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Abstract

Objectives. A pressing problem for indoor positioning systems in the absence of access to global navigation
satellite systems is low positioning accuracy. This is usually associated with uneven coverage of the work area
due to its geometric features or the presence of massive obstacles and walls within its boundaries. This problem
is frequently resolved by placing an excessive number of positioning system base stations in the work area. This
approach generates a high cost for such systems, which in turn prevents their deployment. Therefore, research and
development aimed atimproving the accuracy of indoor positioning systems using a minimum number of stations is of
great relevance. The author previously proposed a method of increasing the accuracy of indoor positioning by taking
into account obstacles known at the design stage of the system. Consideration of such obstacles in calculating the
location is achieved through the mechanism of preliminary splitting of radio beacons into groups, and the allocation
of reference stations of these groups among the base stations. The aim of the work is to improve this algorithm
by automating the stage of preparing information about the grouping of stations.

Methods. A computer simulation method was used, in order to confirm the operability of the algorithm to divide the
stations of the positioning system into overlapping groups.

Results. The criteria for automatic station grouping and a universal algorithm for dividing stations into groups were
developed, enabling the automated preparation of the minimum necessary initial data for a program implementing
an algorithm for positioning in a zone of heterogeneous radio transparency.

Conclusions. Modeling of the proposed algorithm has confirmed its operability. The results obtained can be used
as a significant addition to the previously proposed algorithm for taking into account obstacles when calculating
distances to base stations.
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Pe3iome

Llenu. AkTyanbHol NpobnemMoi CUCTEM JI0KaIbHOrO NO3ULMOHMPOBAHMS MPU OTCYTCTBUM JOCTYNa K rnobasnbHbIM
HaBUIALMOHHBLIM CMYTHUKOBbLIM CUCTEMAM SAIBNISIETCS HU3Kasi TOYHOCTb NO3ULIMOHNPOBAHUS, CBA3aHHas, Kak npaBu-
110, C HEpaBHOMEPHbLIM NMOKPbLITUEM paboyer 30HbI B CBA3M C €€ reOMeTpuUieCckMm 0COBEHHOCTAMMU UMY HAJTMHUEM
B €ee npeaenax MacCuBHbIX NPensaTcTBUii U cTeH. OBbI4HO 9Ta NpobnemMa peLlaeTcsa nyTemM pasmeLleHms B paboyen
30He M36bITOYHOrO YMcna 6a30BbIX CTAHLMIA CUCTEMbI NO3NLMOHMPOBaHUS. MNoa06HbIM NOAX04 NOPOXAAET BbICO-
KYIO CTOMMOCTb TakKnx CUCTEM, HYTO B CBOIO O4epeb NPEensaTCTBYET UX pacnpocTpaHeHuto. NMoaToMy nccnenoBaHms
1 pa3paboTku, HaNpaBfiEHHbIE HA MOBbILLEHNE TOYHOCTU JIOKAJIbHbIX CUCTEM MO3ULMOHVMPOBAHUS NPU NCMOMb30-
BaHUN MUHUMAJIbHOIO Yncna CTaHuuiA, MMeoT BONbLUYIO akTyallbHOCTb. PaHee aBTOpPOM Obil NPenjioxXeH MeTos,
MOBbILLIEHUST TOYHOCTU JIOKANbHOrO MO3ULMOHUPOBAHUSA MYyTEM yyYeTa NPensaTCTBUIA, M3BECTHbLIX HA aTane npoek-
TUPOBAHUS CUCTEMbI. YUYeT Takux NPEnsaTCTBUIA NPU pacyeTe MeCTOMNOJIOXEHUS peanndyeTcs 3a cHeT MexaHn3ma
npeaBapuUTesNbHOrO Pas3bneHns PaanoMasikoB Ha FPYMMbl U BbIAENEHMS ONMOPHbLIX CTaHUMIA 3TUX rpynn cpean 6a-
30BbIX CTaHUMIA. Llenbio paboThl ABASIETCS YCOBEPLLUEHCTBOBAHME 3TOr0 airopMTMa 3a cHeT aBToMatm3auum atana
noAroToBKM MHOOPMaLUKM O rPYNNNPOBKE CTAHLNINA.

