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r   A B S T R A C T 

This work investigates the application of Dependency Structure Matrix (DSM) to problems with fast dynamics, such as air-

space sectorization. The aim of this paper is to use a powerful mathematical tool to distinguish relevant agents in a busy 

airspace with a logical and meaningful distribution of the workload among air traffic controllers. This approach will help 

prevent controllers from getting exhausted in busy airspaces and increase  the overall capacity of the airspace. It could 

also serve as a logical interface to simulate the chance of human error in a controlled aerodrome. Different case-studies 

by the authors reveal that adding real-time capabilities to the existing platform can be very effective with the re-archi-

tecting of neighboring sectors so that the domino effects of delays imposed on neighbors is decreased.

APPLICATION of clustering, simulation and optimization techniques

BLOCK 3
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APPLICATION OF 
DEPENDENCY 
STRUCTURE MATRIX  
to Airspace Sectorization and 
Improving the Distribution of the

WORKLOAD AMONG 
CONTROLLERS

amount of time increases human error. Also, 
a controller who has not had to deal with high 
workload for a long time would not be able to 
handle a high sudden workload.

In order to optimize the distribution of the 
workload among the controllers, many ideas 
have been proposed including dynamic sectori-
zation. Based on this method, the sectorization 
should be dynamic and change proportional to 
the flow of traffic so that the traffic flow can be 
efficiently managed. Many studies have been done 
in this field, among them, dynamic program-
ming (Kulkarni et al., 2011), the weighted graph 
approach (Martinez et al., 2007) combined with 
the genetic algorithm (Chen et al., 2013), combin-
ing neighbor sectors based on the traffic demand 
(Bloem and Kopardekar, 2008), and the geomet-
rical methods for optimal airspace design (Basu 
et al., 2009). In all these methods, the controller 
workload is quantified by the number of aircrafts 
in each sector as a function of time. However, the 
number of aircrafts per sector is not an accurate 
estimate of the controllers’ workload. Figure 1 
is an example of such a condition. This figure 
shows two similar sectors with 4 aircrafts passing 
through them. The aircrafts shown in Figure 1-a 
are flying in parallel routes while in Figure 1-b, the 
aircrafts are flying toward a single point. In this 
example, although the number of aircrafts in the 
two sectors are similar, the workload of sector b is 
higher than that of sector a.

References (Cummings et al., 2005), (Laude-
man et al., 1998), (P. H. Kopardekar et al., 2009), 
(P. Kopardekar et al., 2008), (Athènes et al., 2002) 
and (Averty et al., 2004) introduce various param-
eters that participate in evaluating the workload. 
In all these papers, conflicts between the air-
crafts is one of the most important aspects of the 
workload. As a result, the goal of this paper is to 

identify and display the clusters of conflicting 
aircrafts in a traffic flow using DSM. This helps 
to sectorize the airspace so that situations similar 
to Figure 4-b would be distributed evenly among 
the controllers. It should also be noted that the 
purpose of sectorization in this research is not to 
define new physical boundaries for the sectors, 
but it to propose a method that helps to divide 
the air traffic into manageable parts. Distributing 
these parts evenly among the controllers assigns 
one part of the traffic to each controller, which is 
not physically separable from the parts assigned 
to other controllers. At the same time, the part of 
the traffic that each controller monitors does not 
have any conflict with other parts of the traffic. 
The proposed sectorization technique changes 
based on the air traffic flow and, as a result, is 
considered a method of dynamic sectorization. 
This paper summarizes the work done in a study 
on dynamic sectorization (Farsad, 2010).

2.	Modeling the airspace 
sectorization with DSM

The purpose of this research is to develop an 
algorithm based on a DSM clustering algorithm 
that enables the sectorization of the traffic flow 
and graphically demonstrates the sectors. To 
explain this algorithm, first the workload param-
eter and the airspace division under this study 
are defined. Next, simulating the traffic flow, 
determining and clustering the system’s DSM are 
explained in detail.

In air traffic, some airways are parallel and 
some cross. The crossing airways can cause 
conflicts in aircrafts’ routes. The workload 
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1.	 Introduction
The demand for air transportation 

is increasing. If the airspace capacity 
does not grow to match this demand, 
then flight delays will increase sig-
nificantly. One of the main sources 
of flight delays is the inefficiency in 
airspace management. In order to 
monitor the air traffic, the airspace is 
usually divided into multiple sectors, 
and each sector is monitored by one or 
more controllers. This type of physical 
sectorization is completely static while 

the air traffic is dynamic and chang-
es seasonally, weekly, and daily. Even 
severe weather conditions and safety 
issues might shift the air traffic from 
one sector to the nearby sectors that 
can suddenly increase the workload of 
the neighbor sectors. It is also possible 
that the traffic increases beyond the 
allowable capacity of one sector. In 
this situation, no aircrafts would be 
allowed into that sector until the traffic 
decreases again. Uneven distribution 
of the workload among the controllers 
not only has a direct effect on the flight 
delays but also decreases the control-
lers efficiency. This is because dealing 
with a high workload for a significant 

