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The article covers the problem the multidimensional routing of flights for the transportation of cargo and mail, with the condition of
the corresponding equipment presence for performing navigation of increased precision to obtain the possibility of the formation
flights under any weather conditions. The given circumstances are capably essential to reduce load while using the airspace, which
will make it possible to achieve transportation independent of its saturation. While planning the routes it is also necessary to
consider the interests of different interested groups, which are often opposite to one another. In the view of the different directivity
of the tasks in question, the solution can require the sorting as excessively as large, so the smaller quantity of possible situations
(versions of the solution), the lower the level of the calculation of these versions is, and the greater their quantity is. The exact
example of multidimensional routing, which is affected by the interests of operational nature and the interests of the urgency of the
performance of the claims, expressed by weight coefficients, is depicted in this work. The only version in favour of the general
production process, which is obtained with the help of a genetic algorithm, is a solution of this problem. It was necessary to
introduce some designations and assumptions, the enumeration of which can be supplemented. Optimal solution can be obtained
both by the enumeration of the solution versions and with the help of the genetic algorithm, which is allowed for a smaller number
of iterations, to obtain suboptimal in real time, which corresponds to the conditions of the task solution. In that the example
dynamic priorities are assigned, based on multiplicative form by expert evaluation, which form criteria for the ranking of request for
each step of route planning. As a result, there are the exact versions of the solution, which correspond to the interests of different
groups and the version, obtained with the help of a genetic algorithm, which satisfy the opposite interests of these groups. All
versions of the solution are proved to be different, which indicates the need of applying the objective and substantiated apparatus
for making the decision, which the genetic algorithm actually is. The proposed mathematical apparatus has prospects for
implementation.
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INTRODUCTION

The main subject of research in this work is the genetic algorithm (GA) efficiency evaluation
while using multidimensional routing.

Planning of the optimal routes of the group flights of unmanned aircraft, along with the small
aircraft, is the multiobjective problem. The subject of research is the GA effectiveness evaluation for
multidimensional routing of the aircraft with corresponding airborne equipment for area navigation
RNAYV, based on the GNSS satellite system. The formation flights are not performed in commercial
aviation so far. The situation may be fundamentally changed provided that high-precision navigation,
enough for the execution of the formation flights under all weather conditions, is used. Such flights
may be executed for cargo and mail delivery. At the same time, the solo flights of the given type may
significantly overload the air traffic service, and that will have a negative impact on the passenger air-
craft flights. The establishment of the aircraft flight routes multidimensional optimization mechanism
considering the possibility of grouping the routes into the separate formations while considering the
interests of the involved commercial service providers and air traffic security services is required at
this regard [1, 2, 3].
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There is a wide range of factors, influencing the efficiency evaluation while planning consider-
ing the contradictory interests of the contracting authorities and perpetrators [4, 5]. Besides that, there
is the opportunity of considering rapidly the requests not only for the free aircraft, on the ground, but
also for the aircraft, actually performing the delivery [6, 7]. Thus, the objective of the present study is
the formation of the approach to multidimensional routing of the aircraft flights on requests, based on
compatibility of GA with the allocation of request targets between the free and busy aircraft, the condi-
tion of which is known at every step of planning.

PROBLEM STATEMENT

1. It is considered, that the requests for airspace management occur randomly [7, 8] and can be
divided into 3 types:

— advance (are formalized every morning before planning);

—urgency (occur after planning);

— priority (requests while performing the flight).

The number n of these requests exceeds the number N of the aircraft.

N<<n<10 (1)

2. The destinations are located randomly corresponding to the Poisson distribution [7], or in the
separate areas of high density.

3. Every request is characterized by the known parameters: the number of the request (m), the
coordinates X;; Z; of the i-th initial point of departure and the coordinates Xj; Z; of the j-th terminal
point of arrival, and also the maintenance holdover time t,, for priority provision.

