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14 Abstract: With the growth of air traffic demand in busy airspace, there is an urgent need for airspace
15 sectorization to increase air traffic throughput and ease the pressure on controllers. The purpose of this paper
16 is to develop a method framework that can perform airspace sectorization automatically, reasonably, which
17 can be used as an advisory tool for controllers as an automatic system, especially for eliminating irregular
18 sector shapes generated by simulated annealing algorithm (SAA) based on region growth method. Two graph
19 cutting method, dynamic Monte Carlo method by changing location of flexible vertices (MC-CLFV) and
20 Monte Carlo method by radius changing (MC-RC) were developed to eliminating irregular sector shapes
21 generated by SAA in post-processing. The experimental results show that the proposed method framework of
22 AS can automatically and reasonably generate sector design schemes that meet the design criteria. Our
23 methodology framework and software can provide assistant design and analysis tools for airspace planners to
24 design airspace, improve the reliability and efficiency of airspace design, and reduce the burden of airspace
25 planners. In addition, this lays the foundation for reconstructing airspace with more intelligent method.

26 Keywords: Airspace Reconfiguration; irregular boundary smoothing; dynamic Monte Carlo method by
27 changing location of flexible vertices; Monte Carlo method by radius changing; Voronoi diagram; graph
28 cutting; multi-objective optimization

29

30 1.Introduction

31 In recent years, the air traffic flow of China has been increasing at an average annual rate of 11 percent, and
32 air transport is developing rapidly. With the rapid development of national traffic volume, China’s airports
33 and airspace system are under increasing pressure, which leads to frequent flight delays. In 2010, the fixed
34 assets investment of Chinese airports increased from 44.150 billion Yuan to 56.08 billion Yuan, with a
35 compound annual growth rate of 2.54% [1]. Thus in order to solve the imbalance between demand and
36 capacity, specific measures include strengthening the construction of infrastructure and expanding fleet was

37 taken. However, according to the statistics of CAAC (Civil Aviation Administration of China), average flight

38 punctuality rate in china maintained at a low level ( as shown in Figure 1) in the past few years [2].
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39
40 Figure 1. Average flight punctuality rate and total number of flights
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41 This indicates that the government needs to not only strengthen the construction of infrastructure, but also
42 give advice on how to manage the airspace effectively. The current Chinese National Airspace architecture is

43 reaching the ability limits to accommodate the increases in traffic demand. As the key limiting factor, today’s

44 sector boundaries are largely determined by historical user profiles which have evolved slowly over time.
45 Consequently the sector geometry has stayed relatively constant despite the fact that route structures and
46 demand have changed dramatically over the years. There are usually two forms of traffic flow growth in
47 airspace. The first is that the traffic flow of different routes has different growth rates with time. Some sectors
48 have excessive task load, while others have relatively small task load. In this case, the problem that throughput
49 is limited by sector capacity can be solved by adjusting sector structure and keeping the number of sectors

50  unchanged. The second is that the traffic flow of all routes in the whole airspace has increased significantly.
ol The control workload cannot be effectively reduced by sector structure adjustment alone. The throughput can

52 only be increased by opening more sectors and airspace sectorization (AS).

53 Although AS is the most potential method to increase throughput of airspace as well as to better use scarce
54 resources, there are a serious of challenge to realize it. Except for the accessible of airspace sectorization by air
55 traffic controller, a lot of constraints must be considered in accordance with the demand of Air Traffic Control
56 operation. Because AS needs to consider the constraints of balance of task load, shape, connectivity and
57 compactness, which are beyond the limits of human ability, a mathematical optimization tool is needed to

58 support this process [3, 4].

59 A lot of AS research has been carried out. Delahaye, et al. [5] initiated the study of balanced sector of
60 airspace in order to increase air traffic control capacity in high density areas. Genetic algorithms were used to
61 compute a balanced regrouping of air traffic control sectors thus to optimally reduce the number of controller
62 teams [6]. A decision support tool based on fuzzy logic was proposed to determine the number of open sectors
63 during a given time period [7]. Related researches include dynamic airspace configuration (DAC), dynamic
64 airspace sectorisation (DAS) and airspace configuration. In DAC, the airspace is adjusted in real-time to
65 accommodate fluctuating demand patterns [3, 8-12]. A detailed overview of recent work of DAC is given by
66 Zou, et al. [13]. Transitional workload is considered in most of these DAC models. Gerdes, Temme and Schultz

67 [11] clearly distinguished DAC from DAS. DAS is a flexible method, encompassing the idea of unstructured

68 and (rigid) structured airspace, and differing from DAC, where predefined airspace blocks are combined to

69 form new structures (merging and splitting). DAS approach creates a less familiar setting for controllers but
70 can be used for situations where no basic knowledge concerning the best airspace structure is available. This
71 paper mainly solves the problem of increasing number of sectors or improving sectors caused by the rapid
72 growth of China's traffic volume. Our aim is to adjust the sector structure to increase capacity. Civil Aviation
73 of China stipulates that as long as the sector structure changes, controllers must carry out pre-job training. The
74 problem of transitional workload is another problem of controller’s assignment with minimizing training cost.

75 AS in this paper is closer to DAS, because it is a strategic or tactical AS before the implementation of AS

76 scheme.

7 Flener and Pearson [14] systematically surveyed the algorithmic aspects of methods for automatic airspace
78 sectorization , for an intended readership of experts on air traffic management. Most of the airspace
79 sectorization models were based on two approaches. The first one is graph-based model. In this type of model,

80 a graph is constructed whose vertices represent the intersections of the existing trajectories while edges
81 represent segments [5, 15-17]. Several recent published papers also use this type of model [13, 18, 19].
82 Graph-based model could use some mature technology in graph partition, such as MIN-CUT graph partition

83 used as minimizing coordination task load. However, a graph partition does not define the sector boundaries,
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84 so actual sectors have to be constructed from the resulting vertex sets in a geometric post-processing step. The
85  second one is region-based model in which the airspace is initially partitioned into some type of regions which

86 are smaller than the studied sectors, so that the combinatorial problem of partitioning these regions in

87 principle needs no geometric post-processing step [20-28]. Unfortunately, shapes of obtained sectors which use
88 region-based model still have to need post-processing. Although region-based model is essentially a down-top
89 combination approach, in which workload among the sectors was balanced by maintaining the sector shape
90 parameters within acceptable limits, but it made them operationally undesirable that there were some corners
91 or Z-shape among these sectors even after post-processing[29, 30].

92 [31, 32] developed another top-down bi-partition approach to cut airspace into sectors. Xue [8], Gerdes,

93 Temme and Schultz [11], Xue [33], Gerdes, et al. [34] also use top-down approach to redesign airspace sector
94 while the generation of sector boundary was based on Voronoi diagrams. With the Voronoi diagram, the

95 convexity requirement is automatically satisfied. The success of this approach depends heavily on the location

96 of Voronoi generating points. For example, in airspace of 200km*200km, if the alternative Voronoi generating
97 points are distributed every 10 km, there will be 400 points. In the case of dividing the airspace into five sectors,
98 the number of alternative locations at five production points is 400°. If this approach is applied to larger
99 airspace and divided into more sectors, the computation time may be unacceptable. When estimating the
100 coordinating task load, Xue [8] pointed out that the boundary-crossing of air traffic control center was

101 neglected in his work. Obviously, this will lead to unbalanced sector task load. If the sector generated by the

102 algorithm is applied to the actual sector, the actual workload of sector near the studying airspace boundary
103 will be larger than the result of calculation. In addition, if all sectors are Voronoi diagrams, in some cases, it is
104 difficult to find a suitable seed point for VC generation to balance workload and meet other constraints.

