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Abstract

Purpose: The represented research results are aimed to formulate an optimization task of ground based navigational
aids network in order to improve performance of provided navigational service. Proposed approach is based on
iterative process with estimation performance of positioning in each point of airspace and further selection of the most
optimal location for new ground facilities. Methods: Represented approach is grounded on analytical and statistical
methods of positioning estimation performance, binary integer linear programing theory, and computer-based
simulation at verification stage of development. Results: Ground navigational aids network has been represented as a
set of geometrical location of standard service volumes in tree-dimensional space. The possible locations for new
ground stations were considered together with an existing navigational aids network. The optimal location of new
ground stations of navigational aids are result of objective function maximization with specific constraints. Weighted
coefficients of linear objective function indicate a volume of predefined performance level of positioning by
navigational aids. Results of optimization task solution in terms of linear programming will provide the most optimal
location for new ground station within a pool of possible coordinates. Discussion: Formulation of optimization task in
terms of binary integer linear programing represents the problem of optimal location search for new navigational aids
in one linear objective function and constraints that can be solved by various math methods. Represented results can be
implemented during airspace design and in the development of navigational aids network.
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1. Introduction National network of Ukrainian navigational aids
has been formed over a long history. Its majority is
formed in order to provide flights on the route and
provide schemes of aircraft traffic in the area of the
aerodrome. Such a configuration of ground
infrastructure is not optimal from Performance-
Based Navigation (PBN) point of view [5], which is
implemented today in the airspace of Ukraine [4],
because it should be focused on providing the
required level of positioning characteristics.

Characteristics of accuracy and availability of
positioning by navigational aids are fully dependent
on the composition and characteristics of the ground
infrastructure. Navigational aids equipment type,
characteristics of antenna system, amount and
geometrical location determine characteristics of the
navigation signals field in a space for positioning [1,
2]. One of the possible ways to increase the
characteristics of navigation field is the optimization
of navigational aids ground network [3]. 2. Analysis of the research and publications

Optimization addresses the issues of optimal
location of ground equipment in order to increase
performance of the navigation field of radio
navigation system signals, or the choice of optimal
locations for new navigational aids. The process of
navigation infrastructure optimization is one of the
main tasks of the National Service Provider (NSP),
which is being implemented to meet requirements of
continuously increasing levels of traffic congestion
and to increase air traffic safety [4].

The well-known scientists such as P. Enge, S. Lo
[6, 7], Euiho Kim [8] and others were engaged in the
questions of aircraft positioning by pairs of Distance
Measuring Equipment (DME). In particular, the
effect of the geometry of mutual location of the
navigational aids ground network on the accuracy of
positioning has been investigated in [9, 10]. A
present state of the network of DME ground stations
for different regions has been analyzed too [10].
Possible ways of using DME network in future
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concepts of air traffic development have been
explored [6].

According to PBN [5], the main constraints for
navigational aids pair are defined as follows: an
airplane should be in the standard service volume
[11] of navigational aid and the inclusion angle
between the directions on DMEs should vary
between 30 and 150 degrees.

However, the question of formulating the task of
optimizing the DME ground network and choosing
places for new navigational aids in Ukraine using
binary integer linear programming (BILP) has not
been considered before.

3. Research tasks

The research tasks are:

- Selection of optimization criteria

- Formulation of optimization task in terms of
BILP

- Standard service volume analysis
performance estimation of DME ground network.

and

4. Consideration of Ukrainian

requirements

airspace

An optimization of the navigation signals field is
based on the required characteristics in accordance
with approved specifications. However, the problem
of optimization is complicated by the fact that
airspace is different in use and there are different
specifications requirements in its different parts.

According to an existing airspace classification, it
is expedient to optimize the field of characteristics
of navigational parameters in the route airspace
(Class “C”, located between FL 195 and FL 660,
Fig. 1.) and terminal control areas (TMA)
simultaneously to provide RNAV 1 requirements
defined for the airspace indicated in accordance with
the national roadmap [4].

