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Agatonovic M.%, Stankovic Z.*, Milovanovic B.*, Doncov N.*

AN APPROACH IN LINEAR ANTENNA ARRAY SYNTHESIS BASED ON
ARTIFICIAL NEURAL NETWORK MODELING

The capacity of wireless communication systems can be substantially increased using space division multiple access
(SDMA) technique. This channel access method exploits spatial separation between different users in order to sup-
press unwanted interference signals. Antenna arrays have crucial role in the realization of such space filtering. For
that purpose, effects of the spatial distribution of the array elements on the radiation pattern are investigated in
this paper. Linear antenna array consisted of four by one (4x1) microstrip rectangular patch antennas at operating
frequency of 2.4 GHz, is considered. If the synthesis process is performed using one of the available 3D EM solvers, it
can be computationally expensive and time-consuming. A demand for new design methodologies that are both ac-
curate and fast at the same time has appeared. An alternative solution to overcome the existing problem is to em-
ploy an artificial neural network (ANN) model, where an EM solver is utilized only to generate training and test data
for the model. Employing both EM solver and the neural model, optimal inter-element spacing between array ele-
ments, providing minimum values of sidelobe level (SLL) and half-power beamwidth (HPBW), is determined. The to-
tal time required to obtain data for developing ANN model and to perform synthesis process is significantly reduced.

INTRODUCTION

In wireless communication systems, antenna ra-
diation properties are critical for system coverage
and performance. To mitigate negative environ-
mental impacts and to increase capacity, efficient
antenna systems must be employed. The radiation
pattern of an antenna system describes how it fo-
cuses or directs the energy it radiates or receives.
All antennas, regardless of pattern shape or gain,
do not radiate the total energy delivered to their
input connectors. Actually, they act as directional
amplifiers, transmitting and receiving the energy
in one specific region of space [1]. The challenge
in the design of a suitable system is to overcome
the inherent relationships between gain, pattern
beamwidth, presence of side- and backlobes and
size of the antenna.

In practice, antenna arrays consisted of a number
of antenna elements are utilized. Antenna arrays
represent complex radiating structures whose ra-
diation patterns can be considered as the interfer-
ence between electromagnetic fields of each radi-
ating element. Different radiation schemes can be
designed by choosing appropriate inter-element
spacing, or by modifying amplitudes and phases
of the excitations applied to the elements of the
array. Usually, it is desirable to minimize both the
antenna half-power beamwidth and the sidelobe

1 Faculty of Electronic Engineering, Nis, Serbia
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level. Unfortunately, this is an inverse relationship
between two array characteristics, and therefore,
in the designing process a compromise must be
made. To achieve desired sidelobe level (SLL) or
half-power beamwidth (HPBW), or a combination
of both, synthesis problem must be solved. It con-
sists of finding the distribution of excitation of the
antenna array elements or inter-element spacing
between different elements. Since the analysis
problem is considered as determination of the
radiation pattern from a given excitation or geo-
metrical law using numerical tools, the synthesis
problem can be solved as the inverse problem of
the analysis one [1]-[4].

ANN models can be successfully used to modify or
optimize different electromagnetic structures [5],
[6]. Application of neural networks in the field of
antenna arrays offers an efficient way to incorpo-
rate the real radiating properties of antenna, and
coupling effects between antenna elements in the
synthesis process without increasing the model
complexity. Unlike computationally intensive and
time-consuming EM models, once developed
neural models give responses almost instantane-
ously due to performing only basic mathematical
operations and calculating elementary mathemat-
ic functions (such as an exponential or hyperbolic
tangent function) [5]. The most important charac-



teristic of neural models is their generalization ca-
pability. In practice, ANNs are able to provide cor-
rect response even for the input values that have
not been used during the training process. There-
fore, developed models can be used for a reliable
prediction over a wide range of input parameters.

In this paper, ANNs are trained to estimate the
separation of antenna array elements in order
to obtain desired radiation pattern. Half-power
beamwidth and sidelobe levels resulting from var-
ious space distributions of antenna elements can
be easily determined.

ARTIFICIAL NEURAL NETWORKS

A classic multilayer perceptron (MLP) neural net-
work is shown in Fig. 1. MLP-ANN is a feedforward
artificial neural network trained using the stand-
ard back-propagation algorithm. The MLP-ANN
is built up of a number of elementary processing
units, called neurons, which are organized into
layers. Every neuron in each layer in the network
is connected to every neuron in the adjacent for-
ward layer but no connections are permitted be-
tween the neurons belonging to the same layer.
A neuron communicates with others by weighs,
and it is able to activate itself according to the re-
ceived signals.

Input layer Output layer

Hidden layers

%

Out,
Out,

Qut,

Out,,

Fig.1. Multilayer perceptron neural network

All neurons take their decisions simultaneously by
taking into the consideration changes of the neu-
ral network global state. The MLP-ANN usually
consists of an input layer, an output layer as well
as several hidden layers. With one or two hidden
layers, they can approximate virtually any input-
output mapping.

To develop a neural network model, input and
output variables of the structure must be defined.
All IO data are generated using full wave EM simu-

lation. The generated data are separated into two
groups - training data and test data.

The MLP-ANN training is performed in two steps.
The first one consists of presenting the training
set to the network, then propagating this configu-
ration gradually from the input layer through the
hidden layers up to the output layer. The output of
the I-th layer can be written as

Y, = F(\NLYI—l + B|) (1)

Where Y, and Y, , are outputs of I-th and (I-1)-th
layer, respectively, W, is a weight matrix between
(I-1)-th and I-th layer and B, is a bias matrix be-
tween (I-1)-th and I-th layer. Function F is the ac-
tivation function of each neuron and, it is linear
for input and output layer and sigmoid for hidden
layers

Fuy=(1-¢")/(1+e™) 2)
The neural network is trained to learn relationship
between sets of 10 data that represent character-
istics of the structure under consideration. After
the input vectors are presented to the input neu-
rons, output vectors are computed. These output
vectors are then compared with desired values
and errors are computed. Error derivatives are
then calculated and summed up for each weight
and bias until whole training set has been pre-
sented to the network. The error derivatives are
used to update the weights and biases for neurons
in the model. The training process continues un-
til errors are lower than the prescribed values or
until the maximum number of epochs is reached.
Once trained, the network provides fast response
for different input vectors, even for those not in-
cluded in the training set.

To determine accuracy of the ANN model, average
test error (ATE [%]), worst-case error (WCE [%]),
and correlation coefficient, r, between the refer-
ent and the modeled data are calculated, [5].

The Pearson Product-Moment correlation coeffi-
cient r is defined by:

r= Z(Xi _ZXYi _YT)
—\ —\2
\/Z(Xi ‘Xi) Z(yi —yi)
where X; represents the referent value, y; is the
neural network computed value, X is the referent
sample mean, and y is the neural network sam-

ple mean. The correlation coefficient is an indica-
tor in which extent the modeled values match the

(3)
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referent ones. If a correlation coefficient is close
to one than the MLP-ANN has excellent predictive
ability, while a coefficient close to zero indicates
poor predictive ability.

DESIGN OF AN ANTENNA ARRAY

In the four-element antenna array, coax-fed
microstrip rectangular patch antennas are em-
ployed. The antenna design, shown in Fig. 2, has
the radiating patch of length of 40 mm and width
of 30 mm. Coaxial probe position relative to the
antenna center is (5.5 mm, 0). In the simulation,
to design rectangular patch antenna, the follow-
ing substrate parameters were chosen: dielectric
constant (¢, ) - 2.33, thickness (h) - 1.57mm, loss
tangent (TgD) - 0.0036. The Method of Moment
(MoM) based software WIPL-D is used to analyze
the microstrip patch antenna. The antenna reso-
nating at 2.4 GHz has the input impedance of 62
Q. Also, the patch antenna has 7 dBi of gain and
30 MHz of bandwidth.

=

T -~
\ i/
= ¥
I
II {
| o
| ]
L
|
& ]
@ ||
b
§ |
o
: I
E |
3 |
o
h
"
L}
16 18 20 22 24 26 28 30 32 34
Frequency (GHz)
Fig. 2. Rectangular patch element and corresponding

return loss

Further, the rectangular patch antenna is used as
an element in the design of a linear antenna array
[4], [7]. For equally spaced antenna elements the
separation distance between patches is chosen

14 e MIT 2011

to be 65 mm (0.62A). Antenna elements are ex-
cited with unit amplitude and zero phases. In this
case, the array has sidelobe level of -13.32 dB and
HPBW of 159.

Gain (0B}

T T T T T
11 80 50 120 150 180

Angie ()
Fig. 3. E-plane radiation pattern of antenna array
with equally spaced elements

It can be noticed that more sidelobes are generat-
ed as the length of the antenna array is increased.
Since our objective was to design an array with
greater inter-element spacing in order to have
more freedom to manipulate with them in the
experiments, at the same time, we had to avoid
grating lobes in the radiation pattern (Fig. 3). The
increased length of the array would also affect the
half-power beamwidth. For these reasons, the
separation distance of 0.62A is chosen.

SIMULATION RESULTS

Although sidelobes in the radiation pattern of an
antenna array can be controlled to some extent
by employing window functions, trade-off with
half-power beamwidth must be satisfied. Having
in mind that rectangular window function gives
uniform weighting to the array, it provides mini-
mum HPBW at the expense of a relatively high
SLL. In this work, we made an investigation on
how much the SLL and the HPBW can be improved
if we keep unit excitations while changing the po-
sitions of array elements. In the experiments be-
ing performed, each element in the antenna array
could take an arbitrary position in the range of 25
mm (0.2A). For a certain number of training sam-
ples that adequately cover the position range of
antenna elements, EM simulations are done and
radiation patterns are analyzed.

First, MLP-ANN models are developed to find
an antenna array configuration with optimal SLL
value. Input set contained coordinates of anten-
na array elements while the appropriate output



set was consisted of SLL for each position. After
intensive experimentation, it is found that the
MLP-ANN with 8 and 7 neurons in the first and
the second hidden layer, respectively, provides
the most accurate results. The Pearson Product
Moment correlation coefficient in this case has
value of 99.87 % (Table 1, Fig. 4). Further, the ANN
model MLP1-8-7 has been used in the simulation
process. The objective was to find the positions of
radiating patches in the linear antenna array that
provide the optimal radiation pattern regarding
SLL. In the simulation process, each antenna ele-
ment could take an arbitrary position in the range
of 25 mm. Coordinate changes are taken to be 0.1
mm. An iterative process is performed and ANN
responses of all combinations are calculated to
determine inter-element spacing. The elements
of new antenna array have offsets of 12.5 mm, 7.2
mm, -7.2 mm and -12.5 mm, when compared to
the positions in the original array. It is interesting
to notice that the new antenna array is symmetric
relative to its central point. In this case, the SLL
value is reduced to -14.76 dB (Fig. 5), while the
HPBW did not change significantly. At the same
time, zeros in the radiation pattern are not deep,
as they used to be in the previous configuration.

Table 1. The worst case error, the average case error and the
correlation coefficient of different MLP-NN models (SLL)

Ne“rri"on de(;‘lw ork | wee (%) | AcE (%) | r
MLP-ANN1-8-7 | 9.3678 | 0.6720 | 0.9987
MLP-ANN1-8-6 | 13.5862 | 0.4733 | 0.9986
MLP-ANN1-10-5 | 13.7446 | 0.4889 | 0.9986
MLP-ANN1-8-8 | 12.7093 | 0.5032 | 0.9986
MLP-ANN1-12-12 | 6.1478 | 0.8426 | 0.9986

Second, a number of MLP-ANN models are trained
to determine positions of antenna elements that
provide optimum HPBW in the radiation pattern.
As in the previous procedure, input set contained
coordinates of antenna elements in the array
while the appropriate output set was consisted
of HPBW values for each position. It is found that
MLP-ANN with 10 and 4 neurons in the first and
the second hidden layer, respectively, provides
acceptable results. The obtained Pearson Prod-
uct Moment correlation coefficient is 95.26 %
(Table 2, Fig. 4). In the next step, the ANN model
MLP1-10-4 has been used in an iterative process
to find positions of radiating patches in the array

that provide optimal radiation pattern regarding
HPBW. Each antenna element could take an ar-
bitrary position in the range of 25 mm with the
coordinate change step of 0.1 mm. Finally, inter-
element spacing is determined. The positions of
new antenna array elements differ by 9.5 mm, -1
mm, -8 mm and -2.5 mm, compared to the origi-
nal one. The antenna array became more directive
since the HPBW decreased to 14.47°. From the
other side, the SLL is deteriorated and increased
to -11.33 dB (Fig. 6).

Table 2. The worst case error, the average case error and the
correlation coefficient of different MLP-NN models (HPBW)

Neural network
model WCE (%) | ACE (%) r
MLP-ANN2-10-4 | 26.9486 | 4.0264 | 0.9526
MLP-ANN2-12-10| 29.5216 | 4.7142 | 0.9354
MLP-ANN2-14-11| 29.5216 | 4.8500 | 0.9352
MLP-ANN2-15-11| 30.0539 | 5.0439 | 0.9331
MLP-ANN2-9-5 22.5551 | 5.2715 | 0.9285
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Fig. 4. Correlation diagrams of test data of MLP-ANN1-8-7
(SLL optimization) and MLP-ANN2-10-4 (HPBW opti-
mization), respectively
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CONCLUSION

In this paper, investigations on a linear antenna
array with arbitrary distributed antenna elements
are reported. Artificial neural network (ANN)
models were developed to synthesize a four-el-
ement antenna array with desired values of SLL
and HPBW in the radiation pattern, respectively.
The MLP-ANNs of the highest accuracy are then
used to find the positions of antenna elements in
the array that provide optimum SLL and HPBW. Fi-
nally, outputs obtained from ANN modeling were
compared to the simulation results and good
agreement has been achieved.
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AHOdpeesa H. M.}, Hazumosa 4. N.2
MHOOPMALMOHHAA MOAE/Tb 30HA/IbHOW PACTUTENIbHOCTU IOTA

CUBUPU

The structure of the database “BIOM”, examples of expert validation of the accumulated information with the use
of scatterplots are represented. An algorithm for estimating the representativeness of the sample is developed.

BBEAEHUE

[Ons necHbix akocuctem CMbMpY aKTyanbHOM 3a4a4elt ABNAETCS ONpeaeneHne UamM YyTOYHEHNE Katode-
BbIX XapaKTEPUCTUK KAMMmaTa (gMana3oHa 3HaYeHU Tensio- BnaroobecneyeHHOCTH, AedrunTa yBAaXK-
HEHWA U T.4.) U TeX MOPOroBbiX 3HAYEHMUI (COCTOAHWUIA), NPU KOTOPbIX PACTUTE/NIbHOCTb NepexoauT u3
04HOr0 30Ha/IbHOTO K/acca uavM 61Moma B APYroi, Hanpumep, 1ec B cTenb, 1M60 oaHa AOMUHUPYOLLAA
necHaa dpopmaums - B gpyryto. B UHcTuTyTe neca CO PAH HaKonaeH onbIT 6MOKAMMATUYECKOTO MO-
OEeNMPOBaHMA CEeKTOPHO-30Ha/bHbIX KaTeropuii pacTuTeibHOro nokposa CMbMpPK C UCNOb30BaHMEM
MHOTO/IETHUX AaHHbIX TMAPOMeTCNyX6bl (Monnkapnos u ap, 1986:, Yebakosa, 2008; Hasnumosa u gp.,
2006; AHapeeBsa u ap., 2001; Nazimova et al., 2010).

Hayano co3pgaHua 6a3bl AaHHbIXx «BUOM» oTHOCKTCA K cepegmHe 1990-x rr. HakonsneHHas nHdopma-
LMA NO3BOJSIAET BbIABUTb COBPEMEHHbIE CBA3M MEXAY PAaCTUTE/IbHOCTbIO U KIMMATOM Ha LUMPOKOM re-
orpadunyeckom GoHe, onpeaennTb CTaTUCTUYECKYIO LOCTOBEPHOCTb NONYYEHHbIX pe3ybTaToB. OCHOB-
HaA 3afa4ya aBTOPOB - OLEHWUTb Penpe3eHTaTMBHOCTb KIMMATUYECKMX NMapameTpoB TaKCOHOB PacTu-
Te/IbHOrO MOKPOBA PA3HOroO YPOBHA.

CTPYKTYPA BA3bl AAHHbIX «BMOM»

O6beKkToM NpeameTHON 061acTU CAYKUT TeEpPUTOPUAIbHAA eanHULA (TECT-NOIMIOH) C OAHOPOAHOM
30Ha/IbHOM PaCTUTENBbHOCTBIO, €€ PeNEPHbIMU TOYKaMKM cayxKaT nocTbl TMC 1 meTeoctaHumu. MoKasa-
TE/IN KaXKA0W penepHomn TOYKK, GUKCMPOBAHHbIE B MHOTO/IETHUX HabOAEHNAX, OTPAXKAOT yCpeaHEH-
Hble XapaKTePUCTUKN KIMMaTa MO AaHHbIM METEOCTAHLMM U COOTBETCTBYHOLLLETO el NeCHOTO TecTa-no-
JINTOHA, OXapaKTepPM30BaHHOIO NPU3HAKaMM COCTaBa M CTPYKTYPbl IECHOFO MacCcMBa.

ba3sa aaHHbIx «BMOM» peannsosaHa B cpefe 3NeKTPOHHbIX Tabauwy MS Excel. KoppeKkTHOCTb BBOAA
MHbOopMaLLMn 0becneymBatoT CNPABOYHMKN, OHU COAEPKAT NapaMeTpPbl 30HA/IbHbIX K1acCoB, CEPUM TU-
noB sieca, LOMUHUpPYOLWMe NecHble GopmaLnm U MHAEKCHI MOYB.

CTpoKa CCblIoYHOM TabaunLbl COOTBETCTBYET O4HOM PenepHOoi TouKe. B CTPOKY BK/OUYEHbI NOKasaTenu
KAMMaTa, CEeKTOP, 30Ha, AOMUHUPYIOLLME NecHble popMaLLMm, Cepum TUMOB Neca U MHAEKCbI NOYB, Xa-
paKTepu3yloLLMe TOUKY M ee TeCT-NoaunroH [1], ecero 6onee 50 xapaKTepuUCTUK penepHOn TOUKM:

- reorpapuyeckme KoopanHaTbl, Ha3BaHWE METeOCTaHLMK;

- TAKCOHbl 30Ha/IbHOM KnaccupmKaLmMm M Ha3BaHMA N€COPACTUTENIbHbIX PETMOHOB: 30Ha, CEKTOP KOH-
TUHEHTANbHOCTM, NPOBUHLMSA, OKPYT;

- MapameTpbl BNaroobecneyeHHoCTU: cpefHEerofoBble CyMMbl OCagKoB B MM/rog, nokasaTtenb no-
TeHLUMaAbHOM 3BaNoTPaHCNMPALMUK (OTHOCUTENbHOE YBNAXKHEHWE), CpefHee KONMYEeCTBO 0CaLKoB
no mecauam, Ko3ddOUUMEHT yBAaXKHEHMA N0 Me3eHLEeBY, paguaUMOHHbIA MHAEKC CyXxocTu no by-
[bIKO;

- MapameTpbl TennoobecneyeHHOCTU: CpeHerooBas TemnepaTypa - PpasHULA MeXay CpesHUMM

1 ®TAQY BMO CPY UHCTUTYT maTemaTukm, Poccus
2 OIBY UHcTuTyT Nneca CO PAH, KpacHospck, Poccua
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TeMnepaTypamu AHBapa U UIOA, CPESHAA TEMNEepPaTypa No MecALam, CyMMa CPeHUX MECAYHbIX
TemnepaTtyp, cymma Temnepatyp Bbiwe 10 rpagycos Lienbcus (akTMBHOro nepuoga seretaumm),
cyMma TemnepaTyp Bbiwe 5 rpagycos Llenbcus;

- napameTpbl KOHTUHEHTAZIbHOCTU: CPeAHANA roAoBas aMNAUTYAa TeMnepaTtyp, UHAEKC KOHTUHEH-
TanbHocTn KoHpagaa;

- Cepwvu TUNOB Jieca, MoKasaTean NPOAYKTUBHOCTU, CTPYKTYPbl MOYBEHHOTO MOKPOBa U Ap.;

- YyeTblpe LOMMHUPYIOLWNX BMAA NecoobpasoBaTeniei, nepedncneHHble B nopsake ybbiBaHMA cTene-
HU LOMWUHUPOBAHMA.

Beog nHdopmaLumm B Tabanuy opraH1M3oBaH ¢ nomoubio dyHKumMmM MS Excel «BBog AaHHbIX ¢ NnpoBep-
KoW», OHa obecneynBaeT NPOBEPKY AaHHbIX MO CPaBOYHMKaM 6a3bl AaHHbIX «BUOM». B 6a3y gaHHbIX
BXOAAT CNPaBOYHMUKM lecoobpasoBaTeneil, CEKTOPOB 1 IeCOPACTUTE/IbHBIX 30H, MPOBUHLLMIA U OKPYTOB.

CnpaBo4yHuMK necoobpasosaTtesnelt (BUA0B ApeBecHbiXx Nopos) 6a3bl gaHHbIX «BUOM» BKAtoyaeT 17 no-
3MLMIA: HeT necoobpasoBaTesnieit, NMCTBEHHUL,A cnbupckas (Larix sibirica Ledeb.), nuctBeHHULa Tmenu-
Ha (Larix gmelinii-Rupr.), nuctBeHHuua Kaauaepa (Larix cajanderi Mayr), nucTBeHHMLa YeKaHOBCKOTo
(Larix czekanowskii Szaf.), cocHa o6bikHOBeHHas (Pinus sylvestris L.), 6epe3a nosucnas (Betula pendula
Roth), 6epe3sa (Betula spp), epHukn (Betula spp, Salix spp), keap cnbupckuin ( Pinus sibirica Du Tour ),
Kenposbliit cTnaHuK (Pinus pumila -Pal. Rgl.), nuxta cnbupckan (Abies sibirica Ledeb.), enb cnbupckas
(Picea obovata Ledeb.), ocuHa (Populus tremula L.), cocHa uHTpa3soHanbHas (Pinus sylvestris L.), ctenu
30HasIbHble, CTEMMU KCTPA3OHA/IbHbIE.

B cnpaBOYHUK CEKTOPOB BOLWIIM HaMMeHOBaHUA: 3anagHas Cnbups, CpeaHsas Cnbupb, BoctouHas Cu-
6u1pb, KOxkHaa Cnbupsb. MocneaHaa obbeamHaeT 4 KnMMmaTUdeckux dpaumm.

CnpaBOYHMK NECOPACTUTENbHbIX 30H BKAKOYAET CEMb MO3ULMI: TYHAPA, PefKoiecbe, Talra, NoATanra,
niecocTenb, CTeNb, YepHeBble 1eca.

K HacToswemy BpemeHn 6a3a AaHHbIX BK/IOYAET XapaKTepmUcTUKM 620 penepHbIX TOYEK M TECT-MOIN-
rOHOB BO3/1€ HUX.

Mpwn NOCTPOEHNN CTATUCTUYECKUX MOLENEN KaXKAasA XapaKTePUCTUKA penepHOM TOYKM MHTEPMPETUPY-
eTCA KaK clyyaliHas BennymnHa. CayydanHble BeanymHbl «HasBaHWe meTeocTaHumum», «CekTop», «30Ha»,
«MpoBuHUMAY, «OKPYr» N3MepAOTC B HOMUHANbHOM WKane. OHU UCMONb3YIOTCA TONbKO ANA KayecT-
BEHHOM KnaccudumKkaumnm, T.e. aHaNM3UPYeTCa UX NPUHALNEKHOCTb K HEKOTOPbIM, CYLLECTBEHHO pas-
JNINYHBIM KNnaccam.

dopmaLMOHHAA CTPYKTYpa /IECHOTO MOKPOBa B KaXKAOW penepHON TOYKe MOLENUPYETCA YETBEPKOM
rNaBHbIX AOMUHUpPYOLWMX necoobpasoBaTtenet (N1, N2, N3, N4), KaxKabli U3 KOTOPbIX U3MepseTcs B
HOMMHaNbHOM WKane. MopAAoK cnefoBaHUA NOPOAbI B YeTBEpKe lecoobpasoBaTesieli COOTBETCTBYET
CTENeHU ee AOMMHMPOBAHUSA MO YbbIBaHMIO. B CTaTUCTUUYECKUX MCCe0BaHMAX 3Ta YETBEPKA /1IECO0-
6pasoBaTesieil TPAKTyeTCA KaK HOBbI 0606LWEHHbIN NPU3HAK, OH XapaKTepmn3yeT KaYeCTBEHHbI COCTaB
CTPYKTYpPbI LOMUHMUPYIOLWNX NecoobpasoBaTenein 1eCHOTO MacCMBa, CYKaLLero 06beKTOM yyeTa.

OcTasibHble uncnosble aTpmnbyTbl 6a3bl AaHHbIX «BUOM» (reorpaduyeckme KoopanHaTbl, MHAEKC KOH-
TUHEHTa/ZIbHOCTW, NapamMeTpbl BlaroobecnevyeHHOCTH, NapameTpbl TennoobecneyeHHocTH - Bcero 6o-
nee 30) U3mepATCA N0 OTHOCUTE/IbHOM LUKane.

OVUATPAMMbI PACCEAHNA PENEPHbIX TOYEK B KTUMATUYECKMX KOOPAUHATAX

[unarpammbl paccesaHnn penepHbIX TOYEK B KAMMATUYECKMX KOOPAMHATaX MHTEPNPETUPYHOTCA KaK rpa-
duryeckme NopTpeTbl 30HA/IbHBIX, CEKTOPHbIX NMOAPa3AeeHN i PacTUTEIbHOTO NMOKPOBA, a TaKKe apea-
nos popmauymii n cybdopmaumin. OHM CNy»KaT OCHOBOW A1 MEPBUYHOM OLLEHKM CTENEHN OAHOPOAHO-
CTW U CTENEHM NePEeKpPbITUA KaccoB, BbIOPaKOBKU AaHHbIX. [lanbHelwan KnaccudurKaLuma npoBoANTCA
AN KOHKPETHbIX TOYEK M MO3BONSET YTOUYHUTb NPUHATYIO KnaccuduKaLumio Ha 6osee aeTanbHOM ypoB-
He C y4eTOM 0COBeHHOCTe MecTOOBUTaHMA: CTPYKTYPbl MOYBEHHOTO NMOKPOBA, ME30KAMMaTa U Ap.
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Ha guarpamme paccesHus penepHbix Touek CMbMpu B KIMMaTUYECKMX KoopanHaTtax «Tenaoobecne-
YyeHHOCTb, C2» N «MHAEKC KOHTUHEeHTaNbHOCTM KoHpaga» (puc. 1) npeacrasneHbl KAMMmaapeasnbl fe-
CHbIX Gopmaumit: Keapa, SIMCTBEHHMULbI, COCHbI, U MUXTbl. YUYTeHbl 30Ha/bHble XBOMHble GopMaLMm:
KeAPOBHUKM (neca ¢ ydactmem Kegpa ot 3 40 10 egMHUL, B COCTaBe Mo 3anacy), MMXTapHUKKN U CMeLLaH-
Hble TEMHOXBOWHbIE N1eca U3 enn, NUXTbl U Keapa (COCHbI CMBUPCKOI), IMCTBEHHUYHUKK C LOMUHUPO-
BaHMEM BCeX NCTBEHHUL, (cMbupckoit, MmennHa, KasHaepa), COCHAKM.
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Puc. 1. Kniumaapeanbl NecHbiX XBOMHbIX GOpMaLMit B KIMMATUHECKMX OCAX

O6nactb MecToobuTaHMIN COCHbI B KAMMATMYECKOM npocTpaHcTee CMbupu cABMHYTa B CTOPOHY MaK-
CUMa/IbHbIX 3HAYEHU TennoobecnedyeHHOCTN, MMEEeT LUMPOKMIA Pa3max 3HaYeHUN MO UHAEKCY KOH-
TUHEHTaNbHOCTU. TeMHOXBOWHbIe GopmMaumK (C KeApPOoM, MUXTON, eNblo), MPUYPOUEHHbIE K 061aCTK
MeHee KOHTUHEHTaNbHOTo Kammarta (40 60-65), KOHKYPUPYIOT B LIEHTPasibHOM YacTu cBoero obuiero
KAMMaapeasa, Mpy 3TOM apean NUXTbl CABMHYT B 60/1ee TeNNYI0 M HaMEHEE KOHTUHEHTa/IbHYIO YacTb
KAMMaTMYECKOro npocTpaHcTea. Keap 6osiee yctoume npu HM3KoM TennoobecneyeHHocTn. Hanbo-
Nlee WMPOKUIA NHTepBan AOMUHUPOBAHUA UMEET IMCTBEHHMLA, OHAa AEMOHCTPUPYET BbICOKYIO To/e-
PaAHTHOCTb B 3TUX KJMMATMYECKUX KOOPAMHATaX U HE MMEET KOHKYPEHTOB MPW 3HaYeHMAX MHAOEKCa
KOHTMHEeHTaNbHOCTM Bbiwwe 70 (Ha cesepe) u 80 (Ha tore).

Bu3yanbHbIN aHaNN3 AMarpaMMbl PACcCEAHMUA COMMTACYeTCA C IKCMEPTHOM OLLEHKOM [2]. PenepHble Tou-
KM KegpoBbIX CTaHLMIA CO 3HAaYEHNEM MHAEKCA KOHTUHEHTanbHOoCTM 6onee 70 (puc. 1) 3acTaBUAM K-
cnepTa nposecty bonee TWLATENbHbIN aHaINM3 BCErO Habopa UX XapaKTEPUCTUK. BbIACHMNOCH, YTO 3TH
METEOCTAHLUMM PACMO/IOKEHDbI B TOPHbIX paioHax BoctouHol Cnbupwu, roe pasHuLa Me3OKJIMMaTOB B
AOO0/IMHAX U Ha CK/IOHAX rop, NOKPbITbIX KeAPOBHUKaMU, NO UHAEKCY KOHTUHEHTANIbHOCTU OO0CTUraeT
MaKCMMyMa: NO pacyeTam KAnMmaTonoros, nopaaka 15 eamHuu,. «llogo3putenbHble» AaHHbIe TEM He
MeHee OCTatloTcA B BbIOOPKE, TOUKM He BbIBPAKOBbIBAOTCSA, YTOObI BEPHYTHCA K YYETY ME30K/IMMATOB
npu 6onee peTanbHOM aHanu3e.

Mo TaKoW ke cxeme 6blM NPOaHaNN3MPOBaHbl AaHHbIE B KAMMATUYECKUX 0CAaX TennoobecneyeHHOCTb
- 0CafKM, OCaAKM - MHAEKC KOHTUHEHTaNbHOCTU. [lobasneHbl HegocTatowme ctaHumm [3].

[unarpamma paccesHns To4eK cTaHumit CMbupK B ocax Tensio- 1 BnaroobecneyeHHocTn: «Cymma akTmB-
HbIX TemnepaTyp, C2» n «Cymma 0cafiKoB 3a rog, MM» (puUc. 2) UANKOCTPUPYET CTeNeHb OAHOPOAHOCTM
M CTENeHb NepeKpbITUA CEKTOPHO-30HA/bHbIX K/AaCCOB PacTUTENIbHOCTU. YeTKO BblaenstoTca 06aactu
rocrnoAcTea MacCMBOB TEMHOXBOWHbIX FOPHO-TAEXKHbIX JIECOB M YEPHEBbLIX OCUHOBO-MMXTOBbLIX U Kegpo-
BO-MUXTOBbIX /IECOB, FOPHbIX M KOTJIOBUHHbIX ecocTeneit u cteneit. MeHee YeTKO pasrpaHuyeHbl 1eco-
CTEMHbIE M NOATAEXKHbIE BbICOTHO-MOACHbIE KOMMAEKCHI, naun BIK. Ux uenecoobpasHo 06beauHNUTL B
OOMH «MOATAEKHO-1eCOCTEMHOM» KNacc, YTO cAeNaHo B BMOKAMMATUUYECKOW KnaccuduKaLmmn NecHbIX
aKocuctem rop KOxkHoM Crbupun. Bee aTu Knacchl NepexoaaAT nocaen0osateibHO O4MH B APYroi No mepe
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CHUMEHUSA Tennoo6becneyeHHOCTN M COKPaLLEHNA CPOKOB BereTaumm (no ocu TennoobecneyeHHOCTH),
a TaK¥Ke 3aMeLaloTca APYrMMM BapuaHTammn Npu U3MEHEHUW YBNaXKHEHUA (ryMUAHOCTM Kaumarta).
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Puc. 2. . Knumaapeanbl 30HaNbHbIX KNaccos CVI6VIDVI B K/IMMATUYECKUX OCAX

B Lenom, nosyyeHHas cxema He MPOTMBOPEYMUT pesynbTaTaM, NPUBEAEHHbIM PaHee Ha OCHOBAHWUMU
cneumnanbHbIX pacyeToB NokasaTenen KaMmarta B ropHom penbede [4, 5]. HekoTopbie TouKkM TpebytoT
NOACHEHMWA B paMKax OrpaHNYeHNIN, BOSHMKAIOLMX NPU pelleHnm 3a4a4 BMOKAMMaTMYeCKoro Moaenm-
poBaHuA. Tak, apean ropHO-TaeXHbIX IMCTBEHHNUYHUKOB C 0caakamu meHee 400 MM B rog, Haknagbl-
BAETCA HA apean SIecocTenm 1 AaxKe CTENU - Tam, rae nNpu oveHb 6AU3KUX NoKasaTenax aTMochepHoro
YBNAXKHEHWUS €CTb MEeP3/10Ta U MeP3/I0THbIE MOYBbI. ITO - PAMOHbI OXKHOTO 3abalikaiba, OTMEYEHHble
BbICOKOM KOHTPACTHOCTbIO TMAPOTEPMMUYECKOTO PEXKMMA, CBOMCTBEHHOM PE3KO-KOHTUHEHTA/NIbHOMY
KAMMaTy. 34ecb TpebyoTcA ONOAHUTENbHbIE AaHHbIE O MOYBEHHbIX TEMMEPATYPax v BAAXKHOCTH, NpU-
obpeTatoWmnx poab AMMUTUPYLoLWeEero gakTopa.

OUEHKA PENPE3EHTATUBHOCTU HAKOMJIEHHbIX AAHHbIX

M3 6asbl gaHHbIX «BMOM» BbIBMPAIOTCA 3HAUYEHWUA KAMMATMYECKOro napameTtpa A4S O4HOro U3 us-
y4YaemblXx 06bEKTOB: 30Ha/IbHOMO, CEKTOPHOro NoApasaeneHms pacTUTeIbHOro NOKPOBa MW SIeCHOM
dopmaumn. IToT Habop 3HAYEHUIN KAMMATUYECKUX NAaPaMETPOB MHTEPNPETMPYETCA KaK peanmnsaumm
HEe3aBMCUMbIX OAMHAKOBO pacnpegeseHHbIX CyYyaHbIX BEANUYUH, U3MEPEHHbIX MO OTHOCUTE/IbHOM
LUKane, T.e. HeKoTopas BbI6OpKa 13 reHepasibHOM COBOKYMHOCTM 3HAUYEHMIA 3TOMO KAMMATUYECKOro na-
pameTpa Ans Bbl6paHHOro 06bekTa. Tak Kak penepHble TOYKM 6a3sbl AaHHbIX NPUYPOYEHbl K MOCTam
IMC 1 meTeocTaHLMAM, BbIBOPKA HOCUT CTUXMIMHBIN (ecTecTBeHHbIN) XxapakTep. HeobxogMmo oueHUTb
ee penpeseHTaTMBHOCTb, CMOCOBHOCTb NPEACTaBAATL CTPYKTYPY reHepasibHOM COBOKYMHOCTU B LIe/1IOM
N ee XapaKTepMUCTMKM, 3HaUYMMbIe C TOYKM 3peHMs 3a4a4 UCCNea0BaHUS.

[na npoBepKM rmnoTesbl 0 HOPMaNbHOM pacnpeseneHnumn BbiIbOPKM U OLEHKM PenpeseHTaTMBHOCTU
BbIOOPKM pa3paboTaH pacyeTHbI cueHapuii MS Excel.

CHavana paccymTbIBalOTCA NapameTpbl onucaTeNbHOM CTaTUCTUKM Aana Bbl6paHHOI’O pPAOa OaHHbIX, 3a-
TeM onpegenAaeTca 3Ha4yeHune KOQd)d)MLI,MEHTa Bapunauunm (I'IOKa3aTeJ'IH OTHOCUTE/IbHON M3MEHYMBOCTU

. o o
3HayeHui): v=—-100%, o -cpefsHeKBagpaTUUeCKoe OTKNOHEHUEe, X - cpeaHee apupmeTnyeckoe.
X

Bosnee ToyHas NpoBepKa rMnoTesbl O COOTBETCTBMM pacnpesesieHnsa HoOpMaibHOMY 3aKOHY NMPOBOAUT-
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CA C NOMOLLbIO KpUTEpUA x MupcoHa. [luanasoH 3HaYeHuit napameTpa pa3bunBaeTca Ha MHTepBasbl
(uncno nHTepsanos pasHo K ), WnpnHa nHTepBana paccunTbiBaeTca no popmyne CTapapKeca, AN KaxkK-
[loro MHTepBasna onpefensetca Habnaaeman ( f;) n TeopeTtuyeckas ( f;) yactota pacnpeseneHus.
3HaueHue KpuTepusa MupcoHa paccumTbiBaeTcs no popmyne:

. _&(i-7)

paxm
2

MonyyeHHoe 3HayeHne Xpan CPaBHUBAETCA C TABMUHBIM 3HAYEHUEM KPUTEPUA NPU YPOBHE 3HAUYUMO-
ctm & (0bbluHO @ = 0,05 nnm a =0,01) ¢ uMcnom cteneHelt cBoboAbI, PAaBHOM YNC/Y MHTEPBA/IOB 3a
MMHYCOM Tpex (No uncny GUKCMpPOBaHHbIX MapameTpoB B GOopmy/e HOPMaAbHOTO pacnpeaeneHmna n ¢
Y4eTOM PaBEHCTBA CYMM TEOPETUYECKUX U GAKTUYECKMX YacToT). Ecim Xan 2 Yonai , TO HyAeBan rmnore-
3a (0 HOPMaNbHOCTM 3aKOHa pacnpeaeneHunsn) AoNKHa BbiTb OTBEPrHyTa NP NPUHATOM YPOBHE 3Ha-
YMMOCTHU C BbIYMCIEHHBIM YNCNOM cTeneHel ceoboapbl. Ecnv runotesa o HopmasbHOM pacnpeseneHum
C 3a[@aHHbIM YPOBHEM 3HAYMMOCTU He OTBEPrHyTa, TO METOAOM MAKCMMasIbHOrO NpaBAonoaobus no
AaHHbIM BbIGOPKM PAcCUMTLIBAOTCA OLLEHKM CPefHEKBAAPATUUYECKOrO OTKNOHEHMUA U cpeaHero apuo-
METUYECKOTO reHepasibHOM COBOKYMHOCTY.

A6CONIOTHAA BENIMUMHA NPeaesbHOM OLEHKM OWNBKM BbIGOPpKM (A ), LoBEepUTENbHbIN yposeHb (t) n

t’o?
ob6bem BbIGOPKKM (N ), obecneunBatoLLei Tpebyemyr TOYHOCTb, CBA3aHbl COOTHOLWEHWEM: N = N
3HaueHMe goBepuTenbHOro yposHsa (1) onpeaenser BepoaTHOCTb TOro, UTO cpeAHee Mo reHepasbHOoM
COBOKYMHOCTU He ByaeT OTAnYaThcs OT cpeaHero no Bbibopke 6onblue yem Ha A . C apyroli CTOPOHbI,
npeaenbHan olwmnbKa BbIOOPKM (A ) onpesenset TOYHOCTb, FapPaHTUPYEMYIO € 3aLaHHbIM YPOBHEM 3Ha-
ynumoctu (@ ). Takum obpasom, npesenbHan ownbKa BbIGOPKKM NO3BONAET O4HOBPEMEHHO M B3aMMOC-
BA3aHHO YKa3aTb TOYHOCTb M HAAEXKHOCTb Pe3y/1bTaToB BbIOOPOYHOro UccnenoBaHuma [6].

Tabnuua 1. MHTepBanbHbIE OLEHKM CPEAHMX 3HAYEHUI KAMMATUYECKUX NapaMeTpoB Keapa
(ncnonb3ayerca KoadpdULMEHT foBepua U3 Tabauw, nHTerpana Jlannaca)

Cranpapthan m Hiwan | Bepxuan | gy,
Dosepurenchoni |Koadrdpuupent|  omndra CpenHee no pe,ne;wm Rakuua | rpatkua AOBEPH-
YpoBeHE AoBepua cpeaHero no BLIGopKe oumoKa AoBepH- AOBEPH- | L uHoro
BbIGOpKE BbIGOpKH TeNbHOro TENbHOrO
R rof.- KONWYeCTBO 0CAAKOB B TeYeHHe fofa
90% 164 7.84 580 13| 568] 593 26|
95% 1,96 7.84 580 15| 565] 596 3
99% 2,57 7,84 580 20 5@ 601 40]
GDD10 - ropoean cymma Temnepatyp Boime 10 rpagycos Llenscus
90%, 164 31 1467 50 1417] 1517 101
95% 1,96 31 1467 60 1407] 1527, 121
99% 2,57 31 1467| 79 1388] 1546 158
|
nna - b T noT Hoil 3BanoTy I |
90%) 1,64] 0,09 0,50 0,15 0,35 0,65] 0,30
95%) 1,96] 0,09 0,50 0,18 0,32 0,68] 0,36
997 2,57 0,09 0,50 0,24 0,26 0,74] 0,48|

Mpymep: oLeHKa penpe3eHTaTUBHOCTM HAaKOMIeHHbIX B 6a3e AaHHbIX KIMMaTUYECKUX NapaMeTpoB Ke-
Apa: TennoobecnevyeHHocTb (GDD10), roaoBas cymma ocaakoB B TedeHue roga (Rroa.), koadpouumeHT
noTeHuManbHoM aganoTpaHcnupaumm (MM3). Kaxabiii nsyvaembiii psag sHayeHumii (GDD10, Rroga,., MM3)
- peanusauma He3aBUCUMbIX OAMHAKOBO pacnpefeneHHbIX CayvyaiHbIX BenndnH. PyHKuusa pacnpeae-
JIeHNA NPOU3BO/bHA.

C NOMOLLLbIO PacUYEeTHbIX CLLeHapMEB U 3/1EKTPOHHbIX Tabauy, MS Excel onpeaeneHsi (Tabn.1l) ToueyHasn
M MHTEpBa/ibHaA OLEHKM CpeaHero, npeaenbHble OlWMOKKM BbIBOPKKU MO KaxkaoMy paay KAMMaTUYEeCKUX
napameTpoB Keapa. bonee WMpoKoMy AOBEPUTENBHOMY MHTEPBAY COOTBETCTBYET 60N1EE BbICOKMIA A0-
BEPUTE/IbHbIN YPOBEHb.
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3AK/TIOMEHUE

Co3pgaHa nHbopmaumoHHan 6asa «BMOM», KoTopas BKAtOYAEeT NoKasaTeNn KAMmaTa TeCT-NoIUIOHOB,
MX 30HA/IbHYIO KNaccuduKaLmio, cepmum TUMNOB Neca, AOMUHUPYIOLWME NecHble GopMaLLMM U MHAEKCI
noys. Kaxkgan penepHas TOYKa oTpakaeT 0COBEHHOCTU METEOCTAHLMM 1, BMECTE C TEM, XapaKTepusyeT
nokasaTeNiM KN1MmaTa COOTBETCTBYIOLLErO e 1eCopacTUTENbHOTO nosAca (30Hbl). Knumaapeanbl Takco-
HOB K/laccudMKaLnmM NepeKpbIBatoTcA B 60NbLUEN UAM MEHbLLEM CTENEHWN, OTPaXKan PeanbHblii KOHTU-
HYYM KMMaTUYECKOro NPOCTPaHCTBA. TemM He MeHee BblABASETCA MX 060C06/1€HHOCTb B MHOTOMEPHOM
NPOCTPAHCTBE NPMU3HAKOB, YTO NO3BOAET CTPOUTb BUOKAMMATUYECKME MOLENN PA3HOrO0 TeMaTUYeCcKo-
ro cofepskaHus.

MpoBeaeHa aKcnepTHan NPOBEPKa KOPPEKTHOCTM HaKoMIeHHOM nHbopmaLuu.

[nA OUEeHKM penpeseHTaTUBHOCTM KAMMATUYECKMX NapaMeTPoB 30Ha/IbHbIX, CEKTOPHbIX Noapasaene-
HWI PacTUTENbHOTO MNOKPOBA, a TaKKe apeanos GopmaLMii U APYIMX TAKCOHOB PACTUTENIbHOIO NOKPO-
Ba NOCTPOEHbI PAaCcYeTHbIE CLEEHAPUM INEKTPOHHbIX TabauL,

BNNATOAAPHOCTH

Pabota BbinoaHeHa B pamkax Mporpammsl Mpesnanyma PAH «Buonormueckoe pasHoobpasme», npo-
ekt CO PAH Ne 27.
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MHTErPALUNA NHOOPMALIMOHHbIX PECYPCOB BUOPA3HOOBPA3UA
BAMKAZIbCKOIO PETMOHA B PAMKAX FEOMOPTANIA

In the paper an approach to integration of information resources for Baikal region biodiversity | is presented. The
approach is based on a geoportal providing an attractive set of services. The proposed geoportal uses as well-
known third-party technologies and original technologies being developed by the authors. A number of information
resources based on the geoportal have been developed in the ISC SB RAS.

BBEJEHUE

B HacTosLee Bpemsa B UHCTUTYTax MPKyTCKoOro Ha-
y4Horo ueHTtpa (MHL) CO PAH BeayTca HayyHble
nccnefoBaHus, 6asvpylowmMecs Ha YHUKANbHbIX
npobnemHo- ¥ nNpegMeTHO-OPUEHTUPOBAHHbBIX
6a3ax NpoCTPaHCTBEHHbIX AaHHbIX [1,2,3]. B 6051b-
LWMHCTBE C/ly4aeB CamMM AaHHble U TEXHONOrMKU
MX aHann3a ABNAIOTCA 3aKPbITbIMKU AN1A COBMECT-
HOro MCNoO/b30BaHMA. 1A BKAOYEHUA HOMbLINX
06BbEMOB HAYYHbIX NPOCTPAHCTBEHHBIX AAHHbIX
M OPUTMHANbHbIX aJrOPUTMOB, HAKOMJAEHHbIX
yupexkgeHnamu CO PAH B npouecc nposeaeHuA
MEXONCUMMIMHAPHBIX Hay4HbIX WCCAeA0BAHWUN
reocuctem u 6nopasHoobpasma Mpubaikanba m
3abalikanbA aKTyanbHO co3gaHve WHpopmaLm-
OHHO-TE/IEKOMMYHWUKALMOHHON ~ MHPPACTPYKTY-
pbl, BK/OYalOLWeEN TeppuTOpUanbHO-pacnpese-
JIeHHYI0 cuctemy cbopa, 06paboTKKM, XpaHeHUA
M NpefocTaBnaeHns 6a3oBbIX NMPOCTPAHCTBEHHbIX
N TEMATUYECKMX AaHHbIX U MeTagaHHbIX, Npeso-
CTaBAAOLWEN NONb30BaTENAM YAANEHHbIN JOCTYN
K BINA, meTagaHHbIM U cepBucam.

O6paboTka reodaHHbIX M3HaYaNbHO CYMTanachb
npeporaTMBoi HaCTO/NbHbIX MPOrPaMMHbIX CU-
cTem. ITO Mpoucxoamno us-3a 6onblioro obbve-
Ma obpabaTbiBaeMbIX AaHHbIX, HU3KOW CKOPOCTU
nepefayn fAaHHbiX 4epe3 WMHTepHeT, HedocTa-
TOYHbIM Pa3BUTUEM CPEACTB MO0/1b30BaTE/IbCKOro
MHTepdelica UHTepHeT npunoxeHuin. Ha ceroa-
HALWHMIA OeHb CeTU Nnepeaayn AaHHbIX, UHTepHEeT
TEXHO/IOTUM aKTUBHO Pa3BMBALOTCA, MOBCEMECTHO
YAyYLLan BO3MOXHOCTU MHTEpPHET NPUIOXKEHUIA.
CyliecTByeT TeHAEHUMA nepexofa OT NI0KabHbIX

BbIUMC/IEHUI K pacrnpegeneHHbiM. B yacTHocTH,
aKTMBHO pPa3BMBAlOTCA 06MaYHble BbIYMC/IEHUA
[5] (TexHonorMn obpaboTKM AaHHbIX, B KOTOPbIX
KOMMbIOTEPHbIE PEecypcbl M MOLLHOCTM Npeao-
CTaBNAOTCA MO/b30BaTeNO KaK WHTepHeT-cep-
BuC). MNepeHoc 06paboTKM 1 XpaHeHUA AaHHbIX Ha
yAaneHHble cepeepbl MMeeT pPsAL NPevmMyLLecTs:
Ans paboTbl MOAb30BATE/NO 4acTO AO0CTaTOYHO
MUMeTb TO/IbKO Bpay3ep, Nosib3oBaTeNb He NPUBA-
3aH K paboyemy MecTy, 3HauMTENbHO MNpolue 06-
HOBNEHME M 0BCayKMBaHMe cuctem. MNpumepom
TaKMX CEPBMCOB AB/AETCA CUCTEMA XPaHEHMWs U
peaaktMpoBaHua OoKymeHToB Google (http://
docs.google.com).

B sTOM HanpaeneHWu pas3BMBatoTCA reorpadpu-
yeckne MHdopmauMoHHble cuctembl (FUC), Ha-
npumep FreeGIS Database (http://freegis.org),
Quantum GIS Project (http://www.qgis.org/),
Advanced Geographical Information System for
the Web (http://www.cartoweb.org/), a Takxe
reonopTasbl, ABAAIOLMECA BaXKHbIM 3/1€MEHTOM
MHOPACTPYKTYPbl  MPOCTPAHCTBEHHbIX  AaHHbIX
(nnA) [5,6,7]. Heobxoammo 3ameTuTb, uto B UNA
reonopTasnbl PeanusyloT B OCHOBHOM OYHKUMHU,
CBfi3aHHble C NyBAMKauMein AaHHbIX B UHTepHeT,
T.€. 3arpy3Ky M BM3ya/nM3aumio AaHHbIX, Gopmu-
poBaHve meTanHdpopmaumm u T.4. MpumeHeHne
anroputMoB reoobpaboTkn (4nA BbINOJHEHMUA
33434 aHanM3a) B TEXHONOMMAX 06/1a4YHbIX BblYW-
CNIeHUIA Pa3BUTO A0CTAaTOYHO cnabo. XoTa cyLiecT-
BYIOT MPOrpammbl, peanunsytolime GyHKUUM reoo-
6paboTKM, B OTKPLITOM A0CTynNeE.

MpumeHeHne TEXHO/IOTUIA 0BNayHbIX BbluUC/Ee-

1 CMBUPCKMI HCTUTYT Pr3nonorum n Gruoxmmmum pactennii CO PAH, MpkyTck, Poccus
2 IHCTUTYT AMHaMMKK cuctem m Teopumn ynpasnenma CO PAH, UpkyTck, Poccuna

3 UHcTuTyT reorpadumn CO PAH, UpkyTcK, Poccusa
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HUIA [N NPOBEAEHMA HAYYHbIX UCCef0BaHUMI
ABNAETCA NEePCNeKTUBHbIM HanpaBeHNEM PA3BU-
TMA reoMHGOpPMaATUKM U 0bnasaeT pAaOM Mnpeu-
MYLLLECTB:

- Ob6ecneyeHne HafEKHOrO XPaHeHNA AAHHbIX,
UTo CnocobCTBYEeT HAKOMAEHMIO Hay4yHbIX
OaHHbIX.

- OTKpbITbIA AOCTYN K anropuTtmam, MOAENAM
M MeTogam reoobpaboTKM AaHHbIX, BO3MOXK-
HOCTb MOCTOAHHOIO paclmpeHuns baHKa anro-
PUTMOB.

- OtcyTcTBME HEOBXOAMMOCTM  YCTAHOBKM Y
NoAb30BaTeNA CNIOXKHOIO (YHMKANbHOIO) Npo-
rpammHOro obecrneyeHns u ero obcny»Kmea-
HUA. Ana paboTbl 4OCTAaTOYHO HaMume Bpay-
3epa v cetn MHTepHerT.

- Wcnonb3oBaHue BblUMCNEHMI B pacnpese-
NeHHoW cpeae (MHOrONpPOLECCOpHble cUCTe-
Mbl) 419 PECYPCOEMKMX MPUIOKEHWUI reoo-
6paboTKu.

MepeuncneHHoe Bbiwe MNOAYEPKMBAET aKTyaslb-
HOCTb WMCMO/Ib30BaHUA TEXHONOTMW 06NaYHbIX
BbluMCNeHnI Npun co3gaHum TMC v UNAO v eé ane-
MEHTOB.

OBLUUE NMPUHUUMNBI NOCTPOEHUA
FEOMOPTANA

PaccMoTpym OCHOBHbIE NPUHLUMNMLI (TpeboBaHMA)
NOCTPOEHUA reornopTasa, COOTBETCTBYIOLLErO Tex-
HO/IOMMAM 061a4HbIX BIYUCIEHNNA.

- YpnobcTBo paboTbl. lfeonopTtan AonKeH obec-
neynBaTh: UCNONb30BaHWe Habopa cepBMCOB
reoobpaboTKM M NPOCTPAHCTBEHHbIX AAHHbIX,
pacnpefeneHHblX Ha Pas/IMyHbIX CcepBepax
(Puc 1.); pnsa nonb3oBaTens MCNoib30BaHUE
CepBMCOB, PACMONOXEHHbIX Ha YAa/NIeHHbIX
cepBepax, He OO/MKHO OT/IM4YaThcA OT pabo-
Tbl C NOKa/lbHbIMKU CepBUCaMU; NoaaePKKY
6O/bLUIMHCTBA PacnpocTpaHeHHbIX dopmaTos
NPOCTPAHCTBEHHbIX [AaHHbIX W MPOEeKuunu;.
npegoctasneHne yaobHoro, MHTYUTUBHO No-
HATHOTO MO/b30BaTE/IbCKOTO  WUHTEpPdENCca;
BO3MOXHOCTb ObicTpoi nyb6auvkauumn B UH-
TEePHET KaK AadHHbIX, TaK U MeTadaHHbIX.

- HapgerHocTb. ObecneyeHne HageXHOro xpa-
HEHMA OAHHbIX Ha cepBepe W npeaocTase-
Hue pyHKUMI paboTbl ¢ dpalinoBoit cuctemon
cepsepa. ObecneyeHne pernameHTMPOBaH-
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HOTO [A0CTyna K MoJ/ib30BaTe/IbCKUM CepBU-
cam reoobpaboTkM U NPOCTPAHCTBEHHbIM
JaHHbIM.  CamocTosATenbHOE onpegeneHne
MOCTaBLMKOM perameHTa JAoCTyna K ero
cepBuCamM U OaHHbIM.

Feonopran

FeopaHHkie

Puc. 1. leonopTan Kak eanHan TOYKa AOCTyNa K cepBmcam
reoo6paboTKM M NPOCTPAHCTBEHHbIM AaHHbIM

- PacwupaemocTb. Mcnonb3oBaHWe OTKPbITOM
APXUTEKTYPbI, KOTOPas MO3BOASET pPacLUn-
pATb GYHKUMOHANLHOCTb reonopTtana nyTem
[06aBNEHUA HOBbIX CEPBMCOB, HAXOAALLMX-
CA JIOKaNbHO Ha cepsepe reonopTana, Tak u
YAANEHHO Ha Apyrux cepsepax. MNoaaepskka
cTaHAapToB B 061aCTU reOMHPOPMATUKMN A5
YYETa HOBbIX NPOrPaMMHbBIX CUCTEM, peanu-
3yoWMX GYHKLMM aHanmsa u 06paboTKu, uTo
yBennumMBaeT  MHTeponepabenbHoCcTb MNpo-
rPaMMHBbIX CUCTEM.

CTAHOAPTbI U 3STA/IOHHAA APXUTEKTYPA
FEOMOPTANA

C uenblo cofeincTsnsa B peanusauuu reonopTta-
/0B, OCHOBaHHbIX Ha CTaHA4APTaX U COBMECTUMbIX
c UNA, opranusaumeir OGC (Open Geospatial
Consortium) onybaAnKoBaH NPOEKT CTaHZapTa
[8], B KOTOpOM [aHO onucaHWe 3TaNoOHHOW ap-
XUTEKTYpbl reonopTana (Geospatial Portal Refer-
ence Architecture, GPRA). B aokymeHTe [8] GPRA
paccmaTpuBaeTCA, Kak OCHOBHasA apXWUTEKTypHasn
nnatdopma reonopTanos, KOTOpble NpenocTaB-
NAT UHTEPHET-J0CTYN K reonpoCTPaHCTBEHHbIM
AaHHbIM (M) n cepBrcam reoobpabotku (Cr). Ta-
KWe reonopTasbl MOTYT CTPOUTLCA U3 PA3/INYHbIX
COBMECTMMbIX MPOAYKTOB, KOTOPbIE MCMO/b3YIOT
NHTepdEeNncbl, NPOTOKO/bI U CXEMbl, peanunsyto-
wue OGC OpenGIS cTtaHgapTbI.

Mpeanaraemas B NpoekTe [8] apxMTeKTypa OCHO-
BaHa Ha SOA (Service Oriented Architecture) u
BK/IOYAET 5 cneayroumx Knacca cepBucos.



1. Cepsucbl nopTtana (Portal Services) opraHusy-
0T Ha nopTane eamMHy TOYKy goctyna K M/
n CI, obecneunBsatoT ynpasaeHne U afgMUHK-
CTpUpOBaHME NopTasom. K Takum cepsBucam
OTHOCATCA KAWEeHTbl Bu3yanmsauuu 4, ny-
6anKkaummn n nouncka NA u Cl, ykasatena reor-
padunyecknx HasBaHWM, N3BEYEHMA U yNpaB-
nenwa N, ynpaBneHuna ctunamm, ayteHTudum-
Kauuu n ynpasneHua goctynom K N4 wn Cr.

2. Cepsucbl Busyanmsaumm (Portrayal Services)
obecneynsatoT Bu3yanusaumto MA4. Hanpwu-
Mep, K TaKUM CEPBMCAM OTHOCATCA CepBepbl
BM3yann3aLMmM KapT C MOALEPHKKOM CTaHAap-
ToB OGC Web Map Server (WMS) [9] n OGC
Styled Layer Descriptors (SLD) [10], a Take
cepBepbl BU3yannsaLmm NoKpbITUiA (pacTpos)
C NoAfepKoW obcyxkaaemoro craHaapTa
OGC Web Coverage Service (WCS) [11].

3. CepBucbl Katanoros (Catalogue Services)
obecneumnsatoT nybanKaLmoo, NOUCK U Npoc-
MOTp MeTafdaHHbix o 4 n CI. Hanpumep,
OOHWUM M3 TaKUX CEPBUCOB ABNSETCA KaTanor
meTagaHHbix GeoNetwork [12].

4. CepBucbl aocTyna K gaHHbim (Data Services)
NnpesoCcTaBAAT reonpPOCTPAHCTBEHHON Ha-
nosHeHne u o06paboTKy AaHHbIX, obecne-
YMBalOT AOCTYN K Pas/NIMYHbIM XPaHUAULLAM
reonpocTpaHcTBeHHOW MHopmauumn (peno-
3nTopuam M 6asam AaHHbIX). B yacTHocTw,
Takue cepsucbl obecrneunBatoT 3anpocbl U
noslyyeHne MNpPOCTPAHCTBEHHbIX 0H6BHEKTOB M
aTPUBYTOB K/IMEHTCKOW YacTbio NPUIOKEHMUA
¢ ncnonb3zoBaHnem OGC Geography Markup
Language (GML) [13] Ha ocHOBe cTaHgapTa
OGC Web Feature Service (WFS) [14].

5. CepBucbl re006paboTKM MPOCTPAHCTBEHHbIX
JaHHbIX obecneumBatoT 06paboTKy  npo-
CTPAHCTBEHHbIX AaHHbIX, B yYacTHocTU Bbl-
NONHEHWE TaKWMX OMepauui Kak Cco3faHue
bydepHbIX 30H, OBEp/IeliHble onepaLymm 1 T.4.
Ha ocHoBe cTaHAapTa OGC Web Processing
Service (WPS) [15].

APXUTEKTYPA TEOMNOPTAJIA UHLL CO PAH

OCHOBbIBaACb Ha MPUBEAEHHbIX NPUHLMNAX MNo-
CTPOEHMA reonopTana M CyLEeCcTBYIOLWMX CTaH-
JapTax, pa3paboTaHa ciedylowas apxuMTeKTypa
(puc 2).

ApxuTeKTypa paspabaTbiBaemoi cuUCTEMbI AB-

NAeTCcA KAMEeHT-cepBepHOoi. OCHOBHbIM KOMMO-
HEHTOM Ha CTOpPOHe Mo/sb30BaTensa ABAAETCA
Web-knueHT, paboTatowmii Ha ocHose bpaysepa.
Mpepnonaraetca, 4YTO C NMOMOLLbID €r0 MOXKHO
BbINO/IHUTL BONBLWIMHCTBO PYHKLMI reonopTana.
Kpome Web-knneHTa, BO3SMOXKHO UCNONb30BaHMeE
pa3anyHbIX N’MC 1 Nnpoymx Nnporpamm, NOALAEPHKM-
Batowwmx ctaHaapTbl OGC. Ha cepBepHoOi cTOpoHe
Haxo4MTCA pacClUMpPAEMbIN KOMMIEKC PA3/IUYHbIX
KOMNOHeHTOB. PaccmoTpum 6onee noapobHo oc-
HOBHbIE CEPBEPHbIE KOMMOHEHTbI CUCTEMDI.

Monb3oeatenu I'eonop‘ran
CucTema ynpasnenus
SMDServer Bazamu gaHHBIX
Web- B CHCTEMa XpaHEHWUA
KNWEHT i) AaHHBIX
ynpaenexna
CEpEMcamMu 1
reoAaHHEIMI BeTpoeHHsie cepeucsl
recobpaboTiu
]
]
w "
: £
$
Cepeuce ‘
AEILEL recobpaBoTim ion
Ha BHELUHWX CTOOHHIX METAREHHEIX
pecypcax Pa3paBOTHMKOB GeoNetwork

Puc. 2. ApxuTeKTypa reonoprana

Cuctema ynpaBneHua cepBucamm 1M reogaHHbIMU
(CYCT) ocywectBnset obliee ynpasneHue Hag
reonopTanom. MNpegocrasnsneT cneayowme GyH-
Kumu: Gainosblit MeHegKep, ynpasaeHue A0CTy-
MOM K AaHHbIM M cepBucam, nybankaLmio n oto-
6paxkeHMe NPOCTPAHCTBEHHbIX AAHHbIX, 3anycK
MeTo0B reoobpaboTkm aaHHbIx. CYCI paspabo-
TaH Ha ocHOBe cBODOOAHO-PACNPOCTPAHAEMON CU-
CTeMbl ynpaBaeHuaA cogepmmbim Drupal.

Cuctema xpaHeHus gaHHbix (CX/) - nporpammHo-
annapatHoe obecrneyeHne HaZEeXKHOro XpaHeHuA
AaHHbIX Ha ocHoBe SAN ReadyStorage 3994 c 06-
el CTapTOBOM AUCKOBOW eMKOoCTbio 62 T6alT,
KOTOpPOE rapaHTUPYeT HaAeXKHOEe XpaHeHME NoJb-
30BaTe/IbCKMX AaHHbIX, b6ecnepeboliHyto paboTy
M [4OCTAaTOYHO BbICOKYH CKOPOCTb YTEHMs/3anucu
AaHHbIX. Joctyn kK CX[ npou3BogmtcAa € MOMO-
wbto patnoBoro meHeaKepa.

Cucrtema ynpasneHua 6asamm gaHHbIx PostgreSQL
(c pacwmpeHnem ans 06paboTKM NPOCTPAHCTBEH-
HbIX ZaHHbIX PostGIS) npegHasHayeHa gna xpaHe-
HWA NO/Ib30BATENbCKMX HABOPOB AaHHbIX U CAy-
ebHol nHpopmaumm reonopTana. Pacwmpenune
PostGIS nossonaetr XpaHWTb NPOCTPAHCTBEHHbIE
JaHHble U peanusyeT NOALEP)KKY CTaHAAPTOB
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OGC. YnpaBneHue Hapg 6asamu aaHHbIx (BA) ocy-
wectenaetca ¢ nomowbto CYCI: co3gaHune nonb-
30BaTenelt B/l Ha ocHoBe perucTpauuu B nopta-
Nle, co3faHue CXeM faHHbIX, NpeaocTaB/ieHue
COOTBETCTBYIOLLMX MpPaB AOCTYMa, KOHBEpTaLMio
OaHHbIX U T.A4,.

SMDServer - npegHasHayeH Aaa BU3yanu3auum
KapT B ceTu UHTepHeT. ObecneunBaeT BbICOKYLO
CKOPOCTb O0TOBpaXKeHUs rpaduyeckon u aTpmby-
TUBHOW MHPOPMALMN.

Cepsucbl npegoctaBnaoT 06paboTKy NpocTpaH-
CTBEHHbIX AAHHbIX, T.e. 3TO MPOrpaMmHble eau-
HULbI, BbINOAHAOLWME pas3inMyHble QYHKUMU U
npeaocTaBastoWmMe HEKOTOpPbIN MHTepdenc. Ap-
XUTEKTypa pa3paboTaHa Takum ob6pa3om, 4To6bI
obecneynTb BO3MOMKHOCTb paclMpeHns GyHKLM-
OHANbHOCTM NyTem A06aBAEHNA HOBbIX CEPBUCOB.
BonblwmHCTBO YHKUMIA reonopTana peannso-
BAaHO B BMAE CEPBMCOB, HAaNPMMepP KOHBepTaLus
AaHHbIX U3 oaHoro ¢opmata B ApYrou.

PaccmoTpum 6onee noapobHO OCHOBHble YH-
KUK reonopTana, peasm3oBaHHble KOMMNOHEHTa-
MW apXUTEKTYPbI.

YNPAB/NIEHUE OAHHbIMU

XpaHeHWe AaHHbIX NOAb30BaTesIel OCYLLEeCTBASA-
eTca Ha ocHoBe CX[, SAN ReadyStorage 3994 B
Buae dalinoson cuctembl. Kaxkaomy nonb3osa-
TEN0 NpefoCTaBAAETCA AUPEKTOpPMA B PaMKax
CXA. Co3paHne oMpeKTopun U BblaeneHune cooT-
BeTCTBYHOLWMX npas BbinonHAeT CYCI. YnpaBneHue
dainoBol cMCTEMONM B pamMKax BblAeNeHHON Au-
PEKTOPMM MONb30BaTEb MPOU3BOAMUT C MOMOLLBIO
dannosoro meHeakepa (Puc. 3.).

dainoBbIi MeHeKep

Puc. 3. daitnoBbi meHegKep

daiinoBbln MmeHegkep aBnseTca Yyactbto CYCA m
Nno3Bo/sieT NPOU3BOAWUTL BCE OCHOBHblE omnepa-
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unm ¢ dpannosoit cuctemoit Yepes Web-knmeHTa,
a TaKXe 3arpysKy 1 BbIrPy3Ky AaHHbIX C KOMMbO-
Tepa nonb3osatens. [Aaa ynobcTsa AaHHblE MOXK-
HO 3arpy)aTb W BbIFPyXaTb B apXMBUPOBAHHOM
BMAe. MmetoTcs cneunannsmMpoBaHHble CEePBUCHI,
No3BO/IAOLLME aAPXMBUPOBATL/Pa3apXMBMPOBAThL
OaHHble B CX[.

NYBNIUKALUNA U BUSYANTUSALINA
MPOCTPAHCTBEHHbIX AAHHbIX

[na Bu3yanmsauum NpoOCTPaHCTBEHHbIX OAHHbIX
pa3paboTaH OpUIrMHaANbHbIA CEepBUC, Ha3lblBae-
MbIi SMDServer, KoTopblii, B TOM 4uUC/e, pea-
nmnsyetr WMS ctaHgapT. Mostomy ana pabotbl ¢
SMDServer MoOXKeT UCNo/ib30BaTbCs 060N Ku-
€HT BM3ya/n3aLmm NPOCTPAHCTBEHHbIX AaHHbIX C
noaaep:kkon WMS, Hanpumep, WMPOKO pacnpo-
CTpaHeHHbI web-knveHT Openlayers uan Ha-
ctonbHas N'MC Maplnfo.

SMDServer 6a3upyeTca Ha cneayroLmnx NpUHLM-
nax:

- [aHHble He TpebyeTca pefaKkTUPOBaTb, MO3-
TOMY OHM PACcCMaTPMBAIOTCA KaK HEeU3meHs-
emble;

- nporpamma npocMoTpa A0/KHA 0ToBparkaTtb
BECb 06bEM ZaHHbIX, KaK eauHOe Lesoe;

- Bpems oTobparkeHus Ntoboro pparmeHTa Kap-
Tbl AONKHO ObITb MAaKCMMAIbHO COKPALLEHO;

- OCHOBHas 3agaya - NOUCK MHopmaLuM Ha
KapTe;

- npu HeobxoaumocTn bonee cnoxkHoi obpa-
60TKN BbIOPaAHHbIA GpParMeHT MOXKeT bbiTb
3KCMOPTUPOBAH.