105 Delahaye, et al. [35] have proposed the use of floating-point chromosomes, and have developed special
106 operators to maintain the integrity of the chromosome for use in a floating point representation, contending

107 that the convergence rate is faster in the floating-point case. When the studying space is discretized by n VCs

108 (Voronoi cells) and the number of sectors is k, the number of possible groupings will be 9% as following.
% =— i=n_1(—1)i(#) (n —i)* 1
n!'Lai—g i'(n—1)!
109 They pointed out that this kind of combination is NP-hard and that stochastic optimization is a good

110 candidate to address it. Pawlak, et al. [36] also used this type of floating-point chromosomes to group cells by
111 Finite-Element method. Sergeeva, et al. [37] developed a more complex floating-point chromosome for 3D
112 reconfiguration, which includes two parts, the first part represents coordinates of sector centers and the second
113 part contains the associated vertical extension of each sector center. But these chromosomes are hard to

114 understand especially how they work in genetic algorithm.

115 Reconfiguration problem is well-known for NP-hard problem [35, 38, 39]. Simulated annealing (SA) is a
116 well-studied local search and meta-heuristic used to address discrete and, to a lesser extent, continuous
117 optimization problems. It is a probabilistic technique for approximating the global optimum of a
118 given function. Specifically, it is a meta- heuristic to approximate global optimization in a large search space. It
119 is often used when the search space is discrete. The key feature of simulated annealing is that it provides a
120 mechanism to escape local optima by allowing hill-climbing moves (i.e., moves which worsen the objective

121 function value) in hopes of finding a global optimum [40]. Johnson, et al. [41], [42] is the pioneer who uses SA
122 to graph coloring and number partitioning. Rahimian, et al. [43] proposed a fully distributed algorithm called
123 JA-BE-JA which uses local search and simulated annealing techniques for two types of graph partitioning:

124 edge-cut partitioning and vertex-cut partitioning. These partitioning algorithms have some similar objective,
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125 such as minimizing cut cost and balancing weights of vertexes. But they still are different from AS which
126 require balancing total workload (monitoring and coordinating task loads), minimizing coordination task load,

127  as well thinking about dwell time, convex shape, connectivity and compactness.

128 In summary, the bottom-up method is prone to appear C-shaped, zigzag, trapezoidal and other irregular
129 shapes, while the top-down method is prone to appear narrow triangle, which is not easy to ensure convexity.
130 In addition, the method of random Voronoi diagram is like looking for a needle in the haystack to get an
131 optimal solution. It is doubtful that the multi-layer random Voronoi graph without boundary reprocessing not
132 only guarantees the workload balance of the graph, but also guarantees the convexity of the sector. Therefore,
133 we must design an innovative solution to the AS problem.

134 The aim of this paper is to establish a framework of solving methods including a series of multi-objective

135 (balance task load, Minimize task load imbalance, Minimize total coordinating task load, Minimize total
136 coordinating task load, Minimize cost of short dwell time, Minimize cost of reenter the same sector) solving
137 methods that can perform AS automatically at strategically planning stage, while meeting the constraints of
138 connectivity and compactness in optimal process, as well to smooth boundary for accessible shape of sector. In
139 order to improve the reliability of the design, we synthesized the region growth method and the graph cutting
140 method. Firstly, we use the region growth method based on Voronoi diagram to generate the initial optimal
141 solution. Then, two graph cutting algorithms are used to eliminate irregular sector boundary caused by region

142 growing algorithm.

143 This paper makes the following specific contributions:

144 1. Both of two graph cutting algorithms proposed by us can eliminate the irregular sector boundary
145 caused by region growing algorithm as well as other criteria can also be guaranteed.

146 2. MC-CLFV algorithm based on flexible vertices generated deducted from SAA result greatly simplifies
147 the complexity of graphic cutting algorithm.

148 3. MC-RC algorithm shows some advantages to reduce narrow blocks while MC-CLFV algorithm is
149 superior to MC-RC algorithm for increasing traffic throughput.

150 4. We also found that appropriately allowing some non-convex boundaries is a measure to reduce the
151 total workload, and blindly pursuing convex boundaries will increase the total workload.

152 5. The solution framework proposed in this paper improves the reliability of obtaining the optimal
153 design scheme in airspace, and will reduce the design load and completion time of designers.

154 These studies are of great significance to improve air traffic throughput and maintain the task load of
155 controllers at a reasonable level. This paper consists of five sections. Beginning with the introduction, section 2

156 describes problem formulation. Section 3 elaborates the details of solution method which including SAA and
157 two post-processing method. Experimental results for a realistic scenario are reported in section 4. Section 5

158 presents discussions. Conclusions and opportunities for further work are presented in section 6.

159 2. Problem formulation

160 2.1. Boundary and route network
161 The boundary points are expressed as B. B is a n X 2 matrix, and is listed anti-clockwise. The boundary

162 line is the red dotted line in Figure 2. Each row of a matrix B represents geographic coordinate of a point.
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163
164 Figure 2. Route network and boundary in TYN airspace
165 Route network consists of all segments (blue line in Figure 2.) in airspace. Tablel is an example of the route

166 network shown in Figure 2. Due to the paper length limit, we listed only a part of data. Despite of having the
167 same name, the segment is distinguished by route course, such as B208 (N), B208 (M), and B208(S). Each

168 segment includes the coordinates of the starting and ending points and the daily traffic volume.

Table 1.Route network and daily traffic volume

Starting point End-point Daily traffic
Starting
Route coordinates coordinates ) End point volume f
point .
(1, 4) (92, 42) (flights/day)

B208(N) 3929.5 112121 37450  11237.1 TODAM TYN 146.1
B215(E) 3745.0 11237.1 3817.3 114 05.9 TYN ISGOD 90.3
G212(W)  3745.0 11237.1 36284  11030.6 TYN OKVUM 17.2
H134 36 59.4 114 19.7 36143  11307.1 P346+1 SQ 2.0

169

170 2.2. Voronoi diagrams generating method
171 VCs are adopted to discretize the reconfiguration airspace in this paper. Given some generating points

172 (Seeds of Voronoi diagram), the Voronoi diagram divides airspace into a group of convex polygons with no

173 overlaps. In theory, the more the number of generating points, the more the solution space. Although the small
174 granularity can result in more balanced sectors, it will take more time to calculate. The distribution of
175 generating points in space also affects the solution. The following three methods are used to generate seeds of

176 Voronoi diagrams.
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177 2.21. Seeds were generated randomly in the studying airspace

178 Within the square airspace surrounding the airspace boundary, random point is generated. If this point
179 falls within the airspace boundary, a random seed is successfully generated. Repeat this step over and over
180 again to generate n generating points. Then the Voronoi diagrams can be generated. Figure 3 is an example of

181 a Voronoi diagram generated by 90 randomly generating points.

182
183 Figure 3. Random generating seeds
184 2.2.2.  Seeds were taken every D,,;, kilometers along routes
185 Generating points for constructing VCs include starting and end points of every route, as well as some
186 intermediate points along routes separated by at least Dp;, kilometers. If the length of r segmentis D,, then
187 the number of intermediate points equal the following.

m, = [ Dr J— 1 2

Drnin

188 where || is the operator of rounding down. Less Dp,;, means more VCs with small granularity when

189 discretizing the airspace. Figure 4 is a Voronoi diagram generated by taking a point every 30 kilometers along

190 the route (Pink coloring) as generating points.