4. The number N of the aircraft and their current coordinate points X;; Z; either on the stand, or
in flight in real time are given.

5. The increased navigation accuracy is required for flight security support in the aircraft for-
mation. The flight of the aircraft formation is regarded as one aircraft by the air traffic control and
there is no oversaturation of the airspace.

6. It is necessary to:

— form the efficient approach to the multidimensional routing, based on the combination of the
genetic algorithm (GA) with the operation of allocation of targets between the free and busy aircraft at
each step of the priority requests;

— estimate the efficiency of the suggested approach in comparison with the known routing algo-
rithms.

THE SUGGESTED APPROACH TO THE SOLUTION OF THE PROBLEM

Planning of the optimal routes is performed in two steps:

1. Forming of the initial "elite" of the multidimensional routes, chosen from the variants, prede-
termined while performing the multiple calculation with the different priority request criteria of per-
forming the application at each step of planning. The criteria may consider the contradicting interests
of the air traffic control services in terms of the exclusion of overloading the airspace [9], and also the
commercial interests.

2. At the first step of managing the requests the calculation of the dynamic priority I1; is carried
out on a formula:

Tj

H] = maxj=1...N [Tmin + n1:| [ + r’z:l: (2)

Tij Tmax
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where: 1;; — the distance between the beginning of the route by the j-th application and the estimated
staging point of the i-th route;

Tmin — minimal distance between the points;

T — the holdover time of the application in the lineup;

Tmax — the maximum allowed holdover time;
N1u Mo — weighting coefficients of the term signification (the less the n_1, the more significant

the first term is, provided that 7, + 7], = 1).

Thus, the normed parameter valuations are included into the formula (2) terms. It is necessary
to notice, that the allocation of the route requests is performed at a single step of the planning simulta-
neously. Here it is necessary to distinguish the two cases:

— the number 1Y >1 of the free aircraft is large, which always happens before the beginning of
planning [10, 11, 12];

— the number 1 = 1 which corresponds to the request on one aircraft. In this case the choice of
the request for each route is made from the complete set of requests. Whether the results of the choice
on different routes do not correspond to each other, the choice will be considered to be successful, oth-
erwise — the request is performed by the aircraft, which is closer to the starting point. As a result each
request is performed by the only aircraft. In the second case the aircraft is chosen on a formula (2), on
a competitive basis.

Thus, whether the number of variants of the weighting coefficients 1, and 1, appointment on
the criterion (2) is M, M N of routes forming the initial elite for the next step of calculations [13].
There are two subjective variants of the weighting coefficients )1 = 0.2 u 1, = 0.8 used in this work.

At the second step M the formed routes for each aircraft are used in the GA, in which each route is
divided into the set of blocks (legs), consisting of two and more points of destination. This allows us to per-
form breeding of the blocks, taken from the different variants, along with the "mutation" due to partial rear-
rangement, changing their order. As a result, the expanded set of the "descendants" of the initial "elite" is
formed. After that they perform the operation of the "genetic breeding", there is the integral criterion of
planning efficiency (J, considering the interests of the groups which is necessary for the criterion. It is sug-
gested to use the minimizing penalty function, estimating the degree of imperfection of the system both for
the contracting authorities and perpetrators, and the principle of demand (the quantity of the requests) and
proposal (the number of the free aircraft) balance. We set the normed valuations of holdover time and route
length, along with the matched weighting coefficients m; = m,.

. uh T, Li(v)
Jy=min,_1_mn [(maxi=1...1v K;X v) + m3) (T;xv + m4>], (3)

where: J, — the integral penalty function;
v — the number of the variant after breeding and mutation;
Tinax — the maximum holdover time of performing the request;
Lonax — the maximum integrated route length of all the aircraft;
L;(v) —the length of every route in the i-th variant;
mai (V) — the maximum equipment downtime of the application in line in the v-th variant.
The multiplicative form (3) corresponds to the minimum assured penalty result principle. The
calculation shows us that the number of evolution steps by (3) is not large.
Example: let us consider the following problem of routing of formation of the three aircraft
flight from departure point to the arrival point (24 all together) corresponding to the requests for the
area of 250 square kilometers as it is shown in (fig. 1).
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Sign O — departure point according to the application

Fig. 1. A picture of the location of the serviced points on a given territory.