B SMDServer ncnonb3yeTtca opuUrnMHanbHbli Gpop-
MaT npeacTaBieHnA BEKTOPHbIX AaHHbIX, HAa3BaH-
HbIi SMD (Static Map Data). 9to ¢opmat nosso-
naet adpdeKkTMBHO (N0 BpemeHn oTobparkeHun
Ha 3KpaH) BM3yaNn3npoBaTb MPOCTPAHCTBEHHbIE
[AaHHble, BKoYan cBepxbo/iblime MacCuBbl TaKMX
AaHHbIX. Takke SMD no3BosAeT XpaHUTb U 06pa-
6aTbIBaTb CEMAHTUYECKYIO MHOOPMALLMIO, KaK AN
PenfAuMOHHOro, TaK U A1A TeroBoro npeacrasne-
HUA. OCHOBHbIMK OnepaumMAMMW, NPOU3BOLUMbI-
MW Hag AaHHbIMM B popmate SMD, ssnsawoTcs
NpPOCMOTp 1 BblbopKa KapT. MNpw aTom npegnona-
raeTcs, YTO MPOCTPAHCTBEHHbIE [aHHble MOAro-
TaBnusaetca B gpyrux NC c ncnonbsosaHmem mx
AHaZIMTUYECKMUX BO3MOXKHOCTEN. [1na npeobpaso-



BaHMWA TaKMX AaHHbIX B dopmaTt SMD paspaboTaH
pA4, KOHBEPTOPOB M3 Crieaytolwmx dopmartos: SXF/
RSC (TMC NaHopama), APR/Shape (TM1C ArcView),
WOR/TAB (T'MIC Maplnfo), TMC KAMAT. Mpwu 3tom
SMD noapep»uBaeT UMNOPT HE TOJIbKO MeTpuye-
CKOM M CEMAHTMYECKOM MHOPMALUKM, HO U cro-
coba Bu3yanumsaumu.

Ona cokpaweHna B SMDServer BpemeHu Bu-
3yanv3auumn  MPOCTPAHCTBEHHbIX AAaHHbIX MC-
Nnonb3yeTcA: MNPOCTPAHCTBEHHAA  MHAeKcauus
(yckopsieT oTobpaskeHue ¢parmMeHTOB KapTbl);
a TaKXXe COPTUPOBKA CMMCKOB 0HOBEKTOB MO npe-
OenbHbIM MacliTabam (yckopseT oTobpaskeHue
BCeW KapTbl). Mpu copTMpoBKe MO NpeaesibHbIM
macwTtabam KaxKabliA NPOCTPAHCTBEHHbIN 06b-
€KT XapaKTepusyeTcs AManasoHOM MaclTabos,
B KOTOPOM OH oTobparkaetcAa. Cnuckm obbekToB
ynopsazoumBatoTca no ybbiBaHUIO 3HaMeHaTenA
Mmin (OT KpynHbIX OOBEKTOB K Menkum). Kak
TONbKO BCTPeYaeTcAs 0OBEKT, KOTOPbIA CAULLIKOM
Mas, 4Tobbl 0TOBparKaTbCA NPU TEKYLLEM MacLUTa-
6e (Mcur > Mmin[i]), npocmoTp cnN1cka MOXHO
npepsaTb, T.K. 3TO ycn0BUE ByLeT BbIMONHATLCA
M ONA BCEX Nocneayowmx o6bekToB. s MUHK-
MW3aLMU BPEMEHM 3arpysku npeacTaBieHve B
dopmate SMD BktoyaeT B ceba obpas onepaTms-
HOM MaMATK, COAEpPKALUN HeM3IMeHAeMble Npo-
CTPAHCTBEHHbIE AaHHble (KOMMUAALMIO CTPYKTYP
AaHHbIX). Pannn SMD cogep*UT 0b6pa3 namaATn ¢
AaHHBIMW 06BEKTOB M MHPOPMALMIO O nepeme-
LLaeMblX agpecax, HaxoA4AwWwMXcA B 3TOM NamATK.
Mpwv aTom oTCYTCTBYET MHPOPMaLMA O pazbreHun
06/1aCTV AaHHbIX Ha OTAe/bHble 06beKTbl. [aH-
HblI/ NOAXO0A aHANOTUYEH NOAXOAY, UCNOb3yeMO-
MY B UCMOAHAEMbIX daiiax, U NO3BOAAET MHOFO-
KPaTHO YCKOPUTb 3arpy3Ky AaHHbIX B NAMATb.

Yacto gna npeacTaBieHUA CEMaHTUYECKOW WH-
dopmaummn B TUC KarKapbii CNOW KapTbl paccma-
TpuBaeTcA, Kak Tabanua b/l, a 06beKT, CBA3AHHbIN
C 3anucbio, PacCMaTpPMBaEeTCA B KAayecTBe 3Haue-
HMA creunasnbHOro nosa 3Toi Tabauubl. Takxke
ANA 3TOro nNpumeHsaeTca Terosbli dopmat npea-
CTaB/IeHUA CEMAHTUKM, MPU UCTMONb30BaHMUM KOTO-
poro B O4HOM C/10€ MOTYT HaXOAMUTbCA 0OBEKTDI,
OTHOCALLMECA K Pa3HbIM K/laccaM, U XapaKTepusy-
toLLmMeca pasInyHbIMM Habopamu aTpubyTos.

[Ona npeacrtaBneHns cemaHTUYecKon MHbopma-
unm B SMD ucnonbsyetca ctatmyeckana bll, koto-
pas No3BONAET XPaHWUTb HeM3MeHsiemMble Tabnau-

Ubl, NOAAEPHKMBAET BO3MOXKHOCTb 3GEKTUBHOIO
BK/OYEHMA B Tabauuy 6osblIOro Konauyectsa
HeobA3aTesIbHbIX NOMEN, U AOMNYCKaeT Haauume
B OAHOM 3anMCU HECKONbKUX 3HAYEeHWUI OAHOro
HeobA3aTesibHOro nosA. HeMsmeHAEMOCTb 3TUX
[AHHbIX UCMONb3YeTCs ANA ONTUMMU3ALUN XpaHe-
HWA CTPOKOBBIX 3HAYEHUA.

3a cuyeT 3TUX cnocoboB YCKOPEHUA CKOPOCTb pa-
60Tbl SMDServer Ha Pentium IV 3GHz npu paborte
c KapTon MpKyTcKa, KoTopasa coaep*ut 820 Thbic.
061beKTOB (aaHHble 3aHMMmatoT 125 Mb) coctasns-
eT: BCA KapTa oTobparkaeTtcs 3a 3c., 3arpy3Ka 3Toun
KapTbl B NamATb BbinosHAeTcA 3a 10 c.

HaseaHne: *
srid:
MNpeamMeTHan obnactb:

MyTk kK HAGOPY AaHHbIX:
bfm/admin/T kaprel

pLisyuMe

Hp opMaLa 06 MCToUHKKE, M3 KOToporo BbIl NosyyeH onuckiBaemMbii
WH(OPMALIMOHHBIR pecypc:

Koabl knaccubmraropa UDK/YAK (Universal Decimal Classification,
http: //www.udcc.org, http: / /teacode.com/online fudc) (MoMHO ykasar

JHeckonbko KOf0B):

ABTOPbI, CO3faBIIKe MHOPMALMOHHBIA pecypc:

Puc. 4. Ny6aunkauma Habopa JaHHbIX
Mpu 3arpy3ke nonynspHbix dopmaToB KapT B CX[],
NPOn3BOAMTCA aBTOMATMYECKaa KOHBepTauuA B
dopmat SMD u peructpauma 8 SMDServer. daii-
NOBbIV MeHeaKep NPy USMEHEHUUN COAEPHKUMOTO
TOM UNM UHOW AMPEKTOPUM OTnpaBaseT coobule-
HMe MoayNto Ny6AnKaLMM, KOTOPbIM NPU U3MEHe-
HUU coaepXKallmxca KapTorpadpuyeckmnx daiiios B
OVNPEKTOPUM MPOU3BOAUT MUX KOHBEPTALMIO UK
yaaneHue coorseTcTytowmnx SMD daiinos. 3atem
NPOM3BOAMUTCA WX PEerncTpauus B MHWULMANM3A-
uMoHHom daiine SMDServer. MpocmoTp AaHHbIX
B 3TOM C/ly4ae AO0CTYMNeH TO/IbKO BAAAeNbLy AaH-
HbIX. [1n1A NpocmMoTpa AaHHbIX APYrMMM NONb30BA-
TenaMmm Heobxogmma ux nNy6aMKauma, T.e. Nosb-
30BaTe/lb JO/IKEH NOATBEPANUTL Ha CNELNaNbHON
dopme, 4YTO OH KenaeT AaHHble onybsiMKoBaTb
(Puc. 4). Nybankauma npomnssogmTca Habopamm
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JaHHbIX. Habop AaHHbIX 3TO AMpPEKTOpUs C ce-
MaHTUYECKM CBA3AHHbIMU KapTorpadpuyecknmm
CNOSIMM, HAXOAALWMMUCA B OLHOW NMPOEKUMM Ha
oAHY TeppuTopuio. Bo Bpemsa nybavKaumm nosb-
30BaTe/lb [O/IKEH YKa3aTb, B KaKOW AMPEKTOpUN
HaXo4ATCA JaHHble, U BBECTU MeTaZaHHble, Onu-
CcblBatoLLMe co3aBaemMblii pecypc.

YNPABNTEHUE METAAAHHbIMU

CTaHZapTbl MeTafaHHbIX YCTaHAaBAMBAIOT perna-
MEHT B3aMMOAENCTBMUA Y4aCTHUKOB MHPOpMaL M-
OHHOro obmeHa 1 paspaboTumnkos B chepe cosaa-
HWA reonopTanos. C X MOMOLLbIO MOMXHO CO3/a-
BaTb C/10Bapu M KnaccudpukaTopsl, cneumduyHble
ANA MEeXOUCUMNAMHAPHBIX Hay4yHbIX Mccneno-
BaHWW. 33 OCHOBY MPEeACTaBNEHUA U XPAHEHUs
MeTaZaHHbIX B paMKax reornopTana BblbpaH u3-
BeCTHbIM cTaHaapT FGDC-STD-001-1998 (Content
Standards for Digital Geospatial Metadata) - ame-
puKaHcKkuii npotoTtun ISO 19115, ctaHaapT coaep-
KaHUA Ha UMbpoBbIe NPOCTPAHCTBEHHbIE METa-
AaHHble. MexaHU3Mbl XpaHeHUA 1 06paboTKM me-
TafaHHbIX peann3oBaHbl Ha ocHoBe GeoNetwork
[6] cTaHOApPTU3MPOBAHHOM U AELLeHTPASIN30BaAH-
HOM cpeabl ynpaBneHWa NPOCTPAHCTBEHHOW WH-
dopmaumeir, paspaboTaHHoM Ana goctyna K 6a-
3aM reofaHHblX, KapTorpaduyeckum npoayKtam
M CBA3AHHbIM C HUMW MeTaZlaHHbIM U3 Pa3/INYHbIX
WUCTOYHWMKOB, NoBbllaolleln 3¢peKTUBHOCTb 06-
MeHa MPOCTPAHCTBEHHOW MHpOpMaUMen mexay
MHCTUTYTaMWU U ee COBMECTHOE WMCMO/b30BaHWe
nocpeactsom WMHTepHeTa. Takol noaxop obec-
neymMBaeT yBeanyeHne AO0CTYMHOCTU MPOCTPAHCT-
BEHHbIX AaHHbIX Pa3IMYHOro macwTtaba npu npo-
BEAEHUU MEXKANCLUMNINHAPHbIX UCCEA0BAHNN.

CEPBUCDbI TEOOBPABOTKHU

MeToabl 06paboTKM NPOCTPAHCTBEHHbIX AAHHbIX
reonopTana peanunsylTca B BuAe cepsucos. Pas-
paboTaHHanA apxuTeKTypa reonoprtana Mno3BOAA-
eT fob6aBnATb CepBMUCHI, MyTEM WX PerncTpauum
B KaTasiore meTagaHHbIX. [locne pernctpaumm c
nomolbto Web-K1MeHTa nosb3oBaTelb MOXKET
BOCMO/1b30BaTbCA CEpPBMCAMW, WUCMONb3yA CBOMU
JaHHble, M NOAYYUTb pe3ynbTaTbl 06PabOTKM.
BxogHble gaHHble moryT 6biTb B BuAe ¢alinos,
CTPOKOBbIX M YNCNOBbIX MapameTpoB. Pe3ynbTathl
06paboTkM coxpaHawTca B Buae dainos B CX/.
Cepsucbl MoryT 6bITb BCTPOEHHbIMK (T.e. Mmpo-
rPaMMHbBIMWU MOAYAAMM, BbINOAHAOWMMN 0bpa-
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60TKY [aHHbIX Ha JIOKa/IbHOM CepBepe reonopTa-
N1a) ¥ BHELWHMMM (BbIMONHAIOTCA HA YAANEHHbIX
cepBepax M AOMXKHbI NOAAEPXKMBATb CTaHAAPT
WPS). C TOYKkM 3peHns nosnb3osaTtens paborta c
BCTPOEHHbIMU U BHELWHUMM CepBUCAMWU He OT-
nnyaetca. Mpu obpalleHnn K onpegeneHHomy
CcepBUCY MOAYNb YNpPaBAEHUs CepBUCAMMU FeHe-
pupyeT popmy AnA BBOAA Nosib3oBaTenem napa-
meTpoB (Puc. 5). 3atem dopmumpyeTtcs 3anpoc 1
3anyckaetca ob6paboTKa.

Shape ¢aiin, Ha 0OCHOBe KOTOPOro CO3[aeTCH MPUA!
/webfmAestZ/gid/hpoint.shp

HasBaHvie rpyaa Ha Bbixofe: |/webim/est2/gid/hpaint.tif

IKCTEHT KapThl, A1 KOTOPOM CO3/aeTcsA rpuai

Ha3sBaHwvie Nonsa ¢ Z KOOPAWHATOM!
H

Run

Puc. 5. Bbi3oB cepsuca co3gaHua GRID nokpbiTMA Ha
ocHoBe SHP ¢aiina

Pernctpupyemsbiii cepBuC [OMKEH pPeasn3oBbl-
BaTb MpPOrpammuble MHTepdeincbl B3aMMOLENCT-
BMA C reonopTanom. [1na BHELWHWX CEPBMUCOB A0-
eH b6bITb peanusoBaH UHTepdeiic, onpeaeneH-
HbI cTaHgapTtom WPS. B KayecTBe BCTPOEHHbIX
CepBUCOB npeanonaraeTca MCNonb3oBaTb Cylle-
CTBYtOLLEE NpPOrpamMHoe obecneyeHune, KoTopoe
06bl4HO He noaaeprkmsaeTt ctaHaapT WPS. MNos-
TOMY 4719 OpraHM3aLLMm B3aMMOLEeNCTBMA reonop-
Ta/sla C CyLLeCcTBYOLWMM NporpammHbim obecneye-
Huem TpebyeTca co3gaHue cneLmanbHbIX KOMMo-
HeHToB-nocpeaHunkos (PHP Proxy), Heobxoanmbix
ANA 3anycka, cbopa v nepesaym SaHHbIX.

PaspaboTtaH psg cepBucoB 0b6paboTKM reopaH-
HbIX. B 4YacTHOCTM pa3paboTaHbl HUMXKE Caeayto-
e cepBuChl.

dopmupoBaHne GRID paHHbIX, rge B Kaxaow
AYeliKe NOACYUTLIBAETCA KOIMYECTBO HAaXOAALLMX-
CA B HEN BEKTOPHbIX 0O bEKTOB.

TpaHcnauua GRID gaHHbIX B TEKCTOBbIM popmaT u
obpaTtHo. CyuiecTByeT TeKCToBbIM dopmaT npea-
ctaBneHuns GRID gaHHbIX, KOTOPbIN UCNO/Ib3YyeTCA
B HEKOTOPbIX HUB6MOTEKAX 06PAaBOTKM AAHHBIX.

MogennpoBaHve pacnpocTpaHeHus 3arpsasHe-
HWI. [laHHbIV CEPBUC HAa OCHOBE BXOAHbIX AAHHbIX
06 MCTOYHMKAX 3arpasHeHun, penbede, Hanpas-
NleHUn BeTpa U T.A4. no3sonsfeT chopmmupoBaTb



NPOrHO3 KOHLUEHTPALMW 3arpA3HAIOLLNX BELLECTB
B AYeiKax GRID.

BerpoeHHbie
CEepBMChI
PHP recoBpaboTiu
Proxy
Mons3aoeartenwu JNpaEnelne
CEPBUCAMM
WPS
Cepaucs!
recoBpaboTii
CTOPOHHWX
pazpaboTYmMKoB

Puc. 6. Baumopgeictaune cepBMCcoOB C reonopTaiom

dopmMpoBaHME BEKTOPHOM KapTbl pacnonoxKe-
HUA OBBLEKTOB Kpyrnoi Gopmbl Ha PacTpoOBOM
n306pakeHnn. [JaHHbIN cepBUC BbINOAHAET pac-
nosHaBaHWe OBBHEKTOB Ha KOCMOCHMMKaX BbICO-
KOro paspelueHus.

MeToabl 06paboTkn 6ubanotekn GDAL. bubnau-
oTeka GDAL npeactasnaeT 6onbluoi Habop ¢oyH-
Kunii aHanmsa GDAL aaHHbIX.

PaspaboTtaH pag BCromoraTesibHbIX CEPBUCOB, B
YaCTHOCTW, apXMBMPOBAHME [aHHbIX, KOHBepTa-
LA faHHbIX U3 dopmata B popmar.

MH®OPMALMUOHHbBIE PECYPCbI

Ha ocHoBe npep/siaraemoro reonoprana MHCTUTY-
TamMu VIpKYTCKOro 1 bypATCKOro Hay4HbIX LEHTPOB
CO PAH peanusoBaHbl cnegytowme MHopmaum-
OHHble pecypchbl.

1. MHTepnpeTaumMoHHasa Kapta “lpupoaHble
reocucteMbl balilkanbCKOro permoHa u mux uc-
nonb3oBaHMe”, KOTOpas OTPaKaeT CTPYKTYpY
reocuctem, YycnoBua QGYHKLMOHMPOBAHMSA,
rMapoTeEpMUYECKME MapameTpbl, 6uonoru-
YeCKyl NPOAYKTUBHOCTb, F€03KONOTMYECKNI
NOTEHLUMAN, YyBCTBUTE/IbHOCTb K aHTpomMo-
reHHbIM Harpy3kam W CoLManbHO-3KOHOMMU-
yeckme oyHKUuumM (MHctuTyT reorpadum CO
PAH).

2. XpaHuauLe TemaTUYecKMX BEKTOPHbIX reo-
OaHHbIX ANA TeppuTopuUM AeNbTOBbIX pano-
HoB peK CeneHra n BepxHaa AHrapa, Kotopoe
COLEPKUT TeMaTUYecKMe Caou Mo npupoa-
HbIM WM COLMANBHO-IKOHOMUYECKUM YCNOBU-
AM COCTOAHMA TeppuTopuM, reoPpusnyeckune
N TEOXMMUYECKME XapaKTEePUCTUKU TeppuTo-

pUK, a TaKKe MNaHOBO-BbICOTHbIE MeTpuye-
CKMe napameTpbl MPOCTPAHCTBEHHbIX 06bekK-
TOB, W ABNAAETCA MHPOPMALMOHHOW OCHOBOW
ANA MeXAUCLMMNANHAPHbBIX HAyYHbIX Mccne-
[0BaHWUIN OeNnbToBbIX paloHOB o3epa balikan
(BalikanbCKUIA UHCTUTYT NPUPOAONONb30Ba-
Hua (BMM) CO PAH).

. Undposble mogenu penbeda Ha TeppUTOPUIO

bacceiHa o3epa baiKkan v aenvTbl pekn Bep-
XHAA AHrapa, Kotopble asaatotca GRID-no-
KPbITUAMM, CO34aHHbIMU Ha OCHOBE WM30/U-
HUI penbeda U OTMETOK BbICOT U FNy6UH BEK-
TOPHOM ToNorpaduryeckolt OCHoBbl MacliTaba
1:1000000, pasamep CTOPOHbI MPOCTPAHCTBEH-
HoOM AYelKkn - 300 m (BUM CO PAH).

. KapTbl noTeHUManbHOro CToKa yrnepoaa Tpex

BM,0B XBOWMHbIX lepPeBbEB, CO34aHHbIE Ha OC-
HOBe aHa/nM3a CTOKa yrnepoaa no roguyHom
GOTOCMHTETMYECKOM NPOAYKTUBHOCTU XBOW-
HbiX ApeBocToeB WMpKyTckoi obnactn (Cu-
GUPCKUIA MHCTUTYT GU3MONOTUN U BUOXUMUK
pacteHuit (CUOUBP) CO PAH).

. UIHdopMaLMOHHO-aHaMTUYecKan H6asa noKa-

3aTenieit TpaHchopmaL MM yrneposa B PasHbIx
arpoaKoCUCTEMAX, MO3BONAKOLWAA C Y4YETOM
CTPYKTYpPbl MOCEBHbIX M/OWAAEN B OTAENb-
HbIX paioHax AaTb oueHKy banaHca yriepoaa
B arpoakocmuctemax u ammccum CO2 n3 arpos-
Kocuctem 3a rog (CMOUBP CO PAH).

. basa gaHHbIX N0 XBOErpbI3yLMM HAaCEKOMbIM

Balikanbcko Cubupu, BKAtOYalOLWan ceBeae-
HMA 0 141 Bnae XBOErpbI3yLMX HAaCEKOMbIX
n3 14 cemeincts. Mo Kaxkaomy Buay spegute-
nen BblaeneHbl NaHAWadTbl, B KOTOPbIX BO3-
HWKAIOT OYarM UX MacCOBbIX PA3MHOMXKEHUW B
npegenax OTAE/NbHbIX NeconaToNornmyecknx
palioHoB balikanbckoit Cnbupu, ykasbiBaeTca
noBpeXKaaemas Mnopoga W CTeneHb Bpeno-
HocHOCTH, Bubnmorpadpuyeckan csogka (CU-
®UBP CO PAH).

. TemaTnyeckme NpPoCTPaHCTBEHHbIE 6a3bl AaH-

HbIX MO APEBECHO-KO/bLLEBbIM XPOHOMIOMMAM
MpubaiKanbs € TOYHbIMU reorpadnyecknmm
KoopauHatamm u no ¢nope baikanbckoro
pervoHa (poTomaTepurasnbl pacTeHU B Npu-
poae v B repbapun) (CUOUBEP CO PAH).

. basa paHHbIX MO COCYAUCTBIM PACTEHUAM

(opurMHanbHble  maTepuanbl, cobpaHHble
aBTopamu, maTtepuansl repbapues NSK (lep-
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6apuit um. M.T. Monosa, LICEC CO PAH, .
Hosocnbupck) u IRK (fepbapuit CUOGUBP CO
PAH, r. MpKyTCK); BCe faHHble O KOHKPETHbIX
MECTOHAXOXAEeHUAX BUAOB BHeceHbl B Hasy
[JaHHbIX, KOTOpas cenyac BKAtovaeT bHonee
14700 3anucen; nogrotosaeHo cabiwe 10000
unoposbIx poTorpaduin repbapHbIX TUCTOB U
okonio 1000 doTtorpaduin pacteHuii B Npupo-
ae) (CUDPUBP CO PAH).

3AK/TIOMEHUE

Mpepnaraemblin reonopTan ABASETCA BaXKHOM Ya-
ctoto NA, popmupyemoir B MHL, CO PAH. Baxk-
HOM ocobeHHOCTbIO pa3pabaTbiBaeMoro reonop-
Tana ABNAETCA UCNO/b30BAHME HE TO/IbKO U3BECT-
HbIX TexHosnornin noctpoenusa WUMNA (Hanpumep,
GeoServer, MapServer, Openlayers), HO TaKxe
N OPUTMHANIbHbBIX TEXHO/IOTMIA, BK/KOYAA CepBU-
Cbl BM3yanusauuu u reoobpabotku (Hanpumep,
SMDServer). Mpu 3tom reonoptan UHL, CO PAH
OCHOBaH Ha WCMO/Ib30BaHUWN MEXKAYHAPOAHbIX
ctaHgaptoB OpenGIS OGC. 3To obecneumsaer
BO3MOXHOCTb LUMPOKOro MPUMEHEHWUA AAHHOTO
reonopTtana s UMA.

B HacTosAwee Bpemsa MNPOAO/KAETCA pPasBuUTUE
reonoptana (http://geos.icc.ru) B8 HanpasaeHum
pacwmpeHus cepBMcoB 06paboTKu reogaHHbIx. B
YaCTHOCTU peanusyeTcs cMcTema BBOAA M peaak-
TUPOBAHMA NPOCTPAHCTBEHHbIX AAHHbIX, A TaKXKe
cepBucoB 06pabotkm GRID paHHbIX (penbeda).
CospatoTcs cepBucbl 06paboTKM PacTPOBbIX KapT,
B YaCTHOCTM, pacno3HaBaHWe U BblaeseHue pas-
JIMYHBIX NPOCTPAHCTBEHHbIX 06LEKTOB.

BNNATOAAPHOCTH

Pabota BbIMO/HEHA NPW MOALEP)KKE TPAHTOB
POON  11-07-00426-a, 11-07-92204-MoHr_a,
npoekta OHUT CO PAH Ne3 2009-2011, u wuHTer-
paumoHHoro npoekta CO PAH Ne 121 2009-2011.
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Arandjelovic I.*, Keckic D.*

AN INEQUALITY FOR THE HAAR MEASURE

In [Univ. Beograd Publ. Elektrotehn. Fak. Ser. Math. 15 (2004), 85-86], the first author of this paper proved a new
inequality for the Lebesgue measure and gave some applications. In this talk we present its generalization for the
Haar measure. As its applications we give a new proof of Weil’s theorem.

1. INTRODUCTION

Let M be a nonempty set, let R be a o-ring of its
subset and let # be a measure on R. For a se-
quence A, < R of measurable sets, we have the
following inequality:

p(limA, ) < limg (A, )
However, in order to prove the inequality
p(limA, ) <Timz(A)
we must suppose that y(ui*an ) <+oo for at
least one value of n (see [5, p.40]).

By | we denote Lebesgue measure on the set of
real numbers R.

Example 1.1. For a family of intervals
I.=[n,n+1), n=0,1,..., we have: limi(A)=1
and A(limA, ) =0.

In [1] the first author presented the following in-

equality for Lebesgue measure and gave some its
applications.

Theorem 1.2. (I. Arandelovi¢ [1]) Let AC R bea
Lebesgue measurable set with positive measure
and let {x,} be a bounded sequence of real num-
bers. Then

A(A) < A(Tim(x, + A)).
Further applications of this inequality was given
in [3], [4] and [2]. Here, we present its generaliza-
tion for the Haar measure. As its applications we
give a new proof of Weil’s theorem.

2. PRELIMINARY NOTES

Let X be a Hausdorff topological space, let S be a
s-algebra of subsets of X and let m be a positive
measure defined on S. Then m is called a Borel
measure if ¥ =B(X), the s-algebra of Borel sets

1 University of Belgrade - Faculty of Mechanical Engineering
2 University of Belgrade - Faculty of Mathematics

generated by open sets in X, and a topological
measure if B(X)c X, i.e. if every open setisin S.
A topological measure is regular if for any AeX
there holds:

u(A)=inf {1(0): Ac O, O is open}
and
u(A) =sup{u(K): K c A K is compact}

A Radon measure is a regular topological mea-
sure for which x(K) <+ for every compact set
K. Note that in Hausdorff topological spaces with
a Radon measure every point has a neighborhood
of finite measure because any singleton is com-
pact.

If mis a topological measure, AcX and X, € X,
we say that A is of positive measure at X, if
H(ANU) >0 forall open neighborhoods U of X, .
Every compact set of positive measure contains a
point at which it is of positive measure.

Topological measure m on a topological group X
is left-invariant if g(A) = u(xA) forall AeX and
X € X . A left-Haar measure is a left-invariant Ra-
don measure which is not identically zero. Left
Haar measure exists exactly for locally compact
topological groups and they are unique on B(X)
up to multiplicative constant (see [5]).

The identity in group will be denoted by e.

3. RESULTS

Now we present our main result which general-
izes Theorem 1.2.

Theorem 3.1. Let X be a locally compact topologi-
cal group, let m be a left Haar measure, let Ac X
be a measurable set such that 0 < z(A) <+ and
let {X,} =X be a sequence such that {x,} is

ZBORNIK RADOVA e 31



compact. Then
#(A) < u(lim(x, A) (1)
Proof. Let K — A be a compact set. From
lim(x,K) < lim(x,A)
it follows
p(lim(x,K)) < u(Tim(x,A)).
Now we have
w(K) =Timp(x,K) < p(Tim(x,K) ) < g (lim(x,A)) (2)
Since
u(A) =sup{u(K): K is the compact subset of A},
(2) implies (1).¢
Now we give a new proof of Weil’s theorem.

Corollary 3.2. (A. Weil [6]) Let X be a locally
compact topological group, let i be a left Haar
measure and let Ac X be a measurable set
such that 0< g(A) <+w. Then its difference set
AAT = {x x=aa,", a,a, € A} contains a neigh-
borhood of zero.

Proof. Assume that the statementis not true. Then
there exists a compact set of positive measure
K < A such that the difference set KK™ does
not contain a neighborhood of zero. Consequent-
ly, there exists a convergent sequence {Xn} cX
such that limx, =e and {x,} "KK™ =& . From

0< u(K)< y(m(ij))

it follows that the set m(xglK) is nonempty
which implies that there exists t € X such that
{x,t} e K for infinitely many values of n. From
limx, =eit follows that t € K, since K is a closed
set. Thus we have that there exists infinite se-
quences {aj}gK and {xnj}g{xn} such that
X, =a;t" € KK™, which is a contradiction.o
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COMPLEX NUMBERS IN MATEMATICALS PACKAGE “GEOGEBRA” AND

“MATHEMATICA”

Mathematical package “GeoGebra” allows us graphical two-dimensional algebraic display of complex numbers,
while in “Mathematica” complex numbers are displayed as three-dimensional. Advantage of these packages is a
creative to methods of teaching mathematics to students, approaching the subject as interesting and accessible

way. Here are some notable examples of these packages.

INTRODUCTION

Contemporary mathematics teaching is relying
more and more on use of computers and educa-
tion software. Traditional teaching of maths is be-
ing changed by introducing GeoGebra and Math-
ematica in aspects of speed, quality and quantity
of problems. With assistance of these mathemati-
cal programs, students have to adapt to new envi-
ronment in which mathematical terms, rules and
procedures are developed in cooperation with the
teacher, and discover respective characteristics
along the way.

In order for students to switch from mechanical
to creative thinking, we used these programs as
a medium in teaching maths in several classes
of a third grade in Secondary school in Kosovska
Mitrovica. In this article we showed gradual de-
velopment of ideas of students during forming of
up lets in which, with teacher’s assistance, they
described characteristics of complex numbers.

ABOUT GEOGEBRA

GeoGebra is software with DGS features - Dynam-
ic Geometry System and CAS - Computer Algebra
System, which connects geometry, algebra and
analysis. Window for communication (interface)
with GeoGebra consists of three parts: algebra-
ic, geometric and tabulatory. Tasking and object
manipulation can be done via all three windows.
GeoGebra is cost-free and widespread software,
accessible for everybody via Internet, it can be
downloaded from website www.geogebra.org,
and it is translated into Serbian, which is addition-
al advantage for use of this program.

1 High school, Kosovska Mitrovica, Serbia
2 Faculty of Sciences, University of Novi Sad, Novi Sad, Serbia

Students are familiar with similar programs in sec-
ondary schools, so there were no difficulties with
accepting the GeoGebra as additional package.
More serious issue was preparation of teachers
to use GeoGebra during lectures. Basic problem
is reluctance in accepting new technologies in
teaching process as well as adapting to new way
of work. However, with generous help of IT and
maths teacher, this problem was successfully cir-
cumvented. Although the primary results were
very positive, it was obvious that introducing Ge-
oGebra in classroom did not give progress per se.
It is necessary to adjust GeoGebra in a meaningful
and successful manner into study material.

ON COMPLEX NUMBERS AND SOLVING
PROBLEMS IN GEOGEBRA

In third grade of secondary school students learn
how to solve equation model x*+1=0, xeR,
since this equation has no solution in set of real
numbers. By expanding the set of real numbers
into set of complex numbers, this equation, as
well as other similar models, can be solved. Start-
ing with the definition of a complex number and
presentation of basic features of real numbers,
and ending with solving of problems of that type,
complex numbers represent new and relatively
difficult topic for students.

Set of all complex numbers C we define as
a set of all ordered pairs of real numbers:
C={(x.y) | x,y € R}. Operations + (addition) and
(multiplication) we introduce through

(X, y) +(u,v) =(x+u,y+v),

(%, ¥) - (u,v) = (Xu—yv,xv+ yu),

3 Faculty of Traffic Engineering, University of East Sarajevo, Republic of Srpska, Bosnia and Herzegovina

ZBORNIK RADOVA e 33



And inverted value of complex number Z = (X, y)
through

Z_1=£= X _—y
z \ XP+yr X4y )

Curriculum provides to adopt addition, subtrac-
tion, multiplication and division of complex num-
bers written in different forms (as ordered pairs, in
algebraic and trigonometric forms).

Since real numbers are represented as dots of a
straight line (numeric line), complex numbers are
represented as dots of a plane. Such plane that
contains complex dots is called complex plane. In
this system, numbers with form (x,0) are repre-
sented by dots of X —axis. So, we identify complex
number (X,0) by real number X, complex num-
ber (0,0) by real number 0; complex number
(1,0) by real number 1. Complex number (0,1)
is imaginary unit and we mark it with:(0,1) =
where : > =(0,1)(0,1)=(-1,0)=—1. If complex
number z=(X,y) we present in algebraic form
Z =X +1y, than complex numbers z = X + iy and
W=U+Iiv would be:

Z+W=(X+iy)+(U+iv)=(X+u)+i(y+Vv)
Z-wW=(X+iy)—(U+iv) =(x—-u)+i(y—v)
and

Z-W=(X+iy)-(U+iv) = (Xu—yv) +i(xv + yu)

Z X4y Xu+Yyv . yu-—xv
—= T2 7 1 2
W u+iv  u‘+v us+v

In GeoGebra, complex numbers are presented by
related vectors. Complex number z=Rez+1Imz
we present by dot (Rez,Imz). Two sliders Rez
and Imz enable us to present different com-
plex numbers, as shown on Picture 1. In GeoGe-
bra, first we must define independent paticles
(sliders) a,,b;,a,,b,, then dots A=(a,b) and
B =(a,,b,), which depend on sliders. Wiﬂ(o, 0)
we mark coordinate beginning, and u=0B with
v =0B are vectors of positions of dots A and B.
Dot A’ is defined by translation of dot A for vec-
tor v and matches with dot B’ defined by transla-
tion of dot B for vector u. Vector TA’, and vector
O—B’, is summation of vectors U and V, i.e. vectors
OA’ and OB’ (OA=0B') represent summation
of complex numbers (a,,b) and (a,,b,). After
adding text and so-called “decoration” of work,
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students successfully adopted first phase of using
GeoGebra. Process we described gives final result
shown on Picture 2.
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Complex number z = x+iy # 0 we can present in
trigonometric form

z=p-(cosp+i-sing),

p:\/X2+y21

And angle ¢ is determined by

. X
Slngz):l and cos¢ =—.
P P
On Picture 3 we showed complex number in alge-

braic and trigonometric forms.

where

Imz =1 I
I
I
I
p=1.56 :
Rez=1.2 |
B —— |
o0 i
a 1
z=1.2+1i | z=1.56(cos(39.81°) + | sin(39.81°))

= trignometrijski oblik

 algebarski Oblilj

Pic. 3.



Pic. 4.

In GeoGebra is possible to present all complex
roots of one. On Picture 5 we showed sixth roots
of one. Students defined independent particle
(slider) k that has values 0,1,2,3,4,5 and drew a
circle. According to Moaver’s formula:

2k

QﬁzcosZkT”HsinT, k=01...,5,

In this way we get sixth root of number one. These
roots could be presented by dots:

A Z(COSZk—ﬂ,SiHZK—”j, k=01,...,5.
6 6
- m o RIR'E
257 =242
2z, =- zg =1
1. ey
2733 57272

Pic. 5.

During the lecture on complex numbers with use
of GeoGebra, we referred students also to use
“GeoGebra Help: official instruction 3.2” written
by Markus and Judith Hohenwarter, and translat-
ed into Serbian by Dragoslav and Djordje Herceg,
as well as to work of Sima Suljic: “Complex num-
bers in GeoGebra”.

Mathematical package GeoGebra enables us to
show students complex numbers and operations

both in graphical and algebraic manner. There we
can see advantages of this program, because it al-
lows us to have more creative approach to teach-
ing maths as well as better visualization of terms
we introduce. Also, this way of work is more inter-
esting to students and gives them an opportunity
to experiment as well.

ON MATHEMATICA

Mathematica is a program package for mathe-
matical and other use. It is especially suitable for
processing of numerical data, enables symbolical
processing and has a system for graphical presen-
tation of data and functions, since it has a lot of
different operations. These are reasons why this
program is popular with professionals who deal
with natural, mathematical and technical scienc-
es. Mathematica is present in education, espe-
cially Mathematica Player which is cost-free and
contains thousands of applications prepared for
teaching.

Introducing of Mathematica into lecturing is very
demanding work, especially having in mind the
fact that commands in this program package are
not translated from English into Serbian language.
Even bigger problem than language barrier is the
fact that teachers of mathematics ae very reluc-
tant to use this program in lecturing. Those were
the reasons why we presented this program to
students in this school year through various exam-
ples given.
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belizens C.A.}, Yybapos /1.5.*
MATEMATUYECKOE MOAE/TMPOBAHUE OMNON3HEBbIX BOJIH ULYHAMMU
B PEAJIbHbIX AKBATOPUAX

This paper presents the results of simulations of the historical landslide tsunami in 1998 off the coast of Papua New
Guinea using the model of the landslide as a quasi-nondeformable body moving along a spatially inhomogeneous
slope under the influence of a set of forces. The comparison is shown with results obtained for the initial data,
calculated using the well-known software package, TOPICS, as well as with the simulation results of this event by
other authors. Based on the computational results and their comparison with field data the most likely trajectories
of landslide are identified.

BBEAEHUE

MN3BecTHO, 4To LyHamu y nobeperbs Manya-Hosown MBuHen 17 ntona 1998 r. 66110 NOPOXKAEHO CXOA0M
60/1bLWIOro NOABOAHOIO OMNOA3HA. ITO COBbITME XOPOLLO UCCNeA0BAHO U AOKYMEHTMPOBaHO [1,2], yto
Nno3BOAET UCMO/Ib30BaTb €ro B KaYecTBe TeCTOBOro Npumepa A4 OLLeHKM PasInNYHbIX MOAXOA0B K MO-
OEeNnMpoBaHMIO0 ONON3HEBOrO MEXaHW3MA reHepaL My LyHamu.

B paboTe mM3naratotca pesynbTatbl NpUMeHeHns npeaaoxkeHHon .C. XakumssaHoBbIm [3] mogenu asu-
YKEHUA NOABOAHOrO OMOMI3HA MO CKAOHY NPOWM3BONbHOM GOPMbI K 3aZaye BOCMPOU3BELEHUA 3TOrO
cobbITMA. B paccmaTprBaemon moaenn ononseHb NpeacTaBafaeTca KBasnHeaebopmmpyembiM TENOM,
ABUXKYLMMCA BAONb NPOCTPAHCTBEHHO HEOAHOPOAHOIO CK/AOHA NoA AeUCTBMEeM 3afaHHoOro Habopa
cun. BonHbl Ha NOBEPXHOCTM MOKPbIBAOLLLETO ONOA3EHb C/10A BOAbI MOAENMPYIOTCA C UCMOb30BaHUEM
KNaCCUYECKMX HENMHEWHDbIX YPAaBHEHNN MeNKOl BoAbl. YNCNIEHHble anropuTMbl OCHOBAHbI Ha MeToze
dinepa M KOHEYHO-PA3HOCTHOM cxeme Mak-Kopmaka Ha paBHOMEpPHOM CeTKe.

MpoBeaeHo cCoOMoCTaB/ieHNe C pe3yibTaTaMu, NOMYyYeHHbIMW Ha OCHOBE Ha4aslbHbIX AAHHbIX, paccyu-
TaHHbIX M3BECTHbIM NMPOrpaMmmHbImM naketom TOPICS, a TakKe ¢ MaTepuanamm MOLENMPOBAHUA 3TOrO
cobbITMA gpyrumu asTopamu [2,4,5] n HaTypHbIMM AaHHbIMK [1,2]. Mo pe3ynbTaTam 3TOro CpaBHEHUS
onpezaeneHbl Hanbonee BEPOATHbIE TPACCHI ABUMKEHMA ONON3HSA.

HATYPHbIE JAHHbIE

B nepsyto ouepesb, ONON3HEBOE NPOUCXOKAEHME PACCMATPMBAEMOrO UCTOPUYECKOTO COBbITUA NoA-
TBEPXKAAETCA TeM, YTO COMOCTaBAAEMOE 3TOMY LyHaMM 3eMIeTPACEHME MO CBOUM 3HEPreTUYeCcKUm
XapaKTePUCTUKAM He MOII0 NopoAMUTb BONH Habawoaaswelca amnanTtyabl. Ero nepeblii, OCHOBHOW,
TONYOK MMEN MarHuTygy nopsaka 7.1, u, Kak nokasanum pesynbtaTbl MOAENMPOBAHMUA [2], NpU 3TOM Ha
nobepexkbe MOrn BO3HUKHYTb BOJIHbI BbICOTOWN He Bonee ABYX METPOB, B TO BPEMSA KaK B PeanbHOCTU
OHM gocTuranun otmeTku 15 meTpos. BTopolt paKT, cBUAETEeNbCTBYIOWMI B NOAb3Y ONOA3HEBOrO Npo-
UCXOXKAEHMWA, - BDEMA NPUXOAa BONH. M3 NOKa3aHUI o4eBUALEB CeAyeT, YUTO MAaKCMMasibHble BOJHbI
NoZOLWAN K NobepeXbto ToNbKO Yepe3 20-25 MUHYT Noc/ie NepBoro ToM4Ka, B TO BPEMA KaK B C/yyae
CEMCMMYECKOTO XapaKTepa UX reHepaLymm BOJIHbI AOMKHbI ObIAW MPUATU NPAKTUYECKU cpasy. TpeTui
ApryMeHT OCHOBaH Ha aHaAu3e pacnpeseneHma MakCMMasbHbIX BbICOT BOJIH BLO/Ib bepera, XxapakTep-
HOM MMEHHO AN ONON3HEBbLIX COObLITMIA. PeanbHoe (HaTypHOe) pacnpefeneHne BbICOT BOAH BAO/b
nobepexba [2] npuBeseHo HuMKe Ha Puc. 1 cnesa. Kak BUAHO, OCHOBHOM MUK BbicOT (A0 15 meTpos)
NpPUXoANTCA HenocpeacTBeHHO Ha 3aame CuccaHo (Sissano Lagoon); BTOpoi NWK, Y4yTb MeHblumii (12
MeTpoB), HabatogaeTca npumepHo Ha 0.1 rpaayca BocTovHee. [lanee no 06enm CTOPOHAM aMNAnUTYAbI
Pe3KO YMEHbLUAOTCA, TaK YTO NPOTAXKEHHOCTb HeperoBoi MHUK, rae 3adUKCMpoBaHbl BbiCOTbl 6onee 8

1 UHCTUTYT BblUMCAUTENBHbBIX TexHoNormi CO PAH, HoBocnbupck, Poccus
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MeTpoB, He npeB.biwaeT 0.2-0.3 rpagyca. Takas y30CTb y4acTka Nnobeperkba, UCMbITaBLUEro BO3AENCTBME
BOJIH, ABNAETCA XapaKTEPHOMN YePTOM MMEHHO 417 ONON3HEBbIX COOLITUI. Kak Bbl10 NoKasaHo nocne-
AYIOWMMU SKCNEeAULMOHHBbIMU HAaTYypPHbIMKU nccnegoBaHmamm [1,2], Hanbonee BepoATHbIM U, GaKTU-
YeCKM, y¥Ke LO0KAa3aHHbIM OKOHYATEe/IbHbIM PACMOI0XKEHUEM OMON3HA, BbI3BaHHOIO 3eM/IETPACEHMEM U
NMOCNYMBLUEFO NPUUYNHOM 06pa3oBaHMA KaTacTPoPUUECKMX BOH, ABAAETCA TaK Ha3blBaeMblli «amdu-
TeaTp» ¢ mybuHamm ot 600 fo 2500 meTpoB, pacnoNoXKeHHbI HAaNPOTMB 3a/1MBA B HaNpaB/ieHWM Ha ce-
Bepo-BOCTOK. Ha Puc. 1 cnpasa nokasaH COOTBETCTBYIOLLMI KOHTYP OMOA3HA Ha CKJOHe U3 paboTbl [1].

measured maxinum water level

anhe
%

latitude (§)

Sissano M
31 Lagoon

+ o W#{Ef 5

Adtape ‘\

1419 142 142.1 1422 1423 1424
longitude (E)

Puc. 1. Cxematuyeckoe n3obpaskeHue pacyetTHol 06,1acTu (ceBa, BHU3Y) C OTMEUYEHHbBIMM (+) NONOKEHUAMM TOHEK U3-
MepeHMA BbICOT BOJIHbI LiyHaMu, pacnpeaeneHme 3Tux BbiCOT BAO/b 6epera (cnesa, BBepxy). M30AMHWUMU ray6uH
pacyeTHo 061aCTV C OTMeUeHHbIM (6e/1blil KOHTYP) KOHEYHbIM NOJIOKEHWEM OMON3HEBOM Macchl (cnpasa).

MOCTAHOBKA 3AA4YU

Mp1 NpoBeAeHUN BbIYUCIUTENIbHBIX IKCMEPMMEHTOB B KayecTBe rMapoAvHaMMUYEcKon Mogenn pac-
NPOCTPaHEeHNA NOBEPXHOCTHbIX BOJIH MUCMO/Ib30BA/INCh KNAaCCUYECKME HENUHENHbIE YpaBHEHMA Men-
KOV BOAbI B AEKAPTOBOW CUCTEME KOOPAMHAT, annpOKCMMMUPOBAHHbIE C UCMONb30BaHMEM aHaiora Ko-
HEYHO-Pa3HOCTHOW cxeMbl Mak-KopmaKa Ha paBHOMEpPHOW ceTKe. [BUKeHKe OMo/I3HA ONMCbIBANOCh
MoAenbio KeasnHedepopmmpyemoro Tena [3], ABUNKYLLEeroca no NpoCTPaHCTBEHHO HEOAHOPOAHOMY
penbedy gHa NoA AENCTBMEM CUA TAXKECTW, BbITANIKUBAHMSA, TMAPOAMHAMMYECKOTO CONPOTUB/EHNA U
[OHHOTO TPEHUA C Y4eTOM NPUCOESNHEHHOM MACChI.

McxopHoe pacnpegeneHune rmybuH B pacyeTHol 06aacTi, NoayvyeHHOe Ha OCHOBe BUAMHEWHOW WH-
Tepnonauumn maccuBa baTumeTtpuyeckoin MHbopmaumm Gebco (http://www.gebco.net/), npuseaeHo
Ha Puc. 2 cneBa. Micnonb3oBaHKWe 3TOro pacnpeaeneHumsa 410 pacyeTa TPAEKTOPUN ABUKEHUA OMON3HA
OKa3a/10Cb HEBO3MOKHbIM B CUy HEAOCTAaTOYHOM FNALKOCTM COOTBETCTBYIOLWEN ANCKPETHON QYHKLMM.
Moatomy B XoAe BbIYNCIUTENbHBIX IKCMEPUMEHTOB A9 MOAE/IMPOBAHUA ABMXKEHNA ONON3HA UCMO/b-
30BasICA MACCUB, NOJIYYEHHbIN B pe3ysibTaTe NPUMEHEHUA NPOLEAYPbI CIIAXKMBaHNA AEBATUTOYEYHBIM
dunbTpom lMaycca M3 MHCTPYMeEHTaNbHbIX cpeacTs naketa Golden Software Surfer (cm. Puc. 2, cnpaBa),
B TO BPeMs KaK AN pacyeTa pacnpoCTPaHEHUA NOPOXKAEHHbIX ONOA3HEM MOBEPXHOCTHbLIX BOJH BMO-
He [OCTAaTOYHOW OKa3anacb MaAKOCTb UCXOAHOM 6aTMmeTpun. [LonosHUTENbHbIE TECTOBbIE PacyeTbl
NoKasann, YTo NPUMEHEHNE YNOMAHYTOrO CrIAXKNBAHUA HE NMPUBOAMUT K CYLLECTBEHHOMY UCKAXKEHUIO
MCKOMOW TPaeKTopuMu.

BbIMUCNTUTE/IbHBIE SKCNEPUMEHTbI

M3BecTeH paa pe3ynbtatoB MOAeNNpPoBaHMA LyHamn 17 nona 1998 r., nony4eHHbIX C UICNOb30BaHMEM
Pas/IMYHbIX NOAXOLOB K MOAENNPOBAHUIO ABUMKEHMA KaK ONOM3HSA, TaK U OKPYIKAIOLLLE ero KUAKOCTH.
Tak, Hanpumep, B cTaTbe [4] MogennpoBaHMe BCEro NpoLecca NPOBOAMAOCH B PaMKax MOLENU ABYX-
CNIOVHOM XMAKOCTU CO CNOAMM PA3/IMYHON MAOTHOCTM M BA3KOCTM, B TO BPEMSA Kak aBTOpbl paboTbl
[5] ucnonbsoBanu gnsa pacyeTa HadanbHbIX Noseit naket TOPICS ¢ nocneayowmMm moaennpoBaHUeEm
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pacnpocTpaHeHMs BOJIH M MX HaKaTa Ha Beper Kak Nno KAacCMYECKUM yPaBHEHMSAM MEJIKOW BOAbl, TaK
N B PamMKax HeNMHEWHO-ANCNEePCUOHHbIX NPUBANKEHUIA. NP 3TOM HaZ0 OTMETUTb, YTO B NEPBOM U3
3TMX paboT ABWKEHME OMOM3HA 3343aBasiOoCh B CEBEPO-BOCTOMHOM Hanpas/ieHWW, U NoayyYnBLIeecs B
pesynbTaTe TakMX pacyeToB pacrnpeaeneHme BbiCOT BOJIH BAO/b Nobepeskba, Ha Hall B3rnag, baunke K
HaTYpPHOMY, TaK KaK MMeeT IPKO BblPaykeHHbI OAMH MUK KaK pas B palioHe 3a11Ba CUccaHo, B TO Bpems
Kak BO BTOpOWi paboTe, rae ABUMKEHME 3a4aBasoCh B CEBEPO-3anagHOM HanpasneHun, Habaogaertcs
ele 1 «NoBOYHbIN» OLLYTUMBbIN MUK CYLLECTBEHHO BOCTOYHEE 3TOrO 3a/1IMBa.

Puc. 2. Penbed AHa v cylum B pacyeTHoW 06aacTv: cnesa - UCXoAHaA BaTUMETPUA, CNPaBa - CIAAXKEHHbIN
penbed, NCNONb30BaHHBIV ANA pacyeTa TPAaeKTOPUM ABUKEHUA ONON3HA.

Llenbto nepBoro atana HacTOALLEro MCCAef0BaHMA CTaio COMOCTaBAEHNE C HAaTYPHbIMU AaHHbIMU pe-
3y/IbTAaTOB PACYETOB, B KOTOPbIX A4/1A 334aHMA HaYabHbIX AaHHbIX MCMOAb30BACA NPOrPAaMMHbII NakeT
TOPICS. 3HayeHMA NapameTpPOB ONONA3HEBOrO ABMXKEHMA, NogaBaemblx Ha Bxog naketa TOPICS, coot-
BETCTBOBA/IM 3HAYEHMAM, UCMONb30BAHHbIM B aHANOMMYHOW CUTyaL MM aBTopamu pabor [5, 6]. B nep-
BOM C/ly4ae 370 6bian: gainHA ononsHa - 4200 m, wupurHa - 4500 m, TonwmHa - 760 m, oTHOCUTENbHAs
NAOTHOCTb - 2.1463, HavyaibHOe 3ary6ienHne - 1420 m, HauyanbHoe yckopeHue - 0.51 m/c?, makcumarib-
HasA CKopoCTb - 23 M/c, Bpema ABUsKeHus - 88 ¢, AnnHa nytu - 980 m, asumyT TpaekTopum - 11 rpagycos
NPOTUB YaCOBOW CTPENKM OT HAaNPaB/AEHWUA Ha ceBep.

Kak nokasbiBaloT NnpuBeaeHHble Ha Puc. 3 KapTuHa cBeYeHMA 1 pacnpeseneHne MakCMmasabHbIX BbICOT
BOJIH BLLO/Ib 6eperosoit IMHUK, B CTOPOHY Nobepekbs pacnpoCTPaHAETCA ABa OCHOBHbIX «/ly4a» sHep-
rMK - U3 3a/iHel YacTu HavyaIbHOTO BO3BbIWEHUA U U3 NepeaHei. [py 3TOM ecnuv Nepsblii U3 HUX, KaK U1
CNefoBasio OXuMAaTb, Hanpas/eH B CTOPOHY 3aimMBa CUCCAHO, TO CBA3AHHbIN C NepeaHel YacTbio BO3-
MYLLLEHMA SKCTPEMYM B pacrpenesieHnmM BbICOT BO/IH K 3anajy OT 3a/1MBa HAab/OAEHMAMM HE 3aMeYeH.
MpuHUMAManbHOe OTIMYME UCNOIb3YEMOM aBTOPaMM MOLENN ONOA3HEBbLIX LlyHamMK OT Mogenew, uc-
nonb3ytolmx naket TOPICS, cOCTOMT B TOM, Y4TO 3TOT NAKET PacCcuYMTbIBAET HaYaslbHbIe MNOMA CMELLEHWUH
YPOBHSA BOAbI U TOPU30HTaIbHbIX CKOPOCTENM MO 3MNUPUYECKUM COOTHOLLIEHMAM Ha OCHOBE 33JaHHOT0
Ha OCHOBE «YMO3PUTE/IbHbIX» OLEHOK UccnesoBaTenss Habopa 3HaYeHMI NapaMeTpPoB, B TO BPeMsA Kak
MOZie/1b aBTOPOB BOCNPOU3BOAMUT COBCTBEHHO ABUMKEHME ONO3HSA (ONpeaenan B TOM YNC/Ie XapaKTepu-
CTMKU OBUNKEHUSA, ABNAIOLMECS BXOAHbIMM NapameTpamu naketa TOPICS), KoTopoe, B CBOIO ovepenp,
NnopoXKAaeT BO/IHOBbIE MO/A, B 3aBUCMMOCTM OT pPeanbHOro pacnpeseneHusa rmybuH 1 mectononoxe-
HWA BCErO OMOA3HA, @ HEe TONIbKO ero LleHTpa Macc. B pamKax 310l Moaenu BOCNpon3BECTU ABUKEHME
C NepeyncaeHHbIMM Bbllle XapaKTEPUCTMKAMM He yaanocb. Hanbonee 61M3KMM OKa3anoch ABUKEHUE
C Ha4YanbHbIM yckopeHunem 0.34 m/c?, MakcMManbHOM CKOPOCTbIO 16 m/c, BpemeHem asukeHus 190 c,
anvHol nytn 1500 m, a3MmyTom TpaeKTopuu - 9 rpaycoB K 3anafy OT HanpaB/ieHUA Ha ceBep. Takol
pe3ynbTaT COOTBETCTBYET OMNO/3HIO C AAMHON 4500 m, wupuHoin 5000 m, TonwmHom 760 m; npu sTom
OTHOCUTENbHAA MNOTHOCTb pPaBHANACb 2.1463, KoaddULMEHTbl NPUCOESUHEHHOM MAcChbl U TMAPOAU-
HAaMWYECKOro CONPOTUBAEHUA BblIN HYNEBbIMM, YFON TPEHUA paBHAACA 6.25 rpasycoB, a HavyanbHOe
3arnybneHue - 1600 m.
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Puc. 3. MogenvpoBaHue LyHaMy OT Ha4ya/IbHOrO «OMOJI3HEBOrO» BO3MYLLEHWNA, OnpeaesieHHOro C NOMOLLbIO MakeTa
TOPICS: cneBa - pacnpegeneHne MakCMmasbHbIX BbICOT BOJIH 3a BCe BpemMA pacyeTa, crpaBsa - CXematuyeckoe
n3obpaskeHune pacyeTHow obnactv (BHWU3Y) U pacnpegeneHune BbiCOT BOH BAO/Ib Nobepeskba (cBepxy).

MpuBeaeHHble HUXKe (Puc. 4) KapTUHA CBEYEHUA U pacnpeseneHne MaKCUMabHbIX BbICOT BOJIH BAO/b
6eperoBoi IMHUU OEMOHCTPUPYIOT 3HAYUTE/IbHOE YMEHbLUEHWE AaMMANUTYL BOJIH, ONpeaeNeHHbIX C

MCNONb30BaHMEM MOAENN KBa3nHeAepOPMMPYEMOro ONo/3HSA, Kak BO BCEW aKBAaTOPUM B pacyeTHOM
obnacTu, Tak u B61M3M nobepexbA.
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Puc. 4. Pe3ynbTaTbl, NOAYYEHHbIE C UCMOAb30BAaHUEM MOAENN KBa3nHeaedbOPMMPYEMOro OMnoa3HA: CaeBa -
pacnpegesneHre MakCMManbHbIX BbICOT BO/IH 3a BCE BPEMA pacyeTa, Crpasa - CxemMaTuyeckoe nsobpa-
KeHue pacyeTHol 06aacTu (BHU3Y) U pacrnipeseneHune BbiCOT BOIH BAO/b Nobepexba (cBepxy).

Ha cnepytowem atane paboTbl 6blna NpeanpuHATa NONbITKA ONpeaenTb HayaibHOe NOM0KeHWe Ono-
3HA, NOPOXKAAIOLLETO BOJIHY LlyHaMM, MPOABEHNe KOoTopol y bepera Hanbonee COOTBETCTBYET pesysib-
TaTam HaTypHbIX 06cnesoBaHUN.

Mpy NOCTaHOBKe 334a4 BbIYUCIUTENBHOMO 3KCNepUMeEHTa b6blo paccmoTpeHo 11 BapuaHTOB TaKoro
HaYa/NIbHOro MOJIOXKEHMA, B TOM YNCNE U ManoBepoATHble (Puc. 5); xapaKTepHble napameTpbl 3a4a4n
Obl/IN TAaKOBbI: AJIMHA 0NOoA3HA - 4500 M, WwurpmrHa - 5000 m, ToNwMHa - 760M, OTHOCUTE/IbHAA NAOTHOCTb
- 2.1463, K03ddMUMEHTbI NPUCOEANHEHHOW MACCbl Y TMAPOAMHAMUYECKOrO conpoTuasaeHus - 1.0, yron
TpeHua - 5 rpagycos. C y4eTom 3a4aHHOro penbeda AHa ONOA3HU C HAYa/IbHbIMWU MONOXKEHUAMM LiEH-
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Tpa macc B TovKax 1, 2, 3, 10 ctapToBav ¢ ogmnHakoBow rnybuHbl 2000 meTpoB, B TOUKax 4-9 - ¢ ry6uHbI
1400 meTpoB, a B TouKe 11 - ¢ rny6mHbl 1750 meTpos. NMonyunslimecs B pesynbTaTe pacyeToB TPAEKTO-
pun auxkeHuna (Puc. 5) LeMOHCTPUPYIOT Kak BO3MOXHOCTb OCTAHOBKM OMOA3HA NocepeanHe CKAOHA
B «amouTeaTpe» Ha rybuHe nopsaka 2500 meTpoBs (TpaekTopumn 1-6), Tak U ero ABUNKEHME 40 CaMO
rny6okow Yyactu (cBbiwe 3500 meTpoB) akBaTopuKM (TpaekTopun 7-11).

Hanbonee cooTtseTcTByOWMMM Npomn3oLlesalemy B 1998 r. cobbITUIO OKa3aiMCb TPAEKTOPUN ABUNKE-
HUA U pacnpeseneHns BbICOT BONH BAOMb 6eperoBon AMHUN AN HAYaNbHbIX NONOMKEHUN ONON3HA B
TOYKax «5» N «6», C OCTAHOBKOM OMNON3HA B «ambuTeaTper.
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so000.]
30000
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10000
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0 10000 20000 30000 40000 50000 60000 70000

Puc. 5. HavanbHble nonoxeHua LEeHTPOB MacCC BEPOATHbIX OnonsHewn un COOTBETCTBYHOLLMNE TPAEKTOPUN OBUXKEHUA.

[nsa yTouHeHMs pe3ynbTaTos Gbiia MPoBeAEHa elle o4Ha Cepus PacyeToB, B KOTOPbIX MCMO/Ib30BasCs
Habop AONOAHWUTENbHbIX 11 MOAEbHbIX ONOA3HEW, LEHTPbI MacC KOTopbIX ¢ Homepamu 1’ - 11’ B Ha-
YaNbHbI MOMEHT pPacnofaraancb B OKPECTHOCTM YNOMAHYTbIX Bbille ToYeK «5» 1 «6» (Puc. 6). Paccto-
AHUA MEXAY HOBbIMU TOUKAMM BbININM HAMHOTO MEHbLLE, U OHW NEXKaNN Ha ABYX PA3/IMYHBIX TNYyOUHAX,
4To, BNPOYEM, C1abo BAUANO HA XapaKTep pacnpenenieHns BbICOT BOH Ha bepery.

HekoTopble M3MeHeHUA Bbln BHECEHbI M B 3HAYEHMA NapaMeTpoB 3aa4um. Ha 3ToT pas oHu 6biiv 3a43-
Hbl B COOTBETCTBMM C BbIOOPOM aBTOPOB CTaTbM [4], KOTOPbIM YA3N0Ch AOOUTHCA HAaMYYLLIEro coBnaae-
HWA pe3y/abTaToB MOAEINMPOBaAHUSA C HaboAEHHbIMKU. TakMM 06pa3om, AMHA onon3HA Oblia 3agaHa
paBHo 3000 m, WnpmHa - 5000 m, ToAwmHa - 450 m, yron cyxoro TpeHus - 12 rpagycam. Koadpdpuumen-
Tbl NPUCOEANHEHHOM MaccChbl U FTMAPOANHAMUYECKOTO CONPOTUBAEHUA BblIM NPUHATLI PAaBHBIMU HY/HO
B COOTBETCTBUM C NMOJYYEHHbIMM paHee aBTOPaMM HACTOALLEN cTaTby pe3ynbTaTamu [7] cpaBHeHMA Mo-
Oenen TBepAOro 1 KMUAKOro ONON3HEN, MOKA3aBLUMMMU, YTO MPU STOM LLEEHTPbI MACC XUAKOro 1 TBEPAOTO
ONON3HEeNM ABUraloTCA NPAKTUYECKU OAMHAKOBO.

AHaM3 PacCcYMTaHHbIX B XOA€ BblYUCAUTE/IbHbIX IKCNEPUMEHTOB TPAEKTOPUI LieHTpa macc (Puc. 6) «5»
N «6», NMOKa3aj, YTo YeMm Bbille B HaYa/IbHbI MOMEHT BPEMEHMU OMON3eHb HAaXOAMUTCA, Tem bosbluee
paccTosiHMe OH ycnesaeT NPOWTU A0 CBOEW OCTaHOBKM. ITO OOBACHAETCA TEM, YTO NPU ABUNKEHWUM OH
ycrnesaeT HabpaTb 60/1bLWYO CKOPOCTb L0 TOFO MOMEHTA, KaK BblAET Ha Y4acTOK C OTHOCMTENIbHO Ma-
NbIM YT/IOM HaK/NOHa AHA U HAaYHEeT 3aMeaNAaTbCs.

ConocTaBnss pacnpeseneHune BbICOT BOAH BAO/b Nobepexkbs, pacCiMTaHHOE AN ONOA3HSA, LEHTP Macc
KOTOPOro B Haya/bHbIi MOMEHT pacnonaranca B Touke Nell’ (Puc. 7), ¢ AaHHbIMW HaTypPHbIX Habto-
AeHuii (Puc. 1), MOXKHO caenaTtb BbiBOA O 6/1M30CTU PACCUMTAHHbIX XapaKTEPUCTUK K HaBNOAEHHbIM U,
TakMm 06pasom, 0 NOCTPOEHUN afeKBAaTHOM MOZEIM peasibHOro ONOA3HEBOrO LlyHaMM C MCMOb30Ba-
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HVEeM MOAENN MeNKOM BOAb! HaZ, U3MEHAIOWMMCA pesbedom AHa.

Puc. 6. YTOUHAIOWMIA pacyeT: HayabHbIe NONOKEHMsA LLeHTPOB MacC BEPOATHbIX OMON3HEN U COOTBETCTBYIOWME
TPAEKTOPUU ABUMKEHUS.
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Puc. 7. YTOUHSAIOWMIA pacyeT: pesy/ibTaTbl, NOyHeHHbIe N5 KBa3uHeaedOpMUPYEMOro OMO/I3HSA, PACMONOKEHHOO B HaYa lb-

HbI MOMEHT B Touke Ne 11’; cnieBa - pacnpeseneHne MakcMmasibHbIX BbICOT BOJIH 3a BCE BPEMSA pacyeTa, Crpasa - cxe-
MaTuyeckoe nsobpaykeHue pacyetHow obaactv (BHU3yY) U pacnpeseneHume BbiCOT BOJIH BAO/b Nobepexba (cBepxy).
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benonuneykul B. M.*?, feHosa C. H.*?, lecepmeHOxu A. I3, PoeosuH [. 0.3

mMmoanoeULUUPOBAHHAA OQHOMEPHAA MOAENDL ANA
UCCNEAOBAHUA CE3OHHbIX U3MEHEHU BEPTUKA/ZIbHOW
CTPYKTYPbl COJZIEHOTIO O3EPA

It is proposed a modification of a one-dimensional (in the vertical direction) model for calculation of the tempera-
ture and salinity regimes of the lake taking into account a change of water’s depth. Examples of calculations and
field measurements for the lakes Shunet and Shira are given.

OOHOMEPHAA B BEPTUKA/ZIbHOM HAMPABNEHUN MOZAE/1b CO/IEHOIO O3EPA

BepTuKanbHble pacnpeaeneHua TeMmnepaTypbl U CONIEHOCTU BOAbI B I/lyOOKOBOAHOM 30HE B pa3/InyHble
Ce30Hbl MOXKHO OMNpPeaennTb N0 OA4HOMEPHOW MoAEeNM, NPeaNoXeHHON B paboTax [1, 2]. OgHomepHas
MoZeNnb Ana nepuoaa OTCYTCTBMA /IeAAHOTO MOKPOBA OCHOBBLIBAETCS HA peleHuM O4HOMEPHbIX
B BEPTUKANbHOM HanpaBNeHWW ypaBHeHUI AUPPY3UM OTHOCUTENBHO TemMnepaTypbl U CONEHOCTU
BoAbl. KoadpduumeHT BepTnKanbHoro TypbyneHTHoro obmeHa onpeaensetca no ¢dopmyne MpaHatns -
ObyxoBa ¢ yyeTom NpubANNKEHMA IKMaHa. TenanoBoM NOTOK HAa BOAHOM NOBEPXHOCTM BbIYUCAAETCA MO
M3BECTHbIM SMMUPUYECKUM PopmMynam.

B 3MMHMI Nepuoa No BepPTUKANW BbIAENAOTCA CNOW NbAa, COV KOHBEKTMBHOIO NepemellnBaHus U
NPWAOHHbBIN ciol. Ansa onpeaeneHns AMHAMUKK TONLWMHbI 1e4AHOT0 NOKPOoBa NpPUMEHseTca ynpo-
LEeHHasAs MoAe/b, OCHOBaHHAA Ha KBa3MCTaLMOHApPHOM TEMMEepaTypHOM pexume B 3aTBepaesLueit
06nacTu. B coneHbix 03epax Npu 0b6pasoBaHMM Nbaa B pesy/ibTaTe KPUCTanAM3aummM Boabl BbicBO6O-
xaaetca conb. PopmupyeTca HeycTouMBan NIOTHOCTHAA CTPaTUdUKALMSA, NPUBOAALLAA K UHTEHCHB-
HOW BEPTUKANIbHOM LIMPKYAALUU M 06Pa30BaHUIO C/108 KOHBEKTUBHOTO NepemellnBaHus. B atom cioe
NPOMUCXOANT BblPpaBHMBaHWE TeMnepaTypbl U CONEHOCTU. YpaBHEHME COCTOSHMA CO/IeHOM BOAbI Npw-
HUMaeTcA B NPUBAMKEHUMU ByccuMHecKa, (N0THOCTb IMHENHO 3aBUCUT OT TemnepaTypbl U CONEHOCTH
BoAbl). Mpeanonaraerca, YTo KOHBEKTUBHOE NepemellBaHWe PacnpoCTPaHAeTCa 40 TaKoro ropmsoH-
Ta, Ha KOTOPOM MJIOTHOCTb BOAbI CTAHOBUTCSA PAaBHOM MNOTHOCTU NMOACTUIAIOLLErO C0A BOAbI. TaK Kak
B 3MMHMI Nepuoa TemnepaTypa BoAbl Masfio U3MeHAETCA No rMy6buHe, TO NAOTHOCTb BOAbI B OCHOBHOM
3aBMCUT OT CONeHOCTU. C y4eTOM 3TUX NPeanoN0oKeHU BbiBeAeHbl pacyeTHble GopmyAbl 418 onpese-
NeHUA IyBUHbI PAacnpPOCTPaHEHMA KOHBEKLMM U 3HAaYEHWI TemnepaTypbl, CONEHOCTH, NIOTHOCTM BOAbI
B KOHBEKTMBHOM CJI0€.

