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Heuristic Method for 3D Airspace Partitioning:
Genetic Algorithm and Agent-Based Approach

Rafal Kicingef and Arash Yousefi
Metron Aviation, Inc., Dulles, VA, 20166

Dynamic Airspace Configuration (DAC) is proposed wthin the Next Generation Air

Transportation System (NextGen) for dynamically algning airspace resources based on the
changes in user demand. Dynamic Sectorization is enajor concept within DAC for
realigning sector boundaries to provide airspace qaacity where it is needed. There has been
significant effort in developing algorithms for partitioning the airspace into sectors.
However, most of the developed methods create twadrtensional sectors, and three-
dimensional sectorization is still an outstanding esearch question. This paper introduces a
heuristic model for partitioning airspace in three dimensions by combining an agent-based
approach with a genetic algorithm. The model deternmes boundaries of airspace sectors
aligned with major traffic flows, and at the same tme provides balanced distribution of
traffic load among sectors. The model explicitly inorporates geometric constraints to create
right-prism sectors. This constraint is of major concern, beese it enables controllers to
comprehend the volume of airspace by only lookingtathe two-dimensional projection of
their sectors on the radar screen. This paper alsoeports preliminary results of several
computational studies aimed at estimating the potdial applicability of the proposed
approach.

Nomenclature

two-dimensional

three-dimensional

penalty coefficients for the fithess functien
workload variation coefficient defining the allowearkload variation from the mean
mean sector workload

candidate solution

commonality of celi to an adjacent cql
cumulative commonality for sector/agent
cumulative workload collected by sector/agent
fithess/quality of a candidate solutién

number of infeasible cells

cell indices spanning from 1 b

amount of imbalanced workload for sector/agent
total number of airspace cells

set of neighboring cells of cell

sector/agent index spanning from 1Sto

number of sectors/agents

set of cells assigned to sector/agent

time step index spanning from 1To

total number of time steps

total number of transfers from celio an adjacent cejllduring a given time interval
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total workload in the analyzed region of airspa
workload associated with céll

==

[. Introduction

YNAMIC Airspace Configuration (DAC) has been propdswithin the Next Generation Air Transportation

System (NextGen) for dynamically shifting the aasp resources to provide airspace capacity whégeribst
needed by users. Many concepts including DynamitoBieation are being evaluated as part of DAC aler
research to enable future National Airspace SyglAS) to achieve dynamic airspace capacity managenfe
number of techniques have been researched to gematomated algorithms for optimally partitioninigspace into
sectors-*®#1215An extensive survey of DAC literature is reporiadYousefi et af* The majority of developed
algorithms focused on two-dimensional (2D) pantitig of airspace where a given volume of airspageititioned
into sectors with the same altitude range. Howelwgreducing the dimensionality of the problem fr8@ to 2D,
much of the benefit of airspace resectorization f@yost. In particular, this is the case for teartinal airspace
where significant benefits can be achieved by aptirg sectors’ floors and ceilings. The 3D sectatian problem
can be defined as partitioning a given volume offmice into sectors with optimal (as apposed tdfigredefined)
altitudes for their floor and ceiling.

Research efforts are underway to extend the egi&ih techniques to 3D problems. Yousefi e’akported an
extension of 2D cell-based sectorization that idetlirequirements for 3D partitioning. However, dugeometric
constraints imposed on 3D sectorization (i.e., tight prisms), which are discussed in Section IfBrmal
optimization methods for cell-based sectorizati@edime extremely difficult to solV&. Thus, heuristic methods
may be beneficial in finding near-optimal solutions

Even though heuristic optimization methods do rextassarily yield optimal solutions, they frequeratbhieve
better results for complex problems. Another adwgatof heuristic optimization is the relaxed reguoient for
problem formulation. These methods can be appliedroblems with continuous, discrete, and evengeateal
variables or any combination thereof. These progernake them well-suited to be utilized as stdodeamodels
or in conjunction with formal optimization methofits addressing the 3D sectorization problem

This paper proposes a heuristic method which coesbém agent-based model (ABM) with a genetic algari
(GA). The model, described in Section Ill, deteresrboundaries of airspace sectors aligned with mtegdfic
flows, and at the same time provides a balancedhlition of airspace workload among sectors. h ba used for
3D as well as 2D sectorization problems. This papewever, focuses only on presenting the methatimitial
results for a 3D patrtitioning problem.

