 200 iden-
tifies three clusters with sizes 10, 20, and 28 vertices. Evidently, the
clustering outcomes vary in response to changes in the number of gen-
erations or iterations. Further, the clusters associated with maxgen = 50

exhibit a more uniform cluster size distribution followed by results asso-
ciated with maxgen = 150 and maxgen = 100. In essence, the distribution
of vertices across different clusters is more balanced.

Similar trends emerge when examining the average traffic load varia-
tion among clusters for different maxgen values. Table 3 reports the vari-
ation in average traffic load within clusters for varying maxgen values.
When maxgen is set as 50, the resulting clusters CO, C1, C2, C3, and C4
exhibit average traffic loads of 1.15, 1.64, 1.00, 1.38, and 1.40, respec-
tively. The three clusters CO, C1, and C2 corresponding to maxgen = 100
have average traffic loads of 1.25, 1.56, and 1.21, respectively. When
maxgen is set as 150, the resulting clusters CO, C1, C2, and C3 ex-
hibit average traffic loads of 1.62, 1.15, 1.10, and 1.40, respectively.
Finally, at maxgen = 200, the three clusters, CO, C1, and C2, have av-
erage traffic loads of 1.40, 1.30, and 1.32, respectively. Observations
from Table 3 suggest that the proposed method can generate clusters
with more balanced average traffic loads. However, traffic load distri-
bution among clusters varies across different maxgen values.

Contrary to the observations in Table 2, the findings associated with
maxgen = 200 indicate the best equitable distribution of traffic load
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Fig. 10. Traffic flow output from solving MCFP and corresponding categorical
traffic load.

among clusters. The next degree of traffic load distribution is then visible
in results corresponding to maxgen = 100 and maxgen = 150. These over-
all observations align with the network clustering literature, where Gong
et al. (Gong & Ma et al. 2012) proposed that the MODPSO algorithm
performs at maxgen = 140. Given the array of results, we performed fur-
ther analysis to identify the best case. The set feasible solutions at each
maxgen value is shown in Fig. 11. At maxgen = 50, DPSO yields 51 feasi-
ble solutions. At maxgen = 100, DPSO yields eight solutions. The number
of feasible solutions at maxgen = 150 and maxgen = 200 are 55 and 37,
respectively. Fig. 12 illustrates the variation of the minimum value of
the objective functions among all the feasible solutions in each genera-
tion for different maxgen cases.