191
192 Figure 4. Seeds generated by taking a point every 30 km along route
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193 2.2.3. Hexagonal seed
194 The generating points are evenly and staggeringly distributed in the studying airspace. The resulting
195  Voronoi diagram is a regular hexagon. Figure 5 is an example of a hexagonal Voronoi diagram generated in

196 the studying airspace.

197
198 Figure 5. Hexagonal seed

199 2.3. Reconstruct Voronoi cells according to the airspace boundary for coloring correctly

200 After discretizing the airspace with Voronoi cells (VCs), in order to visualize which sector these Voronoi
201 cells belong to, the Voronoi diagram needs to be colored. Voronoi cell coloring in the airspace boundary can be
202 easily colored by calling fill or pitch function of MATLAB, but it is not easy to color Voronoi cells near the
203 airspace boundary. Ordinary Voronoi diagrams have the following basic properties [44].

204 ®  All the points on the common edges have equal distances to their neighbor generating points.

205 ® The generating point of VC is the closest generating point to any point within this VC.

206 ® The line between two generating points is perpendicular to the common edge of the two Voronoi
207 polygons.

208 These characteristics of VCs will be utilized to calculate the intersection point between edge of boundary

209 and edge of VC.

210 Reconstructing VCs and coloring all cells for visualization are very important for reconfiguration. We
211 noticed that color cannot be filled in some open VCs according to the index of which sector these cells belong
212 to. In the process of coloring, just the inner part of the VC crossing by airspace boundary is preferred to retain.

213 So we develop a method to reshape these VCs at next part for coloring all cells correctly.

214 The procedure for the solution of the intersection point between edge of boundary and edge of VC is
215 defined as follow.

216 Firstly, all endpoints of the boundary line were sorted anticlockwise. The equation of each boundary line is
217 derived from Table 1. The equation of a boundary line can be expressed as equation 3. According to the
218 characteristic that all the points on the common edges have equal distances to their neighbor generating points,

219 the common edges must be perpendicular to the line between two generating points which generate VC that
220 passed through by boundary segment. As a result, we can get the function of common edges as equation 4. The

221 intersection point can be obtained from two of these linear equations.

y =kix+b; 3
Yy =kyx+b, 4
222 Thereafter, only points within airspace boundary of VC which is intersected by boundary segment and

223 intersection point are retained as the new vertices set of these VC. After anti-clockwise sorting of these new
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224 vertices sets of these VC, every VC can be correctly colored by program. Figure 6 is an example that Voronoi
225 cell diagram is reconstructed and colored according to airspace boundary. With this reconstruction and
226 coloring, it is not only easy to distinguish which sector VCs belong to, but also easy to solve the intersection of

227 route and boundary VCs.
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228

229 Figure 6. Voronoi cells are reconstructed and colored according to airspace boundary

7

230 2.4. Task load measurement and objective function

231 The research focusing on controller workload has been carried out by a desire to balance task load,
232 understand occupational stress, eliminate operational errors, enhance safety, and improve throughput.
233 Many workload calculation methods have been proposed in previous studies based on dependent variables:
234 physical activity[45], physiological indicators [46-48], simulation models of the controller’s tasks[34, 35,
235 49-52], and subjective ratings [53, 54]. Gianazza [55] have reviewed literature about workload prediction
236 and compared several machine learning methods on the problem of learning workload prediction models
237 from historical data. Surprisingly, there is no globally accepted definition for controller workload -
238 “controller workload is a confusing term and with a multitude of definitions, its measurement is not
239 uniform”[56]. From the perspective of technical feasibility, the task load calculation method based on
240 statistical controller’s tasks in field or simulated tests is easier than others.

241 Each sector is typically positioned with one or two controllers. A radar controller is responsible for
242 radio communications with aircraft, monitoring the radar screen to maintain safe separation, and
243 communicating with other controllers. When two controllers work a sector, the second is an associate
244 controller, known as a data-controller. The data-controller typically receives flight-plan information and
245 helps plan and organize the flow of traffic within the sector. During exceptionally busy periods, a third
246 controller may be assigned to the team, although three-member teams are not typically planned for. Task
247 load is the sum of the time spent by controllers performing tasks[57].

248 Task load calculation model designed by Oktal and Yaman [52] considered three kinds of task load,
249 the monitoring task load, the conflict task load and the coordination task load. The monitoring and the
250 conflict task loads occur inside the sector while the coordination task load between the sector and its
251 adjacent sector. Due to the fact that the air traffic controllers in China usually build an aerial overpass
252 bridge at the intersection of the route to insure that flights which may be conflict have been transferred to
253 the specified flight levels before they arrive the intersection, it indicates that the monitoring task load
254 includes the conflict task load. For this reason, our task load calculation model only considers monitoring

255 and coordinating task loads. Formulas of our task load calculation model is similar to these designed by [35,
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256 37], while the tiny difference lies in that we consider the duration of the task, not just the number of flights
257 in our task load model. We suppose that the monitoring task load of one aircraft is proportional to flight
258 time. This ratio is the average time per unit of time that the aircraft needs to be monitored by the controller
259 (including conflict resolution by telephone). The coordinated task load of an aircraft is equal to the average
260 time for the controller to complete takeover or handover when this aircraft cross sector boundaries.

261 24.1. TASKLOAD MEASUREMENT

262 Given that the airspace studied has n VCs, each VC;,i € {1, ...,n}, must be assigned to some sector
263 sj,j € {1,..,k} where k is the number of desired sectors to be opened. If VC; is assigned to s; sector, then
264 xij = 1, else 0. The relationship between task load of jth sector and task load of VC; is expressed as follow:
wli=3" x! x wi,vj € (1, ...k}, Vi€ {1,..,n} (5)
265 wl; includes two kind of task loads, namely monitoring and coordinating task loads, as mentioned
266 before.
wl=wl°t + wifod (6

267 2.4.1.1. Monitoring task load measurement

268 Assume that there are m routes passing through VC;. Then monitoring task load was calculated as
269 follow.

W =g X Sy fo X (U /0,) )
270 I7 is length of route r in VC;, km.
271 v, is average speed of flights on route r, km/hour.
272 fr is hourly traffic volume passing through route r, number/hour.
273 ot 15 the statistical monitoring time per hour per flight by field test, seconds/hour.
274 The intersection of all routes with the VC they pass through is computed and stored in a structured
275 array before the task load is computed, as shown in Figure 7.

i i

\'\\ x\ \\k \‘\ \ 1

276 : i S T . | \ LT
277 Figure 7. Intersection of all routes with the VC they pass through

278 2.4.1.2. Coordinating task load measurement
279 Coordinating task load calculated as follow:


https://doi.org/10.20944/preprints201907.0287.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2019 d0i:10.20944/preprints201907.0287.v1

280 If vr € {1,...,m} passing through VC i and both of the boundaries of VC were the sector boundary,
281 then

WIE =g X T, (1 X £ (8
282 fr is hourly traffic volume passing through route r, number/hour.
283 Qcoq is the statistical coordinating time per hour per flight by field test, seconds/hour.
284 If vr € {1,...,m} passing through VC; and two of the boundaries of VC; was the sector boundary,
285 then y{=2. This rarely happens unless a single VORONOI diagram is large. If Vr € {1, ..., m} passing
286 through VC; and just one of the boundaries of VC; was the sector boundary, then y/=1.1f Vr € passing
287 through VC i and none of the boundary of VC was the sector boundary, then ¥=0.