Il. Cell-Based Airspace Representation

In this section we describe a cell-based
representation for the 3D airspac
partitioning problem used in this study. |
is based on the representation initiall
proposed by Youséfi in the context of
2D sectorization problems and late
extended to 3D in subsequent studfes
The cell-based representation ignort
today’s sector boundaries, and tiles a
region of airspace with a grid of cells of
a fixed size and certain altitude range
shown in Figure 1. For instance, the fir
layer of cells may extend from the groun
to FL100, the second layer from FL100 t
FL200, etc. The area under study me
include any airspace class, including an ¢
traffic control center, a metroplex, or th

terminal airspace of a single airport. _ N ey e " i _
Figure 1: Tiling of a 3D region of airspace with utiform grid
cells.

Altitude [100 feet]
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A. Formulation

Each celli has an associated traffic load (or cell workloé#)This value can be determined based on analysis of
either historical or simulated track data duringien time interval, e.g., 24 hours. The sum dalffic load values
for all cells determines the total traffic logdfor the airspace:

W= W (1)

Given the desired number of sect@sn the region of airspace (which is one of theuinparameters), we can
calculate the mean traffieas:

= @

Thecumulative traffic loadissigned to sectsr CW,, is calculated as:

CW= W 3)

1
ifsc,

whereSCdenotes the set of sector cells assigned to sector

Note that we assume cumulative property for worttjogorkload of a sector is equal to summation fciells’
workload values. We use radar hits within a celaairrogate for cell workload. Studies have shiven this is a
reasonable assumption for sufficiently small cElls.

As mentioned earlier, one of the goals of airspzantitioning is to obtain a uniform distribution wbrkload for
all sectors. Thus, we define a candidate solufiaasbalancedif and only if the cumulative workload assigned to
each sectos is contained between the lower and upper boundltmwed workload variation from the mean
workloadmi.e., if:

(- g,) 7€ CWE (1+ ) s (4)

wheregy denotes the coefficient defining the allowed wodd variation from the mea®y can vary from 0.0 to
1.0 (typically 0.05 to 0.20).

Another objective of airspace sectorization isparoalignment with traffic flows. We quantify thidignment by
calculating theeumulative commonalit¢C; for sectors as

cC= ¢ (5)

where cells andj are cells in sectas, j is adjacent to, and ¢ defines the commonality of cellind adjacent cejl
as follows:

Ciingpi =W (6)

whereN; denotes the set of neighboring cells of ¢edindtr;; defines the total number of transfers from ¢édl an
adjacent celf during a given time interval. The values tor; are computed based on an analysis of historical or
simulated data.
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B. Special Requirements for 3D Partitioning (Right-Prem Constraints)

Air traffic controllers view sectors from a top-dow
perspective on their radar screen, using a 2D giioje of
the sector. This means that, for the foreseealledueach
sector has the same footprint at every altituderlaso that
a controller can deal with the third dimension i(adte)
simply by knowing the upper and lower altitude bet
sector.

This requirement can be expressed in geometricaiste Figure 2: A prism (left) is formed by translating
as a constraint on a sector’s shape. Namely, eactors 3 polygon vertically to form an identical top and
should be a right prism. prismis a 3D polygon formed by hottom. A right prism (right) is a special case in
parallel top and bottom made up of the same polygah  which the top and bottom are located directly
shifted vertically in the third dimension (altitude® our  on top of each other.
case). This means that each side is a parallelogkarght
prism is a prism such that the sides meet the top ¢ Ji
bottom at right angles. Therefore, each side isctangle
as shown in Figure 2.

In the cell-based representation of the airspe i
partitioning, the right prism requirement can bgresented ¢
as a constraint on the shape of each sector. Bhistraint
can be formulated locally for each celin the following

Prism Right Prism

way: If one of its horizontal neighbors togethethaone of e

its vertical neighbors are assigned to sectores) the cell

must also be assigned to sedor N@t"
Figure 3 demonstrates this logic. If cejisandj, are %

assigned to sectar then celli also needs to be assigned- Figure 3: Cell i and its six neighboring cells

the same sector. Similarly, if cellsandjs; are assigned to

sectors, celli is also required to be assigned to the same sdeaoh group of 3 cells having this geometry, cell
and two of its neighboring cells, one horizontatl ame vertical, is considered as a single unit amdnstraint is
generated for each. For each non-boundary celtethee eight such 3-cell configurations: four latedirections
when the upper neighbor is considered a~~

four more lateral directions when the lowe INPUT
neighbor is considered. This yields eig} I i e
right-prism constraints for non-boundar B e
cells and a fewer number of suc - Complexity Metric
constraints for boundary cells (dependir o o et ST
on the number of their neighbors). Gl Commondlity elrics
lIl.  Heuristic Method for 3D Airspace
Partitioning
In this section, we outline the heuristi Genetic Algorithm
method for solving the optimization (GA)
problem which combines an agent-bast L
approach with a genetic algorithm. We firs
provide a high-level overview of the EnDl . [¥ES s s P —
method and subsequently discuss i el
individual components in more detail. i - .
OUTPUT T Agent-(B:;;t; Model
C- MethOd O_Ve-rVieW —Assignrf\ent of Cglls to Sectors oo
The heuristic method, called GAAB | Secors Cumatve borkioacs Cell Clustering