Civil Aviation High Technologies

Initially there were 12 requests, there are the coordinates of the departure point X;; Z; in each of
them and the corresponding arrival point X;; Z;, as it is shown in Table 1. Setting of all the 24 points
on the territory corresponds to the poisson appointment of the random variable and is of irregular char-
acter [14]. Initially, the aircraft are located in the points with the coordinates X = 50; Z, = 50; Xp =
150; Zg=50; Xc=50; Z¢= 150.

Table 1
Original departure and departure points data

Ne of application 1 2 3 4 5 6 7 8 9 10 11 12
Ne of the depar- 6 7 8 9 12 13 15 16 17 19 20 21
ture point
X km) 10 20 170 70 80 70 190 50 120 160 130 70
Zi(km) 10 110 130 150 120 20 30 170 50 30 120 | 200
Ne of the arrival 4 24 11 3 10 1 5 18 14 2 23 22
point
X (km) 30 90 200 150 10 130 70 50 70 100 120 60
Zj (km) 120 | 170 | 140 | 180 | 160 10 170 0 70 120 | 150 10

Let us consider that receipt of requests is the subject of the poisson appointment, and the hold-
over time in general queue is not identical [15, 16], but is known (z;) (Table 2).

Table 2
Holding time for requests
J 6 7 8 9 12 13 15 16 17 19 20 21
7; min 152 150 149 148 146 130 120 90 87 84 80 68

Let us use formula (2) for solving the routing problem for the two variants of requests of the
dynamic priorities 71 = 0.2 and 1), = 0.8. There are three aircraft and 12 requests with corresponding
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characteristics (see Table 1) at the first step k£ = /. We choose the requests of the largest holdover time
and the least distance, and receive the requests 6 and 13 for the first Aircraft;(6;13), and, respectively,
for Aircraft;(13;15;19), Aircraft;(5;9;16). The calculations show us, that the requests 13; 19; 9 are in
the "elite", respectively, for the points 1, 2, 3 (see Table 1). At the second and subsequent steps one of
the three aircraft is vacated before the other ones, and the calculations are performed considering this
circumstance. For one, at k = 2 Aircraft; is the first one to be vacated, 7 is the following request for it —
(Aircraft,>-7). The requests for (Aircraft,’-12), (Aircraft;*-8) are determined in the similar way. There

is a variant of the chosen routes at 177 = 0.2 (see Figure 1) in Table 3.

Table 3
Optimal route configuration atn; = 0,2
Aicraft, A 13 1 15 5 16 18 6 4
Aircraft, B 19 2 12 10 17 24 21 22
Aircraft; C 9 3 8 11 20 23 17 14

Let us perform the calculations while 1, = 0.8 in the similar way, and summarize the results in
Table 4.

Table 4
Optimal route configuration atn; = 0.8
Aircraft, A 6 4 7 24 12 10 21 22
Aircraft, B 17 14 16 18 13 1 19 2
Aircraft; C 9 3 8 11 20 23 15 5

Significant differences in the results in Tables 3 and 4 show us the principal opportunity of us-
ing the GA for solving such problems, due to the fact that the initial "elite" consists of the "different
ancestors" which do not have the same features. In order to carry out the genetic selection let us divide
each route into two blocks — (the beginning and the end) belonging to the two requests. Then let us
breed the four blocks by the principle "every block is merged with each of the rest ones" for each of
the aircraft, as a result the total amount of rearrangements forms 9 variants. Let us choose one variant
out of 9 of a minimal penalty function with the criterion (3), while considering the valuations of 7=
7o = 30 min, approximately corresponding to the minimal holdover time of performing the request
while the equality of demand and proposal interests. Considering the measures of the maximum hold-
over time and the total length of the routes Ty,,x and L, let us make the calculations for each of the
9 variations. As a result there are the new routes for all the Aircraft;, Aircraft,, Aircrafts, different from
the valuations in Tables 3 and 4.