288 242,  OBJECTIVE FUNCTION

289 Four criteria have been included in our objective function for evaluation of a solution. The formula of
290 objective function is:

F = (a1 * COStimp +ap * WIEE +az * costiDf +a, * costLi} )
291 ay, ay, a3,y representing the weight of different objective components.

292 2.4.2.1. Minimize task load imbalance

293 The first criterion minimizes the level of the task load imbalance among all controlled sectors in
294 configuration. The task load imbalance of all controlled sectors is then computed with the following
295 formula:
COStimp=2 =y |l — u 10

296 Where:
297 k: Number of desired sectors to be opened
298 j: jth sector

K j
299 u: Average task load, #_E,:_;(wl
300 wlJ: Total task load in jth sector

301 2.4.2.2. Minimize total coordinating task load

302 Coordinating task load is the key factor of total task load. In the process of airspace sectorization , it is
303 almost impossible to decrease monitoring task load. A good airspace configuration plan must be a plan with the
304 minimum coordination task load. Minimizing coordination task load can not only reduce the total task load, but

305 also keep the sector consistent with the main traffic flow. The total coordinating task load, wifJ¢, is equal to the

306 sum of task load of all VCs as following formula.

wiged =y*  wif°?, i e {1,..,n} (1

307 2.4.2.3. Minimize cost of short dwell time (SDT)

308 The sector capacity is calculate based on MAP from FAA [58], which is roughly 5/3 of average sector flight
309 time (in minutes). This means that sector capacity increases with dwell time (average sector flight time).
310 Because of the airspace studied is an en-route airspace, we arbitrarily set the minimum of dwell time as 240

311 seconds. The cost of short dwell time was measured as follow:

costin =Y, cost}PT (12>

312 For any flight a € {1, ..., m} in sector j,
cost?P =30 {[tai" — taw(a, )] - €aw} (13)
tdw(p'j) =tout(a:j) - tin(arj) (14)

313 taw(a,j) is the pth flight's dwell time t4,(a,j) in the jth sector, tTin was set as 240 seconds.
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314 €4w is penalty coefficient of short dwell time,

€ _ ijexp[tzinmin - tdw(a'j)]' [ttrinv{;'n - tdw(arj)] >0
aw —

(15
0, [t — taw(a, )] <0
315  2.4.2.4. Minimize cost of reenter the same sector
316 We hope that every trajectory enters the same sector less than one time. To some extent, it means this cost

317  will cause the optimization search process to discard those non-convex sectors and disconnected sectors.

costIit=y™ | costl" (16)
costﬁi"=2;-‘=1ﬁ X trin, j a7
318 If r route doesn’t pass through j sector, then t,;, j=0; If v route passes through jth sector more than
319 once, cost of r route reenter in j sector will increase with reenter times.  is the reenter penalty factor. We
320 arbitrarily set it as 100 seconds.
321 2.5. Constraints
322 Three constraints, task load, connectivity and compactness are considered.

323  2551. TASKLOAD CONSTRAINT
324 In theory, the highest value for R-side task load for a 15-minute period is 900 seconds (15 minutes times 60
325 seconds/minute), assuming (unrealistically) that a controller can effectively use all 900 seconds of available time

326 and that a second controller is handling the D-side task load. When the task load rollup exceeds a certain

327 threshold (around 600 seconds), it is assumed that two controllers are working the traffic[57]. The maximum
328 acceptable task load in each sector is set as 3420 seconds for a 1-hour period. Assuming that there is only one
329 sector in the studying airspace at first, the task load increases gradually with time. Assuming that there is only
330 one sector in the research airspace at first, the task load will gradually increase with time. When the task load
331 increases to its maximum, the partition of the airspace is triggered. In order to balance the workload, the best
332 partitioning result is that the workload of each sector is half of the maximum workload. Over time, when the
333 task load of both sectors reaches the maximum task load, the best division is that the task load of each sector is
334 2/3 of the maximum task load. It can be inferred that when airspace is divided into k sectors, the optimal
335 average task load can be expressed as following.
y—k;lxwlmax (18

336 When the airspace keeps k sectors unchanged, and the traffic flow of different sectors is not consistent with

337 the growth of time, the sector structure also needs to be adjusted. Before changing the number of sectors from k
338 to k+1, the variation range of average task load is as follows.

%lemax < U< Whpay 19
339 Equation (18) and (19) are based on the trigger mechanism of sector division, which is when the traffic flow
340 of all sectors increases to Wiy,q,. The real environment may be that the traffic flow growth in each sector is not

341 balanced, some sectors may not grow, and some sectors have reached the maximum. It also needs to be adjusted

342 at this time. The more sectors there are, the more likely the growth imbalance will be. Then the trigger

343 mechanism will fail. In the case of unbalanced growth of traffic flow in each sector, it is necessary to adjust the
344 sector structure as long as a single sector reaches its maximum. In this case, the task load of the busiest sector
345 can usually be reduced by adjusting the structure of airspace without increasing the number of departments.
346 Assuming this happens, there are currently k sectors, the total workload is wl;,, and the average workload is

347 Wlgoe/k. Then, the following equation is used to constrain the task load of each sector.

leWltOt/k < Wli < ﬁz ><erna'x (20


https://doi.org/10.20944/preprints201907.0287.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2019 d0i:10.20944/preprints201907.0287.v1

348 p1 is the minimum deviation from the average of total task load. The smaller the value of f; is, the more
349  feasible solutions are. 3, is the design redundancy parameter. If the design cycle is longer, the £, should be

350 smaller, leaving enough room for traffic flow growth.

351 252. CONNECTIVITY CONSTRAINT

352 The connectivity constraint ensures that the sectors are not fragmented[16]. In other word, a sector must be
353 a contiguous portion of airspace. Connectivity of a sector was assured by checking whether every VC in this
354 sector has at least one common edge with other VC or not. If each VC in certain sector has no common edge
355 with other VC, then this sector with this VC is not connective.

356 Definition: Undirected graph D = (VC,E), VC set VC={VC;, VC(,,.., VC,} belong to sector s;, if two
357 Voronoi cell have common edge between each other, then the two cells are adjacent. Define the adjacency

358 matrix M=(M;;)nxn as follow:

359 o {O ,VCito VG is n?t ad.jacent

Y 1, VC;toVC;isadjacent
360 Similarly, we define the reachable matrix R=(R;;)nxn of graph D as follow:
361 . {0 ,VCito VG is n(')t reachable

7 1, VC;toVC; is reachable
362 R can be calculated by adjacency matrix M [59, 60].
363 If the sum of every column of R equals n, then all VCs in sector s; are connected, otherwise, the
364 conclusion is contrary.
365 Two methods are used to guarantee connectivity. One is to reject the new solution directly, keep the
366 original solution and search on the basis of it. The other is to repair the disconnected sector into connected
367 sector through the following methods. According to the adjacency matrix of a sector, numbers of connected
368 areas were calculated in this sector. If there are more than two connected areas in any sector, only the area with
369 the largest number of VCs are reserved, and other isolated area are allocated to some sector with the smallest
370 task load and this sector must be adjacent to these isolated areas. When the simulated annealing temperature is

371 higher, connectivity of sectors will be repaired with a larger probability. On the contrary, when the
372 temperature is low, connectivity of sectors will be repaired with a small probability. While these disconnected

373 solutions were rejected with a larger probability.

374 253. COMPACTNESS CONSTRAINT

375 In the process of using neighborhood search method to generate new solutions, there are a few VCs very
376 far from their assigned sector. This is called non-compactness. Compactness of a sector is defined as follows.