MeTopabl. /icnonb3oBaH METOA, KOMIMLIOTEPHOIrO0 MOAENMPOBAHMS A5 MOATBEPXAEHNS PabOTOCNOCOOHOCTM anro-
puTMa pasbueHns CTaHUWi CUCTEMbI MO3ULMOHMPOBAHWS HA NepecekaoLLmMecs rpynnol.

PesynbTaTthl. Pa3paboTaHbl KpUTEPUN aBTOMPYNMMPOBKW CTAHLMI U YHUBEPCASbHBIM anroputMm pa3breHns CTaH-
LMIA Ha rpynnbl, NO3BONSAOLLNI B aBTOMATU3MPOBAHHOM PEXUME NOArOTOBUTb MUHMMASIbHO HEOOX0AMMbIE HaYaslb-
Hble JaHHble AN NMPOorpaMMbl, PeannayloLlel anroputM no3nLMOHMPOBAHMS B 30HE HEOLHOPOAHOM paamnonpo-
3PaYHOCTM.

BbiBOAbI. MogennpoBaHne NpenjoxXeHHOro anropnutMa NnoATBEPANSIO ero paboTocnocobHOCTb. onyvyeHHbIe pe-
3ynbTaTbl MOFYT MCMOJIb30BATLCA Kak CyLLLECTBEHHOE AOMOJIHEHME K NPEeaIOKEHHOMY paHee anropuTMy yyeTta npe-
NATCTBUIA NPU pacyeTe PACCTOSHUIA 0 6A30BbIX CTAHLNINA.

KnioueBble cnoBa: nokanbHble CUCTEMbl MO3ULMOHVUPOBAHUS, anropuTM rpynnMpoBKK cTaHumii, RSSI, Tpunate-
pauus
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MpospayHocTb hMHAHCOBOW AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaB/IEH-

HbIX MaTepuanax nnm MetToaax.

ABTOpPbI 329BNSIOT 06 OTCYTCTBUN KOHDNINKTA MHTEPECOB.

INTRODUCTION

Positioning objects in confined spaces has become
a common issue due to the growing popularity of
robotization of various spheres of life. It has been
resolved in various ways, using various combinations
of components and algorithmic solutions for coordinate
determination. As a rule, such systems are implemented
on the basis of one of the common wireless data
transmission interfaces, such as Wi-Fi [1-3], BLE! [4-6],
ZigBee [7-9], UWB? [10-14], etc.

In indoor positioning, the problem of accuracy
improvement is the most pressing, as confirmed by the
fact that the largest number of publications is devoted to
it. For example, [15] proposes increasing accuracy by
purchasing more expensive components which is often
not economically feasible for the consumer. In [16]
accuracy improvement is provided by using two protocols
(Wi-Fi and BLE) and two algorithms for coordinate
calculation (trilateration [17] and matching [18]).

Another solution was proposed in [19], which
discussed the possibility of reducing the average value
of the positioning error by taking into account the
loss of signal power when crossing obstacles, where
information about the location in the working area is
known in advance. It is proposed that at the stage of
system development each particular case of the working
area in which it is planned to carry out positioning of
any objects be approached individually. In order to
take obstacles into account, it is proposed that all base
stations of the system used for positioning into groups
be divided in advance. This is based on the known data
on the coordinates of obstacles. Then the reference
stations among them can be singled out. The division
into groups is based on the principle of finding a group
on the same side of the obstacles. A reference station
is selected based on its proximity to the geometric
center of the area occupied by a particular group of
stations, bounded not necessarily by a closed contour of
obstacles. According to the algorithm proposed in the

I Bluetooth low energy—Bluetooth technology with low
power consumption.