Multilevel airspace puts the optimization task on
a plane of a particular flight level to spatial
evaluation throughout the range of heights with
restrictions on the geometric dimensions of TMA

areas fixed by location of the airports.
Implementation of the specifications for the lower
airspace is also an important task for the

development of air navigation service. However,
today, the requirements for this airspace are not
approved yet.

The main objective of the optimization problem
is optimal location of ground navigational aids for
the purpose of their optimal use to create the field of

navigational  signals  providing  established
requirements for characteristics.

The deployment of Free Route Airspace of
Ukraine (FRAU), defined between FL 275 and
FL660, requires compliance with navigational
specifications not only along the routes, but also
throughout the specified airspace. Since the flight
can be determined by a certain desired trajectory of
an air carrier, there are particularly rigid
requirements for the accuracy of navigational aids
for determining an aircraft location in space
provided by Global Navigation Satellite System and
alternative positioning methods.

FL 660

Class «C»

A
o
W//

RNAV 1

Fig. 1. Boundaries of specification requirements

Optimization of air navigation services is an
indispensable component of the development of air
navigation infrastructure, which should precede the
introduction of new, more precise specifications.
An optimization task should be considered
according to two important points of view:

1. Optimization of the existing network of ground
navigational aids for the purpose of facilities optimal
usage. For example, an existing accumulation of
navigational aids in a certain part of the space
provides the redundancy of the resources in
navigation field, while in some its parts there is a
need for basic services.

2. Optimal location selection for the
establishment of additional navigational aids for
extending network scope and enhancing the
specification requirements (e.g. RNAV 0.3 in certain
TMAs). Results of previous studies indicate an
incompatibility of the existing air navigation system
in accordance with new concepts of air traffic
management in the part of Alternative Positioning,
Navigation, and Timing (APNT).

A military conflict in eastern Ukraine made
adjustments to the country's air navigation service. A
part of the aeronautical equipment was
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decommissioned [10], which led to a change in the
navigational characteristics of the signal field at
significant distances from the restricted flight areas.
An existing situation requires the revision of air
navigation system in order to make it optimal.

Another important element of optimization is that
the national network of navigational aids is a part of
the global system, and the field of navigation
parameters is the result of usage of navigational aids
located in neighboring countries. Therefore,
optimization process should take place taking into
account a stable field of navigation signals of the
neighboring countries.

In modern conditions of the national air
navigation system, navigational aids optimization
should be carried out according to the criterion of
compliance with the specification requirements [5]
in the maximum space volume, taking into account
the design features of the TMA areas and
operational characteristics of navigational aids. It
should be mentioned that air transport is developing
rapidly and in the future the question about the
transition to  more  accurate  navigational
specifications of the A-RNAV will arise. For
example, RNAV 0.3 is used in TMA areas to
increase airspace capacity.

5. Optimization task formulation

Unfortunately, the optimization task of ground part
of navigational aids can not be solved by analytical
approach, but it can be solved by iterative methods
for searching of all possible combinations and
finding an optimal solution for each of them. An
algorithm for selecting an optimal location of
navigational aids considers possible combinations
with some performance level.

An optimization problem can be formulated in
terms of integer linear programming and can be
solved by one of the methods of linear programming
theory. Let's consider the task of ensuring the
coverage of airspace by the field of navigation
signals in accordance with RNAV 1 requirements.

The solution of this task will be achieved within
the existing ground network with the addition of
new navigational aids. In general case, an
optimization task consists in searching an optimal
location for new navigational aids to meet RNAV 1
requirements. Also, airspace optimization can be
done based on GDOP values [3, 12], which makes
an optimization task more simpler. However, current
on-board equipment works on a pair basis. Thus, it is

more appropriate to use characteristics of the
optimal navigational aids pair at a defined point in
the airspace. Therefore, an optimization task can be
formulated as a search of optimal solution at each
iteration for a single navigational aid.