When maxgen is set as 50, the minimum of LDWC among the set
of feasible solutions decreases with generations and attains the lowest
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Fig. 9. Sankey diagram representing Deman
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value at the 30t generation, followed by an increase from 38 genera-
tion. Similarly, the minimum of LDBC among the set of feasible solutions
decreases with generations. However, the minimum LDBC among the set
of feasible solutions attains the lowest value at the 23" generation but
increases at the 40t generation. When maxgen is set as 100, the mini-
mum of LDWC and LDBC among the set of feasible solutions does not
exhibit much variation with generations. The minimum of LDWC attains
the lowest value for the 9th generation and remains stable. The mini-
mum LDBC among the set of feasible solutions attains the lowest value at
the 8 generation and remains stable. In the case of 150 generations, the
minimum of LDWC among the set of feasible solutions gain decreases
with generations and attains the lowest value at the 75™ generation
with slight fluctuations in subsequent generations but again stabilises
from the 145%™ generation. The minimum LDBC attains the lowest value
at the 36! generation and remains stable. In the case of 200 generations,
the minimum LDWC among the set of feasible solutions attains the low-
est value at the 36™ generation and then remains stable. The minimum
LDBC among the set of feasible solutions attains the lowest value at the
11t generation and remains consistent for subsequent generations.
The combined interpretations from Fig.s 11 and 12 suggest that
DPSO results corresponding to maxgen = 150 perform comparatively
better for LDWC objective. Simultaneously, the DPSO results corre-
sponding to maxgen = 100 and 200 perform comparatively better for the
LDBC objective. Among both cases, results corresponding to maxgen =
100 perform better for the LDWC objective. To gain further insights,
the variation of modularity values (Q) among the population is exam-
ined at different maxgen values. Corresponding results are depicted in
Fig. 13. Modularity serves as an indicator of community strength within
a network, with higher values indicating denser communities. The cases
with maxgen = 100 and maxgen = 200 are very similar in terms of modu-
larity results. The case with maxgen = 100 exhibits the maximum and
average modularity values of 0.471 and 0.468, respectively. For the
case of maxgen = 200, the maximum and average modularity values are
0.482 and 0.424, respectively. Similarly, the cases with maxgen = 50 and
maxgen = 150 are comparable. The case with maxgen = 50 exhibits the
maximum and average modularity values of 0.553 and 0.536, respec-
tively. In the case of maxgen = 150, modularity values are slightly higher,
with maximum and average values of 0.561 and 0.532, respectively.
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The cluster output corresponding to four maxgen cases are sum-
marised in Fig. 14. It is evident that cluster results for maxgen = 50 and
maxgen = 150 are almost similar, hence similar modularity values. Con-
sidering the comprehensive observations on optimality, modularity, bal-
anced traffic load, and uniform cluster size, this study selects the cluster
output corresponding to maxgen = 100 and maxgen = 150 for sub-sector
boundary design. The boundary design for maxgen = 100 case is given in
Fig. 15. Boundary design for maxgen = 150 case is given in Fig. 16. Figs
15 and 16 also provide the MBG-based envelope design, grid layout, en-
velope boundary realignment, and final sub-sector boundaries. Fig. 15A
indicates the three convex Envelopes because of the MBG method. Once
the grid is created, we look for the Realignment of the Envelope. Enve-
lope 1 has only one overlap with Envelope 2. Therefore, the approach
starts with Envelope 1. Envelope 1 and Envelope 2 will undergo en-
velope realignment. Here, horizontal Realignment will take place as it
leads to the least number of vertex exchanges. The horizontal Realign-
ment takes place such that Envelope 1 gains two vertices from Envelope
2 with a total discrete value of 4. Subsequently, it loses three vertices
to Envelope 2 with a total discrete value of 4. The next Envelope with
the least overlap is Envelope 3, which overlaps with Envelope 2. Hence,
the approach proceeds for the Realignment with Envelope 3. Again, only
horizontal Realignment takes place. The Realignment happens such that
Envelope 2 gains three vertices from Envelope 3 with a total discrete
value of 3. Simultaneously, Envelope 2 loses two vertices to Envelope 3
with a total discrete value of 4. The next turn is for Envelope 2, but all
the Realignment for this Envelope are already achieved. Final realigned
Envelopes are given in Fig. 15C, followed by final sub-sector boundaries
in Fig. 15D. After the rule-based approach, the average traffic load in
Sub-Sector 1, 2, and 3 are 1.30, 1.33, and 1.38, respectively. Respective
cluster sizes are 27, 18, and 13.
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Fig. 16A indicates the four convex envelopes as a result of the MBG
method. Once the grid is created, we look for Realignment of the En-
velope. Envelope 2 has only one overlap with Envelope 1. Therefore,
Envelope 2 and Envelope 1 will undergo Envelope Realignment. Here,
only vertical Realignment is takes place due to the least requirement
of vertex exchange. The vertical Realignment takes place such that no
Envelope gains or loses any vertex. Next Envelope with the least degree
of overlap is Envelope 4, which shares boundaries with Envelope 3. A
vertical realignment takes place between Envelopes 4 and 3, where two
vertices are exchanged among them, each of low traffic load. The total
discrete value gained and lost is 2. The next Envelope with the least
overlaps is Envelope 3. After its Realignment with Envelope 4, it only
overlaps with Envelope 1. As per the approach, it performs a horizontal
realignment with Envelope 1. The Realignment happens such that En-
velope 4 gains one vertex from Envelope 1 with a total discrete value
of 3. Simultaneously, Envelope 4 loses three vertices to Envelope 1 with
a total discrete value of 3. The next turn is for Envelope 1 but all Re-
alignment for this Envelope has already been achieved. Final realigned
envelopes are given in Fig. 16C followed by final sub-sector boundaries
in Fig. 16D. After the rule-based approach, the average traffic load in
sub-sectors 1, 2, 3, and 4 are 1.47, 1.15, 1.30, 1.40, respectively. Respec-
tive cluster sizes are 27, 18, and 13. Respective cluster sizes are 23, 20,
and 10, and 5. It is worth noting that a lesser number of clusters leads
to a smoother application of the Rule-based approach. Nevertheless, the
Rule-based approach continues to ensure that all sub-sectors are equi-
table and balanced. Overall observations indicate the applicability of
the proposed research on obtaining desirable airspace sub-sectors, thus
contributing to efficient air traffic monitoring, reducing controller work-
load, and minimising safety concerns. The overall results and inferences
are promising and have interesting implications. The subsequent sec-
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Fig. 14. Clustering Results for Different maxgen Values (14A: maxgen = 50, 14B: maxgen = 100, 14C: maxgen = 150, 14D: maxgen = 200).