(genetic algorithm/agent-based model
was developed by the authors to solve t
3D airspace partitioning problem. It ha Figure 4: Architecture of the GAAB model for 3D DAC

Solution Fit ‘
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two major components:

1. A GA for determining initial locations of agentsr(aising Yousefi's terminolog}: locations of open

seeds) in the 3D cell-based representation of @desp

2. An ABM for determining cell clustering.

Figure 4 schematically shows the architecture ef @AAB model. This model takes the same inputs as
Yousefi's MIP model*! These inputs are transformed into a cell-basespaie representation discussed in Section
Il.

First, the GA initializes the population of candigaolutions for the 3D airspace partitioning pesbl Each
solution in the population is
represented by a genome thi
encodes initial locations of
agents/open seeds. Th
genome’s length is equal tc
the desired number of sector
in the resulting airspace
configuration  (an  input
parameter for the model a: ‘
shown in  Figure 4). w5 57
Individual gene values, on
the other hand, determine
which seeds are chosen ¢
open from a set of possible
seed locations (another inpu
parameter).

After generating a set of
candidate solutions, the GA
evaluates each candidate’
fitness by initializing an , : :
instance of ABM. The ABM, w5 w5 7
in turn, determines a
clustering of 3D cells.
Hence, for each candidatt
solution (genome), an ABM
is initialized with the starting
locations of agents specifiec
by gene values. Each suc
agent represents a sector th
is initially composed of a
single cell (i.e., an open s o
Seed)- 75 18 s 75 78

Once the ABM is
initialized, agents are free tc
move in the initially
unassigned configuration of
3D cells and gradually
add/assign cells to the secto
In this way, sectors grow
until all the cells are
assigned to sectors. Figure
shows this process of growtt
as a function of the numbe
of iterations of the ABM.
Agents located at their
corresponding open seer Figure 5: Growth of all sectors caused by the actits of agents throughout the
cells at the initial iteration iteration of the ABM.
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(top left part of Figure 5) use thei
behavioral rules (described in mor
detail below) to identify neighboring
cells which should be added to the
collection of sector cells. This
process is repeated for a predefine
number of iterations, which is one o
the parameters of the ABM.

The process of sector growth i
supported by two rules associate
with each agent: the Movement Rul
and the Layer Growth Rule. The
former identifies individual cells in
the immediate vicinity of the agent’s
external boundary which have nc
yet been assigned to any sector, a
chooses a locally optimatell to be
added to this sector. The Laye
Growth Rule identifies vertical anc
horizontal layers of cells located a
the sector external boundary an
adds an optimal layer to the secto
The Movement Rule and the Laye
Growth Rule are active until all cells
have been assigned to sectors.

In order to achieve balancet
growth of all sectors with respect t
workload distribution, only a fraction
of agents (i.e., agents which currentl
have accumulated the least amou
of workload) can execute the
Movement Rule/Layer Growth Rule
at each iteration. Furthermore, th
rules are turned off for agents the
have already accumulated th
amount of workload exceeding thi
upper bound on allowed workloac
variation (Eg. 4). Hence, as Figure
shows, only a fractions of sector
increases in size at each iteration.

Thus, defined growth rules
produce larger sectors in parts ¢
airspace with small amounts o
workload and smaller sectors in par
of the airspace with significant
workload. This property is illustratec

in Figure 6 which shows the same

= : =

. g [53 1,

- ] "

o 2 i @l
e Sy L s —5~ g
B e Pl o e s T8

B s B/ s

[teration 10

i
¢
i

2 8 8 8

[teration 250

Figure 6: Growth of individual sectors during the iteration of the ABM.

iteration process as in Figure 5 but this timegtwmvth of each sector is depicted individually ineparate chart.
If an agent/sector has accumulated too much wodkltlee Trading Rule is activated. It first deteresnthe
amount of excess workload for the agent and thexdé&s” one or more external boundary cells assatiaith this

" In this study, the locally optimal cell or groups cells is selected based on the biggest increasesector’s
cumulative commonality when the cell (or group efi€) is added to the sector.
6
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sector to neighboring agents. The cells which @ed as determined based on the smallest deateasmulative
commonality for the trading agent when the celisr@assigned to other agents.