FIGURE 1. Different workload for the same traffic density. a) Lower 
workload condition. b) Higher workload condition

FIGURE 2. Improper sectorization that 
requires multiple conflict resolutions
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problem arises when inappropriate sectorization increases 
the number of conflicts that a controller should resolve so 
that it surpasses the allowable limit. Determining this limit 
is not one of the goals of this paper, but this paper helps to 
develop an optimized sectorization method that minimizes 
the number of conflicts and divides the remaining conflicts 
evenly among the controllers. In order to clarify how proper 
sectorization decreases the number of conflicts, consider 
Figure 2. In this figure, there are three sectors. When aircraft 
1 enters sector b, it has a conflict with aircraft 2.  When air-
craft 1 enters sector c, it has another conflict with aircraft 3. 
In this situation, when different controllers monitor different 
sectors, two conflicts need to be resolved. However, if one 
controller monitors the three aircrafts, aircraft 1’s conflicts 
with aircrafts 2 and 3 can be identified in advance and re-
solved by changing the speed of aircraft 1 or re-routing this 
aircraft only once. Clustering the conflicting aircrafts also 
provides a mental image of the traffic for the controllers that 
helps them prepare for the upcoming traffic.

Air traffic management has different levels (Thompson 
and Viets, 2000). This paper evaluates the application of 
DSM to air traffic management at a multi-sector level. This 
idea is extendable to higher management levels, such as 
managing an air traffic control center or multiple centers.

In order to divide the traffic flow among the controllers, 
this research has developed a code that observes the traffic 

FIGURE 3. Possibility of aircrafts conflict and the corresponding DSM. a) Conflicting aircrafts. 
b) Non-conflicting aircrafts

FIGURE 4. The flow of 6 non-conflicting aircrafts. a) The traffic flow. b) The clustered DSM

in multiple neighbor sectors, identifies 
possible conflicts among aircrafts, and 
demonstrates the conflicts in a DSM 
that is assigned to the system. The 
system is a group of aircrafts flying in 
the sectors under study, and the goal 
of this paper is to manage their flow so 
that the secure distance between the 
aircrafts is not violated. After creating 
the system’s DSM, the aircrafts are 
divided into different clusters so that 
the conflicting aircrafts are in the same 
clusters. At the end, the clusters are 
graphically demonstrated.

For simulating the traffic flow, 
the code allows the user to generate 
aircraft routes by selecting multiple 
waypoints for each route. The user 
should define the number of aircrafts 
and waypoints as inputs. Then the code 
interpolates the waypoints with a line-
ar spline to generate and demonstrate 
the routes. The waypoints can demon-
strate the spots where radars or pilots 
determine aircrafts’ positions. Next, 
the code determines which aircrafts 
have conflicts. A conflict happens when 
the distance between two aircrafts 
is less than the radius of the circu-
lar protected area (CPA) (Alaeddini, 
2008), plus an uncertainty term due 
to the uncertainty in aircraft position 
and speed. After determining all the 
conflicts, the next step is to develop 
the system’s DSM, a square matrix the 
size of the number of aircrafts. Each 
row and its corresponding column is 
assigned to one aircraft and if there is 
a conflict between two aircrafts, the 
corresponding DSM coefficient is set 
to one. For example, if aircrafts 1 and 2 
have a conflict and the system’s DSM is 
called A, then a12 and a21 are set to 1. 
Figure 3 shows an example of a con-
flicting and non-conflicting route and 
the corresponding DSMs. The diagonal 
elements of the DSMs are set to 1 with 
the purpose of conforming the DSM to 
the input of the selected clustering al-
gorithm. The system’s DSM is complete 
when all the conflicts are specified 
in the matrix. After determining the 
system’s DSM, a clustering algorithm 
divides the matrix into blocks that 
demonstrate aircraft clusters. 

A study on product development processes 
(Thebeau, 2001) introduces the clustering algo-
rithm used in this paper. This algorithm optimiz-
es a cost function that puts a random element in a 
cluster that has the highest number of interacting 
elements with it. This improves the cost function. 
This algorithm has a random characteristic that 
allows the reduction of the number of steps re-
quired to find the optimum answer and decreases 
the chance of getting stuck in a local optimum. 
The algorithm starts with putting each element 
in a separate cluster.  It then randomly selects an 
element, determines which cluster has the most 
interacting element with it, and moves it to that 
cluster if this change decreases the cost function. 

