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APPLICATION OF THE ROBUST APPROACH TO INCREASE THE
ACCURACY OF DETERMINING THE COORDINATES OF THE ELEMENTS

OF WIRELESS SENSOR NETWORKS

Evgeniy A. Yakornov, Oleg F. Tsukanov
Igor Sikorsky Kyiv Polytechnic Institute, Kyiv, Ukraine

Background. Modern methods for determining the coordinates of elements of wireless sensor networks allow solving
the problems of determining the mutual distances between the elements of a wireless network under the assumption that
the errors in measuring the mutual distances between network elements are distributed according to the normal law. With
increasing requirements for the accuracy of determining coordinates, these methods do not allow solving the problem.

Objective. The purpose of the paper is to improve the accuracy of determining the coordinates of elements of wireless
sensor networks by using robust estimation methods.

Methods. Determination of coordinates of elements of wireless sensor networks is implemented on the basis of two
robust methods.

The first is the use of a median estimate based on multiple measurements of the mutual distances between elements to
determine their coordinates.

The second is based on multiple measurements of the mutual distances between elements, determining their
coordinates based on the Huber influence function and comparing two robust methods.

Results. The use of a robust method based on the Huber influence function makes it possible to increase the accuracy
of determining the coordinates of elements of wireless sensor networks by 5-10% compared to classical estimation
methods.

Conclusions. The proposed robust approach to determining the coordinates of elements of wireless sensor networks
can be implemented in modern ground-based sensor networks for various purposes.

Keywords: wireless sensor network; determination of coordinates of elements of wireless sensor networks; robust

estimation methods.

Introduction

A “wireless sensor network” (WSN) is a
distributed, self-organizing network of miniature
electronic devices resistant to failures of individual
clements. In this case, the exchange of information
between the elements (nodes) of the network occurs
wirelessly (Fig. 1). All nodes of the sensor network are
autonomous. BSS belong to networks of the WPAN
class (Wireless Personal Access Network - wireless
personal area networks).
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Fig. 1

In recent years, WSN are increasingly used [1,2],
and with their improvement, much attention is still paid
to the issues of collecting information, energy
efficiency, and routing, as well as improving the
accuracy of determining the coordinates of the nodes of
the BSS. The latter task is still relevant today, especially
when specifying the location of the mobile sensor nodes
after their next movement.

A brief overview of methods for determining the
location of the WSN nodes is given in [3], from which it
follows that the known classical methods based on the
assumption of the normality of the distribution laws of
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measurement errors do not solve at this stage the
problem of increasing the accuracy of determining the
coordinates.

Formulation of the problem

There is a WSN consisting of n fixed elements
after moving. The coordinates of the BSS elements are
determined by measuring the mutual distances. It is
known that measurement errors are distributed
according to a law that is close to normal. It is necessary
to improve the accuracy of determining the coordinates
by taking into account the difference in the distribution
of measurement errors from the normal one.

If we consider the law of distribution of errors in
coordinate measurements to be normal and the accuracy
of determining the coordinates suits us, then the
problem of increasing the accuracy of measuring
coordinates is solved due to the redundancy of
measurements by averaging the measured values of the
coordinates of each sensor.

In this case, the vector of estimating the
coordinates of the k sensor based on the results of n
measurements can be written
Xy = X7 Xi/n, (1)
here X; is the vector of the k-sensor coordinate estimate,
obtained, for example, as a result of measuring the
mutual distances to two neighbouring sensors at the 7 -
th measurement step.

Then the root-mean-square value of the error (RMS) of
the estimate of the sensor coordinate k with equal
measurement errors will have the form

o, = X7 o/Nn, 2
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The larger the number of measurements, the higher
the estimation accuracy. Note that the arithmetic mean
of the X coordinate is an unbiased estimate for any
symmetric distribution law, besides being consistent,
efficient and sufficient (a characteristic of the
completeness of using all information contained in the
sample).