During simulation, a cell may become infeasiblea; loe purposes of our study, an infeasible cethris that
violates the right-prism constraint. To repair afeasible cell, the Repair Rule attempts to reastig cell or its
neighbors to neighboring agents.

After completing the cell assignment process, thelity of the cell clustering is evaluated and re&d as the
fitness value of the candidate solutidproduced by the GA. Similar to the MIP formulatidrwe define the fitness
function for assessing the quality of each candidatutionA in the following way:

F(A)= CC-axIC-a,x Wi

S S

wheres is a sector/agent indefCC; is the cumulative commonality of secwdefined in Eq. (5)IC is the number
of infeasible cells violating the right-prism corsht occurring in the candidate solutidn WI, is the amount of
imbalanced workload for each sector/agent, ahénd &, are penalty coefficients applied to infeasible elhd

workload imbalance, respectiveM/|, is calculated as follows:

0 if e, YJECWE (& ¢ )r
WI = [CW - 1+ e,)m ifCW> (+ g)n )
CW- (- ) ifCVW& (& g)n

where CW, is cumulative workload collected by agendefined by Eq. (3)mis the mean sector workload defined

by Eq. (2), andgy is the workload variation coefficient defined bg.E4).

The evaluation process described above is repdateall candidate solutions in the current popwatof the
GA. Once all solutions are evaluated, the algorithses its selection mechanism and crossover andtiomt
operators to produce the next generation of catgistalutions. This new generation of candidatetsnis needs to
be evaluated as discussed above. The entire priscegseated until a predetermined termination t@rmd(e.g., the
maximum number of generations) is satisfied. As int, the best solution found is returned by@#6AB model.
This solution specifies the assignment of eachtoeits corresponding sector as well as each seatomulative
workload and commonality values.

The next subsection provides a more detailed gwtamiof the ABM.

D. Agent-Based Model

The ABM for 3D airspace partitioning is an examepfe distributed model for determing sector calistérings.
In this model, software agents operate in the lzafled representation of airspace described inddeliti By the
actions of the agents, a candidate solution forctieclustering problem is gradually and concutisenonstructed
starting from agents’ initial locations (open séeds to the point when all cells are assigned te ohthe sectors
(Figure 5).

There are two major entities in the ABM:

1. Agents — traverse this 3D cell-based representatiohin doing so gradually expand sector boundaries

2. Cells — define a unit volume of airspace with agsed workload values and commonality values farspa

of adjacent cells.

Both entities are described in greater detail below
1. Agents

The actions of agents are guided by three betalvioles: the Movement Rule, the Layer Growth Ralaj the
Trading Rule.
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Movement Rule
The Movement Rule is executed by each agemly if its cumulative workloadCW(t) does not exceed the
upper bound on workload variation, i.e., when

CW.(t) = wE@l+g,)n (8)

ii sc, (t)

Note that Eq. (8) explicitly incorporates time stdgecause the cumulative workload of each agentgasawith
time at each iteration of the ABM when new cells added to the sector.
The execution of the Movement Rule involves théofeing steps:

1.

4.

Find all neighboring and not-yet-assigned cellsector s.
By considering at each stgffl of an agent’s neighboring cells, as opposed ty twdal neighbors at the
current agent’s location, the rule achieves a moitorm sector growth.

From the list of neighboring cells, find the onattlsatisfies the right-prism constraint and maxigsizhe
increase of agent’s cumulative commonality@Qvhen added to the sector.

When the right-prism requirement is not required neenove the constraint in step 2. If in step 2 no
neighboring cell within the sector satisfies thghtiprism constraint, the agent selects the neighgaell
that most increases the sector’'s cumulative comtitpn@Cy(t). The repair role described below will
attempt to restore feasibility.

Once this optimal cell is found, it is marked asigsed and is added to this agent’s collection elifsc
SG(.
The workload associated with this cell is addethte agent’s cumulative workload level GV

As mentioned earlier, an additional mechanism ipleyed by the Movement Rule to ensure balanced trofv
sectors. At each iteratian only a fraction of agents with the lowest amoahtollected workload is allowed to
execute the Movement Rule and assign new sectls: dé¢lis is defined by thmoving-ratioparameter which can
take values 0.0-1.0. Values between 0.10 and 0@fuped good results in our initial parameter devitsi studies.