Table 5
Optimal route configuration in genetic selection
Aircraft; A 6 4 7 24 17 14 15 5
Aircraft, B 12 10 21 22 13 17 19 2
Aircraft; C 9 3 8 11 20 23 15 18

Using the GA in this problem showed us that:
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— for variant 1 — the maximum holdover time took T,,,, = 187 out of all the 12 valuations for
all the three routes, and the path length was L; =27, L, =29, L; = 30 respectively. The mean observa-
tion of the operational costs T4y, = 29, and integral penalty function J, = 13020;

— for variant 2 — Ty, 4, = 165, T, = 34, J, = 12500;

— while genetical selection — Ty, 0, = 155, T, = 36, J, = 11470.

CONCLUSIONS

In case of the small number of requests and managing the aircraft at their full search (corre-
sponding to the setting of the given problem) the total amount of combinations exceeds 1500 variants.
In the suggested approach to solving the problem with the help of the GA the number of variants does
not exceed 100.

Using the GA provides us with the opportunity to choose the optimal variant of reducing the
time of delay while insignificantly enlarging the operational costs considering both free and busy air-
craft.

The total positive effect of formation flight planning optimization is not high enough due to the
random way of locating the points on the territory. In case the part of the routes overlaps the ones pub-
lished in the AIP, the probability of the formation flights will significantly rise.
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MHOI'OMEPHASI MAPIIIPYTHU3AIIUS C TOBBINIEHHOM
HABUT AITMOHHOM TOYHOCTHIO ITPU OBCJTY  KUBAHHUHU 3ASIBOK
HA ITOJIETBI JIETATEJIBHBIX AIIITAPATOB

B.1. Fonqapemcol, I'.H. JeGenes', B.5. Masibirun’

'Mockosckuii asuayuonmbiii uncmumym (hayuonansHblil ucc1e008amenbeKull
yHugepcumem), . Mockea, Poccus

’Mockosckuil 20CY0apCmeeHHblll MeXHUYeCKUL YHUGEPCUMem paicOaHCKol aguayul,
2. Mocxkea, Poccus

PaGora BeInoaHEHa pU MaTepuanbHOl noaaepxke PODOU
(rpanTtst Ne 19-08-00010, Ne 20-08-00652)