& =Y0L,Dl -z /k vie{l,..,n},vje(l, ..k} (21)
377 Dij is the distance between generating point of VC;, and the center of s;. If VC; located in sector s;, l] =
378 1,otherwise, Zij = 0. §; is the average distance of all VC to the center of s;. The average distance is set as
379 threshold to assure compactness of sectors.
380 Firstly, all VCs which distance between p; and themselves were larger than the threshold value are found.

381 Then, the numbers of connected regions were found out in the undirected graph composing of these cells. Each

382 of them is allocated unconditionally to the nearest sector.

383  2.54. NUMBER CONSTRAINT OF flexible vertices
384 The vertices of a sector boundary can be classified according to their sharing by multiple sectors. All
385 vertices of a sector boundary are divided into two categories: flexible vertices and fixed vertices. The

386 classification of vertices is illustrated in Figure 8.
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387
388 Figure 8. Flexible and fixed vertices
389 The blue-coated sector has a vertex shared (two-zone shared vertex) with the red-coated sector, as well as

390 with the green-coated sector. There is a vertex shared by the blue-coated sector, the red-coated sector and the
391 green -coated sector. Both of the two-zone shared vertex and three-zone shared vertex are called as flexible
392 vertices. The other vertices marked with a red triangle in the blue coated sector in Figure 8 are fixed. We find
393  that when the number of flexible vertices (NFV) in a sector is less than three, the sector shape generated by SAA
394 will inevitably appear C shape. So we have to force the NFV to be greater than three. This constraint is not used
395 for the SAA search process, but only for the sector evaluation and post-processing. If the number of flexible

396 points in the sector generated by SAA is less than three, the SAA process is repeated.

397 3. Solution method

398 There are three common design questions related to meta-heuristics: the representation of solutions
399 handled by the algorithm, new solution generation method and the definition of the objective function that will
400 guide the search. The definition of objective function has been discussed in the previous section. In this section,
401 we will introduce the representations of solutions and solution method of airspace reconstruction problem. The

402 framework of the solution method is showed in Figure 9.
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404 Figure 9. Framework of the solution method

405 3.1. Solutions expressions

406 The representation is based on the proposed reconfiguration problem modeling. When calculating task
407 load, the representation of solution is similar to assignment problem. If VC;, Vi € {1,...,n}, is assigned to
408 sector sj,j € {1,..., k}, then Zij = 1, otherwise Zij = 0. Here, an example is given to show the representation of

409 this solution. Suppose there are 10 cells allocated to 3 sectors.

Table 2.The first type of representation of solution z

vC 1 2 3 4 5 6 7 8 9 10
Sector 1 1 1.1 0 0 O 0 0 0
Sector2 0 O 0 1 1 1 0 O 0 O
Sector3 0 O O O O O 1 1 1 1
zi,z3, ..z}
410 The first type of representation of solution z = z2,72,...z2 + was shown in Table 2. If VCs (1,2,3) are

3,3 3
Z7,Z5, e 25,

411 adjacent, as well (4,5,6) and (7,8,9,10), then the solution show in Table 2 is a feasible one. This type of
412  representation of solution was used to calculate task load.

Table 3.The second type of representation of solution x

vC 1 2 3 4 5 6 7 8 9 10

Sector 11 1 2 2 2 3 3 3 3



https://doi.org/10.20944/preprints201907.0287.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2019 d0i:10.20944/preprints201907.0287.v1

413 The second type of representation of solution x = {x,x;,..,x,} was show in Table 3. This type of
414 representation of solution was used to renew current solution.
415 Two kinds of these representations can be transformed into each other.

416 3.2. K-means clustering to generate initial feasible solution
417 Given a set of observations (p; is coordinate of generation point of VC;, i=1,2..n), k-means clustering [61]
418 aims to partition the n observations into k (< n) sets s = sy, S5, ..., S} so as to minimize the within-cluster sum

419  of squares (i.e. variance). Formally, the objective is to find:

arg min Y51 Zpes; i — 15117 (22
420 where y; is the centroid of points in s;.
421 After k-means clustering, the sector of VC; will become clear. The second type of representation of solution
422 is used to represent k-means clustering results. For example, x=[1,1,1,2,2,3, 3], means VC 1,2,3 belong to sector

423 1, VC 4,5 belong to sector 2, VC 6,7 belong to sector 3.
424 As mentioned in Section 2.2 above, the solution space of different discretization methods (even the number
425 of VCs) in the studied airspace will be different. Therefore, we design three parallel approaches to explore the

426 optimal solution. Finally, the best solution is chosen by comparison. This process is shown in Figure 9.
427 3.3. Neighborhood search strategy

428 3.3.1.  Variable neighborhood search
429 To prevent local optimization, the following two variable neighborhood search methods are used in the

430 search process.

431  3.3.1.1. RC_PNB search algorithm

432 Firstly, we need to calculate the workload of all sectors and find out the sectors with the minimum task
433 load. Assuming that the sector with the minimum task load is the sector s;, and VCj;, Vi, VCis...VCiy (All
434 Voronoi cells with crimson color of dark blue sector with the smallest task load as showed in Figure 10)
435 adjacent to at least one of the VC in the sector s;, we define set {VC;y, VCip, VCis...VCi4} as PNBg, propagable
436 neighborhood of s;. These VC of PNBy; may be distributed in one sector or multiple sectors.

437

438 Figure 10. An example of propagable neighborhood (Crimson) of sector (Dark blue) with the smallest task
439 load

440 A variable neighborhood search algorithm is used according to a certain probability as following.

RC_PNB search algorithm

X=Xo
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PNBS], = PBN_find_fun(x, M, SNy min);
A = length (PNBS],);
B = randi(4);
If rand>0.5
A=A(1:B,:);
else
A=A(B:end,:);
end
x(A1) = SNy min
Connectivity constraint check and assurance algorithm, x—x,
Compactness constraint assurance, x;—x;
If F(x3)<F(xp)
Xo= X
else
Xo=Xo

end

441 3.3.1.2.  PN_VC search algorithm
442 All VCs adjacent to other sectors in the sector s; with the lowest task load are called expandable
443 boundaries points (EBP). A neighborhood search algorithm of expandable boundary points (EBP_NB search

444 algorithm) in minimum task load sector s; is developed as following.

445
446 Figure 11. PN_VC search
447 As in Figure 11 left show, one VC (pink color) in EBP is randomly selected, all VCs around this VC but not

448 belong to s; (red color) are called as expandable boundary points of this VC (EBP_VC). A neighborhood
449 search algorithm of propagable neighborhood of VC (PN_VC search algorithm) in minimum task load sector s;
450 is developed as following.

PN_VC search algorithm

X=X
Random select a VC in EBP_VC

Check out PN_VC of this VC

Allocate PN_VC to s; and update x

Connectivity constraint check and assurance algorithm, x—x;
Compactness constraint assurance, x;—x,

If F(x2)<F(xo)

Xo= X2

else

Xo=Xgo
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451 3.3.2.  Connectivity constraint check and assurance

452 After calculating the reachable matrix R of the sector (using formula 20), if the sum of each column of R is
453 less than n, all connected components of the sector should be detected. If a sector is divided into several blocks
454 by using neighborhood search method, only the largest blocks in the sector are retained, other smaller blocks

455 are unconditionally allocated to sector connected to these components with smallest distance.

456 3.3.3. Compactness constraint assurance

457 In order to ensure the compactness of the sector, the average distance from the generating points of a VCs
458 to the center point of all VCs was set as threshold to assure compactness of sectors. If some VCs were far from
459 their assigned sector more than a threshold in equation (21), they would be allocated to the adjacent sector with

460 the smallest distance; otherwise, they would be kept in original sector.