However, estimate (1.2) with a normal distribution
of measurement errors is weakly protected from the
influence of anomalous measurements. It is weakened
only by a factor of #, where ¢ is the number of
dimensions, while its possible sample size n is
unlimited. The arithmetic mean X, (over a limited

number of measurements) can be determined
< 1 —
X I ?=tf+1Xi, 3)
When solving the problem of estimating the
parameters of the location of fixed elements, the

arithmetic mean of a 90% sample is often used (denoted
by the symbol X g). We represent this sample in the
form

1

X, = e X )

n—2r

where 7 - is the number of measurements not taken

into account.

Then the arithmetic mean Xg4, has the form

Xoo = # iz Xy my, 4)

where m; is the frequency of the i value hitting the m-
th interval (at interval representation of the variation
series).

Estimate (5) is less sensitive to results with gross
errors than the sample arithmetic mean X, since during
processing 90% of the sample size is discarded from the
ends of the variation series X; < X,< X3< < .. X, for
5% of the most distant results, in which may contain
gross errors. Therefore, relations (4.5) can be applied
only after preliminary analysis of the sample and
determination of anomalous measurements in the
analysed sample by accumulating measurement results
and rejecting measurements whose errors exceed the
permissible value.

The disadvantages of this approach are the
inability to work with a small sample and obtain
estimates of the location of the FSS element in real
time; moreover, when the measurements are rejected
according to (1,2), the estimation accuracy also
decreases.

Suppose the coordinates of two sensors are known,
it is necessary to determine the rest. To simplify, the
problem of finding the coordinates of the third and other
sensors will be carried out using the rangefinder method
[3], according to which, to determine the coordinates of
the next BSN sensor, the values of the mutual distances
to two neighbouring sensors are required. The
coordinates of the next sensor are determined using the
Newton-Raphson method [4].

Xirr = Xie ¥ Wit fie (6)

where fj is the vector of measured ranges 1y , 7y tO
the k-th sensor;

W, - matrix of partial derivatives 1y , 75 in
coordinates x, y;

Xj+1 - desired coordinates of the current sensor.

The sensor coordinates are determined with the

required accuracy for 3-5 iterations. It is assumed that
the errors in measuring the mutual distances are subject
to the normal distribution law with zero mean and
known variance.
Taking into account the complexity of calculating the
coordinates of the WSN sensor (6), a complex nonlinear
transformation is required to determine the coordinate
vector, which leads to a deviation of the distribution law
of errors in determining the coordinates of the next
sensor and all subsequent ones from the normal one. In
addition, the presence of abnormal measurements is not
excluded when determining the mutual distances
between sensors.

If under these conditions the coordinates of the

sensor are determined according to (1), then the
estimate of the coordinates will not be optimal,
consistent and effective. In the case when the accuracy
of determining the coordinates of the sensors suits, then
for calculations you can use (1). Let us further consider
the possibilities of using robust methods [4,5] for
estimating the coordinates of sensors. If the law of
distribution of errors in measurements of mutual
distances is not known, one can use Huber's minimax
approach [4].
Its main idea is that the law with the worst distribution,
for example, with an asymmetric distribution, is taken
as the distribution law of measurement errors. As an
estimate of the coordinates, one is taken that will have
the minimum error of the maximum possible. Note that
if the distribution law is symmetric, Huber's robust
estimate becomes unstable.

Then the most robust (stable to the law of
distribution of errors) is the median estimate, and when
solving the problem of increasing the accuracy of
determining the coordinates of the location of the WSN,
the use of influence functions [4, 5], which show what
influence the anomalous measurement has on the
estimate, and how much it ‘suffers’ the accuracy of the
estimate.

For example, Huber's influence function is written as
—a, x<-—a,
Y(x) { x, x| <a,
a x >a,

5= - .
1 b
> 0
P /
-2
-20 -10 0 10 20

X

where a is a constant, (for a = 1.345, 95% of the M-
estimate efficiency is achieved, with a known variance).
The essence of the approach based on the use of the
influence function lies in the assumption that in a real
sample the measurement errors are distributed according
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to two distribution laws. The first basic N(x,D,;) is a
normal distribution law with zero mean and variance of
measurement errors Dy, the second - R(x,D,), a normal
distribution law with zero mean and variance of
measurement errors D,.