B crarbe pemaercs 3amadya MHOrOMEpHOW MapIIpyTH3AIMH TIOJIETOB JIETATENBHBIX allapaToB UL TIEPEBO3KH IPy30B M ITOYUTHI,
KOTOpBIE TIPH YCIOBHM HAJIMYHS COOTBETCTBYIOLIErO OOOPYIOBAaHHS JUIS BBIIOJIHEHHS HABUTAIMM MOBBIIICHHOW TOYHOCTH
TOJTy4at0T BO3MOXXHOCTH BBINOJHEHNUS! TPYIIOBBIX MOJIETOB B JIFOOBIX MOTOJHBIX YCIOBHAX. JJaHHOE OOCTOSITENBCTBO CIIOCOOHO
CYILECTBEHHO CHU3MTH HArpy3Ky IPH HCIOJIB30BaHUM BO3MYIIHOTO HPOCTPAHCTBA, YTO TIO3BOJIUT OCYILIECTBIITH MEPEBO3KH
HE3aBHUCUMO OT €r'0 3arpy>KEHHOCTH. B To ke BpeMs IpH IIIaHNPOBAHUH MapILIPYTOB TPEOYETCs yIUTHIBATH HHTEPECHI Pa3INIHbIX
3aMHTEPECOBAHHBIX TPYIIII, 3a4aCTyl0 MMEIOLIMX IPOTHUBOIOJIOKHBIE MHTEpPEChl. B cuily pasHOW HarpaBIeHHOCTH pellaeMbIX
3a/1a4 PEeIICHHEe MOXKET MOTpeOOBaTh mepedopa Kak HEMOMEPHO OOJIBIIOro, TAK M MAJIOrO KOJHMYECTBA BO3BMOXKHBIX CHTYAIIUi
(BapHaHTOB pelleHusI), YEM HIDKE ypPOBEHb y4eTa STHX BapuUaHTOB, TeM OoJbllle MX KoiM4ecTBOo. B pabore mpexcrasieH
KOHKPETHBI TPUMEp MHOTOMEpHOW MapIUpyTH3alM{, Ha KOTOPYIO OKA3bIBAIOT BIIMSHUE HWHTEPECH SKCILTyaTallMOHHOTO
XapakTepa ¥ MHTEPEChl CPOYHOCTH HCIIOIHEHHMS 3asBOK, KOTOPbIE BBIPaXKEHBI BECOBBIMH Kod(duirenTamu. PemeHneM Takoi
3a/ia4n SIBISIETCS] €MHCTBEHHBIM BapuaHT B IOJIb3Yy OOLIEro IPOW3BOJICTBEHHOIO IPOIecca, KOTOPBIM MOJydYeH C ITOMOIIBIO
WCIIONB30BaHMs T€HETHYECKOro anroputMa. s 3Toro motpeboBajoch BBECTH psifi 0OO3HAUYCHWH W JOMYyIIECHHH, NepedeHb
KOTOPBIX MOJKET AOMONHATECA. ONTUMAIbHOE PEIICHIE MOXKET OBITh MOJYYEHO KaK MPOCTHIM NepedOopoM BapHaHTOB PEIICHMS,
TaK W TIPU MOMOIIM TEHETHYECKOTrO aJrOPHTMa, KOTODBIM MO3BOJSET 3a MEHBIIEE YHCIIO MTEpaliid, B peabHOM Macrade
BPEMEHH TOIy4YHUTh CyOONTHUMAIBbHOE, OTBEUAIOIEE yCIOBHAM 331aul pelIeHHe. B MpHBeIeHHOM NpUMepe SKCIEPTHBIM ITyTeM
HA3HAYaIoTCs JUHAMHYECKHE NPHOPUTETHl HA OCHOBE MYJIBTUILIMKATHBHOH (hOPMBI, KOTOpBIE (POPMHPYIOT YacTHBIE KPHTEPHH
JUISL PAaHXXMPOBAHMS 3aBOK HA KaKAOM IIare IUIAHUPOBAaHMS MapLIPyTOB. B pe3yibTare MOTydeHbl KOHKPETHBIE BapHaHTBHI
pelleHys, OTBEYAlOIMe WHTEpEecaM pasHbIX IPYIIL, W BapHaHT, MOJYYEHHBIH IPHU IMOMOLIM NPUMEHEHHS I'€HETHYECKOrO
ITOPUTMA, YIOBJICTBOPSIOIIMI NPOTHUBOIOJIOKHBIM MHTEpPECcaM 3THX TpyIIl. Bce BapuaHTBI pelleHus 0Ka3ainuch pa3inyHbIMH,
YTO FTOBOPHUT O HEOOXOMMOCTH MPUMEHEHHSI OOBbEKTHBHOTO U OOOCHOBAHHOT'O arlapara IMPUHATHSI PELeHHUs, KOTOPBIM SIBIISIETCS
reHeTHIecKui anropuT™. [IpeuiaraeMplii MaTeMaTHYECKUH armapar UMEeT IIepCIIeKTHBBI BHEPEHHUSL.

KunioueBrble cii0Ba: MHOroMepHast MapiIpyTH3aLlksl, HABUTALMS OBBIIICHHOM TOYHOCTH, reHeTnyeckuii anroputm (I'A).
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