BbinonHeHa moamMduKauma ogHOMEPHOW MOAENM, YUUTLIBAIOLLAA M3MEHEHWe IyBbuHbI 03epa B NeT-
HWUI nepuog. BecHoli TemnepaTypa Ab4a NOBbIWAETCA A0 TemnepaTypbl $Ga3oBoro nepexoga u npo-
MUCXOAMT TasiHWe NIeAAHOro MOKPOBA KaK CHWU3Y, Tak U ceepxy. Mocae TasHuA nbda obpasyeTtcs cnoi
OMNPEecHeHHOM BOAbl, KOTOPbIN NOA BO34ENCTBMEM BETPA NEPEMELIMBAETCA C HUKHUMM CNOAMM BOAbI.

MOANDPUKALMA OAHOMEPHOM MOAENU
Mepuropg, 0TCYTCTBUA NeAAHOrO NOKPOBa

BepTuKanbHble pacnpeaeneHns TemnepaTypbl U CONEHOCTH B rybOKOBOAHOM 061acTh 03epa onpeae-
NAOTCA U3 OAHOMEPHOrO ypaBHeHUs anddysnm:

ot oz 0z ’

1 NBM CO PAH, KpacHosapck, Poccua
2 CoY, KpacHosapck, Poccunsa
3 UHcTutyT 6uodumsnkn CO PAH, KpacHosapck, Poccus
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34ech t - Bpems, z - BepTMKa/ZibHaA KOOPAMHATA, HanpaB/ieHHan BHU3, H - rybuHa o3epa, K - Koadou-
LUMEeHT BepTuKasibHoro TypbyneHtHoro obmeHa, C(t,z)- temnepatypa T (coneHocTsb S) Bogpl, f(t,2)
- BHYTP€HHNEe UCTOYHUKMN.

MpaHMYHbIE yC0BMSA

oC oC
KEZZOZ—FC, KEZ:H =_FCH (MﬂVl szH :CH ), (2)
Ha4YanbHOe ycnosue
C(0,2)=C,(2). (3)

3uMmHWMI1 nepmog,

TONWMHA CNOA KOHBEKTMBHOTO NepemMellnBaHNA ONpeaenseTca ¢ Y4eTOM TOALLMHbI IeAHOM0 NOKPO-
Ba. Tak KaK B 3MMHUI Neprog, NNOTHOCTHAA CTPAaTUGMKALMA NOg, NeAHBIM NOKPOBOM, B OCHOBHOM,
3aBMCUT OT CONEHOCTM BOAbI, TO U3MEHEHME CONEHOCTU BOZbI B C/I0€ KOHBEKTUBHOTO NepemMellnBaHus
Ha spemenHom ware At =t"" —t" onpesenserca no dopmyne

aspr =SS IEEo2) @
0.5(h" +h"y—&

w

rae S, - CONeHoCTb B CI0€ KOHBEKTUBHOTO Nepemelunsanua npu t=t", &7 &M - ToAWMHBI AbAa NpK

£ S.
t=t" u t=t"" cootsetctBeHHO, & = Pisi , S, =Pwi/ S coneroctb nbfa, P, - NNOTHOCTb
w P w P i w
w

i
BOAbl, p,- NNOTHOCTb nbaa, Z=h" u z=h"" - 3arny6neHuna cnos KOHBEKTUBHOTO NepemellnBaHNA
npnt=t" u t=t"" coorsercraeHHo.

MN3MeHeHWe TONLLMHBI IbAa PacCUMTLIBAETCA C MCMONb30BaHMEM YNpoLeHHoM Mogenu [1, 2].
YNnpoLieHHOe ypaBHeHWe COCTOAHMA CONEHOM BOAbI ANA 3MMHEro Nepuoaa:

p(s):po(51+gz%+gs%o)' (5)

3pecb p, =1.0254 r/em®, g =0.9753, ¢, =-0.00317, &, =0.02976, T, =17.5°C, S,;=35/,, T, - xa-
paKTepHOe 3Ha4YeHune TemnepaTypbl.
3arnybaeHne cnos KOHBEKTVBHOTO NepemMeLLIMBaHNA ONpeaesseTcs U3 ycaosus

P, _a = P(S{ +ASI™), (6)
0(S(2)) - BepTUKanbHbIi Npoduab NAOTHOCTM Nepes efoobpasoBaHmem.

BepTuKasbHble NPodUaM CONEHOCTU U TEMMEPATYpPbl BOAbI Nepes, Hauyanom neno06pas3oBaHusA npes-
CTaBNAIOTCA B BUAE:

S, 0<z<h’,
S() =154y (2-h), <22,

Sy (2), z,<z<H,

T, 0<z<h’
T(2) =T+ (z-0"), K’ <z<7, (7)

Tbt(z)7 Z.SZSH,

3aecb z=h°- ToAWMHa BEPXHEro NepemeLlaHHOoro C10s nepes nefoobpasoBaHnem, T - Temneparypa
3amep3aHuA CoeHOM BoAbl, S - CONEHOCTb BOAb! B MOBEPXHOCTHOM C/I0€.
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W13 ypasHeHwii (4) - (6) onpeaensiotca h™ S T,

hn+1 :§£+1+ ,(SKVTl)Z +An ,

_ 2(81? B Sice)( e

AN w _é:w) +(hn)2 _ngr\lﬁlhn,
Vs
" =8 +ys(h" -h"), (8)
n+l [N n_ gntl n+l n_ 0 N+l pn
T T h™ —h o M —gu 2y (0 +h" -2h)(h™ —hT)

ph hn+l _§n+1 + Iy hn+1 _égnﬂ hn+1 _§n+1

w w W

M3 cooTHOWeEHUI (8) cneayeT, YTO TONWMHA CNOA KOHBEKTUBHOIO NepemeLlBaHnA He 3aBUCUT OT Ko-
30PMNLMEHTOB ypaBHEHUA COCTOAHMA coNeHol Boabl (5).

JleTHuii nepuog B cnyyae yBenndeHua my6uHbI o3epa

Mpeanonaraercs, 4To yBeAUYEHUE TNYOUHBI MPOUCXOAMUT 3a CYET NPUTOKA NPECHOW Bogbl. B aTom cay-
yae cpegHAs CONEHOCTb B 03epe YyMeHbLUAeTca. YBennyeHune rmybuHbl yuuTbiBaeTca gobasieHnem
cBEpXy CN0A NpecHon Boabl TonwmHon AH . JuHaMmMKa BepTUKaNbHOrO pacnpeneneHns Temnepary-
pbl M CONEHOCTM BOAbI onpeaenaeTca U3 peweHns 3agaqm (1) - (3).

JleTHuii nepuog B cnyyae ymeHbLIEHUA FY6UHDI

Mpeanonaraertca, YTO YMeHbLUEHME TNYOMHbI CBA3AHO C NPEBbILEHWEM UCNAPEHUA HAL NPUTOKOM U
nocse nucnapeHuns Bca Cosib OCTaeTcs B 03epe. B 3Tom cayyae cpegHas CONeHOCTb B 03epe BO3pacTaeT
(npv ycnoBum NnocTosHCTBa 3anacos CONN B BOAOEME).

MycTb 32 NeTHUIA Nepuog rybuHa o3epa ymeHblwnTcA Ha AH . B 3Tom ciyyae npu ucnapeHuu Bbige-
Tes conu (Ha eauunuy naowaau) S-AH, rae S - coneHoctb nosBepxHocTHOro cnos. Torga cone-
HocTb B cnoe AH <7 <2AH uameHUTCA Ha BennumHy AS =S .

Mpumepbl pacyeTos.

BbinosHeHa cepua pacyeToB AMHAMMUKM BEPTMKAAbHbLIX pacnpeneneHnin TemnepaTtypbl U CONEHOCTU
BOAbI B 03epe LLnpa ana pasHbix feT. Pe3ynbraTbl PpacyeToB XOPOLLO COMMACYHOTCA C A4aHHbIMM HAaTYPHbIX
M3MepeHunin. PacyeTbl NoKasanu, 4To 415 onpeaesneHns TONWMHbI C108 KOHBEKTUBHOIO Nepemellmsa-
HUA NO4 NeAAHbIM NOKPOBOM M 3HAYEHMIN TeMNnepaTypbl U CONEHOCTM BOAbI B HEM MOMHO MPUMEHATb
yNpoLLeHHOe ypaBHeHME COCTOAHNA BoAp! (5).

Ha puc. 1, 2 npuseaeHbl NpUMepbl pacyeToB BEPTUKA/IbHbIX pacrnpeaesieHnii coneHoctu B o3epe Lupa.
PacueTbl NMOKasanu, YTo NPM YMeHbLIEHUN NYyBMHbI 03epa CNOW KOHBEKTUMBHOIO rnepemellvBaHnA B
3MMHME Nepuoabl MOXKeT AoCcTuraTb AHa (puc. 26).

Ha puc. 3 NnpMBOAATCA BepTUKa/bHble pacnpeaeneHns coNeHoCcTn Boabl B o3epe LUyHeT ana caydyas
TPEXCNONHOM BEPTUKaIbHOM NAOTHOCTHOM CTPYKTYPbI.

OnncaHHy0 MaTeMaTUYECKY0 MOAEe b MOXHO NPUMEHATb ANA OLEeHKN AMHAMUKN BEPTUKAbHbIX pac-
ﬂpe,ﬂ,GHEHMVI TeEMNeEPaTypbl N CONIEHOCTU BOAbI C YY4ETOM USMEHEHUA I'J'IY6VIHbI o3epa.

BbIBO/AbI
MocTpoeHHan maTemaTnyeckas MoAe/b NO3BONAET:

® OLEHWTb CE30HHbIE M3MEHEHUA BEPTUKA/IbHbIX pacnpeaeneHnini TemnepaTypbl U CONEHOCTU BOAbI
B 03epax B 3aBUCMMOCTU OT METEOYC/I0BUIA;
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® OUEeHUTb AMHAMUKY TEPMOK/IMHA U Xa/IOK/ZINHA B 3aBUCUMOCTU OT CTpaTVId)VIKaLI,VIM n METEO\/CJ'IOBVII‘/’I,'

* OMpeaennTb BO3MOXHOCTb PacnpOCTPAHEHUA C/I0A KOHBEKTMBHOMO NepemeLlBaHna 4o AHa Npu
YMeHbLUEHMM [y6UHbI 03epa;

e onucaTb cny4an 06pas3oBaHMA TPEXCNOMHOM BEPTUKAIbHOM rMAPOdU3NYECKON CTPYKTYPbI 03epa.

10 15 20 =5 10 15 20 25
o ¥ u}

o o i

25 3} 25 b)

Puc. 1. BepTuKasbHble pacnpeseneHus CoNeHOCTU BOAbI: @) OCeHHM nepuog (1 - 4o usmeHeHus my6uHsbl, 2 - ybuHa
ymeHblueHa Ha 0,5 m); b) 3umHuit nepuog (1 - Hauyano 3umbl, 2 - OKOHYaHWE 3MMHErO NepuoAa).
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Puc. 2. BepTuKaibHble pacnpeaeneHuns CoNeHOCTU BOAbI: @) OCEHHUIA Nepurog, (1 - 40 u3meHeHus ry6uHbl, 2 - ybuHa
yMmeHbLueHa Ha 1 m); b) 3umHmit neprog (1 - HaYano 3Mmbl, 2 - OKOHYAHME 3UMHErO Nepuosa, KOHBEKTUBHOE
nepemeLlVBaHNe pacnpocTpaHaeTcs 40 AHA).
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Puc. 3. BepTuKanbHoe pacnpegeneHve coneHoctT B o3epe LUyHeT (Toukamu 0603HaueHbl M3MepeHHble
3HaYEeHWSA, CNNOLIHAA IMHUA - PACCUUTaHHbIE).
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Bjelica M.*
MATRIX REPRESENTATION OF TETRAHEDRAL EDGE FLOWS

The impuls, which flows on an edge of a tetrahedron, devides at a vertex into two edge flows. Matrix represnen-
tation of such process is presented. Distributon of excitations at the vertices is characterised by a Fibonacci like
reccurence relation The propagation defines a kind of genentic evolution process. General case of n-dimensional
simplex is also considered.

Introduction

Let E, =R" be n-dimensional Eclidean space. A convex envelope of vectors is defined by

N

conv{;l,xz,...,z]}:: {Zai )Z D20, 1<i<n, D g :1}.
i=1

i=1

Let ej =(1,0,...,0), ez =(0.10,...,0),..., e: =(0,...,0,)) be orts. The (n-1)-dimensional simplex is a convex
envelope of orts [1]

A, , =conv {gl,ez,...,e:}.

For the firt case, consider the 3-dimensional simplex i.e. a tetrahedron

A, =conv{AT,G,C},

which is spanned over the orts

- - -

A=e =(1,0,0,0), T=e, =(0,1,0,0), G=e =(0,0,,0), C=e,=(0,0,0,])

We identify a vector with its end point.

TETRAHEDRAL FLOWS

Let an unit impuls | starts at some vertex pointed by some (;: , where 1<i < Ai The impuls flows to-
wards a vertex e, where j#i, withoﬁut any loses of intensity. At the vertex v, the im@ls | dexides
into two flows going towards vertices v, and v,, where {i, j,k,1}={1,2,3,4}. At vertices v, and v, we
obtain two impulses of intensity 1/2. The process of propagation and division continues. For the sake of
simplicity, at this moment, we suppose that intensity of the impuls does not devides at vertices.

In this paper we consider a combinatorial problem of determination of propagation i.e. distribution of
inpulses over vertices of the tetrhedron A, through the time. One can consider this propagation as an
evolution combinatorial process going on an compelete graph over four vertices [2].

-

Let 7, :[Vif]4x4 be a matrix of scintilations of vertices €; , where 1< j <4, of a tetrahedron A;. An
element v, , where 1< iﬁS 4,1< j<4,isanonnegative i_r)1teger which indicates a number of impulses
detected at the vertex e; which come fr_)om the vertex e; . Of course, V; is a number of impulses i.e.
intensity of impulses on oriented edge A% of tetrahedron.

- -
Suppose that some impuls | originates at vertex €, , and let | flows towards the vertex e, . At v; where
impuls | devides into two halfs, and farter propagates along the edges of tetrahedron. The process is
described by a sequence of matrices of scintilations of edges
o _[m -
14 _[v. wa n=1,2,3,... (1)

i

1 University of Novi Sad, TF Mihajlo Pupin, Zrenjanin, Serbia
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The beginning of this sequence is

01 00 0000 0000 0211 021 1

0000 00 1 1 0000 0000 2.0 33

000 O0]00O0OGCO0O |1 0O0TI[ |1 1001|0101

000 0] [00O00O 1 010 1 100 0110 .
[0 0 2 2] [0 8 6 6 0 14 11 11][0 14 19 19 )
2.0 3 3 4 0 2 2| (12 0 14 14|]|22 0 25 25

4 2 0 47 6 0 5 (7 11 0 81|22 13 0 257

14 2 40| |76 50 7 11 8 0|22 19 25 0

Proposition. The elements v{" of matrices of scintilations V™ related by the equality

4
W= (1-8) Y W0, 1<i<4, 1<)<4, (2)
k=1

ij
k#j
where 61.1. is a Kroneckerov delta symbol.

Notice. Since v, =0, forall 1< i<4 and n>1, the sums in (2) contain at most two nonzero addends.

Proof of Proposition. Formula (2) can be simplified

v;."”) = v;',?) +v;:.’), {i,7,p,q}=11,2,3,4}. (2"
vfj"“) is a number of impulses flowing from vertex v; towards vertex v, at itteration n+1,

v;}';“) is a number of impulses flowing from vertex v,, towards vertex v, at itteration n,

vflf“) is a number of impulses flowing from vertex v, towards vertex Vv;, at itteration n.

Hence, the relation (2') can be esily derived from next tree of vertices

The sums of elements of collons of a matrix of scintilations of edges V" (cf. (1)) compose a vector S{"
of scintilations SE“) of vertices V;

4
S = (57,8785, s = v, 1< <4,
i=1

1 0 0O
1 2
It is convenient to take S{” = (=,0,0,0), and consequently, e.g. V. = 0000
2 0000
0 00O
4 4
lemma. Y v®=>»s"=2""" nx0. a)
ij=1 =

Suming of colones in (1') gives the sequence of scintilatons of vertices
(%,0,0,0), (0,1,0,0), (0,0,L1), (2,0,L1), (2,4LD, (2,4,55), (10,4,9,9), (18,20,13,13),
(26,36,33,33), (66,52,69,69), (148,132,121), (252,276,253),...
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The vector of scintilations of vertices of a tetrahedron we can abreviate to be codes i.e. genes repre-
sented as follows

(5,,5,.,8;,5,) = S;As,T s,Gs,C.
Hence, the sequence (2) can be notices as follows

%A, T, GC, 2A4GC, 244T GC, 244T 5G5C, 1044T 9G9C,

184207 13G 13C, 26A436T 33G 33C,....

CHARACTERIZATION
Theorem 1. The sequence (Si”) ) of vectors of scintilations of vertices of a tetrahedron is characterized by

51 = (%,o, 0,0, S =(0,1,0,0), S =(0,0,L1),

and by the reccurence
S&MY = sM 448, nx3. (4)
Proof. Let u,v,w,t be all vertices of a terahedron. Let the impuls from vertex u devides towards vertices

Vv and w. After that the impuls from v devides towards w and t, as well as the impuls from w devides to-
wards v and t. The next binar tree describes divisionas and the path of impulse through four generations

Obviously, we have a relation between grandsons, sons and grandfathers

(4u,v,w,2t) = (0,v,w,2t) + 4(u,0,0,0) . (5)
Since U can be any vertex of division, the summation of formulas (5) over elements of colones of matrix
V™ gives the formula (4). O

Flow on (n-1)-dimensional simplex i.e. complete n-graph

Consider four dimensional simplex A, :=conv{A,T,G,C, D} i.e. complete 5-graph. One can draw ter-
nar tree over A, like in the proof of Theorem 1. Now obtains a sequence of scintilations of vertices
(%,0, 0,0,0), (0,1,0,0,0), (0,0,1,1,1), (3,0,2,2,2), (6,9,4,4,4),....

Reccurence in this dimension is
SMY = 28M 498 nx>3 (6)

The case of five dimensional simplex i.e. complete 6-graph is similar. Formulas (4) and (6) are sufficient
to conclude the general reccurence.

Theorem. The sequence (S{") of vectors of scintillations of vertices of a simplex A, is characterized by
1
SO = [—,o,...,oj, S®=(0,1,0,...,0), % =(0,0,1,...,1)
m—=2
and by the reccurence
S = (m-3) S +(m-2)°s"?), nx>3.

CONCLUSION
In this paper is given a characterization of process of spreading of impuls over the edges of tetrahedron.
The paths are codes of a specific genetic evolution. The carbonate has eight electrons on greates orbit,
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meanwhile tetrahedron has four vertices. The reccurence (3) is a reccurence of Fibonacci type - which
has biological model. The general case of n-dimensional simplex i.e. Nn-complete graph. We obtained an
conection between n-comlete graph and binar trees which are developed over the graph.
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bop3oe C. M., MomamypkuH O. N.*?

KOPPEKUUA ABUKEHUA CUCTEMbI PETUCTPALUU NPU AHANTUSE
AWHAMMUYECKUX USMEHEHUW HA NOBEPXHOCTU 3EMJIU

To correct image distortion caused by moving registration system the background component estimation by av-
eraging of current frame and previous and next frames with per-pixel motion compensation taking into account
vectorial fields of local displacements is proposed. Efficiency of this method and methods based on estimation
of picture displacement (as a whole, using correlation or blocks voting) by example of low-sized dynamic objects
detection is investigated. It is shown that using of suggested approach results in more effective suppression of

background in differential frames.

BBEAEHUE

B OCHOBY anropuMTmMoB OBHApy)KeHWUA AWHAMM-
YeCKMX M3MEHEHWI Ha NoBEepXHOCTM 3eman no-
JIO}KEHO, KaK npasuio, onpegeneHve (pOHOBOM
coCTaBAsiloWEN M306parKeHU U ee BblYUTAHUE
13 Kagpos Buaeopaaa. Tak B [1] npeanoxeH on-
TUMa/IbHBIN B CTAaTUCTUYECKOM CMbIC/IE a/ITOPUTM
peanbHOro BpeMeHu, afanTUBHBIN K U3MEHEHU-
AM COAEPKAHUA CLEHbI U YCNOBUI HabtoaeHus.
B [2] paccmaTpuBaeTca anroputm obHapyKeHus
TOYEYHbIX AMHAMMYECKUX OOBEKTOB MpU ABUNKE-
HUWM Kamepbl, OCHOBAHHbIN Ha OLleHKe reomeTpu-
YeCKMX UCKaxKeHUI GoHa B BUAE cABUra C MoOMo-
Wb PA3NOXKEHUA APKOCTU M306paXKeHUs B psas
Tennopa.

[aHHbIN Knacc anropMTMoB MOKasan CBOK nep-
CMEeKTUBHOCTb MPU aHaAu3e Mnoc/aenoBaTeslbHO-
cTelt n3obpaxkeHnn co CTaLMOHAPHbIM UAN Mejs-
NleHHomeHsAWwMMca doHom (cmelteHne ¢oHa
mMexay Kaapamum He npeBocxoaAnT BeNUYUHDbI
wara auckpetmsaumm). OgHako npu obpaboTke
1M306parKeHN ¢ NOABUNKHbIX Kamep Heobxoaumo
BblAENATb OT/INYNA MEeXAY Kagpamu BuaeopAsna
C Y4ETOM BO3MOMKHOCTU CYLLECTBEHHOIO U3MEHe-
HUWA nons 3peHus [3,4].

B HacTosLee Bpems LMPOKOE pacnpocTpaHeHue
NnoNy4ymMnu fBa MNogxofa K OLLeHKe MmapameTpos
npeobpasoBaHMin poHa. epBbli U3 HUX OCHO-
BaH HA BbIYMCIEHUN MEKKALPOBOW KOppensaLmm
M MCNO/Ib3yeT HEKOTOPYIO LieHTPanabHyo 0bnacTb
KaX[oro Kagpa, 4tobbl HAMTU BEIMYMHBI BEPTU-
KaNbHbIX U TOPU3OHTA/IbHbIX CABWUIOB M306pa-
KEHUA CLEHbl B TEKYLLEM KaZpe OTHOCUTEIbHO

npeablgywero. Ana onpeaeneHus yrna noso-
pOTa MCMOMb3YIOTCA HECKONAbKO nepudepuitHbiX
obnacteil. BTopoli noaxof OCHOBaH Ha OLEHKe
M nocnenyrowem aHanmi3e BEeMYMH CMELLEHMUA
Kaxgoro Hebonbworo ¢parmeHta (610Ka) anAa
onpeaeneHvs napameTpoB npeobpas3oBaHus
N306parkeHuns, yA0BNETBOPAIOWMX HONbWNHCTBY
M3 Habopa MO/yYeHHbIX BEKTOPOB JIOKA/NbHOMO
ABUKeHMA (aanee bygem HasbiBaTb AaHHYIO MPo-
ueaypy ronocosaHnem 6,10KoB).

OfHaKO Ha MPaKTUKe He pegKo BO3HUKAOT CUTY-
aumn, Korga paHHble MeToAbl OKasblBalOTCA Ma-
N03pPEKTUBHBIMU. ITO MOXKET ObITb CBA3AHO CO
3HaYUTe/IbHbIM M3MeHeHneM ¢GOHOBOWM COCTaB-
NAolLeln n30bparkeHUit oT Kaapa K Kagpy, € Ha-
IMYMemM M30TPOMHbIX UM NEPUOANYECKM NOBTO-
patowmxca GparmeHToB. Ele 6onee cnoxkHas cu-
Tyauusa BO3HMKAET, ecln MapamMeTpbl ABUMKEHUA
¢$OoHa Ha OTAe/IbHbIX yYacTKax Habntogaemol cue-
Hbl PA3/IMYHbI, B YaCTHOCTH, NPU HabatoaeHUN ne-
peceyeHHON MEeCTHOCTM MAN 3EMHOW MOBEPXHO-
CTM ¢ 6oNbLWMM Nepenasom BbicOT. B Takmx ycno-
BMAX B MOCNELOBATENbHOCTU PErUCTPUPYEMbIX
n306paxKeHnn NOMMUMO U3MEHEHWN, BbI3BAHHbIX
ABUKEHMEM 0OHapYKMBaeMbIX 0O6bEKTOB, NPOUC-
XOAAT NOCTOAHHbIE CMELLEHUA PA3/IMYHBIX y4acT-
KoB ($OHA, PacnoNOXKEHHbIX Ha PAa3HOM AasibHO-
ctn. KomneHcaumsa cmeweHna ¢oHa 6e3 y4yeta
€ro BO3MOXKHbIX MPOCTPAHCTBEHHbIX MCKaXKEHWU
B NOAOOHOW CUTyaL MM, O4EBUAHO, HE NO3BOAAET
3bdEKTMBHO BbIAEIUTb ManopasmepHble AUHa-
MUYeckme obbekTbl. [nA peweHna aTol npobe-
Mbl LLleflecoobpasHO MCMonb3oBaTb NOOGAOYHYIO
KomneHcauma gedopmaumnmn GoHa Ha OCHOBE aHa-

1 MHCTUTYT aBTOMaTUKK U anekTpomeTpun CO PAH, Hosocmbupck, Poccusa
2 HoBOCMBMPCKUIA rocyAapCcTBEHHbIN YHUBepCUTET, HoBOCMBUMPCK, Poccus
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133 nNpeaplaywmx u/vam nocneayowmx Kaapos
M NoJsiei IOKasIbHbIX CMELLEHUNA.

METO/L MOB/IOYHOW KOMMEHCALIMU JBUKE-
HUA ®OHA

Mpobneme OLEHKN NIOKANIbHOFO ABWUMKEHWA MO-
CBALWEHO H6onblIoe KonnyecTso paboT, Hanpumep
[4,5,6]. B yacTHOCTM pa3paboTaH meToq, No3BoNA-
IOLLMIA OCYLLECTBAATL AAHHYIO NPoLeaypy B Tem-
ne nocTynieHua aaHHbIX [7]. Ha ctagun aHanusa,
oueHuBaeTca gedopmauma doHa nytem cauye-
HWA 610KOB M ONpeseNieHNs BEKTOPOB ABUMKEHUS.
MN306parkeHna pasgenatoTca Ha manble pparmeH-
Tbl (pasmepHocTn 8x8 - 16x16 nukcenen) u ana
KaXKA0ro U3 HUX B TEKYLLEM Kagpe nwetca Hambo-
Nlee NofobHbIN 610K B Npeablaylem (Mav nocne-
aytowem) kagpe. OTHOCUTENBHOE CMELLLEHUE ITUX
dparmeHTOB M onpeaenseT BEKTOP ABUMKEHWUs.
OcHOBHOM mepoi nogobus asnseTca cymma ab-
COMOTHBIX pasHocTen (SAD) Bcex MUKcenen AByx
CpaBHMBaeMbIX HOKOB.

Mpwn peannsaumm 3Toi Npoueaypsl, Kak NpaBuo,
NPUMEHAIOTCA NepapXmyeckme MHOroypOBHEBbIE
meToabl aHanmsa wmsobpaxkeHua (0T KpynHoro
macwTaba K MesNIKomy) C y4eToOM BPEMEHHOW M
NPOCTPAHCTBEHHOM CBA3HOCTU ABUXeHus. [ep-
BOHa4aNbHO onpeaenseTcs Habop BEKTOPOB-KaH-
AMaaToB. 3a NepBbli U3 HUX MPUHUMAETCA BEKTOP
AaHHoro 6noka B npeabiaywem Kagpe. Cneayto-
WMA KaHAWAAT - CPeAHUN BEKTOP ANA TEKYLEro
Kagpa Ha bonee KpynHom maclutabe. TpeTbum,
YeTBepPTbIM 1 NATbIM ABASAIOTCA BEKTOPA, MNONYYEH-
Hble ANA cocegHuX, yxe 06paboTaHHbIX, 610KOB
AaHHOro Kaapa (npu nocnenosBaTe/ibHOM aHam3e
C BEPXHEro N1eBOro yrna n3obpaxKeHuns 3To NeBbIN,
BEPXHUI W npaBbli-BepxHuMiA). MocneaHnin (we-
cTol) dopMMpyeTCA KaK BEKTOP, KOMMOHEHTbI KO-
TOPOro paBHbl MeAMaHaM KOMMOHEHT 3-5 KaHau-
naTtoB. KaHAMAaT ¢ MakCcMMabHOM Mepoit noao-
6ua onpeaenset Hanbosee BEPOATHOE CMELLEHNE
AaHHOro 6/10Ka B TEKYLLEM Kaape, KOTopoe Janee
yTouHAETCA nyTem MMHMMKM3aunm SAD no nokanb-
HOM (B Npedenax HeCKo/IbKUX NMUKCeNei) 30He.

MonyyeHHoOe Mone CMELLEeHWU aHanuM3upyeTca ¢
Lenbtlo ycTpaHeHMs OoWKNBOK B onpeaeneHnu Be-
JIMYMHBI U HaNPaBNEHUA OTAE/bHbIX BEKTOPOB.
TaK BeKTOpa, NapameTpbl KOTOPbIX CyL,eCTBEHHO
OT/IMYAIOTCA OT COCEeAHMX, 3aMeLLaloTCA Ha Cco-
cepHue. [aHHaa npoueaypa noayynna Hasga-

HUe UNbTPaLMKN BEKTOPOB. [anee BblYUCAAIOTCA
BEKTOPA ABUXKEHWUA KaXKAoro nuKcena nytem 6u-
JNIMHEHOW MHTEPNONALMMU BEKTOPOB TEKYLLErO U
Tpex 6auKanwmx 610KOB (C y4eTOM MONOXKEHUA
NUKCeNs OTHOCUTENbHO UX LLEHTPOB). 3aTEM KaXK-
Obl NWKcenb npeaplaylwero (nocneayrouero)
Kagpa CmellaeTcs BAO/Ib NONYYEHHOTO BEKTopa
OBWMKEHMS Ha COOTBETCTBYIOLLYIO BE/NUUYMHY, YTO-
6bl chOpPMMPOBATL KOMMEHCUPOBAHHDIV Kaap, Co-
OTBETCTBYIOLLUIA MO BPEMEHM TEKYLLEMY.

MepBoHaYanbHO NOAOOHbLIN MeTog pa3pabaTbl-
BaAca ANA npeobpasoBaHMA 4acToTbl Kaapos
BMAEOMNOCAe40BaTENIbHOCTM MyTEM MOCTPOEHUA
NPOMEKYTOYHbIX MHTEPNOANPOBAHHbIX KaapoB. B
HacTosuwel paboTe npeanaraetca MCNoib30BaTb
ero ANA BblAENEHUA MasopPasMepPHbIX AMHAMU-
YeCKMX OODBEKTOB MPU HEU3BECTHOM ABUMKEHUK
doHa (Mnam cuctembl HabnoaeHus). N3noxKeHHble
npoueaypbl B 3HAYMTENbHOM CTENEHU NO3BONAIOT
BOCCTAHOBMUTb GOHOBYIO COCTaBAAIOLLYIO TeKyLle-
ro KaZpa Ha OCHOBe NnpeaplayLLero (nocaeaytoule-
ro) ¢ nonukcenbHol (a He No6a0YHON) KOMMNEH-
caumelt ABuNKeHUA. B TO ke Bpemsa MosoXKeHue
MasiopasmMepHbIX OOBEKTOB Ha KarKAOM W3 HUX
6yaeT coOoTBETCTBOBATb Npeaplayumm (cnemyto-
LWMM) TOYKaM WX TpaekTopuii. [lencTBuTeNbHO,
OBUMKEHME TaKUX 0ObEKTOB BCAeACTBUE HE3HAUU-
Te/IbHbIX PAa3MepoB WM MPUMEHEHUA MNpoueaypsbl
bunbTpaLMM BEKTOPOB He B/MSAET Ha pesy/ibrar
NOCTPOEHUSA NOJIeN CMELLEHNI U, CIef0BaTENbHO,
He byaeT ckomneHcUMpoBaHo (pa3mep 610KOB Npu
NOCTPOEHUU MNoJIel cmellleHMid bonblue pasmepa
06beKToB). ITO MO3BOAAET OLEHUBATL GOHOBYIO
cocTaBaAoLWyo (NpyM HEM3BECTHbIX NapameTpax
OBWXKEHUA cUCTEMbl HabatogeHusa) nyTem CoB-
MECTHOro aHa/iM3a HecKONbKMX MocnesoBaTesib-
HbIX M306parKeHMin cueHbl. Mpu 3TomM ANA CHU-
EHMA YPOBHA LWyMa npesgsaraetca BblYUCAATb
MeaMaHy OTCYETOB, KaK MUHUMYM, Napbl KOMMEeH-
CMPOBaHHbIX (MO ABUKEHWIO Brepes U Hasaa) u
TEeKyLLEero Kagpos. BoiuntaHne chopmmpoBaHHOrO
TakMm 06pasom Kazpa M3 TeKyLlero nossonset
nopasuTb GOH U BbIAENUTb AUHAMUYECKMe 06b-
eKTbl.

OTMETUM, UYTO ANA MHOTUX MPAKTUYECKUX 3asad
MeToabl aHanuM3a M306paxeHuil, OCHOBaHHble
Ha pacyeTe BEKTOPOB CMELLEHWM, HEAOCTAaTOYHO
addeKTUBHbI Npy 06paboTKe peanbHbIX AaHHbIX
M3-3a BbICOKOrO YPOBHA OLWIKMBOK B onpeaeneHnn
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Hanpas/ieHWl U BENNYUH BeKTOpoB. OfHaKo, Npu
0OHapPYKEHUN MaNOPasMEPHbIX AUHAMUYECKUX
06beKTOB He TpebyeTcs BbICOKAs TOYHOCTb MO-
CTPOEHMA UCTUHHbIX MOEeN CMELLEHWNI, MOCKOb-
Ky npeanaraemblit meTog onpegeneHns 610KoB
C MMHUMabHOU Mepol nogobua SAD npusogut
K TOMY, 4TO ypoBeHb GOHa B Pa3HOCTHOM Kagpe
OKa3blBAETCA HU3KUM.

MOJE/IMPOBAHUE METOA40B KOMMEHCALINMA
ABUXKEHUA ®OHA

UccnepoBaHme 3hdEKTUBHOCTM PaA3/IUYHbBIX Me-
TOAOB OOHapY)KeHWA MasopasmepHbIX AUHAMMU-
YeckMX OBBEKTOB OCYLLECTBAANOCL HAa ABYX MO-
Ae/bHbIX MOCNef0BaTe/IbHOCTAX: CO CTalMOHap-
HbIM M AUHAMMYECKMM GOHOM AAUTENbHOCTbIO
100 KappoB. B KauyecTBe CTauMoOHapHOro ¢oHa
BbIOBpPaHO MHOrorpafaunoHHoe U1306parkeHue
(pnc.1), nonyyeHHoe Npu CKaHMPOBAHUW 3€MHOM
noBepxHOCTU (paguomeTp «Arpoc», pasmepHoOCTb
- 1000x1000 nuKcenemn, rpagaumn apkoctun - 256,
A=8-12 mMKMm). B KauecTBe AuMHammyeckoro ¢poHa
MCNONb30BaHA MOC/NEeA0BATENbHOCTL M30b6pake-
HUI peanbHOW cueHbl (pasmepHocTb - 720x576
NnuKcenen, rpagaumnii Apkoctu - 256), 3apernctpm-
POBaHHbIX NOABUKHOW TE€/IEBU3UOHHOM KaMepou.
Ha 3Tv Kaapbl BHOCU/ICA MaNoOpPa3sMepPHbI ABUNKY-
LWMACA OBBEKT U CAyYalHbIA aaaUTUBHBIN LLYM,
C Nocneaylowmm cMmeLleHneM M30bpakeHnin no-
CNefoBaTeNIbHOCTU MO ONpeaeneHHOMY 3aKOHY,
SMUTUPYIOLLEMY ABUMKEHME CUCTeMbl Habntope-
HUA.

Puc.1. N306pakeHne 3eMHO NOBEpPXHOCTU

BblgeneHne AMHaMMYECKOro obbeKTa ocyLlecTs-
NANOCb TPEMA PasANYHBIMU METOAaMM, PAaCcCMO-
TPEeHHbIMM Bbilwe. MepBble ABa y4MTbIBaM CMe-
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LeHMEe U MOBOPOT M306paxKeHUa Kak uenoro (c
MCNONb30BaHMEM Mpoueayp Koppensuum wau
ronocoBaHus 6/10KOB), a B TPETbeM peasin3oBa-
Ha NpeasioXKeHHan NOMWKCeNbHas KOMMNeHcaumm
aBuKeHuA GoHa Ha OCHOBe aHanusa nonew no-
KaNbHbIX CMeLLeHnIi. Ansa oueHnBaHuA sdppeKTns-
HOCTU METOA0B ONpPeaeNnANoch KOMYECTBO OTcYe-
TOB B PA3HOCTHOM Kajpe, NMpeBbIatoLmx Nopo-
roBoe 3Ha4YeHue U He COOTBETCTBYHOLLMX OOBEKTY
(konunyecTBo NOXHbIX Tpesor). Mpu aTom nopor h
BblbMpanca Ha yposHe 55 eanHUL, rpagaumn ap-
KOCTU UCXOAHbIX M306pakeHuit (Tak, 4Tobbl 06b-
eKT BblAeNANCA HA BCEX Kaapax nocnefoBaTesb-
HOCTK).

Pe3ynbTaTbl OBOHAPYKEHUA AUHAMWMYECKOTO Ma-
IOpa3MepHOro ob6beKTa B KaxAoM U3 nociefoBa-
TENbHOCTEW C UCMONb30BAHMEM KOPPEenAunmn ans
OLEHKM 06LLero ABnKeHUA GpoHa Npu pasnMyHOM
yposHe CKO wyma npuseaeHsbl Ha puc.2. BugHo,
YTO JaHHbIM MeTog pabotocnocobeH gns crauu-
OHApPHbIX M306paXKeHNn B LUMPOKOM AManasoHe
CKO (Bnnotb ao 0.5h), Ho, B TOXKe Bpems, obraga-
€T HM3KoW 3pPEKTUBHOCTLIO B C/lyYae AUHAMMYe-
cKoro ¢oHa.
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Puc.2. 3ddeKTMBHOCTb BblAENEHUA MasopasmMepHOro AuHa-
MMWYeCcKoro 06beKTa Ha cTauMoHapHoMm (1) u guHamu-
4eckom (2) poHe Npu pasnUYHOM ypoBHE aaANTUBHO-
ro LWyMma (C ucnosb3oBaHMEM KOPPENALUN AN OLEHKM
obuiero AsuKeHUa GpoHa)

Pe3ynbTaTbl BblaeneHua AMHAMMUYECKOro Maso-
pasmepHoro obbekTa Ha cTauMoHapHom ¢oHe
MeToAamMn KomneHcaumm obuero (c Mcnonb3osa-
HWEM ronocoBaHuA 6/10KOB) M NIOKANIbHOMO ABU-
KeHua ana pasnamyHoro yposHA CKO wyma npu-
BeAeHbl Ha puc. 3.

AHanuM3 npeactaBNeHHbIX OAHHbIX MOKa3blBaEeT,
YTO, HECMOTPA Ha OTCYTCTBME OTHOCUTE/IbHbIX
cMeleHnin ¢parmeHToB ¢OHa, B LUMPOKOM Ana-
nasoHe nsmeHeHusa CKO wyma meTton, N0KanbHOM



KOMMEeHCAUMW ABUNKEHUA NPU BblAENEHUN OUHA-
MMYECKOTO MasniopasmepHoro obbekTa obnasaet
onpegeneHHbIM npeumyliectsom. Tak B guana-
30He 10-20 rpagauuii ApKoCcTn OoH obecneunsaeT
YMEHbLUEHMA KONNYECTBA JIOXKHbIX TPEBOT KaK MU-
HMMYM B NATb pas.
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Puc.3. 3dPpeKTMBHOCTL BblAENEHUA ManopPasMepHOro Au-
Hammnyeckoro o6beKTa Ha CTauMoHapHOM ¢oHe npu
pa3/IMYHOM ypOBHE aAAWTMBHOIO Wyma: 1 - oueHKa
obuiero aAsuxKeHns GpoHa (ronocosaHvem 610Ko8), 2 -
OLLeHKa IOKaNbHOTO ABUKEHUA

3¢ddeKTUBHOCTb AaHHbIX METOLOB UCCNEL0BANACH
TaKKe AN1A 06HapyKeHMA 06bEKTOB NPU HANNYUK
reomMeTpuUYecKmUXx WCKaxKeHnin ¢GOHOBOW COCTaB-
NAWen, BUA, KOTopbIX (CxKaTve W pacTaxKeHue
OTAE/IbHbIX 30H U306parKeHUA) NPOLEMOHCTPUPO-
BaH BEKTOpPaMM JIOKa/bHbIX CMeLLeHui (puc. 4).
MoAo6HbIM TUM UCKAXKeHUM XapaKTepeH, B 4YacT-
HOCTW, ANs cnydas HabnoaeHUA ropHoON nosep-
XHOCTU U3 ABUKYLLErocs JIeTaTeNbHOro annapara.
Pe3ynbTaTbl 06paboTKM NpuBedeHbl Ha puc.5a,
rae BMAHO, YTo Hannume gedopmaummn NnpmBeno K
YBE/IMYEHMIO KONIMYECTBA JIOXKHbIX TPEBOT, OAHa-
KO, MPMY 3TOM, MPENMYLLECTBO JIOKA/IbHOrO METOAA
KomneHcaunn ewe 6onee oyesnaHo. na wupo-
KOro AmManasoHa U3MEeHEeHMUs Wyma KoMneHcaums
JIOKAaNbHOTO ABWMKEHWA OKaszanacb apdeKTnsHee
METOA0B KOMMEHCALUMM OBLWEero CMeleHnn Kak
MUHUMYM Ha nopsfoK. Ha puc.5, 6 npusesaeHbl
pe3ynbTaTbl, NONYYEHHbIe NPU UCMO/b30BaHUN B
KayecTBe $OHa NocnefoBaTeNbHOCTU M30bpake-
HUI peasibHOM CUgeHbl. XapaKTep 3aBUCMMOCTEN
aHaNorMYeH, NpuM 3TOM AOCTUTHYTO CHUXKEHMe
KONM4ecTBa /NI0XHbIX Tpesor B8 2, 3 pasa. BuaHo,
YTO B 06OUX CNyYanx NPUMEHEeHNe MeToda OLEH-
KM GOHOBOW COCTABAANOLLEN, peannsyroLLero no-
NMUKCENbHYIO KOMMEHCALMIO ABUKEHUA Ha OCHOBE
aHanM3a nosel NoKanbHbIX CMeLLeHUii, NO3BO/MU-
/10 NOBbICUTb 3PPEKTUBHOCTb OOHaApPYKEHUS Ma-
JIOpa3MepHOro AMHaAMMYECKOro obbeKTa.

Puc.4. MNone cmeleHnin 610KoB
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Puc.5. 3bPeKTUBHOCTL BblAENEHUA MANOPasMEPHOTO AUHA-
MWUYECKOTO OBBEKTa MpW HaUYUU FEOMETPUYECKUX
MCKaXKeHUi n3obpaskeHus (a) u Ha peasbHom doHe (6)
Npu1 passMYHOM YPOBHE aAAUTUBHOTO Wyma: 1 - oueH-
Ka /IOKasIbHOTO ABUNKEHUSA, 2 - OLeHKa 0obLLero asuKe-
HUA (ronocosaHvem 610K0B), 3 - oueHKa 0bLero Asu-
eHus (c ncnonb3oBaHMeM KoppenaLmm)
3AK/TIOMEHUE

MpegnoxeHo Ana obHapy)KeHWa manopasmep-
HbIX AMHAMMWYECKUX OBBEKTOB MPU HEU3BECTHOM
OBUXKEHUU cuCTeMbl HabnloaeHUs oueHuBaHue
$OHOBOW COCTaBAAOWEN OCYLLECTB/ATb HA OCHO-
Be ycpeaHeHUA TEKYLEero N KOMNeHCMPOBaHHbIX
no ABUMKEHUIO Kaapos, CGOPMMUPOBAHHBIX C yye-
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TOM MO/el JIOKaNbHbIX CMeLLeHUi pparmeHToB
(6nokos). MpoBeaeHo uccnegoBaHue 3dpdeKTmB-
HOCTM METOA0B OBHAPYHKEHUA ANHAMUYECKUX Ma-
JIOpPasMepHbIX 0O6BEKTOB, OCHOBAHHbIX Ha OLLEHU-
BAaHUM CMELLEHUA U NOBOPOTA M300OpaXKeHUa Kak
LLe/sI0ro, M MeToAa, Peasi3yoLwero NonuKceabHyo
KOMMEHCALLMIO IOKAZIbHOTO ABUKEHUS.

Moka3aHo YTO NpU NPUMEHEHUN NPEANOKEHHOTO
noaxopAa, BblYUTAHWE YCPEAHEHHOTO U TEeKYLLEero
KaapoB NPUBOAMUT K NOAABMEHUIO HE TOJIbKO CTa-
LLMOHAPHOTO, HO TAK}Ke B 3HAYUTENbHOW CTeneHn
M HecTaunoHapHoro ¢oHa, Npu ycioBUKU, YTO OH
npeacTaBieH KpynHbIMW 30HaMu, aedopmupyto-
LWMMUCA UM CMELLLAILWMMUCA KaK Lenoe OTHO-
cuTenbHO apyr apyra. KomneHcauma NOKanbHOro
OBUXKEHUA NPW BblAENEHUM AUHAMUYECKOTO Ma-
NlopasmepHoro obbeKkTa B LUMPOKOM AManasoHe
M3MEHEHMA YPOBHA LWYyMa MNO3BO/NAA CHU3UTb
KOJIMYECTBO JIOXKHbIX TPEBOr B NATb pPa3 Ha CTa-
LMOHApHOM (OHE U KaK MUHMMYM Ha MOpPALOK
npu HaMYMKM TEOMETPUYECKUX UCKaXKeHuI. Mpu
MCNONIb30BaHUN B KayecTBe $OHA peasibHON Au-
HAaMMUYECKOM CLUEHbI AOCTUFHYTO CHUMKEHMWE 3TOro
napamertpa B 2, 3 pasa.

Cnepyet OTMETUTb, YTO MPU BAN3KMX XapaKTepw-
CTUKAX MCKOMbIX OOBEKTOB M MPOCTPAHCTBEHHO-
BPEMEHHOrO WyMa B pesy/bTaTe NpeanosKeHHoM
npoueaypbl NPOUCXOAUT TaKKe BblaeneHue ane-
MEHTOB LWyMa. B aTomM cnydae ¢ Lenbio nosbile-
HUA 3P OEKTUBHOCTM OBHaPYKEHUA 06BEKTOB Le-
NecoobpasHO NPOC/AEKMBATL UX TPAEKTOPUM MO
nocnen0BaTebHOCTU M306paXKEHUNA.
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Lisenodyb O. H0.'?, boyapos A. A.?

UCCNEAOBAHUE MPOCTPAHCTBEHHbIX BO3MYLLEHUIA
HA NOBEPXHOCTU NJIEHKU XXUAKOCTU, CTEKAIOLLIEMA NO
BEPTUKA/IbHOMY UUWNTUHAOPY

Flows of a viscous liquid film on the outer surface of a vertical cylinder are considered. In the case of small flow
rates and large radius of the cylinder the study of wave perturbations is reduced to analysis of solutions of a non-
linear evolution equation for film thickness.It has a countable set of families of stationary traveling solutions. Most
of them are in turn unstable to two- and three-dimensional perturbations. For this reason, the evolution of initial
perturbations differs significantly in the different regions of the parameter values. The paper presents some typical
scenarios of evolution of perturbations. Special cases are the initial perturbations with certain symmetries. These
symmetries are stored in the process of evolution. In these cases the solutions are attracted to the stationary trave-
ling solutions possessing the same symmetries.

BBEAEHUE

MHTepec K BONHOBLIM PEKMMaM CTEKAIOLLMX MIEHOK BA3KUX KUIAKOCTEM, HAUMHAA C MUOHEPCKMUX K-
cnepumenToB M.J1. Kanuubl [1], He ocnabesaeT y MHOTMX UcCaeao0BaTeNen 40 CUX Mop. YKe Npu gocTa-
TOYHO Masnblx YmMcnax PeliHonbaca, BCNEACTBME HEYCTOMYMBOCTU TEYEHUA NEHKM C NIOCKOM cBobOA-
HOW rpaHuLei, Ha ee NOBEPXHOCTU BO3HMKAET C/0XKHAA BOAHOBAA KapTMHa. OTHOCUTENbHO NpocToe
NaMMHApHOe TeyeHue BOJIHOBOM MAEHKM AeMOHCTpUpyeT 6o/blioe pasHoobpasme Kak perynspHbix,
TaK M XaOTUYHbIX BOJIHOBbLIX PEXKMMOB. MCNonb3oBaHMe NPU UX U3YYEHUW PA3UYHbIX TEOPETUYECKUX
NoAXo40B NO3BO/IAET NOJAyYaTb MHTEPECHbIE YNPOLLLEHHbIE MOAENN, KOTOPbIE B TO e Bpems obnaga-
}OT AOCTAaTOYHOM YHMBEPCANIbHOCTbIO, TaK Kak MOABAAIOTCA U B APYrUX pasgenax ¢ousmku. B cuny atoro
BA3KME NIEHKM }KUAKOCTU MOXKHO KNaccudnumMpoBaTh Kak YyHUKaIbHble 06BbEKTbI ANA U3yyeHna dyHaa-
MEHTa/IbHbIX 3aKOHOMEPHOCTEN Pa3BUTUA HEJIMHEWHbIX BONHOBbIX CTPYKTYP.

Kak nokasbiBaeT GONbLWIMHCTBO 3KCMEPUMEHTOB, 3apOXKAaloWMecs ABYXMeEPHble BOJIHbl OYeHb bbl-
CTPO CTAaHOBATCA TPEXMEPHLIMU U HeperyaapHbiMU. Mo3TomMy ¢ GU3UYECKON TOYKMU 3pEHMA AarKe Npu
M3yYeHUW [BYXMEPHbIX BOJIHOBbIX PEXMMOB HY}KHO MPOBOAMTb UCCNELOBAHME MX Ha YCTOMYMBOCTb
K TPEXMEepPHbIM BO3MYLLEHUAM. HecmoTpa Ha 0bunne TeopeTUYECKUX U IKCMEePUMEHTaIbHbIX Pabor,
NOCBSALLEHHbIX UCCeA0BAHMIO BOIHOBbLIX PEXMMOB Ha MOBEPXHOCTM KUAKOCTW, B HACcToALLEe Bpems
TPeXmMepHble BOJTHOBbIE PEXKMMbI B CTEKAIOLLMX NIEHKaX U3yYeHbl a1eK0 He0CTaTOYHO.

MOZAE/IbHOE YPABHEHUE

Llenbto HacTosLLeln paboTbl ABNAETCA UCCef0BaHUE TPEXMEPHbIX BO/IHOBbIX PEXKMMOB, BO3HUKAKOLLUX
Ha NOBEPXHOCTU MAEHKM BA3KOW XKMUAKOCTU, CTEKAIOLLEN NO BEPTUKANbHOMY LUAMHAPY. B cnyyae ma-
JIbIX PAcxXofoB M BOMbLIMX CUN NMOBEPXHOCTHOTO HATAMKEHMA 3Ty Npobaemy MOXKHO CBECTU K UCCneso-
BaHMWIO OAHOTO YPaBHEHMUA A4 TONLWMHbI NAEHKKU. B [2] npu 3TUX NpeanonoxKeHuax Ana LMAnHAPOB
60/1bLIMX pasnycoB OblN0 NONYYEHO OAHO HEIMHEMHOE YPaBHEHME, KOTOPOE A8 C/ly4as BO3MYLLEHWM
MaJsIoi, HO KOHEYHOM aMNIUTYAbl, ONMUCHIBAET 3BOIOLMIO OTKAOHEHUA TONWMHbI NJEHKM OT HEBO3MY-
LLLeHHOro ypoBHA. MNocie HeKOTOPbIX NPeobpa3oBaHU 3TO ypaBHEHMeE 3anucbiBaeTcs B Buae [3]:
oH H H _,H (& ’

2
—+4H—+—+S"—+ —2+Sza—2 H=0 (1)
or ox OX op oX op

1 HoBOCUBUPCKUIA rOCYLaPCTBEHHbIN YHUBEPCUTET
2 UHcTtuTyT Tennodpusmkm um. C.C. Kytatenagse CO PAH, HoBocnbupck, Poccunsa
3 UHCTUTYT GU3MKM NONyNpoBOAHNKOB M. A.B. PskaHosa CO PAH, HoBocnbupck, Poccus
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S=L/R=1/(1+0,8Re/Wes;)"* <1

3pece Re=V h,/v ~1- umcno PeitHonbAca, We:c;/pgh(f ~1/¢&* - yncno Bebepa, h, - TonwmHa
HeBO3MyLLEHHOM nneHkK, R - paguyc umnunapa, L - xapaktepHblit macwitab Bo3myLLLeHUI, (- YCKO-
peHue cBOOOAHOro NafeHus, v - KO3GOULMEHT KUHEMATUYECKOM BA3KOCTU KUAKOCTU, T - KO3ddu-
LMEHT NOBEPXHOCTHOIO HaTAXKEHMA, X - aKCMasibHan UMAMHAPUYECKan KOopAMHaTa, ee Hanpas/ieHue
COBMaZaeT C HanpaB/NeHWEM BEKTOPA CUJbl TAXKECTU, @ - a3uMyTasibHas LUWAUHAPUYECKAs KOOpau-
HaTa, T - 6be3pasmepHoe M nNpeobpasoBaHHOe Bpems, pyHKUMA H - TpaHcdopmMmMpoBaHHOe onpeae-
NeHHbIM 06pa3om, obe3pasmepeHHOe OTKIOHEHME TOJLWMHbI MAEHKM OT HEBO3MYLLEHHOTO YPOBHS.
MpeanonoxeHve 06 MCNOMb30BAHUMN LUAMHAPOB BONbLIMX PAAMYCcOB, O3HAYaeT, YTo CrnpaBeaInBo
HepaseHcTBO J, =h, /R < 1. [onaraeTcs TaK:Ke, YTO BbIMNOSHEHO YC/I0BUE ANMHHOBONHOBOCTU BO3-
MYLLLEHWIA, T.€. XapaKTepHaa A/MHa BO3MYLLEHNI CBOBOAHOM MOBEPXHOCTM MHOrMO 60/blue TOALMUHDI
nnenkn - £ =hy /L < 1. XapakTepHasa ckopocTb ¥, :gho2 /2v € TOYHOCTbIO A0 BENMYMH NopAaKa &
paBHa CKOPOCTM NOBEPXHOCTM MJIEHKN NP BE3BONTHOBOM PEXUME TEYEHUS.

YpagHeHue (1) 3anucaHo B CUCTEME OTCYETa, ABUNKYLLENCA CO CKOPOCTbIO HEMTPasIbHbIX aKCUasbHO-
CMMMETPUYHBIX BO3MYLLEHMIA. B pe3ynbTaTte NpoBeaeHHbIX NpeobpasoBaHMii OHO COAEPKUT OAMH Ba-
pbUpPYyEMBbI1 NapameTp S, XapaKTepusyoWwmii reOMeTpUIO LUANHAPA.

M3 nuHelHoro aHanMsa ycToMunMBoCcTn TpusmanbHoro pelweHna H =0 ypaBHeHus (1) K BO3MYLLEHUAM
BMAa

H ~exp(ia(x—-cz) {exp(n ,¢)+exp(-n ¢)}+K.C. (2)

Cc/ieflyeT, YTO OHO HeYyCTOWYMBO, ec/v BoNHOBbIE Yncna (@,N,) yA0BNETBOPAIOT YCI0BUIO
2 4.2 2 2.2\2
a”+8'n, —(a"+S°n;)° >0 (3)
B BbipakeHnn (2) & - KOMNOHeHTa BONHOBOTO YMCNa B HANPaBAEHUM OCK X, N, - a3UMYyTaNbHaA KOM-

NOHEeHTa BOJIHOBOTO Yyuncaa. U3 ¢M3VI'~I€CKVIX COO6paH(6HMl>‘1, o4yeBMNOHO, 4YTO n(p NMPUHUMAET TOJIbKO Le-
NNOYNCNEHHbIE 3HAYEeHUA.

M3 HepaBeHCTBa (3) cneayeT, YTO HEYCTOMYMBbIE BOTHOBbIE YMCNA /IEXKAT BHYTPU KOHEYHbIX MHTEepBa-
nos (a,, &,,)-

Takum 06pasom, ana GMKCMPOBAHHOMO 3HaYeHUa S 06/1acTb HEYCTOMYMBOCTM NpeacTaBnseT cobom
ANCKPETHbIN Habop MHTEPBANOB AN1A BOJHOBbIX Yncen « , cootsetcteytowmx N, =0,1 2,---. Yueno Ta-
KWX MHTEPBAsIOB M UX Pa3mepbl 3aBUCAT OT KOHKPETHbIX 3HadeHuit S . Tak, u3 dopmynbl (4) cnegyert, Uto
npu 33gaHHOM N, >1 COOTBETCTBYIOWMIA MHTEPBAN HEYCTORYMBBIX BONHOBbIX YNCEN @ CYLLECTBYeT,
€C/IM 3HaYeHUs napameTpa S yA0BNETBOPAIOT HEPaBEHCTBY

S<Sc(n¢)=\/( n,—n>-1)/2n, (4)

M3 HepaseHcTBa (4) cneayer, uto npu S > S, (1) = 0.707 TpusmanbHoe peweHve H =0 ycToitunso no
OTHOLLUEHMIO KO BCEM MPOCTPAHCTBEHHbIM BO3MYLLEHMAM BUAA (2). B 3TOM cayyae moryT HapacTaTb
TO/IbKO aKCMaNbHO-CUMMETPUYHbIE BO3MYLeHuA ¢ N, =0 1 BonHOBbIMK Yucnammn o <1.

METOAbI BbIYUCNEHUI

MeTop, UNCNEeHHOro HaxoXAeHua cTaunoHapHo-berywmx pewenunin (H(x,¢,7)=H(&,9), & =x—cT,
C - da3oBasA CKOPOCTb BOJIHbI) ypaBHeHUA (1) noapobHo onucaH B [4]. OTMeTUMM 34ecb, YTo dasoBan
CKOPOCTb € ABNAETCA COBCTBEHHbIM 3HAYEHNEM 334341 U A/1A 3aaHHbIX BOJTHOBbIX YMCEN MOXKET Npu-
HMMaTb TO/IbKO ANCKPETHbIN HAabop 3HAYEeHU.

MeTtoz McCaeaoBaHUA YCTOMUMBOCTM CTaumoHapHo-6erywmx pewenunii H (&, @) n ncnonb3osaHus
3TUX PEe3yNbTaToB A/1A aHanu3a budypKaumii, T.e. BETBNEHWUA HOBbIX PELIEHWU, BMOMHE aHa/IoTUYEH,
M3/10’KeHHOMY B paboTax [5,6]. MMosTomy NoAcCHMM ero 34ecb KpaTKo Ha NpUMepe akCuaabHO-CUMMMe-
TpuuHblx pewennii H = H(E). Nyete Hy (&) - nepuoamnyeckoe pelueHune ypaBHeHMA (1) ¢ BOHOBbIM
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yncnom « . Ans uccnefoBaHMA ero yCToMunMBoCcTM noactasnm B (1)
H =Hy() +n(S,0.7)

1 IMHeapusyem ero no sosmyuieHuio h(&, @, 7) . YuntbiBas, 4to nepemeHHble T U @ He BXOAAT B ypaBs-
HeHue (6) ABHO, ero peleHne NpeacTaBAseTCsA B BUJE:

h(S,@,7) = exp(=y 1) {exp(in, @) +exp(~inp); h(5) + C.C. (5)
3pecb C.C. - KOMMNIEKCHO COMPAMEHHOE BbipaXeHue.

B pesynbrate ana h(£) npuxoauMm K 06bIKHOBEHHOMY JIMHEMHOMY YPaBHEHUIO C NEPUOANYECKUMM
Ko3aboduumeHTamm. 13 Teopembl ®noke cnegyeT, YTO GU3MYECKM Pa3yMHble pelleHus s 3Toro ypas-
HEeHUs, orpaHMYeHHble Ha BECKOHEYHOCTAX, UMEetoT BUA,:

h (&) = exp(iQad)d(s)

rae ¢(&) - nepuopmnyeckan GyHKLMA Toro ke nepuoga, yto u Hy (&) ; Q - BellecTBeHHbIN napameTp.
Takum o0bpasom, nccnefoBaHMe YCTOMUMBOCTU aKCUANbHO-CUMMETPUYHbIX, CTaLMOHAPHO-6eryLmx pe-
LWeHU ypaBHeHWs (1) CBOAMTCA K U3YYEHMIO NPU Pa3nuHbIX 3HaYeHnax Q u N, cnekTpa cobCTBeHHbIX
3HAYEHWUI ¥, NpY KOTOpbIX ypaBHeHue ansa ¢(E) umeeT nepuognyeckue pewerus. Kak BugHo us (5),
BOJIHA YCTOI4MBA, €Cu ANA t0BbIX 3HaueHnin Qu N, y Bcex y BellecTBeHHble yacTu y, > 0. Hosble cTa-
unoHapHo-6erywme pexkumbl oTeeTBAAOTCA OT pewenua H (&), ecan B HekoTopoid Touke (a, N, Q)
KaKoe-HMbyapb 13 cobcTBeHHbIX 3HaueHMi ¥ obpalwaetca B Honb: ¥(a,N,,Q) =0. Ecm y,(a,n,,Q) =0,
a 7i(a,n,,Q) # 0, T0 BO3MOXHO POXKAEHME HECTALNOHAPHbIX PEXKUMOB.

0606LeHMe MeToaa aHaM3a YCTOMYMBOCTU Ha C/1yYait NPOCTPAHCTBEHHbIX PELLUEHUI 04eBULHO.
[na HaxoxKAeHWsA HecTauMOHAPHbIX pelleHunit ypasHeHus (1) dyHkuma H npeacrasnsetcs B Buge npo-
CTpaHcTBEHHOrO psaga dypbe:

H(x,p,7)= Y H,, (v)exp(ionx+imn ) (6)

n,m
Mocne noactaHoBKK (6) B ypaBHeHue (1) nonyynmm GeckoHeuHyt cucTeMy O6bIKHOBEHHbIX Andde-
peHUManbHbIX ypaBHEHWU Ha Dypbe-rapmonHuku H, (7). Monaras, uto Bce H, () c MHAeKcamu
[n|=N, |[m|>M paBHbl HytO, NPUXOAUM K €€ KOHEYHOMEPHOMY aHanory:
N M
y _ . 2.2 24, 2 2.2 202, 2N\2
H, =-2ion Z Z H,_, .t +(a n +n,S'm—(a'n"+n,S"m’) )Hn
m=n-N m=m-M

n=0,.,.N; m=1,...M

m

PE3YNIbTATbI YACNEHHbIX PACYETOB

Pe3ynbTaTbl pacyeToB CTaLMOHAPHO-GEryLiMx BOJIH MOKa3blBaloT, YTO NPOCTPAHCTBEHHOE CeMeMcT-
BO PELIeHWii C a3MMyTa/ibHbIM BONHOBBIM YMCAOM N, =1 OTBETBAAETCA OT TPUBMANBHOMO peLieHus
H =0 B OKpecTHOCTU HeNTPasIbHOro BOMIHOBOIO Yncna a, =V1— 2S? . 370 cemeiicTBO Bydem Hasbl-
BaTb MepPBbIM MPOCTPAHCTBEHHbIM cemencTBOM (cemelictBom | ). O6iacTb HEYCTOMYMBBIX BOJIHOBbIX
uncen o B 3TOM ciyyae nexut B uHtepsane (0, ). Ana aToro cemeiicTBa 3aBUCUMOCTb aMMIUTYAbI
pewennii AH =H_ . —H, ; OT BonHOBOro uncna @ 1 napameTpa S npeAcTas/ieHa B BUAE NOBep-
XHOCTM Ha puc. 1. M3 aToro pucyHKa BMAHO, YTO B C/lyyae, Korga o, > 0.5, nepBoe npocTpaHcTBeHHOE
CemMeincTBo HenpepbIBHO NPOAO/MKAETCA BHYTPb 06/1aCTM HEYCTOMYMBOCTH, U, HAOBOPOT, B C/ly4ae, Kor-
faa a, <0.5, ato cemelicTBo NnpogoKaeTca B 061acTb YCTOMYMBOCTU TpMBUaNbHOrO pewernna H =0 K
MaJibiM TpeXMepHbIM Bo3myLeHnam. Mpu «, =0.5 cemelicTBO | BbIPOXKAAETCA B peLleHne C HyNeBOoW
amnauntyaoi. PasoBas CKOPOCTb BOJIH C 3TOFO0 CEMENCTBA TOXAECTBEHHO PaBHa Hy/0. JIUHUA P Ha
puc. 1 aBnaeTcs npoekumeit Kpasa NoBePXHOCTU «amnanTya peweHnii AH » Ha naockoctb (&, S ). Mpu
3HauYeHUAX a, S, NPUHALENKALLMX STON IMHUU P, TPEXMEPHbIE BOIHbI CEMENCTBa | BbIpOXKAATCA B
aKCUaNbHO-CUMMETPUYHbIE BOJIHbI C Y4BOEHHbIM BOJIHOBLIM YMC/IOM 2¢r . OKa3blBaeTCs, YTO 3TN BOJIHbI
NPUHAANEeKaT aKCMabHO-CUMMETPUYHOMY CEMENCTBY PeLLeHUI, OTBETBAAIOLLEMYCS OT TPMBUAIBHOTO
pewenna H =0 B okpecTHOCTM ToUKM ¢, =1. 3TO cemelicTBO B AanbHelilwem byaem HasbiBaTb nep-
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BbIM aKCMaIbHO-CUMMETPUYHbBIM CEMENCTBOM (cemelicTBom la).

AH
1,0

0,8

0.6

0.4

0,27

Puc. 1. 3aBUCMMOCTb aMNAWNTYAA PELEeHWn MepBoro MpOCTPAHCTBEHHOMO CemMeicTBa peLlleHuit
OT BOJIHOBOTO YMCNa & W napameTpa S.

PelleHna nepBoro cTaLMoHapHo-6eryLLero NpocTpaHCTBEHHOTO CEMEeNCTBa UMEIOT TPU cUMMmeTpun A,
(i=1,2,3), kotopble gna dyHkumm H(X,@) npu onpeaeneHHom Bbibope Hayana KOOPAMHAT UMEIOT
BUA

A HAI2-x, @) =-H(X,p)

AZ: H(—X,¢)+7Z'):—H(X, ¢) (7)

A Hx+A12,9p+7) =H(X, )
3pecb A - 4VHA BOMHbI B Hanpas/ieHUy ocu X . Ecan aTumu cummeTpusamum obnagaeT HavaabHoe BO3-
MYLLEHME, TO OHW COXPaHATCA B NPOLLEcCce 3BOMOLMM TaK e U y Ntobbix GyHKunn H , asnstowmxca
pelweHuamn ypaBHeHus (1). UHPpopmauma o cTaumoHapHo-6eryLmx pelweHusx ypasHeHus (1) nosso-
NAET NyYLle NOHATb 0COBEHHOCTU 3BOIOLLMM HEKOTOPbIX HECTALMOHAPHbIX pelleHunin. Hanbonee nonHo
YAAeTcA 3TO cAeNaTh B CAyYasX, KOraa HayaslbHble BO3MYLLEHUA NIeXKaT B 06/1aCTU yMEPEHHbIX BOHO-
BbIxyncen a ~ 0.5+1. 310 0byCcNnOBNAEHO NpeXAe BCEro TeM, YTO B 061aCTV YMEPEHHbIX BO/THOBbIX YW~
cen MMEETCA /LU HECKO/IbKO CTaLlMOHAPHO-6eryLwmnx CEMencTB peLLeH, KaXKL0€e U3 KOTOPbIX MOXKHO
04HO3HAYHO OXapaKTepu3oBaTb CUMMETPUAMM (7).