The Movement Rule remains active until the last lcas been assigned. After this point, the ageniis use the
Trading Rule to modify configurations of sectorlsel

Layer Growth Rule

Similar to the Movement Rule, the Layer Growth Riglexecuted only if the cumulative workload of agent
does not exceed the upper bound on the workloadtiaar, i.e. when Eq. (8) is satisfied.

The execution of the Layer Growth Rule involvesfiliowing steps:

1.
2.

Find all neighboring and not-yet-assigned cellsector s.

From the list of neighboring cells, find all vericblocks of cells as well as horizontal layerscefls
located above and below the current sector.

A vertical block of cells is defined as a groupaglls with the same latitude and longitude coortdisa
located at different altitude levels. A valid vedi block of cells sought in this step is a veitiolck of
cell spanningall altitude layers of the current sector configunatitn a similar way, a horizontal layer of
cells is defined as a group of cells located diyeaibove the top layer of cells or below the bottayer of
cells in the current sector configuration. A vdiidrizontal layer of cells is a layer which includdkcells
above or below the corresponding layer of the eursector configuration.

Once the set of all valid vertical blocks and honital layers of cells is found, a locally optimabgp of
cells (a block or layer) is selected from the set.

Similar to the Movement Rule, local optimality erita used in the selection process include an aseref

the cumulative commonality when the group of cislladded to the sector. An additional constraintsied

in the case of the Layer Growth Rule, which dissagdoups of cells which, when added to the sector,
increase its cumulative workload beyond the uppemni of the allowed workload variation.

Once this optimal groups of cells is found, it iarked as assigned and is added to this agent’'®ctitin
of cells SQt).

The workload associated with this cell is addethte agent’s cumulative workload level GV

8
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As was the the case with the Movement Rule, antiaddi mechanism is employed to ensure balancedtfro
of sectors. At each iteratidnonly a fraction of agents with the lowest amoohtollected workload is allowed to
execute the Layer Growth Rule and assign new seetts.

The Layer Growth Rule remains active until there @@ more unassigned cells.

Trading Rule
Contrary to the Movement and Layer Growth Rules,thading Rule is called only when the agent’s clartine
workloadexceedshe upper bound on workload variation, i.e.,

CW.(t)>(1+g,) )

This situation may happen as a result of applyiregRepair Rule discussed below.
The execution of the Trading Rule involves thedwaling steps:

1. Identify all cells that define the current sectog¥ernal boundary.

2. Remove from the list of external boundary cells-s¢hcells which, when traded to another agent, break
contiguity of the sector.

3. Remove from the list of cells obtained in step @s¢hwhich, when traded, violate the right-prism
constraint.
When the right-prism requirement is not requiredramove the constraint in Step 3.

4. Define excess sector workloamtw (t) as the difference between the current agent's warkland the
mean workload level.

DCW.(t) = cw.(t) - (I+ g, ) 17 (10)

5. Set the workload traded so farw (t) =0.
6. For each cell i from the list of cells identified $tep 3:
a. If the workload traded so far exceeds the excesk load, i.edTW (t) > pcw (t) , then END.

b. Find neighboring cells Nor cell i.

c. From the set of neighboring cells, lind an optimal trading partner (agent) k for cell
An optimal trading partner is defined as the onéctviobtains the largest increase in commonality
when assigned call

d. Trade cellito agent k.

e. Increment the workload traded so far by the amadntorkload associated with the traded cell i.

The growth rules (i.e., the Movement Rule and thgdr Growth Rule) and the Trading Rule work in cfifm
directions in terms of the sector growth procedse Tormer act as expansion mechanisms encouragctgrs
growth, whereas the Trading Rule shrinks a sectbosndaries when the sector has grown too muchtlaad
workload exceeds balance constraints. The intemracti these rules aims at achieving a balancedisolu
2. Cells

The action of agents attempting to define optingl clustering may violate the right-prism congttaiThis is
particularly true for the Movement Rule, which gss individual cells to sectors. On the other hahd, Layer
Growth Rule was specifically designed to suppoctaregrowth processes satisfying this constraint.