Points of possible location are selected within the
surface area located at the nodes of the assessment
grid. The geometric dimensions of the grid element
determine the algorithm performance, which is
limited to the computing ability of the equipment.
To solve the problem, an iterative algorithm is
proposed, which at each stage provides a search for
a solution with a decrease in a searching area of the
optimal location, in conjunction with an increase in
the resolution of the search, that is, by reducing the
distance between the nodes of the optimization grid
(Fig. 2).

Usage of an iterative algorithm is proved
because, after finding the optimal location with a
rough error, the boundaries of a possible location are
determined by computation performance. On the
other hand, maximum range of navigational aids is
limited by a standard service volume. Therefore, it is
not necessary to recalculate the whole airspace
performance in selection of a new ground station
location, but use only involved part of service
volume. Thus, the necessary accuracy of estimation
is achieved by gradual iteration. Physically, the
nodes of a grid will be set in the latitude, longitude
and altitude coordinate system with height of the
relief at a certain point, which corresponds to the
location of equipment on the earth's surface.

Fig. 2. Grid a possible location at various iteration steps

Let the vector x=/x,;,x2,X3,..,x,/ corresponds to the
indexes of the points of the navigational aids
possible location, the elements of which can be x=1
in case of navigational aid location or x;=0, which
corresponds to the non-optimal navigational aid
location. Vector x contains # nodes in a certain
iteration step. Vector x will be combined with a
vector of indices of existing navigational aids in a
general vector of navigational aids: X=/GS, x/.
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In terms of linear programming theory, the
objective function, or optimization function can be
written as follows:

wx =max @8
where w is a vector of weight coefficients.

Vector w contains weight coefficients of the
vector x. The higher its value is, then the
optimization value of the candidate's location of
navigational aid is higher too. In case of
optimization at the maximum of occupied volume, w
is the total airspace meeting RNAV 1 requirements,
for specific location of a certain navigational aid. In
case of area optimization for a certain altitude level,
w is the value of the area of the territory that meets
RNAV 1 requirements. The value of weight
coefficient is calculated on the basis of accuracy
estimation of optimal navigational aids pair for a
given volume of airspace with the subsequent
contour analysis of the space for which appropriate
RNAV characteristics are satisfied.

Another component of the linear programming
problem is setting constraints to optimization. First,
let's consider constraint that establishes navigational
aid availability, because it is necessary to have a
simultaneous interaction with at least two
navigational aids (N,). To do this, we establish a
grid of possible aircraft location, just as in the case
of positioning availability estimation, and estimate
an availability matrix 4. The lines of matrix A
correspond to the grid of aircraft location, and the
columns are navigational aids stations. Each element
of the matrix a;; corresponds to value 1 in case of
navigational aid availability in a point of aircraft
location, and @, ;=0 in case of unavailability:

AXTZNmax. (2)

The following constraints are set by the
requirements for the optimal navigational aid pair.
Here, for each point of space, an optimal
combination of the navigational aids for Nmax> 2 is
estimated. In case of presence of only one pair of
navigational aids, its contribution to the estimation
of characteristics is estimated. In accordance with
the requirements [171], there are rigid requirements
for the inclusion angle between the directions for
two different navigational aids in the case of
positioning by pairs. Therefore, if the inner angle
satisfies PBN requirements, the corresponding of
matrix B b;~1:

b;~1, if 30°<a<150°
b;=0, if 30">0>150"

Since at least two stations in one pair must satisfy
the requirements of the angle of constraints, then
Bmax = 2:

BX" > B 3)

Constraints on the number of allowable
navigational aids that will be used additionally are
the following:

TX'=1, 4)
where 7 is an indicator matrix indicating the
possibility of choosing among the new variants: t;=0
for the established navigational aids and t=1, for
alternative means.

In general case, an optimization problem can be
written as follows:

wx =max 5)
AXTEN max.

BX" > B

TX'=1

Solving (5) by one of the BILP methods we get a
binary vector x which indices correspondance to the
optimal location of a new navigational aid.