The resulting distribution law with "pollution" has

the form

P(x) = (I - ¢)N(x,D1) + eR(x,D,),
@)
where ¢ is the pollution parameter, which in practice is
taken equal to 0.05-0.1.

As applied to the distribution law (7) as ¢ — 0, the
arithmetic mean (1) is taken as an estimate; in the case &
— 1, the median of the sample
Research results

Let's consider the results of simulation. The initial
data for modelling are the reference values of the
coordinates of two sensors: (Xe1, Ye1), (Xe2, Yez) on
the basis of which the estimate of the coordinates of the
next sensor is determined (Fig. 1). The estimation was
carried out using relation (6) at n = 100.

Fig. 2 shows histograms (blue) and a graph of the
normal distribution law of coordinate estimates (red)
with the reference values X.3 = 199.98 (Fig.2a), Y .3
= 691.61 (Fig.2b) distributed according to the normal
law with zero mean and RMS S, = 4m.
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Fig. 2 shows that the maximum of the histograms is
clearly manifested and coincides with the average value.
Coordinate estimates are determined as the arithmetic

mean over n measurements in accordance with (1). In
this case, the median estimates Xmed, Ymed coincide
with the mean.

Further, for the same reference values of estimates (X3
= 199,98, Y.3 = 691,61) in Fig. 3 shows the simulation
results using a robust estimation method at € = 5% with
a slight difference in the variance of the basic
distribution law N(x,D;) ¢ CKO Sp;=3m from the
“polluted” R(x,D,) with Sp, =4m. In the first case, the
median is taken as an estimate, and in the second, the
estimate using the Huber influence function.
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Analysis of the histograms in Fig. 2 and 3 shows
that the histogram using the distribution law (7) (Fig.
3.a, ¢) does not have a clearly defined maximum, which,
moreover, does not coincide with the average value.
Fig. 3c, d shows histograms using the Huber influence
function, which has two manifested maxima and is due
to the high frequency of anomalous measurements and
the limitation of the sample from n measurements.
Further, the average value for this sample is taken as an
estimate. The estimates obtained using the Huber
influence function Xhub, Yhub are closest to the
reference values of the X, Y sensor coordinates
estimates compared to the median estimate.

Fig. 4-6 show the histograms of the distribution of
estimation errors with a given parameter ¢ (¢ = 10%
(Fig. 4), € = 20%, (Fig. 5) and ¢ = 40% (Fig. 6)) and
after rejection of measurements using Huber's influence
functions.
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The histogram of the distribution of coordinate
errors at ¢ = 10%, shown in Fig. 4 is also asymmetrical
and weighted tails are present.

Fig. 5 shows the distribution of errors at € = 20%
and, in comparison with the previous diagram, the
maximum is “blurred” and shifted from the centre of the
probability density function.

The histogram of the distribution of coordinate
errors Fig. 6 at & = 40% also does not have a clearly
defined maximum, and the "weighted tails" are even
larger in comparison with Fig. 4.5. And under these
conditions, the estimate based on the influence function
also provides higher accuracy than the median estimate.

As can be seen from the presented histograms,
there are a lot of anomalous measurements. At the same
time, when rejecting false measurements, both the
estimation accuracy and the standard deviation decrease
2).

The simulation results confirmed that the
arithmetic mean estimate according to (1) is unstable [5]
and cannot be used if the error distribution law differs
from the normal one according to (7).

Comparative analysis of robust estimates is given
in the table

Simulation results
Evaluation Robust estimates
parameter E=5% [10% D% | e=40%

The advantage of the estimation method is
determined by the amount of error between the
reference values at the coordinates X = 199.98, Y =
691.61, the median estimate and the estimate based on
the Huber influence function. Analysis of the simulation
results shows that the estimation method using the
Huber influence function is more accurate than the
method based on the median estimate. This is explained
by the rejection of anomalous measurements and,
accordingly, by a decrease in their influence on the
estimation accuracy.

Conclusions

1. The results of simulation have confirmed that when
the error distribution law differs from the normal one,
the estimate based on the arithmetic mean is unstable
and cannot be used to solve the problem of high-
precision determination of the coordinates of the BSN
Sensors.