tion discusses the implications, limitations, and research opportunities
arising from the present study.

6. Research implications and limitations

The research findings offer several implications for the advancement
of airspace sectorization and air traffic management strategies. First, the
network optimization formulation is crucial to obtain an orderly and
regular representation of the travel demand on the network in the form
of optimal flow assignment. The multi-commodity flow model possesses
sufficient static-to-dynamic and dynamic-to-static adaptability to repre-
sent the dynamic demand conditions and traffic patterns on the network.
Secondly, the network clustering approach considers the inherent com-
plex nature of air transportation networks in its formulation, contribut-
ing to a higher retention of network behaviour. Ensuring compliance
with such measures improves the robustness of sectors/sub-sectors to
network evolution and dynamics. The network clustering approach also
has the flexibility of circumventing the need to encode connectivity,
convexity, and compactness as strict constraints. Consequently, the non-
trivial constrained multi-objective problem transforms into a more com-
putationally tractable unconstrained multi-objective problem. Finally,

12

the Minimum Bounding Geometry (MBG)-coupled Rule-based approach
allows enough control over boundary design while ensuring compact-
ness and convexity conditions. Controllability is often a desired criterion
for higher acceptability among practitioners involved in en route sector
design and control. Higher acceptability among practitioners fosters the
development of adaptive and responsive ATM systems.

It should be noted that there can be challenges in generalizing the
cluster results corresponding to 100 and 150 generations for differ-
ent airspace environments and traffic patterns. However, there exists
no universal rule to determine the best number of generations. Stud-
ies inspiring the present methodology have expressed suitable results at
varying maxgen values such as 50, 80, 100, 120, 140, and 160 (Gong
& Cai et al. 2012; Gong et al., 2014). Purely from a scalability point
of view, it is better to limit the highest maxgen value for testing to
150. But identifying the factors affecting the best maxgen value is in
itself an intriguing problem statement. In essence, choosing the best
maxgen € [50,150] is a possible limitation, worthy of further investi-
gation. Nonetheless, for the generalizability of this study, we propose
a simple solution-driven framework to identify the best maxgen value.
First, considering the computational complexity, scalability, and recom-
mendations from literature (Gong & Cai et al. 2012; Gong et al., 2014),
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Fig. 15. Sub-sector Boundary Design for Clustering Results Corresponding to maxgen = 100 (15A: MBG-based envelope design, 15B: Grid layout, 15C: Envelope

boundary realignment, 15D: Final sub-sectors boundaries).

it is best to keep the candidate set of maxgen values € [50, 150] to run the
framework. Any future study utilizing the proposed framework can gen-
erate results for the following candidate set of maxgen values: 50, 80,
100, 120, 150. Once the results are generated for the candidates, the
best maxgen candidate can be selected based on four metrics: (i) stan-
dard deviation of cluster size, (ii) standard deviation of average cluster
traffic load, (iii) values of LDWC and LDBC, and (iv) average and max-
imum modularity. Ideally, the best maxgen candidate should produce
clusters with lowest values for the first three metrics (indicating equity
and stability) and highest value for the fourth metric (indicating strong
community structure). In the absence of clear identification from all four
metrics, the candidate having best values for the first two metrics can
be considered.

