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Part of design: Sectorization
n Air Traffic Management (ATM): humans-in-the-loop!
@ Taskload of the ATCOs should be balanced
e Plus: geometric constraints on the sector shape
® Convex sectors
= Fasy to “grasp” (learn, comprehend) by humans
= A (straight-line) tflight cannot enter and leave a sector multiple times
e \We can directly enforce convexity in our approach!
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subpolygons S1,...,Sk (Sin S = @ vizj), such that U¥_,S; = P.

Si: sectors

Sectorization Problem:

Given: The coordinates of the TMA, defining a polygon P, the number of sectors

S|, and a set C of constraints on the resulting sectors.

Find: A sectorization of P with k = ||, fulfilling C.

(a) Balanced taskload

(b) Connected sectors

(c) Nice shape (smooth boundary and an easily memorable shape)

(d) Convex sectors ((straight-line) flight cannot enter and leave a convex sector
multiple times)

(e) Interior conflict points ( Points that require increased attention from ATCOs
should lie in the sector’s interior.)
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® N(i) = set of neighbors of i (including i)
® &,j length of an edge (i, |)

Main idea: use an artificial sector, So, that encompasses the complete boundary
of P, using all counterclockwise (ccw) edges.
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Yi s = 1: edge (i,j) used for sector s

Yi,5,0 = 1 V(i,7) € So
ST Yigs— D Yiis= 0 Y(i,§) € E
seS* SES*
Yijs T Yjis < 1 V(¢,j) € E,Vs € §*
D vigs < 1 V(i,j) € E
seES*
Z Yi,j,s = 3 Vs € S*
(4,4)€EE

Yi,j,s €{0,1} V(i,j) € E,Vs € S™

ST wis— Y. i,s=0 Vi€ V,Vs € S*
leVv:(l,i)eEE JEV:(i,5)EE

Z Yi,i,s <1l VieV,Vse S*
IeV:(1,i)EE
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e \We compute the area of the triangle of each directed edge e of P,

e \We sum up the triangle area for all edges of P
- cw triangles contribute positive y| y|
- ccw triangles contribute negative

e f ;. signed area of the triangle (i,j) and r

>
>

Z

— * .
E fi,j Yi,j,s — Qs — 0 Vse$ Assigns area of sector s 10 ds

(1,J)€E E : as =ag Sum of areas = area of So
seS
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Second step: We need to associate task load with a sector.
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Review: Grid-based IP formulation

Yia
Second step: \We need to associate task load with a sector. |[=5%

e Overlay heat map with a grid.

e Extract values at the grid points.

e Use discretized heat map.

e Each discrete heat map point g: “heat value” hq
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Review: Grid-based IP formulation II." T,

A

Yia
Second step: \We need to associate task load with a sector. |[F5%
e Overlay heat map with a grid.
e Extract values at the grid points. S
¢ Use discretized heat map. S o
e Each discrete heat map point g: “heat value” hq o
e | et the sign of fij be pi;
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Review: Grid-based IP formulation II." T,

Yia
Second step: \We need to associate task load with a sector. |[F5%
® Overlay heat map with a grid.
e Extract values at the grid points.
e Use discretized heat map.
e Each discrete heat map point g: “heat value” hq
e | et the sign of fij be pi;

qEA(%,7,7)
> higYigs —ts = 0 Vs €S
(¢,)eE
ts > tr. B Vs e S ’
ts < tuB Vs e S
trp = co - to/|S| with, e.g., co = 0.9
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Objective Function minE ( § , O s
e Choice not obvious. L 6,§Y1,5,8
e Used in literature: seSs (i,j)eE

e Taskload imbalance(constraint a)
e Number of sectors (input)
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Objective Function min E : E : 0, iYi g s

e Choice not obvious.
e Used in literature:
e Taskload imbalance(constraint a)

e Number of sectors (input)
¢ |[f we want to balance the area of the sectors, but are not interested in the sector

taskload, this objective function ensures that sectors are connected (constraint d)

se€S (i,5)eE
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e Choice not obvious.
e Used in literature:
e Taskload imbalance(constraint a)
e Number of sectors (input)
e |[f we want to balance the area of the sectors, but are not interested in the sector
taskload, this objective function ensures that sectors are connected (constraint d)
¢ \Nith taskload: only connected sectors if c2 allows it:
Given the current complexity map: user must allow larger imbalances between
controller’s taskload, if having connected sectors is a necessary condition.
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Review: Grid-based IP formulation II." T,