2. To obtain estimates if the error distribution law
differs from the normal one, robust methods should be
used.

3. Comparison of robust estimation methods based on
the median estimate and the estimate based on the
influence function shows that the latter has higher
estimation accuracy.

4. The presented results of estimation modelling assume
estimation on a sample basis. Therefore, to improve the
accuracy of determining the coordinates when moving
the sensor sensors relative to the base ones, it is
necessary to store information about the location of the
latter.

5. The use of methods of robust estimation methods
makes it possible to increase the accuracy of
determining the coordinates of the location of stationary
sensors of the BSS by an average of 5-10%.
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HAxopnos E.A., I[ykanog O.®D.

3acTocyBaHHSI POOACTHOCTHOIO MiAXOAY /I HiABMINEHHS TOYHOCTI BH3HAYEHHS KOOPJAUHAT eJIeMEHTIB
0€3IPOTOBUX CEHCOPHUX MepesK

MpodaemaTuka. CyyacHi METOIU BHU3HAYEHHS KOOPAMHAT €JIEMEHTIB 0€3/IpOTOBUX CEHCOPHHX MEpEkK JT03BOJISIOTH
BHIIIYBATH 3aBJaHHS BU3HAYCHHS B3a€MHHMX BIJICTAHCH MIXK €JeMEHTaMH Oe3/IpOTOBOI Mepexki B MPHUITYILICHHI, 110
IMOMUJIKM BUMIPIOBaHb B3a€MHHUX BIJICTAHEH MK €JIEMEHTAaMH MepeXki PO3MOJIICHI MO HOpMalbHOMY 3akoHy. [Ipu
MiJBUIIICHH] BUMOT JI0 TOYHOCTI BU3HAYCHHSI KOOPJIMHAT I1i METO/IH HE JI03BOJISIIOTH BUPIIINTH MOCTABJICHY 3a1a4y.

Meta pochimkedb. [TiIBUIICHHS TOYHOCTI BHU3HAYCHHS KOOPJMHAT E€JIEMEHTIB OE3pOTOBUX CEHCOPHUX MEpEeK
HUISIXOM BUKOPHUCTaHHSI pOOACTHUX METO/IIB OI[IHIOBaHHSI.

MeToauka peasizanii. BusHaueHHS KOOpJIMHAT €JIEMEHTIB O€3/IJpOTOBUX CEHCOPHHUX MEPEX peanizy€eThCs Ha OCHOBI
JIBOX POOACTHHUX METO/IIB.

Ilepuinii - BUKOpPHUCTAHHS MEIIaHHOI OIIIHKKM Ha OCHOBI 0aratopa3oBHX BHUMIPIOBaHb B3a€EMHHX BIiJCTAHEH MIX
€JIeMEeHTaMH JUIsI BU3HAYEHHS 1X KOOPIUHAT.

Jpyruii - Ha OCHOBI 0araropa3oBUX BUMIPIOBaHb B3a€MHHUX BiJICTAHEH MIX €JIEeMEHTaMU BU3HAUCHHS X KOOpAUHAT HA
ocHoBi (yHKnii BriuBy Xpro0epa i HOPiBHSAHHS ABOX pOOACTHUX METOMIB.

Pe3yabTaTn gociaiizkeHb. 3acTOCyBaHHS pOOACTHOTO METOJNy Ha OCHOBI (GyHKIIi BIUMBY XbroOepa, I03BOJISIE
MiJBUIIUTA TOYHICTh BU3HAYCHHS KOOPJMHAT CJICMEHTIB 0O€3POTOBUX CEHCOPHHX MEPEX B MOPIBHSIHHI 3 KIACHYHUMH
METOJaMH OLliHIOBaHHA Ha 5-10%.

BucHoBKM. 3anipornoHOBaHMi POOACTHHIA TiIX1 BU3HAYCHHS KOOPJIMHAT €JIIEMECHTIB OC3pPOTOBUX CECHCOPHUX MEPEK
MOKe OyTH pealli3oBaHUi B Cy4aCHUX HA3EMHHUX CEHCOPHHUX MEpeKax Pi3HOro MpU3HAYCHHSI.