Another minor but significant aspect of the integrated framework
is the requirement of discretised categorical traffic load values for
each vertex as guiding standards for the DPSO. Although the discre-
tised categorical traffic load values have been obtained from the net-
work optimization results, future work can look towards more intelli-
gent setups. Notably, time-series based techniques like ensemble ARIMA
(E-ARIMA) (Shahriari et al., 2020) and Shapelet Transform Classifier
(AlDhanhani et al., 2019), etc., can be applied over long-term observed
flow data to obtain more representative load classifications. Such load
classifications will represent long-term traffic flow patterns over a net-
work and may lead to more representative sectors. Therefore, the utility
of discretised categorical traffic load values induces promising research
directions, bypassing the need for network optimization models. An ad-
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ditional interesting implication arises from using the complex network
clustering approach. There exists a strong association between the ex-
istence of network communities and the robustness of a transportation
network (Sun and Wandelt, 2021; Wandelt et al., 2021). Literature hints
towards the role of inter-community connections as networks with weak
inter-community connections have been found to be more susceptible
to attacks (Requido da Cunha et al., 2015). The present study aims to
achieve an equitable distribution of intra-community (intracluster) and
inter-community (inter-cluster) edges through the two objectives. Si-
multaneously, we are also taking into consideration the aspects of clus-
ter size, modularity, equity, stability and traffic load to determine the
best results. In essence, the overall framework ensures the preservation
of the characteristics required for higher robustness while utilising the
underlying community structures to design sectors.

These are interesting implications and research avenues, but the
present study has its limitations. Presently, the paper only addresses the
2D static problem, leaving scope to address the 3D dynamic problem
within an integrated framework. Translating the present framework to
solve the 3D problem may require overcoming a few critical challenges.
Considering 3D airspace as a set of 3D building blocks resembling a con-
vex polytope, the first step may involve building a 3D graph. This 3D
graph is expected to represent a network of building blocks. Each vertex
corresponds to the centre of a block, and links connect vertices to indi-
cate relationships between blocks. Vertices and links can be assigned
weights. Vertex weights reflect the complexity of their corresponding
blocks, while link weights represent the traffic flow between connected
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Fig. 16. Sub-sector Boundary Design for Clustering Results Corresponding to maxgen = 150 (16A: MBG-based envelope design, 16B: Grid layout, 16C: Envelope

boundary realignment, 16D: Final sub-sectors boundaries).

blocks (Kim et al. 2021; Sergeeva et al. 2015). Subsequent steps may in-
volve translating the 2D network clustering model to a 3D network clus-
tering model built on similar theoretical foundations. Network cluster-
ing problem in 3D is an emerging and interdisciplinary field with its own
set of challenges. Limited studies that explored the concept of a 3D net-
work clustering model highlighted critical challenges such as building
a regular network, higher computational complexity, and overlapping
clusters (Azri et al., 2019; Fan et al. 2020; Papadakis et al., 2013). The
dynamic and three-dimensional adaptability of the MBG-coupled Rule-
based Approach is also another challenge and requires further introspec-
tion. The performance of the framework in rapidly changing conditions
or extreme scenarios is an interesting avenue. Unfortunately, the lack
of such data on our end limited the testing and validation tasks. Never-
theless, these are promising opportunities for future studies inspired by
the outcomes of the present research.