Objective Function min E : E : 0, iYi g s

e Choice not obvious.
e Used in literature:
e Taskload imbalance(constraint a)

e Number of sectors (input)
¢ |[f we want to balance the area of the sectors, but are not interested in the sector

taskload, this objective function ensures that sectors are connected (constraint d)
¢ \Nith taskload: only connected sectors if c2 allows it:
Given the current complexity map: user must allow larger imbalances between
controller’s taskload, if having connected sectors is a necessary condition.
e \Vith constraint (e), interior conflict points:

se€S (i,5)eE

min Z Z (Yli,; + (1 —v)wi ) Yijs, 0y <1

s€S (i1,7)EE
wi,j = hi + h;
wy= Y met Y m
kEN(7) lEN(4)
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Integration of Convexity Constraint in the Grid-based IP formulation
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(d) Convex sectors
e Convex sector:
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- only one connected chain of edges with cw triangles

ICNS 2017, April 18, 2017




Convexity Constraints U
(d) Convex sectors

e Convex sector:
- only one connected chain of edges with cw triangles

- one connected chain of edges with ccw triangles

ICNS 2017, April 18, 2017




Convexity Constraints U
(d) Convex sectors
e Convex sector:
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e Only-if-part of that statement is not true
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Convexity Constraints U
(d) Convex sectors
e Convex sector:
- only one connected chain of edges with cw triangles
- one connected chain of edges with ccw triangles

e Only-if-part of that statement is not true
e BUT: we have only eight edge directions

} T‘ \
) P
Three outgoing edge
directions yield a non-convex
polygon . y PJ ' P ° A

P ’ w P 'P ’P", Our reference pOintS
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Convexity Constraints U
e One reference point in each of the four colored cones: r1,...,r4 (r = rm, ‘ '
for some meM={1,2,3,4}
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for some meM={1,2,3,4}
e At least one of the rm will result in a cw/ccw switch for non-convex

olygons.
POlyQ f‘
L
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Convexity Constraints U
e One reference point in each of the four colored cones: r1,...,r4 (r = rm, ‘ '
for some meM={1,2,3,4}
e At least one of the rm will result in a cw/ccw switch for non-convex
polygons.

® Diim: Sign of the triangle (i,j) and rm l
J, y
>
4d
qJS‘,m — ( Z Pi,j,m Yi,j,s — Z Pj,lm yj,l,s) VseS, VjeV, Vme M
(i,5)eE 1:(4,1)EE
qabs > 9 om VseS,Vj eV, Vme M
qabs > —q5 m VseS,Vj eV, Vme M
ZZyms qabsjm— 2 Vse S, Vm e M
eV jeVv
0< Z; i m Vi, jeVVseS, VmeM
Ziim S qabs; , Vi, jeVVseS, VmeM
Zf,J,mS Yi,j,s Vi, e VVse S, Vme M
z; im = Yijg,s — 1+ qabs] ., Vi, je VVseS, Vme M
ZZsz— 2 Vse S, Vme M
eV jeVv
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Convexity Constraints U

e One reference point in each of the four colored cones: r1,...,r4 (r = rm, ‘ '
for some meM={1,2,3,4}

e At least one of the rm will result in a cw/ccw switch for non-convex

polygons.
® pijm: sign of the triangle (i,}) and rm

oA

4

Assigns, for each sector, a value of -1,0,1 to each vertex.