In order to enforce the right-prism constraints ifoieasible cells, a repair mechanism has beencatimi¢he
ABM in the form of the Repair Rule. This rule, howe, is not associated with agents but rather wélhs.
Consequently, cells can also be considered asalpypies of agents (i.e., static agents as cellsxatomove)
because they have their own behavioral rule (theaReéRule) and their own objective (i.e., satidfig tright-prism
constraint). It is also important to stress thatight-prism constraint and the Repair Rule caedm@ly deactivated.
In this case, only the Movement, Layer Growth, @nading rules are used to determine a 3D cell efirsy.
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Repair Rule
The Repair Rule is only executed for cells whicblate the right-prism constraint. The executionttag rule
involves the following steps:

For each constraint configuration plane k defingddell i and its horizontal neighboy and vertical neighbor
v
A. If configuration plane k is infeasible
1. Determine an agent k which contaipgpd |, among its sector cells YO

2. Determine an agent s which contains cell i amosgéctor cells S@)
3. Check if the sector s will remain contiguous if tiedl i is reassigned to agent k
4. Check if sector k will remain contiguous after reigging either cell,jor cell j, to agent s
5. If true for both Step 3 and Step 4:
i. Check which agent has least workload, and reassigih from an agent with higher
cumulative workload to an agent with lower cumwatiorkload
6. Else If Step 3 is true then reassign cell i to aden

7. Else If Step 4 is true then reassign eithaatjj, cell to agent s
8. After reassignment, verify cell i satisfies thehtigrism constraint
i. Iftrue then END

ii. Else continue the next configuration plane k+1

In this way, the action of the Repair Rule assedatith airspace cells attempts to restore theilfdiyg of
solutions produced by the ABM with respect to tight-prism constraint. The complex interaction afeats’
Trading Rule and cells’ Repair Rule results in gidlevelopment of feasible or near-feasible sohgifor the 3D
airspace partitioning problem with respect to kbt right-prism and the workload balance constsai®h the other
hand, the agents’ Movement and the Layer Growtle&plovide mechanisms of adding locally optimalscel the
current cell clustering.

The current status of the implementation of thenetpased model is discussed in the following sectio

E. Model Implementation
The initial version of the GAAB model was implemeditin a prototype tool written in Java. This prgpat was
built by utilizing and by extending several opennse toolkits, including:
ECJ toolkif furnishing various types of GA implementations,
MASON toolkit’ providing a generic framework for agent-based rtingeand
JUNG toolkif supporting network representations and providiasi®implementations of network-based
algorithms.
The prototype extends the functionality of thesalkits by providing domain knowledge, data struesjrand
algorithms supporting 3D DAC studies. The tool hasn used to conduct initial feasibility studiesos results are
reported in the following section.

IV. Experimental Results
A limited number of preliminary computational exjmeents were conducted with the developed prototgpe
determine proof-of-concept for our heuristic modef 3D airspace partitioning. Specifically, in oumitial
simulations we focused exclusively on the ABM comguat of the GAAB model, as it determines actualsBiapes
of airspace sectors and handles the right-prisrstcaints.
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Instead of using genome value
to determine initial locations of
agents in the ABM, we utilized
either open seed locations (singl
cells) or partial sector
configurations in the form of righ-
prism shapes  which were
determined in earlier simulations
with the MIP approack These
MIP solutions were computed fol
the same problem formulation ani
cell representation except for th
right-prism constraints. The right-
prism constraints were omitted fo
MIP runs because solving 3C
sectorization problems with thesi
constraints is  very intensive
computationally and sometimes fail
to yield any solution at all. An
example of a MIP solution without
the right-prism constraints used a
starting point for ABM simulations  Figure 7: Sample MIP solution used as a starting pot for our ABM
is presented in Figure 7. simulations.

The computational studies werc
divided into two groups:

1. 3D partitioning with ABM started from MIP open seledations.

2. 3D partitioning ABM started from the MIP maximunghi-prism shapes.

In the first group of experiments, initial sectanéigurations included only a single cell (an opeed from the
MIP solution) as shown in the top left part of Figh. On the other hand, initial sector configunasi for the second
group of experiments included multiple cells. Thests determined the shapes of maximum right-pigemtained
within the MIP solution presented in Figure 7. Tédemaximum right-prisms were defined by a simplenprg
algorithm which analyzed the configuration of alls in a MIP solution and returned the shapesefright-prisms
contained within this solution which included tlaedest number of cells. The shapes of the maximght-prisms
contained within the MIP solution shown in Figurare illustrated in Figure 8.

In both groups of experiments, the same input dathparameter values were used as shown in Taflkey.
specified a sample airspace configuration usintphéal traffic data divided into airspace cellssife 0.2 degree
and 20 altitude layers ranging from 0 ft to 100,800 he airspace configuration contained 1,00Garm cells. It
was assumed the configuratio
should be divided into eight
sectors.