6. Performance estimation of Ukrainian DME
network

The national network of DME ground stations
consists of 7 en-route and 13 terminal DMEs (BAH,
BRP, DNP, IVF, IHA, IHR, IKI, IKV, KHR, KSN,
KVH, CAR, LIV, ILO, ILV, ODS, SLV, STB, VIN,
YHT) [13]. Figure 3 shows the configuration of
DME ground network. The navigation signals field
formed by DME ground stations network in
Ukraine, taking into account signals from
neighboring countries, allows to select areas with the
same availability (Fig. 3).

Number of Available DMEs

225 g 400 €

375 E

=50E 275 € 0.0 E 325°E 35.0E

Fig. 3. Available amount of DMEs for FL 105

Therefore, availability constraints (2) in the form
of matrix A are formed in a binary representation
according to Fig. 3 for each pair of navigational aids
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separately.

Results of calculation of inclusion angle between the
directions on navigational aids for optimal
DME/DME pair in the form of contour graph are
shown in Fig. 4, and results of the air space area
with a 10 ° grid angle are shown in Fig. 5. Based on
Fig. 4, a binary matrix B is constructed for the
condition (3).

The simulation results showed that a satisfactory
inclusion angle in DME/DME pair between 80 ° and
100 ° corresponds to:

- FL 105 for 21.3% of the airspace (181.43
thousand km?);

- FL 195 for 35.3% of the airspace (301.17
thousand km?);

- for FL 490, 30.8% of the airspace (262.68
thousand km?).

25 E 400 €

*0E 275 € 00 E nsE 350°E s E

Fig. 4. Inclusion angle between directions in optimal
DME/DME pair for FL 105
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Fig. 5. Analysis of inclusion angle between the
directions on DMEs in the airspace of Ukraine

From Fig. 5 it is evident that the behavior of the
angle by area has the form of normal distribution
with the best performance on FL 195. Results of
calculation of inclusion angle are used for estimation
of the radial error. The contour graphs of results of a
positioning accuracy calculation for optimal
DME/DME pair are shown in Fig. 6

1000

225'g

250 € 400 €

275 E 300 E 325'E 350 E 378 B

Fig. 6. Mean squared deviation of positioning error in
horizontal plane

Positioning accuracy in horizontal plane acts as
the values of weight coefficients vector in the
objective function (1) and optimization is reduced to
finding a minimum of this objective function.

7. Conclusions

Represented form of optimization task of choosing
the optimal location of navigational aids by volume
of airspace, in terms of integer linear programming,
allows determining the location for a new ground
station from a set of predetermined coordinates,
maximizing the amount of space that meets
requirements of a specific RNAV specification. In
case of reaching a certain level of specification
requirements throughout the study area, weights of
the objective function are proposed to be used as the
indicator of navigation system error, which
corresponds to a double mean squared deviation of
aircraft positioning error.
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@opmyaOBaHHS 3a7a4vi onTUMi3alil Mepeki Ha3eMHHUX paaio-HaBirauiifHux 3aco6iB
HarmionanwHwuii aBianifinuit yaisepcuret, npoct. Kocmonasra Komapoga, 1, Kuie, Ykpaina, 03680
E-mail: 'vany@nau.edu.ua; *kharch@nau.edu.ua; *nataliiakuzmenko@ukr.net