1.2

AH
W ' \/\J\‘/\,\/\,V\J\/\J
0.8 /
0,6 4
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0 —r . . . ——
o 20 40 B0 80 100 120 140 T

Puc. 2. 3aBUCMMOCTb aMNANTYAbl OT BPEMEHW A1 PELUeHUA, NPUTATUBAIOLLErocs K
ocunnnvpytowemy soaHosomy pexkumy. ¢ =0.52, S =0.4.
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B pa60Te npeacTtasneHbl TUNUYHbIE NPUMEpPbI Pa3/INYHbIX 3BONHOLMOHHbIX NepecTpoeK ANA TakKux BON-
HOBbIX Yncen. C ymeHblLUEeHNUEeM BOJIHOBOIO YMCaa NPOUCXoauT 6bICprIVI POCT Ynchna CTaLIMOHapHO-6e-
rywmx cemencrs DELIJEHMVI, B pe3ynbraTte Yyero nosegeHme HeCtaynoHapHbIX peUJEHMVI CTaHOBUTCA Cy-
wecTtBeHHO 60/1e€e CNOXKHbIM U NPaKTUYECKU XaOTUHECKUM.

(#) oA H (6 lo a 5
t =80 . [0 t=185 __..4*‘ 0.6
A 1 A L
AHA, 0.3 ST ‘ P “ 0.z
A P —
AN Fo.s N S OHIAA 0 3
‘\\\“gkﬁﬁ‘:{b’ s #‘} s : i \\\\‘gtﬁiﬂ;&a‘.«\ o
i o 2 los
DD ) a

ne 1.0 e 1.0
= 1.5 M WA 1,5 M

Puc. 3. Mpodunam BoSH HECTaLMOHAPHOTO peLleHus, NPeACTaBNeHHOro Ha puc. 2.

Ha puc. 2, 3 npuBeseH Npumep 3BONOLMM HAYaIbHOTO BO3MYLLEHUA K OCLUUAINPYIOLLEN BO BPEMEHM
BO/IHE. 34ecb BonHoBoe yncno o =0.52. Takoli BONHOBOM pexXunm OTBETBAAETCA OT CTaLMOHapHOo-bery-
LLLero CeMecTBa B TOUKE, A/1A KOTOPOW Y OAHOTO M3 COBCTBEHHbIX 3HAYEHWI 06PaALLAETCA B HOMb ¥, , HO
npu atom ero ¥, # 0. Kak BUAHO 13 puc. 2, nepuos, ocLUMANALMIA JaHHOMO BOJIHOBOTO peXrma paBeH
npumepHo 20 eanHuuam 6espasmepHoro spemeru 7 . Mpoduan BoSH TaKOro pelleHuns B Nocnesosa-
Te/ibHble MOMEHTbI BPEMEHMU, NPUHAANEXKALLME OA4HOMY BPEMEHHOMY NEPUoy, NOKasaHbl Ha puc. 3.

3AK/TIOYEHUE

Mcnonb3yemble B HAaCTOALLEN CTaTbe NMOAXOAbl MOTYT OKa3aTbCA MOME3HbIMU 417 U3YYEHUS LWMPOKOro
Knacca HeNIMHeNHbIX aKTUBHO-AMCCUMATUBHBIX 3BOMOLUMOHHBIX YPABHEHUI B YAaCTHbIX NMPOU3BOLHbIX.
3TN Noaxoabl 3aK/OYAIOTCA B MOCTPOEHMM CTALMOHAPHO-OErYLLIMX CEMENCTB peLleHmni, MCCNeaoBaHuUIo
MX YCTOMYMBOCTU M NPOBEAEHUIO C UCMONb30BAHMEM 3TOM MHPOPMALMM UCCNef0BaHNA HECTAaLMOHAp-
HbIX peLleHN.

MpepacTaBneHHble pe3ybTaTbl 4EMOHCTPUPYHOT, Kak B 061acTu, B KOTOPOW CyLLECTBYET ULb HEBO/b-
LLIOE YMCNIO CTaLMOHaPHO-HeryLnx ceMencTs pelleHunii, y4aeTca BbIABUTb M MPOaHaIM3MpPoBaTb TUMNUY-
Hble CLLeHapWyY 3BOIOLMM HavaibHbIX BO3MYLLEHWI. [N paccmaTpuMBaemMoro ypaBHeHus (1) aToT aHa-
/I3 OCHOBbLIBAETCA HA HA/IMYMUN UK OTCYTCTBMM COXPAHAIOLLMXCA B NPOLECce IBOMOLUN CUMMETPUIA
nccaeayemMblx peLleHnn, KoTopbIMK OAHO3HAYHO KNAcCUULMPYIOTCA BOJIHOBbIE PEXUMDI.
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Cvetkovic M., Cvetkovic S.?

MULTICRITERIA DECISION-MAKING ON SITE SELECTION DURING
CONSTRUCTION MINI HYDRO POWER PLANTS USING

PROMETHEE-GAIA METHODOLOGY

This paper deals with the strategic importance of the location of mini hydro power plants and its impact on busi-
ness. One of the most important criteria is to reduce the development cost and multipurpose hydropower used.
Selection of mini hydro power plants location was carried out using PROMETHEE-GAIA methodology, that is suc-
cessfully applied in solving the problem of multicriteria decision making . The paper outlined the basic theoretical
assumptions of PROMETHEE-GAIA methodology. The calculation was performed using Decision Lab program and

an analysis of the results.

INTRODUCTION

In our country, there are many great locations
for building a hydro power plants. Based on the
experience from the EU countries, projectants
formulated an idea that we need to use hydropo-
tential, in a multipurpose way, i.e hydropotential
should be used for electric power production, but
also for tourism development, for flood protec-
tion, , for water supply, irrigation, fishing, water
recreation etc. In a dynamic of a design realiza-
tion, priority is given to more profitable part of a
system(hydroeneretical objects), where the main
goal is that this parts, with their economical ef-
fects, enable space design for a touristic purpose,
as well as for a space protection.

There are many method, that are developed for
decision making. These methods enable mathe-
matical way of problem solving. Because there are
many computer softwers, many of these meth-
ods are also available in an electronic form, what
makes this decision making process even easier.
One of these methods is PROMETHEE, and this
method is one of the multiatribut decision mak-
ing methods. The main term in terminology of a
multicriteria decision making is an atribut, that
has a purpose to provide a means for evaluation
of one criteria level. Every alternative is caracter-
ized by numerous atributes, that we chose based
on criteria that decision maker picked. There are
many differences between atributes, but the most
important are precision in measuring them and

1 PMF, Nis, Srbija
2 Fakultet tehnickih nauka, Kosovska Mitrovica, Srbija

direction of correlation, between atribut values
and usefulness that they give.

PROMETHEE-GAIA METHOD APPLICATION

Problem about choice of location for mini hydro
electric plants building and alternative ranking is
not easy at all. Basics of methodological access to
planning of building mini hydro electric plants is
through individual access to every single object.
Condition for investment risk reduction:

e Individually defining of all impacts and restric-
tions, based on some potential location.

Including professional teams from different
areas, biological, ecological and many other
sciences, architecture at the beginning of pro-
ject elaboration- evaluation and assessment
of some project realization opportunities, and
defining of conditions under what building is
possible.

Active participating of all subjects, that recog-
nize their interest in those (local government
and association, business subjects, non-gov-
ernmental organization and association,...)
from the beginning of project starting.

Mainly, there is no optimal solution, and also,
there doesn’t exist the best alternative for every
criteria. In other words, people don’t react in the
same way to given criteria. We shoud take into
account a compromise solution, but let it be the
best compromise. Recently, there are a few well
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developed decision (decision aid methods) i.e sup-
port systems in decision making (decision support
systems), whose role is to help a decision maker
in process of the most optimal alternative choice.

PROMETHEE | (partial ranking) and PROMETHEE
Il(complete ranking) methods are well developed
by J.P Brans and presented for the first time in
1982. at the conference that was organized at the
University Laval Quebec, Canada (L' Ingenierie de
la Decision.Elaboration d’instruments d’Aidea la
Decision)[1]. During the same year, a few practi-
cal application of this method were presented by
G. Davignon, and a few years later J.P. Brans and
B. Mareschal developed PROMETHEE IIl i PRO-
METHEE IV methods. The same authors in the
1988. Suggested vizual interactive modulation
GAIA, that represent graphical interpretation of
PROMETHEE method, and in 1992. and 1995. year,
they suggested two more additions - PROMETHEE
V and PROMETHEE VI .

We have many evidented examples of success-
ful application of this method. PROMETHEE GAIA
method found it’s application in banking, in indus-
trial location choice, investments, medicine, tour-
ism. The success of these methods we attribute
to mathematical properties and individual ease of
use.

Practical application of PROMETHEE-GAIA method
is presented in the example about choice of loca-
tion for mini hydro electric plants. Choice of loca-
tion is done by following eight criteria:

1.Power of the power plant

2.Total installed flow

3.Decrease of river flow

4.Speed of water flow

5.Geology of hydrographical basin

6.Village, industrial and agricultural water supply
7.Flood regulation

8.Ecological impact

I S A Y A A M
300000 300 0.85 1 085 1000 0 1
20000 300 085 04 1 1500 1 1
O=| 40000 200 04 085 04. 900 085 1
30000 200 0 085 04 800 085 1
250000 400 1 04 04 1000 04 1
1300000 400 085 1 1 1100 1 1|

64 e MIT 2011

There are six offered location: A, B, C, D, E, F. Val-
ues of alternative by given criteria are presented
in following equation. Qualitative and quantitative
valuation of these atributes, for some location, are
presented in following matrix of decision:
Quantification of attributes is done in the follow-
ing way:

Very bad-0; Good-0.4; Very good-0.85; Great-1.
Type I: Ordinary criterion

Type II: Quasi criterion

Type llI: Criterion with a linear preference

Type IV: Level criterion

Type V: Linear preference criterion with an indif-
ference area

Type VI: Gauss criterion

All criteria are assigned an ordinary preference
function, i.e an ordinary criterion (type I) based on
the table 1, in the following way:

Table 1. Preference function, parameters and weights

K K K K K K K, |K

1 2 3 4 5 6 7 8

Tip | \ I\ 1] I\ Il | Il
m / 02102 / 10| 3 / 3
n / 05|03]25|20]| / / /
t 0102|0102 (03|01|01]|0,1

PPROMETHEE GAIA analysis

For the calculation, based on this example, we use
a Decision Lab software, that can graphically pre-
sent the alternatives ranking results. Firstly, on the
picture 1, there we have the display of the initial
(table) data in a given software.

B Decinian Lab - [min 1]
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Pic. 1. Initial data for alternatives and criteria

PROMETHEE Il method gives decision maker a
chance for complete ranking of alternatives, as we



see in a picture 2. Based on this picture, it can be
concluded that the complete alternative order is:

B Deciuian Lab - [mit 1]

[STE T powurn / Laisl
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and the criteria are represented like squares. Con-
flict criteria characteristics are clearly presented
at the diagram. Conflict criteria are oriented in the
opposite direction, while criteria that have a simi-
lar preferences are oriented in the same direction.

As addition in presenting alternative and criteria,
weight vectors projection in a GAIA plane has ap-
propriate Pi vector, that shows a direction of a
compromise results.

GAIA Plane 3]
[r—

I,/|

Pic. 2. PROMETHEE Il ranking

Both methods give decision maker a strong sup-
port in problem solving process. Obviously,
PROMETHEE | and PROMETHEE Il methods do
the ranking, based on assigned weighted coeffi-
cient. Special software option called ,THE WALK-
ING WEIGHTS” provides a modification of initial
weights and also provide us to watch the result
modification during the ranking, with the help
of PROMETHEE Il method (picture 3). In this way,
decision maker can simply conduct the sensitivity
analysis of derived results.

B Docaion Lab - [sit 1] |EX]
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Pic. 3. WALKING WAIGHTS -option that we
use in a data sensitivity analysis

Graphical analysis of a derived data can be seen
in a picture 4.

The information about complex decision prob-
lem that contains k criteria, can be presented in
a k-dimensional space. GAIA plane is a plane that
is derived through the projection of a overall in-
formation in a two-dimensional space. In a GAIA
plane, alternatives are represented in by triangles

Actions CHterion?
F

Actiond
&
i ACtion3
Actiond
Fy

Action2
Fy

& 1 74.40% ™ Dynamic Scaling
&

-

Pic. 4. Alternative graphic ranking (based on derived data)

In this way, the decision maker is allowed to make
a decision about choosing an alternative. If weight
coefficients are changed, the allocation of alterna-
tives and criteria remain the same, but direction
of the decision axis Pi changes.

If Pi vector is longer, then decision axis has strong
decision power, i.e decision maker is given more
offered solutions. If vector is shorter, then deci-
sion axis is poorer with offered solutions, what
means that criteria are very conflict and that the
choice of the best compromise is very hard prob-
lem. Program provides us using of weighted vec-
tor in the form of decision stick, because of easier
decision orientation in the plane.

PROMETHEE DECISION STICK and PROMETHEE
DECISION AXIS provide quality result sensitivity
analysis. Before the best compromise choice, the
decision maker is recommended a simulation of
different weighted coefficients. However, the situ-
ation can be easily evaluated in the GAIA plane.
Offered alternatives are located in the direction
of decision axis. If alternatives and criteria remain
the same when PROMETHEE DECISION STICK is
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moving, sensitivity analysis is very clear and easy
to navigate and select the best compromise.

On the basis of the position of Pi vector in the
GAIA plane, we can conclude that the best alter-
native is alternative 3, and with that conclusin we
confirm the choice with PROMETHEE | and PRO-
METHEE Il methods.

CONCLUSION

In this paper, there are presented theoretical
properties of PROMETHEE methods, as well as
their application, which is illustrated through the
example about choice location for mini hydro
power plant. Application of this method is made
much easier by using of the software Decision Lab.
Using this software, it is very easy and very fast to
get final results and it provides detailed display of
derived results in graphical way.

Beside great quality, it should be emphasized that
success of PROMETHEE method application in de-
cision process depends on following factors:

- possibilities and experiences of decision mak-
er, that his preferences between the alterna-
tives by every considered criteria, express at
interval scale.

- decision maker is sure that in the decision pro-
cess he wants to take into account all relevant
criteria and he is aware that derived solution
will represent the best compromise between
all analyzed criteria.
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Dikovic Lj.*, Radosavljevic D.*

VIRTUAL MATHEMATICS ENVIRONMENTS FOR LEARNING
INTEGRATION

Virtual mathematics learning environments (VMLE) are being created by organizing the learning environment in
new ways, based on different technological configurations for learning math and communicating between students
and teachers. The dynamic nature of integration, could be in a conjunction with dynamic method of visualization.
Although VMLE provides multiple representations of mathematical objects, it can help students to discover connec-
tions between mathematical objects and their graphical representation. The contribution of this paper is that new
trends in technology and learning are shown in the integration field. The aim of this paper is to show how concepts
of dynamic geometry can be applied for topics in integration (Riemann sum, Simpson’s rules, Trapezoidal rule, ap-
proximation of areas,...) with suggested software tools.

INTRODUCTION. POTENTIAL OF TECHNOLOGY FOR MATHEMATICS INSTRUCTION

Technology is essential in teaching and learning mathematics; it influences the mathematics that is
taught and enhances students’ learning. [14]

Technology environments allow teachers to adapt their instruction and teaching methods more effec-
tively to their students’ needs. Additionally, students can develop and demonstrate deeper understand-
ing of mathematical concepts and are able to deal with more advanced mathematical contents than in
“traditional” teaching environments. [1],{2]

Technology helps students to “visualize certain math concepts better” and that it adds “a new dimen-
sion to the teaching of mathematics”. Teachers should support students developing these skills and
provide attractive opportunities to enrich learning.

New applications of technology have the potential to support learning across the curriculum and allow
effective communication between teachers and learners in ways that have not been possible before.

A virtual learning environment (VLE) is a system that creates an environment designed to facilitate
teachers in the management of educational courses for their students, especially a system using com-
puter hardware and software, which involves distance learning. [17]

The system can often track the learners’ progress, which can be monitored by both teachers and learn-
ers. While frequently thought of as primarily tools for distance education, they are most often used to
supplement the face-to-face classroom. [18]

The main focus of the paper is applets; small computer programs that run over the internet. The applets
are small interactive learning tools which students can use for several purposes, such as to explore a
problem situation, to discover a representation or a concept, to construct and explore 3D-objects, or
to practice a skill. [20]

The Java applets as parts of VLEs can be divided into two classes: model applets, which help to de-
velop mathematical understanding (concepts), and exercise applets, which support the development
of mathematical skills.

Model applets have an open structure in order to allow students to work on the basis of their own ideas
and to experiment freely. Exercise applets, on the other hand, have a more closed structure. In exercise
applets, a number of tasks of certain type are given to the students, their work is checked and feedback
is provided. [19]

1 High Business Technical School of Vocational Studies, Uzice, Serbia
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In this paper we will only briefly present the work realized with model applets as instructional modules
of VLE.

NUMERICAL APPROXIMATIONS OF AREA ,

In the high school mathematics concept of definite integral _[f(x)dx is almost introduced as the
Riemann integral, which is always defined in terms of Riemann sums, and its geometric interpretation.
In a calculus class integration is introduced as “finding the area under a curve”, i.e. we instead want to

think of “integration” as more sophisticated form of summation. For many high school students, this
definition is hard to understand without visualization through adequate mathematical software.

The basic problem considered by numerical integration (quadrature) is to compute an approximate
solution to a definite integral. There are several reasons for applying numerical integration.

A formula for the integrand may be known, but it may be difficult or impossible to find an anti deriva-
tive using normal algebraic integration. In this case, integral of a function cannot be expressed with
elementary functions, i.e. polynomial, trigonometric, exponential, logarithmic, or a suitable combina-
tion of these.

It may be possible to find an anti derivative symbolically, but it may be easier to compute a numerical
approximation than to compute the anti derivative.

A large class of quadrature rules can be derived by constructing interpolating functions which are easy
to integrate. Typically these interpolating functions are polynomials.

JAVA APPLETS IN THE FUNCTION OF RIEMANN SUMS
An integral can be approximated as a sum in many ways. The simplest numerical approximations to

b
the definite integral J.f(x)dx are the left and right Riemann sums. The Riemann sum approximates

the area between the graph of a function and the X-axis as a sum of areas of rectangles. At first, it is
absolutely essential that student understand how to construct a Riemann Sum and its geometrical
interpretation.

Let f(Xx)be a function that is continuous on the intervala < x<b. The interval [a,b] has been
o . . . b-a . .
split into nsmaller intervals all with width AXx=——, and where endpoints of each intervals are
n

X, =a, X, =b, X, =a+iAx, i=1,n-1.

b b
Theleft L, = If(x)dx and right Riemann sum R = If(x)dx is defined as

L,= Zn: f(x_)Ax, R,= Zn: f(x,)AX

Each term in the sum is the product of the value of the function at a given point, and the length of
an interval. Consequently, each term represents the area of a rectangle with height f(x,) and width
AX =X, — X

If we take the limit as n approaches infinity and AX approached zero, we get the exact value for the area
under the curve represented by the function. This is called the definite integral (note that in the limit
as n approaches infinity, the left-hand and right-hand Riemann sums become equal) and is written as:

[ /() = tim (Z e )Ax] - lim (Z f(x»ij

Since they are difficult to evaluate by hand when n (the number of smaller intervals) is big, it would be
nice to find out how to do this using applets.
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The purpose of the applet below is to demonstrate how Riemann sums approximate the value of a
definite integral. The applet is designed for a visual exploration of Riemann sums and helps develop the
visual intuition of this mathematical concept. Experimenting on a computer with the approximation for
finding the area using rectangles is fascinating. As the number of rectangles increases, the approxima-
tion improves.

The applet usually allows to experiment with Riemann sums and approximating the area between the
x-axis, the graph of y = f (x), the vertical lines x=a and x=b. The user gets to specify the function
y = f(x), the values of a , b and the number n of subintervals [a,b] is to be divided into. The user
also specifies what kind of Riemann sum is to be used. The applet will then draw the graph of the func-
tion, and the rectangles corresponding to the partition and the kind of Riemann sum being used.

5
1
On the address [3] the applet shows a graph of a portion of a hyperbola defined as f (x) = 1/, i.e _[;dx .
1

Student can increase the intervals to 4, 10, 100, then 1000 and watch what happens to the left and right
estimates. This Java applet allows users to see a visual representation of numerical approximations for
the area under a sample curve (see figure 1).

For n=4,

x |1 (2 |3 |4 |5
f(x,)

1 |12 |13 |u4 |15
4

L, =Y f(x)Ax=(1+1/2+1/3+1/4)-1~2.0833
i=0
5

R, =Y f(x)Ax=(1/2+1/3+1/4+1/5)-1~1.2833

'[_

5
1
For comparison, the exact value of the integral isJ.—dx =In5~1.6094 .
X
1

Thus, for n =4 the left- and right-hand Riemann sums give poor approximations.

Figure 1 below illustrates the link between left- and right-hand Riemann sums and monotony of func-
tion y = f(x).

By using applet student can easily introduced some geometrical principles i.e. when y = f(x) is de-
creasing (R, is an underestimate and L, is an overestimate) (see figure 1),

b
R < j f(x)dx <L,
and when y = f(x) is increasing (L, is an underestimate and R, is an overestimate)

L sjf(x)dxs R
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X+ X
If we select the interval division point to be mid—points%, i =1,n, we obtain midpoint approxi-
n b
mation given by M| :Z f(xi‘l;x‘j-Ax, ie. M, ~ _[f(x)dx.
i=1 a

5
1
For j;dX and n=4,
1

X |15 [25 [35 [45
f(x) [2/3 |2/5 |27 |29

5
M, =D f(x)Ax=(2/3+2/5+2/7+2/9)-1~1.5746
i=1

We can conclude that midpoint rule approximates with rectangles on each subdivision that are partly
above and partly below the graph, so the errors tend to balance out.

Figure 1show L,,R, M, for n=4,a=1,b=5,and f(x)=1/x.
b
Note that if the graph of f(x) is concave up on [a, b] then M, is an underestimate of J'f(x)dx since the

midpoint rectangle and the trapezoid constructed by drawing the tangent line to the graph at the mid-
point have the same area since the triangles ABC and CEF are equal. (See Figure 2) [15]

Fig. 2.

On the address [4], [5], [7], [8] are located javascript applets for further introducing Riemanns sums on

interactive ways.

AN INTERACTIVE APPROACH TO TRAPEZOIDAL RULE AND SIMPSON’S RULE
Trapezoidal approximation results from averaging the approximations L, and R,, given by
L, +R,

2

T,~ [ /(v T, :i f(XH); COI

i=1

5

1 S . :

For I;dx andn=4, T,=> f(x,71)2+ 06) gy = L ; Re 16833
1 i=1

This answer is fairly close to the exact answer.

A graphical approach of the trapezoidal integration rule is given in this example (see figure 3, [10]). The
reason for this name can be seen from Figure 3, where is given Trapezoidal Rule for n=4,a=1 b =5,

and f(x)=1/x.
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Note that if the graph of y = f(X) is concave up then the area of each trapezoid is larger than the

b
area under the graph so that T, is an overestimate of jf(x)dx . Similarly, if the graph of y = f(x) is
concave down then the area of each trapezoid is smaller than the area under the graph so that T, is an
b
underestimate of the J.f(x)dx .

It follows from the above discussions that:

(i) If y = f(X) is concave up and increasing on [a,b] then

b
L<M,<[f(x)dx<T, <R,

(ii) If y = f(x) is concave up and decreasing on [a,b] then
b
R <M, sjf(x)dxsz; <L.

Simpson’s rule approximates a definite integral over an interval by partitioning the interval into an

even number of subintervals, approximating the given function on consecutive pairs of subintervals

by quadratic functions, and then computing the integral corresponding to the quadratic functions.

[11],[12],[13] (see figure 3) In Simpson’s Rule, we use parabolas to approximate each part of the curve.

Let us consider a dividing the default interval [a,b] into n (n-even number) subintervals, where
b-a X o+ X,

AX=——, n=2k, asX, <X, <X, <...<X,, <X, =b and X, =%.

In Simpson formula we use quadratic approximation instead of the linear approximation of some func-

tion.

Some function y = f(X)on the interval [XZi_Z, XZi] would be approximated with quadratic parabola,

p(x) =ax’ +bx+c, which passes through three neighboring points (x,,_, ¥,,5), (X, V21), (X3, 35,) -

Definite integral of the parabola p(x)=ax” +bx +c on the interval [XZFZ, Xzi] is equal to the

X Ax

J (@ b ) === (s + 4y + ).

*2i-2

Finally, summing the integral for i =1,...n, we get Simpson formula
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AX T +2M
Sn :?(YO+2(y2 +y4+"‘yn—2)+4(y1+y3+"'yn—1)+yn) S2n :%

The Trapezoidal Rule is an improvement over using rectangles because we used straight lines to model
the curve. In Simpson’s Rule, we use parabolas to approximate each part of the curve, which is very
efficient. After working through these materials, the student should be able to visualize how Simpson’s
Rule approximates a definite integral.

CONCLUSION

The software tools in math classes makes it easier to organize our teaching and improves learning out-
comes by presenting calculus as a study of just four fundamental concepts - limits, derivatives, definite
integrals, and indefinite integrals. Use of virtual learning environments could be important supplement
when working with students who have difficulties to understanding algebraically aspect of solving a
mathematical problem. The general goals of the paper are to create a new curriculum that develop
mathematical sense for the students who are preparing for a job, i.e. implement use of new technol-
ogy for new, alternative ways of learning and doing mathematics. This paper is presented the position
that the choice between technology and traditional methods is not exclusively “one or the other” but
correctly both.
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PREDICTION OF STUDENT’S SUCCESS ANALYZING THEIR ACTIVITIES ON

THE MOODLE COURSE

This paper describes the application of specific methods of educational data mining to analyze the activities of
students in the Moodle LMS system in the course Programmable logic devices. It was determined pattern by which
a professor can predict success and evaluation of students, helps students who have problems in learning and thus
improve the efficiency of learning in general. To implement the method of data mining over the data was used

open - source software Weka.

INTRODUCTION

Understanding of large and complex data sets is
of great importance in various fields: from busi-
ness to science and systems engineering. In the
business world, information about customers is
one of the most important strategic resources.
The ability to extract useful information hidden
in the data as well as actions and behavior based
on the detected becomes increasingly important
in a competitive world. Data mining and knowl-
edge discovery in databases are two terms, but
often the two terms are used interchangeably. In
essence, data mining is the process of extraction
patterns or models from observed data. It is de-
fined as “non-trivial process of identifying valid,
novel, potentially useful, and understandable pat-
terns in data”. [1] Data mining refers to the pro-
cess of finding interesting patterns in data that
are not explicitly part of the data. [2] The resulting
patterns can be used to display the new informa-
tion and for specific predictions.

[3] describes data mining as a multidisciplinary
field of work that includes schematic database
technology, artificial intelligence, machine learn-
ing, neural networks, statistics, pattern recogni-
tion, knowledge-based systems, knowledge ac-
quisition, information retrieval, computation and
visualization of high-performance data. Data min-
ing has its roots in various disciplines of classical
analysis of data from which the most important
statistics and machine learning. Statistics, as part
of mathematics, putting emphasis on the applica-
tion of mathematical methods for determining
the reasonableness and consistency of the test
solutions before testing is carried out in practice.

In contrast, machine learning and application of
its origin is mainly in computer practice, leading
to a practical orientation and readiness for test-
ing solutions to problems without a formal math-
ematical proof of effectiveness.

In the last few years has developed numerous
systems for online learning, known as e-learning
systems based on static and interactive materi-
als for learning. Some of them consider the di-
versity of students using intelligent and adaptive
techniques. To personalize the learning environ-
ment, these systems build a model based on the
characteristics of students, their activities in the
system and realized knowledge. Educational data
mining is a discipline concerned with the develop-
ment of methods for knowledge discovery based
on data available from the education environment
[4]. The data necessary for research in this area
can be obtained from databases of educational
institutions or from e-learning system [5]. Educa-
tional data mining uses techniques such as deci-
sion trees, neural networks, k-nearest neighbors,
support vector machines and others to extract
the associative rules, classification groups and
clusters from data set. Discovered knowledge can
be used to understand the behavior of students,
improving e-learning system and curricula as well
as many other benefits [6].

Application of educational data mining techniques
in e-learning systems can be generally categorized
as follows:

e The formation of patterns that show associa-
tive connections within the data set

e The classification of instances of the analyzed
data set in a pre-defined categories

1 School of Electrical Engineering and Computer Science Applied Studies, Belgrade, Serbia
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e Grouping instances into clusters without prior
knowledge of the categories

e Discovering patterns in the data based on
which to make specific predictions

E-learning systems have the ability to track pro-
files and registering any kind of user activities [7].
Student activities such as access to the system, the
use of static and interactive resources (lessons,
assignments, tests), the interaction and commu-
nication with other participants of the course are
stored in the database of e-learning systems. E-
learning systems can generate reports that consist
of large amounts of data so that their analysis dif-
ficult and time consuming. Some platforms offer
special tools to create reports but in the case of
analyzing large data sets, the process of extrac-
tion of useful information is still complicated.
Offered tools do not provide thorough monitor-
ing and evaluation of all activities performed by
students, evaluation of the structure and content
of the course and its effectiveness in the learning
process [8].

CASE STUDY

This paper describes the implementation of one
educational data mining method on the data set
extracted from the online course Programmable
logic devices implemented in Moodle e-learning
system and held at the School of Electrical Engi-
neering and Computer Science Applied Studies in
Belgrade in the summer semester of 2008/09. It
is demonstrated what kind of data can be collect-
ed, how to perform pre-processing of data, how
to apply data mining methods on the data and
how it can be used discovered knowledge.

DATA COLLECTION

We collected data from the course Programmable
logic devices [9] implemented in Moodle environ-
ment. The course was chosen by 112 students
with the different study programs. Moodle [10],
Learning Managament System for e-learning, was
installed on the server under the Linux platform
and a PostgreSQL database and is in the process
of data collection used an administrative tool
for managing PostgreSQL databases. Data about
students’ activities (access log, use of static and
interactive course resources (lessons, interac-
tive assighments, tests)) were extracted from the
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Moodle database [11].

PREPROCESSING OF DATA

For this step, the collected data were prepared in
tables in a format that it is suitable for the imple-
mentation of data mining techniques. Data were
integrated in a summary table so that rows con-
tain all the information referring to students’ ac-
tivities. Summary table was made executing SQL
queries against the appropriate tables Moodle
database. Generated reports were exported from
the PostgresSQL database in CSV format and im-
ported into the Weka data mining tool.

With the selected discretization filter, the CSV
file is transformed into a text file format ARFF
(Attribute-Relation File Format) which is an ASCII
text file. This file describes a list of instances split
among the set of attributes and has two separate
sections [12]. The first is a header containing in-
formation (name relation, a list of attributes and
their types) followed by information about the
data (the line contains the data declarations and
the actual line of the instances).

Data discretization is performed in order to obtain
discrete and nominal data. Through discretization
procedure numerical data are divided into appro-
priate classes that will be more understandable,
but there is a possibility to lose a piece of informa-
tion during this procedure. It is therefore very im-
portant to perform the discretization procedure in
the best possible way.

Some of discretization methods for transforma-
tion of continual attributes into discreet ones are
the following [13]:

e Fqual-width method by which the attribute
range is divided into a fixed number of equal-
ly length

e Equal-frequency method by which the attrib-
ute range is divided into a fixed number of
intervals with equal or approximately equal
number of instances

e Manual method in which the user has to
specify the cut-off points

By applying discretization method equal-width,

the range of numerical values attributes of les-

sons, tasks [14] is divided into intervals of equal
length and were obtained nominal values. For nu-
merical values of attributes preparatory_tests and



exam_ test was applied discretization manualy
method. The maximum number of points that stu-
dents could gain in the test is 15, and were there-
fore cut off a certain point. Points scored by the
students at the examinations and tests defined
the cut-off point and grouped into five groups:
failed, passed, good, very good, excellent.

PREDICTING STUDENTS’ SUCCESS USING J48
CLASSIFICATION ALGORITHM

This paper describes use of classification method
for predict the students’ success based on their
activities in the Moodle environment. We used
the Weka tool for the implementation J48 classifi-
cation algorithm. Weka [15] is an open-source tool
that provides a collection of machine learning and
data mining algorithms for the data preprocess-
ing, classification, regression, clustering, associa-
tive rules, and visualization. Classification is a data
mining task that implies affiliation of an instance
with certain group [3]. It belongs to the type of
supervised learning, which means that formerly
unmarked patterns are found and marked on the
basis of pre-classified patterns. Pre-classified pat-
terns are used to classify classes used for finding
and marking new patterns. On the basis of a col-
lection of formerly defined categories, mapping of
existing data is performed. There are several ago-
rithms used in the classification process, such as:
linear discriminatory functions (linear program-
ming, support of vector machines), decision trees
(ID3, C45, 148, CART), single linear classifiers, clos-
est neighbor-classifiers, etc. Classification rules
represent an alternative to decision tree. Prereg-
uisite rules are a series of tests (just like the nodes
in the tree). Preconditions are usually connected
by logical “AND”. The conclusion gives the class or
classes that correspond to the examples that sat-
isfy the rule. Decision tree is easily transformed
into a classification rule for each leaf represents
one rule, but rules are extremely complex ob-
tained. It is difficult to transform the classification
rules in a decision tree. Classification rules make it
easy to add new rules to the existing set of rules.

In order to determine the motivations behind
the students’ activities in the Moodle course, we
chose Weka’s J48 algorithm based on the C4.5
algorithm from the machine learning, for the
reason that it is a classification algorithm offer-
ing an advanced equilibrium between precision,

speed and interpretability of results. The basic al-
gorithm for decision tree induction represents a
greedy algorithm which generates decision trees
in a top-down recursive divide and conquer man-
ner. Before implementation J48 algorithm it was
necessary to set the values of some paramatars
so the minimum value of confidence factors was
set to 0.5, the minimum number of examples per
leaf was 2, do not use the binary distribution, re-
duced tree is used, the method of reduction is to
increase tree and is not used reduce error. The
results consisted in decision trees based on the
initial data set, then on a number of filtered in-
stances.

Application of decision tree algorithm can be
summarized as follows[16]:

1. Choose an attribute that best differentiates
the output attribute values.

2. Create a separate tree branch for each value
of the chosen attribute.

3. Divide the instances into subgroups so as
to reflect the attribute values of the chosen
node.

4. For each subgroup, terminate the attribute
selection process if:

a. All members of a subgroup have the same
value for the output attribute, terminate
the attribute selection process for the cur-
rent path and label the branch on the cur-
rent path with the specified value.

b. The subgroup contains a single node or no
further distinguishing attributes can be de-
termined. As in (a), label the branch with
the output value seen by the majority of
remaining instances.

5. For each subgroup created in (3) that has not
been labeled as terminal, repeat the above
process.

There were generated values of several perfor-
mance measures for the classification problems
Kappa statistic, MAE (mean absolute error),RMSE
(root mean square error), RAE (relative absolute
error, %), RRSE (root relative squared error,%).
Weeka system displays data about the number of
leaves on the tree, size tree, number and percent-
age of correctly and incorrectly classified instanc-
es and so on. For the J48 classification learning
based on the training set, we obtained a 67,7083%
success rate (the correctly classified instances),
and a 56,25% success rate for the cross-validation
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experiment. Cross-validation parameter is set at
the value 10 and selects the class attribute for the
prediction. Cross-validation represents the clas-
sifier that evaluate using a cross validation with
different number of “bandaging” that can be
specified. First, the entire data set is divided into k
subsets of data of equal length. The resulting sub-
sets of data are used as a model for training and
are called k-fold cross - validation. The division on
the 10 parts (k = 10) proved to be the best. Table
1 shows the values of characteristic measures of
use training set.

Table 1. Values of characteristic measures of use training set

Correctly classified instances 67.7083 %
Incorrectly classified instances 32,2917 %
Kappa statistic 0.5828 %
Mean absolute error 0.1749 %
Root mean squared error 0.2957 %
Relative absolute error 56.2886 %
Root relative squared error 75.0817 %

One of the resulting classification

model is the

view of decision tree (Fig. 1) in graphic and textual
form.Some examples of the suggestive interpreta-
tion of branches decision tree in Figure 1 are:

e [f the students not passed the preparatory
tests, then did not pass the exam test.

If the students achieved grade passed at the
preparatory tests and done excercises then
they achieved a good grade on the exam test.
If the students achieved grade passed at the
preparatory tests and done excercises then
they achieved a pass grade on the exam test.
If the students achieved grade good at the
preparatory tests then they achieved grade

very good on the exam test.

If the students achieved grade very good at
the preparatory tests and done excercises
then they achieved grade excellent on the
exam test.

If the students achieved grade very good at
the preparatory tests and did not do excer-
cises then they achieved grade very good on
the exam test.

If the students achieved grade excellent at
the preparatory tests and done excercises
and read lessons then they achieved grade
excellent on the exam test.

CONCLUSION

In this paper we illustrate the application edu-
cational data mining classification methods on
data separated from courses Programmable logic
circuits implemented in Moodle environment.
Since the clasifications rules are the predictions
rules and describing the future situation, in this
way it is possible to predict students’performance
on the exam. The teacher can assess students’
knowledge bases on their activities. Generated
rules can be used for the classification new stu-
dents. We have shown that the classification
model should be accurate and understandable
for the teacher. In future experiments, we want to
measure the compressibility of each classification
model that uses information from more informa-
tion about the students (more monitoring activity
and resources in the course). In this way it is pos-
sible to measure both the quantity and quality of
data affects the efficiency and performance of the
algorithm.

————
| . Weka Classifier Tree Visualizer: 10:23:56 - traes 48 (izvesta]_2703 2-weka attribute Remove-R1 atiribute Discretize-B3-.. o=l e
Tree View
/7030 = prosan =dobar  =wrlo dobra = odlican
=da

Fig. 1. Decision tree for determining students’_success on the exam based on their activities in Moodle course
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CODIMENSION ONE COINCIDENCES

We generalize and apply results and techniques about one-parameter fixed point indices from [8] and [4], and apply
the geometric description of spin manifolds and spin structures given in [7], to codimension one coincidences. Let F,
G: X = Y be PL maps where X and Y are connected PL manifolds, X is (n + 1)-dimensional closed and spin, Y is n-
dimensional, compact submanifold of R", and n>4. A coincidence of F and G is a point a€ X such that F(a)=G(a).
The set of all the coincidences is denoted by Coin(F,G). For a family V of isolated circles of coincidences of F and G,
we define two indices: ind,(F,G;V) - which is an element in the first homology group H,(E), where E is the space of
paths in XxY from the graph of F to the graph of G; and ind,(F,G; V) - which is an element in the group Z, with
two elements. We prove that for a family V of isolated circles of coincidences of F and G in the same coincidence
class there is a neighborhood N of V and a homotopy from F to H rel X\N such that Coin(H,G)=Coin(F,G)\V if and
only ifind,(F,G;V) = 0 and ind,(FG;V) = 0.

INTRODUCTION

In this paper we define two indices for codimension one coincidences, generalizing and applying the
results and the techniques about one-parameter fixed point indices from [8] and [4], and then show
that these indices provide us with necessary and sufficient conditions for removing some or all of the
coincidences, with control. The main new idea used for the definition of these indices is the geometric
description of spin manifolds and spin structures given in [7].

Let F, G: X =Y be PL maps where X and Y are connected PL manifolds, X is (n + 1)-dimensional, closed
and spin, Y is n-dimensional compact submanifold of R", and n>4. A coincidence of F and G is a point
xe X such that F(X) = G(x). The set of all the coincidences is denoted by Coin(F,G). If X=Yx | and G
is the projection P, defined by P(y,t) =y, then Coin(F,G) is Fix(F) - the set of the fixed points of F, as
defined in [8]. In this setting, isolated circles of coincidences are the generic form of coincidences, as
isolated coincidences are in the classical case, i.e. for two maps between manifolds of the same dimen-
sion. Two indices, ind (F.G;V) and ind,(F,G;V) are defined for a family V of finitely many isolated coin-
cidences and isolated circles of coincidences of F and G. The first index, ind,(F,G;V), is an element in
the first homology group H, (E), where E is the space of paths in XxY from the graph of F to the graph
of G, and ind,(F,G;V) is an element in the group Z, with two elements.

For the definition of the one-parameter fixed point indices in [4], we assumed that YSR", and so
Y x I=R"™, Then we were able, for each embedded oriented circle C<Y x| and a regular neighborhood
W of C in YxI to choose a preferred isotopy class {¢} of orientation preserving embeddings of pairs,
@ (Stx A", Stx{0})—(W, C), by isotopy of the standard embedding SE (see [4]). For an isolated circle
C of fixed points of a homotopy F: YxI—Y, we deflned i (F;C) and i,(F;C) as deg,(y) and deg,(v)
where y is the restriction of the map (P - F).@ to S'xS™= 9(S'x A") and A" is the standards n-simplex,
i.e. n-ball. There we used the fact that YSR?", so that the map P-F is defined.

So in order to apply the techniques and the results from [8] and [4] to codimension one coincidences
between F, G: X—Y, we need the following:

C1) For each oriented circle C in X and a regular neighborhood W of C, to be able to choose a “pre-
ferred” isotopy class {¢} of orientation preserving embeddings of pairs,

@ (S'xD", S'x{0})—(W, C).
The choice of a “preferred” isotopy class as in C1) led to the geometric description of spin manifolds and
spin structures given in [7]. If X is a spin manifold, then a spin structure on X gives us such a “preferred”
isotopy class of embeddings.

1 Faculty of Natural Sciences and Mathematics, University “Ss Cyril and Methodius”, Skopje, Macedonia

78 e MIT 2011



After we define the two indices, the results and their proofs are completely analogous to the ones
in [4].

Let F, G: X—Y be as above. Two coincidences a and b are in the same coincidence class if there is an
arc a: [0, I]l =X from a to b and a homotopy between F-ocand G-« rel{0,1}. The relation of being in the
same coincidence class is an equivalence relation. It follows directly from the definition, that if a, b be-
long to a circle of coincidences, then they are in the same coincidence class. Two circles of coincidences
are in the same coincidence class iff their points are in the same coincidence class.

Theorem 5.3. Let V be a family of isolated circles of coincidences and isolated coincidences of F and G,
in the same coincidence class. Then, there is a neighborhood N of V and a homotopy from F to H relX\N
such that Coin(H,G)=Coin(F,G)\V if and only ind (F.G;V) = 0 and ind,(F,G;V) = 0.

We would like to mention that a similar result to Theorem 5.3 was obtained by Jerzy Jezierski in [9].

SPIN MANIFOLDS AND SPIN STRUCTURES
A manifold M is called spin if it is orientable (i.e. the first Stiefel-Whitney class W}(M) e H}(M;Z/2) is
trivial) and also the second Stiefel-Whitney class W?(M) € HA(M;Z/2) is trivial.
We state several characterizations for spin manifolds. Let M be an n-dimensional, closed, orientable PL
manifold, L its triangulation, K the first barycentric subdivision of L .
(CS) ([5]) M is spin iff it is possible to assign to each ce K™ a 0 or 1, such that for any 7€ K™? the sum of
all those numbers of all the o K™ that have ras a face is odd, i.e. it is 1 (mod2).
(CS1) ([71) M is spin iff for each oriented embedded circle C=S! in general position with respect to K in
M, it is possible to assign t.€{0,1}, such that for any embedded oriented surface F in general position
with respect to K,

#(FNK™2)=Xt_ (mod 2),
where the sum is over all the boundary circles C of the surface F.
For the next characterization (CS2) we need to have a standard surface F(r,k) of genus r and k boundary
circles and its regular neighborhood in R". It is a disc in R2with k holes, r handles pointing to the posi-
tive, and a half 2-sphere pointing to the negative third coordinate of R".

Fig. 1. The standard surface F(r,k)

Let N=N(F) be a chosen regular neighborhood of F(r,k) in R". For each boundary circle C of F(r,k), we
chose a regular neighborhood pair (N(F),N(C)), and the homeomorphism

g(C):(Stx A™1,SHY—(N(C),C),
from the standard S'x A™! in R to (N(C),C) obtained by translation and homotety. Let the restriction
of g(C) to the boundary be f(C): Stx0A"*—dN(C).
(CS2) ([71) M is spin iff for each embedding h:S*—M in “good” general position with respect to K, there
is an isotopy class of embeddings u(h):S'x dA™—M, that extend to a pairwise orientation preserving
embeddings v(h): (S'x A™,SY)—(M,h(SY)), such that each embedding w: F(r,k)—M in general position
with respect to K, together with the embeddings u((w-g(C))")-(f(C)?) for all the boundary circles C of
F(r,k), extends to an orientation preserving embedding from N(F(r,k)) to a regular neighborhood of
w(F), where (w-g(C))’ is the composition of the restriction of g(C) on S'x {0} followed by w.
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(CS3) A simple connected manifold M is spin iff the regular neighborhood of each embedded S?in M is
homeomorphic to S?x A™2,

A Spin structure for a spin manifold is a choice of the embeddings given in (CS2).

DEGREES OF MAPS

The well know (Brouwer) degree of a map f:S" —»S" is the unique integer deg(f) such that
f.(u) =deg(f)-u for all u belonging to H (S").

Theorem 3.1. (Brouwer)Two maps f,g:S" — S" are homotopic iff
deg( f)=deg(9).
Let f:S'xS" - S" be a continuous map, N>3. In [4], two maps
f,:S" >S"and f,:S$" 58",
are defined and two degrees for f are defined as:
deg, () =deg(f,) and deg,(f)=[f,] ,
where [f,] is the element in z,,,(S")=Z,= {0,1}, determined by f,.

f1 S1 X S“

Fig. 2. The map f,

Fig. 3. The map f,

Theorem 3.2. ([4]) Two maps f,g:S1xS"™ —S", #>3, are homotopic, iff
deg, ( f)=deg, (9) and deg,( f )=deg,(9).

LOCAL INDICES 1 AND 2
Let F, G: X—Y be as above, and let X be given fixed orientation and spin structure.

Let C<X be an isolated circle of coincidences of F and G, which has a regular neighborhood W such
that the only coincidences of F and G in W are the points of C. We are going to define two indices
i,(F.G;C) and i,(FG;C).

For given >0, we can choose a neighborhood W of C, such that F and G are ¢-close on W, and so we
have the map G - F : (W, C)—(A", 0), denoted by p(G,F), where A"={xe R" | [x|< &}, as in [4]. Since C
is an isolated circle of coincidences, we have p(G,F)*(0)=C. There are two orientations on C; denoted
by O, and O,. Let ¢: (S§'x A", $'x{0})—(W,C), be an embedding from the spin structure for X. Then
we have the map C:p(G,F)-@: S'xA"—A", where (: A"—A"is the homeomorphism defined by multi-
plication by 1/e. Let u(G,F) : S'xS"*—5"* be the map w(G,F) = &C-p(G,F)-p, where &: AN{0}—S""is
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1
defined by &(x) = x| - X, and @, is the restriction of ¢ to S'x S,
Proposition 4.1. Let u(G,F) and u’(G,F) be defined as above, for two choices of embeddings ¢,¢’: (S*x
A", Stx{0})—(W,C) in the same spin structure. Then, degj(p(G,F)):degj(u’(G,F)), for j=1,2.
Proof. Since ¢ and ¢’ are in the same isotopy class, they are homotopic, and so u(G,F) and ' (G,F) are
homotopic, and then by Proposition 1.3 from [4], they have the same degrees 1 and 2. o

Proposition 4.2. Let pi,(G,F) and p,(G,F) be defined as above, for the two orientations O, and O,on C,
respectively. Then, deg, (1(G,F))=-deg, (1,(G,F)), and deg,(u,(G,F))=deg,(u,(G,F)).

Proof. The proof follows from Proposition 2.1 and Proposition 3.1 from [4]. O

For a chosen orientation O on C, deg, (1(G,F)) will be denoted by i,(F,G;C,0). We say that an orienta-
tion on C is the natural orientation on C, if i,(F,G;C,0)>0, and we say that deg, (u(G,F)) for this orienta-
tion is index 1 of G and F at C, denoted by i, (F,G;C).

Directly from the definition it follows that when Cis a transverse circle of coincidences, i.e. if the graphs
of F and G intersect transversely at C, then i, (FG;C)=1.

Remark. By the definition, i.(F,G;C)=0. In the case deg, (1(G,F))=0, both of the two orientations on C
are natural, or using different words, C does not have a natural orientation.

The following notion is well defined by Proposition 4.2.
We define index 2 of F and G at C, denoted by i,(F,G; C), to be deg,(u(G,F)).

Propositions 4.1 and 4.2 show that i, (F,G;C) and i,(F,G;C) do not depend on the choice of the embed-
ding @ in the spin structure, but they do not imply that i (F,G;C) and i.(F,G;C) are independent of the
choice of spin structure. Since the embeddings in a spin structure are pairwise orientation preserving
and deg, depends only on the orientations, i,(F,G;C) does not depend on the choice of the spin struc-
ture. But, in general, iZ(F,G;C) does depend on the choice of spin structure, i.e. it is possible to have a
circle C such that i,(F,G;C) for one spin structure is not the same with i,(F,G;C) for another spin struc-
ture. The dependence of i,(F,G;C) (which is a local index at C) on the spin structure is analogous to the
dependence on the orientation of the local index at an isolated codimension zero coincidence for two
maps between two orientable manifolds of the same dimension.

We define a local index at an isolated coincidence. Let Ae Coin(F,G) be an isolated coincidence. Let
N(A) be a small (n+1)-ball neighborhood of A in X, such that F(X)£G(x) for every xe N(A)\{A}, and let
N(F(A)) be a small n-ball neighborhood of F(A) in Y. Let ¢:A™'—N(a) be an orientation preserving ho-
meomorphisms. Then the map G-@-F-¢ determines an element in the group 7 (S™*). This element will
be denoted by i,(FG;A). Since two orientation preserving homeomorphisms of spheres are isotopic
[11], it follows that i,(F,G;A) is well defined.

Next we state several propositions analogous to the corresponding propositions from [4], and whose
proofs are the same as in [4].

Proposition 4.3. (P.3.3. [4]) Let F, G be as above and let C be an isolated circle of coincidences. Then,
il(F,G;C):OZiZ(F,G;C) iff for a small neighborhood W of C, F is homotopic to a map H rel X \W, with
H(x)#G(x) for each xe W. o

Proposition 4.4. (P.3.4. [4]) Let C be an isolated circle of coincidences for F and G. Let B be an embed-
ded disk in X, with 8B=C, and let h: (Xx{0})U(BxI)—Y be a partial homotopy such that h(x,0)=F(x)
for all xe X, h(x,1)=G(x) for all xe B, and h(x,t)=G(x)=F(x) for all xe C and all t. Then, there is a neigh-
borhood N of B, and a map H: X—Y homotopic to F rel X\N such that Coin(H,G)=(Coin(F,G)\C)U{A}
and i,(F,G;C)=i,(H,G;A), where A is an isolated coincidence for G an H. Moreover, if i,(F G;C)=0, the
map H can be chosen such that Coin(H,G)=Coin(F,G)\C. o

Proposition 4.5. (T.3.5. [4]) In a neighborhood of an isolated circle of coincidences, it is possible to intro-
duce several “parallel” circles of coincidences with prescribed i, and i,. Moreover, if the prescribed i ‘s
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are equal to 1, it is possible to make the introduced circles of coincidences to be transverse. o

WECKEN THEORY FOR CODIMENSION ONE COINCIDENCES

Let F, G: X—Y be as above. Let E be the space of paths in XxY from the graph of F to the graph of
G. If C is an embedded oriented circle of coincidences, then C determines an element {C’} in the
first integer homology group H,(E), where C’ is the map from S' into E by taking the constant paths
at the points of C. Now, let V be a family of isolated circles of coincidences Cl, Cz, . Ct (not nec-
essarily transverse) and isolated coincidences Al, Az,..., Ar in the same coincidence class. Let CJ. be
oriented by the natural orientation. We define index 1 of V denoted by indl(F,G;V) to be the ele-
ment Zil(F,G;V) {C"j } in H,(E), and define index 2 of V denoted by ind,(F,G;V) to be the element

D ip(F.G:iC+ > ip(F.GiA) inZ,

Theorem 5.1. Let V = {Cl,Cz,...,Ct} be a family of isolated transverse circles of coincidences of F and
G in the same coincidence class. Then, there is a neighborhood N of V and a homotopy from F to H rel
X\N such that Coin(H,G)=Coin(F,G)\V iff ind (F.G;V)=0 and ind,(F,G;V)=0.

Proof: The proof is similar to the proof of Theorem 4.1 in [4]. Let indl(F,G;V)ZO and indz(F,G;V)ZO.
Then the geometric 1-cycle determined by V’ is Z-homologous to zero and Ziz (F,G;C;)=0.The

fact that the geometric 1-cycle determined by V’ is zero implies, by the same methods and results as in
[8], the existence of an embedded, oriented, compact, connected surface ScX spanning V and indu-
cing the natural orientation on the circles in V, together with a partial homotopy h: (Xx{0}U(SxI)—Y,
with h(x,0)=F(x,0) for all xe X, h(x,1)=G(x) for all xe S, and h(x,t)=G(x)=F(x) for all xe V and all t. More-
over h can be altered, in the same way as in [8], to obtain a new h, such hat h| : Xx{0HU(Sx[0,1-8)—Y
is a special homotopy with respect to G, for any 8>0, where a homotopy h : MxI—N is special homo-
topy with respect to g, if h(x, s)=g(x), for some se | implies h(x, t)=g(x) for all te l. Since S'is a surface of
genus r and k boundary components, there is an embedding ¢ of the standard oriented surface F(r,k)
into X whose image is S, which is orientation preserving. For each circle in V we extend the restriction
of @ to an embedding in the chosen spin structure for X, and then extend them to an embedding from
the standard neighborhood of F(r,k) in R™* to a neighborhood of S in X. From now on, the proof is com-
pletely analogous to the proof of Theorem 4.1. in [4]. By considering the maps F-@ and G-¢, we obtain
a homotopy from F-¢ to F”, and composing this homotopy with ¢! we obtain a homotopy from F to a
map H, rel X\N for a neighborhood N of S in X such that Coin(H,G)=Coin(F, G)\V.

Conversely, let there exist a neighborhood N of V in X and a homotopy from F to H rel X\N, such that
Coin(H,G)=Coin(F, G)\V. Then, as is shown in [8] the 1-cycle in E determined by V’ is Z-homologous
to zero, i.e. ind,(FG;V)=0, and there exists a surface S as above, whose associated Z -obstruction (as
in [8]) is zero. The associated Z -obstruction for S is obtained by a cutting argument (as in [8]), which
by Propositions 3.9 and 3.10 of [4], implies that the ZZ -obstruction for S is equal to ind,(F,G;V), and
hence, ind,(FG;V)=0. o

Theorem 5.2. (T.4.2. [4]) Let V he a family of isolated circles of coincidences and isolated coincidences
of F and G in a single coincidence class. Then there is a neighborhood N of V missing other coincidences
and a homotopy from F to H rel X\N such that: Coin(H,G)=(Coin(H,G)\V)UC, where C is an isolated
circle of coincidences of H and G; ind (H,G;C)=0 iff ind,(F,G;V)=0; and ind,(H,G;C)=ind,(FG;V). o
Theorem 5.3. Let V be a family of isolated circles of coincidences and isolated coincidences of F and G,
in the same coincidence class. Then, there is a neighborhood N of V and a homotopy from F to H relX\N
such that Coin(H,G)=Coin(F,G)\V if and only ind (FG;V)=0 and ind,(F.G;V)=0 .

Proof: Follows from Theorems 5.2 and 5.1. o

At the end, we remark that Theorem 5.3 implies that for a family V of isolated circles of coincidences of
F and G in the same coincidence class, if indl(F,G;V):O and indz(F,G;V):O for one spin structure, then
indl(F,G;V):O and indz(F,G;V):O for any spin structure.
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We say that a coincidence class V is essential if ind, (G, V)#0 or ind,(F,G; V)#0.
The number of essential coincidence classes is denoted by N(G,F), and called Nielsen number for G
and F. The following theorem follows from Theorem 5.3.

Theorem 5.4. For two maps F,G: X—Y as above, the number of isolated coincidence circles or points
is at least N(G,F). o
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Djosic D.*, Micic A.?

DEVELOPMENT A SYSTEM FOR MONITORING ACCESS TO BUILDINGS

In this paper we were developed a system for monitoring access to buildings. Software package MS Project, which
have geat features, was used for developing a project for managing a realization such a complex task.

INTRODUCTION

In everyday life we manage various types of
projects. Some of them are obvious, as you ac-
count for their performance received from direct
supervisors, such as the project of introducing a
new information system, or placing a new prod-
uct to market. On the other hand, there are pro-
jects that are not so obvious, and with which we
encounter every day: going to the supermarket or
organization vacation for you and your family. Un-
derstanding what all projects, regardless of how
much their size, have a common understanding is
the basis of everything that they can do pro-
jects for our daily lives.

All projects are: general objective, the manag-
er, individual tasks, time constraints, resources
and budget. Project management is, in sim-
ple terms, be seen as a process of managing all
elements of the project, regardless of its size [1].

Research must begin by analyzing the prob-
lem, ie. to break down problems into parts that we
can understand and with which we try to resolve. A
key component is the development of commu-
nication between the customer and the design-
er, if the communication failure experienced the
same thing will happen to the system. In order
to eliminate a lot about nedumica realization, we
need to do a detailed plan [2]. The aim of this
work, the plan of planning and project manage-
ment system for monitoring access to buildings.
Inour case should be provided access only to au-
thorized persons and keep a record of access
to the building.

The systematic approach includes the analysis
and synthesis: breaking the problem into parts, the
formulation of solutions for each part and assem-
bling these parts into a coherent whole. Break-
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ing into parts of our project would give the fol-
lowing results:

Review of system
Requirements analysis,

Design,

Construction,

Testing,

Install,

Maintenance,

Education of users,
Preparation of documentation.

Business start working with customers and po-
tential customers that we understand their
wants and needs. At the same time check wheth-
er they are satisfied with our knowledge of their
needs. Exactly this is the first step in our pro-
ject review system.

RECORDS OF REQUIREMENTS

Understanding the function and purpose of the
system begins by examining the request. Require-
ments analysis involves more than simply record-
ing what the client wants. It is necessary to find
the demands around which we can agree with the
client and for which we can formulate test proce-
dures. The access control system for the building
plan collection requirements are decomposed to
collect user requirements:

e |nterview,

e Analysis of the facility,

e Processing of documentation,

e Documentation of tasks.

The analysis, discussion and defining user require-
ments:

e Analysis of the user requirements,
e Planning to collect additional user require-
ments,



e The collection of additional user require-
ments,

Defining user requirements,

Summarize all user requirements,
Documentation of user requirements,
Confirmation of user requirements by us-
ers and managers.

We distinguish between functional and nonfunc-
tional requirements. Functional requirement de-
scribes the behavior of the function of neces-
sary activities. Functional requirements define
the boundaries that surround the solution to our
problem, while the non functional requirements,
the demand for quality. The design constraint
is the decision made in advance, for example,
the choice of platform or interface components,
which limits the set of possible solutions to the
considered problem. Process constraint is the con-
straint that refers to the techniques and resourc-
es that can be used in building systems.

STAFF ON THE PROJECT

In order to determine the deadlines for the pro-
ject and assess the needs and expenses, tra-
ba know peoplewho will work on the project,
on what works, as well as specialty and experi-
ence that they must possess to overall perfor-
mance of assingned tasks. Regardless of the mod-
el, there are certain activities that are necessary in
any project that in his work contains part of
the software. The key activities include:

Requirements analysis,

System design,

The design of the program,
Implementation of the program,
Testing,

Training,

Maintenance,

Quiality Assurance.

Assign tasks of workers depends on the size of the
project, experience and training of staff. There
is a great advantage assigning different respon-
sibilities to different groups of people, thus ena-
bling checks and balance, which provides er-
ror detection in the early stages of develop-
ment. After making decisions about the roles of
project team members, it is necessary to make
a decision about the people who are for each of
them needed. In a development project, the de-

velopment team members communicate with cli-
ents and with the client.

REQUIRED WORK

One of the turning point of view of planning in
the management system is the understand-
ing about how the project would cost. Cost over-
runs could lead to abandonment of the project,
while underestimating the costs can force the
project team that a lot of time spent without fi-
nancial compensation. Good cost estimates early
in the project helps the project manager to de-
termine the number of people needed to devel-
op and agree that appropriate personnel are avail-
able precisely when needed. From the budget of
the project covers more types of costs: funds, per-
sonnel, methods and tools. Cost of funds include:
hardware, space, furniture, telephones, mo-
dems, heating and air conditioning, cables, disks,
paper, pens, copiers and all other items that make
up the physical environment in which they will
work the project team.

Other project costs include the purchase of soft-
ware and tools to support development activi-
ties. In addition to tools for designing and cod-
ing system for the project can be acquired and
software for processing, organization, documenta-
tion, testing and tracking code changes, and gen-
erate test data, and support group meetings and
soon.

THE PROJECT PLAN

To transfer the results to clients of the risk analy-
sis and proposed management of, anticipated
costs in connection with the project, terms and
organization of this system, we make a project
plan. Written planincludes customer needs / re-
quirements regarding our intentions and to
meet those needs / requirements. The contract-
ing authority analyzes the plan to get informa-
tion on activities during the development process,
which allows him to easily monitor progress of the
project. The plan also could be grounds for con-
firmation on committed assumptions, especial-
ly those related to costs and deadlines. After com-
pletion of work related to the consideration of sys-
tem requirements, and staff to determine the start
of project planning work will continue design-
ing software structures, where we find the follow-
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ing phases (activities).
1. Development of specifications of the system:
e The development of functional specifications,
e The development of the behavior of the sys-
tem (diagram)

e The development of data models,

e The development of non-functional specifica-
tions,

e Creation of a preliminary user manual.

2. Designing the structure of the system:

e Designing the structure of the software,

e Defining the interface software with the ap-
propriate environment,

e Defining the resources required to real-
ize software,
Designing the hardware structure,
Defining the hardware interface with the en-
vironment,

e Defining the resources required for imple-
mentation of hardware,

e Designing the structure of the network,

e Defining the resources required for the net-
work,

3. Development of the system:

e Designing the system to control
to buildings,
Designing the system for authorization,
Design of the central management,
Designing the control system output,
Designing the system to identify the areas of
management powers.

access

With this system we have defined bounda-
ries, and these define what will encompass
the system and what isnot. It guarantees
the Employer that we understand what the pro-
ject requires. Time limits can be expressed
through the structures of work and deadlines, to
show what will happen at any point during the pro-
ject lifetime.Gantt chart is useful to illustrate
the parallel nature of some tasks in the develop-
ment process. So the parallel phase of construc-
tion includes planning and overseeing the devel-
opment of software and hardware development.

Software development includes:
¢ Presentation of the plan and division of tasks,
¢ Verification of the developed structure of
the software,
¢ Design and implementation of software (de-
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tailed structure of the software),

e Design and implementation of databases,

e Design and implementation of software for
authorization and access control,

¢ Design and implementation of software to
work with the cards (issuance, modifica-
tion and destruction of cards)

e Design and implementation of software for
working with reports, schedules, and ar-
chives,

e Design and implementation of soft-
ware for security and monitoring,

e Design and implementation of software for
automatic control devices,

e Design and implementation of network
software,

e Coding software,

e A preliminary assessment of software func-
tionality,

e Testing of software modules,

e The identification of errors,

e Change the code,

e Testing of the revised code.

Technical description contains hardware and soft-
ware, including compilers, interfaces, and equip-
ment orspecial purpose software. The process
of developing hardware would include the fol-
lowing stages: acquisition of hardware, the
hardware implementation of the system, test-
ing of system hardware, design and implemen-
tation of network infrastructure and network
infrastructure testing. In the event that the sys-
tem sets the requirements for safety, sometimes
it is necessary and a special security plan. Secu-
rity includes confidentiality, availability and in-
tegrity, and therefore the plan must explain how
each of these segment saffect the development of
the system. To test it effectively, you must be well
planned. Therefore, the project plan should in-
clude a comprehensive approach to testing in the
project. Or testing the system for monitoring ac-
cess to buildings include: the implementation of
the new system in hardware infrastructure, paral-
lel operation of old and new systems, suspension
of work of the old system.

During the development phase, several docu-
ments will be generated, especially in the case
of large projects in which information about de-
sign solutions must be available to all project



team members. The project plan lists the docu-
ments that need to be developed, who will ex-
plain them when you make, and also in accord-
ance with the configuration management plan, de-
scribes how to edit documents.

To make the training process started immediate-
ly after the delivery system, and sometimes be-
fore, usually for training courses and supporting
documents prepared under development, rather
than after delivery systems. The project plan de-
fines the manner of conducting the train-
ing, course content, supporting software and
documentation, as well as the necessary back-
ground of each student, ie. installation, user train-
ing and maintenance. Finally, if the project team
will maintain the system after delivery, the project
plan should consider the responsibility for edit-
ing code, hardware repairs and updating of sup-
porting documentation and training materials.

MANAGEMENT PLAN

Project managers are taking steps to ensure that
their projects are completed on time and within
theconstraints of work and costs. However, gov-
ernance involves far more monintornig and pre-
maturely. We needto determine whether an ad-
verse event may occur during the development or
maintenance, so make plans to avoid these
things, or, if they are unavoidable, minimize the
negative consequences. We need to engage in
risk management to understand the differences
and manage them in your project.

There are two main sources of risk: risks and gen-
eral risks that are specific for the envisaged pro-
ject. The general risks are risks that are common
to all projects in your area contain software, such
asmisunderstanding of requirements, the depar-
ture of key employees, or insufficient time for test-
ing. Risks specific to the project are the threats
that are a consequence of the weak points of a
specific project.

Computer software can contribute significantly to
the risk management and managed the project, as
a tool for recording, calculating, analysis, presen-
tation preparation itself to help connect the pro-
ject details. Microsoft ® Project (MS Project), Fig-
ure 1, is a management software program that
is designed to assist project managers in devel-
oping plans, assigning resources to tasks, track-

ing progress, managing budgets
ing workload [3].

and analyz-
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Fig. 1. Microsoft Project

But can not produce, nor guarantee a success-
ful project plan. However, in many ways, can
be invaluable in planning and managing pro-
jects. It helps us to develop a good plan. Since
the software required to accurately determine
the tasks necessary to meet the objectives of the
project, we must carefully consider the details
of the project. The discipline imposed on an un-
derstanding of these details helps us to organ-
ize a good plan. Display screens provide an organ-
ized presentation of details of the plan, which fa-
cilitates us to visualize, organize and refine the
plan.

Microsoft Project makes calculating much easier
and more reliable projections. Based on the in-
formation we provide, which calculates the pro-
ject schedule, showing when each task should start
and finish when | have the resources (includ-
ing people, equipment, facilities etc..) arranged to
perform certain tasks. If you have provided all nec-
essary information, this schedule also shows the
likely costs of the project [4].

In this way we are enabled to easily test vari-
ous “what-if” scenarios. The project allows
us to experiment with different elements of the
plan to get us to the best plan. The project de-
tects when sources take more time than is avail-
able or when the far end deadlines impossible to
meet the constraints that we have entered [5].

CONCLUSION

The system for monitoring access to build-
ings helps us to justify the plan to others. The pro-
ject provides printed reports and facilitate the ap-
proval of our plan by the client or senior manage-
ment. Similarly, the project plan makes it easi-
er exposition of supervisors to workers, to simpli-
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fy obtaining their consent and cooperation.

MS Project helps us to monitor progress and de-
tect potential problems. Once the project start-
ed, working on tasks that begins and ends, the
date for the tasks in the schedule replacing the
actual dates. Software update schedule so you en-
ter the actual dates and end dates, provides a
new project and its costs. The new forecasts pro-
vide valuable warning us about potential delays
or cost overruns. However, it must be empha-
sized that the project management software, like
any other software, useful only as reliable com-
plete data that we have entered.

Another very important fact must be empha-
sized for the system to control access to build-
ings, which is designed to provide access only
to authorized persons and keep a record of access
to the building in several categories, with very
small corrections we can use for different sizes of
buildings and business property.
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Djurdjevic D. Z.*
NOVEL HIGHLY ACCURATE FINITE-DIFFERENCE FORMULAS FOR
TWO-DIMENSIONAL FIELD COMPUTATIONS IN ELECTROMAGNETICS

Novel highly accurate finite-difference (FD) formulas with accuracy higher than 8th-order have been derived and
used for two-dimensional (2D) field computations in electromagnetics. The FD formulas derivation is made upon a
power series expansion of the transverse electric field components in the case of uniform rectangular discretization
mesh. The use of novel FD formulas provides highly accurate solutions of physical problems which can be described
with 2D Laplace’s equation. Derived FD formulas enable very cost-effective numerical field simulations and there-
fore they are ideally suited for implementation in CAD applications. Reported formulas have not been used in the
FD method formulations in literature.

INTRODUCTION

The finite-difference method (FDM) is one of the oldest numerical techniques applied to solve partial
differential equations (PDEs) [1-4]. The FDM is known for its conceptual simplicity, flexibility and appli-
cability in computer aided design (CAD) codes [5-6]. The FDM provides us with powerful tools for gen-
erating numerical solutions to the PDEs in a various engineering disciplines and mathematical physics.
By using the FDM, the physical domain where the (scalar or vector) physical field has to be determined
(the computational domain or window) is firstly discretized (sampled) in a certain number of points by
using the finite-difference (FD) grid lines (FD meshing), and then the difference approximation of the
governing PDE is applied at every discrete sampled point within the domain, simplifying the solution of
the problem to the linear one: to the solution of set of linear algebraic equations with a size equal to
the number of sampled FD points.