KuarouoBi cioBa: 0e31poToBa CEHCOpPHA MEpEeka; BU3HAUCHHSI KOOPJIUHAT €JEMEHTIB Oe3IpOTOBUX CEHCOPHUX
MepexK; poOacTHI METOIN OI[IHIOBaHHSI.

Axopnos E.A., llykanos O.D.

IIpyuMeHeHHe POGACTHOCTHOIO MOAX0AA /I TOBBILIEHHS] TOYHOCTHU OIpeAeeHUs] KOOPIAMHAT 3JIeMEHTOB
0ecrIpoOBOJHBIX CEHCOPHBIX ceTeil

IIpo6iemaruka. COBpEMEHHbIE METOJbl OIPEICIICHUS KOOPAUHAT 3JIEMEHTOB OECIPOBOJHBIX CEHCOPHBIX CeTeil
MO3BOJISIIOT  PeIllaTh 3aJadyd ONpEACNICHUS B3aUMHBIX PACCTOSHUM MEXIy »JJIEMEHTaMH OECIpOBOJHOW CETH B
MIPEAIIOJIOKEHHH, YTO OIIMOKM HM3MEPEeHHH B3aUMHBIX PACCTOSHUH MEXIy OJJIEMEHTaMH CEeTH paclpeiesieHbl 1o
HOpMaJbHOMY 3aKOHY. [IpyM TOBBIIIEHUH TPEOOBAHHWN K TOYHOCTH ONPEIENICHUs KOOPIWHAT 3TH METOJBI HEe TO3BOJISIOT
PELINTh IOCTABJICHHYIO 3aa4y.

ean ucciienoBanmii. [IoBbIlICHHE TOYHOCTH ONPE/ICICHUS KOOPAUHAT AJIEMEHTOB OSCITPOBOJIHBIX CEHCOPHBIX CEeTeH
ITyTEM HCITOJIb30BAHHSI POOACTHBIX METOI0B OIICHHBAHMS.

Metoauka peanusannu. OnpeneseHue KOOPAMHAT 3JIEMEHTOB OECIPOBOJIHBIX CEHCOPHBIX CETEHl peain3yercs: Ha
OCHOBE JIByX pOOAaCTHBIX METOJIOB.

IlepBsrit - nconp30BaHNE MEIMAHHON OIIEHKH HAa OCHOBE MHOTOKPATHBIX M3MEPEHUU B3aUMHBIX PACCTOSTHUNA MEXITY
3JIEMEHTAMH JIJIs1 OTIPEJIeNICHUs UX KOOPJIMHAT.

BTopoii - Ha OCHOBE MHOIOKpaTHBIX M3MEPEHUH B3aUMHBIX PACCTOSHMM MEXIy JIEMEHTAMU  OIpPEACIIEHHE HX
KOOpJIWHAT Ha OCHOBE (QYHKIIMH BINSHUSA XbloOepa U CpaBHEHHE JBYX POOACTHBIX METOIOB.

Pe3yabTaTel ncciaenoBanmii. [[ppmeHenne podacTHOro MeToda Ha OCHOBe (DYHKIUH BIMSHUAS XbIoOepa, MO3BOJSIET
MOBBICUTH TOYHOCTb OIPENEICHHUs] KOOPAUHAT 3JIEMEHTOB OECHPOBOAHBIX CEHCOPHBIX CETell IO CPaBHEHUIO C
KJIaCCHUYECKHMH METOJlaMH olleHuBaHust Ha 5-10%.

BoiBoabl. [IpeioxkeHHbI poOaCTHBIN TMOAXOJ ONPEICTICHUsS KOOPIWHAT AJIEMEHTOB OCCIPOBOJHBIX CECHCOPHBIX
ceTeil MOXeT ObITh PeaIM30BaH B COBPEMEHHBIX HA3€MHBIX CEHCOPHBIX CETSIX Pa3JIMYHOTO Ha3HAYCHHUS.

KinroueBble cj10Ba: 0eCIpOBOIHASL CEHCOPHAs CETh; ONpeAeIeHIEe KOOPAUHAT 3JIEMEHTOB OE€CIIPOBOIHBIX CEHCOPHBIX
ceTeil; pobacTHRIE METOIbI OLICHUBAHUSI.