Mera: [IpencrasieHi pe3ynbTaTd AOCTIKEHb CHPSMOBaHI Ha (HOPMYJFOBaHHS 3a/1a4i ONTUMI3aIli Mepexi
Ha3eMHUX pajio-HaBiraiiHUX 3acO0iB 3 METOIO IMiIBUIIICHHS ¢(EKTHUBHOCTI HAJAHUX HABITalliHHUX TOCIYT.
3anpornmoHoBaHUH MiAXiJ 06a3yeThCsl HA iITEPAaTUBHOMY ITiXO/1 Ha OCHOBI €(D)eKTUBHOCTI MO3UIIIOHYBaHHS B
KOXKHIN TOYIl TIOBITPSHOTO MPOCTOPY Ta MOJAIBIIIOMY BHOOPY HAHOUTBIIT ONTHMAIHLHOTO MICIISI TSI HOBOTO
panmionaBiramiiHoro 3acoOy. MeToau: TpEACTaBICHUH TiAXi TIPYHTYETbCS HA aHATITHYHUX Ta
CTaTHUCTUYHUX METOJIaX OI[IHFOBAHHS TOYHOCTI MO3UIIOHYBaHHS, METOJaX TeOopil MUJIOUYUCIEHOTO JiHIIHOTO
MIporpaMyBaHHs Ta KOMITIOTEPHOTO MOJCIIOBaHHS Ha eTalri Bepudikaiii pe3ynsTaTiB. Pe3yabTaTu: Mepexa
Ha3eMHUX paji-HaBiramiiHUX 3aco0iB PO3TIANAETHCS Y BHIUISAI T€OMETPUYHOI CYKYNMHOCTI CTaHAAPTHUX
00’eMiB MIPOCTOPY Y MeXKax SKHUX 3a0e3MeuyeThcsl HaJleKHE iX (YHKUIOHYBaHHS Y TPH-MIpHOMY MpPOCTOPI.
Micist MOKIIMBOTO PO3TAIlyBaHHS HOBOI HAa3eMHOI CTaHIl PO3TIATAIOTHECS Pa3oM 3 ICHYIOUOI0 MEpEKero
HaBiraminHuxX 3aco0iB. OnTUMaabHE pO3TalllyBaHHS HOBOI HAa3eMHOI CTaHIl HaBIramiiHUX 3aco0iB €
pe3yabpTaToM MiHiMiZanii HinboBOi (QyHKIII 3 HMEBHUMH OOMEXEHHSMH. 3BakeHI KOe(iUieHTH JiHiHHOT
UiaboBOT  (DYHKIT BigoOpaXkaroTh XapaKTepUCTHKH TIO3WINIOHYBAHHS 3a HaBIraliiHUMH 3aco0amH.
Pe3ynmbraTi pimeHHS 3amadi ONTHMI3allii B TepMiHAX JIHIHHOrO IMporpamMyBaHHS 3abe3medarbh HaHOiIbII
ONTHMANIbHE PO3TAalllyBaHHS HOBOi HAa3eMHOI CTaHIIl 3 pSAAy MOXIMBUX KoopauHaT. OQOroBopeHHs:
dopmyrroBaHHS 3a7adi ONTHUMI3allii B TEPMiHAX ABIMKOBOTO IUIOYHCICHHOTO JIIHIHHOTO MPOTpaMyBaHHS
TIPEACTABIIIE COOOI0 TPOOJIEMY ONTHMAIBHOTO ITONIYKY MICIsl pO3TallyBaHHS HOBHX pajio-HaBIiramiiHUX
3aco0iB 3a JIOTIOMOTOI0 OJHI€l JHIHHOI QYHKOIT Ta OOMEXeHb, Ui BHUPIMICHHS $KOI MOXYTh
3aCTOCOBYBAaTHUChH Di3HI MaTeMaTHuHI Mertoau. OTpuMaHi pe3ysbTaTh MOXYTh OyTH 3aCTOCOBaHI MiA 4ac
MIPOEKTYBaHHSI MMOBITPSHOTO MPOCTOPY Ta MOJIEpHi3aIlii Mepexi Ha3eMHHX pafio-HaBiramiiHuX 3aco0iB.