The usual way to solve an electrostatic system is to calculate the electric scalar potential distribution
inside the system. This can be done by solving the Laplace equation with respect to the imposed spatial
boundary conditions. The charge distribution on the conductive boundaries and the electric field can
be then easily calculated from the known potential distribution. When the FDM is chosen as the meth-
od of solution, the centered-difference approximation of the Laplace equation is usually applied. The
centered-difference approximation of the Laplace equation for FD mesh with evenly spaced sampled
points (so-called the standard five-point FD formula for the uniform FD mesh) is second-order accurate.
The simplest way to obtain the better order of accuracy, but the most expensive in terms of memory
and computer run-time costs, is to refine the FD grid. In the standard implementation of the FDM in the
rectangular co-ordinate system in two-dimensional (2D) cases the refinement of the FD mesh in both x
and y direction is required.

Several FD approaches have been developed so far in attempt to obtain the better order of accuracy or
faster and more efficient algorithms with still modest FD meshsizes. The operator splitting techniques
like altering-direction implicit (ADI) method or local one-dimensional (LOD) method is an efficient al-
ternative [7]. Compact FD schemes [8] only use the minimum three FD mesh points in one dimension
in the FD formulas and usually are aimed to be implemented with ADI algorithms resulting in the fast
non-iterative solution of sets of linear algebraic equations (by using non-iterative tri-diagonal Thomas’
algorithm). The multi-grid methods are almost always the method of choice for solution of large elliptic
PDEs problems [6]. The accuracy of the FD methods is usually dependent on inevitable so-called stair-
case approximation, which can be overcome by using improved FD formulas [9], or by applying the FD
discretization in the non-standard co-ordinate systems [10-14].

1 University of Pristina, Faculty of Technical Sciences, Kosovska Mitrovica, Serbia
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Contrary to the standard “first-potential” solution techniques, the electric field can be calculated first.
It appears that this “first-field” solution approach has many advantages over the standard and well-
established “first-potential” solution techniques when the FDM is chosen to be the method of the solu-
tion. The main advantage of the “first-field” approach is the possibility to derive and use the difference
approximations of the Laplace equation (i.e. the field FD formulas) with much better order of accuracy.

In the present paper the field approach is adopted and a set of highly accurate FD formulas for the
electric field computation in 2D electrostatic cases is derived. The similar field FD approach has been
recently used in [9] to design accurate field FD formulas near dielectric boundaries. The field FD ap-
proach is based on the fact that both electric field components obey Laplace’s equation and Maxwell’s
equations in electrostatics. Both electric field components are expanded in the finite power series and
Maxwell’s equations are used to calculate unknown coefficients of the power series. The simple col-
location method is used to match power series representations of the field components at the multiple
of neighbouring points. The described procedure results in derivation of novel field FD formulas em-
ploying 9, 17, or 25 neighbouring FD sampled points thus yielding the 8th-, 11th- and the 16th-order
of accuracy.

Certain numerical experiments are conducted to test accuracy, numerical stability and convergence
characteristics of novel field FD formulas. Some of obtained numerical results are given in the present
paper. The FD formulas of such high degree of accuracy, to the best knowledge of the author, are not
published in the literature so far.

OUTLINE OF THE METHOD

In the linear, isotropic and homogeneous source-free media, from Maxwell’s equations for the 2D static
transverse electric field E, = E(r),

VxE, =0, V-E, =0, (1)
it is an easy task to derive the vector differential equation,
VE, =0. (2)

In the Cartesian co-ordinate system (the rectangular xy-co-ordinate system) the vector equation (2) for
E, = E, (X, ¥) can be rewritten in the scalar form as

V’E, =0, V°E, =0. (3)

Both scalar electric field components E, and E, obey Laplace’s equation, in the same way as the scalar
electric potential V does, V& =0. Instead of solving one Laplace’s equation for the electric scalar po-
tential V, we can solve two Laplace’s equations for the field components E, and E,, this can be referred
as the field approach in electrostatics. Seemingly, the field approach complicates the solution of the
problem by doubling the number of unknowns. However, it turns out that the field FD approach makes
it possible to obtain the difference approximation of Laplace’s equation (the field FD formulas) with the
high order of accuracy.

The power series expansions of the electric field components E, and E,, as the functions of the Carte-
sian co-ordinates x and y, are

E.(X,Y)=a,+aX+a,y+ax +a,xy+ay’ +a,x’ +a,x’y+axy’ +agy’ +---, (4)

E, (X, y) =by +bx+b,y+b,x* +b,xy +byy* +b,x° + b, X*y +byxy? +byy° +---. (5)

The power series expansion coefficients a and b in (4) and (5) can be evaluated from the scalar forms
of the Maxwell equations (1),

oE oE

BBy BB (6)

oX oy oy Ox
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by equating the coefficients with the same X"y™ terms. The new more suitable forms of power series
expansions (4) and (5) up to 4th-order are

E (% Yy)=a,+ ax+by+ a,x*+2bxy—a,y*+ a,x*+3b,x*y—3axy’ —b,y’ + )

a,x" +4b,x’y —6a,x*y’ —4b,xy® +a,y" +---,

E,(x,y)=b, + bx—ay+ b,x*—2a,xy—b,y*+ b,x’—3b,x’y —3b,xy* +a,y’ +

b,x* —4a,x*y —6b,x’y* +4a,xy* +b,y* +---. ®)
Note that both expansions (7) and (8) for E, and E, obey Maxwell’s equations (1) and the Laplace equa-
tions (3) in 2D case. In general, nth-order expansions in (4) and (5) require (n+1)(n+2) unknown coef-
ficients a;( and bll(, k =0,1,...,n, while expansions (7) and (8) result in only (n+1) unknown coefficients
a, and b, . For instance, the 8th-order field expansions in terms of (7) and (8) require only 18 unknown
coefficients a, and b, , instead of 90 unknown coefficients a, and b, in terms of (4) and (5).

The expansions (7) and (8) can be utilized within simple collocation procedure to enable the derivation
of the very accurate difference approximations of Laplace’s equation (i.e. the field FD formulas) for the
electric field components E, and E,. If the uniform rectangular FD mesh of the meshsize h with stencil
diagrammed in Fig. 1 is considered, the values of the field components E, and E, in terms of expan-
sions (7) and (8) up to the 8th-order have to be collocated at eight adjacent points to the central point
O (where the field has to be calculated) to obtain the field FD formulas with the 8th-order of accuracy.
For the E, component of the electric field, expansion (7) up to 8th-order can be evaluated at points
0,1,2,3,...,8 of the FD mesh stencil shown in Fig. 1, in the systematic way

EXO = Ex (010) = aﬂl (9)

E,=E,(h0)=a,+ah+ah*+ah®*+a,h*+ah®+a,h° +a,h" +a,h’®, (10)
E,, = E,(h,h) =a, +ah+bh+2b,h? —2a,h° + 2b,n° — 4a,h’

11
—4ah® —4b.h® —8b,h° +8a,h” —8b,h” +16a,h°, .

and similarly for Exg, EX4, - Exs. The collocation procedure for the Ey component of the electric field
can be performed in the similar way to give values for Eyo, Eyl, Eyz, - Eys. The described collocation
procedure results in a set of 18 linear algebraic equations,

el

Unknowns a,,&,,...,85, Dy,b,,...,b; can be calculated by inverting square matrix [H] in (12). The un-
known coefficients a,and b,, k=0,1,...,8, present (but are not equal to!) derivatives in x and y of the
electric field components E and Ey for the uniform FD mesh. The difference approximation of Laplace’s
equation, i.e. the field FD formulas, for the field components E, _and Ey at the point O, are obtained by
putting a,=0 and b,=0,

EXO = ?]6[4(Ex1 + Ex3 + EXS + Ex7) + Ex2 + Ex4 + Exs + Ex8]+o(h8) 1 (13)
1
Eo= %[4.@1 +Ey+E+E;)+E, +E, +E g +E  [+O(0°). (14)
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Fig. 1. The nine-point uniform FD mesh 19 20 21 22 23
stencil used in the collocation pro-
cedure in derivation of the 9-point Fig. 2. The 25-point uniform FD mesh stencil used

field FD formulas. in the collocation procedure in derivation of
the 17-point and 25-point field FD formulas.
Formulas (13) and (14) are well-known 9-point difference approximations of Laplace’s equation at the
point O(x,,y,) in terms of values of the scalar 2D function at nine neighbouring points for the case of
the uniform Cartesian FD mesh [2-3]. FD formulas (13) and (14) are usually considered as 6th-order
accurate [1]. However, according to the collocation procedure used, those field FD formulas give the

8th-order of accuracy.

The field FD formulas with higher order of accuracy can be obtained if more neighbouring points to the
point O are taken into account. Applying the collocation procedure on the 25-point uniform FD mesh
stencil diagrammed in Fig. 2, the field FD formulas with 11th- and 16th-order of (estimated) accuracy
are obtained. The 17-point field FD formulas are

1

Eo= m[4096-(EXl +E,+E,+E,)+832-(E,+E,+E,+Ez) (15)
—52: (Ex9 +E3 +Egr + Ev1) —(Eas + Eyis +Eao + Ex23)] + O(hu) J
1
E, = m[4096.(5yl +Eyq+Eys+E,;)+832-(E,, +E, +E  +Eyy) (16
-52. (Ey9 + Eyl3 + Eyl7 + Ey21) - (Eyll + Ey15 + Ey19 + Eyza)] + O(hu) .
The 25-point field FD formulas are
1
Eo= 119340 [24480 (E,+E,+E+E,;)+5440-(E,+E,,+E+E,;)
-180- (Exg + Ex13 + Ex17 + Ex21) - (Exll + Ex15 + Ex19 + Ex23) (17)
+ 48 ' (Exlo + Exlz + Ex14 + Ex16 + ExlB + Ex20 + Ex22 + Ex24)
=16+ (Eyo — Eypy + Eyy — Eyyg + Epip — Eyo + By —E ) [+O(0Y),
1
Ep = 119340 [24480- (E,+E;3+E;+E);)+5440-(E, +E , +E +E,)
-180- (Ey9 + Ey13 + Ey17 + Ey21) - (Eyll + Ey15 + Ey19 + Ey23) (18)

+48~(Eylo + Ey12 + Ey14 + Ey16 + Ey18 + Ey20 + Eyzz + Ey24)

+16- (Exlo - Ex12 + Ex14 - Exls + Ex18 - Ex20 + Ex22 - Ex24)] + O(hls) .
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NUMERICAL RESULTS

A number of numerical experiments were performed to validate the accuracy and convergence char-
acteristics of novel field FD formulas. The 2D electrostatic systems with known analytical solutions are
chosen and obtained numerical results are compared to the exact analytical solutions. Both electric
field components E_and E, are numerically calculated at the interior points of the square computa-
tional domain Q. The field source in the numerical example 1. is kept outside the computational do-
main. The spatial boundary conditions at the edges of the computational domains are taken to be of
a Dirichlet type, hence values of the electric field components E, and Ey at points at the edges of the
computational domain are calculated analytically thus eliminating the possible non-physical numerical
reflections. It is obvious that the use of the 17-point and 25-point field FD formulas requires two lay-
ers of pre-computed field values at FD grid points at the boundaries. To enable the efficient numerical
experiments the fast pointer oriented C++ codes are written and run on the TOSHIBA TECRA A10 note-
book model with 4 GB of RAM and clock at 2.0 GHz.

Numerical experiments are performed for the uniform FD mesh with the same number of the FD sam-
pled points in the X- and y-direction, N, = N, = N, and the FD meshsize h = hy = h. The accuracy and
efficiency of novel 9-point, 17-point and 25-point field FD formulas are compared against the accuracy
and efficiency of the standard 5-point FD approximations,

1 1
E,o= Z(Exl +Eu+Eg+E,)+0("),  Ep =Z(Eyl +Ey3+Ey+E,, )+O(h"). (19)

According to the derivation procedure, the 5-point FD formulas should behave as 4th-order accurate
(19), however, this is never the case, they behave only as 2th-order accurate.

To quantify the difference between calculated, Enum, and exact, Eexact, values for the field components
and therefore to estimate the order of accuracy of novel field FD formulas, the relative root mean
square error (RMS error) is calculated for both x and y electric field component at all FD sampled points.
In the case of computation of the E_component, the relative RMS error is calculated as

2
1 N N (‘Exnum,j _‘Exexaclij )

R D) D= ! (20)

i=1 j=1 X,

RMsRel

error

exactij

and similarly for error in the Ey component computation. The numerical results affected by the machine
arithmetic accuracy (RMS error values less than 10**) are indicated with thin “zebra” strips at the very
bottom in Figs. 3-4.

The 1st numerical example presents the calculated relative RMS error in FD computations of the electric
field of a line charge with the constant charge density q; , located at the point M(-2.5,-1.5). The electric
field is calculated numerically inside the computational domain Q defined as (X, y) € Q=[0,5]%[0,5].
The exact solutions for the electric scalar potential V=V(x,y) and the field components E,_and Ey at the
point O(x,y) are

V=V, +alnr, EX:aX_rZXM, Ey:ay_rzy“", rz\/(x—xM)2+(y—yM)2, (21)

where V is an additive constant, and a = (|, /(47z¢) is constant parameter (both V and a are in Volts).
For a=5, results of the electric field computations are shown in Fig. 3, where the “strength” of novel
field FD formulas and their superior accuracy are clearly indicated.

The 2nd numerical example presents the calculated relative RMS error in FD computations of the elec-
tric field of the nth harmonic solution of Laplace’s equation. At the point O(X,y) the exact solutions are
COS NX

V=V,+a e™, E =-asinnx-e™, E,6=-acosnx-e™, (22)

x — y
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where nis an integer number, n=1,2,3..., and a is constant parameter. Numerical results for the E_com-
ponent in the highly-oscillating and highly-decaying field case for n=6, a=100 within the computational
domain Q defined as (X,y) e Q=[0.5,2.5]x[0.5,2.5], are shown in Fig. 4. Although the electric field
is an ill-behaved function, the field FD formulas show excellent convergence behaviour with predicted
Ievellof accuracy.

1
E 5-point formula
107 N 5-point formula 107
10"
. 9-point formula
5 5 1
: -
©n o 10 17-point formula
= z
o e 10
~~~~~~~~~~~ 10" 25-point formula
~~~~~~ 25-point formula
10753 X 10" /X(/
0.8 0.5 04 0.3 0.2 0.1 0.5 0.2 0.1 0.05 0.02 0.01
FD meshsize FD meshsize
Fig. 3. The relative RMS error obtained by using the Fig. 4. The relative RMS error obtained by using the
different field FD formulas in the FD computation of different field FD formulas in the FD computation
the E and E components of the electric field of a of the electric field component E_ of the funda-
line source. mental harmonic, high-oscillating field case.

CONCLUDING REMARKS

The field FD approach was used to design highly accurate novel field FD formulas to solve 2D Laplace’s
equation in electromagnetics. The field FD formulas with the 16th-order of accuracy are derived and
presented, what is the highest accuracy with a single FD formula ever reported in literature so far. Be-
ing much more accurate than the standard FD approach, the field FD approach and formulas offer the
significant cut in overall computer costs. The field FD formulas can be derived for cases of the uniform,
non-uniform and non-standard FD meshing, and can enable very accurate treatment of the boundaries
of the computational domain. The similar field FD approach with certain modifications can be applied
in other areas of the electromagnetic analysis, e.g. to solve the 3D electrostatic problems, or to solve
the transmission line problems in the 2D TEM field analysis. Moreover, the field FD idea and the field FD
formulas derivation procedure can be extended to solve other physical problems where the scalar fields
fulfil 2D Laplace’s equation. Presented numerical results have proved the solution accuracy, numerical
stability and efficiency and excellent convergence characteristics of novel field FD formulas. It has been
proved that the order of accuracy retains high even in the case of the FD computation of ill-behaved
fields.
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Djurdjevic D. Z.*
THE APPLICATION OF THE DU FORT FRANKEL BEAM PROPAGATION
METHOD IN PHOTONICS

The finite-difference beam propagation method (FD-BPM) is the most commonly employed numerical technique for
simulating field propagation in optical components. The FD-BPM is usually implemented by using implicit schemes
such as Crank-Nicolson scheme (CN) due to its stability. However, when the three-dimensional (3D) photonic struc-
tures are modelled, the implementation of the CN scheme implies the use of iterative matrix solvers and thus re-
quires huge computational resources and long run-times. The way out might be the implementation of the explicit
Du Fort Frankel (DFF) finite-difference schemes. The DFF is a three-level explicit algorithm, but provides better
stability condition than a simple explicit scheme and computational efficiency very attractive for modelling realistic
3D waveguide based photonic devices.

INTRODUCTION

The beam propagation method (BPM) is well known as the most widely used propagation technique
for modelling optoelectronic and photonic devices [1-2]. The BPM algorithm is based upon the paraxial
approximation of the wave equation [3]. The finite-difference beam propagation method (FD-BPM) is
certainly the most popular BPM algorithm [4-6], still offering computational advantages over time do-
main numerical techniques such as finite-difference time domain (FDTD) method.

So far, several different BPM algorithms have been suggested enabling significant improvements in the
computational efficiency of the standard paraxial BPM technique. One of them is a wide-angle BPM
algorithm which uses a Padé series expansion of the square root operator with an idea to improve the
paraxial limitations of the original BPM [7-8].

The FD-BPM is usually implemented by using implicit schemes, such as a Crank-Nicolson (CN) scheme,
due to their unconditional numerical stability. However, when the 3D photonic structures are analysed,
the implementation of the CN scheme requires huge computational resources and results in lengthy
run-times. The improvements in efficiency are found in the development of unconditionally stable
split-step BPM techniques, like altering-direction implicit (ADI) schemes [8-9], or local one-dimensional
(LOD) schemes [10].

When the FD-BPM is implemented in a rectangular co-ordinate system the accuracy of the method is
affected by an inevitable so-called staircase approximation. This inherent drawback of the FD methods
can be overcome by using so-called improved FD formulas, or by applying the FD discretization in co-
ordinate systems which exactly describe the geometry of the photonic device studied [11-13].

An attractive possibility to improve the efficiency of the FD-BPM is the use of the fast and uncondition-
ally stable explicit BPM algorithms, such as the Du Fort Frankel (DFF) scheme [14-15]. DFF is a three-
level explicit FD-BPM algorithm, but providing better stability condition than simple, but uncondition-
ally unstable, explicit schemes and highly improved and thus very attractive computational efficiency
suitable for modelling waveguide based 3D photonic devices.

In the present paper the main idea of the DFF algorithm, the strengths and the weaknesses of the im-
plementation of the DFF method in the FD-BPM photonics design are addressed in more details. The
computational efficiency and stability of the DFF FD-BPM formulation and the inherent downsides of
the method (such as the “spurious” or “ghost” solutions) are compared against the standard implicit CN
FD-BPM scheme. Examples of the appearance of the spurious solutions in the FD-BPM field simulations
using the DFF scheme are presented and discussed.

1 University of Pristina, Faculty of Technical Sciences, Kosovska Mitrovica, Serbia
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The recent huge improvements and discoveries in the field of photonics resulted in a broad range of
novel devices, placing at the same time high demands on numerical modellers to solve the propaga-
tion and modal properties of these novel photonic devices designed as the result of the advances in
the modern nano-fabrication and characterization techniques, such as photonic band gap structures,
photonic crystal fibers and plasmonics (metallic waveguides supporting surface plasmons having the
enormous bandwidth of a light pulse).

Furthermore, the well-known efficiency of the fast DFF method is exploited not only in the photonics
design. The DFF method is often the method of choice in various numerical simulations in quantum
physics. The linear and non-linear Schrédinger equation is often numerically solved by using the DFF
method [16].

THE EXPLICIT AND THE DU FORT FRANKEL EXPLICIT BEAM PROPAGATION ALGORITHM

The full-vectorial Helmholtz equation in linear and isotropic media, in the frequency domain, in terms
of the transverse electric field E, = E,(r), is given by

VZE, +K2n%E, =V, [VI.El—anVI.(nZE[)] (1)

where a wave-number Kk is defined as k =w,/&y1,, refractive index as n=/g, ,under assumption
n=n(z). In (1) an operator V is split in its transverse and longitudinal part, V=V, +V,. The quite
similar equation states for the transverse magnetic field H,. The BPM methods are developed under
the paraxial approximation of (1) [1-3,6],

. oE 1 ) 2l 2 2
JZnOKOthvt[nZVt~(n Et)}+k (n —nO)E,, (2)
where j=+/-1, E, =E, - is a slow-varying envelope field function, and n,denotes a reference
refractive (modal) index. Equation (2) is known as the one-way paraxial wave equation, or Fresnel’s
equation.

Because of the simlicity, the scalar assumption of the paraxial vector wave equation (2) will be consid-
ered only. In (2) transverse components of the electric field are coupled at the interfaces between di-
electrics. Better accuracy with the scalar assumption can be obtained by using so-called semi-vectorial
or polarized wave equation, which neglects a vectorial nature of the electromagnetic field, but takes
into account the boundary conditions at the dielectric interfaces of the structure. Note that the numeri-
cal solution of the full-vectorial wave equation (1) via the DFF method is still unpublished in literature.
In the Cartesian co-ordinate system the scalar form of the paraxial wave equation (2) is given by
. oD oD O°D
i2ngk—=—+-—;
oz oX oy

+k? (n* —nZ ). (3)

Scalar function @ =®(X,Y,z) in (3) denotes any transverse component of the electric (or magnetic)
field. The BPM algorithm is obtained by transverse and longitudinal discretization of the field in (3). This
can be expressed as

o0() 1=
a2 Fo(). “

where the transverse FD discretization operator F , in terms of the standard 5-point difference approxi-
mation for the second derivative, is defined as
1 [cbm. —20,  +, D, —20,  +,

i+, i,j+1 2 2 2
oy e, | ()

I/:\i,jq)

ij

T
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Fig. 1. Principal scheme of the beam propagation algorithm in the longitudinal z direction.

In the case of the standard explicit propagation algorithm,
O"(z+ A7) -D"(2) N
Az
the distribution of the scalar field ®""(z+Az) in the (n+1)th z-plane is calculated directly from the
known field distribution ®"(z) in the previous nth z-plane, see the scheme shown in Fig. 1. The explicit
algorithm is first order accurate in z, second order accurate in the transverse plane; however, it is un-
conditionally unstable and thus practically useless.
Du Fort and Frankel [17] proposed a modification of the explicit algorithm (6), first by improving ac-
curacy in z,
n+l n-1
O"(z+AZ)- D" (2-Az2) +O(A
Az

O(Az):%ﬁ®"(z)+O(Ax2,Ay2), (6)

zz):ﬁqa”(z)+o(Ax2,Ay2), (7)
then by replacing the middle terms 2®7, in (S5) with an average value @, = %((Dln'll +®le),

1 q)ln1J ((D:—l q)n+1)+q)n

i+1,j
+

inGk AX? Ay? (8)
+ kz(n -n )CD” ]

q)| o ((Dn—l q)n+l)+q)n

i,j+1

/F\i,jCDin’jZ

Hence, a three-level explicit algorithm is obtained,

CD"*l(z +Az)+ O(Az )
(9)

Lo?, (2)+ RO, (2)+CD] 1 (z—Az) + DO! , (2) +U D! (2) + O(Ax, Ay?),

i+1,]

which is second order accurate in z and second order accurate in X and Y. Discretization operators
I:, Ii, é D and U in (9) can be easily obtained by rearranging (7) and (8). Hence, the field distribution
®"(z+ Az) in the (n+1)th z-plane is calculated directly from the known field distributions ®"(z) and
®"(z—-Az), Fig. 1.

The stability analyses show that the Du Fort Frankel propagation algorithm is unconditionally stable. This
means that the propagation step Az can be chosen to be of large size (compared with the transverse
FD meshsize Ax and Ay ). However, in practice, a small propagation step Az is required in order to ob-
tain a solution that is sufficiently accurate and consistent with the original paraxial wave equation (3).

THE STRENGTHS AND THE WEAKNESSES OF THE DU FORT FRANKEL METHOD

Due to its desirable properties regarding explicit nature, unconditional stability of the algorithm and
the suitability for parallel computing, the Du Fort Frankel beam propagation method is a very attractive
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choice in the FD-BPM realisations and has enjoyed extensive applications in practice.

The explicit nature of the Du Fort Frankel beam propagation method (9) enables the computation of the
field distribution in the subsequent z-plane directly from the known field distributions in two previous
Z-planes thus resulting in substantial memory savings and avoiding time-consuming matrix algebra and
codes such as matrix inversions and multiplications or iterative matrix solver procedures. When the
implicit methods are used, such as the standard Crank-Nicolson (CN) FD-BPM method, the FD discre-
tization of (3) results in matrix equation of a type

[A][®"]=[B]-[@"], (10)
where matrices [A] and [B] are often large sparse matrices when a fine FD discretization is performed
(sometimes resulting in a couple of millions of matrix elements). To obtain the solution for the field

vector [CD”“J a set of linear algebraic equations has to be solved by using the iterative matrix solver.
Although being a sparse matrix problem, the task of obtaining the solution

[ ]=[A]"[B]-[®"], (11)
in every single propagation step by iterative matrix solver (an accurate solution often requires thou-
sands of propagation steps) is run-time and memory very consuming and can be in overall inefficient at
all. In those cases the explicit DFF method is faster and computationally much more efficient, enabling
further computational savings by impementing the DFF FD-BPM code on parallel computing platforms
[18-20].

However, there are certain downsides of the DFF algorithms which unfortunately limit its implementa-
tion in the FD-BPM codes and applications in practice.

A consistency analysis shows that the Du Fort Frankel three-level algorithm (9) is not the genuine dif-
ference approximation of a parabolic-type wave equation (3). By comparing the modified (with averag-
ing) differential equation (8) with the original paraxial scalar wave equation (3) in terms of a Taylor’s
series expansion in z about a point (Ax, Ay, Az"), and retaining just a few first dominant terms, one
can obtain

2 2 2
0@\ Ea(z)-k (AZ) +(Azj o) (12)
oz AX Ay oz

Where k =const. It can be seen that (12) is not an accurate differential approximation of (4). It would
be, if the second term on the right-hand side in (12) is equal to zero. It means that by using the Du
Fort Frankel method we are solving a fictitious mathematical problem described by (12), instead of the
real physical problem described by the wave equation (3). The accurate numerical solution of (3) can
be obtained by using (12) only when (Az/Ax)* and (Az/Ay)? are sufficiently small. This leads to the
conclusion that the Du Fort Frankel method can give the useful solution of the propagation problem
only when the propagation step Az is small enough. Unfortunately, this “small enough” criterion can-
not be achieved analytically, it has to be determined for every single propagation problem analysed by
test and trials.

Although the Du Fort Frankel method is unconditionally stable for any choice of Az, the inconsistency
of its nature gives consequently the propagation solutions of the field at “wrong” frequencies for larger
steps Az. The appearance of these non-physical propagation modes are serious drawback of the Du
Fort Frankel method.

In practice, no matter how small Az is, concerns about the validity of the obtained numerical results
are always present, particularly when a novel photonic structure is analysed or designed, having no
clue in advance what is the real solution of the problem and having in mind that the fake solutions
lurk behind. This is probably the worst situation from the aspect of the experienced numerical model-
ler: an algorithm is fast, a solution is numerically stable, a required accuracy is obtained and thus the
high degree of efficiency is achieved, except a single fact that the obtained results are not physically
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meaningful! That is why those solutions are often referred as the “spurious solutions” or the “spurious
propagation modes”.

There are several possible sources of the appearances of the spurious modes in the numerical solution
even when the propagation step Az is carefully chosen to be small enough. First of all, this could be
insufficiently accurate FD discretization of the edges of the open computational domain. If the field is
not strongly confined inside the photonic device analysed (region of the structure where the refraction
index is greater than in inner regions), the non-physical reflections from the edges of the computational
domain are usually source of the spurious modes. The domain enlarging might be a remedy, unfortu-
nately with increasing the algorithm run-time. Another reason for initiating spurious modes could be
the insufficiently accurate FD discretization of the dielectric boundaries of the structure. Moreover, the
presence of lossy materials or the use of the perfectly matched layers (PMLs), which implies model-
ling of several anisotropic conductive layers, can cause the spurious modes and instabilities in the Du
Fort Frankel BPM, what is already reported in [19]. The appearances and the positions of the spurious
modes are dependable on the initial field distribution as well; hence the input field for numerical simu-
lation has to be carefully chosen.

Fig. 2 shows the positions of the genuine propagation mode and spurious modes as the function of
total simulation power in the computational window versus propagation modal index obtained as the
results of the waveguide mode solver simulation based on the DFF method. It is important to keep the
positions of the spurious modes far from the true one, or try to suppress them, what can be achieved
by several methods, e.g. by digital filtering.

Genuine mode

Spurious modes

Simulation power

Mode solutions
Fig. 2. Positions of the genuine (true) propagation mode and the spurious (false) modes obtained
as the results of the waveguide mode solver simulation based on the DFF method.

Another drawback of the Du Fort Frankel beam propagation method is a need to pre-compute fields in
two initial z planes, planes z=0 and z=1 in the propagation scheme shown in Fig. 1. In practice, the field
in the plane z=0 is obtained as a Gaussian pulse or as a solution of available mode solver and the field
in the second initial plane z=1 is pre-computed by using any available BPM algorithm, like the Crank-
Nicolson based FD-BPM.

The original DFF method is designed to solve the partial differential equations of a parabolic-type, i.e. it
is suitable for solving the paraxial wave equation, what at the same time presents the another limitation
of the algorithm. This implies difficulties in the implementation of the DFF method in the wide-angle
BPM schemes and full-vectorial BPM applications.

Eventually, the utilization of the DFF method in practice is often the trade between a very attractive
algorithm speed and low memory requirements on the one hand and (sometimes too costly) combat
with the existence of the spurious solutions on the other hand.

CONCLUDING REMARKS

The application of the Du Fort Frankel method, as an attractive possibility to improve substantially the
efficiency of the FD-BPM numerical field simulations in photonics, is examined in details. As an uncon-
ditionally stable explicit BPM algorithm, the Du Fort Frankel method deserves particular attention offer-
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ing computational efficiency and substantial computer resources savings. The basic idea of the Du Fort
Frankel method and the strengths and the weaknesses of its implementation in the BPM simulation
codes are addressed and discussed. The overall conclusion is that the utilization of the Du Fort Frankel
method in FD-BPM codes can substantially accelerate analysis; however, the appearance of the spuri-
ous modes is the inherent downside of the method which can potentially limit its applicability.
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Jocmoeanos []. H.}, LLlopHukos FO. B.?

OCOBEHHOCTU YNCNEHHOIO MOAENNUPOBAHUA TMBPUHDbIX
CUCTEM B UICMA

The issues of specification and efficient numerical analysis of high-dimensional hybrid systems (HS) in ISMA work-
bench. An algorithm of choice of the integration step, taking into account the dynamics of event-driven functions of
HS. A comparative analysis of numerical schemes for solving stiff problems of hybrid high-dimensional.

BBEAEHUE

BaykHOM Npobnemoii B KOMNbIOTEPHOM aHa/M3e MOAEeNel MeXxaHUYEeCKUX, 31eKTPOIHEPreTUYecKux,
XMMUYECKUX U Ap. CUCTEM, MPEACTABAEHHbIX B TEPMUHONOMMU TMBPMAHbIX cnucTem (IC), anaeTca 06-
HapyKeHMe CMeHbl pexxnmoB. B paboTe onuncaH anroputm Bbibopa Lara MHTErPUPOBAHMSA, B KOTOPOM
HapAAyY C TOYHOCTbIO U YCTOMUYMBOCTBIO YNC/IEHHOM CXEMbI YYUTbLIBAETCA AMHAMMKA COOLITUIAHOM QYH-
Kuun FC. OpUrMHANbHbLIA METOZ, I0KAAN3aLMM TOYEK NEPEKNOYEHUA OCHOBbLIBAETCA HA AOKa3aHHOM
Teopeme. CucTeMbl HONLLIOK PAa3MePHOCTU, KaK MpaBuao, 061adatoT CBOMCTBOM MKECTKOCTU. 34echb
paccmaTtpuBaeTcs NPMMEHeHWe ABHbIX METOA0B NEPEMEHHOTO MOPALKA U NONYABHbIX CXEM C 3aMOpa-
KUBaHMEM MATPULbl AKOBM K KeCTKMM 3a[a4am BbICOKON pasmepHOCTU. OnuMcaHHble MeToabl U an-
rOPUTMbI PEANN30BaHbI U NPOTECTUPOBAHbI B Cpee MOAEANPOBAHMUA rMbpuaHbix cuctem UCMA [1],
pa3paboTaHHOW aBTOpaMu.

OBHAPY}XEHMUE COBbITUM T’MBPUOHBIX CUCTEM
PaccmoTpum pexknum ogHocTopoHHel IC B BUAE 3a4aumn Kowwm ¢ orpaHuyeHnamm

y'=1(y), ¥(t)=Yo, 9(¥,1)<0, (1)

rae  f:RxR" — R - usBectHas HenpepbiBHasA BEeKTOP-dYHKLMA, Y, - PELIeHNe B Ha4aIbHOW TOUKe
t,; 9 :Rx RY 5 R%, S<N - usBectHas HenpepbiBHasA cOBbITUINHAA BEKTOP-GYHKLMA UAM HEAUHE-
HbIW NpefoXpaHUTeNb.

/110601 HEeNNHEWNHDIV NPeaoXPaHNTE/Ib MOXKHO NMPUBECTU K IMHENHOMY BMay AobasneHnem ¢a3oBoi
nepemeHHol X =g (y,t). B pesynbTaTe 3aga4vy (1) MoXKHO nepenucats B BUAE

y'=f(y)

,_ 09 09
:—~f -,
X =% )+
X <0.

Ocoboe BHMMaHWe cregyeT ob6paTUTb Ha BbIGOpP MeToAa MHTErpuMpoBaHuA. MMOAHOCTbIO HeABHbIN
METOZA, MCMONb30BaTb HeNb3fA, MOTOMY YTO OH TpebyeT BbluncneHns f (y) B NOTEHLMANbHO ONacHoM
0b6nacTu, rae Mogenb MOXeT bbiTb He onpeaesieHa. Huxke npuBoamuTcA AoKasaTtesibHoe 060CHOBa-
HWe NpPeanoYTUTENIbHOCTU ABHbLIX cxem. Mo3Tomy 3aecb Byaem MCNonb3oBaTh SIBHble METOAbl C pe-
weHnem Y, , =Y. +h o, n=0,12,....Torga cobbiTvitHan AMHAMMKaA OMUCHIBAETCA COOTHOLIEHUEM
U =9 (Y, + Moy o t, +h,,) . Pasnaras g,,, B pag Telinopa u, yunteisas anHeitHocts g (y,t), nony-
Yaem 3aBMCUMMOCTb {,,, OT MpPOrHosvpyemoro wara h,, :

1 HoBOCUBUMPCKMIA rOCYLaPCTBEHHbIN TEXHUYECKUI YHUBEPCUTET, HOBOCMBUPCK, Poccus
2 UHCTUTYT BbluncamnTenbHoro mogennposanuna CO PAH, KpacHoapck, Poccua
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9] 0
gn+1:gn+hn+1[%'¢n+%j' (2)

Teopema. Bbibop wara no popmyne

g,
=Yg g, @)

oy "ot
roe y € [0,1), obecneynBaeT nosegeHne COObITUMHON ANHAMUKIM KaK YCTOMYMBOM IMHEMHOM CUCTEMDI,
pelueHne KoTopon NpubanKaeTcs K NOBEPXHOCTU ( (y,t) =0 acumnToTMYecKn.

[lokasatenbcrso. Moacrasnaa (3) 8 (2), umeem g,,, =79,, N=0,12,... Npeobpa3osas peKyppeHTHO
AaHHOe COOTHOWeHWe, nonyuum g, , = »""g,. MNockonbky y <1, umeet mecto g, —0 npu n—> .

Kpome Toro, n3 ycnosua y >0 cneayer, uto dyHKUMA J, He MeHAeT 3Hak. CnefoBaTenibHO, npu g, <0
ycnosue @, <0 byaeT BbiNONHATLCA AN1A Bcex N . Torga cobbiTuitHaa GyHKLMA HUKOTAA He nepeceyeT
NoTeHUManbHO onacHyto obnactb g(y,,t,)=0, 4To 3aBepLIaeT JOKa3aTeNbCTBO TEOPEMDbI.

KOHTPO/1b COEbITUMHOWN ®YHKLUUM B AMTOPUTME MHTEFPUPOBAHUA
PaccmoTpum anroputm BbiGOpa Lara MHTErPUPOBAHMA C YHETOM AMHAMUKM COBLITUIMHOM YHKLMM Ha
npvmepe ABYXCTaAMIHOTO METOAA BTOPOro NopsaKa TOYHOCTH [2]

Yo =Yot p1k1 + pzkz’

k1 = hn+1f (yn)>

Ky = hyo £ (Y, + 8Ky,
c napametpamn p,=Pp, =05, f=1.
MycTb peweHue Y, B Touke t, BbiuncaeHo ¢ warom h,. Kpome Toro, nssectHbl 3HaveHusn craguii k, n k,
W onpeAeneHa BEMYMHA CNeAYIOLLEro Wwara no To4HocTh u ycroiumnsoctu hP, = max[h,, min(h®*,h*)],
rae h* - war no TouHoctw, h™ - war no ycroitumsocty. War h* no TouHocT onpegensetca no dpopmy-
ne h* =q,h_, rae q, aBnaetca pewennem ypasHenua o ||k, —k, |l=& . 3aecs ||-|| - HekoTopas Hopma
8 R", & - Tpebyemas TouHOCTb MHTerpuposaHms. LLar h™ no ycroitumsoctn 3agaetcs BbipaxeHnem
h* =q,h,, 8 KoTOpPOM @, ONpeaenseTca U3 COOTHOWEHMA O,V , = 2. OLEHKA MaKCUMMaNbHOTO COBCT-
BEHHOTO YnCNa MaTpULbl AKOBK V, , BbluncaaeTca no Gopmyne

SICEAN]
| (k) |

Torpa ynpaBfieHWe Larom MHTErpUpoBaHuUA € y4eTOM TOYHOCTH, YCTOMYMBOCTM U SUHAMMKM COBBITUIA-
HOM QYHKLMM MOXKHO BbINOAHUTb MO CAEAYHOLLEMY aNrOPUTMY.

Vn,Z -

War 1. Beumncnnerca f = f(y,,t).

War 2. Bommcnstotea g, =g (Y,.t,), 69,/0y =89(Y,.t,)/dy, 09, /ot =og(y,.t,)/et.
LWar 3. Boluncnaetca war hn+l no popmyne (3), npuuem @, = f .

LWar 4. Bblynciaetca HOBbIW war h, , = mln(hr?ﬂ, hn”ﬂ)

LLar 5. BoinonHsaeTca cneayowmii War MHTErPUPOBaHKUSA.

TECTUPOBAHUE AZITOPUTMA

B KauecTBe TECTOBOro MpuMmepa PacCMOTPUM KNAaCCMUYECKYH 3a4advy MOAE/MPOBAHMA CUCTEMbI ABYX
pesepsyapos [3]. CobbITMeM B cMCTEME CUMTAETCA OTKPbITME/3aKpbITUE KAanaHa, ynpasasioLero no-
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TOKOM }KMAKOCTU. byaem GpMKcMpoBaTb MOMEHTbI MEPBOrO U AeCATOro cobbiTnii IC, COOTBETCTBYHOLLMX
OTKPbLITUIO BbIMYCKHOrO K/anaHa BTOpOro 6aka. MI3BecTHO, YTO TOYHOE BPEMSA NMEPBOrO OTKPbITUA CO-
cragnset t; =303.13, a gecatoro - t, = 2669.9 [3]. B Tabn. 1. npuBeaeHbl pe3ynbTaTbl peleHus B pas-
JINYHBIX CUCTEMAxX moaennposanusa IC.

Tabnuua 1. MomeHTbl 06HapyKeHUA cobbITUIA.

Cuctema moaenupoBaHua 1-e cobbitue () 10-e cobbitme (1))
MATLAB/Taylor 303.127 2669.9
SIMULINK/StateFlow 303.76 2670.5
GPROMS 303.13 2669.87
DYMOLA 303.126 2669.88

SHIFT 302.3 2666.1
Anylogic 303.129 2669.91

MVS 303.127 2669.87
MCMA 303.128 2669.88

M3 cpaBHeHMA pe3yabTaToB BUAHO, YTO XyALUne noKasatenun noaydeHbl B cuctemax SIMULINK ¢ ncnonb-
30BaHMem metoaa JopmaHaa-MNpuHca n SHIFT ¢ npumeHeHnem metogaa PyHre-KyTTbl 4-ro nopagka.
AHanus cpeacteamun MCMA ¢ BKAOYEHHBIM aIFOPUTMOM OBHApYXKeHMA NOKasbiBaeT 6osee KauecTBeH-
Hble pe3ynbTaThbl, YTO 0BYC/I0BAEHO YYETOM COOLITUNHOM QYHKLMM, @ TaKKe TOYHOCTU U YCTOMUMBOCTH
BbIYMC/IEHUI NpK BbIGOPE LLara MHTErPUPOBAHMA.

CNELUDUKALMA U UCCNEQOBAHUE MOZAE/EN BbICOKOW PASMEPHOCTHU

Ocob6eHHOCTM MOAENMPOBAHUA CUCTEM BbICOKOM pazmepHocT B ICMA paccMoTpum Ha npumepe 3a-
[a4M NPOHUKHOBEHUA NOMEYEHHbIX PAaANOAKTUBHOWM METKOM aHTUTEN B MOPAXKEHHYHO OMYXO/bIO TKaHb
opraHusma, coopmynmpoBaHHol nabopatopueint Akzo Nobel Central Research [4]:

%:f(t,y),yeRZN, 0<t<20, (4)
roe dyrkuma f onpepensetca dopmynamu:

fia=a yzi;ggﬂ% +5 i —(ZAy;); AU Ky j1Yzj (5)

f = —KY2 Y2500

roe
a,=2(ja¢-1yc?, g =(ia¢-1)'c?, A;:%,
Yo (1) =0@), Yo = Yo, 9€R™, g Z(O,VO,O,VO,...,O,VO)T ) (6)
®yHkuma @(t) umeet sua;
2,te[0,5],
t =
o(t) {0,'[6(5,20].

NoAXoAAWMMM 3HAUEHWUAMM AnA napameTpos K, V, u € asastotea k=100, v, =1un c=4.

KOMMbIOTEPHAA MOZAEJIb B UCMA

3apgaya (4) - (6) xapakTepusyeTca Tem, YTO CYLLECTBYEeT HEMOCPeACTBEHHaA 3aBUCMMOCTb MEXAY WMH-
aekcom anddepeHLManbHOro ypaBHEHUS M ero NpaBol YacTblo. KomnbioTepHas MOAe/b CUCTEMDI,
3anMcaHHan Ha s3bike LISMA+, anatowmmces paclwimperunem asbika LISMA [5], npeactasneHa Ha puc. 1.
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N = z00; k = 100; €z = 16; J/pow(e, Z)
phi = 2:

i = [1-200]:

3 = [2-199]:

array v[400];: //ofzzBreHse mMaccHES

JAHAY aAE HRIE W CAOBHA
v[2¥1 - 11 = 0oO;

y[27i] = 1:
macro alphal[i] = Z¥pow(i/N - 1, 3)/C2;
macro bhetal[i] = Z*powi(i/N - 1, 4)/CZ2;
FAEBHOS FRIAHME OPIBAE YacTeH
y[1]"' = alphal[1] *(y[3] - phi)*NSZ +
betall] #iphi - Z*y[1] + ¥[3])*N*N - k¥*y[1]*w[z]:
vz = -k*y[z]*y[1]:
yw[399] ' = -k*y[400] *y[3959];
v[400] ' = -k*y[399] *y[400] ;
AlarroprTery ecras Gopmwmas SALIIHME OpIENME wacTeR OV
yl2#3-11" = alphal3l*iy[2*%] + 11 - ¥[2*] - 3])*W/2 +
betal]j]l *(v[2*]-3] - 27y[27]-1] + w[27]3+1]) *N"N - k*y[273-1]*"v[2*]]:

y[2#3]" = -k*y[z*j]*"y[27]-1];
A rHBpEEEOCTE
change phi [TIME >= 5] is

phi ~= 0:

from init:

Puc. 1. KomnbloTepHaa mogenb Ha A3bike LISMA+.

BTopoit 0cobeHHOCTbIO 3a4a4m ABAAETCA ee rMbpMUAHOCTb, 0O6YC/I0BNEHHAsA CyLLLeCTBOBaHNEM Pa3pbiBa
nepeoro poga GpyHKLMM go(t). COOTBETCTBEHHO, CUCTEMA MOXET HaXOAMTbCA B O4HOM M3 ABYX Henpe-
PbIBHbIX pexMMoB. MNepekntoyeHne npouncxoaut npu t=5 (pr ;g (t) =t>5).

YUCNIEHHbINA AHANU3

Ona pewerua cuctemol (4) - (6) NPUMEHANUCH ABHbIE METOAbI MEPEMEHHOIO NOPALKA C KOHTPONEM
yctoinumsoctu (PyHre-KytTbli-denbbepra (RKF78ST) [6] n Odopmanaa-MpuHca (DP78ST) [7]), HeABHbIM
meToa (RADAUS), a Takxke nonyasHble (M,K)-metoabl (MK22 [4] u MK21). 3apaya pelanacb npu
N = (50, 100, 200, 400, 500) . Taknm obpaszom, nonyyeHbl NaTb cuctem OL1Y, pasaMepHOCTb KOTOPbIX Ba-
pbupyeTtca oT 100 go 1000 dpa3oBbix NepemMeHHbIX. 3a43AUM TOYHOCTb PACYETOB & =10"" 1 HauanbHbINA
war h, =10"°.

3¢ deKTUBHOCTb aNrOPUTMOB OLEHMBANACH NO TPEM KPUTEPUAM: KOJIMYECTBO BbIYMCIEHHbIX TOYEK (SN),
YMCNo pacyeToB NPaBoM YacTu (Ip) u 3aTpaveHHoe Bpems (t). MosyyeHHble 3aBUCMMOCTU BbIYUCUTENb-
HbIX 3aTPaT OT PAa3MePHOCTU CUCTEMbI NPUBEAEHDBI Ha puC. 2.

log(sn) log(Tp) log( 1)

10" RKF78ST 10
108 RADAUS 1
10
3
10 MK21 Tl WMK22 1OD
| MK22 4
RADAUS oy 10 N
00200 400 600 800 1000 00200 400 600 800 1000 00200 400 60O 800 1000
a) ] E)

Puc. 2. 3aBUCMMOCTb BbIYUCIUTENBHbIX 3aTpaT OT PasMepPHOCTU CUCTEMbI B !lOI'apMd)MVNeCKOM macwTabe.
AHaNU3NpPyA NoayvyeHHble AaHHbIe, MOXHO CAeNaTb BbIBOA, YTO Hanbonee adpdeKTUBHbIMU ABNAOTCA
nonyasHble (M,K)-metoabl MK21 1 MK22. OHM xapaKTepusyroTca He6O0NbLLIMM YMCIOM paccymTbiBae-
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MbIX TOYEK M NpaBblx YacTeit cuctembl OA1Y, a 6n1arogapsa 3amopaxkmnBaHMo MaTpuLbl AKobK Ha Nouck
peLleHuns TpebyeTcA 3HaUUTENbHO MeHbLUEee BPeMsA MO CPaBHEHUIO C HEABHbIM METOA0M. 3aBUCMMOCTb
BPEMEHM pacyeTa OT pa3smMepHOCTH cuctembl ana (M,K)-metomos n metoga dPenbbepra nepemeHHOro
nopsAgKa ¢ KOHTPOIEM YCTOMUYMBOCTU BM3Ka K IMHEHON.

CTOWUT TaKKe OTMETUTb, YTO UCMO/Ib30BaHME ABHbIX METOAOB MEpPeMeHHOro MopazKka C KOHTPOeM
ycTonuMBOCTM BecbMa 3¢deKTUBHO Ha 3adavax cpegHen pasmepHoctu (0o 500 ypasHeHuit). OgHako
Bpemsa pelleHus cuctembl O1Y ABHbIM METOLOM B HEMANOM CTENEHWN 3aBUCUT OT KECTKOCTU CUCTEMbI
BCNEACTBME OFPaHUYEHHOW YCTOMYNBOCTU YNC/IEHHOM CXEMbI, M NPU ONpeaefieHHbIX YCI0BUAX 3aBUCK-
MOCTb BPEMEHM pacyeTa OT PAa3MEPHOCTU MOXKET HOCUTb SKCMOHEHLMANbHbIA XapaKTep, Kak ANna me-
Topa DP78ST.

MpymeHeHWe HeABHbIX METOLOB ONpPaBAaHO B C/lyyae 3a4a4 Hebobwon pasmepHocTu (2o 200 ypas-
HeHuit). N3 rpadmka Ha puc. 2, B) BUAHO, 4To meTog RADAUS xapaKTepusyeTcs nokasaTe/ibHbIM POCTOM
3aTPaYMBAEMOro BpeEMEHU NpU yBEMYEHNN PA3MEPHOCTM CUCTEMBI. YUMNTbIBAs Masioe YMCI0 Heobxo-
OVMbIX LLIAroB M pacyeToB NMPaBOM YacTW, MOXKHO NPeANONOKUTb, YTO TaKaa HeIhDDEKTUBHOCTb Bbi3-
BaHa HEOBXOAMMOCTbIO AEKOMMNO3ULMM MaTpULbl AKOOU. OTMETMM, YTO AaHHAA 3aBUCMMOCTb byaeT
CnpaBeasvBO ANA 3a4ay , CTEMEHb KECTKOCTM KOTOPbIX OTIMYAETCA OT MKECTKOCTU cuctemsl (4) - (6).
370 CBA3AHO C TEM, YTO HesBHble cXeMbl L-ycTolumnBbl, U MOXKHO BbIGMPaTb AOCTAaTOYHO 6ObLLON Wwar
MHTErpMpoBaHUA BHE 3aBUCMMOCTU OT TEKYLLEN ANHAMUKN U3MeHEHMA Ga30BbIX NepPeEMEHHbIX.

B/IMAHUE NOMPELLHOCTU B OBHAPYXEHUWN COBbITUIA

PaccmoTpum pelleHune, nonydyeHHoe HeaBHbIM MmeTogom RADAUS. Ha puc. 3, a) npeactaBieHo nose-
AeHve rmbpuaHoi KomnoHeHTs! phi. BuaHo, uto AaHHas ¢pyHKumA obpawaetca 8 0 He npu t=5,a B
MomeHT BpemeHn t =5.0157. B pesynbTaTe 3TOro cMCTEMa NEPEXoAMT K APYroMy COCTOSIHMIO C 3ana-
34bIBAHNEM, YTO NPUBOANUT K 3HAUYUTE/IbHOWN N06aNbHOM NOrPeLlHOCTM, NOKa3aHHOM Ha puc. 3, 6) 1 B)
(MYHKTMpPHAs IMHUA COOTBETCTBYET PELUEHMIO, NONYYEHHOMY HESIBHBIM METOA0M).

phi | y[198], | | \ y[133] 5

L&)

0.6}

04

0 \—Time

50 5.015
a) B) B)

Puc. 3. [inHamuka rnbpuaHoii komnoHeHTbl phi (a) u dasosbix nepemenHbix Y g (6), Y,,, (B),noNy4eHHan HeABHbIM METOAOM.

[aHHbIN npumep HarNAAHO AEMOHCTPUPYET HeIDPEKTUBHOCTL HEABHbLIX METOAOB MPU aHanuse ru-
B6PUAHbIX CUCTEM BbICOKOM pasmepHOCTU. [ peleHuns rubpuaHoi 3a4aum HeaBHbIM MeTO40M Heob-
XOAMMO 3a4eMCTBOBATb aAFOPUTM TOYHOM 10KANM3aLMN MOMEHTOB nepektodeHna. OAQHaKo 3TO Hera-
TUBHO CKa3blBaeTCA Ha NPOM3BOANTENIbHOCTU METOAA, MOCKO/IbKY YBEANUYMBAETCA KOIMYECTBO LIAros, U
COOTBETCTBEHHO BO3pPacTaeT YMCN0 AEKOMMO3ULMIA MaTpuLbl IKo6U. C Apyroi CTOPOHbI, MPUMEHeHne
noAo6HOro aAropuTMa K ABHOMY METOAY He Bbi3blBaeT AOMO/HUTENbHbIX BbIMMCAUTE/IbHBIX 3aTparT.

3AK/TIOYEHUE

OpUTMHaNbHBIA METoZ NI0KaNN3aLMM TOYEK NEPEKNIOYEHMA NO3BOIAET C BbICOKOW TOYHOCTbIO OBHa-
PY*KMBATb MOMEHTbI CMeHbl cOCToAHMI TC. UM Nerko AoNoNHUTb CyLLecTByloWMe aaropuTmbl UHTEr-
PUPOBAHMA Ha OCHOBE ABHbIX M NONYABHbIX CXeM. Mcnoiib3oBaHWe NepeMeHHOro NopsaaKa TOYHOCTH U1
KOHTPO/IA YCTOMYMBOCTM B a/ITOPUTMaX Ha OCHOBE ABHbIX METOAOB Ae/aeT BO3MOMKHbIM UX NPUMEHe-
HUWE ANA pelleHns }KeCTKMX 3a4a4 60/1bWwoi pasmepHOCTU. Bbicokasa adhdeKTUBHOCTb noayasHbIx (M,K)-
MeToA0B obecneymBaeTca 6narofapsa 3aMopaxknBaHUIo MaTpuULbl AKOOW. TaKKe NOKa3aHo, YTo Npume-
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HeHWe HeABHbIX MeTOA0B A1 MHTErPUPOBaHUA TMBPUAHBIX cucTem 6e3 yyeTa AMHAMUKK COBbITUIAHOMN
byHKUMM BeAeT K HeBepHOMY 106a/1bHOMY peLleHuIo.

B/IATOAAPHOCTU
PaboTta nogaeprkaHa rpaHTom PODU 11-01-00106-a.
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Epemees C. B.
NMPUMEHEHME TONONOrMYECKOMN COPTUPOBKU CNNOEB KAPTbI MPU
CO34AHUU UNDPPOBDLIX TOMOMJIAHOB

The article considers the problems with creating maps of small towns, the description of the relationship between
the layers using the topological relationships and the acceleration input of spatial information based on the topo-
logical sort.

B HacToAlee Bpema NOABMUINCE AOCTAaTOMHO XOPOLUME BO3MOMKHOCTM MCNONb30BaTb AaHHble AUCTaH-
LMOHHOI0 30HAMPOBAHMA C Pa3NNYHbIX becnnaTHbIX MHTepHeT pecypcoB. MNpruyem KayecTBO M TOYHOCTb
NPOCTPAHCTBEHHbIX AAHHbIX C KaXKAbIM FOA0M MOCTOAHHO BO3PacTaeT. 9TO OTKPbIBAET HOBblE BO3MOMXK-
HOCTM AN y4yeTa, aHanm3a M 06paboTKM 06BEKTOB MyHULIMNANbHOMW COBCTBEHHOCTM MasiblX rOPOAOB.
MyHMUMNaAbHbIE BACTU HEOONbLLMX FOPOAOB HE MMEIOT BO3MOMKHOCTU BblAENATb B BlofayKeTe Kpyn-
Hble CTaTbM PacxoA0B Ha CO34aHWE TOMOMNAaHOB CBOMX paioHOB. O4HAKO pasiMyHble 3a43a4M reouH-
dopmaumoHHbix cuctem (FMMC), Hanpumep, yyeTa 3eMesbHbIX Y4aCTKOB, MOAENMPOBaHME CUTYyaLLU B
ropofe OCTaloTCA aKkTyasbHbIMU. ONs UX peweHns TpebytoTca uMdppoBble KpynHoMmacluTabHble KapTbl
ypoBHsa 1:500. Mpuyem Ana NosHOUEHHOW paboTbl HEOBXOAMMO AeTasbHOEe ONMMCaHME C/I0EB TAaKUX
KaK 3/1eKTPOCeTH, Nog3eMHble KOMMYHMKaLMK, ra3onpoBoapl U MHOrMe gpyrue. MNposoga uccneno-
BaHMe AnA ropogos c HaceneHnem oT 100 000 go 250 000, BbiaBaeHO okosio 400 ciioeB 06bEKTOB
pa3HoM CTPYKTYypbl U NpeaHasHadyeHMa. OHM OXBaTbIBAlOT BECb CMEKTP PaboTbl MyHULMNAIbHbIX C/TY*KO
M rOpoACKOro xo3aicTea. KonmyecTBo Bcex 06BbEKTOB A1 NOA0OHbIX TOPOA0B AOCTUIAET HECKOIbKUX
TbicAY. T.K. NPOCTPaHCTBEHHAA MHOOPMALLMA PAa3HOPOAHA, a TAK¥Ke CoYeTaeTcs C aTpMBbyTUBHOWM, TO Ha-
MBONbLLYIO CNOXHOCTb M 3aTPaTbl HECET BBOA, UCXOAHbIX AaHHbIX [1,2,3].

MOXHO BblAeNNTb cneayrolme NcXoaHble AaHHble AN CO34aHMA LI,MCI)pOBbIX TONONNaHOB!

1. [daHHble ANCTAaHLUMOHHOrO 30HAMPOBaHMA ¢ BecnnaTtHbIx IHTEpHET pecypcos.
2. MnanweTtbl yposHA 1:500 ana peleHa MyHULMNAbHbIX 33434 TaKUX KaK:
2.1. Y4yeT 3emesibHbIX Y4aCTKOB.

2.2. NpoeKTUpoBaHMeE HOBbIX 3aCTPOEK.

2.3. AHanu3 nospexaeHua Kabena anekTpoceTu.

2.4. MogfenvMpoBaHuWe pasIMyHbIX CUTyaLMIA B ropoae U apyrue.

3. OnucaHue cnoeB KapTbl, Hanpumep:

3.1. 3emenbHble y4acTKu.

3.2. BogonpoBogHble ceTu.

3.3. ABTObYCHble OCTAHOBKM U gpyrue

Beog, nHpopmaLmm B MyHULMNANbHbBIX FEOMHPOPMALMOHHBIX CUCTEMAX - 3TO CNOMKHbIA UTEpaLMOH-
HbI/ NpoLLecc, KOTOPbIA MOXHO 0b6ecneynTb ¢ PasnYHbIX UCTOYHMKOB. CaMbiM TOYHbIM U Hanbonee
pacnpoCTpaHEeHHbIM Ha TEKYLLMIA MOMEHT ABAAETCA oUuMPPOBKa KapTbl. KapTa moxeT 6bITb nonyyeHa
nmMbo c NOMOLLbIO CNYTHUKA, 1M60 Ha ocHOBe NnaHweTa. MNepBbliit cnocob pact 6onee akTyanbHYO UH-
dopmaumio [4,5].

MOo*KHO BblAeNUTb ceaytolime Npobiembl Npu co34aHMUM LUbPOBbIX KapT MasiblX FTOPOAOB:

1. Hu3Kaa cToMMoCTb GUHAHCUPOBAHMS.
2. Bonblwoit 06bem BBOAA MPOCTPAHCTBEHHON MHDOPMALLUN.

1 MypomcKuit MHCTUTYT (dunmnan) desepanbHOro rocyLapcTBEHHOrO BHOAKETHOTO 06pa30BaTENbHOMO YUPEKAEHUA BbICLLETO
npodeccmoHanbHoro 06pasosaHma “BnafMMUpPCKuiA roCyAapCTBEHHDbIV YHUBEPCUTET UMeHU AneKcaHapa Mpuropbesuya n Hu-
konas Mpuropbesuya Cronetosbix”, Mypom, Poccus
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3. YyeT OrpoMHOro KO/IMYECTBA CBA3EN MeXAY CI0AMMU.
Bce 06beKTbI KapTbl CBA3aHbI TOMOIOFMYECKM APYr € Apyrom. MOXKHO npuBectn Knaccudukaumio To-
NoJIOTMYECKUX oTHoweHuM (puc.l.). He Bce TMC MmeloT TonosorMyeckmne oTHoweHUs y cebs B cocTase
MHCTPYMeHTabHbIX cpeacTs. OgHako B ArcGIS nnm MHleo 3T BO3MOXKHOCTHM eCTb.

Bupgbl oTHOWIEeHUA

Arc GIS
TC NMHIEO
CocefcTeo CocegcTso
WaonupoBaHHocTe WsonuposaHHocTE

EnuiocTe Enwzocte
BroxeHHoCTE BrnoxeHHocTs
ﬂepeceqeﬂue ﬂepeceueﬂue

apyrue Apyrve

Puc. 1. Buapl Tononornyeckmx oTHOLWEHU M

Hanpumep, ArcGIS no3sonaeT 3aatb TOMNOAOTMYECKME MPABMIA MEXAY PA3NINYHbIMU CNOAMU. ITO Ha-
KNnafblBaeT onpeaesieHHble OrpaHMYeHNA Ha TO, KAKOM CNOM 33 KaKMM ounPpoBbIBaTb. To €CTb, MOXKHO
CKa3aTb, YTO GAKTUYECKM KaxK bl C/I0M KapTbl UMEeT HECKO/IbKO CBA3e ¢ apyrumun cnoamu. Npeanara-
eTcA cnocob, KoTopbIli N03BONAET U3 Habopa cnoes, cBA3aHHbIX Mexay coboli, onpesenuTb nocneno-
BaTe/IbHOCTb MX BBOAA (pumc.2.).

WexoaHblii cnucok cnoes 3aBmcuMocTi Mexcay OTcopTUpoBaHHbIN
cnoaMn CNUCOK CNoeB
1. UWkonbi 1. 3emenbHble
acTk1
Doporu ¥
2. Wkonel
3emenbHble
y4acTku 3. [Hoporu
4. Tpuneraowas 4. [Jowma
napkoeka
P 5. Tpuneraowan
5. AgsTOoGYyCHblE napkoBka
OCTaHOBKU
6. AeTtobycHble
6. MMoazemHble OCTaHOBKN
KOMMYHUKaLW
Y H 7. ToasemHble
7. [Homa KOMMYHUKaLW

Puc. 2. Mopagok cnoes nocne npeobpasosaHums

Ha puc.2. Bce cemb CNoeB nNpeacTas/ieHbl B BUAE 3aBUCUMOCTU APYr OT Apyra. To ecTb cnoit “LUkonbl”
3aBUCUT OT c/10A “3emesibHble ydacTKM”. ITo 03HavaeT, yto cHavana B N’MC HeobxoaMMO BHECTU 06b-
€KTbl M3 cn1oa “3emenibHble y4acTKK”, a 3aTem noBepx Hero o6beKkTbl U3 cnos “LUKonbl” Tem cambim
MCMO/b3yA MPKU 3TOM OAMH M3 BUAOB CBA3ei. B gaHHOM canydae 310 ByaeT ceasb “BioKeHHOCTb”. AHa-
JIOTUYHO BNIOMKEHHbIMU B “3emenbHble y4acTKn” aBnstoTca 06bekTbl U3 cnoes “Aoporn”, “MoasemHble
KOMMYHMKaumn” n “Aoma”.

B cBOO o4epeab MOXKHO CKasaTb, UTo “lMofa3eMHble KOMMYHMKauumK” cBsizaHbl oTHoleHMem “CoceacT-
B0” co cnoem “loma” n oTHoweHnem “U3onmpoBaHHOCTL” co cnoem “foporn”. To ecTb NoA3emMHble
KOMMYHMWKaUUN HEOBXOAMMO BBOAMUTbL NOC/E 4OMOB W AOPOT.

ABTOBYCHblE OCTAaHOBKM CNeayeT BHOCUTb NOC/e A0POT C UCMNO/b30BaHWe oTHoweHus “CoceacTso”.
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Mpuneratowme NapKkoBKM HEOBXOAMMO pacnoniaraTb OKOI0 IOMOB MOC/e BHECEHUS 4OMOB (OTHOLe-
Hue “bausoctb”).

Bca MHGOPMaLMA O CBA3AX MEXAY CI0SMU XPaHUTCA B 6ase AaHHbIX.

Cnocob, KoTopblit onpegenseT Nopagok BBoga cnoes B IMC, 0CHOBaH Ha LUMPOKO U3BECTHOM aNropuT-
Me 13 Teopum rpadoB, KOTOPbIN Ha3bIBAETCA TOMOOrMYECKas COPTUPOBKA. B Halwem cnyyae Ucnonb3y-
eTcA cnepyolee onucaHne MHGopmaumu. Kaxapbii cnoit npefcTaBneH Kak BeplnHa rpada, a cBAsb
MeXay BepLuMHaMu oTobparkaeT 3aBUCUMOCTb O4HOTO CNOA OT APYroro. 3anycTUB PeKyPCUBHYHO Mpo-
ueaypy obxona Bcex BeplmH rpada B rybuHY, Ha BbIXoAe NoJlyYMM OTCOPTUPOBAHHbINM rpad, KOTopbIl
BbIZL&/IUT CHAYaa He3aBUCHUMbIE C/TIOM, 3aTEM C/TIOU, KOTOPbIE 3aBUCAT OT YXKe PAaCCMOTPEHHbBIX U T.4,

To ecTb TpebyeTca nepeuncnnTb BepwMHbI rpada B Takom nopagke, 4ytobbl ansa ntoboro pebpa rpada
€ro Haya/sibHaA BeplwmHa bblna NepeyncsieHa paHblle KOHEeYHOMN.

CXemaTM4HO 3TO BbIMNALNUT TaK:

[ = e

Puc. 3. Mopsaaok cnoes nocie npeobpasoBaHus

ANrOpUTM TOMONIOrMYECKOWM COPTUPOBKM COCTOUT U3 CIeAYOLMX LIAroB:

1. Momeuaem Bce BepLUMHbI rpada Kak HEMCMONb30BaHHbIE.

2. Nwem Hencnonb30BaHHYO BEPLUMHY, B KOTOPYO HEe BXOAWUT HU OAHO Pebpo (B COOTBETCTBYIOLLEM
cToNbLEe MaTPULbI CMEXKHOCTM CTOAT TOJIbKO Hy/AN). ECIM TaKo BEPLUMHBI HET, TO IM6O Mbl Nepe-
6panu Bce BePLUMHbI (TONOMOrMYECKas COPTUPOBKaA 3aKoHYeHa), 1nbo B rpade ecTb UK (Tonono-
rMYeckan COPTMPOBKA HEBO3MOXKHaA).

. Nlomeyaem HaAEeHHYIO BEPLUMHY KaK MCMO/Ib30BaHHYO, 3aNOMUHAEM €€ HOMEP.

4. Ynansem u3 rpada Bce pebpa ¢ Hayasiom B 3TOM BepLlUMHe (0BHYNAETCA COOTBETCTBYHIOLLAA CTPOKA

MaTpULbl CMEXKHOCTK).

5. Nepexogum K wary 2.

w

PaspaboTaHa nporpamma, KOTOpas y4UTbIBaET BCE TOMOIOFMYECKME OTHOLIEHMA MeXAY CI0AMM, CTPO-
1T rpad cn0eB M C NOMOLLIO TOMOIOFMYECKON COPTUPOBKM onpeaenseT NopsALoK BBOAA OOBbEKTOB U3
HUX. OrpaHMYeHns Mo TOMOIOTUN MOXKHO HaKNaAblBaTb HE TOJIbKO Ha MPOCTPAHCTBEHHYIO MHPOpPMa-
LMI0, HO U Ha aTpubyTMBHYIO. B aTOM cnyyae oauH cnoli TakKe ByaeT 3aBUCETb OT APYrOro, HO yKe
no onpeaenieHHbIM CEMAHTUYECKUM NPU3HaKam. [JaHHbIM aropuTmM BHeAPEH B MyHuMUMNanbHyto MUC
okpyra Mypom Bnagumupckoit obnactu (Poccus).

MpYmeHeHWe TONONOrMYECKOW COPTUPOBKM YMEHbLIAET KONMYECTBO OWMBOK NpU BBOAE AAHHbIX Kap-
Tbl, YTO MO3BONIAET 3HAYMUTENIbHO COKPATUTL BPEMSA M 3aTPaTbl HA CO34aHME MPOCTPAHCTBEHHbIX 06beK-
TOB ropoAcKoin MHOPACTPYKTYPbI.
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Gavrilovic J.X, Savic A.2, Kostic Kovacevic 1.2

MATHEMATICAL EDUCATION MATERIALS DEVELOPMENT APPROACH
FOR DISTANCE LEARNING SYSTEMS

The modern system of education for students has the goal to form a flexible, self-employed people, which will easily
accept the current social changes and adapt to them. Since the beginning of applying the system the man of today
is subjected to continuous learning. One type of education is concerned with developing the logic and intuitiveness
of mathematical objects that depend on the profile of a person. The problem arises in understanding equations
and formulas, terms that are fairly abstract for students. It is necessary to use or create the software that will help
students visualize the concepts, formulas, theorems. There are various programs (software) that enhance the de-
velopment of the human logic. Some solutions are freely and easily adjustable. Some of them may be available on
internet. This paper will show how to create and use dynamic mathematical material for learning and it will analyze

some of the software in terms of implementation, quality, clarity and price.