7. Summary and Conclusions

This study proposes the possibility of 2D en route airspace sub-
sectorization through a novel integrated framework. The first com-
ponent of the framework involves a multi-commodity flow problem
(MCEFP) to find the system-wide flow assignment on the network. The
input to the optimization model includes a 2D airspace directed graph
with vertices and edges, edge capacity, and demand between different
OD pairs where each OD demand is treated as a commodity charac-
terised by a source, sink and demand value. Then, the flow on a vertex
is calculated by summing the optimal flows from all incoming edges con-
nected to that vertex. The second component of the framework involves
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a complex network clustering problem guided by the discretised cate-
gory traffic load values on each vertex. A categorical weighting scheme
is introduced to obtain the discrete values and respective categories.
This scheme orders vertices into three categories: Low load, Medium
load, and High load. Vertices with incoming flow falling within the first
tertile are designated as Low load vertices, assigned a discrete traffic
load value of 1. Those within the second tertile are classified as Medium
load vertices, with a value of 2, while vertices in the third tertile are
labelled High load vertices, assigned a value of 3. The network cluster-
ing problem is posed as an unconstrained multi-objective problem with
two objectives: minimising intracluster (intra sub-sector) edge densi-
ties across different (clusters) sub-sectors and minimising intercluster
(inter sub-sector) edge densities across different (clusters) sub-sectors.
The clustering problem is then solved using a decomposition-based dis-
crete particle swarm optimization (DPSO), with the decisive solution
chosen based on the underlying community structure of the network
represented through the categorical vertex labels. Finally, a Minimum
Bounding Geometry (MBG)-coupled Rule-based Approach is proposed
to design convex and compact sub-sector boundaries across the vertex
clusters.

A southwester sector from Indian airspace, VOMF-UPPER-UML
(VUU), comprising a network of 58 vertices and 188 directed edges, was
used to experimentally validate the integrated framework. The OD pairs
and demand values were obtained for December 2022 from the Direc-
torate General of Civil Aviation (DGCA) website. The DPSO were run for
four different iterations (maxgen), 50, 100, 150, and 200. The flow val-
ues obtained from MCFP reflect real operational conditions with large
international airports exhibiting High traffic load. The clustering results
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indicate that cluster size varies across maxgen values. The average traffic
load across clusters now converge to Medium traffic load, representing a
more balanced traffic load distribution. However, the degree of balance
also varies across different generations. Further introspection on the ob-
jective function values, modularity, cluster size, and traffic load distribu-
tion, results corresponding to maxgen = 100 and maxgen = 150 performs
better and is selected for boundary design. The MBG-coupled Rule-based
Approach ensured compact and convex boundary design while ensuring
that all sub-sectors remain equitable and balanced.

The primary conclusion hints towards the suitability of the in-
tegrated framework in designing equitable and balanced airspace
sub-sectors. There exist a few critical implications and future research
possibilities as well. The MCFP can be adapted from static to dynamic
conditions, effectively capturing dynamic demand variations and
traffic patterns. Therefore, the proposed framework can be adapted for
dynamic sectorization problems. In addition, the network clustering
approach accounts for the inherent complexity of air transportation
networks, enhancing the robustness of sectors/sub-sectors to network
evolution. The clustering problem bypasses the need for strict con-
straints on connectivity, convexity, and compactness, thus leading
to a more computationally tractable unconstrained multi-objective
problem. The MBG-coupled Rule-based Approach provides control
over boundary design, ensuring compactness and convexity conditions,
which is crucial for gaining acceptance among practitioners involved in
en route sector design and control. Future research could explore more
intelligent setups to determine the categorical weights to vertices with
weights representative of long-term traffic flow patterns. The study’s
limitations include its focus on the 2D static problem, leaving room to
address the more complex 3D dynamic problem using the integrated
framework. The performance of the framework under rapidly changing
conditions or extreme scenarios is yet to be explored. Addressing the dy-
namic adaptability of the MBG-coupled Rule-based Approach is another
pertinent area for future research, offering promising opportunities.
Future efforts are also required to test the applicability of the proposed
framework to an even larger and more complex airspace system.
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