In both groups of experiments
the same ABM and simulation
parameters were used. Eight ager
(one agent per sector) traversed ti
cell-based representation and use
behavioral rules (Movement, Laye
Growth, and Trading) to assigr
cells to sectors. Depending on th
type of initial configuration (open
seeds vs. maximum right-prisms)
either only 8 cells or 433 cells wer¢
already assigned to sectors at tt

beginning of the ABM run. ) . . . . -
Figure 8: Shapes of maximum right-prisms containedvithin the MIP

solution.
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The workload
coefficient gy was equal to 0.2,

experiments.

variation  Table 1: Parameters and their values used in initlcomputational

and the moving-ratio parameters
for the Movement and Layer

Parameter

| Value(s)

Growth Rules were set to 0.25 an|_Alrspace:

0.13, respectively. The values c| Airspace region

these parameters were determint

Sample airspace and its histofical
traffic data

based on the results of initia| Number of cells

1,000

sensitivity studies.

Cell size

0.2 degree

Cells in the ABM were | Number of altitude layers

20

assigned workload levels based ¢| Number of sectors

8

analysis of historical track data| Agent-Based Model:

These

workload levels were] Number of agents

8

provided as inputs to the ABM ag¢| Initial configuration

Open seeds or max. right-prés

shown in Figure 4. Each cell ha( Number of assigned cell in initig

an associated Repair Rule whic| configuration

118 (for open seeds), and 433 (for
maximum right-prisms)

was activated when the cell| Workload variation coefficient

become infeasible by violating the[ Agent rules

right-prism constraint.

iterated 250 times steps. Only th["Movement moving ratio

Layer Growth Rule was active

initially, and Movement and

Trading Rules were turned on onl

0.2
Movement, Layer Growth, Trading
Cell rules Repair
0.13
0.25
Simulation:
Number of iterations 250
Number of repetitions 10

after further sector growth was
impossible to achieve by the Layer

Growth Rule. When all cells had been assigned d¢msg only the Trading and Repair Rules were adiivbalance
sector workloads and repair infeasible cells.
As the ABM is a stochastic algorithm, the simulatiavere repeated 10 times with different randond se¢ues
each time. All other parameter values were kept#dme for each repetition.
The results of these preliminary computational istsidre presented below.

A. 3D Partitioning with Open Seed Initial Configuration

Typical results obtained in the
experiments with an initial
configuration of the ABM determined
by location of open seeds in the Mi|
solution are presented in Figure ¢
Figure 12. In particular, Figure ¢
shows the increase in cumulativ
commonality for individual agents ol
the ABM as well as for the entire 3C
sectorization (black dashed line). Th
cumulative commonality for the 3D
sectorization is determined as a sum
cumulative commonalities for all
agents/sectors in this sectorizatiol
Figure 10 shows that when the ABM i
started from open seeds (single cells
initial cumulative commonality for
each agent is equal to 0. However,
new cells are assigned to sectors by t
action of the Layer Growth anc

= = == Entire sectorization

— Agentl
Agent 2
—— Agent 3
Agent 4
Agent 5
—— Agent 6
Agent 7
——— Agent 8

Movement Rules, the commonalitt Figure 9: Cumulative commonality of sectors as a fuction of ABM

increases throughout the simulation.

iteration time step.
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American Institute of Aeronautics and Astronautics



Figure 11 also shows differen

phases of the ABM simulation —— Agentl
determined by our experimental sety; Agent 2
In the first phase (iterations 0—35 Agent 3

. . Agent 4
only the Layer Growth Rule is active Agent 5
and the sectors grow in layers/vertici ——— Agenté
blocks. Once further progress of th Agent 7
Layer Growth Rule is impossible —— Agent8

(iterations 36-95), the Movement an
Trading Rules become active and ne
cells are added to each sector.
The impact of themoving-ratio
parameters defined for the Movemel
and Layer Growth Rules is presente
in Figure 10, which shows that ¢
sector’s growth is non-uniform. Thert
are sectors which accumulate mar
times more cells than others, and tt _ ) ,
agents which have collected the lea Figure 1_0: quber of cells assigned to each agerefgor as a function
amount of workload have a priority ir ©f ABM iteration.
execution of the growth rules. For example, Agetfgrzen line) in Figure 10 accumulated almost 385 @t the
end of the ABM simulationwhereas Agent 3 (mageim@)lhas only about 15 cells. On the other handkigisre 12
shows, both of them have very similar amounts ofative workload assigned at the end of the ABmudation.
Figure 11 presents the number of infeasible celés, (cells which violate the right-prism constiims a
function of the ABM iteration. Initially, when onlthe Layer Growth Rule is active, all cells aresfbie. This is
because this rule was specifically designed tdifais sector growth processes satisfying the +lem constraint.
However, when the Movement and Trading Rules becactige, infeasible cells appear in the simulatiboe to
the action of the Repair Rule their number is reddy low up to iteration 200. At this stage of ABNhe focus of
the Movement and Trading Rules switches to ensutiag all cells in the modeled airspace represiemdiave
been assigned to sectors even at the cost of dgenphnafeasible cells. This results in an increas¢he number of
infeasible cells up to about 60 (about 6% of allis§e
Figure 12 illustrates the distribution of workloathong agents during the ABM simulation. It showat tgents
accumulate workload quite uniformly during the siation and this process is facilitated greatly hg moving-
ratio parameters. Agents’ growth and trading rules wogdether to first bring each agent’s workload tiowéd
workload variation range (marked with two thick ded lines) and then to maintain this balance. Agife 12
shows, this goal is almost achieved at iteratio@. Zfter that, the balance is slightly disrupted $@veral agents
(Agent 8 in particular) , when the focus switchesas$signing all remaining cells to sectors.