461 3.4. Simulated annealing algorithm

462 Simulated annealing starts from a state x, and continues until temperature T cool down to Ty, at a
463 cooling rate o. In the process, the call neighbor (x) should generate a randomly chosen neighbour of a given
464 state x; to increase search space, repeat call neighbor (x) L times at a specific temperature. The call random (0,

465 1) should pick and return a value in the range [0, 1], uniformly at random. The algorithm determines whether

466 the new solution x,,,, is better or worse than the current solution x. If the new solution is better than the
467 current solution, it becomes the next solution. If the new solution is worse than the current solution, the
468 algorithm can still make it the next solution. The algorithm accepts a worse solution based on an acceptance

S5
469 function 1/(1+ eT) . Since both §=E(Xpey)-E(x) and T are positive, the probability of acceptance is between 0 and

470 1. Lower temperature leads to smaller acceptance probability. At the same time, larger § leads to smaller
471 acceptance probability. The best solution and value of objective function were recorded at every specific
472 temperature. After the simulated annealing, the corresponding solution of the minimum value of all objective
473 function at different temperature was extracted as the optimal solution. The following pseudo code presents
474 the simulated annealing heuristic as described above:

Simulated annealing algorithm

Let x=x,
n=length(x,)
T=T,
m=100, % m is the iteration times at different temperatures
Partition=[ |;
While T> Tpin
temp=zeros(m,n+1);
for k=1:m
If rand(1)>0.6
RC_PNB search algorithm, Xpey,«— neighbour(x)
else
PN_VC search algorithm, Xye,,<«— neighbour(x)
end
If  F(xpew)< F(xq)
X Xnew
Elseif 1/(1+ ew)z random(0, 1):

X< Xnew
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End
temp(k,:)=[ x, F(x)I;
end
[Epmin index]=min(temp(: end)); %Find the optimal partition at current temperature.
Partition=[ partition; temp(index,end)];
T=T X o; here o is cooling rate
End
[Fope,index1]=min(Partition (:,end));

Xopt= Partition (index1,1:end-1); the final state is Xqp¢, optimal value of objective function is Ep;

475 3.5. Post-processing

476 After solving the model by SAA, the boundaries of each sector are obtained. Even considering the
477 compactness of the objective function, sector boundaries generated by SAA, like all bottom-up methods, still
478 appear as zigzag, ladder or C-shaped. Drew [29] used Douglas-Peucker (DP) algorithm to smooth shared
479 boundaries of the sectors generated by mixed integer programming, there are still some obvious problem, such

480 as boundaries with large zigzag shape. Li, Wang, Hwang and Hwang [17] also developed a bisection method

481 based on the shortest path to smooth boundaries of the sectors. How these methods ensure the balance of task
482 load among sectors is questionable, because they adjust boundaries based on distance parameters rather than
483 task load. However, the most critical criterion for sector division is task load balancing, because only task load

484  balancing can give each sector the opportunity (buffer) to increase traffic throughput.

485 Generally, a convex hull can be constructed for each pair sectors generated by SAA (or any other methods).
486 Then, there must be a line which can bisect this convex hull into two sectors with balance task work. We find
487 that when all these lines are drawn, these lines cannot clearly divide the studied airspace into the required

488 number and shape of sectors. Therefore, this method has been abandoned.

489 To illustrate the principle of our algorithm, we first observe the boundary characteristics of blue-coated
490 sectors from Figure 8. Taking the blue-coated sector shown in Figure 8 as an example, we call the boundary of
491 the studied airspace as the outer boundary, and the irregular boundary between the blue-coated sector and the
492 adjacent (red or pink) sector as the shared boundary. Our algorithm is to smooth these irregular shared
493 boundaries, and try to ensure convexity and task load balance of all sectors, as well as connectivity and
494 compressibility. Next, all fixed and flexible vertices (described in 2.5.4) in each sector are found out by
495 repeating this process. If all boundary vertices are connected by a straight line, the sector that coincides with

496 the original sector can be obtained. But in this way, the task load of the sector will be different from that of the

497 original sector, resulting in unbalanced task load of the sector. Therefore, our idea is to reposition these flexible
498 vertices and rebuild sector boundaries to balance workload sectors.
499 In order to guarantee the near-convexity of sector shape in process of rebuilding sector boundaries, we add
500 a near-convexity evaluation function (cost£f).
k
costiyr = Z ce* (23)
=1
cvx SAFP* — SA;

Ci”* = ST (24>
501 SA{"* is the area of the convex hull of the vertex of the ith sector, in square meters.
502 SA; is the area of the ith sector, in square meters.
503 Cf" is the concave coefficient of shape for the ith sector. The smaller Cf’* is, the less concave the

504 polygon is and the closer it is to the convex shape.
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505 costfyr is the concave coefficient of shape for all sectors. The smaller cost{;7 is, the better the overall

506 convexity of all sectors is. In this way, this performance parameter can be added to equation (9) to form the
507  following new evaluation function, which can be used to evaluate the new sector generated by the random
508 change of the position of these flexible vertices.

F = aj * coStimy, +ay * WIESE +az * costsDl+a, * costli+ ag * costfl¥ (25)
509 To prevent concave shape, we added a constraint that the angle between all adjacent lines

510 (counterclockwise) connected to the three-share point should not be greater than 180 degrees. In MC-CLFV

511 algorithm, this kind of constrain is called as concave shape checking.
512 In order to prevent sector boundaries from getting too close to some important points (such as large traffic
513 flow routes, intersections, airports, etc.), the minimum distance constraint between departmental boundaries

514 and important points is added[17]. In MC-CLFV algorithm, this kind of constrain is called as minimum
515 distance checking.

516  3.51. MC-CLFV algorithm

517 As mentioned earlier, the key to smooth the boundary is to locate these flexible vertices. Therefore, the
518 problem of sector boundary smoothing becomes the problem of locating these flexible vertices. Monte Carlo
519 techniques can be used to ensure high quality, robust designs [62, 63]. In order to improve the search efficiency,

520 we developed a dynamic Monte Carlo method by changing location of flexible vertices (MC-CLFV).

521 Before describing the algorithm, we give the following definitions.
522 Given all flexible vertices (VE™,VE,",..VE,!) belong to set VF, and all fixed vertices (VD;',...VD,}) belong
523 to set VD. B is boundary of airspace. L are air routes passing by airspace. Then the shape of airspace, G, is a
524 function of the above vectors, which can be defined as follows.

G=g(VF,VD,B,L) (26>
525 f is vector of flow on air routes L. Then the objective function (25) under the specific sector shape is the

526 function of traffic flow and shape, which can be expressed as following.

F=F(G,L> 27)
527 I' is the standard deviation of task load for all sectors. F° is the value of evaluation formula (27) .
528 1o is base search radius which is equal to half of the average distance between all flexible vertices. In search
529 process of MC-CLFV algorithm, a random location point around each flexible vertex within the radius is used

530 to replace the location of these flexible vertexes in VD. Then G and F change with locations of these flexible
531 vertexes.
532 The search process of MC-CLFV algorithm is as following.

MC-CLFV algorithm
Check out all flexible vertices VFlSi, VFZSi, . VFnsli and all fixed vertices VDlsi, e VDS"2 in s;,i=1..k, sorted

n

them counter-clockwise
Setting base search radius, 7y, and its decrease rate in every iteration, ¢1=0.96
Calculate the value of the evaluation function, F°;Calculate initial the standard deviation I
While Iy > t (t is maximum acceptable standard deviation)
r=15 X0t
For i=1:length(VF)
0=27tx rand()
X(NVF;") =x(NVF;"*)+ rxrand()xcos 6;
y(NVES) =y(NVF;")+ rxrand()xsin 6;
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end

VD and renewed VF, constitute a new shape of sector.