‘ .

Q';',m — ( Z Pi,j,m Yi,j,s — Z Pj,l,m yj,l,s) Vse S, VjeV, Vme M
(i,5)EE l:(4,l)eE
qabs > 9 om VseS,Vj eV, Vme M
qabs > —q5 m Vse S,V eV, VYme M
ZZyms qabs‘;m— 2 Vse S, Vm e M
eV jeVv
0< Z; i m Vi, jeVVseS, VmeM
Ziim S qabs; , Vi, jeVVseS, VmeM
Zf,J,mS Yi,j,s Vi, e VVseS, Vme M
z; im = Yijg,s — 1+ qabs] ., Vi, je VVseS, Vme M
ZZzum— 2 Vse S, Vme M
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Convexity Constraints U
e One reference point in each of the four colored cones: r1,...,r4 (r = rm, ‘ '

for some meM={1,2,3,4}
e At least one of the rm will result in a cw/ccw switch for non-convex

polygons.
® pijm: sign of the triangle (i,}) and rm

oA

4

Assigns, for each sector, a value of -1,0,1 to each vertex.
Interior vertex of chain of cw /ccw triangles has gs;m=0

‘ .

1 .
qj‘,m = 5 Z Pi,j,m Yi,j,s — Z Pilm Yjls | Vs€S, VjeV, Vme M
i:(i,j)EE L:(4,1)eE
qabs; , > @ Vs € 8,Vj € V, Ym € M
qabs; ., > —q5 m Vse S,V eV, VYme M
Z Z Yi,g,s - 9abS5 m = 2 Vs e S, Vm e M
i€V JEV
0< Z; i m Vi, jeVVseS, VmeM
Ziim S qabs; , Vi, jeVVseS, VmeM
Ziim S Yi j,s Vi,j €eVVseS, Yme M
27 jom = Yig,s — 1+ qabsi ., Vi,j € VVsES, Vme M
DD EHijm = 2 Vs €S, Ym e M
eV jeVv
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Convexity Constraints U
e One reference point in each of the four colored cones: r1,...,r4 (r = rm, ‘ '

for some meM={1,2,3,4}
e At least one of the rm will result in a cw/ccw switch for non-convex

polygons.
® pijm: sign of the triangle (i,}) and rm

oA

4

Assigns, for each sector, a value of -1,0,1 to each vertex.
Interior vertex of chain of cw /ccw triangles has gs;m=0

At | a chain with ccw (cw) triangles switches to a chain of cw (ccw) triangles gsjm=-1 (qu,m:1)‘ .
1 :
QG om = B ( DB Uige— DL Balam yj,l,s> VseS, VjeV, Vme M
i:(i,5)EE 1:(4,1)EE
qabs; ,,, > 9 om VseS,Vj eV, Vme M
qabs; ., > —q5 m VseS,VijeV, VmeM
Z Z Yi.j,s -qabs‘;,m = 2 Vse S, Vm e M
i€V jev
0< Z; i m Vi, jeVVseS, VmeM
Ziim S qabs; , Vi, jeVVseS, VmeM
Zf,g,m < Yi j.s Vi, jeVVseS, Vme M
z; im = Yijg,s — 1+ qabs] ., Vi, je VVseS, Vme M
DD Figm = % Vs €S, Ym € M
i€V jev
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Convexity Constraints U
e One reference point in each of the four colored cones: r1,...,r4 (r = rm, ‘ '

for some meM={1,2,3,4}
e At least one of the rm will result in a cw/ccw switch for non-convex

polygons. . N
* pijm: sign of the triangle (i,j) and rm -

Assigns, for each sector, a value of -1,0,1 to each vertex.