Figure 11: Number of infeasible cells (cells viol&ttg Figure 12: Cumulative workload assigned to each agé

the right-prism constraint) as a function of ABM as a function of ABM iteration. Dashed lines show
iteration. allowed workload variation range.
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Figure 13: Shapes of sectors developed using Figure 14: Number of cells assigned to each agerdtfor
ABM initialized with open seeds. for an ABM run started with maximum right-prisms.

Figure 13 shows 3D shapes of sectors developed @dM started with open seeds locations. It shdved the
shapes are much more regular than those producételMiIP approach (Figure 7). However, there aiteagiout
60 cells which violate the right-prism constraifihe next section discusses how this can be improyeutilizing
more information from the MIP solution, i.e., stagtthe ABM with maximum right-prisms rather thapem seeds.

B. 3D Partitioning with the Maximum Right-Prisms Initi al Configuration

In the second group of experiments, the ABM wattalized with the maximum right-prisms shown in &ig 8.
In this case, initial configurations of sectors sigh of multiple cells as shown in Figure 14, and ABM assigns
new cells to sectors during the simulation.

One of the benefits obtained by using maximum rgigms instead of open seeds is illustrated iufedL5. It
shows the number of infeasible cells as a functibBM iteration. Similar to Figure 11, when onlize Layer
Growth Rule is active, the number of infeasibldsciel equal to zero. Even though the Movement anadiifg Rules
introduce infeasiblity into the 3D sectorizatiohgtnumber of infeasible cells at the end of ABM wdattion is
significantly reduced. Here, Figure 15 shows thally d.8 (about 2%) infeasible cells exist at the eidABM
simulation, compared to about 60 for an ABM simiolatintialized with open seeds.

The obtained differences in the number of infeasdallls are also statisitically significant. Theamewumber of
infeasible cells at the end of ABM simulations (Epetitions) obtained with open seed initializatisas equal to
57.6, while the corresponding mean for the maximigit-prism initialization was equal to 22.1.

Figure 15: Number of infeasible cells (cells violatg the Figure 16: Shapes of sectors developed using ABM
right-prism constraint) for initial configurations started initialized with maximum right prisms.
with maximum right -prisms.
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Finally, Figure 16 shows the 3D shapes of obtaisectors for the ABM initialized with the maximungini-
prisms. Again, the shapes are much more regularghapes obtained with the MIP approach. Theylwse fewer
infeasible cells compared to ABM solutions initid with open seeds (Figure 13).

V. Conclusions and Future Work

Partitioning the airspace into optimal 3D sectarstill an outstanding research issue. Extensiéreelbbased
MIP sectorization methods to 3D problems involvitig right-prism constraints become difficult to \@olby
existing methods. In this paper, we introduced arikéc approach for solving this problem, and preed the
results of preliminary simulation runs aimed atreating the potential of the proposed approactpfoducing good
solutions in a reasonable amount of time—even fediom- and large-size 3D problems. However, theopype
tool is still at an early stage of development, hadce requires careful testing and fine-tuningteefts usefulness
and performance can be fully determined. We alse ltaken initial steps to integrate the GAAB modéh the
mathematical programming approach. The strategyuoh a hybrid approach is to use the GAAB modejuickly
produce near-optimal solutions, and then feed dhatiens to MIP solvers for identifying true optilitg. Feeding a
known feasible solution to the MIP solvers greaddguces the runtime, and solvers are often abtaki® a set of
feasible solutions and quickly identify the optineale. Therefore, for the 3D sectorization to be tnedficient, we
envision a hybrid system that integrates formalhmatatical programming with heuristic methods.
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