If concave shape checking or minimum distance checking is not true
Continue;

end

G=¢ (VF,VD,B,L)

Calculate F=F(G,L)

AF=F® — F,,

k
1 )2
226D
j=1

If AF <0 and I' < Iy and yxmean(F;,j = 1...k) <min(Fj,j = 1..k) and max(Fj,j = 1..k) <

B2Wlnax
Fope=F°
Lh=T
Gopi=G

end

end

533 352, MC-RC algorithm

534 When some sector produced by SAA is surrounded by other sectors (hub-sector), MC-CLFV algorithm
535 cannot partition airspace properly. Especially, when traffic flow is crossed in the center of the airspace, or
536 when an important airport is located in the airspace Center. Basu, Mitchell and Sabhnani [31] also developed a

537 ‘Pie Cutting * method for more flexibility during sectorisation. But they did not specify what airspace the
538 pie-cut method would apply to. Traffic flows and routes in different airspace have different characteristics, so
539 the shape or partition method of sector should be different. The concept of generic sectors proposed by the
540 Federal Aviation Administration (FAA) supports this view. Generic sectors are defined as segments of airspace
541 in Air Route Traffic Control Centers (ARTCCs) that controllers could manage without significant specialized
542 training or experience, beyond what they would normally acquire to become certified[64, 65]. The following

543 Monte Carlo method by radius changing (MC-RC) is developed for this type of situation.

544 The sector whose geometric center is closest to the geometric center of the airspace is chosen as the
545 hub-sector. A circle, which center is the geometric center of hub-sector and radius is the average distance
546 between center and points consisting of convex hull of hub-sector, is constructed. By adjusting the radius, the
547 task load of the circular region can be equal to that of the original sector.

548 There is an overlapping region between two convex hulls of adjacent sectors. A line, which passes through

549 center of hub-sector and center of the overlapping region, is called as spoke. The spoke will divide the

550 overlapping areas into two adjacent sectors. In theory, near the overlapping area of convex hull, there must be
551 a spoke that can divide task load of two sectors equally. Such a spoke can be found by keeping the starting
552 point of spoke (center of hub-sector) unchanged and only changing the bearing of spoke from center. Figure 12

553 show initializing hub and spoke.
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555 Figure 12. Initializing hub and spoke

556 The search process of MC-RC algorithm is as following.

557 Configuration G is determined by dynamic variables 1, 6 = (64, 6,..6,_,) and static variables B, L. k
558 is the number of sectors. Graph can be expressed as G = g(r3,0, B, L). 1, is radius of hub sector. 8 is vector
559 consisting of three bearing of spoke. B is boundary of airspace. L are air routes passing by airspace. Then
560 value of objective function in formula (9) can be expressed as F = F(G, f). f is vector of flow on air routes L.
561 Given that the value of objective function of every sector is F;, j = 1,2,..k, under configuration G and traffic
562 flow f. Then F%¢is the average of value of task load of all sectors. Given that F" is the value of task load of

563  hub sector, then the task load difference between F" and F@¢ can be expressed as following.

8p=Fe — Fh (26)
564 If &, >0, r, will be increase by rﬁ;i” to make F" equal to F®¥¢, vice versa. Therefore, r}; at i th iteration
565 can be expressed as following.
ri=r 0+ 2 7
566 I is used to represent standard deviation of objective function. The pseudo-codes for solving ri and 6

567 by Monte Carlo method (MC-RC algorithm) is showed as following.
MC-RC algorithm

Initializing 17, 6°, 8,,i=0

Calculating configuration parameters, G° = g(r?,0° ,B, L)
Calculating of value of objective function, F® = F(G, f)
While 6p,>=500r I’ >=1

i i— 8
r’;:rha 1) 1+ h

Fave)

Generate three random integers between 0 and 360 and assign them to 6%, n mean at i th iteration.
G' = g(r}, 6%, B,L).

Fi=F(G',f)

6h:Fave _ Fh

i=i+1;

If Fi<F° and 6;,<50 and I'<t and Byxmean(F;,j = 1..k) <min(F;,j = 1..k) and max(F;,j = 1..k) <
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B2*Wlmax
FO—Fi
GOoPt=G'
end
End
568
569 Figure 13 is a case of hub-spoke partition by optimizing the radius of hub sector and bearing of spoke using

570 MC-RC algorithm.

$1 M2167 €995 T 3163

44
$2 M2588 C545 T 3133
S3 M2626 C587 T 3214
$4 M2222 G792 T 3015
Degree1=89

Degree2=195
Degree3=279

571
572 Figure 13. Hub-spoke optimizing partition using MC-RC algorithm

573 4. Results

574 This section may be divided by subheadings. It should provide a concise and precise
575  description of the experimental results, their interpretation as well as the experimental conclusions
576  that can be drawn.

577 We extracted one week's data from Shanxi regional airspace. Since there are few flights between 20:00 p.m.
578 and 7:00 a.m. in Shanxi regional airspace, we only count the traffic flow data of each segment from 7:00 a.m. to
579 20:00 a.m. and take the average value to calculate the task load during the reconfiguration process. The
580 parameters used in different algorithms are showed in Table 4.

Table 4. parameters used in algorithm

Parameters value SAA MC-CLFV MC-RC
Task load imbalance a,=4000 Y y y
Total coordinating task load ;=200 l Xl Xl
Cost of short dwell time az=5 Y y y
Cost of reenter the same sector a,=1500 N N N
Initial temperature To=1e+9 Y y y
Termination temperature Tmin=1e-3 \ y y
Cooling rate 0=0.8 ol l l
Radius decreasing rate in every iteration 01=0.9 l l
Monitoring task load per 10 minutes Amot=22/600(s/s) \ y y
Coordination task load required for each handover Qcoa =9(s/flight) \ y y
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Permissible minimum of dwell time tTHR=040(s) v y y
The minimum deviation from the average of total task load  ;=0.5 \/ y y
The design redundancy parameter B>=0.95 V Xl Xl
The maximum acceptable standard deviation 7=100 Xl Xl
The maximum acceptable task load in each sector Wl a,x=3420(s) Y Y y
581 4.1. SAA test result
582 Based on the three Voronoi diagrams, we use the SAA described in Section 3 to execute the automatic

583 sector optimization calculation for the studying airspace. The results comparing are shown in Table 5.

Table 5. Comparing SAA results with three kind of seeds generating method

TL in TL in TL in TL in TTL in
Seeds generating method ~ Sectorl Sector2 Sector3 Sector4 Std Airspace Figure
() () (s) (s) (s)

Based on randomly 3316 2409 2443 2023 546.4 10191 Figure 14
Based on every 50

Kilometers 2618 2459 2688 2890 178.8 10655 Figure 15
Based on hexagonal 2383 3144 2493 2265 393.0 10285 Figure 16
Current configuration 3018 2503 4025 3031 636.6 12577 Figure 17

*note: TL is the abbreviation of task load. TTL is the abbreviation of total task load. The (s) is the abbreviation

of seconds. Std is the abbreviation of Standard deviation.