Interior vertex of chain of cw /ccw triangles has gs;m=0

At | a chain with ccw (cw) triangles switches to a chain of cw (ccw) triangles gsjm=-1 (qu,m:1)‘
For a convex sector: sum of the | gsjm|=2 for all reference points

1 :
qjom = 5 Z Di,j,m Yi,j,s — Z PilmYjls | Vs€S, VeV, Vme M
i:(4,j)€EE :(4,1)EE
qabs; ,,, > 9 om VseS,VjeV, Vme M
qabs; ,,, > —q5 m Vse S,V eV, VYme M
Z Zyi’j’s - qabs; ,, = 2 Vse S, Vme M
i€V jEV
0< Z; i m Vi, jeVVseS, VmeM
Ziim S qabs; , Vi, jeVVseS, VmeM
Zf,j,m < Yi,j,s Vi, e VVseS, Vme M
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Convexity Constraints U
e One reference point in each of the four colored cones: r1,...,r4 (r = rm, ‘ '

for some meM={1,2,3,4}
e At least one of the rm will result in a cw/ccw switch for non-convex

polygons. . N
* pijm: sign of the triangle (i,j) and rm -

Assigns, for each sector, a value of -1,0,1 to each vertex.

Interior vertex of chain of cw /ccw triangles has gs;m=0

At | a chain with ccw (cw) triangles switches to a chain of cw (ccw) triangles gsjm=-1 (qu,m:1)‘
For a convex sector: sum of the | gsjm|=2 for all reference points

1 .
qjom = 5 Z Di,j,m Yi,j,s — Z PilmYjls | Vs€S, VeV, Vme M
i:(1,j)€EE L:(4,1)EE
qabs; ,,, > 9 om VseS,Vj eV, Vme M
qabs; ,,, > —q5 m Vse S,V eV, VYme M
Z Zyi’j’s - qabs; ,, = 2 Vse S, Vme M
i€V jEV
0< Z; i m Vi, jeVVseS, VmeM
Ziim S qabs; , Vi,ge VVseS, VmeM
Zf,j,m < Yi,j,s Vi, e VVseS, Vme M
z; im = Yijg,s — 1+ qabs] ., Vi, je VVseS, Vme M
ZZzij,m— 2 VseS, Vme M

Multiplication of two variables =» define zsijm = Vijs * gabssjm.
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e Only few sectors needed in TMA.
e Only limited number of topologies for a given number of convex sectors.
e Adding convexity constraints to IP computationally expensive

= \NWe compare IP results for Stockholm TMA to those obtained by computing
workload balanced convex sectorizations by enumeration.

ICNS 2017, April 18, 2017




Enumeration of Topologies e,

e Only few sectors needed in TMA.
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Enumeration of Topologies oo

e Only few sectors needed in TMA.
e Only limited number of topologies for a given number of convex sectors.
e Adding convexity constraints to IP computationally expensive
= \NWe compare IP results for Stockholm TMA to those obtained by computing
workload balanced convex sectorizations by enumeration.
= For each topology we compute the best balanced solution that fulfils constraints
Co={a,b,c,d} (no interior conflict points).
* No limited (grid) edge directions
* #Topologies increases rapidly with |S|
* Solutions may be worse than the P solutions w.r.t. constrained (e) (interior
conflict points)
* |S|=2: best chord that connects any two points on TMA boundary
* |S|=3: location of four points
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e Model was solved using AMPL and CPLEX 12.6 on a single server with 24GB RAM
and four kernels running on Linux.
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Experimental Study: Arlanda Airport oo

e Model was solved using AMPL and CPLEX 12.6 on a single server with 24GB RAM
and four kernels running on Linux.

e Fach instance was run until a solution with less than 1% gap had not been found.

e The computation times varied from a few seconds up to several days.

e More sectors, and the convexity constraints made the problem harder to solve.
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Experimental Study: Arlanda Airport II.ll UNIVERSITY

(a) Balanced task load
(b) Connected sectors
(c) Nice shape

(d) Convex sectors

(e) Interior conflict points

(a) Balanced task load
(b) Connected sectors
(c) Nice shape

(e) Interior conflict points

All with c2=0.6 and wi ;= hi +h;,
(a)-(f): y = 0:2, (g): y= 0:8.