2 Ultra-wide band—A short-range, low-power wireless
communication technology that uses ultra-wideband signals with
extremely low power spectral density as a carrier.

paper, the positioning device first compares the signal
levels from the reference stations of different groups.
After determining the strongest signal in the calculation
of distances based on the measurement of the received
signal strength indicator (RSSI), the positioning device
will be able to decide that all stations belonging to the
group whose reference station has the strongest signal
are on the same side of the obstacles with the object.
Thus, the distance to these stations is calculated as if
they were in line of sight.

The distance to the stations in line-of-sight according
to the measured RSSI value is calculated according to
the following relation:

£ildy) _a
)~ dy
wherein d, is the calibration distance, which is usually
1 m; P (d,) is the RSSI value determined by the receiver
at the calibration distance; P (d) RSSI value determined
by the receiver during the measurement; d is the
measured distance; and 7z is the coefficient of signal
power loss which ranges from 2 to 4 for air, depending
on the presence of obstacles.

From this equation, the expected RSSI value at
distance d can be obtained as follows:

Pr(d):Pr(dO)—lOnlg(dij dBm,
0

P (dg)-P,(d)
d=dy-10 100 m

For stations belonging to other groups, the distance
from the object is calculated in accordance with the
Motley—Keenan mathematical model [20]. Then the
received power and distance to the signal source will be
calculated according to the following formulae:

P.(d) = P.(dy) — ky Py —10n lg(diJ dBm,
0

£ (do)—kw By —F (d)
d=dy-10 10 m,
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wherein ky, is the number of the passed single-type
obstacles (walls), and Py; is the loss of signal power
when passing through a single-type obstacle (wall).

The modeling carried out in [19] confirmed
a significant improvement of positioning accuracy by
means of the trilateration method. It should be noted that
the partitioning into groups and allocation of reference
stations were performed “manually” at the developer’s
discretion.

The objective of this article is to improve the
positioning algorithm proposed in [19] for positioning
in the zone of inhomogeneous radio transparency by
automating the process of dividing base stations into
groups, selecting reference stations and introducing
additional parameters for the realization of these actions.
This objective is also to resolve possible ambiguities
when making a decision on line-of-sight with stations
which can arise when an object is located on the
boundary of two groups of stations.

STATION GROUPING CRITERIA

The criteria for making a decision on combining
several stations into one group should ensure the
formation of groups consisting of stations located in
the area. They should form a convex polygon without
obstacles inside it, so that the positioned object located
in the area occupied by a particular group of stations has
mutual direct visibility with all stations of this group.
If we divide the space into non-intersecting sectors
occupied by groups, as in Fig. 1, then when using the
method of line-of-sight determination as described
in [19] (based on stations belonging to the group
from whose reference station the signal of the highest
amplitude is received) there may be cases of incorrect
line-of-sight determination when the object is located on
the boundaries of such areas.

Fig. 1. Case of a work area map with stations divided
into groups: shaded stations are reference stations;
stations connected by lines are in line of sight

Among the stations from which the strongest signals
are received by the object and which participate in the
calculation of coordinates, there may be stations from
the group for which an incorrect decision about the
absence of line-of-sight will be made. An example of
such a situation is shown in Fig. 2, where the positioned
object located between two groups of stations is
designated as PO.

Fig. 2. Case of ambiguity in the definition
of line of sight with stations

Figure 2 shows that the closest reference station is
the station of group 0, but that the three closest stations
are each from three different groups.

In such a situation, the range from some of the
stations taken into account in the calculation will be
calculated incorrectly. This will lead to significant errors
in positioning. The implementation of overlapping
groups will eliminate this problem, since it will eliminate
the very possibility of the boundary condition. For
example, in the situation presented in Fig. 3, this error
in positioning will not occur. An additional group “3”
appears on the diagram (the designation “3” is marked
next to the stations belonging to this group). This group
includes the boundary stations from the other three
groups, thus eliminating the ambiguity of determining
the stations with which there is direct visibility.

It can thus be stated that the condition of station
groups located in areas without obstacles within their
boundaries is ensured by mutual direct visibility of the
said stations. Also, in order for each group to be able
to provide positioning of the object independently, it
must have at least three stations (for the case of two-
dimensional positioning). Two stations in direct line
of sight cannot be considered as a group, since it is
not always possible to determine the object location
unambiguously from the signals from two stations.