INTRODUCTION

System for distance learning (DLS) is an integrated
combination of technology learning methods that
can be used by teachers and students. Teachers
can give instructions and guidelines to students
and students each of the courses at universities
are different, and therefore such systems for
learning need to be quite flexible. For the imple-
mentation of mathematical objects biggest prob-
lem is the presentation of statements. This paper
describes how to create educational materials for
math-oriented courses as well as basic terms defi-
nitions and needs this way of learning mathemat-
ics. The work is aimed to explain and analyze the
software that can be used in such systems.

DISTANCE LEARNING - ONLINE EDUCATION

The traditional way of learning was the situation
where the teacher is treated as central, main in
charge figure and the therefore the most impor-
tant element of the educational cycle. By many
current theorists the traditional way is the most
criticized aspect of this way of learning. The suc-
cess of distance education is determined by: qual-
ity presentations, course content, motivation and
expectations of participants. Computer programs
that can serve in the learning process are collec-
tively called tools for e-learning courseware and
tools. Currently the most popular systems for on-
line learning are the LMS - Learning Management
Systems and CMS - Content Management Sys-

1 Singidunum University, Belgrade, Serbia

tems. They enable easy creation and installation
of materials, has the support of audio and video
elements and enables various modes of commu-
nication. The most commonly used modules of
that type are Moodle, WebCT, Black Board and
Caroline. [1].

Systems for Distance learning, which are mostly
used in developed countries, consist of multi-
media materials or video recordings of lectures.
There are few universities that are developing
their own system of learning through the integra-
tion of these two modes.

These universities are investing significant finan-
cial resources and working on the development
of the system. In Serbia, the system of distance
learning is still in development. The level is re-
markable to what extent is the use of technology
in traditional way of learning, but there is a dis-
crepancy in application of the technology in DLS
systems.

Distance Learning System

The main criteria for evaluating distance educa-
tion programs are:

e Content (whether the application contains the
right amount and quality of information?)

e Design education (whether the program is
designed so that users can actually learn the
material?)

eInteractivity (whether users are involved in

2 College of Electrical Engineering and Computing Applied Science, Belgrade, Serbia
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learning in an active way?)

¢ Navigation (whether the user is granted to se-
lect their own way through the program, do
the icons and / or labels clearly marked for
navigation?

e The components of motivation (if the program
has incentives?)

e Use of media elements (if the program includes
graphics, animation, music, sound and video?)

e Evaluation (if the program includes tests for
each lesson and is it possible to test their
knowledge at the beginning of lessons and is
there a final exam?)

¢ Aesthetic page (if the program looks attractive
and is it pleasant to watch and / listen hear)

Moodle is one of the best open systems for man-
aging the learning process (Open Source Learning
Management System). This is a package for cre-
ating courses that are held over the Internet web
based. Moodle stands for Modular Object-Orient-
ed Dynamic Learning. Moodle source code is writ-
ten in PHP scripting language.

The reasons for this are primarily:

e Financial advantages - Moodle is a free open
source system. As such, it can be adapted to
the needs of individual Institution, with no ad-
ditional fee.

e Modularity - Moodle’s main features can
meet the needs of teachers who want to use it
to support traditional learning methods. With
this additional adjustment it can be success-
fully used as a system for distance learning.

e Availability - A large number of schools are us-
ing this system to educate

Moodle is designed to assist educators in creat-
ing online courses with high interaction. Its open
source license and modular design make it possi-
ble to add new functionality to the system or soft-
ware.

THE CLASSIFICATION OF EDUCATIONAL SOFT-
WARE ADAPTED TO MATHEMATICS EDUCATION

Mathematics software classification is specific and
includes: application programs, practice and ex-
ercise programs, tutoring programs, simulations,
computer modeling, and research programs.

From the mathematical point of view, the class of
application programs includes the software that
has algorithms for solving specific types of mathe-
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matical problems. Electronic board and calculator
are examples of application programs [2].

The essences of the drill and exercise programs
are to teach students to find correct answers. The
main objective is to find out whether the informa-
tion students gave to a compute are correct or in-
correct. Recently, drill and practice programs are
substantially transformed, so that the program is
no longer limited to a sequence of alphanumeric
characters. Now, it is more often in the form of
arcade games, with lots of graphic illustrations,
which further motivates student’s users.

The class of tutoring programs attempts to correct
one of the main disadvantages of practice: a situa-
tion when a student procedural knowledge needs
to give an answer.

The purpose of the simulation software is to dem-
onstrate the real situation in which certain param-
eters can be changed. The simulation program cre-
ates a problematic situation in which the student’s
duty to disclose usually rules in a given problem
situation, using some kind of scientific research.

Research programs facilitate research in the field
of mathematics. For users, these programs are
useful tools for setting-up research and math-
ematical problems.

CHARACTERISTICS OF EDUCATIONAL SOFTWARE
IN RELATION TO THE SPECIFIC REQUIREMENTS
OF TEACHING MATHEMATICS

The teaching of mathematics should be related
to the fact, skills, conceptual structures, methods
and general strategies to solve problems. It must
be admitted that this is not an easy task. The study
of human learning can significantly contribute to
making the learning of mathematics more effi-
cient.

The main problem of teaching mathematics is
that mathematics involves working at a high lev-
el of abstraction. The question is how to teach
mathematics to develop abstract thinking. It is
known that children intuitive models replace the
concrete (such as their notions of space adapted
to the physical world), but on the other hand, if
you want to develop their knowledge (such as ge-
ometry) then you must locate their thoughts on
more abstract level than real. There is couple of
potential strategies. One possible strategy is to
continue to go beyond symbolism and to proceed



to the “realistic mathematics” and the second is to
enable teachers to interact with students, asking
incorrect facts, create the conditions that the stu-
dent is changing the way of thinking. In any case,
the teaching of mathematics must be an informa-
tion feedback in relation to each student’s activity.

In modern teaching of mathematics all of the
new information technology are used, which
contributes to better performance in mathemat-
ics education. When asked how IT solutions can
contribute to a better acquisition of knowledge of
mathematics, the answer is primarily concerned
on the usage of educational software that best
meets the goals in mathematics education. In fact,
quality software should interest, inspire, activate
and direct the (correct) user, even those that are
spatially far apart. Educational software, an inte-
grated software solution specific course content,
must contain components which are normally in
a classical education: motivation phase, a phase
of problem solving, applications conscious phase,
the phase control phase of learning and the deep-
ening and consolidation of knowledge. [3]

CREATE MATHEMATICAL NOTATION IN MOODLE

In the traditional teaching of mathematics, pro-
fessor uses the computer to support teaching. His
priority is hand-written assignments. Digitaliza-
tion of tasks and their permanent preservation is
available through computers and certain targeted
programs. For writing all tasks professor must us-
ing the special software (Editor). This software can
be separate or part of another software. Some of
them can be directly written into the systems and
some must be written on the client side and set to
the server. The section Create mathematical nota-
tion in Moodle, describes the ways in which to im-
plement mathematical records over the Internet.

Equation editor

A great way to turn the complex into the Moodle
course notes is to use Equation Editor. Two modes
are available: Microsoft Equation Editor is includ-
ed with all versions of Microsoft Office and Equa-
tion Editor in all versions of Open Office.

The ways of using and creating mathematics nota-
tion are very similar. The remainder of this paper
will describe how to use Microsoft Equation Editor
only because it is the most widely used.

Microsoft Equation Editor

Equation Editor is a program for writing math-
ematical records, created by Design Science. This
program allows users to create mathematical and
scientific equations in an appropriate environ-
ment. Equation Editor is included with all versions
of Microsoft Office and several other commercial
applications. This is a simplified version Math Type
who is also created by Design Science. “It can be
used as a standalone program or can be used
within applications that support it. Its feature set
has not significantly changed since its introduction
to Word (Windows Office) version 2.0.

Creating this type of notation in Moodle is very
easy. Creation is realized with the help of Micro-
soft’s Office suite. Tasks are created using Micro-
soft Word. Created a mathematical entry is on the
local computer. Microsoft Word A finished task
is saved as a *html page. At the end of the task
saved imported into the Moodle like web page.

This way of writing mathematical notes is inter-
active and can be used as references for the par-
ticipants. It is understood that the program used
by the teachers to prepare educational materi-
als. Participants can only see the records but not
change them.

Configure and test Algebra and TeX Filters

Filters are the options in Moodle, which allows a
direct activity in the application level. Upon activa-
tion, Algebra and TeX filter, there is a possibility of
direct write mathematical notes in Moodle.

In order to create mathematical notation, the
equation can be written in TeX notation with the
ability to create directly in Moodle Algebra filter
also allows you to create mathematical notation.
The problem with this filter is the length of nota-
tion, if there is a need to write more complicat-
ed notation of mathematics curriculum for high
school age up. These, potential problems can be
solved by including TeX filter [4].

Including Tex filter means that we can write TeX
mathematical notation in Moodle format and | will
convert them to us to understand the record. Filter
| edited symbols. Activate this filter to the Moodle
platformis identical to the activation of Algebra fil-
ter. Creating educational materials supported TeX
notation is realized through the creation of Web
pages. To use the TeX filter there is a special syntax
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that is used Moodle to recognize a mathematical
entry. Potential problems that can occur with the
use of TeX filter do not recognize the formula or
the formula pictures. If the problem is in the appli-
cation level, must change the settings module. It is
necessary to modify the code. Otherwise settings
are related to the correction on the server.

Mathematical Applets

Mathematical Applets are Java applications that
run within the Web site. Java applets that allow
the user without any special mathematical pro-
grams can be managed with geometric objects
and algebraic calculations. Java applets are inter-
active, intuitive and simple applications, which
can be excellent for teaching and learning of
mathematics. To view this site it is necessary that
a user on your computer has Java installed, which
is a widely used on the Internet. A large number of
sites contain finished applets. The recommenda-
tion is a software package “manipulate Math with
Java”, he can be used by high school students,
college students and faculty, as well as all others
interested in mathematics. The software includes
interactive programs easy to use, as well as a mul-
titude of animations which help to achieve the
full meaning of mathematical ideas, 279 created
a Java applet.

Basics js Math filter

Algebra and TeX filter products mathematical
notation on the server side. If Moodle is hosted
by third parties (Shared Hosting), it may happen
that the commands needed to create records to
be disabled by the server. The alternative is to
pass all the details needed to build a notation in
your browser to search and identify the client side
(client-side) than on the server (server-side). If
there is a notation of the Drava browser, requires
the support or particular add-ons. The filter, based
on the work David Cervone, in fact, uses Java TeX
compiler. Rather than repeat the instructions that
are fully available on Moodle.org, syntax. Js Math
equation can be written in three ways [15]. Prob-
lems that can arise are not tied to specific fonts
that exist on the client side.

Basics Drag Math
Drag Math the drag and drop equation editor writ-
ten in Java and created by Alex Billingsley, from
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the University of Birmingham in the UK. Its main
advantage is that when creating an expression, a
user can convert it into different tracks for linear
mathematics, including Math ML, Latex, and Ma-
ple, Maxima or user-defined style.

Drag Math can be installed of the local computer
where there must be support for the Java Runtime
Environment (JRE). It is necessary and all other
notation to install the filter and allow him to do-
ing self. On the Moodle icon that appears with the
imported record local computers in the system.
Advantage of drag-and is that the students can
create mathematical records, without the admin-
istrators role.

Methods of incorporation of GeoGebra into
Moodle

Because it connects GeoGebra dynamic geometry
with computer algebra, its user interface contains
additional components that cannot be found in
pure dynamic geometry programs. In addition to
owning two windows that contain algebraic and
graphic representations of objects, includes user
interface components that allow the user entry
object in both views (windows) and the menu bar.
Furthermore, in the case of GeoGebra, the devel-
oper is trying to make the software user interface
design in a simple and clear way, which supports
the cognitive model of learning with multimedia,
and reduces the cognitive load for the benefit of
more successful learning.

GeoGebra in Moodle can be incorporated as a
web page or as an interactive page. The very crea-
tion of settings and are adapted to teachers and
do not need someone too much IT knowledge for
the realization of the basic materials. GeoGebra is
written in the Java programming language which
allows easy export files as dynamic Web pages.
This feature allows everyone a creating simple
mathematical content (mathematic applets). For
complex content creation require knowledge of
the basics of Java programming language.

The way to incorporate Java View in Moodle

Java View the 3D geometry software for math
visualization. Web integration allows you to view
interactive 3D geometric examples in any HTML
document on the Internet. Java View also works
as an application on your local machine with Unix



or DOS command line. Open API for seamless in-
tegration allows Java View in 3D and advanced
visualization are similar examples of commercial
software: Mathematica and Maple. Java View-
Lite: the tiny Java View version is optimized for
fast download from the internet and contains only
user interface, without dialogue, inspectors and
geometry algorithms. Lite version is mainly used
to display interactive model geometry within a
web page, such as solid shown on the right. Users
can install v3.90 v3.95 over your existing installa-
tion, and recommended for upgrade. In particu-
lar, users of Maple software will benefit from the
enhanced functionality of a serious JVL v3.22. The
created files are also installed as a web site; inter-
activity depends on the choice of software ver-
sions and selection software.

Suggestions apply

Mathematical objects are still difficult to imple-
ment trough Distance Learning Systems. It’s hard
to write formulas, draw graphics or analyze the
necessary points. GeoGebra is a way of realization
of mathematics through the Internet. GeoGebra
software is free and customize for all student. The
incorporation of Moodle is very easy. Just by pro-
fessors familiar with the relatively new software
to better understand and explain to the students.
Their ideas may be proposed by other professor’s
ii which certainly improves the quality of materi-
als Teachers in this way can easily get rid of their
doubts about the software.

All programs for writing tasks of mathematics,
who are described in the paper, they were chosen
because are ease to use, easily available, is flexible
and adaptable for all needs.

Implementation of most of this software should
be directed to visual explain mathematical con-
cepts to students who are less manage with math-
ematics. Although, they can be used to design the
logical and serious interactive material intended
for advanced students.

CONCLUSION

In the process of education is always the hardest to
adjust teaching content to the needs of students.
One must take into account the user-interface, ac-
cessibility and quality of materials. Distance learn-
ing is the realization of a modern way of teaching

by which the participant loses the notion of dis-
tance and availability of materials.

Mathematical objects in the virtual environment
have always been a challenge for implementation.
Great relief offer educational software. Students
are using the visual method and they can explain
basic concepts of the lessons. Increase interaction
between professors and students developed the
quality of the teaching process

The use of modern information technologies in
education it’s in the rise and is much more than
the combination of these technologies with tra-
ditional teaching. It can be concluded that the
applying of advanced technologies and new soft-
ware in education is resulted achieving: person-
alization, respect for differences among users and
advancement opportunities in personal prefer-
ences and abilities (individualized instruction). It
is important to know that computers may well to
perform task only if supporting good software for
solving mathematics tasks.

Ideas for expansion and improvement of Moo-
dle can go in the direction of a larger multimedia
modernization. So thinking in the direction add-
ing options for audio or audio-video conference
between students and teacher, in fact, the addi-
tion of face-to-face modules. This whole system
can be rises to a new level, but also significantly
improves the process of learning.
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lepacumos A. B.Y, obpuuya 4. b.%, Mawkos C. B.%, Xpucmenko 0. @.*
TEOPETUKO-OKCNEPUMEHTA/IbHOE MOAE/TMPOBAHUE
3O DEKTUBHOMN 3ALLUTHbI KOCMUYECKUX AMMAPATOB OT
BbICOKOCKOPOCTHbIX OCKOJ/IKOB

The problem of a protection of space vehicles from natural and man-caused fragments is rather actual now. Dispos-
ing before the basic body of object of the thin barriers crushing high-speed particles on fragments diminishes its
probability of perforation. Displacement of a solid plate from a high-strength material by a grid diminishes weight
of a protective construction that is important for space vehicles.

BBEAEHUE

3afava 3aLMTbl KOCMUYECKMX annapaToB OT eCTECTBEHHbIX M TEXHOTEHHbIX OCKOJ/IKOB AB/IAETCA BECbMa
aKTya/IbHOI B HacToAWee BpemA. PasmelleHune nepes 0CHOBHbIM KOPNycoM 06beKTa TOHKUX nperpaa,
APO0BALLMX BbICOKOCKOPOCTHbIE YacTULbl Ha GparmMeHTbl, YyMeHbLIaeT BEPOATHOCTb ero npobutua. 3a-
MeHa CM/IOWHOM MAACTUHbI Ha CETKY M3 BbICOKOMNPOYHOIO MaTepuana yMeHbLIAeT BEC 3aLMUTHOW KOH-
CTPYKLMM, YTO HEMANOBAXKHO A/19 KOCMMYECKMX annapaTos.

OCHOBHbIE COOTHOLUEHUA U METO/, PELLEHUA

B paborte B narpaH:<esoii 3-D nocTaHOBKe pacCcMaTpMBaETCA NPOLLECC BbICOKOCKOPOCTHOrO B3anuMoaei-
CTBMA CETOYHbIX NPerpaj c KOMMNaKTHbIMKW 3N1eMeHTaMM (aNItOMUHMEBbLIMM LLAPUKamK). s onncaHuna
npoueccos AeGpOpPMUPOBAHMA U PaspyLIEHUs TBEPAbIX T UCNOb3yeTcA MOAe b MPOYHOro CKUMa-
emMoro uaeanbHO ynpyronaactuyeckoro Tena. OCHOBHble COOTHOLLEHMA, OMUCbIBAlOWME ABUNKEHUE
37Ol cpeabl, 6a3npyOTCA Ha 3aKOHaX COXPaHeHMUA Macchl, MMMYyAbca M 3Heprum [1-3], ¥ 3ambikatoTcA
cooTHoweHuAmM MpaHAaTaA - Pelicca npu ycaosumn Tekydectn Museca. YpaBHeHMe cocToaHua bepeTca
B popme Teta n Mu - [proHalizeHa [1]. M3BecTHO, YTO NiacTUYeckme Aedopmaumu, AaBaeHUe U Temne-
paTypa OKa3blBaloT BAMAHME HA Npeden TeKy4yecT U MoAyab CABUra, MO3TOMY MOAeNb AOMOAHANACh
COOTHOLIEHMAMM, anpobUpPoBaHHbIMKU B paboTe [4]. B KauecTse KpuTepus paspyLlieHna npu MHTEHCUB-
HbIX CABUIoBbIX AedOpMaLMAX UCNOMb3YETCA AOCTUMKEHME SKBUBANIEHTHOM MaacTMyeckon aedpopma-
LMel cBoero npeaenbHoro 3HaveHus [1,5].

[na pelseHns 3ToN 3aa4n HEOBXOAUM HaLEKHbIW U [OCTaTOYHO YHWBEPCAbHbIA METOA, NO3BONA-
LM aleKBAaTHO BOCNPOM3BOAMTL NPOLECCHI, NPOTEKatoLWMe B TBEPAbIX TeNax NPu BbICOKOCKOPOCTHOM
coynapeHun. EctecTBeHHas HEOAHOPOAHOCTb CTPYKTYpbl MaTepuana nperpag v yaapHUKOB, BAUAIO-
LWasA Ha pacnpegeneHvie GU3NKO-MeXaHUYECKUX XapaKkTepucTuk (PMX) maTepuana, ABnfeTca OAHUM
M3 BaXKHbIX GAKTOPOB, ONpPeaenAloWnNX XapaKkTep paspyLeHns peasbHbIX MaTepuasnos. YYeT 3Toro B
YPaBHEHMAX MeXaHUKK AehOopMUPYEMOro TBEPAOTO Tela BOSMOMKEH NPY UCMOb30BaHUN CTy4aiHOTO
pacnpefeneHus HayaibHbIX OTKNIOHEHWI NPOYHOCTHbIX CBOMCTB OT HOMMHA/LHOTO 3HauyeHuA (moge-
JIMPOBaHWe Haya/lbHOM reTeporeHHOCTU maTepuana). Mcnosnb3yemble B GONbLIMHCTBE COBPEMEHHDbIX
paboTax No AMHAMUYECKOMY Pa3pyLUEHUIO KOHCTPYKLUMUIA M MaTEPUANOB COOTHOLIEHUA MEXAHUKKN ae-
bopmMpyemoro TBEPAOro TeNa He YUUTbIBAIOT AAHHOTO GAKTOPa, YTO MOXKET MCKA3UTb peasibHYto Kap-
TUHY Y[@aPHOTO W B3PbIBHOIO paspyLLleHWsa paccMaTprBaemblix Ten. MNociegHee 0cobeHHO NposBaseTcs
Nnpwv peLleHnn 0CeCMMMETPUYHbIX 33Jau, FA4e BCe TOYKM MO OKPYKHOM KOOpAMHATE paccymTbiBaeMoro
3/1eMeHTa UCXOAHO PaBHOMPaBHbI, B CUIYy UCMONb3YEMbIX MPU YNCIEHHOM MOAENMPOBAHUMN CTaHAAP-
THbIX YPaBHEHWUI MeXaHWKW CMIOWHbIX cpes,. Ha npaKkTuMKe, oAHAKO, MMeeTca WWPOKUIM pas 3adad,

1 HUW npuknagHoli maTemaTKn U mexaHUKn ToMCKoro rocyHnsepcuteTa, Tomck, Poccusa
2 Oryn «HMO um. C.A.JlaBoukmHa», Mocksa, Poccus
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rae dparmeHTaumMa ABNAETCA MPEeUMYLLECTBEHHO BEPOATHOCTHbIM NMPOLECCOM, HAaNpUMep, B3PbIBHOE
paspyLleHne ocecMMMETPUYHbIX 060/104eK, rae XxapakTep ApobieHna 3apaHee Hen3BecTeH, NpobuTme
1 paspyLUeHne TOHKUX Nperpaz yaapHUKOM No HOPMaanM K NOBEPXHOCTU U T.A. BHeceHue cnyyaliHoro
pacnpeneneHnsa HayaabHbIX OTKIOHEHWUIM MPOYHOCTHbIX CBOMCTB OT HOMMHA/IbHOIO 3HaYeHus B PMX
TeNna NPUBOAUT K TOMY, YTO B 3TUX C/Ty4asX NPOLLECC pa3pyLleHUs NnpuobpeTaeT BEPOATHOCTHbLIN XapaK-
Tep, 4To Bonee COOTBETCTBYET SKCMEPUMEHTA/IbHBIM AaHHbIM. Hanbonee noaHo ngeonorua u meTogo-
JIOrvA BEPOATHOCTHOrO NoaxoAa K npobneme paspyLlleHns TBepAbIX Ten npuseaeHa B [8].

[na pacyeTa ynpyronaactM4ecknx Te4yeHmin MCnosb3yeTcs MeToAMKa, peasiv3oBaHHan Ha TeTpasapude-
CKMX AYeiKax 1 basupyloLLanca Ha COBMECTHOM MCMO/b30BaHMM MeToga YunkuHca [2,3] ana pacuyeta
BHYTPEHHUX TOYEK Tesla M meToga [KoHCOoHa [6,7] Ans pacyeTa KOHTAKTHbIX B3aMMOAENCTBUIA.

HauyanbHble HEOQHOPOAHOCTM CTPYKTYPbl MOAENMPOBANUCH PacnpeeseHnemM npeaesibHON 3KBUBA-
JIEHTHOW NAacTUYecKon gepopmaunmm nNo suelrikam pacyeTHon 061acTi € NOMOLLLbI0 MOANPULMPOBaH-
HOro reHepaTopa C/ly4aiHbIX YMCEs, BbIAAIOLLErO CAYYaMHYO BEAUUYMUHY, NOAYMUHAIOLLYHOCA BbIOpaHHO-
MY 3aKOHy pacnpegenenun [8]. MAOTHOCTM BEPOATHOCTU CAYYAWHbIX BEANYMH Bpanncb B BUAE HOP-
MaJIbHOTrO rayCCOBCKOTO pacnpeseneHnsa co cpeaHnm apudmeTmyecknm, paBHbIM TabaMYHOMY 3Have-
HUIO 1 BapbUpPyeEMOM Ancnepcuen.

PE3YNIbTATbI 3KCMEPMMEHTOB

BbICOKOCKOPOCTHOE CTO/IKHOBEHME YAAPHMKOB C CETOYHbIMM 3aLLUTAaMKM UCCNEeA0BAIOCh TaKKe 3Kcne-
PUMEHTA/IbHO Ha JIEFKOra3oBbIX ABYXCTYNeHYaTbIX YCTaHOBKAX, MOAMOULMPOBAHHbIX A8 METaHMA Ya-
cTmu anametpom Ao 0,5 mm, npu ckopocTax (2,5 - 5) Km/c. YaapHUK - antoMUHMUeBan YacTuLbl (anamerp
2 MM), nperpaga - ABe CTaJibHble CeTKu (guameTp nposonoku 0,32 1 0,2 Mm COOTBETCTBEHHO). Ha pu-
cyHKe 1 nokasaHa uccnegyemas B pabote cbopKa, cocToslLas M3 anemeHTa 6aka KOCMUYECKoro anna-
paTa M ABYX CETOK, KOTOpPble OTHECEHbI HAa HEKOTOPOE paccTosaHMe mexay coboi n 6akom. Homepamum
Ha puc.1 oTMeyeHbl pe3ynbTaTbl OTAENbHbIX 3KCNEPMMEHTOB. B Tabinue 1 npuBeaeHoO KpaTkoe onuca-
HUMe ABYX XapaKTepPHbIX OMbITOB MO B3aMMOAENCTBUIO a/IIOMUHUEBDIX YAAPHUKOB C CETOYHOW 3aLLUTON U
anemeHTOM 3awmiLaemoro 6aka. 3aecb cumBosiom V 0603HayeHa HayanbHas CKOPOCTb YaapHUKa. Kak
BUAHO U3 Pe3y/bTaTOB 3KCMEPMMEHTOB, NPOOUTUA UM NOBPEKAEHMUA CTEHKM BaKa He mpousowno,
CeToYHas 3alLUMTa YCNELHO BbINO/HMAA CBOK QYHKLUMIO.

Puc. 1. /Inuesasn cTopoHa COOPKM KCETKM - a1eMeHT Haka»
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Tabnuua 1. Pe3ynbTaTbl 3KCNEPUMEHTOB

Neo MUcnbityeman vV,
Tvn yaapHuKa PesynbTaTt aKkCnepumeHTa
onbITa nperpaga v 3awmra | Km/c
La ameTtpom 3,3 «6ak» CKBO3HOE NpobuTtune ceto
MameTpom MM KBO3HOE M nTtn TOK.
®17 u3 F’Kf'- ans P I * cerka 0,5 Mm 4,0 Ha «6ake» :ET BUAMMbIX MNOBPEXKAEHUI
Alop + ceTka 0,3 mm A PeXA
«baKk» CKBO3HOE NpobuTnE NEePBO CETKN.
Wap anametpom 1 mm .
18 W3 mropana + ceTka 0,5 mm 4,0 |Ha BTOpOW CceTKe U Ha «bake» HET BUAUMbIX
P + ceTka 0,3 mm NnoBpeXKAeHUM

[anee npuBeaeHbl pe3yabTaTbl YACEHHbIX PAacyeToB B3aMMOAENCTBUA YAAaPHUKA C NepBoli ceTKol. Ha
puc. 2 NpeacTaB/ieH BUA CBEPXY HA ChHePUUECKYIO YacTULY U S1eMeHT NepBOoi CETKM, a TaKKe ABymep-
HbIli pa3pes 3TOM KOHGUTypauum.

Time=0.0000mk s

MapereTp

33085 Avar o

M3K SHAYEHKE 3

min sHauerme|0.0

0246 81012

P aa0aA uarpana

Time=0.0000mks

6

Puc. 2. VicxogHas KoHGUrypauma ceTku u chepuryeckon yactuupl: a- 3D KoHoUrypauus; 6- 2D paspes

MpoBeaeHHble pacyeTbl NOATBEPANIMN MOYYEHHbIE IKCNEPUMEHTA/IbHBIE AaHHbIE MO 3aLMUTHLIM CBOM-
CTBaM CETOYHbIX nperpag. [anee 66111 NpoBeAeHbl YACTEHHbIE SKCMEPUMEHTbI A1 CKOPOCTEN CoyAa-
PEHUA YacTULbI C MePBOA ceTKon-nperpagon V=5 km/cek (puc. 3-5) n V=10 km/ceK (puc.6-7).

Time=02000mks

Time=0.2966mks

Tivsrel 8000k

a
Puc.3. KoHdurypaums ceTkun n chepuyeckoit Yactuubl B 3D n3obpaxkeHuu: a- 0.2000 mKc; 6- 0.2966 mKc; B - 0.4000 MKc

Mapenerp) Ckopeere -]

Napererp| Cropoee 7|

Maperetp CKDDUI’.Tb

A
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no1 2 3 4§ — 01 2 3 45
rin awasere] 00 Ckopoirs, 100w i sHeHUS CKUDUWb e i Croposts, 103mis
Time=0l 2000ks Tirme=0 2966mks Tine=0.4000mks @
L ]
A v N
h )
< B
i T4 +
PRI g -
Al "
2
%‘ g - %l.u...—_, A %
o 3
d < “Be
a 6 B

Puc. 4. 2D pa3spes ceTku 1 chepuyeckoit Yactuubl. Pacnpesenerme ckopoctu: a- 0.2000 mkc; 6- 0.2966 mkc; B - 0.4000 mKc
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/2 Map2 Time=15.6802mks IB[=] B3 |~ Map2 Time=15.6802mks =] B3
e 77777777 500 [ . maw 27277777(1.5 il A B |
100 El) 40 500 02 04 06 08 10 12
min 77777220 T T in 7727779700 o

Tine=15.6802rks

Time=15.6802mks

a 6
Puc.5. Yaap octaTKOM YacTuLbl N0 OCHOBHOMY KOPMyCY: a - pacnpeaeneHue Tekyuiei ckopoctu t=15.6002
MKc; 6 - pacnpegeneHue koadduumeHTa paspylweHms t=15.6002 mkc

M3 puc. 5 BMAHO, YTO OCTATOK 4YacTMUbl He NPoBMBAET OCHOBHOM KOPMyC KOCMMUYECKOro anmnapara,
OCTaB/IAft HA €ro MOBEPXHOCTM TOJIbKO HE3HAUYMTE/IbHYIO BMATUHY. TOT Xe BbIBOA, MONYHYeH U 418 CKOPO-
ctn coyaaperusa V=10 km/c (puc.6-7).

Time=0.2000mks

Time=01000mks Time=0.1500mks

a
Puc.6. KoHourypaums cetkmn n chepmyeckoin yactmubl 8 3D nsobparkeHun: a- 0.1000 mkc; 6- 0.1500 mKc; 8 - 0.2000 mKc
maw staverie] 10000.0 RS ma anauenwe 1UE|JU 0 = mmn 0 7
o 2 4 B 8 10 EB1D o 2 4 B 8 10
L Cxopacrs, 103mdc i szt 0.0 D(npnn‘rb 103/ in sraseue| 0.0 CropnnTo, 10Gmn

Time=0.1500mks Time=0.2000mks

Time=0.7000mks

Puc.7. 2D paspes ceTku U chepuyeckoit yactuupl. PacnpegeneHme ckopoctu: a- 0.1000 mkc; 6-0.1500 mkc; B - 0.2000 mKc

KaK BUAHO M3 PUCYHKOB 3-7 C POCTOM CKOPOCTU COyZAapeHUs ycuameaeTtcs ApobaeHne HaneTatowei Ha
CeToYHble Mperpagbl YacTuLbl, YTO BUAHO MO MHTEHCUBHOMY GOPMMUPOBAHUIO CTPYIN MaTepuana npo-
HMKAIOLMX CKBO3b AYEMKK ceTKu (puc. 6, B). OAHOBPEMEHHO C 3TUM MPOLLECCOM MAET TaKXKe Npouecc
bparmeHTaLMM 31EMEHTOB CETKU.

B gaHHOI paboTe npoBeAeHbl YNC/IEHHbIE CCNeA0BaHUA B3aMMOAENCTBUA BbICOKOCKOPOCTHbIX YacTuLy
C nperpagamm - CEeTKammu, MCrosib3yeMbIMM A5 3aWmTbl KA, M NoKasaHa 3GpPpEeKTUBHOCTb CETOUYHbIX KOH-
CTPYKLMI 3aLWNTHBIX 3KPaHOB.

MonyyeHHble pe3ynbTaTbl MOKA3bIBAOT BO3MOXKHOCTM NPEAIONKEHHOro noaxoaa m narpaHmeBoﬁ Yn-
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C/IeHHOWN MeToAMKHK, B Hanbonee NONAHOM, ¢ GM3NYECKOM TOUKM 3pEHUSA, TPEXMEPHOMN NOCTaHOBKE BOC-
NpPOU3BOAUTb MPOLLECCHl B3aMMOLENCTBUA Pa3HECEHHbIX CETOYHbIX Mperpag M 3aWwuaembix UMK
3/1EMEHTOB KOCMMWYECKMX anmnapaToB C BbICOKOCKOPOCTHbIMU 3/1EMEHTaMU Pa3PYLLIEHHbIX KOHCTPYKLMIA
M annapaToB, a TaKXKe OCKOJIKaMM KOCMUYECKUX Ten U 060cHOBaTb Bbibop Hanbonee apdeKTUBHbIX
CUCTEM 3aLLUTBI KOCMUYECKUX anmnapaTos.

B Xx04e UMCNIEHHbIX IKCNEePMMEHTOB 6bI10 MOKa3aHo, YTo 3aLliMTa U3 ABYX CETOK AsnseTcA 6onee addek-
TUBHOM, YeM 3KBMBaANEHTHaA NO mMacce CnoWHan nperpaga. MosayyeHHble pesyabTaTbl MCMO/b30Ba-
JINCb ANA OLEHKM 3aLLUMTbl KOHCTPYKLMM KOCMMYEcKoro annapata «®oboc-MpyHT». MoayyYeHHble sKcne-
pUMEHTaNbHbIE Pe3ynbTaTbl NOATBEPAMAN aAeKBAaTHOCTb YNC/IEHHON METOANKMU.

BNNATOAAPHOCTH

PaboTa BbINOAHEHA NPU YaCTUYHOM GUHAHCMPOBAHUM No Nporpamme MuHobpHayku PO (npoekT PHI
2.1.2. 2509) 1 yacTMyHOM Noaaep:KKe rpaHToB PODU Ne10-08-00633a 1 Ne09-08-00662a.

CMANCOK JIUTEPATYPbI
[1] ®. A. Baym, /1. M. OpneHko, K. M. CtaHiokoswy, B.M. Yenbiwes, b.U. Wextep. M., dusumka 83pbisa, Hayka, 1975, 704 c.
[2] YunkuHc M. /1., PacyeT ynpyronaactuyecknx TedeHmni, BolumcantenbHble MeTogbl B ruapoamHammke, Mup, 1967.C. 212 - 263.
[3] Wilkins M.L. Computer simulation of dynamic phenomena. Berlin-Heidelberg-New-York: Springer, 1999. 246 p.

[4] Steinberg D.J., Cochran S.G., Guinan M.W., A constitutive model for metals applicable at high - strain rate, J. Appl. Phys.
1980. Vol. 51, Ne3. P. 1496-1504.

[5] KpeliHxareH K.H., BarHep M.X., Mbeuvourn . K., Bbopk P. /1. HaxoxaeHue 6ananctmyeckoro npeaena npu coygapeHun
C MHOTOCNOMHBIMWU MULLEHAMM, PaKkeTHaA TeXHWKA U KOCMOHaBTUKa, 1970. T.8, Ne12. C. 42-47.

[6] Johnson G.R., Colby D.D., Vavrick D.J., Tree-dimensional computer code for dynamic response of solids to intense impulsive
loads, Int. J. Numer. Methods Engng. 1979. Vol. 14, Ne 12. P. 1865-1871.

[7] Johnson G.R. Dynamic analysis of explosive-metal interaction in three dimensions, Trans. ASME. J. of Appl. Mech. 1981.
Vol. 48, Ne 1. P. 30-34.

[8] TeopeTnyeckne M 3KCNEpUMEHTaNbHble UCCNEA0BAHUA BbICOKOCKOPOCTHOTO B3aumogeictsua Ten, lMoa pea. A.B.
lepacumoBa. Tomck: M3a-Bo Tom. yH-Ta, 2007. 572 c.

ZBORNIK RADOVA e 121



lfewes 1. N.*

PACYET HA OCHOBE NrPAHUYHbIX UHTEFPA/IbHbIX YPABHEHUI
PACCESIHUA CBETA HA METAJI/ZIMYECKOWM HAHOYACTULE,
PACNONOYEHHOM BB/IU3U I'IPOBO,D,HIJJ,Eﬁ MOBEPXHOCTU

Light scattering in an axially symmetric composite system of a nanoparticle, an oscillating dipole and a metal film
(covering a dielectric support) is considered. Nanoparticle and dipole are placed on the axis of symmetry. The
axially oriented dipole is situated between film and nanoparticle. The field enhancement factor at the position of
the dipole and enhancement of dipole radiation are calculated on the basis of Maxwell’s equations, reduced by
Green’s functions to a system of boundary integral equations. The total increasing of the light scattering, which is
a product of the enhancement of the field intensity (factor F?) and the enhancement of the dipole radiation (fac-
tor D), depends on many parameters: the wavelength of light, metal permittivity, film thickness, geometry of the
nanoparticle, angle of incidence of the laser beam, but most strongly on the distance between the nanoparticle
and film surface. According to our calculations, the total enhancement factor for Raman radiation can reach huge
values in the order of 10%°,10**. The formula for angular spectrum of the radiating dipole is derived. The accuracy of
calculations is checked by the optical theorem of reciprocity and by the new derived identity, connecting the Green

function and the electric field in the illuminating beam.

BBEAEHUE

Y106bI O6BACHUTL MOTMBALMIO Haleiln paboTbl
Ham HeobxoaMmo caenaTb HebosblIOE UCTOPU-
yeckoe BBegeHue. KoMBUHaALMOHHOE paccesHue
cseTa (KPC) Konebnwowmmmca monekynamm 6biao
OTKpbITO MaHaenblutamom, flaHacbeprom (CCCP)
1 PamaHom (MHAuA). PamaH nonyuymn 3a 31o OT-
KpbiTve Hobenesckyto npemuto 1928 roga, a co-
BETCKME UCCNEeL0BATENM, XOTA OHM OTKPbLIAW 3TOT
3pPeKT Ha HEeCKONbKO Heaenb paHblie PamaHa,
He paccmaTpuBanuUcb HOBENeBCKUM KOMUTETOM
(oHM npocTo He 6bIAM HOMUHUpPOBaHbI). CyTb pa-
MaHOBCKOro a¢p¢deKTa B Tom, YTO NpU pacceaHum
nafatowWwero Ha Konebatowyca MoNeKyny usny-
YeHUs OYeHb PeaKo NoABAAITCA paccesHHble do-
TOHbI, UMEIOLLME IHEPTUI0 MEHbLLE MPUXOAALLMNX
$OTOHOB Ha BeNMYMHY KosiebaTe/NbHOro KBaHTa
sHeprun (haw,,, = ho,, —hQ, roe Q - yactoTa
KonebaHuit mosiekynbl). Tak Kak Mo cABuUry 4acrto-
Tbl PAMAHOBCKMX KBAHTOB MOKHO CYAMUTb O CTPYK-
TYPe MONEKyNbl, 3TOT 3GPEKT CTaN BarKHEMULLMM
METOAOM WMCCNEeLO0BaHUA BELLECTBA HA MOJIEKY-
NAapHom ypoBHe. PamaH-a¢pdeKT oyeHb cnabblii,
TaK KaK BEPOATHOCTb NOABAEHMA TaKUX COBUHY-
TbIX MO YaCTOTe KBAHTOB Ha YeTbIpHAALATb-LIECT-
HafLaTb MOpPALKOB MEHblUe, YeM BepoATHOCTb
0bbluHOro (paneesckoro) pacceaHus ceeTa 6es

cABuUra 4actoTbl. M 6b1/10 O4YeHb KenaTeNbHO Hal-
TV NYTU yBEIMYEHMA PAMAHOBCKOrO CUrHana.

3710 yaanock caenatb B 1977 roay [1]. Bbino no-
Ka3aHo YTo paMaH-3ddeKT ycunmBaeTca B MUNAN-
OHbI pa3 aas Konebaowmxea Mmonekyn, aacopom-
POBaHHbIX HAa MeTaN/MYecKUX HaHournax. Urbl
MOMYyYaNUCb eCTeCTBEHHbIM 06pasom NpW anek-
TPOXMMWYECKOM OCaXKAEHWUU METANOB C BbICO-
KO NpoBoAMMOCTbIO (cepebpo, 3010TO, antoMu-
HWUIN, Meab). ITO TMrAaHTCKOE YyCWUIEHWE Ha3Bau
Surface Enhanced Raman Scattering (SERS) naun
lMranTckoe KombuHaumoHHoe PaccesHue CseTa
(TKPC). HeoxunaaHHo B 1997 roay 6b110 OTKPLITO,
YTO B KO/INOMAHbIX pacTBOpax cepebpa u 30/10Ta
SERS addeKkT moxeT gocturatb GpaHTACTUUYECKUX
3Ha4YeHuit: bbino 3adMKcMpoBaHo ycuieHme KPC s
10 pa3 [2,3]. 9ToT addeKT MOXKHO Ha3BaTb Super-
SERS. B Super-SERS ycuneHne KPC ob6bACHEHO
CeHABUY-CTPYKTYPON: Konebatowanaca moseKkyna
3aXkaTa MeXXAy ABYMSA HAaHOYaACTULAMM, F4e S/eK-
TpU4Yeckoe nose B HaHOMETPOBOM 3a30pe YyCu-
neHo B 10° pas. YTo ke BbI3bIBAET 3TO OFPOMHOE
ycuneHua nonen n pamaH-apdekra? MpuumHa B
NMOBEPXHOCTHbIX MN/1a3MOHaX, TO eCTb B KO/TEKTUB-
HbIX Ko/lebaHMAX KBa3N-CBOOOAHOIO 3/IEKTPOHHO-
ro rasa B HAHOYACTML,AX, BOSHUKAIOLLMX NpK 06/1y-
YyeHuun cBeToM. MIX MOXKHO paccmaTpumBaTh KaK no-

1 UHctuTyT Tennodusmnkm CO PAH, HoBOCMBMPCKMIA rocyaapcTBEHHbIN YHUBEpCUTET, HoBOCMBUpPCK, Poccus
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BEPXHOCTHbIE 3/1IeKTPOMAarHUTHbIE BO/HbI B Cpeae,
3KCMOHEHLMaNbHO 3aTyxatlolwme Braybb meTanna.
Ons HaHovacTuy (HY) guametpom 10-300 HM K3
30/10Ta, cepebpa WMAM ANOMMHMUA MAA3MOHHbIE
pe30HaHCbl PACcnoioXKeHbl B BUAMMON U UHDpa-
KPaCHOM YacTAX CNeKTpa. 9TU paccenBaTenu ceeTa
MCMNONb30BaINCh eLLe APEBHUMMU CTEKNOAYBAMMU:
TaK KONNOMAHbBIMM pacTBOpaMu 30/10Ta U cepebpa
OKpaLIMBANUCh CTEKNA B KPACHbIN U XKenTbli LiBe-
Ta B ApeBHEM PuUMe 1 B cpefiHMe BeKa B BUTpaKax
xpamos. CnefyeT umeTb B BUAY, YTO MIa3MOHbI
MOTyT BbITb paccyMTaHbl B paMKax 371eKTpoauHa-
MWKM CNIOLWHBIX CPea, MPOCTO KaK pelleHuns ypas-
HeHult Makcsenna.

B 1981 roay noasuncs CKaHMpyoLwmnii TyHHeNbHbIN
Mukpockon (CTM), aneKTpos, KOTOPOro MOXKHO
paccmaTpvBaTb KaK HaHOYacTuuy, TaK KaK ero
KOHYMK MMmeeT pagmyc KpuBu3Hbl nopagka 5-10
HaHomeTpoB. Ecnv nomecTuTb Monekyny-annonb
B 3a30p MeXAy MeTa//IMYeCcKol MNOANIONKKOW U
KOHYMKOM 3n1ekTpoga CTM, TO mbl NONYYUM 3Ha-
KOMYIO COHABUY-CTPYKTYpPY. YecuneHune KPC B sTom
cnyyae pgocturaet 108-108 [4], To ecTb TOro e no-
pAaKa Kak B SERS. Takas KoHdurypauma HassaHa
Tip Enhanced Raman Scattering (TERS). Noatomy
BO3HMKAET Ba)KHbI BOMNPOC: MOXHO /U r10ay-
yume ycuneHue 8 TERS makoao yce NopsaO0Ka KaK 8
Super-SERS - 10*?

/ r |f/x:\\'| | Wf\BB.

V8

Fig. 1. Axial symmetrical scheme of a scattering system:
a nanoparticle, a dipole (triangle), a thin film, a di-
electric substrate, characteristic lengths (d, g, h),
permittivities of media (s, ,, &, &,), illuminating
Bessel light beams (BB), and enhanced dipole radiations
P () areshown.The contour of NP is signified by letter .

[na 3TOro mMbl PacCMOTPUM KOHOUIYypaLmio, 130-
6paxeHHylo Ha Pwuc.l: HaHo-yacTMua - AMNoAb
- MeTa//InYecKkana MnaeHKa Ha cTekne. PagnanbHo
NnoNApU30BaHHbIN Ny4yoK ceeTa (Bessel Beam, BB)
ocBellaeT cucTemy CBepxy uam cHuusy (BB, unan
BB ). Hawa 3aaaya — pacyeT AByX OTHOCUTE/bHbIX

KoadduumeHnto Ycunenua (KY), onucbiBaroLmx
BKNaA4 nnasmoHoB HY: 1) AnA WHTEHCMBHOCTM
3NeKTpUYEecKoro nons B Touke aunona (F?) u 2)
A9 U3y4eHns AUNoNA B AaNbHIO 30HY (D) u aa-
oKX B npomnsseaeHnn nonxbii KY gna apdekrta
Pamana: Kg,, =F’D.

METO/, PELLLEHUA

PeweHua 0CECUMMETPUYHbIX ypaBHeHUM
lenbMrosibLia OCyLLEeCTBAANNCD pefyKLuuen K cu-
CTeMam OAHOMEPHbIX FPAaHUYHbIX MHTErpasbHbIX
ypaBHeHuit (FNY), [5-8]. PaccmaTpuBanucb oce-
CUMMETPUYHbIE 3aZa4yM YNpyroro v Heynpyroro
(pamaHoBCcKOro) pacceaHus cBeta. WM3yvanuch
pasinyHble HaHo-06beKTbI: cdepbl, cheponspl u
aQHTEHHbI (HAHO-CTEPIKHM), PACMONOKEHHbIe B6/U-
31 TOHKOM NPOBOAALLEN MNEHKM Ha AM3NEKTPUYE-
CKOM MOBEpPXHOCTU. B ocecMmmeTpuyHOM cyyae
MMEETCA TO/IbKO OAHA KOMMOHEHTa MarHUTHOro
nons, KoTopas onucbiBaeTca cuctemont FNY, [7,8]:

. oH
aH,+| H,Ln_fog T lgr_o, (1)
. ov &, ov
aGut an —H®O
an_J H, 81(2 _GoutW dr=H,". (2)

r

3pecb napametp « =0.5, Hw - 3TO MUCKOMOEe U
Hq()o) BHelHee (ocBellalolLlee) MarHUTHbIE Nons,
B3ATble Ha KoHType HY, G ,, G, - ¢yHKuum
lpvHa ypaBHeHUs fenbmronbLa ana obnacteit BHe
1 BHYTpM HY 1 npoussoaHble B3ATbl B Hanpas/e-
HUM BHELLIHel Hopmanu K KoHTypy HY. Cuctema
FNY pewanacb aBaxAbl C Pa3HbIMWU BHELIHUMU
nonamm H(f)o): 1) BHauane ans obnyyeHua becce-
NeBbIM NMYYKOM CBETA U 3aTem 2) Aaa nons H;O),
3a/,aBaeMoro AMnosem, PacnonoXKeHHbIM Ha OA-
Holi ocu ¢ HY. B nepBom cnydae mbl Haxoauam KY
ANA UHTEHCUBHOCTU 3/1IEKTPUYECKOTO NOAA B TOY-
ke annona (F?) v Bo BTopom KY ana unsnyyeHus
aunonsa (D). 3Tn BeAnYmHbI paccunTaHbl METOLOM
rPaHUYHbIX 3N1eMeHTOB B paboTax [7,8] ana Tpex
MEeTa /I0B - 30/10T0, Cepebpo M aNtOMUHWUI - U ANA
pasnnyHbix dopm HY B 3aBUCMMOCTM OT SHEPrui
najaloWmx KBaHTOB CBeTa /i@, , BbIPaXKeHHbIX B
eguHuuax eV (3neKTpoH-BOAbT), cM. Puc.2-6.

[na cnoucTbix cpeq, ANA KOTopbIX GYHKUMKM MpUHa
pPaccUnTbLIBAIOTCA Yepe3 C/OXHble WHTerpanbl
TMna Belina-3ommepdenspa [9,10], BbiBeaeHO
TOXAECTBO, NO3BO/AIOLLEE KOHTPOAUPOBATb TOY-
HOCTb pacyeToB GyHKLMM MpUHa:
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oHY
B g Mo | 41, 3)

_ 0 _ (0)
“Hy _I Hy ov. M ov

r

3pecs HY - 310 BHEWwHee none ana 3apay 1) nam
2). B HalMX pacyeTax SIeBas U Npasas YacTu ypas-
HeHuA (3) oTanyannch He 6onee yem Ha 0.1 %.

Pe3ynbTatbl pacuetoB gna GpakTopos ycuneHus
nonsa u AMNonbHoro usnyyexums [7,8]

PaccmoTpum cHavana nosiesoit (F?) u annonbHbIN
(D) dakTopbl ycuneHuns ana chep us Tpex meTan-
no. (3010710, cepebpo, antomMnHUIA), C AnameTpa-
mum 2a =50, 100 1 200 Hm. Chepbl pacnosioxKeHbI
Ha Ma/sIoM PAcCTOAHMM =1 HM OT MeTaNNNYECKUX
NAEHOK, CAeNaHHbIX M3 Tex Xe meTannos (Au,
Ag, Al) 1 umerowmMx onTUMasbHble TOAWMHbI 50
HM (Au, Ag) 1 20 Hm (Al), [8]. Mpu npoxoxkaeHun
ny4yKka CBETa CBEPXY Yepes CTEeKA0 U MeTanmue-
CKYIO NNIEHKY Nog, yriamu 6onblue KpUTUYeckoro,
6onbwe yem 6, =41.8°, Habnopaetca aBneHue
NMONIHOTO BHYTPEHHEro oTpakeHus cseTa. [pu
3TOM B NJIEHKE NOABAAIOTCA N1Aa3MOHHble Koneba-
HWA, a B 06/1aCTW NOZ NEHKOW pacnpocTpaHAeTcs
3KCMOHEHLMANbHO 3aTyxalol,as CBEToBasA BOJIHA
(evanescent wave). [1na pe3ynbTaTos, NpeacTas-
NeHHbIX Ha Pu1c.2, yron ocsellatoLLero nyyka ceeta
6 = 45° 6onblue KpuTndeckoro. Moatomy ana dak-
TOpa yCMNEHUA MHTEHCMBHOCTM nona F2 mbl no-
Jly4aem ymeHbLUeHMe Mo CPaBHEHWUIO ¢ GaKTopom
F2. 3To NPOMCXOANT NOTOMY, YTO yAaneHHble oT
NJAEHKWN y4acTKM 60/1bLLOoM HaHoYacTULbl (200 Hm)
Haxo4ATCA B 30He 3aTyxaloweW BOAHblI M MNas-
MOHbI BO3bYy)KaatTca 34ecb cnabo. OTMeTUMm,
4yTo GAKTOPbI AMNOABHOIO U3NYYEHUN HAXOAATCA
B TAaKOM }Xe COOTHOLUEHMU: NOCNe pacLiensieHmns
KpuBbIX Mbl BUuaMM, yto D, <« D_. PacwenneHwue
KPUBbIX MPOUCXOAMUT MPU BbINONHEHUU YCNOBUSA
ONnA paguyca vyactuupl a>A=A/27, rae A ann-
Ha BOJIHbI CBETa, @ MaclwTab Panes A gaet gavHy
3KCMOHEHLMANbHOIO 3aTyXaHWA MOAA B HUXKHEM
NoNyNpPOCTPaHCTBE.

10°
2a=200nm __

2
101 .0 1.5 2.0

Photon energy (eV)
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2a =50 nm
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Photon energy (eV)
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Photon energy (V)

Fig. 2. Relative enhancement factors F? and D for metallic
spheres [(a) gold, (b) silver, (c) aluminum] in dependence
of the photon energy. In figure (a) all lines collapse to a
single line for 2a=50 nm. The same holds for figures
(b) and (c) in the low energy region for the dipolar peaks.
Lines splitting occurs when the sphere radius becomes
larger than the reduced wavelength (a>A =A1/27).

10°

B (a) -\‘\

.. 2a=200nm

g (nm)

Fig. 3. Enhancement factors vs. g (gap) for Ag spheres of two
diameters 50 and 200 nm at a photon energy of 3.1 eV
(1 =400 nm): (a) relative factors at the sphere’s close
pole; (b) factor F, at the sphere’s pole situated far
from the Ag film. The beam angle is 6 =45°.

Ha Puc.3,a nokasaHa 3aBUcMmMocCTb KY oT pasme-
pa 3a3opa mexay cepebpsaHon chepuyeckon HY
M NOBEPXHOCTbIO NAEHKW. BbibpaHa A/1MHA BOHbI



400 HMm, AnA KoTopoi Manasa chepa AaeT cosna-
patowme KY, a 6onbluan (200 HM) NOKasbIBaeT cy-
LwecTBeHHoe pacuenseHue KY Ha ase rpynnbl. Ha
Puc.3,b nokasaHa 3aBUCMMOCTb MOAEBOro GaKTo-
pa F, BbluMCNEHHOrO Ha NPOTUBOMONOXKHOM (yaa-
JIeHHOM OT NJ/ieHKK) nontoce cdepbl. BUAHO, 4TO
naasMoHHble KonebaHua MmetoT robanbHbIN Xa-
paKTep, To eCTb OHW He IOKaIM30BaHbl B 3a30pe, a
OXBaTbIBAKOT BCIO NOBepXHOCTb HY.

(a) 100500 nm 4
R.=10nm L

1] 2 4 6 8 10
Photon energy (eV)

5 (b)
10°F 12

20041000 nm
R.=20nm 1

0 2 4 6 8 10
Photon energy (eV)

(c)  400+2000 nm o
R.=40nm

0 2 4 6 8 10
Photon energy (eV)

Fig. 4. Relative enhancement factors for aluminum prolate
spheroids (semi-contours are shown in the inserts) with
aspect ratio 1:5. Spheroids have diameters, lengths and
curvature radii at the poles R, indicated in figures. The
beam angleis § = 45°.

Ha Puc.4 nokasaHbl paccymTaHHble KY ana tpex
BbITAHYTbIX A/JIIOMUHMEBBIX HaHOChepomnaos C
pasHbIMM  pasmepamu. WHTEPECHO OTMETUTb,
yTO C yBE/IMYEeHMEM pa3mepa chepouna nepsbIn
(aunonbHbIA) NUK cmelaeTcs BCe Aanblie B UH-
¢dpaKpacHyto obnacTb cnekTpa v Bo3pactaeT. Ha
Puc.5 gna cpepomnaa 13 antoMmMHUA ¢ pasmepamm
200x1000 HM NOKasaHbl pacyeTbl A4NA 4YeTblpex
yrnos ocseleHusa. O6paTum BHUMaHWE Ha U3me-
HEHWE XapaKTepa KpuWBbIX MpW nepexoge 4yepes
KPUTUYECKUIA YTON MONHOIO BHYTPEHHEro OTparKe-

HuA (Puc.5,b 1 Puc.5,c), a TakKe Ha NOBbILLIEHHble
nonessble KY (F_,F) ana manbix yrnos ocselieHna
6 =10° (Puc.5,a). TakKe WHTepecHbl rnybokue
MUHUMYMbI B nonesbix ¢aktopax F, , F . Onu
XapaKTepHbl ANA yaNMHeHHbIX HY (HaHOaHTeHH);
CM. Tak»Ke Puc.6,b ona HaHoOCTEp:KHA M3 antomu-
HUA. DTU MUHUMYMbl OBBACHAIOTCA AECTPYKTUB-
HOWM MHTepdpepeHLuMelt BOH, U3ly4aeMbIX ABYMSA
KOHLAMM HaHOAHTEHHbI [8].

. %
y LT AT . =

[ AT AL A g=10"
1 W

8 10

2 4 6 8 10
Photon energy (eV)

6=42°

i
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|

2 4 6 8
Photon energy (eV)

5
10—‘

10°

1

1 2 4 6 8 10

Photon energy (eV)

Fig.5. Enhancement factors for aluminum prolate spheroid
(200x1000 nm) illuminated under various angles of
Bessel beam. Note, the D-factors are shown by the
same curves in all figures due to their independency of
BB angle [8].
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Fig. 6. F? and D spectra for long Ag (a) and Al (b) nanorods
illuminated at BB angle #=10°. The shape of nanorods
is shown in the insert (100x1000 nm, R =20 nm); g=1
nm; film thickness (a) h=50 nm (Ag); (b) h=20 nm (Al).

Ha Puc.6 nokasaHbl paccumtaHHble KY ans cepe-
6psaHoi (a) n antomuHunesoit (b) HaHouacTuu B
dopme HaHocTepykHel ¢ gamHon 1000 Hm, ana-
meTtpom 100 HM M paanyCcom KPMBU3HbI HA KOHLLAX
R =20 nm. O6ny4eHve NagaeT noj Masbim Yriom
0 =10°. Ona cepebpa nonesble dpaxktopsl (F?) B
pe3oHaHcax A4oCTuraloT 3HavyeHuin 10°%, a makcu-
MyMbl AMNonbHbIX dakTopos (D) npesbiwatot 10°.
CnepoBatenbHo KY ansa PamaH-curHaia MoxeT ao-
CTUraTb OFPOMHbIX 3HaveHuit K, = F?’D=10".

Ha Puc.7 noKasaHbl GyHKLMK pacnpeseneHuna au-
NONbHOTO M3y4eHUA MO YIYy Kak B C/iyyae npu-
cyteteua HY (f, (0)), Tak v 6es Hee (fy (0)).
MHTepecHo, YTo ANA U3NYYEeHUSA B CEKTOP YIIoB
6onblwe Kputnueckoro (forbidden sector 8> 6, ),
annonb u gunonb ¢ HY gatoT ogMHaKoBble pac-
npegeneHuna (3To 0b6BACHAETCA IKCMOHEHUMab-
HbIM 3aTyXaHMeM BK/IaA0B yAaNEHHbIX OT NJAEHKU
yactei anmnHHom HY, [8]).

Ram

[pyrum cnocobom KOHTPOAA TOYHOCTU pacyeToB
Obl10  CPaBHEHWE BbIYUCAEHHONW WHTEHCUBHO-
CTM NONA B TOYKE AWUMONA U AUNOAbHOTO NOTOKA
3HEPTUM, YXOAALLETO NOA, TEM Ke YoM 6, 4To U
npuxoasuiee msnydyerHve. CornacHo Teopeme B3a-
MMHOCTW 3TV BE/IMYMHbI TOYHO MPONOPLMOHANb-
Hbl APYr ApYry, YTO AeMOHCTpupyeTca Ha Puc.8.
MOCTOAHCTBO OTHOLIEHMSA YKAa3aHHbIX BE/IMYMH Ha-
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pywaeTca B 061acT MasbIX AAWH BOJH (60/1bLWNX
3Hepruit GOTOHOB) M ANA OKPECTHOCTEW /IOKa/lb-
HbIX MUHUMYMOB.

distribution functions for

Fig. 7. Angular NP/dipole/film
f\e (6) (solid, dash-dot lines) and for dipole/film f,_ (6)
(dashed, dash-dot-dot). “+”, “-” mean dipole radiation
directed into upper or lower semi-spaces, respectively;
gap is 1 nm; photon energy is 5.5 eV.

©  —FEF.OIPO |
= FEF(O)/PL0) |

3

0 2 4 6 8 10
Photon energy (eV)

Fig. 8. Ratio of spectra of field enhancement factor FEF?(0)
and angular distribution function for dipole radiation
P(6), calculated at an angle @=34.7°, at the point of
deep minimum of f, (#), seen in Fig.7

3AK/TIOYEHUE

MeTannnyeckne HY nnm ontmyeckme HaHOAHTEH-
Hbl, BbIMOJHAIOT HECKONbKO QYHKUMI: a) npuem
3NEKTPOMArHUTHOTO CWUIHAaNA, €ro ycuieHue B
dbopme pe3oHaHCHbIX NIa3MOHHbIX KoebaHuit un
KOHLLeHTpMpOBaHWe H6AMKHEro Nons B LWenu, rae
pacnonoxeH Aunonb; 6) npuem, ycuneHue u us-
Nly4eHWe B NPOCTPAHCTBO CABMHYTOrO Mo YacTtoTe
curHana aunons. Ana cepebpsaHbix HY, moaenu-
pytowmx snektpoq CTM, pacyetbl gatot KY ana
PamaH-apdekta K., ~10", uto noka mebLue
yem B Super-SERS Ha Tpu nopsagKa, HO yXKe Ao-
CTaTOYHO AN1A U3MEPEHUA CNEKTPOB M3Ny4YeHUA
OTAE/bHbIX MOJIEKY.

BNNATOAAPHOCTH

ABTOp 6naroaapeH MpasuTtensctey PP 3a noaaep-
YKy ZlaHHOM paboTbl (rpaHT Ne 11.G34.31.0035).
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MuHckul b. M.}, Kapasaes 4. A.*

YUCNEHHOE MOAE/IMPOBAHUE PACNPOCTPAHEHMA BUEPOCENCMMU-
YECKUX BOJIH B CPEAAX XAPAKTEPHbIX ANA NPA3EBbIX BY/IKAHOB

This paper deals with the mathematical modeling of elastic waves propagation from a point source in three-di-
mensional elastic media characteristic of mud volcanoes. An algorithm and a set of parallel programs have been
developed. Test calculations to choose an optimal parallel scheme were carried out on the cluster of Siberian Su-
percomputing Center of SB RAS. A mud volcano «Gora Karabetova» mathematical model is presented for the first
time. The comparison of natural vibroseismic experiment results and numerical experiment results is presented.

MOCTAHOBKA 3A4A4YU

YnucneHHoe MoAEeNnpoBaHMe PacnpoCTPaHEHUs CEMCMMUYECKMX BOJIH B C/I0XKHO MOCTPOEHHbIX ynpy-
TMX HEOAHOPOAHbIX Cpeaax MPOBOAMTCA Ha OCHOBE MOJHOM CUCTEMbI YPaBHEHWI TeopuMU ynpyro-
CTU C COOTBETCTBYHOLMMM HayalbHbIMM U FPAHUYHBIMM YCNOBUAMM. [aHHaA MNOCTaHOBKA 3a4auyu
npeacTaBneHa B TEPMUHAX BEKTOPA CKOPOCTEN CMeLLeHUi ﬁ:(U,V,W)T N TeH30pa HanpsKeHui
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C COOTBETCTBYHWMMUN Ha4Ya/IbHbIMU U TPAHNYHBIMU YCNTOBUAMMU.

B faHHOM noctaHoBKke A(x,y,z), u(X,VY,Z) - napameTtpbl /lame, NIOTHOCTb © 3aBUCKT OT TPex Npo-
CTPaHCTBEHHBIX MEPEMEHHbIX.

METO/A PELLEHUA 3A0A4YU

MeTog, pelleHnsa NocTaBAeHHOM 3a4a4M OCHOBAH Ha MCMOAb30BaHME KOHEYHO-PAa3HOCTHOrO MeToaa.
ANTOPUTM MOCTPOEHMUA KOHEYHO-PA3HOCTHOM CXeMbl NpeasioXKeH B ctaTbe [1]. AHaNOrMYHbIA noaxos,

1 VIHCTWUTYT BbIYUCNIUTENIBHOM MaTeEMATUKM M MaTemaTuyecKoi reodusmnkm CO PAH, Hosocubupck, Poccus
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ONA CTaTUYECKMX 3aZia4 TEOPUM YNPYrocTH, TaKkKe, Obln pa3BuT B paboTax oTeYeCcTBEHHbIX MAaTEMATU-
KoB [2]. PacueT ceTouHbIX K03POULMEHTOB ( A, i1, p, KOTOPbIE MOTYT UMETH Pa3pPbiBbl) YHACTBYHOLLMX B
Pa3HOCTHOW CXeme MPOBOAUTCA HA OCHOBE MHTErPasIbHbIX 3aKOHOB COXPaHEHMUS.

KoHeyHOopa3HOCTHas cxeMa MMeeT BTOPOI NOPAAOK annpoKCMMaLMm o BpemeHu 1 npoctpaHcrsy [1].
06Lwan cxema BblUMC/IEHUIA BbITAAMT CAeaytolmm obpasom.

Ha nepsom nosyliare no BpemeHu onpeaensitoTca KOMMOHEHTbI BEKTOPa CKOPOCTU CMELLEHMA, 3aTEM
Ha BTOPOM MosiyLliare no BpemMeHun no Gpopmysam HaxoAATCA HYXKHble KOMMOHEHTbI HanpaXeHui. [a-
Jlee HacyMTbIBAOTCA HOBble KOMMOHEHTbI 06Pa30B BEKTOPA CKOPOCTU CMELLEHMS Ha HOBOM MoJyluare
no BPEMEHM.

PEAIN3ALINA «NOCTPOUTENA» TPEXMEPHOI MOZENU YNPYIOW CPEAbI

[na BbINONHEHMA LI,aHHOVI pa6OTbI 6bin COo34aH CI'IeLI,MalWI3MpOBaHHbIl7I NOCTPOUTE/Tb TPEXMEPHbIX MO-
p,eneﬁ HEeOAHOPOAHbIX ynpyrux cpes,. C nomoLubio pa3pa60TaHHoro nocTpouTena 3a4atoTcA 3Ha4YeHnA
/l,y,p B Ka)K,D,Oﬁ TO4YkKe KOHe‘-IHO-pa3HOCTHOV1 CXembl.

B Hawem cnyyae npeanonaraeTcs, YTo 3afaHa KpynHob04yHas moaenb cpefbl, COCTaBleHHan U3 na-
pannenenunesos, B BepLUMHAX KOTOPbIX 3a4at0Tcs napameTpbl cpeapl (Vp,Vs - ckopoctu pacnpocTpa-
HEHUA NPOAOALHBIX M MOMNEepPeYHbIX BOIH COOTBETCTBEHHO M MJIOTHOCTb © ). DTU NMapameTpbl ABAAIOTCA
HenpepbIBHbIMK BHYTPU KaxAoro 6/10Ka. Pa3pbiBbl MPOXOAAT TONbKO MO FPaHAM COCeAHUX Napanne-
nenunenos. Janee NpouUCXoauT UHTEPNONALUA NAaPaMeTPOB cpeabl Ha bosee «KMEeNKYH» PacyeTHyo
CeTKYy.

Mocne TOro Kak NnocTpoeHa OCHOBHAs CETOYHas MOAEeNb TPEXMEPHO-HEOAHOPOAHOM YrPYroi cpeabl
BO3MOXHO Aa/ibHeLIee YC/I0XKHEHNE ee TeOMETPUYECKOIN CTPYKTYPbI. B NOCTPOEHHYIO MOAE/Ib MOMKHO
«BCTaB/IATbY Pa3/INYHbIE rEOMETPUYECKME OBBEKTbI, KOTOPbIE MMEIOT aHaIMTUYECKOe onuncaHune (uu-
NIMHOPUYECKNE, KOHUYECKMNE, 3/IIMNCOMAANbHbIE U AP. NOA0BNACTH, AN UX NepecedeHme) Co CBOMMMU
3HAYEHMAMM YNPYTUX MapameTPOoB Cpeabl.

PaspaboTaHHbIl NOCTpOUTENIb MOAENN NO3BOIAET KOHCTPYMPOBATb CI0XKHbIe 3D Mogenn HeogHoOPoOA-
HbIX YNpyrux cpes, 61n3Kme K peasbHbiM 06beKTaM UCCeA0BaHUA.

NAPANNENBbHAA PEATU3AUUA U UCCNEQOBAHUE BPEMEHU PABOTbI MPOPAMMDbI

OfHO M3 OCHOBHbIX TPeboBaHMI K NAapaanenbHon NPorpaMmHON peanmsaLmMm CocToANO B TOM, YTOObI
nporpamma morna 3¢pdeKkTMBHO paboTatb Ha Knactepax ¢ MPP-apxUTEKTYpOl M BbICOKONPOU3BOAM-
TenbHbIX SMP-cepBepax.

Mcnonb3osaH cnocob pasbueHuns pacyeTHo o6aacTv Ha CNOM BAO/Ab OAHOM M3 MPOCTPAHCTBEHHbIX
nepemeHHbIX, B JaHHOM C/ly4ae BA0/b KOOPAMHATHOM ocu Z. Mpu peannsaummn AaHHOM CXeMbl KaXK bl
BbIYMC/IUTE/IbHBIN Y31 PAaCcCUUTbIBAET CBOK CETOUYHYH 061aCTb Ha KaXKA0M BPEMEeHHOM Liiare He3asu-
CMMO OT APYruX, 33 UCKOYEHMEM TOUYEK, HAXOAALLMXCA Ha rpaHMLEe MeXay ABYyMA coceaHummn obna-
CTAMU. DTN TOUKU ABAAIOTCA OBLWMMU ANA KaxKaoMn u3 obnactei n Ans Npoao KeHua cueta Heobxoam-
MO NPOM3BOAUTL 0BMEH MHPOPMaLMeint 06 MCKOMbIX BEIMUMHAX MEXKAY «COCeAAMMUY,

Ha ocHoBe BblibpaHHOM cxembl BblIM CO34aHbl ABE NapaebHble MPOrpaMmbl:
- ANA pacnapannennsBaHuA UCnosb3yeTca Tonbko MPI,
- UCNonb3yeTcss KoMBbUHauuMA Bo3morkHocTe MPI n OpenMP («rmbpuaHas napannenbHas cxemay,
MPI&OMP).