2 (h)
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Experimental Study: Arlanda Airport oo,

(a) Balanced task load
(b) Connected sectors
(c) Nice shape

(d) Convex sectors

(e) Interior conflict points

(a) Balanced task load
(b) Connected sectors
(c) Nice shape

(e) Interior conflict points

Disconnected sector =»

All with c2=0.6 and wi ;= hi +h;,
(a)-(f): y = 0:2, (g): y= 0:8.

0
(2) (h)
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Experimental Study: Arlanda Airport oo,

IP

Topologies

(a) Balanced task load
(b) Connected sectors
(c) Nice shape

(d) Convex sectors

(e) Interior conflict points

(a) Balanced task load
(b) Connected sectors
(c) Nice shape

(d) Convex sectors

Cc2=0.95

All perfect taskload balance.

ICNS 2017, April 18, 2017



LINKOPING
oo

Conclusion/Outlook

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Conclusion

Outlook

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Conclusion

e Review of sectorization method that balances sector task load

Outlook

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Conclusion

e Review of sectorization method that balances sector task load
e Extension by convex sectors

Outlook

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Conclusion

e Review of sectorization method that balances sector task load
e Extension by convex sectors
e Results for Stockholm TMA

Outlook

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Conclusion

Review of sectorization method that balances sector task load
Extension by convex sectors

Results for Stockholm TMA

Comparison to convex sectorizations obtained by enumerating all
possible topologies for the given #sectors

Outlook

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Conclusion

Review of sectorization method that balances sector task load
Extension by convex sectors

Results for Stockholm TMA

Comparison to convex sectorizations obtained by enumerating all
possible topologies for the given #sectors

e Highly flexible approach

Outlook

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Conclusion

Review of sectorization method that balances sector task load
Extension by convex sectors

Results for Stockholm TMA

Comparison to convex sectorizations obtained by enumerating all
possible topologies for the given #sectors

e Highly flexible approach

e Fine-grained view on the TMA

Outlook

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Conclusion

Review of sectorization method that balances sector task load
Extension by convex sectors

Results for Stockholm TMA

Comparison to convex sectorizations obtained by enumerating all
possible topologies for the given #sectors

e Highly flexible approach

e Fine-grained view on the TMA

Outlook

e Allow usage of a few reflex vertices

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Com
POSSI
e High

e Fine-

Conclusion

Review of sectorization method that balances sector task load
Extension by convex sectors
Results for Stockholm TMA

parison to convex sectorizations obtained by enumerating all
Dle topologies for the given #sectors

y flexible approach
grained view on the TMA

Outlook

e Allow usage of a few reflex vertices
= [imit the total deviation from a maximum interior degree of 180 of reflex
vertices per sector

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

Com
POSSI
e High

e Fine-

Conclusion

Review of sectorization method that balances sector task load
Extension by convex sectors
Results for Stockholm TMA

parison to convex sectorizations obtained by enumerating all
Dle topologies for the given #sectors

y flexible approach
grained view on the TMA

Outlook

e Allow usage of a few reflex vertices

= [imit the total deviation from a maximum interior degree of 180 of reflex
vertices per sector

e Combine with MIP for SIDs and STARs to an integrated design

ICNS 2017, April 18, 2017




Conclusion/Outlook II.ll T,

THANK YOU.

Conclusion

e Review of sectorization method that balances sector task load

e Extension by convex sectors

e Results for Stockholm TMA

e Comparison to convex sectorizations obtained by enumerating all possible
topologies for the given #sectors

e Highly flexible approach

® Fine-grained view on the TMA

Outlook

e Allow usage of a few reflex vertices

= [imit the total deviation froma maximum interior degree of 180 of reflex
vertices per sector

e Combine with MIP-for SIDs and STARs to an integrated design
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