With regard to creating conditions for the formation
of overlapping groups by the designed algorithm, it was
experimentally established that, if a restriction on the
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Fig. 3. Case of resolving ambiguity
in line-of-sight determination with stations

maximum distance of the stations included in the groups
from each other is included in the algorithm, then, by
varying this restriction, it is possible to find its optimal
value. This value will correspond to the conditions
for the autogrouping of stations with the creation of
overlapping groups. Such a constraint will ensure that
there are no conditions for the formation of excessively
long groups, for example, as in Fig. 4. Group 3 in this
case has a large extent, increasing the risk of incorrectly
determining the range of stations in line of sight from
the positioning object.

Thus, we can distinguish three principles, which
should be incorporated into the algorithm of automatic
station grouping:

1) mutual direct visibility of all stations belonging to
the group;

2) the group cannot contain less than three stations;

3) stations in a group shall not be located at a distance
from each other exceeding the specified maximum
range.

ALGORITHM OF STATION AUTOGROUPING
ACCORDING TO THE PROPOSED PRINCIPLES

Based on the proposed principles, an algorithm for
autogrouping base stations of the indoor positioning
system into overlapping groups was developed. The
algorithm thus developed forms a set of groups of
stations and allocates a reference station in each group.
It should be separately noted that this algorithm assumes
the availability of cartographic information about the
location of obstacles in the potential working area of
positioning.

The algorithm of station autogrouping is divided
into the following steps:

1. Calculation of the table of presence and absence of
line of sight between stations;

2. Formation of a two-dimensional array, each row of
which is a list ranked by distance from the stations

Fig. 4. Group 3 is a case of a possible
overextended group

with the identifier corresponding to the column
number to the station whose identifier corresponds
to the row number of the two-dimensional array;

3. Exclusion from each line of the two-dimensional
array of stations with no line of sight to the station
whose identifier is equal to the line number;

4. Exclusion from each row of the two-dimensional
array of stations with a distance exceeding the
developer’s distance limit to the station, and the
identifier of which is equal to the row number;

5. Exclusion of lines containing less than three
stations;

6. Exclusion of repeated lines;

7. Determining the matches between lines, deleting
lines with station sets present in the line-ups of other
lines and forming groups.

In order to illustrate the algorithm, a map of
a 5m x5 m room with two additional room-dividing
partitions was taken. The map with arranged stations
and marked station identifiers is shown in Fig. 5.
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Fig. 5. Map of the working area for illustrating
the principles of the program operation
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Automatic grouping was provided by a program
which implements the proposed algorithm. Figure 6
shows the map of the working area. The marks on the
stations show which group they belong to, as a result
of the algorithm. In addition, a reference station was
identified in each group (in Fig. 6, such stations are
marked with a black dot).
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Fig. 6. Map of the working area with the results
of the grouping performed

As can be seen, in Fig. 6, the possibility of ambiguity
of line-of-sight station identification at the boundary of
groups 1 and 2 is eliminated due to the intersection of

groups, as well as due to the creation of an intermediate
group 3.

Thus, the algorithm of automatic station grouping
in the conditions of the working area with obstacles,
logically complements and improves the algorithm
given in [19].

CONCLUSIONS

The article proposes the principles of station
autogrouping, and a universal algorithm for
partitioning stations into groups. As a result, it is
possible to prepare in automated mode the minimum
necessary initial data for the operation of the program
given in the article, in order to implement the
positioning algorithm in the zone of inhomogeneous
radio transparency. During the development of
the autogrouping program, the method of mutual
overlapping of groups by stations was introduced,
in order to supplement the previously proposed
algorithm. This enabled us to resolve the problem
of ambiguous determination of line of sight between
stations at the boundaries of groups. In further works,
it is planned to supplement this set of software
solutions with an intelligent algorithm for the optimal
arrangement of stations of the indoor positioning
system in premises. This will allow a complete
program complex to be created, which will enable us
to perform the preliminary arrangement and grouping
of stations in the designed indoor positioning system.
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