Bo BTOpom cnydae («rmbpuaHas napannesbHaa cxema»), npeasaraercs nposoguTb obmeH mMHdop-
Maumen mexay cocegHUmM cnoamm yepes MPI, @ BHYTPU Kaxaoro €108, pacnonoXeHHOro 8 obuwen
namATW y3na, NPoOBOAUTb MapansienbHble BblumcaeHua, ncnonblya OpenMP. Koanyectso cnoes ana
«TMOPUAHOM» CXeMbl ONpeaensaeTca YUCAOM UCMONb3YEMbIX BbIYUCAUTENbHBIX Y3108, @ KOJMYECTBO
OpenMP MOTOKOB - KO/IMYECTBOM A4ep Ha y3nax, B ciydae MPIl nporpammsbl - 06WMM KOIMYECTBOM
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A4ep Ha BblAeNEHHbIX BbIMUCAUTENbBHBIX Y31aX. Ha KaXa0omM BpeMeHHOM Luare MogennpoBaHua Heob-
XOOMMO NPOM3BECTU ABe cepun obmeHOB MHPOpPMaLMel O BOIHOBOM MoO/e: O4HA - AN KOMMNOHEHT
BEKTOPA CKOPOCTEN CMELLLEHMI, BTOPAA - /18 KOMMNOHEHT TEH30Pa HanpsKeHuin. Becb 0bmeH MHOp-
maumeln peannsoBaH Yepes nHTepodeiic MPI ¢ nomolbto 610KMpYOLWLMX onepaymii NoydyeHns n nepe-
[a4um AAHHbIX.

Mcnonb3osanuch pasnnyHble onuuu Intel MPI gna rnbpuaHbix MP1/OpenMP npunoskeHuii:

node - BCe N0rnyeckme NpoLeccopbl Ha O4HOM y3/1e PacCMaTPMBAOTCA KaK eAnHOE NPOCTPAHCTBO
sock - Kaxablt dusmyecknin socket - otaenbHan obnactb

WccnepoBaHue paboTbl NapannenbHbIX peannsaumii NpoBoANAOCH ANA ABYX TECTOBbIX MoAeNeN, Ta-
6auua 1.

Tabnuua 1. MapameTpbl pacyeTos TecToBbix 3D Moaeneit ynpyrux cpeg,

Pasmep pacyeTHoOM ceTkn
Mogenb # .
X Y z Time
Mogenb 1 1537 512 1025 1786
Mogensb 2 1025 512 1537 1786

Ha npegacrasneHHbIx rpadumkax (puc.1) BUAHO, YTO NPU YBEIMYEHMM PECYPCOB BCE NapasfiefibHble Npo-
rpaMmbl SAOT ONpeseneHHbIn BbIMIpbILl. B Lenom npu yBenMyeHnMn Koanmyectsa agep B 48a pasa Bpe-
MS BbINO/IHEHUA Ha mogenax 1 n 2 nsmeHsetcs B cpeaHem B 1.6-1.7 pasa ana «rubpuaHon napannens-
Hol cxembi», 1 B 1.2-1.3 ana MPI nporpammsi.

Bpema paGoTel nporpamm Bpema pabotel nporpamm

11000 11000

1000 N 10000

D000 9000
3 w000 i sooo
= 7000 < 7000 o
£ G000 it OMProde £ 6000 —a— OiviPnode
g so0 —— OMPsack & soo0 —— OMPLsck

400 4000

2000 L 3000 MP

2000 2000

54 86 138 192 386 64 96 128 192 2%
KoawuecTeo Aaep Koawuecteo aaep
a b

Puc. 1. Bpems paboTbl napannensHbix nporpamm a) ans mogenu 1 v b) ana mogenu 2.

Mcnonb3oBaHue onunn «node» faeT NpemmyLLeCTBO, MO CPAaBHEHMUIO ¢ onumen «sock», npu ncnonbso-
BaHWUW «KTMBPUAHOM NApaNNenbHON CXeMbI», BbIMIPbILL COCTABAAET B cpeaHeM 8% ana mogenu 1 v 5%
ana mogenu 2 (Ha 256 agpax go 18% gna mogenu 2 v go 13% ana mogenu 2). BUGHo, 4To Hamny4wmi
pe3ynbTaT Nosy4YaeTca NPU UCNOAb30BAHUM «TMBPUAHON NapannenbHOM cxeMbl» € onumel «node», no
cpaBHeHuto ¢ MPIl nporpammon Bpemsa BbluMcneHUn nameHaeTca 4o 1.7 pas Ha 128 agpax ans mogenm
1w po 2 pas Ha 192 agpax ana mogenn 2. OTMETUM, YTO NPU 3HAYUTENBHOM YBENYEHUN KOINYECTBA
anep (MPI notokoB), MPI nporpamma He gaeT npuMpocTa, B To Bpems Kak, MPI&OpenMP nporpamma
[AeT NPUPOCT Ha TOM e KOn4ecTBe aaep.

Takum obpasom, Npu AaHHOM apxuTekType Knactepa HKC-30T Hanbonee nydwein B MCNOMAb30BAHUK
asnsetcs MPI&OpenMP nporpamma («rubpuaHan napanienbHas cXema).

3KCNEPUMEHTA/IbHBIE UCCNEAOBAHUA FTPA3EBOIO BY/IKAHA «TOPA KAPABETOBA»
BUBEPOCEMCMUYECKUMWN METOOAMM

MBMuMTI CO PAH nocTaBuA pAg, SKCNnepMMeHTasibHbIX paboT Mo NPOCBEYMBAHUIO IPA3EBbIX BY/IKAHOB
Bubpoceicmuyeckummn metogamu [3,4]. B akcnepmmeHTanbHbIX paboTax No akTMBHOMY BUbBpoceicMu-
Yyeckomy NpPOCBeYMBaHUIO rPA3EBOro By/aKaHa «fopa KapabeToBa» MCNOAb30BANCA CEACMUYECKUIA BU-
BpaLUMOHHbIN NCTOYHUK CB-10/180 u peructpupytowme Komnaekcol RefTek-125A (40 pernctpaTopos

130 e MIT 2011



C BEPTUKANbHbIMUK celicmonpuemHmMkammn GeoSpace GS-20DX. O6uwan cxema 30HAMPOBAHUA BY/KaHa
npueeaeHa Ha puc.2. OTMETUM, YTO reoN0rMYeCcKan CTPYKTypa By/IKaHa MMEET OYEHb C/IOXKHOE CTpoe-
Hue [5].

Puc. 2. lTeonornyeckas cxema paiioHa Kapabetosa ropa (fop6atnkos A.B.). YcnoBHble 0603HaueHus: 1 - ocv aHTUKAKMHANb-
HbIX CKNAA0K U MX HOMepa; 2 - AOCTOBEPHO YCTAaHOBNEHHbIE Pa3NoMbl; 3 - Pa3/sIoMbl BblAeNEHHbIe MO CTPYKTYPHO-
reomopdonormyeckum npusHakam; 4 - NOKPOB CONOYHOM Bpekunn rpasesBoro BynKkaHa ropsl Kapabetosa; 5 - aeit-
cTytoLme rpudoHbl; 6 - HegencTaytoLwme rpudOoHbI; 7 - canb3bl; 8 - KpynHble KOHYcoobpasHble rpudOHbI BbICOTOM
HECKONIbKO MeTPOB; 9 - LLeHTP B3PbIBHOTO M3BepKeHUA 6 mas 2001 r.; 10 - nyHKTbl BUBpOCeMCMUYECKOTo U3NyYeHus;
11 - nukeTbl Nnpodurnn BUBpPOCENCMUYECKOW CbEMKM, MPUBELAEHbI KaXKAbIN NATbIN AaTYMK.

MN3nyyeHne curHanos BubpaTopamm ocyLecTBasnock B Toukax T1, T8. AnanHa npoduns yepes By/KaH,
Ha KOTOPOM NPOU3BOAM/IACH PErUCTPaLLMA BUDPOCENCMUYECKMX CUTHANO0B, COCTaBMUAA 3.2 KM.

B KauecTBe 30HAMPYIOLWMX CUTHANOB BMOpPATOpa MCNONb30BaIMCb CBUM-CUTHA/bI B AMana3oHe 4acToT
10-64 Iy, (curHan c AMHeHOM pa3BepPTKOM YacToTbl B AAaHHOM AManasoHe ¢ ganTenbHocTblo 60 c). CuH-
XPOHM3aLMA N0 BPEMEHM PETUCTPUPYIOLLMX CUCTEM U BMBpATOpa OCyLLecTBAANaCh Npu nomolum GPS-
NPUEMHMUKOB.

MonyyeHHbIN nonesoi matepman ob6pabaTbiBanca C MOMOLLBIO CreLMabHbIX MPorpamm. bbuiv nonyde-
Hbl KOPPENALMOHHbIE CEMCMOrpaMmbl U NMPOEKLLMM CNEKTPasIbHO-BPeMEHHbIX GYHKLMIA, NpumMep puc.3.

I'n
0.0 0.0
3.50x104 6.875x10*
7.00x104 1.375x10°
1.05x10° 2.063x10°
140103 2.750x10°
a 1.75x103 L3438 %105
2.10x10° 4.125x10°
245%10° 4813x10°
-2.80x105 5500 x10°

Puc.3. NMpoekuua CBD Ha yaaneHmu: a) 740 M OT UCTOYHMKA (palioH ckonsieHus rpudoHoB), b) 1480 M OT UCTOUHMKA (LLEHTP By/IKaHa)
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BpemeHHas CTpyKTypa BOJIHOBOTO MO/IA XapaKTepU3yeTcs YCAOKHEHMEM MO Mepe NPUBANIKEHNA K Teny
BY/IKaHA. CneKTpasbHbIN aHanM3 BMOPALMOHHBIX ceicMorpamm (Koppenorpamm) Ha 3Tom npoodusne
NMOKa3bIBaeT AOBOJIbHO C/IOMKHYIO KaPTUHY NPOXOXKAEHUA CENCMUYECKMX BOJH YEPES TE/I0 BY/IKaHa.

Ha pacctoanumax go 1800 meTpoB OT UCTOUYHMKA OTYET/IMBO MPOCMATPUBAETCA NOBEPXHOCTHAA BOJIHA CO
CKOPOCTbIO 0K0/10 340 M/c, MMeloLLLas cneKkTpaabHble MMKK Ha YacToTax 12-15 lu.

Mo mepe NPUBAUNKEHUA K LEHTPY BY/JIKaHA CMEKTPaNbHAA KapTUHA HAuUMHaAEeT MmeHATbeA. MoasaatoTca
6osiee BbICOKME YACTOTbI, CMEKTP CYLLECTBEHHO pacluimpseTca (puc.3a), Ha HEKOTOPbIX PACCTOAHMUAX
NOABNAKOTCA Y3KOMONOCHbIE MUKM, BO3MOXKHO, CBA3aHHbIE C PE30HAHCHbIMU CBOMCTBAMMW CKOMAEHUA
paHee AelCTBOBaBLUMX Cafb3 U rPUdOHOB (BbIXOAALME HA MOBEPXHOCTb KaHa/bl B BUAE KOHYCOB - Fpu-
bOHbI AN HeBONbLIMX YINYBAEHUI - Cafib3bl, Yepes KOTopble U3BEPratoTCs rpsaseBble U rasoobpasHblie
dpakumm BynkaHa). OgHaKo, B LEHTPE By/KaHa, Ha pacctosiHuM 1480 meTpoB OT MCTOUYHUKA T8 nosns-
NIAETCA Y3KOMO/IOCHbIW CNEKTPanbHbIN MUK Ha YacToTe 25-28 My (purc.3b), KoTopbIi MOXKET 6bITb CBA3aH
C reoMeTpuen LeHTPaAbHOro KaHana TPyOKM BY/IKaHA U C Pe30HAHCHbIMUM CBOMCTBAMM 3TOTO BbIBOASA-
Lero KaHana. s noaTsepXKAeHUA 3TOM rmnoTesbl 6b110 NPOBEAEHO YNC/IEHHOE MOAEANPOBAHME, NO
npeasoXKEeHHON BbIYUCNTENbHON CXeMe, OPUEHTUPOBAHHOE Ha U3yYeHWe FTeOMETPUYECKMX Napame-
TpoB By/KaHa «lopa KapabeToBa», pe3y/nbTaTbl KOTOPOro NPUBEAEHbI B CeAYIOLLEM pasgene.

Ha 3Tux pUCyHKax no ropMsoHTaau 0603HavyeHo Bpemsa B CeKyHAax, Mo BepTMKaaM YactoTa B lepuax,
LLBETOBAA WKana 0To6pa>+<aeT AMNINTYAY CNeKTpa B OTHOCUTE/IbHbIX eUHULax.

PE3YNIbTATbI YACNNEHHOTO 3KCMEPUMEHTA HA MOZAENIU «TOPA KAPABETOBA»

Pe3ynbTaTbl NONEBbIX SKCNEPMMEHTOB NOKa3a/in, YTO CTPYKTYypa rpA3eBbIX BYJIKAHOB MMEET C/I0XHYIO
reomeTpuo n HeogHopogHoe CTpoeHne cpeabl, B KOTOpOVI COOEPHKUTCA XMUOKOCTb, NYy3blpK ra3a, He-
OAHOpPOAHbIe BKAOYEHUA U T.4. COOTBETCTBEHHO BCE 3TO OKa3bIBAET BAMAHNE HA CTPYKTYpPYy BOHOBOIO
nonsa Ha6mop,aeM0ro B 3KCNEepUMeEHTax.

[Nna n3yyeHnn AMHaAMUKMU CEMCMMUYECKOTO MOAA U BAUAHUA FeOMETPUN MOAEM Ha CTPYKTYPY BOIHOBO-
ro nons 6bla NOCTPOEHa TPEXMEpPHas MOAe/b BEPXHEN YacTu rpa3eBoro By/kaHa «fopa KapabeTtoa»
(puc.4).

Puc. 4. 3D matemaTtmnyeckas moae/ib CTpoeHuA BerHeﬁ 4acCTU rpA3eBOro By/IKaHa.
B KauyecTBe UCTOYHMKA CEMCMMYECKUX BOMH Bbla B3AT UCTOYHMK TUNA KLEHTP AABAEHUAY» C Hecyllen
yactoTol 25 I, pacnonosKeHHbI B6113Kn cBOH6OAHON MOBEPXHOCTU.

YncneHHoe mozennpoBaHue nposoamnock Ha Kaactepe HKC-30T CCKL, UBMuMT CO PAH (Bbluncau-
TenbHble 613Ma-cepsepa hpProliant BL2x220c G5). CeToyHasa mogenb NpeacTaB/ieHa c/eaytowmum
KONMYECTBOM Y3/10B MO NPOCTPAHCTBEHHbIM nepemeHHbIM X - 2096, Y - 1103, Z - 828, Time - 12415.
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Pasmepbl 061acT mogenmposaHuma coctaBuam 3.8kmX2.0kmX1.5km. PesynbTaTtbl pacyeToB ¢ MOMOLLLbIO
pa3paboTaHHbIX MPOrpaMm NpPeACcTaBieHbl B BUAE CHUMKOB BOJTHOBOTO noAs no npodunto A-Al (puc.4)
ANA KoMmnoHeHTbl W B niockocTn OXz A9 Pas3/IMyHbIX BpeMEHHbIX MPOMEXKYTKoB t1, t2 Ha puc.5.

e - 2 - . # -- ’q;I '.i.'i: r

Puc. 5. CHUMKM BOJIHOBOTO Mo/iA (pe3ynbTaTbl pacyeTos).

3AK/TIOMEHUE

AHanuz CMN® no npodunto, nepecekatoLeMy 30Hy BynkaHa «lopa KapabetoBa» n uncneHHoe moge-
NIMpoBaHMe, OCHOBAHHOE HA reOMeTPUYECKMX 0COBEHHOCTAX 3TOro BY/IKAHA, MOKa3ano creaytollee:
B CMeKTpax BUHBPaLMOHHBIX ceicMorpamm Ha GoHe MX LUIMPOKOMONOCHOM YacTu MOABAAIOTCA Y3KOMO-
NIOCHble COCTaBAAOLWME, XapaKTEPU3YIOLLME CeNIeKTUBHbIE CBOWCTBA Cpefbl C BblpaXKeHHON HeoaHo-
POAHOCTbIO, BEPOATHO, 3TO CBA3AHHO C MEIKMMU NOABOAALLMMMN KaHaNaMK, NUTAOLLMMKN OEeNCTBYIO-
Lwme canb3bl U TPUPOHBI U PE30HAHCHBIMM CBOMCTBAMM 3TUX KaHANOB HA COOTBETCTBYIOLLMX YACTOTaX.
OcobeHHO BblaenAeTca Y3KONONOCHbIM NUK Haj LEeHTPabHOM YacTblo By/IKaHa Ha YactoTax 25-28 I,
MpoBeaeHHble YNCAEHHbIE pacyeTbl NOATBEPKAAIOT, YTO ITOT MUK CBA3AH C reOMETPUEN LLeHTPaIbHOro
KaHana BynKaHa. Ha ocHoBe MpoBeAeHHbIX UccneaoBaHui BbibpaHa Hanbonee noaxoaAwana napan-
NenbHaA peannsauma NPOrpaMmHOro KOMMAEKCa 1A AAaHHOW NapanienbHON CXeMbl U apXUTEKTYPbI
Knactepa. PaspaboTtaHa yno6HanA B UCNob30BaHUM NapassiesibHasA NPorpaMmma 419 NOCTPOEHUA CNOMK-
HbIX TPEXMEPHbIX reoPU3NYECKUX MOAENEN TEONOTUYECKMX CPEeS, CO cneunduryeckoin reomeTpruyeckomn
CTPYKTYpPOM.
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Grujic A

LIGHTNING MODELING IN TRANSMISION LINES

The most encouraginig environment for the learning process is one that actively involves students. This process
is, in this paper, presented by working out of a project task lightning conductors of transmision lines and active
student’s participation in the implementation. The mentioned software tool allows the calculation of overhead
protection zones depending on the choice of calculation method of lightning gprotection and amplitude of light-
ning. Programming code in Visual Basic that is associated with the projected object in AutoCAD, which is protected,
greatly facilitates the process of designing a safety zone and making it easier to master specific teaching units.

INTRODUCTION

Lightning protection of transmision lines is re-
alized by means of shiel wires, and can be ana-
lyzed through two models: a geometric and
electrogeometrical model. In this paper will be
determine striking distance boundary and limit
values for atmospheric discharge of electricity
that can not be empty in the phase conductor
for transmision line nominal voltage of 220 kV.
The geometric model is one of the methods of cal-
culation zone of protection of transmision lines.
Shield wire is placed above the phase conduc-
tors of transmission lines to protect against di-
rect lightning flash in phase. Geometric method
as a criterion for the protection phase conduc-
tors of lightning flash takes the protection an-
gle. Protection angle is the angle between verti-
cal line that passes through the center and line
connecting the center phase conductor and the
shiel wires. To achieve effective protection it
is necessary that this angle is less than 30°, re-
gardless nominal voltage of transmision line.
According to this method is defined by the proba-
bility of discharge of shield wire, as earth wire does
notgive absolute protectionagainst penetration by
lightning discharges in it and the phase conductor.
The probability of penetration of lightning is given
by the following expression:

a+h
logP = A B (1)
where:
P -i probability of penetration of lightning pro-
tection without shiel wire

h - effective height above ground of shiel wire
o. - protective angle

A - empirical constant that is adopt by 90

B - empirical constant that is adopt by 4

In contrast to the geometric method is developed
electrogeometrical method that takes the main
parameter for the amplitude of the discharge cur-
rent. The basic assumption in this model is that
the length of the last jump is proportional to the
amplitude saltatorily leader discharge current.
The maximum distance traveled by leaps and
bounds can not exceed a leader in his last jump
is called the striking distance, and is marked with
R, The striking distance depends on the distance
of the electric field due to the presence of the
head saltatorily leaders, and electric field inten-
sity depends on the amount of electricity carried
by the channel saltatorily leaders. The general ex-
pression for striking distance is:

R, =k-1] (2)
where k and n are empirical constants and have
values k=6,72, and n=0,8 according to [1].

In order to apply the model electrogeometrical
we should know that:

RZ = kZ : RU (3)
Where :

R, - is the striking distance to the ground in m
kz=0,64-1 - stroke of the striking distance correc-
tion to the ground

Figure 1 shows the disappearance of the phase

conductors exposure zone for different value of
lightning current.

1 School of Electrical Engineering and Computer Science Applied Studies, Belgrade Serbia
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electrogeometric model

Labels in Figure 1 have the following meanings:

H - effective height of the shiel wires,

h - effective height of phase conductors

F - phase conductor

Z - shiel wire

R, - impact distance of the phase conductor and
the shiel wire in case of amplitudes of discharge
current,

R,, - impact distance to the ground in case of am-
plitudes of discharge current,

Dc - horizontal projection of the surface exposed

Points A,, A, and M are defined by the intersec-
tion of the circle centered at the center point F
of the phase conductor and a radius R ; equal to
the prime spots in the corresponding current am-
plitude I, I,,and | , and the horizontal line at a
height equal to the distance of the prime land for
the corresponding current amplitude.

Points B, B, and M are defined by the intersec-
tion of the circle centered at the center point of
the phase conductor F and a radius equal to the
prime spots in the corresponding current ampli-
tude I, I,,and I and with a circle in the center of
the shield wire at point Z, of radius equal to the
prime distance for the same current amplitude.

Arc A B, is a cross-section of cylindrical surfaces
with the expected atmospheric discharge phase
conductor under the lightning electricity I,. Any
discharge of atmospheric electricity which is ex-
pected I, and whose head saltatorily leader finds

himself in a circular snippet FA B, always leads to
a phase conductor in the discharge by the shield
wires.

Area defined by the arc A B, is the exposed surface
of the amplitude of the phase conductor of current
discharge I, . It can be concluded that the higher
discharge current amplitude of the phase con-
ductor exposed surface is less, and that relation-
ship is valid: I, <1, <l, = AB >AB,>M.
From the foregoing it can be concluded that
there is a boundary amplitude of lightning cur-
rent for which the exposed surface of the phase
conductor is zero, which means that the impact
of the phase conductor by a shield wire at that
and higher current amplitudes is impossible.
The term 4 is the expression proposed by the au-
thor Eriksson to calculate the impact distance.

R=0,67-H%¢ -] %™ (4)
Impact distance proposed by the author Petrov-
Waters, according to [29],is represented by the
expresion (5).

R=0,8-[(H+15)-1 ]** (5)
I, - amplitude of the discharge current

The term by which it determines the distance be-
tween two points M and F (expression 4) gives the
boundary value of the striking distance Rgr, based
on which we can count limit value of the ampli-
tude of current Igr (expression 6).

Rg;-:\/(xM_xF)2+(yM_yF)2 (6)

According to [4] there is an analytical expression
to calculate the boundary of striking distance Rgr
through formula:

_ (h+H)/2

ar
1- R, -sina (7)
R

z

where:

h - is suspension height of phase conductors

H -is suspension height of the shiel wire

R, -is striking distance to the phase conductor

R, - is striking distance to the ground

o, - angle between the normal through the shield
wire and straight line that connects the point of
phase conductor and point of shiel wire.

The conclusion is that for calculation boundary of
striking distance Rgr [4] is significant knowledge
of size h, H, a, while for computing boundary of
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striking distance Rgr through geometric coordi-
nates is significant knowledge of the point of the
phase conductor and the coordinates of the point
M which vanishes in exposed areas.

According to [4] calculated to further limit the am-
plitude of lightning current according to the fol-
lowing formula:

1/0.74
I = —ng (8)
“10.84-n"°

The paper presents the calculation of Rgr and Igr
analytical and geometrical methods and their
comparison in selecting methods and determina-
tion electrogeometric lightning protection effi-
ciency in the choice of electrogeometric method .

INSTRUCTIONS FOR WORKING WITH THE PRO-
GRAM

Figure 2 shows the mask design of lightning pro-
tection for transmision lines of different struc-
tures and different values of nominal voltage.
Drawing objects is in AutoCAD, while the calcula-
tion is done using the security parameters of the
Visual Basic for Application running in the back-
ground of AutoCAD. The algorithm parameters
care budget consists of the following steps:

1. Starting the application appears mask with re-
quest to entry point setting phase conductor
and the shiel wire that the user inputs by dou-
ble-click on the required points on the current
drawing in AutoCAD.

2. After the entry of points window appears as
shown in Figure 4 and the user can choose
between two methods of calculation lightning
protection of transmision lines: protection
angle method or Electrogeometric method.

3. If the user selects the protective angle meth-
od, based on the calculated protection angle,
is the protection effective and, if it is so, calcu-
lates the probability of discharge other than
cords protective P, and if not, it writes that
the protection is not effective.

4. If the selected method is electrogeometric,
lightningcurrentshouldbeentered(10kA,20KkA,
30kA, ...), rated voltage transmision line
(printed above pole) and select according to
the formula which is calculated striking dis-
tances to Peter or Eriksson (terms 2 and 3) .
Than, the application calculates the amplitude
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value boundary of lightning current when the
lightning discharge is not possible Igr (ana-
lytical expression 5), and boundary of striking
distance Mo (analytical expression of 6)

Nadzemni vod @

Tacka vesanja
faznog provodnika

Tacka vesanja
zastitnog uzeta Rastojanje

X 816.7505 819,475 64615

¥ 34,4802 28,6212

(rad) Ugao (deq)

z 0 0 04353 24 se'z0”

Crtaj Saberi

r lzhor metoda
" Metod zastitnog ugla P:

Yisina
34,4802

(% Elektrogeomstriiski metod [ —
Rizik ocl preskoka na najblizem stubu postai
Un: 2203 kv
Eriksson =
Im: 13.29 lgr: 2093 KA
Tacka nestajanja gr: 66.72 m
izlozene povrsi
6931413
larg 28 kA

¥ 66,2616

2 = rgrg: 8273 m

Fig. 2. Mask design of lightning pro-
tection for transmision lines

5. By activating the icons “draw” program goes
into AutoCAD draws the exposed surfaces
and highlights the critical red zone, which can
cause lightning in the phase conductor.

6. By increasing the amplitude of lightning cur-
rent |  in tracing out the exposed surfaces
which are becoming less and less until the
surface has not lost and is connected to a sin-
gle point. Then the figure should be marked
by right-clicking here and point the program
returns to the window in Figure 4 where the
coordinates are read and the points and cal-
culate the value of discharge current ampli-
tude limit when there can be no lightning in
the phase conductor Igrg (geometrical expres-
sion 6) and value marginal impact Forg distance
(geometrical expression 4).

Based sheild wire applications “Nadzemni vod”
can be performed analysis of the lightning protec-
tion of transmision lines of nominal voltage.

In Figure 2 is analyzed the efficiency of lightning
conductors realized by using a shiel wire transmi-
sion line 220 kV for a total height of 34,5 m. The
results are shown in Figure 2 when the calcula-
tion method chosen electrogeometrical lightning



protection of transmision lines and calculating the
distance the shock according to the formula (2).

The obtained values shown in Figure 2, are:

Igr = 20,93 kA - an analytical expression for the
boundary amplitude of discharge current values
over which the attack phase conductor is not pos-
sible (6)

My = 107,1 m - an analytical expression for the
distance boundary impact (5)

Igrg = 35,14 kA-geometric expression for the
boundary amplitude of discharge current values
over which the attack phase conductor is not pos-
sible (6)

— 130,15 m - a geometric expression for the
distance boundary impact (4)

Figure 3 shows the procedure for rendering ex-
posed surface of the expected atmospheric dis-
charge in the phase conductor, using the AutoCAD
(marked in red in the figure) for different values
of striking distance to the ground (r,, 1, I, I,
andr), the following values | for the current am-
plitude of 10 kA, 20 kA, 30 kA, 35 kA and 38 kA,

respectively.

The last point is the vanishing point of the surface
exposed to atmospheric discharge (in this case
1,=38 kA) and current for all values that are great-
er than 38 kA lightning discharge that endange to

phase conductor is not possible.

CONCLUSION

This paper describes the procedure for visual-
izing lightning rod carried by the example of the
shiel wire concrete poles for overhead 220kV.
Developed an application in AutoCAD and Visual
Basic which is modeled using a complex physical
phenomena such as atmospheric discharge in the
transmision line. By applying the accounting pro-
gram can be compared to different expressions
for calculating the distance as the shock can be
analyzed and the different geometry of transmi-
sion lines in that is contains shield wire.
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Fig. 3. Surface when exposed to lightning discharge end of the phase conductor for 220 kV
transmision line, the height of 34.5 m according to the formula Eriksson (2)
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lycokog A. E., Bacunbkog A. B.%, Hoeocénos E. B.?

O MPUHLMNAX CO34AHUA PACNPELENEHHbIX CUCTEM CEOPA
OAHHbLIX HA OCHOBE MDA-NMOAXOAA

In this paper new approach for the creating distributed data gathering systems is considered. The basic feature of
the approach is using the formal ontological descriptions for automated system components building.

MOCTAHOBKA 3AA4YUN

O6beKTOM AaHHOM paboTbl ABAAOTCA cucTeMbl cbopa aaHHbIx (CCL), KoTopble NpeacTaBaAoT cobom
NPOrPamMMHO-TEXHUYECKUIA KOMMIEKC, COCTOALMIM M3 HECKONIbKMX Y3/10B COEAMHEHHbIX MeXKay coboi
KaHanamu ceasn. OBbIYHO Y3/10M CUCTEMbI ABNAETCA OAMH UM HECKO/IbKO KOMMbIOTEPOB, COAEPIKALLMX
nporpammHoe obecneyeHne 415 BbINONHEHUA CAeAYIOWMX OCHOBHBIX 3a4aumn cbopa:

® py4YHOW BBOZA, faHHbIX NOsb30BaTeNem, IMbo aBTOMaTU3NPOBAHHbIV ONpPoc NPMHopPOB;
e fpvem U nepegaya AaHHbIX MEXAY Y31aMKn CUCTEMbI NO KaHafam CBA3Y;

® XpaHeHue JaHHbIX;

e BepudMKaLUA AaHHbIX;

® BU3yanMN3aLMA AAHHBIX.

B nepeuncieHHbIX 3a4a4ax MOXKHO BblAE/UTb 4Ba OCHOBHbIX acreKTa - GYHKLMOHAbHbIN 1 NpeameT-
HbII, - Pa3iMume Mexay KOTOPbIMU MOXHO NPOMANIOCTPUPOBATL Ha NPMMEpPE 3a4a4M XpaHeHWUa AaH-
HbIX. 1A Heé GpYHKLMOHANbHbIM acMeKT BblparkaeTca B peasnmsaumnmn npoueayp ynpasaeHusa gaHHbiMu,
MX pasmeLLLeHNA BO BHELWHEW NamaT U obecneyeHnn 6esonacHoro goctyna. MpeameTHbIi e acnekT
COCTOMUT B ONpeaeneHnn CTPYKTYP M CBA3EW MEeXAY d/1eMeHTaMM AaHHbIMM, COOTBETCTBYIOLWMMM 3a-
OaHHOM npeameTHOM obnactu. [Ans 3a4a4um XpaHeHUa AaHHbIX CMelBaHWe 3TUX ABYX acrnekTos, 6e3
0cobbIXx Ha TO OCHOBAHWIA, CYMTAETCA MAOXON NPAKTMKOW. BMmecTo aToro ucnonb3ytoT CYBM, Kak dyH-
KLMOHANbHYIO OCHOBY, KOTOPas He 3aBMCUT OT KOHKPETHOW CTPYKTYPbl AaHHbIX. [pK 3TOM CTPYKTypa
[OaHHbIX ABNAETCA HEKOTOPOW NpoeKumen (Moaensto) npeameTHOM 061acTy, T.e. BblipaskaeT TOT CamMbli
npeameTHbIN acnekT. B aToi paboTe MccaeayroTcA BO3MOMKHOCTM pPaclUMpeHMs Takoro noaxoga Ha
ocTasibHble 3a4auu (BBOA, NPMEM 1 Nepeaaya, BepuduKaums, BU3yannsaums) v Ux MCnoib3oBaHUA 4ns
aBTOMaTM3auMM co3gaHuna cuctem cbopa MHGopmaLmu.

MpumeyaTenbHo, YTo, Kak U B NpMBegEHHOM npumepe, GYHKLUMOHANbHbIE acNeKTbl MOTyT peasninso-
BbIBATbCA C NMOMOLLBI0 YHUOUUMPOBAHHbBIX PELIeHUI, a NpegMeTHble - NyTEM aBTOMATU3MPOBAHHOM
reHepaLumn COOTBETCTBYHOLLMX NPOrPaMMHbIX apTedaKToB. B KOHEYHOM UTOre 3TO NO3BO/IUT HE TONLKO
co3patb GopmanbHyto MeToamKy noctpoeHns CCL, HO M COKPaTUTb BPEMA Ha MX PaspaboTKy M co-
NPOBOXKAEHWNE, 0COBEHHO NPU HaMYMKN GAKTOPOB COKHOCTU U USMEHYMBOCTU NpeaMeTHOM 061acTy.
Be3ycnoBHO, peyb MAET He O NONHOW aBTOMATU3aLLMM CO34aHMA CUCTEM, TOTOBbLIX K 3KCMIyaTauuu, a
06 yCcKopeHMM pa3paboTKu Ux NPOTOTMUMOB, KOTOPbIE B Aa/ibHENLWEM MoK Bbl 6bITb A0PabOTaHbI A0
NOAHOGYHKLMOHANbHBIX PELLEHMA.

Llenbto paboTbl ABNAETCA CO34aHNe TEXHONOMMIA aBTOMATM3aL MK pa3paboTku pacnpegeneHHbix CCL Ha
OCHOBE OHTO/IOFMYECKOTO ONUCaHMA NpeaMeTHON obnacTu. [ 3Toro NPoBOAUTCA UCCeA0BaHME BO3-
MOXHOCTU reHepaummn HeobXxogMMbIX NPOrPAaMMHbIX MOAENEN 13 OHTONOMMK, BbIAENAIOTCA OrpaHMye-
HWMA HA UCXOAHYHO OHTONIOTUIO, @ Npea/iaraeMblii NOAXOA, Peannu3yeTca B BUAE CUCTEMbI, NO3BONAIOLLEN
pelaTb Nepeymc/ieHHble Bbille 3a4a4Mn.

1 MIHCTUTYT BblYMCAUTENbHbIX TexHonoruii CO PAH, HoBocnbupck, Poccua
2 HoBOCMBMPCKUIA rocyAapCcTBEHHbIN YHUBepCUTET, HoBOCMBUMPCK, Poccus
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Takum 0b6pasom, aBTOMATM3MPOBaHHOE MOCTPOEHME pacnpeseseHHOW cuctembl cbopa MHGOpMaLLUK
6yLEeT COCTOATb U3 CNeAYHOLLMX 3TAMNOB:

1. onncaHWe NpeaMeTHON 061acTh C NOMOLLbIO OHTONOMMM;
2. HacTpoWKa cucTembl Ha cneunduKy NnpeameTHON 061acTi, ONMCAHHOW C MOMOLLLbIO OHTONIOMUK;

3. obecneyeHune BbINONHEHUSA 3a4a4 BBOAa, XPaHeHMA, OTNPaBKKU, NOy4YeHNA U OTOGpa)KEHVIFI AaH-
HbIX.

MpepnoxKeHHOE pelleHne ABNAETCA peannsalment akTMBHO pa3BuMBatoLweroca HanpasaeHmsa Ontology-
Driven Information Systems Engineering [1,2], np1 KOTOpOM B OCHOBY MH)OPMALMOHHOW CUCTEMBI 10-
YKMTCA OHTONOTUA NMpPegMeTHOM 061acTU. ITO HanpaBAEHWE MOAYYMIO PA3BUTUE UL B NOCNEAHWE
rofibl, XOTSl COBEPLUEHHO ACHO, YTO OHTONI0rMM 0613 4at0T AOCTAaTOUYHBIM NOTEHLMANOM AN YCMNELIHOro
MCMONb30BaHMA UX BO BCEX CTAAMAX PAa3pabOTKM - HAUMHAA C MOLENNPOBAHMA NpeaMeTHOM 061acTu 1
3aKaHUYMBAA KOHKPETHOW peanusaumen.

AHANU3 NPOTPAMMHbBIX MOAENEN

PaccmaTtpuBas apxutekTypy npumutusHon CCL, HETPYAHO NPUINTU K BbIBOAY, YTO ANA €€ GYyHKLMOHU-
pOBaHUA HEOBXOAMMbI HECKOIBKO MPOrpamMHbIX MoZeei npegMeTHON 061acTh, KoTopbie 6blin 6bl
COr/1IacoBaHbI APYT C APYrOM:

® penAuUMOHHaA Mmoaenb - ANA XpaHeHuA gdaHHbix B CYB/,

e 06BEKTHO-OPMEHTMPOBAHHAA MOAENb - AN Peanm3aLmm N0rMKM 06paboTKM AaHHbIX,

e nepapxmyeckan DOM-mogens - ana npeacraBneHus gaHHbix B XML-bopmaTax npu nepenaye gas-
HbIX OT O4HOrO Y313 K ApYyromy.

X0oTs NepeynciieHHble MOAEeAN UMEIOT PA3IMYHYLIO CTPYKTYPY, OHU AOMKHbI ObITb B3aMMHO COINMacoBa-
Hbl. [103TOMY, KpOMeE NOCTPOEHUA CaMMUX mogenel, ana GYHKUMOHUPOBAHUA CUCTEMbI HEOBXOAMMO
TaKXe NOCTPOUTb ONMUCaHMUA cNOCOBOB MX CBA3bIBAHUA APYr C APYrom. MNprmepom peLleHns Takol 3a-
naun asnsetcs texHonorna ORM (Object-Relational Mapping), KoTopas ncnonb3yeTtcs A5 CBA3bIBaHUA
PensLMOHHON U 06 BEKTHO-OPUEHTUPOBAHHOM MOLENEN.

CemaHTH4ecKas

ObbekTHas

PenauuvoHHas

i N

Nepapxnyeckas

Puc. 1. CooTBeTcTBME MOAENEN.

MPUHUMNMANbHBIM A8 AaHHOM PaboTbl ABAAETCA TE3UC O TOM, YTO TPU NepeyncieHHble MOSEeNN MOTYT
HbITb NONYYEHbI KaK HEKOTOPaA NPOeKLMA 06LLe OHTONOrMYECKON MOAENN, OCHOBAHHOM Ha AecKpun-
TUBHOW Noruke (puc. 1). Bonee Toro, Npu onpesenéHHbIX YCA0BUAX TaKoe NPOEKTUPOBaHME MOXKET
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6bITb BbINOJHEHO aBTOMATUYECKW. ITO NO3BO/IAET TOBOPUTL O TOM, YTO AN peannsaummn nporpammHbIxX
mopaenen npegMeTHoi 061acT AOCTaTOYHO MONYYUTb €€ OHTO/IOFMYECKOE ONMMCcaHue M Habop npeo-
6pa3oBaTenielt, KOTopble CHGOPMUPYIOT COOTBETCTBYOLLME NpoeKumu. C Apyroit CTOPOHbI, MOAyYEHHble
npoekumm byayT HenocpeacTBEHHO MCMNO/Ib30BaHbl GYHKLMOHANbHbIMKM Moaynamu CCL, KoTopble He
3aBUCAT OT npegMeTHON obnactn. Takum obpasom, Ana NonyvyeHus GyHKLUMOHUPYHOLLEro NpoToTMna
CC/1 B pamKax gaHHoro noaxosga tpebyetca Anwb pa3paboTKa OHTONOMMYECKON MOAeNN NpeaMeTHOM
061acTu, KOTOpas BCTPaMBaETCA B FOTOBYIO CUCTEMY.

Ta6n. 1. COOTBETCTBME OCHOBHbIX 3/1IEMEHTOB MOAENEe

CemaHTHyYecKasn O6bekTHanA PenauunoHHasn Uepapxuuyeckas
Knaccbl Knaccbl Tabnmubl ~ XML Schema
CsovicTBa Mons Ctonbupbl ~ Y3nbl
O6beKTbI SK3emnnapsobl CTpoKMu ~ [lepesbsa

B Ta6/w|u,e 1 npeacTaBneHO COOTBETCTBME OCHOBHbIX 3/1IEMEHTOB, KOTOPbIMW OMEPUPYIOT BblAE/IEHHbIE
mogenn. Kak BMAHO, BCe MOAENN, 33 UCKAOYEHNEM MepapxmquKoﬁ, pa60Ta|0T CO CXOXMMU CYLUHO-
ctamun. OgHako CﬂeLl,Md)MKa OaHHbIX MoAenel He No3BoAAeT Ham NPOCTbIM cnocobom nposectn no-
CTPOEHUE U CBA3bIBAHWE UX APYr C ApYyrom. MNo3Tomy ANA KaxK40ro afNemeHTa moaenmu HEO6X0,CI,MMO
pa3p360TaTb aIropnTm ero I'IpEO6pa3OBaHVIFI B COOTBETCTBYHOLWLMNE INEMEHTbI APYTIUX mogaenen.

APXUTEKTYPA CUCTEMbI

[Ons nccnepnoBaHuAa NpeanoXeHHoOro noaxoaa bbina paspaboTaHa cucTema, Cxema KOoTopoid n3obpaxke-
Ha Ha pucyHKe 2. Kaxabli KOMMNOHEHT CUCTEMbI OTBEYAET 33 pPelleHne OTAE/IbHOM 3a4auu, Npu 3TOM
MOHO BbIAE€/NTb ABE OCHOBHbIE MOACUCTEMbBI: NOACUCTEMA NMOCTPOEHUS MoAeNel U noacucTema pa-
60Tbl C AaHHbIMW. B COOTBETCTBMM C BbiLLECKA3aHHbIM, Ha BXOZ, NEPBOM NOACUCTEMbI NOAAETCA OHTO/O-
r'ms HeKoTopon npeameTHol obnactu. OHa noaBepraeTca npouegaype pasbopa v aHanAM3a, B TeYEHUe
KOTOPOro NpoBepseTcs BbINOJHEHWE BCEX HEOOXOANMBIX TPeOOBaHUI U NOCTPOEHNE OHTO/IOTMYECKOM
MoAenv npegmeTHoi obnactu. MosnyyeHHas mogenb nepeaaéTtca Ha BXo4 reHepaTopam COOTBETCTBY-
IOLMX MPOrPaMMHbIX MOAE/eN, KOTOPble 3aTeM UCMO/b3YHTCA B NoacucTeme paboTbl C AaHHbIMU ANs
HenocpeACcTBEHHOrO BbiNoAHeHMA 3aga4 CCL.

Ha puc. 3. u306parkeHbl CXeMbl B3aMMOAENCTBUA KOMMOHEHTOB CUCTEMbI MPU BBOZE M Nepesaye AaH-
HbIX. VI3 HUX BUAHO, YTO MoAyb PaboTbl ¢ Bl BbINOAHAET NPeobpasoBaHMe PENALMOHHON MOLENN B
06BEKTHYI0 M HA0BOPOT. ITO COOTBETCTBYET OBLLENPUHATOMY UCMO/Ib30BaHUIO TeXHoNorMii ORM, KoTo-
pble MOTYT 6bITb NPYMEHEHbI U B AA@HHOM C/ly4yae.

Mogaynb nepegayum AaHHbIX, Kpome GYHKUMI npuéma n otnpasku XML-gokymeHTOB, obecneunBaeT
npeobpasoBaHue mexay o6bekTHOM U XML-mogenbto. A KOMMNO3ULKUA STUX ABYX MOAy/1el no3sonseT
13 peNfALMOHHON MOAEIN NONYUYUTb MePaPXMYECKYO M HaobopOoT.

PEAIU3ALIUA CUCTEMDI

Peanusauus npoTtoTmnna cuctembl 6bi1a BbiNoNHEHA Ha naaTdopme Java ¢ MCNoNb30BaHMEM Psaa CBO-
6o4HO pacnpocTpaHaembix 6ubnunotek, B T.4. CodeModel, Jena, Velocity.
[na nporpaMMHOro f0CTyNa K OHTO/IOTMAM CYLLLECTBYIOT [iBa Pa3/INYHbIX NOAX0AA:

1. O6wmit AP, He 3aBUCALLMIA OT KOHKPETHOW OHTONOTUMN.

2. CneunduYecknin ANs Kaxaon oTAeAbHON OHTON0rMM Habop Knaccos/MeToa0B.
K nepsomy nogxoay oTHocATCA Takne 6ubnmoTtekn Kak Jena u OWL API, no3sonsatowme onepmpoBaTb
RDF-rpadom oHTONOrMYECKOro onucaHuA. BTopoit noaxos peannsyeTcs ¢ NOMOLLbIO reHepauumn Bcrno-
MOraTeNbHbIX KJaccoB, KOTopble 06neryatoT NporpaMmHbIA JOCTyN K 06beKkTaM OHTONOMMKU. [aHHbIN
noaxog, ucnosbsyetca, Hanpumep, B RDFReactor n Owl2Java, KoTopble N03BOASIOT, HApPAAY C UCXOLHOM
OHTOJIOTMEN, COXPaHATL OOBEKTbI B CNELMANN3MPOBAHHbIX XpaHUAUWax (triplestore).
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ITopcHcTEMA IIOCTPOEHHA MOTEIeH
AHANNWZarop OHTONOMHKH

v
Y

CeMmanTHYECKan Mogens

Y

TEHEPATOpP MCXOAHOTD Koda

Tenepatop cxemel BJ] Tenepatop XML npegcraenaqna

Moayne pabote c B

——» "Mogaerca 1a exog" —» P "Pezynsrar” ——> "OfpawpeTe K"

Puc. 2. O6wan cxema cucTembl

BEOI TAHHEBLIX Ilepegaya JAHHEIX

Hoay4aTe b

Web-uHTepdeiic

Monyne paboTsl ¢ B Mogyne paboTel c B
Web-uHrepdeii

Mogynk paboTel ¢ B
Mogaynk Nepefaun AaHHbix -—)@—-} Mogaynk Nepefaun AaHH bix

=

Puc. 3. Cxema B3aMMOAENCTBMA MOAY/EN CUCTEMbI MPU BBOAE M Nepesade AaHHbIX

B pabote [3] 6bin npeacTaBneH 60see CNOXKHbBIA MHCTPYMEHT, NO3BO/IAIOLWLMIA CPABASATLCA C TaKU-
MW Npobnemamm, Kak MHOXKeCTBEHHOE HacnenoBaHWe. O4HAKO PasINumUA MeXKAy OHTONOTMYECKON U
06BEKTHON MOAENAMM He NO3BONAIOT B MOJIHOW Mepe 0TPa3uTb TaKMM cnocobom CTPYKTYpYy MCXOAHOM
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oHTONI0TMM. [03TOMY 6bIN1 BBIGPAH KOMBUMHMPOBAHHBIM NOAXOA, - UCXOAHAA OHTO/I0rMA 0bpabaTbiBaeT-
€A nepsbIM cnocobom n popmupyeT cneunduyeckmii Habop Kaaccos, NO3BONAIOWMI B AasibHeNLeM
paboTaTb B COOTBETCTBMM CO BTOPbIM MOAXOA0M.

B KauecTBe peanusaumu TexHonornn ORM 6bina ncnonb3oBaHa 6ubnmoteka Hibernate. Chegyet oT-
MeTuUTb, YTo Hibernate npeasnaraeT HECKONbKO CTpaTernin Ans oTOBpPaXKeHUs Mepapxmm OBbEKTHbIX
KnaccoB B Tabaunupl pensaumoHHoli 6asbl AaHHbIX. B KayecTBe OCHOBHOW 6Gbina BblbpaHa Haubonee
yHUBepcanbHas ctpaTerua «one table per subclass», ans ncnonb3oBaHus Kotopoii TpebyeTca 3aaaTb
cTonbeu-naeHTMOMKATOp, a ANS 3TOro B KOPHEBOM KIAacC Mepapxmm Heobxogmmo fo6aBUTb COOTBET-
cTeytowee none. CTOUT OTMETUTb TaKXKe OTMETUTb, YTO NOCTPOEHHAA Ha AAHHOM 3Tane penAunoHHan
CXemMa HaxoAmuTca B TpeTbei HopmanbHoM dopme.

B KauecTBe ocHOBbI A5 nocTpoeHna XML-moaenm 6bin ncnonbsosaH ctaHgapt JAXB (Java Architecture
for XML Binding), nocne 4yero noctpoeHne nepapxmyeckor MoAenn CBENOCh K BblAENEHUIO ANA KarK-
[0ro Knacca crnvcka nonen gns npeobpasosaHua. Onupanck Ha 06beKTHYIO mogenb, JAXB nossonaeT
Npou3BOAMUTL Cepuanmnsaumio (ons nepesayum) n gecepmanmsaumto (Npu nprueme) o6vEKTOB NpegmeT-
HoM obnactn. HeobxoaMmbiM yCI0BMEM A/1A STOTO ABNAETCA COOTBETCTBME OOBEKTHLIX MoAenel y no-
CblIAlOLLLEN M NPUHUMALOLLEN CTOPOH, YTO AOCTUIAETCA NyTEM UCMNO/Ib30BaHUA O4HON OHTONOMMM NpU
NOCTPOEHUN 0BENX CUCTEM.

[na pelweHns 3a4a4 BBoAa M 0TOBParKeHMA AaHHbIX Ha 6a3e 6ubanoTekn Tapestry 5 6bin peannsoBaH
MUWUHMMA/bHbIA NO/b30BATENLCKUN UHTEPdENC, KOTOPbLIN NO3BOASET NPOAEMOHCTPUPOBaTL paboTo-
cnocobHocTb pa3paboTaHHOM cuctemMbl. MHTepdeic NpeaocTaBnseT caeaytoLLe BO3MOXKHOCTU: NPoC-
MOTP CMMCKa AOCTYMHbIX KAAcCOB, NPOCMOTP CMMCKa 0BBEKTOB 3a@HHOMO Knacca, OTnpaBKa Bbi6paH-
HOro 06bEKTa B APYroi y3en CUCTEMbI, CO34aHNe, NPOCMOTP, PeaaKTMpoBaHUe U yaaneHme obbeKkTa
3a[,aHHOrO Knacca.

3AK/TIOYEHUE

B pamKax AaHHoWM paboTbl 6blin onpeaeneHbl 6a3oBble TEXHONOMMM AN aBTOMATU3MPOBAHHOIO CO-
34aHMA pacnpegeneHHbix CCL Ha OCHOBE OHTONOMMYECKOro OMucaHMA npeameTHoin obnactu. Bbino
npoBeAeHo nccieaoBaHME BO3MOMKHOCTM reHepauum HeobXoAMMbIX NPOrpaMMHbIX MoZesieit Ha oc-
HOBE OHTO/IOTMW, BblAeNEeHbl OFPaHUYEHMA Ha UCXOAHYIO OHTONIOTMIO. B KayecTBe NOATBEPIKAEHUSA pa-
6oTocnocobHOCTM MpeasioeHHoro metoaa cosgaHua CCL, 6binM peannsoBaHbl MOAYAU FeHepauum
NPOrpaMmMHbIX MOZE/Iel 1 NOb30BaTENbCKNIM BEG-MHTEpdElC, NO3BONAOWMIA Ha OCHOBE NOJYY4EHHbIX
MoZieNielt OCyLLeCTBAATb BBOA M OTOBpaXKeHue AaHHbIX, X nepeaady B APYroi y3en CUCTembl.

MpeasoKeHHbIE MeTOAbl Y TEXHOIOTMU MOTYT 6bITb 3GGEKTUBHO MCMNONb30BaHbI Ha HaYasIbHbIX 3Tanax

noctpoeHus pacnpegenérHbix CCL B pa3iMyHbIX NpeaMeTHbIX 061acTaX 41A YCKOPEHHOro NPoTOTUNK-
pOBaHMA.
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XakumssaHos I C.2, LllokuHa H. HO.*

NCMNOJ/Ib3OBAHUE AUDPDEPEHLUUANIBHOIO NMPUBJIUMKEHUA CXEMDbI
ANnAa EE MOHOTOHU3ALIUU

A method for monotonization of difference schemes of second order is presented. The method is based on the inves-
tigation of differential approximation of schemes. The idea of the method is shown on the example of the explicit
predictor-corrector scheme for the transport equation with constant coefficient.

B ctaTtbe C.K. logyHoBa [1] noKa3aHo, YTO A1A ypaBHEHMA NepeHoca
ou ou
—+a—=0, a = const (1)
ot OX

He CyLecTByeT CXeM C NOCTOAHHbIMU KO3DOULMEHTAMM, COXPAHAIOLLMX MOHOTOHHOCTb YUC/IEHHOTO pe-

LIEHMA M MMeIoLLMX BTOPOI NOPAAOK annpoKcMmaLmm. Hanpmumep, npu UCNonb3oBaHUM cxembl J1aKca-
BeHapodda 3agaHHas npu t =0 «cTyneHbKa» MCKaXKaeTca Ha cieaytoLLmMX CI0SAX Mo BpeMeHU Hedusmny-
HbIMK ocumanaumamun. Ho cxemy Jlakca-BeHapodda moxKHO moanduumposaTb Tak, YTobbl OHa cTana
obnapgatb TVD-cBolicTBOM [2], @ 3HAUMT, cTana 6bl CXEMOM, COXPaHSAOLWEN MOHOTOHHOCTb YUCNEHHOTO
peweHus. Mpu 3ToM Ko3PPULMEHTbI MOHOTOHU3MPOBAHHOW CXEMbI Y¥Ke He BYAyT NOCTOAHHbIMKU, OHK
MOTYT 3aBUCETb OT YMC/IEHHOTO PELLIEHNA U ero PasHOCTHbIX NPOU3BOAHbIX, T.e. MOAUDULMPOBAHHAA
cxema byaeT HenuHelHol. CTaHAAPTHbIN cnocob MOHOTOHM3aUMKM cxeMbl Jlakca-BeHapodda 3aknto-
YyaeTcsa B MepeKNoYeHNN Ha NPOTUBOMOTOUYHYIO CXEMY B TEX y3/1aX CETKU, Fae BO3HUKAET yrpo3a noss-
NeHNA OCUMANALMIA YUCNEHHOTO pelleHns. B TVD-cxemax nepekntoyeHmne nponsBoamnTca ¢ MOMOLLbIO
orpaHuumTeneit [3]. CoBpemeHHble TVD-cXxemMbl BbICOKOrO NopAAKa annpoKCUMaLMM OCHOBaHbI Ha Tex
WAN UHbIX cnocobax PeKOHCTPYKLMM 3HAUYEHUI GYHKLMI Ha rpaHULAX AYeeK No UX 3HAYEHUAM B LEeH-
Tpax coceHuX Adyeek [4]. OTMETUM, YTO UAes N0KANbHOTO NEPeKItoYeHMA C OAHOMN CXeMbI Ha APYryto
C LUeNblo COXpaHEeHUA CBOMCTBA MOHOTOHHOCTM YUCAEHHOTO pelleHua ypaBHeHua (1) ucnonbsosanacb
HamMHOro paHblle paboTbl XapTeHa [2] (cm., Hanpumep, [5]).

B HacToAwel paboTe npeanaraeTca ApPYroi nNogxop, K nNoCTPOEHU MOHOTOHHbLIX Pa3HOCTHBIX CXEM,
OCHOBAHHbIW Ha McCnesoBaHUN UX anddepeHLManbHbIX NPUBAnKeHWA. NPogeMOHCTPUPYEM UAEHD
3TOro NoAxoAa Ha ABHOW cxeme npeauKTop-KoppekTop [6,7] ansa ypasHeHus (1):

n+l n * *

—ul U, -U

j j +a j+1/2 j-12 — 0’ (2)
T h

rae 7 - war no Bpemenu, h - war paBHOMepHO ceTku ¢ yanammn X; = jh, BcnomoratenbHbie Beu-

u

u; —1u” u’)-ar:.,u’
vz = 1 TU; Ty a2

YMHBI Uj,,,, ONpeAeneHHble B NOAyLenbix y3nax X, =X;+h/2, oTHocATCA K MOMEHTY BpemeHu

t=t"+7,,, t"=nr,

u ., —u" T
n _ T+ j-1 * _ n
Uy jiz = h ’ T2 _E(l+9j+1/2)’
0 - napameTp, MeHsaLWMiicsA, BOObLLE rOBOPSA, OT y3/1a K y3/1y M OT OAHOrO0 BPEMEHHOTO C/10A K APYro-
My. Ha aTane «KoppeKTop» BbI4YMCAAKOTCA MCKOMbIE BE/INUYMHbI u;‘*l, onpepeneHHble B Lesbix y3nax X .
Cxema (2) ABnAeTca B onpeaeneHHOM CMbIC/IE YHUBEPCaNbHOM, MOCKO/IbKY t06as ABYXC/NOMHaA CXxema
MOKeT bbITb 3anMcaHa B BMAe (2) Npu noaxoAawmx 3HavyeHunsx 6. OuesmaHo, yto npn @ =0 cxema (2)

coBnagaet co cxemol Jlakca-BeHgpodda, npu

1 UHCTUTYT BblUMCAUTENBHbBIX TexHoNormi CO PAH, HoBocnbupck, Poccus
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0 =06, :Ci—1>0,
r

roe Cr :|a|ae , ®=t/h , NoNy4aeTCAa NPOTUBOMNOTOYHAA CXemMa NepBoro nopAgKka annpokcnmauuu, npn

0=6, =$—1>0

rosiyyaetcs cxema Jlakca, npn @ =-1 - abCOMOTHO HEYCTONUMBAA CXeMa C LLeHTPaNbHOM PasHOCTbIO,
npmu a>0wn

9 — 90 1_ ux,j—l/Z

ux,j+i|J2

nony4vyaeTca NPpOTUBONOTOYHAA CXEMaA BTOPOIro nopAaKa annpoKCMmMaunu

n+l_n n_ n n 2 n_ n n
uj uj+a3uj 4ui, +Up, a’ruj—2uj,+Uj,
= > .
T 2h 2 h
Bbl6|/|paﬂ TO U1 UHOE 3HAYEHME NapameTpa 9, Mbl Nony4aem ABHblIe CXeMbl C Pa3/IMYHbIMU CBOMCTBa-
MW NepBOro Mam BTOPOro nopAaaka annpokCcumauumu, abCcoNtoTHO Uan YCNI0OBHO annpokcnmupyrowme,
YCNoBHO yCTOI‘/‘i“II/IBbIe U1 abcontoTHO HEYCTOVILIVIBbIe, COXpaHAKLWMNeE Nan He coxpaHAaruwme MOHOTOH-

HOCTb YNCNEHHOIO peweHunA.
[Ons 3agaHHoro uncna KypaHta Cr <1 npu BbINONHEHWUW YCNOBUIA
f=const>0, 6,<60<6,

cxema (2) ¢ NoCTOAHHbIMM KO3bOULMEHTAMM YCTOMYMBA, UMEET NNLLb NEPBbIMA NOPALOK annpoKcMma-
LMW Ha MafKWUX peleHnax, Ho COXPaHAeT MOHOTOHHOCTb YMC/IEHHOTO PeLleHus, T.e. 1oyt MOHOTOH-
Hyto dyHKUMIO U" NnepeBoanT B MOHOTOHHYIO Ha (n +1) -OM BpeMeHHOM cnoe dyHKLmio U™, npuuem
C TEM }Ke HanpasaeHnem pocTa. B [1] nokasaHo, 4To 4015 TOro YTo6bl Pa3HOCTHASA CXeMa C NOCTOAHHbIMM

KoapduumeHTamu b,

n+l _ n
uJ' - ZbauHa
a

COXpaHs/a MOHOTOHHOCTb YNAC/IEHHOTO peLleHns, HeobX0AMMO M OCTaTOYHO BbINONHEHUE NPU BCEX
o ycnosuii b, >0.

Hanpumep, B cxeme Jlakca (6 =0, )

1

n+l n n

Uj _E(Uhﬁui—l) uf,, —ul,
+a =0

T 2h

KO3pPULMEHTDI

1+ae

b, = ,
2
npu ycnosumn Cr <1 noNoKuUTeNbHbI, MO3TOMY CXEMa COXPAHAET MOHOTOHHOCTb YUC/IEHHOTO PeLUeHUs.
Ha puc. 1 cneBa nokasaHbl rpaHuLLbl 061aCTM MOHOTOHHOCTM CXeMbl MPEAUKTOP-KOPPEKTOP M KPYHKOY-
Kamu 0603HayeHbl TOUKM, cooTBeTcTBYOWME uncay Kypanta Cr =0.8 n 3Havennam =0 (1), =6,
(2), @=6, (3). Cnpasa nokasaHbl NPOGUAN YNCEHHOTO peLleHnA B MOMeHT BpemeHn t =10 ana ky-
COYHO-NOCTOAHHOW HaYaNlbHOW BYHKLMK

uy (x):{

BuaHo, uto cxema flakca-Benapodda, He nonapatowias B 061acTb MOHOTOHHOCTU 6, <O <6, , paet
ocumAmpyowmin npodunb (1). NMpoTMBONOTOYHAA CXema M cxema JlaKca, KOTOPbIM OTBEYAlOT TOUKM,

1-az
b = 2

1 mpu x<10,
0 mpm x>10.
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nexalpe Ha HUKHen 6 =6 n sepxHelt @ =0, rpaHunLax 061acT MOHOTOHHOCTM, AAIOT MOHOTOHHbIE
npodunmn (2) n (3) cootsetcTBEHHO. MpU 3TOM YMCNEHHOE peLleHne, NoyYeHHoe Mo cxeme J1aKca,
MMeeT ocumaanpylowme npoduam pasHoCTHbIX NPOU3BOAHbIX, MOCKONbKY cxema Jlakca He aBaseTcA
«CUNbHO» MOHOTOHHOI [8].

0.9

08 @

0.7

06—
00 0.2 (.4 0.6 0 0.8

Puc. 1. Obnactb MOHOTOHH(?CTVI cxembl (2) (a); NpodUAN YNCNEHHOTO peLleHns npu pa3HbIX2HaHeHMHX napameTpa 6 (b)
Ecav napametp 6 He 3aBncUT OT X 1 t, Ho 3aBucuT ot waros h u 7 Tak,uto #=0(h) (wm 6=0(7)),
TO KO3bPULMEHTbI cxembl (2) ByayT 3aBMCETb TONLKO OT LWAros CeTKKU. B aTom cayyae npu BbINosHEHUM
ycnoBui

0=0(h)>0, ,<6<6,
NopsAAOoK annpoKcMmaumnm cxembl (2) 6yaeT BTOPOit, M OHa ByaeT COXPaHATb MOHOTOHHOCTb YAC/IEHHOTO
pelweHuns. Tem He MeHee, 1 B 3TOM C/ly4ae CXeMa MMEET CYLLLECTBEHHbIN HEeAOCTATOK, 3aK/1H04atoLLMiAca
B TOM, YTO NPU U3MEJIbYEHUMN CETKW O/ COXPaHEHUA BTOPOro MopsAKa annpoKcumaumm (T.e. 4tobbl
6 — 0 npu h— 0) 1 coxpaHeHNAa MOHOTOHHOCTM pacyeT NPUXoamTCca Bectu ¢ Yncnamm Cr, 6anskumm
K eaMHuLE, MPUYEM YeM MejibYe CEeTKA, TemM BMMKe K e4AMHULE A0/KHO BbiTb Uncno KypaHra:

6=0(h)=0, SNy TP
1+6 1+6
ﬂCHO, YTO NMPU pelweHnN NPakKTUYECKUX 3ada4 TaKoe KeCTKoe yCnoBue BbIMONIHUTbL He yAacTtcAa, Mno-
CKONIbKY Ha NpaKTUKe pacyeT 06bI4HO nponsBoanTCA C TaKUMUN YUCNaMU KypaHTa, KOTOpble C HEKOTO-
pbIM 3anacom ya0BAETBOPAIOT YC/A0BUIO YCTOMYMBOCTU.

[anee paccmoTpmm cxemy NpeguKTop-KOPPEKTOP BTOPOro NopsagKa anmnpoKCMMaLumn ¢ nepemeHHbIM
HeoTpuuaTeNbHbIM NapameTpom 6., . Mpy cneumanbHom BbibGope NnepemeHHoro napameTpa @ cxema
NPeanKTOP-KOPPEKTOP MOXKET COXPaHATb MOHOTOHHOCTb PeLleHMsa Npu Ntobbix Yncnax KypaHTta, noa-
UMHSAIOLMXCA YCI0BUIO

Cr<1. (3)

[na Bbibopa napameTpa & ucnonbayem nepsoe anddepeHumanbHoe npubankeHune (n.4.n.) cxemol (2):

2 2 3
a—u+aa—u=£i(6’a—uj+ﬂ(azaez—l)a—g. (4)
ot ox 2 ox\_ ox 6 OX

B paccmatpuBaemom cnydae 9:O(h) MMeeM CXemy BTOPOrO MOpsAAKa annpoKcMMauuKn, npuyem B
n.4.n. AUCCUNATUBHBIA U ANCMEPCUOHHbBIN Y1leHbl UMEKOT OAMHAKOBbIM BTOPOM NopAaoK. B Tex noao-
6nactax 061acTn peLleHunsn, B KOTOPbIX BO3HMKAET yrpo3a NoABAeHUA OCLMUANALMIA YACTEHHOTO peLle-
HUA, HEOOXOAMMO U3MEHUTb B HYXKHYH CTOPOHY AMCMEPCUIO PAa3HOCTHOM cxembl. Mpu Q:O(h) oc-
HOBHOW BK/1ag, B ANCNEPCUIO Pa3HOCTHOM CxeMbl ByAeT BHOCUTL BTOPOE C/laraeMoe NpaBoii YyacTu (4).
Moabepem dyHKumio G(X) Tak, 4TO6bl AUCCUNATUBHbIN YAEH M.A4.M. YaCTUYHO UM NONHOCTHIO KOMMEH-
CMPOBaN AUCMEPCUOHHbIV YneH, inbo aasan Takol BKNAZ B N.A4.M., KOTOPbIN NPUBOAMUT K CMEHe 3HaKa
KoadpduuMeHTa Npu TpeTbei npoussogHon. MycTb ana onpegeneHHoctn a > 0. Toraa B cuay ycaosma
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(3) KoadpduUMeHT npu TpeTbel NponsBoaHOW U, B BbiparkeHUu (4) ByaeT oTpuuaTebHbIM U AN1A U3-

MEHEHUA AnCnepcMm HeobxogMmMo f06aBUTb K Hell HEKOTOPYIO MOMOKMUTENbHYIO BEAWYMHY NopaaKa
O(hz), KOTOPYHO MOKHO B3ATb M3 AUCCUMATUBHOIO YsieHa. [lNsA 3TOro MOXKHO B3aTb, Hanpumep, GyH-
kumio A(x) euaa 6 =6h(u, )" (u,)® ¢ HeKoTOpbIMM NOKasaTenAMM cTeneHelt I', I? 1 NONOKMUTENbHON
nocTosHHoM 6. [anee 6ynem paccmaTtpusath dyHKumMio () npu r'=—-1, r’ =1:

—u
O(x)=6h—=.
u)(
Toraa us popmynbl (4) cneayet, YTo MeHAA 3HaYeHME NOCTOAHHOW €, MOXHO MEHATb BEIMYMHY U AaxKe
3HaK KoadduLMeHTa Npu TpeTbel NPOM3BOAHON, T.e. MOMKHO YNPaBAATb AMCNepcuelt pasHOCTHOM cxe-

Mbl. MPY LOMONHUTE/IbHBIX YCNOBUAX HEOTPULLATENILHOCTM M OrpaHmnYeHHOCTU GyHKUmMM O(X), nonyyaem:

- . u
6(x)=6min|1,max| h==,0 ||. (5)
uX
[ns ncnonb3oBaHUA 3ToM GpYHKLMM B Pa3HOCTHOW cxeme (2) HeobxoaMMO onpeaeUTbCs C annpPoKCu-
Mauueii nponssoaHoii U, . Mpu a>0 3ameHnm ee, Hanpumep, ciedytolleit NPOTMBONOTOYHOW Pa3HoO-
CTbtO:
2

ou Ui U

aXZ (Xj+1/2) - uxx,j+:|J2 = h
B pe3synbTaTe NPUXOAMM K C/ieaytoliemy pasHOCTHOMY aHanory dopmynbl (5) 4na NponsBobHOIO 3Ha-
Ka KoadpduumeHTa a:

0 npu ux,j+l/2| < Uy | B Uy Uy i 20,
‘9/+1/2 =40 (1 _§j+1/2) npu ux,j+l/2| > ux,j+1/2—x| A U, i Uy oy 20, (6)
0 OPpU Uy g Uy jiypg < 0,

n
rae S=sgna, & =Ugjans /ux,j+1/2 .