KuiouoBi cjioBa: miTak; HaBiraiis; Ha3eMHa CTaHIIis; HaBiraiiiini 3acoou; BILP; DME; RNAV
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Heasn: IIpencraBnensl pe3yabTaThl UCCICAOBaHUM HaNpaBieHbl Ha (OPMYIHMPOBKY 3aJadd ONTUMH3ALUU
CeTU Ha3eMHBIX PaHO-HABUTALMOHHBIX CPEACTB C LEJbI0 MOBBIIICHUS 3PPEKTUBHOCTH MPENOCTaBIIEMBIX
HaBUTALMOHHBIX ycuyr. llpeanokeHHBI ToAXoa Oa3upyeTcss Ha HWTEpaTUBHOM TMOJXOJE Ha OCHOBE
3¢ HEKTUBHOCTH MO3HLIUOHUPOBAHUS B KaXKAOM TOYKE BO3IYIIHOTO MPOCTPAHCTBA W JalibHEWIIeM BbIOopa
HanOoJiee ONTHMAJIBHOIO MeECTa JJIi HOBOTO PAaJAMOHABUTALMOHHOIO CpeicTBa. MeToabl: IpeacTaBiieH
NIOAXOJ  OCHOBBIBA€TCS HA  AHAIUTHUYECKMX M  CTATHCTHYECKHX  METOJAX OLEHKH TOYHOCTH
MO3ULMOHUPOBAHU, METOIaX TEOPUH LIETOYHCIEHHOTO JINHEHHOIO MPOrpaMMHUPOBAHUS U KOMITBIOTEPHOTO
MOJICJIUPOBAHNUS Ha 3Tane BepuHUKanuy pe3ybTaToB. Pe3yabTaThl ceThb HA3€MHBIX pa/ibl-HABUTallMOHHBIX
CPEICTB pacCMaTpUBaeTCd B BHUJIE T€OMETPUUECKON COBOKYNMHOCTH CTaHIAPTHBIX 00BEMOB MPOCTPAHCTBA B
npeznenax KOTOPBIX odecreynBaeTcs: Hajuiexaee GyHKIHOHUPOBAHUE B TPH-MEPHOM IpOCTpaHCTBe. MecTa
BO3MOKHOTO PACIIOJIOKEHUSI HOBOW HA3€MHOM CTAaHIIMHM PACCMATPUBAIOTCS BMECTE C CYIIECTBYIOLIEH CETBIO
HAaBUTALIMOHHBIX cpeAcTB. ONTHUMalbHOE pacloiOXKEeHHEe HOBOW Ha3eMHOH CTaHLMM HaBUTALMOHHBIX
CPEACTB SBJSIETCSl PE3yJIBTATOM MHUHUMM3ALUHM 11€J€BOH (YHKLIUH C ONPEAETICHHBIMH OIPaHHMYCHHSIMHU.
B3Bemennbie  K0d((GUIMEHTHl  JTHHEHHOHW  [eneBOW  (YHKIMU  OTPAKAIOT  XapaKTePHCTHKH
MO3UIMOHUPOBAaHU IO HABUTALMOHHBIM CpPEICTBAMM. Pe3ynpTaThl pelleHHs 3aJadyd ONTUMH3alUu B
TEpMHUHAX JIMHEHHOTO0 MHpOrpaMMHUpOBaHuUsl oOecredaT Hambosiee ONTHUMAIbHOE PACIIOIOXKEHUE HOBOM
Ha3eMHOM CTaHIINH U3 Psiia BOZMOXKHBIX KoopAuHAT. O0cyskaeHue: OopMyIHpoBKa 3a7aui ONTHMHU3ALNHU B
TEPMHUHAX IBOMYHOTO OTCEYEHMS JMHEHHOIO MPOrpaMMHUpPOBAHMS TPEACTAaBIseT Co00H mpobiemy
ONTUMAJIBHOTO TIOMCKAa MECTOIIOJIOKEHUSI HOBBIX PafHO-HABUTAIMOHHBIX CPEICTB C IIOMOIIBIO OJHOH
JAWHEHHON (QYHKUMM W OrpaHMYCHHWH, /I pPEMIeHUus KOTOpPOH MOTYT NPUMEHATBCS —pazIMyHbIe
MaTeMaTnyeckue Meronbl. IlodydeHHBIE pe3ynbTaTbl MOTYT OBITH HPUMEHEHBI INPH NPOESKTUPOBAHUHU
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