3.	Case studies
This paper applies the proposed method of 

using DSM in air traffic control management to 
some virtual cases of traffic. In order to verify the 
method, the case studies start with a simple case 
in which the aircrafts have zero conflicts. Then 
it analyzes more complicated cases to determine 
the limits of the method. The designed algorithm 
lets the user define the virtual traffic flow. Then 
it runs the defined traffic, finds the conflicts, sets 
up the system’s DSM, determines the clusters, and 
demonstrates the traffic flow so that the aircrafts 
in the same cluster are in the same color. 

Figure 4 shows a traffic case in which the 
aircrafts have zero conflicts. As a result, the algo-
rithm sets each aircraft into a separate cluster. 

Figure 4-a shows the simulated traffic flow. 
In this figure, each aircraft is represented with a 
number. The circles demonstrate the hubs, the 
solid lines show the airways and dashed lines 
show part of the predicted route for each aircraft. 
Figure 4-b shows the clustered DSM for this case. 
As mentioned earlier, each row and the corre-
sponding column of the DSM is designated to 
one aircraft. A dot placed as a coefficient of this 
matrix shows a conflict between two aircrafts, 
and the solid rectangles show the boundaries of 
a cluster of conflicting aircrafts. In order to see 
which aircrafts are in a cluster, the easiest way 
is to observe the rows’ or the columns’ numbers 
associated to the clustered diagonal elements.

Figure 5-a shows the traffic flow of 24 air-
crafts that is designed so that the traffic can be 
divided into three non-conflicting clusters. One 
of the clusters contains aircrafts 1 to 10, another 
one contains aircrafts 11 to 18, and the last one 
contains aircrafts 19 to 24. The code successfully 

determines and demonstrates the clusters. Figure 
5-b shows the clustered DSM. 

Figure 6 shows a more complicated case of 36 
aircrafts, in which it is possible to divide the air-
crafts into separate clusters. However, an aircraft 
from one cluster has a conflict with an aircraft 
from another cluster. Based on Figure 6-b, there 
are four aircraft clusters. The first cluster contains 
aircrafts 19, 22 to 30; the second cluster contains 
aircrafts 1, 2, 5 to 12; the third cluster contains 
aircrafts 20, 21, 31 to 36; and the fourth cluster 
contains aircrafts 3, 4, 13 to 18. Aircrafts 19 and 
20 can create conflicts between the first and the 
third clusters, and aircrafts 3 and 1 can create 
conflicts between the second and the fourth 
clusters.

In order to manage the conflicting clusters, 
a single controller should manage all of them. If 
this is not possible, the conflict between the clus-
ters should be resolved in advance by rerouting 
the associated aircrafts.

As the total number of aircrafts and the size of 
the clusters increase, the required computational 
effort goes up because the number of possible 
ways of clustering significantly increases. Also, it 
is not possible to analyze all the possible answers 
to find the optimum response; therefore, the 
chance of getting stuck in a local optimum goes 
up. As a result, it is necessary to make sure the 
cost function reaches a stable amount as a func-
tion of the changes in the clusters. The repeata-
bility of the final answer should also be analyzed. 
In this research, this is done by analyzing the 
similarity of the clusters in multiple runs by the 
method introduced in a study on product devel-
opment processes (Thebeau, 2001). The details of 
the repeatability analysis, the sensitivity analysis 
to increasing the total number of aircrafts, the 
size of the largest cluster, and the number of con-
flicts between the clusters can be found in a study 
on dynamic sectorization (Farsad, 2010). 

4.	Discussion
The methodology described in this paper chal-

lenges the concept of physical sectorization of the 
airspace. In simple terms, not all aircraft flying 
routes in a given sector are dependent on one an-
other. By appropriately identifying those aircrafts 
whose flying routes are dependent, it is possible to 
effectively decrease the controllers’ workload and 
lessen the chance of any undesirable conflicts. 
The method and tool described in this work can 
also be helpful to dynamically re-architect air 
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spaces into sectors with a comparable number of aircraft so 
that the number of conflicts that air traffic controllers need 
to consider is minimized.

The results presented in this work effectively show the 
feasibility of applying DSM to air traffic management. None-
theless, one should note that for real scenarios, we need to 
have access to each individual aircraft’s flying capabilities to 
model its true 4D trajectory. Obviously, in absence of such 

data, RADAR coverage could provide the necessary infor-
mation to approximately model any aircraft trajectory and 
therefore its flight-path dependencies on other aircraft in its 
neighborhood. In fact, we are in the process of applying the 
method to old-real traffic data. In this work, the boundaries 
of the traffic have been confined to multiple neighboring 
sectors; nonetheless, the application of such a method to 
global traffic management is the real challenge.

FIGURE 5. The flow of 24 aircrafts dividable into three non-conflicting clusters. a) The traffic flow. b) The clustered DSM

FIGURE 6. The flow of 36 aircrafts dividable into four conflicting clusters. a) The traffic flow. b) The clustered DSM