584

108 RA result of SAA
T T T 4 T T

585

586 Figure 14. Reconfiguration result based on random seeds with SAA
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587 ¥

588 Figure 15. Reconfiguration result based on seeds every 50 kilometers with SAA
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590 Figure 16. Reconfiguration result based on hexagonal seeds with SAA
591
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593 Figure 17. Current configuration and task load

594  4.2. Post-processing result

595 The first purpose of post-processing is to smooth the boundary while keep task load balance and other
596 constrains. The second purpose is to compare the results of post-processing with MC-CLFV and MC-RC. The
597 results of post-processing graph are showed in Figure 18-20.

s f L L L L L L L s
1225 123 1235 124 1245 125 1255 126 1265 127

598

599 Figure 18. Post-processing result of figure 14 with MC-CLFV


https://doi.org/10.20944/preprints201907.0287.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2019 d0i:10.20944/preprints201907.0287.v1

600
601
602

603
604
605
606

. | n . L L . L . .
1225 123 1235 124 1245 125 1255 126 1265 127
107

Figure 19. Post-processing result of figure 15 with MC-CLFV
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Figure 20. Post-processing result of figure 16 with MC-RC
Task loads after post-processing based on 3 kinds of seeds and task load evaluated based on current
configuration show in table 6.

Table 6. Comparison of results between MC-CLFV algorithm and MC-RC algorithm

TTL in
Original After TLof TLof TLof  TLof
Algorithm Std  Airspace
configuration  post-processing S1 (s) S2 (s) S3 (s) 54 (s) ©
s
MC-CLFV Figure 14 Figure 18 3061.6 31975 31342 32809 932 12674
MC-CLFV Figure 15 Figure 19 32545 3076.6 31162 31280 77.0 12575
MC-RC Figure 16 Figure 20 3154 3143 3217 2937 121 12451

Current Figure 17 3018 2503 4025 3031  636.6 12577
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configuration

Note: The abbreviations in this table have the same meaning as in Table 5.

607 5. Discussion

608 From the result of SAA in table 5, the sector generated by SAA method is more balanced than
609  the current sector workload, and the total workload is smaller. We also found that the solution space
610  of SAA varies with the seeds generating method and number of seeds. Three Voronoi diagram
611  generation methods, combined with the number of variable seed points, improve the reliability of
612  airspace design meeting the required performance standards. This reveals that there are defects in
613  some previous literatures which only depend on one method to discretize the airspace. Although
614  simulated annealing is a very mature algorithm, it must be pointed out that adding re-entry sector
615  penalty and short dwell time penalty to the objective function will have an impact on the
616  optimization search. If the weight of these two penalties is too large, the algorithm will be limited to
617  local optimization, and if the settings are too small, there will be re-entry sector and short dwell.
618 However, because the simulated annealing algorithm accepts infeasible solutions by itself with a
619  certain probability, it allows the re-entry sector and short residence to occur in the exploration
620  process, which makes it possible to explore the global optimization solution, and makes it possible
621  for the region growth method to produce sectors that meet the performance requirements. Using
622  SAA to find a good initial solution lays a foundation for warm start in post-processing.

623 However, irregular sector boundaries in figure 14-16 are not satisfactory. Any method based on
624  discrete airspace block reorganization will have such problems as zigzag, c-shaped, trapezoidal and
625  so on. Therefore, effective post-processing is very important. The result in table 6 show that the two
626  proposed post-processing methods can achieve a more balanced partitioning scheme than the
627  existing sector. MC-CLFV algorithm can get more balance configuration than MC-RC, but MC-RC
628  algorithm can get smaller total task load. The choice between the two performance criteria, the
629  minimum total workload and the balanced task load of each sector, seems to be contradictory. Of
630  course, we expect the minimum total task load and the balanced task load of each sector at the same
631  time. But when we can't have both of them, how do we choose? Answering this question needs to be
632  traced back to the purpose of AS. The fundamental purpose of AS is to increase traffic throughput.
633  Especially when the current throughput of airspace is mainly limited by the task load of controllers,
634  the purpose of AS s to reduce the average task load of controllers, regardless of whether the number
635  of sectors remains unchanged or by increasing the number of sectors. When the number of sectors
636  and the demand of controllers remain unchanged, a more balanced scheme is preferred for the
637  fundamental purpose of AS. Because only in this way, each sector has more buffer to cope with
638 fluctuating traffic flow and traffic growth. Therefore, we conclude that MC-CLFV algorithm is
639  superior to MC-RC algorithm in Shanxi airspace for increasing traffic throughput. However,
640  compared with Figure 20 and Figure 18-19, it is found that there are no narrow blocks in the sector
641  generated by MC-RC, and MC-RC seems to show some advantages when it is necessary to utilize the
642  space of narrow blocks. We believe that any algorithm has its use value in an appropriate
643  environment.

644 Comparing the results of tables 5 and 6, we can find that although the sector generated by SAA
645  algorithm has irregular boundaries, the total task load is smaller than that after irregular boundaries
646  are smoothed, which indicates that appropriately allowing some non-convex boundaries is a
647  measure to reduce the total workload, and blindly pursuing convex boundaries will increase the
648  total workload.

649 6. Conclusions

650 This section is not mandatory, but can be added to the manuscript if the discussion is unusually
651  long or complex.
652 Partitioning the airspace into optimal sectors, even 2D, is still a leading or forefront research

653  issue. It is a multi-objective optimization problem, and the contradiction between multiple objectives
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654  or constraints makes the problem complicated. Many technologies and methods, such as Voronoi
655  diagrams, k-mean clustering, graphic reshaping technology, graph coding technology, visualization,
656  task load calculation, the simulated annealing algorithm (SAA) and variable neighborhood search
657  strategies, post-processing of sector boundary based on Monte Carlo method and morphology, have
658  been synthetically used to realize automatic AS In this paper. The modeling approach and algorithm
659  solution presented in this paper have been tested and compared to existing sectorisation. The
660  provided results demonstrate that the proposed sector design method framework is able to provide
661  very satisfying sectorisation with regards to sector load balancing, as well as to total task load
662  minimization, minimum distance to boundary, the number of re-entering and short-dwell criteria.
663 The graph cutting algorithms proposed by us have two theoretical contributions. The first is to
664  eliminate the inherent problem of irregular sector boundaries generated by region growth
665  algorithm. Second, because of the results of the previous region growing algorithm as a hint, how
666  many sectors and the number of flexible vertices in the graph cutting algorithm become known
667  parameters. Therefore, AS problem becomes the problem of determining the location of flexible
668  vertices. This greatly simplifies the complexity of graph cutting algorithm.

669 The proposed method framework of AS and software can provide reliable assistant design and
670  analysis tools for airspace planners to design airspace, improve the reliability and efficiency of
671  design, and reduce the burden of airspace planners. In addition, this lays the foundation for
672  reconstructing airspace with more intelligent method.

673 We do not claim that we have completed the full-automatic design of the airspace. Because
674  airspace design is a complicated process, we have only solved the problem that the initial airspace
675  design was almost completed manually in china in the past. This scheme has to be further simulated
676  and evaluated by SIMMOD, AIRTOP and other tools[66]. Finally, it has to be evaluated by human in
677  the loop before it can be implemented[4]. Some modifications will even be made based on feedback
678  in field test. This reflects the fact that there is a huge gap for improvement in current task load model
679  and airspace sectorization model. It is also a great opportunity and challenge for researchers to
680  automate the whole process of airspace design.

681 In general, the proposed method framework not only satisfies a variety of key performance
682  indicators, but also eliminates the irregular sector shape generated by the regional growth method,
683  which lays the foundation for improving the reliability and acceptability of the airspace design and
684  enriches the automatic airspace reconstruction method.
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