Mpu nucnonbsosaHnn Gopmynbl (6) cxema (2) CTAaHOBUTCA CXEMOM C NepemMeHHbIMU Ko3ddULMEHTaMMU.
Ha cnegytowem npumepe NoKaxKem, YTo A8 CXeM C NepemeHHbIMU KoadpdrLMeHTamu ycnosue Heo-
TPMUATENILHOCTM KO3DPULMEHTOB He ABAAETCA AOCTATOYHbIM A1 COXPAaHEHWUA MOHOTOHHOCTU YNC/IEH-
HOrO peLleHus.

MycTb pelwwaeTtca 3agadva Kown ana ypasHeHUA
u +a(xu, =0, O<a(x)<l, a'>0.
Bo3sbMem 414 pelleHns 3TOM 3a4a4m CXeMy C NepeMeHHbIMU KoapPULuMeHTamm - aHanor cxembl J1akca:

n+l n n n n
u; O.5(u +uH) u u’

j+l j+1 ~ Yj
+a,——==0.
T 2h
Byaem cuutaTb, 4TO ANA Nt06Or0 j BbINOAHEHO YC/0BUE ®a,; <1, rapaHTupyolilee yCTOMYMBOCTb CXe-
Mbl B paBHOMEPHOM HOPME MO HayaabHbIM AaHHbIM: (U" L = ||u° . 3anuwem cxemy B BUAE:

n+1 n n
uit=bui,+bul,,
rge

1+ea, 1-za,
71J:T>0' bl'j=T>0‘

3aecb KO3POUUMEHTbI CHABXKEHbI AOMOHUTEIbHLIM MHAEKCOM |, MOCKO/IbKY OHM ABASAIOTCA NEpemeH-
HbIMM KO3OPULIMEHTAMM U U3MEHAIOTCA NPU Nepexoae OT OAHOTO y3a K apyromy. 06a KoapduLmeHTa
NONOXKUTE/IbHBI, OAHAKO CXeMa He COXPaHAeT MOHOTOHHOCTb YMCNEHHOTO pelleHus. B camom pene,
B3A1B MOHOTOHHO BO3PacTaloLLyto GYHKLMIO
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. |0, j<O

T, j=o0’
y6exaaemcs, uto Ha (N+1)-m cioe No BpemeH! MMEET MeCTo PaBeHCTBO
0, j<-1
u™t = b J=-1
! b1,0: J =0
1, j>1

Ho b, _, >b,,, noatomy cetouHaa GyHKLMA uJ'.1+1 He ABNAETCA MOHOTOHHO BOo3pacTatoLeit. Takum obpa-

30M, /1A CXeM C NepeMeHHbIMK Ko3dduLMEHTaMU HEOBXOAMMOE M [OCTaTOYHOE YC/I0BME MOHOTOH-
HOCTM Pa3HOCTHOM CXeMbl C MOCTOAHHbLIMU KO3GDUUMEHTAMM He cnpaBeannBo. B ciyyae nepemeHHbIX
K03 dUUMEHTOB CNpaBesvBa cieaytoLlan

Teopema. [Tycmoe KoaghgpuyueHmol pazHocmHoUl cxemol

n+l _ n n n
uj _bfl,jujfl+b0,juj +b1,juj+1 (7)

yooenemeopAom 6 Kaxoom yzne X; ycaosuto b, +b ; +b, ; =1. Toeda evinonrHerue npu ecex | yc-
nosuli
b,;20, b, ;+b;, <1

1) =

Heobxo0umo u 60cmamoy4Ho 04158 Mmo2o, Ymobsi cxema (7) ¢ nepemeHHbIMU Ko3ghguyueHmamu coxpa-
HAMAA MOHOMOHHOCMb YUC/IEHHO20 PeuleHUs.

Ha ocHoBe 3ToW TeopemMbl MOXKHO A40Ka3aTb C/iedyloLiee yTBEPKAEHMeE.

Teopema. BoinosHeHue ycnosuli (3) u

%sés%ﬂ

docmamo4Ho 8158 mozo, Ymobbl cxema npeduKmop-Koppekmop (2) ¢ nepemeHHsIM napamempom (6)
COXPAHAIA MOHOMOHHOCMb YUC/IEHHO20 peweHUs.

OTMETMM, 4TO MPU UCMONBb30BAHMM CXEMHOFO NapameTpa (6) ¢ NOCTOsHHOM 6 = 6, cxema npeguKTop-
KoppeKTop (2) npespaliaeTcs B u3BecTHyto TVD-cxemy XapTeHa [2]. Bce n3BecTHble U LWMPOKO MCMOb-
3yemble Ha NpakTuke TVD-cxembl TakKe MOryT BbITb NOyYeHbl Ha OCHOBE aHaaM3a N.4.M. cxembl (2) Kak
Ha paBHOMEPHbIX, TaK U Ha NOABWKHbIX HEPAaBHOMEPHbIX CETKaX.

Ha puc. 2 nokasaHbl NPOPUAN YNCNEHHOTO PELIEHMUA PACCMOTPEHHOM Bblle 3a4auu, NosyYeHHble No
cXeme NpeamnKTopP-KoPPEKTOp C UCNOAb30BaHMEM ONUCAHHOM NpoLeaypbl MOHOTOHM3auuK. Ocumnna-
LUK B NPOOUNAX PELLIEHNA OTCYTCTBYIOT, U pelleHne (2) Ha aganTUBHOM CeTKe anmnpoKCUMMMUPYET TOYHOE
pelleHre 3a4a4m nydlle, Yem pelleHue (1) Ha paBHOMEPHOM HEMOABUKHOM CeTKe.

u 10

]

0.0+ t
1o 18 20

ra
[

x M 0 10 20 30

a b
Puc. 2. Mpodunam uncneHHoro peleHus (a) 1 TpaekTopum y3108 aganTUBHOM CeTKM (b)
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MpepnoXKeHHbIN NOAX0A NPUMEHEH A1 NOCTPOEHUA MOHOTOHHbIX PA3HOCTHbIX CXEM A1 HENUHEWHO-
ro ypaBHEHWSA NepeHoca, OAHOMEPHbIX YPaBHEHUN Mesikol Boabl [9], B TOM uncae, gns OA4HOMEPHbIX
3a/a4 HaKaTa-OTKaTa KaK Ha PaBHOMEPHbIX, TaK M Ha MOABUNKHbIX HEPAaBHOMEPHbIX CeTKax. Paccmo-
TPEHHYIO HOBYO TEXHO/IOTMIO MOHOTOHU3ALMKN YNC/IEHHOTO peLLeHna yaanocb 060bwnts u ana 3afay
O PacnpoCTPaHEHUN U TPaHCPOPMALMM NOBEPXHOCTHBIX BO/IH B PaMKax MJIAHOBOW MOAENU MENKOMU
BoAbl [10] n HENMHEWHO-ANCNEPCUOHHDBIX YPaBHEHUI MENKOWN BOAbI.
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Xopowesckuli B. I, KypHocos M. I, MamolineHko C. H.*

MACLUTABUPYEMAA NPOCTPAHCTBEHHO-PACMNPEAE/NNEHHAA
MYNbTUKNACTEPHAA BbIYMUCNTUTE/IbHAA CUCTEMA

Architecture and software of scalable geographically-distributed multicluster computer system are described.
This system has been created by the Computer centre for parallel technologies of Siberian State University for
Telecommunication technologies and Information techniques in conjunction with A.V. Rzhanov Institute of semicon-
ductor physics of Siberian Branch of Russian Academy of Science. The description of the system software (including
open source components and extensions developed by collective of the author’s scientific school on distributed
computer systems) is presented.

BBEAEHUE

CoBpemeHHbI 3Tan PasBUTUA BbIYUCUTENBHON TEXHUKU U TENIEKOMMYHWUKALMOHHbIX TEXHONOMUI Xa-
paKTepmnsyeTcA NOCTPOEHMEM NPOCTPAHCTBEHHO-PacNpeaeIeHHbIX MYIbTUKIACTEPHbIX BbIMUCANTENb-
HbIX cuctem (BC) [1]. B apxuTeKTypHOM naaHe Takne BC npenctaBaseTcs Kak MHOXECTBO K1acTepos,
B3aMMOLENCTBME MEXKAY KOTOPbIMMN OCYLLECTBAAETCA Yepes TENEKOMMYHMKALMOHHYO ceTb (B obwem
cnyyae - ceTb MHTepHeT). Kaxapbli Knactep, B CBOO oYepenb, ABASETCA NPOCTPAHCTBEHHO-COCPeA0TO-
YeHHoOW pacnpenenéHHoi BC, cocToALel U3 MHOXKECTBA BbIYMCNTENbHBIX Y3108, B3aUMOAENCTBYIO-
LLMX Yepes CBOK KOMMYHUKALMOHHYIO noacuctemy. KoHduMrypauma BblMMCAUTENBHOIO Y31a AOMYCKa-
€T BapbMpOBaHWe B LUMPOKMX Npeaenax - oT O4HONPOLECCOPHOro A0 KOMMO3ULMM U3 MHOTOALEPHbIX
NPOLLeCCOPOB M CNELMANU3UPOBaHHbIX YCKopuTenen (Hanpumep, Ha 6ase NporpaMmupyembix noruye-
CKUX MHTerpasbHbIx cxem - MJINC).

MepBaa MpPOCTPaHCTBEHHO-pacnpenenéHHan BbluMcanTenbHana cuctema ACTPA 6bina paspaboTaHa
NHcTuTyTOM MatemaTnkm CO AH CCCP 1 HoBOCMBMPCKUM 31€KTPOTEXHUYECKUM MHCTUTYTOM MB 1 CCO
PCOCP B 1970-72 r.; cpeam KoHoUrypaumit BC 6bian palioHHble, TOPOACKUE U MEXKAYTOPOAHbIE.

B cepeamHe 1980-x rogos ugea obbegnMHeHUA NPOCTPAHCTBEHHO-PACCPEAOTOYEHHDBIX BbIYUCAUTENb-
HbIX CPeACTB MOJyYM/Ia BOMJIOLWEHME B TEXHONMOTMM MeTaKomMbioTUHra (Metacomputing), npegno-
YKEHHOI nccnegosatenaMm U3 HaLMOHANbHOIO LieHTPa CynepKOMMbOTEPHbIX NpunoxkeHnin CLUA [2].
C noasneHvem 1 BypHbIM Pa3BUTMEM BCEMUPHOW ceTu Internet Bcé Honbluyto NONyAspHOCTbL Noay4a-
€T TEXHO/IOTMA MUCNONb30BaHMA KOMMbIOTEPOB MNO/Mb30BaTeNel, no3sonatolwan GopmmnposaTb cpeabl
ANA pacnpeaenéHHbix BolumcneHuit (Distributed or Peer-To-Peer Computing) [3]. B Hauane 1990-x ro-
[0B A/18 OMWCAaHUA NPOCTPaHCTBEHHO-pacnpeaenéHHbix BC ctan npumeHsTbes TepmuH GRID - Global
Resource Information Distribution Kak meTadopa 0 Takon ke NETKOCTM AOCTYNa K BblYUCAUTENbHBIM
pecypcam, KaK U K afiekTpuyeckoi cetu (Power Grid).

LleHTpoM napannenbHbIX BblYUCAUTENbHbIX TexHonorui (LNBT) depepanbHoOro rocyaapcrseHHO-
ro obpas3oBaTeNbHOrO OOAMKETHOrO Y4YpeKAeHUA BbicWero npodeccMoHanbHOro obpasoBaHUs
“CBUPCKUIA TOCYAAPCTBEHHbIA YHUBEPCUTET TENEKOMMYHMKauMn n mnHdopmatukm” (Prosy BIMO
“CneryTh”) coBmectHo ¢ JlabopaTopuein BblUUCAUTENBHBIX cucTeM UHCTUTYTA GU3MKKM NOAYNPOBOA-
HUKoB MM. A.B. PxxaHoBa Cubupckoro otaeneHunsa PAH (MPM CO PAH) co3gaHa v pasBuBaeTca mac-
wrabupyeman NpocTpaHCTBEHHO-pacnpeseneHHana MyNbTUKNACTePHAnA BblYMCAUTENbHAA cucTema [4].
ApXUTEKTYpPa M NPOrPaMMHbIN MHCTPYMEHTApUI opraHnsaumm GyHKLMOHMPOBaHMA aaHHoN BC ocHo-
BbIBAETCA HAa pe3y/ibTaTax BeAyLuelt Hay4HOoM WKonbl PO no pacnpesenéHHbIM BbIYUCANTENBbHBIM CUCTe-
MaM 1 napaniesibHoOMy MynbTMnporpammmnposaHuto (HLLU-5176.2010.9).

1 CMBMPCKMIA rocyAapCTBEHHDBIV YHUBEPCUTET TENEKOMMYHUKALMA 1 MHPopmaTunkm, Hosocmbupck, Poccus
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APXUTEKTYPA MPOCTPAHCTBEHHO-PACNPELENEHHOM MY/NILTUKNACTEPHOWM BC

[eincTteytolan KoHourypauusa mynbstuknactepHoi BC (puc. 1, AaHBapb 2012 r.), BKAoyaeT 6onee 250
NPOLLECCOPHbIX AZEP U MMEET NMUKOBYIO NPOU3BOAUTENBHOCTb HecKoabKo TeraFLOPS. Cuctema obbe-
AmHAeT 10 NpoCcTPaHCTBEHHO-PACCPEAOTOYEHHbIX BbIYNMCANUTE/bHbBIX KNACTEPOB, NPUYEM KnacTepbl A-H
pacnonoKeHbl B cepBepHbIX nometleHusax LIMNBT ®rosy BMO “CublrYTU” (ueHTp r. HoBocubupcka),
a Knactepesl |, J - B JTabopaTopuu BbluncamtenbHbix cuctem UOM CO PAH (Akagemropoaok, CO PAH).

Cuctembl A, B, C 1 J aBnsatoTcA Knactepamm paboumx cCTaHLMM, KOTOpble pacnonaratoTcs B y4ebHbIX fa-
6opaTtopusax Kadbeapbl BbluMCAUTENbHbIX cucTem GTOBY BMNO “CnblYTU” n B labopaTopmu Bbl4UCAK-
TenbHbix cuctem UM CO PAH. KommyHMKaLMOHHbIE ceTu KnactepoB A, B, C 1 J nocTpoeHbl Ha 6ase
TexHonoruu Gigabit Ethernet.

CeTb nporpammbi
“YHUBEPCUTETCKUHN
Knacrep”

Puc. 1. KoHdurypauma npocTpaHCTBEHHO-pacnpeaeNeHHon MyibTukaacTepHoi BC (aHBapb 2012 1.)

Knactepol D, E, F, G, H n J nocTpoeHbl Ha 6a3e ABYXMPOLECCOPHbIX Y3/10B U GYHKLMOHUPYIOT B Kpy-
TNOCYTOYHOM pexkume. Kawaplid M3 3TUX KNAaCTepPOB YKOMMIEKTOBAH: BbIYUCAUTENBHBIMU Y3N1aMU
M YNpasaAoOLWLMM Y310M, BbIYUCAUTENbHOW U CEPBUCHOM CETAMM CBA3M, @ TaKKe cuctemamu becne-
peboiiHoro anekTponutaHmaA. Knactep D obbeguHAeT 4 BbIMMCAUTENbHBIX Y3/1a, Ha KaXAOM M3 KO-
TOPbIX pasmMellleHo No ABa ABYXbAAepHbIX npoueccopa Intel Xeon 5150 (Woodcrest) ¢ TakToBOM Ya-
cToTon 2,66 GHz. MukoBas npou3BoAUTENbHOCTb Kaactepa D - 166 GFLOPS. Knactep E Bkatovaet 4
BbIMMC/IUTENbHBIX Y3M1a C ABYyMA npoueccopamu Intel Xeon E5345 (Quad-core) ¢ TaKTOBOWM 4acCTOTOM
2,33 GHz. MNpowussoanTenbHocTb Knactepa E - 298 GFLOPS. Knactep F ykomnaekTosaH 18 Bblumcam-
TeNbHbIMW y3/1amMU € ABYMA npoueccopamiu Intel Xeon E5420 (Quad-core) c TakToBOW YacToToi 2,5 GHz.
MpounssoantTenbHocTb Knactepa E - 1,44 TFLOPS. Knactep H ykKomnneKToBaH 6 BbIYMCAUTENBHBIMW Y3-
namu ¢ Asyma npoueccopamu Intel Xeon E5620 (Quad-core) c TaktoBo# YyactoTtoi 2,4 GHz. Y3nbl cu-
cTeMbl 06beANHEHBI KOMMYHUKALMOHHOW ceTbto cTaHgapTa InfiniBand QDR 4x. MpounsBoguTenbHOCTb
knactepa H - 460 GFLOPS. Knactep J oCcHaWEH 5 BbIYUCANTENbHBIMM Y31aMU1 C ABYMA Npoueccopamm
AMD Opteron 248 - 252 (Sledgehammer) c TakToBOW YacToTOM 2,2 - 2,6 GHz. [MKOBas Npon3BoAUTE Nb-
HOCTb KnacTtepa - 52 GFLOPS. AkTyanbHas MHpopmaumsa o KOHOUIypaLmm CUCTEMbI NPeACTaBieHa Ha
carite LINBT ®TrOBY BNO “CublryTn” [2].

B 2009 roay LUNBT ®rOBY BMO “CubINYTWU” cTan y4yaCcTHUKOM Nporpammbl “YHUBEPCUTETCKUIN Kna-
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cTep”, B pamKax KoTopol KomnaHua Hewlett-Packard nepegana LLeHTpy BblUMCAMTENbHBIN KaacTep
Ha 6a3e bnela-cepsepoB (Knactep G), ykomnnektoBaHHbIM 4 HP Proliant BL220c, Ha KoTopbIX pas-
MELLEHO MO ABa YeTblpéxagepHbix npoueccopa Intel Xeon E5410 c TaktoBOWM Yactotoi 2,33 GHz.
Mpou3soauTenbHOCTL Knactepa G B uenom - 300 GFLOPS.

Ntoboli 13 KnactepoB cnocobeH ¢GyHKLUMOHMPOBATb KAaK aBTOHOMHO, Tak M B COCTaBe pacnpepge-
NéHHon BC. [na obbeamHeHUsA KNacTepoB ucnonb3yertca ceTb Internet (texHonorum VPN u IPv6).
MynbTuknactepHasa BC gonyckaeT macwtabuposaHue NyTéM opraHmM3aumm B3aMmoLeNCTBUA C MHOXKe-
CTBOM ZPYrMX CUCTEM.

NPOrPAMMHOE OBECNEYEHUE MY/IbTUKNACTEPHOW BC

MpocTpaHCTBEHHO-pacnpeaenéHHan My/bTUKNACTEPHAN BbIUMCAUTENbHAA cucTeMa (GYHKLMOHMUPYET
noga, ynpasesneHvem cBob604HO PacnpoCcTpaHAEMOro 1 CO34aHHOMO KOINEKTUBOM Hay4YHOM LWKobl HLL-
5176.2010.9 nporpammHoro obecnevyeHus (puc. 2) [5].

CpepncTBa pa3paboTku napannenbHbiX NporpaMmm
MPI: MPICH2, OpenMPI, TopoMPI
PGAS: Unified Parallel C
OpenMP: GNU GCC, Intel Compilers, Oracle Compilers, PathScale
CpepcrtBa aHanusa napannernbsHbix nporpamm: MPIPerf, mpistat, VampirTrace

CpepcTtBa opraHv3aumy pacnpeaeneHHon oyepeam 3apad
(GBroker, dqueued, GridWay)

Mopacuctema napansnesnsHOro MysbTMIPOrpaMMUMPOBaHUS
(MOJOS, TORQUE, MAUI, mpiexec)

MopcucTemMa caMoKoHTpoOns, camoamarHocTukv BC v opraHusaumm
0TKa30yCTOWYMBOTO BbINOSIHEHUSA NaparnesibHbIX NporpamMmmM
(HBICT - Hash Based Incremental Checkpointing Tool, DMTCP)

YaaneHHbli 4OCTYN U MOHUTOPUHT
(SSH, Globus Toolkit, Ganglia)

OnepaumoHHas cuctema GNU/Linux

l:l Mopcuctema napannensHOro MynbTUNPOrPaMMUpPOBaHUS

Puc. 2. NMporpammHoe obecnedyeHune NpoCTpPaHCTBEHHO-PacNpeseseHHON My/IbTUKNACTEPHOW BbIYMCIUTENbHON CUCTEMDI

CTaHOapTHbIE KOMMOHEHTbl CUCTEMHOIO NPOrPaMmMHOro obecneyeHun npeacraBieHbl:

- ceTeBoM onepaumoHHoi cuctemoit GNU/Linux (amuctpubyTtmesl Fedora, CentOS);
- cpeacTtBamm paspaboTKK, OTAALKM M aHANM3a NOCNef0BaTENbHbIX U MAapanneNbHbIX NPOrpamm:
= gomnunatopbl: GCC, Intel, PathScale;
= maTemaTtuueckue 6ubamotekmn: GNU Scientific Library, AMD Core Math Library, Intel Math Kernel
Library;
= 6MBANOTEKM Nepesayn COObLLEHNIN MeXaY BETBAMM NapaniesibHbiX MPorpaMmm:
0 pacnpegeneHHble npuaoxenua - MPl: MPICH2, MVAPICH2, Open MPI;
O napannenbHble nporpammsl - OpenMP: GCC, Intel, PathScale;
= CpeacTBaMM OT/IaAKM M aHanm3a nporpamm: gdb, Vampire, prof u 1.4.
- MporpammHbiMm obecrieyeHMeEM OpraHM3auUKM B3aMMOAENCTBMA NPOCTPAHCTBEHHO-pAcnpeaeneH-
HbIX KnacTepHbix BC 1 agucnetyepmnsaumm nonb3oBaTenbCkmx 3aganuii: Globus Toolkit, GridWay.

MHCTpyMeHTapuii napaniesbHoro My/ibTUNPOrpaMmMm1pPOBaHUA BKIKOYAET:

- MoAcUCTEMY OpraHusaumu ¢yHKLUMOHMPOBAHMA BC B My/NbTUNPOrpaMMHbIX pexkumax (nakert
MOJOS), BKNtOYalOLLYO CPEACTBA BAOKEHUA NapaniefibHbIX MPorpaMmm u peanmsaumm spdeKkTms-
HbIX TPYNMNoOBbIX 06MEHOB MeXay BEeTBAMM napanienbHbix nporpamm (6ubnmorteka TopoMPI);

- CpeacTBa opraHM3aLuKn pacnpeaeneHHon ovepeam 33434 v aucneTyep Noab30BaTebCKUX 3anpo-
cos GBroker;

- MOACUCTEMY aHaNM3a NapasnenibHbix Nporpamm (naketbl MPIPerf, mpistat);
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- CpeacTtBa CAMOKOHTPO/IA M CaMOAMArHOCTUKM M OpraHM3aumm OTKAa30yCTOMYMBOrO BbIMOAHEHUSA
napannenbHbix nporpamm (naketsbl HBICT, DMTCP);
- CpeacTBa MOHUTOPWHIA M OpraHu3aLmMm yaaneHHoro Joctyna K pecypcam BC.

PaccmoTprm HEKoTopble U3 CO34aHHbIX MPOrPaMMHbIX KOMMOHEHTOB OpraHM3aLumn GYHKLMOHNPOBA-
HMA NPOCTPAHCTBEHHO-PACMNpPeaenEHHbIX MyAbTUKNACTEPHbIX BC.

Bubnanoreka TopoMPI KOMMYHUKaLMUOHHbIX GYHKLMIA

bubnnoteka TopoMPI - 370 6UBAMOTEKA KOMMYHUKALMOHHbIX GYHKLMIA, OpUeHTUpoBaHHasA Ha 3ddek-
TUBHYIO pPeann3auunto napansiesnbHbIXx NPOrpamm Ha COBPEMEHHbIX MYNbTUAPXUTEKTYPHbIX pacnpese-
NEHHbIX BC ¢ nepapxmyeckom CTpyKTypoli. B coctaB 6MBANOTEKM BXOAAT CTPYKTYPHO-OPUEHTUPOBAH-
Hble a/ITOPUTMbI KONTEKTUBHBIX 0OMeHOB MHGOpMaLMe Mexay BETBAMM NapansiefibHbIX NPOrpamm u
Cpe/ACTBa BNOXKEHUA NapanienbHblX MPOrpaMm B CTPYKTYpbl pacnpesenéHHbix BC [6].

B 61ubnunoTteke Ucnosb3yetca MHTepdenc npodpuanpoBaHuns ctaHgaptTa MPI ons nepexsaTa obpalleHni
K GYHKUMAM KONNEKTUBHBIX OnepaLui MHGOPMALLMOHHbIX 0BMEHOB, OCTasibHble BbI30BbI NepesatoT-
¢ cuctemHon 6ubnunoteke MPI (MPICH2, OpenMPI n ap.). OnucaHne nepapxmyeckon opraHnsaumm
pacnpeaenéHHoi BC 3arpyxkaetca 6ubnmoTekol U3 KoHOUrypaumMoHHOro danaa npm MHULMaNn3aLmm
MPI-nporpammbl. Ha ocHoBe MHOpMauumn o pacnpeseneHmm BeTBen No A4pam U MallMHaAM CUCTEMbI
onpeaenaeTca KoMYeCcTBO BblAeNeHHbIX NPOrpaMMe BbIYUCAUTENbHBIX Y310B. MNpu co3gaHnm Kommy-
HWUKATOPOB OCYLLECTBAAETCA ONTUMM3ALLMA AITOPUTMOB KONNEKTUBHbBIX OBMEHOB U BROXKeHMe rpada
nporpammsl B CTPYKTYpY pacnpeaenéHHon BC.

MpoBeneHbl 3KCMEPUMEHTbI MO B/IOXKEHUIO NapannenbHbix MPI-nporpamm u3 naketos NAS Parallel
Benchmarks n High-Performance Linpack B geictsytoLme BblMMCAUTENbHbIE KNacTepbl Ha 6a3e MHO-
rosflepHbIX NpoueccopoB KomnaHui Intel 1 AMD. B cpegHem, Bpems BbINONHEHUA TecToBbix MPI-
NPOrpamMm C BIOXKEHMEM NpPeasOKEeHHbIMU anropuTMmamm Ha 30-40% meHblLue BpeMeHU BbIMOIHEHUA
Nporpamm c BAoxKeHuem cpeactsamm 6ubamnotek MPI (MPICH2 n OpenMPI). NMpeasorKeHHble anropuT-
Mbl XapaKTepM3yoTCA NONMHOMMUANBHOM TPYAOEMKOCTbIO U NOAAEPKMUBAIOT BAOXKEHME NapaniebHbIX
nporpamm c KoandyecTsom seTeelt o 10°.

Maker MOJOS noaAep:KKN MyNbTMNPOrpaMmMHbIX pexkMmoB 06paboTku HabopoB MmacluTabupyembix
3apay

MccnepoBaHUA NoNb30BaTENbCKMX 3aay NOKa3blBatoT, UTo 6onee 80 % m3 HUX 061a4at0T CBOMCTBOM
macwtabupyemoctu. Takve 3a4aum SOMNYCKAOT pelleHre Ha NoACUCTEMAX C PAa3/IMYHbIM KOJIMYECTBOM
NPOLECCOPHbIX AAEP U Ha3bIBAOTCA MacwTabupyembimm Uam “nnactndHbimm” (moldable). Ana moge-
NIMPOBAHWA, OTNALKM U aHanu3a anroputmos GOPMUPOBAHMA PacNUCaHUI pelleHnsa macluTabupye-
MbIX 33434 Ha pacnpeaenéHHbix BC cosgaH naket MOJOS - MOldable JObs Scheduling. OcHoBy nakeTa
COCTaBAAOT 3BPUCTUYECKME U CTOXAcTUYECKMe (Ha OCHOBE 3BOIIOLMOHHbBIX METOA0B ONTMMM3ALLUN)
anroputMbl GOPMUPOBAHMA PACNMCAHNIN peLleHns 33434 Nonb3oBaTenei. PeainsosaH uHTepdenc nH-
Terpaymm MOJOS c nnanunposwmkom MAUI [7].

Maker DMTCP co3paHMA KOHTPO/IbHbIX TOYEK BOCCTaHOBNAEHUA NPOrpamm

Ons obecneyeHMna OTKA30yCTOMUYMBOCTM MapasniefibHbiXx Mporpamm ucnonb3yerca naketr DMTCP -
Distributed MultiThreaded Checkpointing, 3ToT nakeT peasi130BaH Ha yPOBHE CUCTEMHbIX BUBIMOTEK U
ABNAETCA YHUBEPCANbHbIM KOOPANHUPYOWMM pacnpenenéHHbiM CpecTBOM CO34aHUA KOHTPObHbIX
ToyeK. Maker DMTCP paspaboTaH u passuBaeTca CeBepo-3anagHbim yHuBepcutetom (Northeastern
University) CLUA. Konnektus LNBT npuHMMaeT yyactue B paboTax no ero ycoBepLlleHCTBOBaHMI0. B
YaCTHOCTW, peasin30BaHbl aANTOPUTMbl KOOPANHUPOBAHHOTO BOCCTAHOB/IEHUA Habopa CBA3aHHbIX NPO-
LLeccoB, BOCCTAHOB/EHMNA B3aMMOCBA3EN TUMA “POAUTENb - TOTOMOK” U MPUHALNEKHOCTM K rpynnam u
ceaHcam a/1a Habopa NpoLLeccoB B paMKax OLHOIO y3/1a BblUMCAUTENbHOM cucTembl [8]. TakKe BeayTca
paboTbl No MHTerpaunmn naketa DMTCP ¢ cucTemMon ANA BbIMMCNEHMIA BbICOKOM MPOMYCKHOM CNOCOBHO-
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ctn Condor. MpeanoxeH Noaxoa K peBepcuBHOM oT1aaKe Ha 6aze DMTCP.

Maket GBroker geueHTPan1M30BaHHOro ynpaB/ieHUa pecypcamm MynbTUKAAcTepHbiX BC

[na opraHnsaummn GyHKLMOHMPOBAHMA NPOCTPAHCTBEHHO-pacnpeaeneHHbix BC n GRID cuctem B Mynb-
TUNPOrPaMMHOM peXMMe 0OCNYKMBaAHUA MOTOKa 3ada4y pa3paboTaHbl AeLeHTPaNN30BaHHbIe anro-
PUTMbI M CPeACTBa AMCNeTYepusaLnmnm 3agaHnii. Ha Kaxaon nogcmcteme NpocTpaHCTBEHHO-pacnpese-
NeHHoM BC GyHKLMOHUPYET AncneTyep, KOTOPbIN NoaLepKUBAET JIOKabHYIO (415 KnacTtepa) ovepesb
3agay. Mpu nocTynneHun 3ajayum aucneTyep 3anpalimMBaeT y ANCNeT4epoB 13 N0KabHON OKPECTHOCTH
KOZIMYECTBO 3334 B UX OYepesAX M OLEHKY BpeMEeHU, Yepes KOTopoe NOCTyNMBLUIAA 3a4a4a MOXKET Ha-
YyaTb peLaTbca Npu Nepegaye e€ B COOTBETCTBYIOLLYIO ovepeap. [lanee, ancnetyep, CNOb3yA CUCTe-
MYy MOHUTOPWHTA, onpeaenseT NPOMNYCKHY CNOCOBHOCTb KaHasI0B CBA3M MeXAyY Kaactepamu. MNocne
3TOro OH BbIGUPAET KaacTep, B KOTOPOM (C y4eToM nepesaym camoi 3agaum B ouepesp v e€ faHHbIX B
KnacTep) BbicTpee Bcero HayHeT BbIMNOMHATLCA 3a4a4a. BaXKHO OTMeTUTDL, YTO NpU Nepegade 3aayun B
oyepenb BbIBPaHHOW NOACUCTEMDI, ANA HEE, aHAOTMYHbIM 06pa3oM, NepuoanYeckn byaeT ocyLlecTs-
NATbCA MOUCK pecypcos. ITo obecneynsaeT aganTaLmio ANCNETYEPOB Noj AMHAMUYECKN U3MEHSALOLLY-
10CA 3arpy3Ky pecypcoB NPOCTPaHCTBEHHO-pacnpeaeneHHbix BC.

MpepnoXKeHHble aNTOPUTMbl peasin3oBaHbl B NporpammHom nakete GBroker [9]. MNakeT umeeT pacim-
pAeMyto apXMTEKTYPY M AOMNYCKAET MHTErPaLMIO C CUCTEMaMM NaKeTHOM 06paboTkM 3apaHnin. B naket
BXOAAT AucneTyep gbroker, KnMeHTCKoe npunoxkeHue gclient M cpegcTBO MOHUTOPUHIA NPOU3BOAM-
Te/IbHOCTU KaHa/0oB CBA3M hetmon Ha ypoBHe cTeKka npoTokosnos TCP/IP.

Mogynb gbroker ycTaHaBaMBaeTca B KaXKAOM Knactepe v obecneymBaeT Ha UHTepdENC ¢ oKanbHOM
CMCTEeMOW NakeTHOW 06paboTKM 3a4aHM (Ha AaHHbIM MomeHT - TORQUE). Moaynb netmon yctaHas-
nuBaeTtca BMmecTe ¢ gbroker. Cepsucbl netmon cobupatoT MHGOpMaLMio 0 NPOU3BOAUTENBHOCTM KaHa-
OB CBA3KU MexXAay Knactepamu. Mogaynb gelient obecneunsaet nHTepdec mexay nonb3oBaTenem 1
cucTemon.

ALMWHUCTPATOP HacTpauBaeT /IOKa/ibHble OKPECTHOCTU AmucreTyepos ghbroker, yKkasbiBasn, Kakue au-
cnetyepbl C KAKMMU MOTYT 0BMEHMBATLCA NPOrPaMMaMM U3 CBOUX OYepesen, U HacTPamMBaET CEPBUC
netmon.

Monb3oBatens Gpopmupyet 3agaHue, coctoslee M3 napannenbHoir MPI-nporpammsl 1 nacnopTa Ha
A3blke pecypcHbIX 3anpocos JSDL, M oTnpasnseTt ero cpeactsamum gelient alobomy M3 gucnetyepos
gbroker. [lucnetyep B COOTBETCTBMM C OMMUCAHHbBIM BbILLE aNTOPUTMOM BbIGMpPAET NOACUCTEMY, HA KOTO-
poi 3aTeM BbINOAHAETCA MPOrpamma.

MogenvpoBaHme nokasaso, YTo cpeaHee Bpems 06CNyKMBaHWA 33434 NPU AeLEeHTPaNIN30BaHHOMN A1-
cnetyepmsaLmmn CoNnoCTaBUMO C LEHTPaIM30BaHHOW aucneTyepmnsaumen. Bmecre c Tem obecneumsaet-
€A OTKA30YyCTOMYMBOCTb MPOCTPAHCTBEHHO-PAcNpeseNeHHON MyibTMKNacTepHol BC B caiyyae Bbixoaa
13 CTPOA OTAE/bHbIX KNacTepos. Bpems gucrnetyepusaumm 4OCTaTOMHO Masio MO CPaBHEHUIO CO Bpeme-
HEeM BbINONIHEHUSA MPOrPaMM.

3AK/TIOYEHUE

Co3gaHHas NPOCTPAHCTBEHHO-PACNpeaenéHHAs MyAbTUKIACTEPHAN BbIYUCAUTE/IbHAA CUCTEMA - WH-
CTPYMEHTa/IbHOE CPeACTBO A1 OTPABOTKM apXMUTEKTYPHbIX pewweHnit u GRID-TexHoNormiA, aNa OTAaAKM
MHCTPYMEHTa/IbHbIX CPeACTB Mapa/ie/ibHOro My/bTUNPOrPaMMMUPOBAHUA U 0becneyeHns KUBYYECTH.
OHa aKTMBHO MCMO/b3yeTCsA B NpoLecce MoAroToBKM CreLmaancTos B 061acTi napasnienbHbiX Bblum-
CIUTENIbHbIX TEXHOMOTUA.
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Pabota BbinosHeHa npu nogaep:kke PODU (rpaHtol Ne 11-07-12014, 011-07-00105) 1 B pamkax rocy-
OapcTBeHHOro KoHTpakTta Ne 07.514.11.4015 ¢ MnuHob6pHayku PO.
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Ivanovic G.%, Stevovic S.?

MATRIX MODEL TO DETERMINE RELIABILITY FUNCTION OF COMPLEX
TECHNICAL SYSTEMS

The function of reliability of complex systems can be determined in the already traditional manner, by cross sec-
tion and union of events, or by the combination of all possible events of failure and operation of the system, then
through their probabilities, especially in case of non-elementary series and parallel connection of system elements.
However, this can sometimes become the source of considerable difficulty from the standpoint of determination
of failure and operation, as well as a large number of members when determining reliability function of a system.
Because of this, it is sometimes impossible to estimate reliability of individual system parts.

This paper presents the procedure of matrix determination of possible events of proper operation of individual parts
of the system as well as of the whole system of complex connections. On the basis of this procedure it is possible
to estimate probability of proper operation, in other words, the reliability function of the system and/or of its indi-
vidual parts. The SYREL software has been developed to calculate the reliability function.

INTRODUCTION

Defining and calculating the reliability function of complex systems /8/ and/or their parts (which may
contain subsystems, assemblies, subassemblies and components (inseparable units) without applica-
tion of appropriate procedures /9/ and computer support can be a rather long and tiresome job, es-
pecially in case of non-elementary sequential and parallel connections. Also, it is often necessary to
analyze reliability function of certain system parts /10/ that may represent various connections of com-
ponents within the system.

In view of this problem, a matrix procedure /11/ to estimate reliability function of complex systems
and/or their parts was developed /12/. The basic connection matrix is formed on the basis of reliability
block diagram of the system. Connection matrix enables determination of reliability function not only
of the whole system (between input and output knots in the reliability block diagram) but also of any
part of the system (between any two knots) that may represent various combinations of the system
components’ connections.

In both cases it is necessary to define, i.e. to set, the input and output knots of the system or its part.
This is important for deeper analyses when designing reliability of a system and/or its parts.

MATRIX PROCEDURE

Matrix procedure to estimate reliability function is based on the functionally technological connection
between system components. On the basis of this connection, reliability block diagram of the system
is defined. Functionally technological connection of system components is not always identical to the
connection of components in the reliability block diagram /1/.

In the reliability block diagram, mutual connections of system components are identified and presented
as knot connections - knot points (marked as knots 1, 2, 3 and 4 in Figure 1).

Fig. 1 Brig network

1 Univesity of Belgrade, Faculty of Mechanical Engineering, Belgrade, Serbia
2 University Union Nikola Tesla, Faculty for construction management, Belgrade, Serbia
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Based on the number of components /13/ and identified connection knots (n), a square connection
matrix of the nth level is formed. Matrix members are built on the basis of component connections be-
tween knots in the reliability block diagram which defines connection of system components between
knots from the standpoint of reliability. For the purpose of clarity, this procedure is explained on the
example of reliability block diagram of the system shown in Figure 1, with 5 components and 4 knots.

On the basis of Figure 1, the M-shaped connection matrix is formed
KNOT 1 2 3 4

1 1 4 B 0

M= 2 01 E C (1)
3 0 E 1 D
4 00 0 1

The matrix members that equal 1 correspond to a knot connection with itself and they are located
along the main matrix diagonal. Matrix members equal 0 when there is no connection between two
knots. Matrix members A, B, C, D and E (identification of components) point out that the connection be-
tween two knots is realized through one of the stated components. For example, connection between
knots 2 and 3, and that between 3 and 2, is realized through the component E, while the connection
between knots 1 and 3 is realized through the component B. Matrix M (1) represents the basic matrix
which further transforms into Matrix T, by multiplication, i.e. by raising to the power m, until it remains
unchanged.

Connections of components A, B, C, D and F between two adjacent knots, in Matrix M, show that prop-
er operation (event) between two adjacent knots is realized through one of the stated components.
For example, proper operation between knots 1 and 3 is realized through the component B. However,
proper operation between knots 1 and 3 can also be provided through components A and E, but in this
initial matrix only the proper operation between two adjacent knots is considered, in other words, only
through the knot situated in front of and behind the observed component.

The final connection matrix T for determination of reliability function is derived from the initial matrix
M multiplied by itself, or raised to the power m, respecting rules of Bool algebra of events. Multiplica-
tion is carried out until the resulting matrix T remains unchanged. For some systems, m is determined
through the total number of knots n as:

m=n-1 (2)
The resulting matrix T appears in the shape,
T=M" (3)
For example, in Figure 1, for m=n-1=3, the matrix (3) reads:
KNOT 1 2 3 4
1 1 A+BE B+AE AC+BD+BEC+ AED
r= 2 0 1 E C+ED (4)
3 0 E 1 D+EC
4 0 0 1

Further multiplication of matrix T by matrix M, that is, raising the matrix M to a power higher than
m=3), brings no change. This procedure results in possible branches E, (events of proper operation of
the system and/or system part) between knot pairs, as in matrix . Members of matrix T point out to
possible events of proper system operation, as well as individual system parts (between knots) on the
basis of which reliability function is then estimated.
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Proper system operation, on the basis of reliability block diagram, Figure 1, between knots 1 and 4, in
matrix T is given by member T in the form,

T,, = AC+BD+ BEC + AED (5)
Equation (4) results from possible states (events) of proper system operation between knots 1 (input)

and 4 (output), i.e. by union (sum) of events E , E,, E_ and E,, Figure 1, by application of rules of Bool
algebra of events, in the form,

IfE, =EUE,UE,UE, =(4C)U(4ED)U(BEC)U(BD) (6)

with branches: El:AC; E2=AED; E3=BEC and E4:BD.

For example, proper operation of the part of the system between knots 1 and 3 is given by member
T,,=B~+AE, being the result of union of event B (between knots 1 and 3) and cut of events AE (between
knots 1, 2 and 3). Other parts of the system can be observed in the same way.

Reliability function of the system and/or its parts R(t) is calculated by the sum equation of probability
of events (proper operation) P(ZEi) in the form /1, 2/.

I=n i=n n=1 n n=2 n-1 n i=n
P[ZE,):ZP(E,.)—ZZP(EI.EJ.)Jr > > P(EEEg)—...+(-1)" P[]E, (1)
1=1 i=1 i=1 j=i+l i=1 j=i+] k=j+1 i=1

Reducing equation (7), since E*=E, and introducing replacements in the form P(XEi)=R(t) and
P(E)=R(t), corresponding reliability function for the system and/or part of the system is derived in
the form,

R(z):P(iZn:E,.j: SRRy (0)yerr R(E)s R, ()] fori=1, ... k. (8)

In equation (8) P(ZEi), R(t) is the probability of proper operation, and reliability of the system and/or
part of the system, respectively; P(E), Ri(t) is the probability of proper operation, and reliability of the
ith component, respectively; f [R,(t), R,(1), ..., R (t)] is the reliability function of the system and/or part
of the system, dependent on the reliability block scheme and derived from equation (7).

For determination of reliability function by matrix procedure, software SYREL was developed.

EXAMPLES

On the basis of described procedure and SYREL software /14/ several examples of determination of
system reliability function are chosen and shown in Figures 2, 3, 4 and 5. Results are given in Tables T1,
T2,T3 and T4.

The simplest example is the series connection of two components, Figure 2., Table T1. The system has
three knot points.

The second example refer so series-parallel block of the system reliability diagram, Figure 3, Table T2.
The system consists of 6 components and 6 knots. Possible branches of proper operation of the system
are E1 and E2, and P(E1) and P(E2) are their probability, i.e. reliability. Value of reliability function of the
whole system for given reliability values of components Ri(t), is R(t)=R=0.989275509.

l—|c1|—%—|c1|—2

Fig. 2 Series connected
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Table 1
Number of components are: 2
Component IN ouT R,
C1 1 2 0.90
C2 2 3 0.95

Events between of knots 1and 3:

Reliability between of knots 1 and 3:
P(E1) = R1 = 0.857375

System reliability:
R=0.765

The third example refers to complex (non-elementary series and parallel) connection of components
within the system, Figure 4, Table T3. It is the system on which the procedure of matrix determination
of reliability function is explained, with 5 components and 5 knots. Total number of possible branches

is4,i.e. branchesE,E,E andE,.

Figure 5 shows a complex connection with 6 components and 5 knots. The first part of Table T4 shows
possible branches, probability of proper operation, i.e. their reliability functions are the system reli-
ability function. The second part of the Table 4 shows results of the part of the system between knots

Fig. 3 Series-parallel reliability diagram

@ |-
—{ & ]

Table 2

Number of components are: 6

Component IN ouT R,
C1 1 2 0.95
Cc2 2 4 0.95
c3 4 6 0.95
Ca 1 3 0.98
c5 3 5 0.98
C6 5 6 0.98

Events between of knots 1land 6:

Reliability between of knots 1 and 6:
P(E1) = R1=0.857375
P(E2) =R2 =0.941192

System reliability:
R=1.798567+(-0.906954491)
R=0.991612509

Fig. 4 Brig network

1 and 4, with 4 components and 4 knots.
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Table 3 Table 4

Number of components are: 5 Number of components are: 6

Component IN ouT R, Component IN ouT R,
C1 1 2 0.98 c1 1 2 0.90
c2 1 3 0.88 c2 2 3 0.85
C3 2 4 0.99 c3 2 4 0.92
c4 3 4 0.99 ca 3 5 0.95
C5 2 3 0.95 (65) 3 4 0.99
C5 3 2 0.95 ceé 4 5 0.97

Events between knots 1and 4: Events between knots 11 5:

El:----- >C1----->C3-----> E1l:----->C1----->C2----->C4----->

E2:-—- >Cl----->C4-----> E2:----->C1----->C3----->C6----->

E3:-—- >C1----->C5----->C4 E3:----->C1----->C2----->C5----->C6----->

Reliability between knots 1 and 5:

Reliability between knots 1 and 5: P(E1) =R1=0.72675
P(E1) =R1=0.9702 P(E2) =R2 =0.80316
P(E2) =R2=0.9702 P(E3) = R3 =0.7346295

P(E3) = R3 = 0.92169

P(E4) = R4 = 0.92169 System reliability:

R=2.2645395+(-2.02230886)+

Systen reliability: +(0.642066183)
R=3.78378+(-5.466970278)+ R=0.984296818
(3.576894552)+(-0.894223638) Events between knots 1 14

R=0.999480636

Reliability between knots 1 and 4:
P(E1) = R1=0.828
P(E2) = R2 = 0.75735

Part of the system reliability:
R=1.58535 + (-0.696762)
R=0.888588

This example clearly shows advantages of the described procedure for determining reliability func-
tion of the system and/or part of the system, because each part of the system can be examined. It is
necessary to set the input and output knots of the observed part of the system in the reliability block
diagram.

CONCLUSION

This paper presents the procedure of matrix determining of reliability function of the system and/
or its part for series, parallel, series-parallel, parallel-series and complex (connections of elementary
and non-elementary series and parallel) connections of components within the system. Depending
on given input and output knots, value of probability of proper operation, i.e. reliability function, can
be determined by matrix procedure both for the whole system and for any of its parts, regardless of
configuration of connections between components in the system. To do this, it is necessary to define
the reliability block diagram and to form the M matrix of connections which covers all components and
all knots. In this way it is possible to make detailed analyses of reliability of any part of very complex
systems, which is an advantage in respect to procedures for determining reliability function that are
already traditional. On the basis of reliability function it is possible to estimate the mean time between
failures of the whole system as well as of its individual parts.
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Jovovic .}

FORMULAE OF REDUCTION FOR SOME SYSTEMS OF OPERATOR
EQUATIONS

In this paper we consider a reduction of a non-homogeneous system of operator equations to a totally reduced sys-
tem. Variables in the new system are separated by higher order linear operator equations. We are only interested
in systems of two or three linear operator equations.

INTRODUCTION

Reduction of a non-homogeneous linear system of first order operator equations with constant coeffi-
cients to an equivalent partial reduced system, consisting of higher order linear operator equation
having only one variable and first order linear operator equations in two variables, using the rational
canonical form, is considered in paper [1]. Reduction of a non-homogeneous linear system of first order
operator equations to a totally reduced system, i.e. system with separated variables by higher order
linear operator equations, obtained by using the characteristic polynomial of the system matrix, is dis-
cussed in paper [2]. We expand our research to non-homogeneous linear systems of operator equa-
tions with constant coefficients involving more than one operator.

NOTATION
Let K be a field, V a vector space over K, let A;:V -V and A,:V =V be linear operators such
that A o A, = A, o A . Linear system of operator equations with constant coefficients in unknowns X,
and X, is
A1(X)=byy X1 +Dyp X5+
Ay (X2) =01 X1 +02 X5 + 5,

(1)

for b...b,.,b

112 7125 =21

b, b

b, €K and ¢, ¢, eV. We say that B:{ ! 12} is the system matrix and
21 22

o=[p ¢Z]T is the free column. If @ =0 system (1) is called homogeneous, otherwise it is called non-

homogeneous. Let X =[x, X,]" be a column of unknowns and A :V2? V2 vector operator defined
componentwise Az[A& Az]T . Then system (1) can be written in the following vector form
A(X)=BX+¢. (2)

A solution of vector equation (2) is any column V =[v, v,1", v, v, €V which satisfies (2).
We also consider linear operator equations with constant coefficients in unknown X of the form

Ag o A (X) +by Ay (X)+D, Ay (X) +bsl (X) =, (3)
for b,,b,,b; e K and ¢V . If p=0 equation (3) is homogeneous. Otherwise we say it is non-

homogeneous. A solution of equation (3) is any vector v eV which satisfies (3).

TOTALLY REDUCED SYSTEMS OF TWO OPERATOR EQUATIONS

Our aim is to transform initial system (1) into system of two linear operator equations of the form (3).
New system has separated variables and symmetrical form and it is called totally reduced system.

1 Faculty of Electrical Engineering, University of Belgrade, Belgrade, Serbia
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Theorem 1. (Theorem for totally reduction) Linear system of operator equations (1) can be reduced
to the system of two linear operator equations

Ay 0 A4(x)) = (b Ay (xy) +Dyp Ay (%)) +det B-1(x)) = Ay () — (b — b22)

Ay A ()~ (s ) By (1)) et B 153) = A (92) (i), “
Proof : Let we have system

A () = by xy +bypxy + ¢ (5)

Ay (x3) = by +byy Xy + ¢y - (6)
From (5) we obtain

byyxy = 4 (x) = byyx, — @y (7)

Applying operator A, to equation (7) gives

by Ay (xy) = Ay 0 A1 (%)) = by Ay (xy) — A5 (@) (8)
Multiplying equation (6) by b, we get
b1y Ay (xy) = byybyy Xy + byybyyx) + b5 (9)
Substituting (8) and (7) into (9) yields
Ay o A (%) = by A (x) = A (@) = Diobyyxy + by (A4 (%) = by1xy — ) + by,
: 10
= by A (%) = (b 1byy = biyby ) )x; + by — by (10)

Therefore we conclude

Ag o A (%) — (011 Ay (%) +boa Ay (X1)) + (Brabop —broo1) X = Ag (1) — (bogpr —Bior) -

Similarly we can express b,;x; and b, 4,(x;) in terms of X, from equation (6). Substituting obtained
expressions into equation (5) multiplied by b,; we have

Ao Ay (Xg) = (braAp (Xa) +Bop A (X)) + (B —Byobag )Xo = Ag () — (D190, —baign) .

Since operators A, and A, commute, from the initial system we get system

Ay o A (%) — (011 A (%) +100 A (%)) +det B-1(x,) = Ay (1) — (05001 —b1o,) O
Ao A(X) — (b A (%) + 0,0 A (%)) +det B-1(x;) = A(e,) — (bup, —101).
Operator A,:V —V is defined by A,(X)=A, o A (X)— (b A (X) + by, A (X)) +det B-1(x) .

We emphasize that the coefficients of the operator A, are principal minors of system matrix B . With
this notation we can rewrite system (4) as

4 b, | b
Az(xl)zll 2(‘P|)| 2| [|% b12 (11)
A4 () by | [1P2 Onf]
A by Alp) | _b11 (o) |
X,) = — |- ,
2 by, |A1((P2)|_ by, ‘Pz_

where we calculate only difference of the framed minors.

If we define vector operator A, by A, = (A, AZ]T ,and if we denote by B; matrix obtained by substitut-

ing the free column é =[p (pz]T in place of i-th column of B for i =12, then system (4) can be written
in the following vector form
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A, (%) {%(%)}{det&] (12)
A(p,) detB,

TOTALLY REDUCED SYSTEMS OF THREE OPERATOR EQUATIONS

Let us generalize our consideration to linear system of operator equations with constant coefficients in
three unknowns X, X, and X,

A(Xg) = by Xy + D1, Xp +bigXs +
Ao (X) = By Xy + by Xo + D55 + 2, (13)
Ag(X3) =g X, + D3y X, +DgXg + 5.
Let linear operators A, A, and A, satisfy A oA, =A; oA, 1, ] =1,3. Define operator A;:V —V by
Az(X) = Ago Ay o A(X) = (B3 A5 0 Ay (X) + b5 Ay 0 A (X) + D3 Ay 0 A (X)) +
((byob55 —by5bap ) A (X) + (By3bs3 —bigbay ) Ay (X) + (byyD,, —Dy5b51) A (X)) —det B 1(x).
Here we would like to point out that the coefficients of the operator A, are principal minors of system

bll bl} bll b12
b31 b33 b21 b22

b22 b23

matrix B ; by, by, and 033 are principal minors of the first order; b b and
5y D3

’

are principal minors of the second order; det B is principal minor of the third order.

Theorem 2. (Theorem for totally reduction) Linear system of operator equations (13) can be reduced
to the system of three operator equations

Ay(x) = Ay o 4y () (Az(%) by n A(p) by + o byy by " by b +o by, b13J
3() = dA; 0 (@)~ | —P 3

A (@3) by3| |4A3(py) by by, by by, by by, by
Ay(xy) = Ay o 4 (@)~ ‘Al(%) by3 . by Ay(r) | by b3 _p by by o by by
PR A4 (0n) bys| by A(e) Ubg bl Clbs by by by
Ay(x3) = Ay 0 4 (¢ )_(bu 4, (o) +b22 4,(9,) + o by by —p by by +o by by (14)
e 2o by A (@3)| |by A (@3) l1731 bs, ? by by ’ by by

Proof: Let us apply theorem 1 to system

A2 (Xp)=Dg1 X1+ by X5 +ba3Xs + 95 (15)

A3(Xg)=Dg1 X1+ b3y X5 +b33X; + ;.
We will consider system (15) as linear system of two operator equations in two unknowns X, and X,.
If we define linear operator A,; by

Ay3(x) = Az 0 Ay (x) = (byy A3 (x) + b33 45 (X)) + (byy b33 — by3bsy ) I(x), (16)
we have

Ay (xy) = A(by1 X +95) = (b33(by 1 X; +9,) = b3 (byyxy +93)) (17)

Aps(x3) = Ay(byyxy +@3) = (b (b3 +@3) = b3y (byy Xy +93)).
From the first equation of system (13) we obtain

bi3xy = A1 (%) =byyxy —boxy — @y (18)
Multiplying the second equation of system (17) by b;; we have

b13An3(x3) = by3bs Ay (x)) = (bi3b 3 b3y = by3by b3y )3y + b3 Ay (93) = (bi3byy 3 — bi3bsyy) - (19)
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Substituting (18) into equation (19) yields

(Agz 0 A4))(x;) = b1 Ay (%) = by Ans (X)) — Aps (@) =
bi3bsy Ay (X)) = (by3b 55 b3 = bi3by b3y )Xy + by Ay (93) — (By3Dyn 03 — bysbsy ).

From the first equation of system (17) and from equation (20) we conclude

(Ags 0 A1)(x1) = by A3 (x1) = by (by) A3 (%)) = (Dy1b33 — basbsy )Xy + A3 (92) + (by33 — b330 5)) — Aps (@) =

bi3b31 Ay (%) = (B3 55 b3) = bi3byybsy) Xy + by3 Ay (93) = (bi3byy @3 — by3bsy ).
Putting equations (16) and (21) together we deduce
Ay 0 Ay 0 Ay (x)) = (byy Az 0 Ay (X)) + by3 Ay 0 A (X)) + (byyb33 = by3bsy ) A (xy)
—by 1Ay 0 Ay (x)) + by by A3 (X)) + Dy b33 A 5 (X)) = by Dy b3z xy + by by3bay vy
—biyby A3 (x)) + biaby bs3xy = by bysbyy Xy = by3byy Ay (%) + bisbyy by xy — bysby by xy =
byy A3 (@) + biyby3 3 = by by + Az 0 Ay (@) = byy A3 (@) = b33 45 (1)
Gartherring togéthér corresbonding termé in Vequationr (22) we obtain
Ay 0 Ay 0 A1 (x1) = (b A3 0 Ay (x;) + byy Ay 0 A (X)) + b33 4, © A (x1))
+(byybsy3 = by3by ) A () + (by byy = biyby ) A3 () + (By by — by3by ) A 5 (%))
—(by1byybys = by bysbyy = biyby byy + b1y byshyy + by3by by = byzbyyby )Xy =
Az 0 4 (@) + D1 A3 (02) = by A5(91) + b3 Ay (3) = by Ay (1)
H(byybsy3 = by3b3y )Py = (byybsy = bisbsy) @y + (Byybyy —bi3by )@s.

A, (¢) b + A (o) by

+| ¢
A (p3) bz |4(9,) bzzj [

The other two formulae can be derived in the same manner. o

Hence we conclude

b22 b23
b32 b33

b12 b13
b32 b33

b12 b13
b22 b23

2

A3(x1)=A30A2((p|)—{ %

|

Totally reduced system (14) can be written in the following form

M b, by | | Alp) by, b13| A(p) by, by ¢ by, by
As(X)=| Ao Ay(@,) By Byg |—| | Ag(@2) by Dyg [+][As(@,) bop| bog||+][@ by by
AgoAy(ps) by by _| A (5) by b33| | As(3) by, by P3 by by

by AeA(p) by by Alm)| by| [Pu Ala) by b, @ Db
A3(Xp) =| by |A3°A1(§02)| bos | =1 | |P2r As(@2)] By [+| by [Al@,) bog|| [P @ by
by ACA) by ([bn Ae) by [P [AW) Dall) [Pa ¢ b

by b, AcA(ln) |bl_1 b, A ((/’1)| by b, Aler) by b, ¢
Ag(Xg)=|by by A eAlp) [—| | by by Al@) [+|by by Al@)] ||+ bx br ¢
by, b |A2 o A1(¢3)| |bs_1 b A(@s)| |y [bn Aley) by by @

where we take into consideration only framed minors.
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APPLICATION OF THE THEOREM FOR TOTALLY REDUCTION TO SYSTEMS OF DIFFERENTIAL EQUATIONS
Example 1. Solve the homogeneous system of differential equations

y'+y'+z'-2z=0
y'-z2'+y=0.
If we make the substitution t =z -y, we obtain system
y'+2y'=y+2t
t'=y.

Applying Theorem 1 for operators A (U)=u"+2u' and A,(u)=u' and system matrix B = {

1 2
, we
10
get system of two third order differential equations with constant coefficients of the same form
ylll+2yll_ yl_2y :O

t"+2t"-t'-2t=0.

Solution of the totally reduced system is
y=Ce" +Ce ™ +Cye ™ (24)
t=Ce" +Cse™ +Coe ™" .

(25)
Solution of system (23) is obtained by replacing (24) and (25) in (23)
y=Ce*+Ce ™ +Cie ™

t=Ce*-C,e ™ —%CSe’2X :
By going back to z through the substitution z =t+ Yy we get solution of the initial system
y=Ce* +C,e ¥ +Cpe?*
z=2Ce* J%Cse’2X :

Example 2. Solve the system of differential equations

y"=-2y'-52+3x-1
2'=y'+2y+e”.
Taking t =z -y, we get system
y"+2y'=-5y-5t+3x-1
t'=2y+e*. (26)

-5 -5
Let us apply Theorem 1 for operators A (U)=u"+2u' and A,(u)=u", system matrix B :[ 0}
and source terms @, (x) =3x—1 and ¢, (x) =e*. We get system of two third order differential equa-
tions with constant coefficients
y"+2y"+5y'+10y = (3x —1)'- 5¢*

t"+2t"+5t"+10t = (e*) "+ 2(e*) - (-5e* —2(3x -1)).

Solution of the totally reduced system is
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y=Ce ¥ +C,sin/5x+C, (:os\/gx+%—%e’C (28)

) 1 4
t=C4e72"+C5sm\/§x+C6c0s\/§x+§x—5+§e", (29)

Plugging (27) and (28) in (26) and substituting z back in, we get solution of the initial system

y =C,e 2 +C,sin/5x+C, cos\/§x+%—£ex

18
2.5 245 1

z2=(C, +TC3)sm\/_x+(——C +C3)cos\/§x+gx—%+geX
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Kamaes A. A.%, Yenypko C. B.2

BUDYPKALUA AHOPOHOBA-XOMN®A B CUHTYNIAPHO BO3MYLLEHHbIX
PACMNPEAENEHHBIX CUCTEMAX

The Andronov-Hoph bifurcation for singular perturbed distribute dynamical systems is considered by averaging
method. Results applies for dynamical system which is generated by partial differential equations.

BU®YPKALUA AHOPOHOBA-XOMN®A U METOZ, YCPEAHEHUA

PaccMaTpMBaeTcA AUCHaMMUYECKasn CUCTEMA, COCTOAHME KOTOPOM onucbiBaeTcA dyHKLmaAMM U Q2 — R",
onpeaenéHHbIMM Ha HEKOToOpom MHoXKecTBe () K obpasylowmmmn GyHKLMOHANIbHOE NPOCTPAHCTBO
W(Q). dBONOUMA ANHAMNYECKOM CUCTEMbI MPOUCXOANUT B COOTBETCTBUM C YPaBHEHUEM:

ou

azﬂL(u)+ f(u,a) (1.1)

rme u=u(xt), xeQ,

napametpsl S € (- fo, By) < RLae (~ag,ap)c R,
dyrkuma T :R"x(~ag,ag)— R" rnagko 3aBucut ot caomx aprymenTos,

L - AvHelHbI onepaTop B NPOCTpaHCTBe W(Q).

Ecav napameTp ceasu S =0, To paccmaTprBaemas AMHAMUYECKas CUCTEMA PacnafaeTcs Ha MHOMKECT-
BO HE3aBMCMMbIX CUCTEM, OMUCHIBAEMbIX YPAaBHEHUAMM

Zt—u: f(ua) xeQ (1.2)
Ecam B #0, To 3TV cucTeMbl B3avMOAEMCTBYIOT 3a CYET C/laraemoro ,BL(U) B npasoii yactu (1.1). B3a-
MMOZENCTBUE MOKHO CYUTaTb C1abbiM, ecv Maso 3HaveHue napameTpa f. Myctb f(O,a): 0, vnpu
a =0 B cucTeme ypaBHeHU (1.2) nmeeT mecTo BUbypKauusa PoXKAEHMA LMKAA U3 HYIEBOTO COCTOSHUA
paBHoBecus (budypKauma AHapoHoBa-Xonda) [1-2]. B ctaTbe paccmaTpuBaeTca BONPOC POXKAEHUSA Un-
K/1a U3 HYNEeBOro COCTOAHWUA paBHoOBecus cucTembl (1.1), Koraa napameTpbl @, ff MMEeT OAMHAKOBbIV
nopsaaoK ManocTu. Bce paccyaeHus npusegeHbl gna n=2. B cnyyae N> 2 MoryT 6biTb NOMyYeEHbI
aHaNOrMYHble pesynbTaTbl C NOMOLLLI0 MeToAa npoekuui [3].

MpeactaBum cucTemy ypasHeHuit (1.2) B Buae

ou
a:A(oz)u+g(u,ac), (1.3)
JIMHeapun3oBaB NpaByto 4acTb B Touke U= 0. OTHOCMTE/NIbHO CNEeKTPa IMHENHONM YacTu A(a) 3aduk-
cupyem obbluHble NpeanonoxeHus, obecneunsatowme 6UdypPKaLMI0 POXKAEHNA LKA U3 COCTOAHMA

paBHOBeCKA:
1) cnextpy A(a) npuHagnexumT napa KoMnaeKcHo-conpskeHHbIx cobeteerHbIx uncen A(a), () suaa

Ha)=7(@)+iola), e 7(0)=0. u= L (0)%0.0-0(0)20,
o
2) ocTanbHas yacTb cnektpa A(er) pasHomepHo no a € (—ag,ag) OTAeNeHa OT MHUMOIA OCM Ha Noo-

KUTE/IbHOE paccTofHMe.
3adukcupyem ans kaxaoro a e (—ap,aq) B R? cuctemy KoopamHat {e1().e5(a)}, cBAzanHyto co

1 OrBY «HMO «TaidyH», OBHUHCK, Poccus
2 AT HUAY «MUDU», OBHUHCK, Poccus
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cnektpom onepatopa A(e) Tak, UTO B 3TUX KOOpAMHaTaX
=[] )
ola) y(a)

Mycs B(a) - maTpuua nepexoaa ot cuctemsi { &;(a),ex(a)} k McxoaHoit cucteme koopamHart. B Takom
cnyqae, ecnmn U =Vvyer(a)+Voes(a), To cuctema ypasHeHuii (1.3) moxeT 6biTb 3anucaHa B BuAe:

gt(j(“)) mwgl(v,@ (1.4
re v=(,v2). 1(v.@)=B H()g(BaV.a).
MepeHopmupyem cuctemy (1.4) npy NOMOLLM 3aMeHbI

Vo ev,a=ea, f=¢f,0<e <<1, (1.5)
1 Bocnonb3yemca Gpopmynoi Tanopa ana GyHKUMM Oy :

01(v,a)=By(v,a)+B3(v,@)+R(v,a), (1.6)

rae B; (v,a) - OIHOPOAHbIA MHOrOYNEH cTeneHn | = 2,3, a OCTaTOUHbIN Y/ieH R(v,a) MMmeeT NopsaaoK

of ).

C yyetom (1.4) - (1.6) cuctema ypaBHeHuUl (3.1) npUHUMAET BUA,:
ov

e eBL (v)+ A(ea)v+eB, (v.ea)+&’B(v,ea)+e 'R(ev,ea), (1.7)
rae L (v)=B"(a)LB(a)v
Mepeiaém B V - NPOCTPAHCTBE K NONAPHBIM KOOPAMHATAM:

v = pcos(e), v, = psin(p) (1.8)
Torpa cuctema (1.7) 6yget MMeTb cneayoLmnin BUA,:

g[gj = A(P,QD)[sﬁLl (v)+A(ea)v+eB, (v,e0)+&”B, (v,sa)+£’1R(£v,ea)]

cos(p)  sin(p)

A(p,q)): (1.9)

sin(p) cos(p)

P P

B cuny npeanonoskeHms 1) oTHOCMTENbHO CEKTpa onepaTopa A(a) cnpasea/IMBO caeaytollee cooT-
HoLeHue:

A<p,¢>A(ea>[“j=[ ”“5@(0)}0(8@2)

v, -w—c0—
do

CnepoBaTenbHO, CUCTEMY YPaBHEHUIA B NEPEMEHHbIX (p,w) MOXHO NpPeacTaBuTb cneayrowmm obpa-

: g[p]:(z}rg ﬁA(p,(p)L,[pCOS((p;J+a _@ +[02J§(¢,sa)] N

® psin(e p J;(p.ea)
do
(1.10)

+gz[gjji((z’izgj+g(gzaz)+Q(83)
4 5

e Li(v)=B"(@)B (a)v;
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A(P,(/7)=( cos(p)  sin(p) J

~pisinlp) poos(p)),

J! ((p, sa) - O HOPOHblE TPUrOHOMETPpUYECKMe MHorouneHsl cteneHn K =3,4 ana kaxkagoro m=1,2.

. pcos(p+t)
Mpeanonosxum, 4to onepatop L obnagaer CBOWCTBOM: BblpaskeHWe A(p,¢)+t)L1 .
psm(¢)+t)

2M-NEepUOAMYHO MO HesaBucuMoil nepemenHoit L. B atom caydae no aHanorum c [1] moxHo dopmans-
HO MpPUMeHUTb K cucTeme (1.10) npoueaypy ycpeaHeHUs M NpoaHaAM3npPoBaTb NOBEAEHNE pPeLleHM
cuctembl (1.1) B OKPECTHOCTM HY/NIEBOTO COCTOSIHUA PAaBHOBECUA NPU U3MEHEHUW NAaPaMeTPoB «, [ .

METOZ YCPEAHEHMA U ABCTPAKTHAA ®OPMA TEOPEMbI KOLLU-KOBAJIEBCKOW

CXoaMMOoCTb MeToZa ycpeaHeH s B NpuMeHeHun K 3agadve Kowu (1.10) MoxKHO 060CHOBaTb C NOMO-
LWbto abcTpakTHOM dopmbl Teopembl Kowmn-Kosanesckoit [4] B cnyyae, ecim npasas yacTb (1.10) sena-
eTca KBasnanddepeHumanbHbim onepatopom (KAO) B wKane 6aHax0BbIX MPOCTPAHCTB.

LLIkana 6aHaxoBbix NpocTpaHcTB [4]
MycTb kaxxaomy BelectBeHHomy p >0 conocrasneHo 6aHaxoBoe NpocTpaHcTBo B ,, Hopma anemen-
Ta Ue B, obosHaueHa cmBosiom ||u||p Cemeiicteo B ={B,} Ha3sbiBaeTca wkanoii 6aHaxosbix npo-
cTpacte (LWBN), ecim B, < B, Ana MoBbix o< p 1 full, S||u||p AnA MoBbix U € B, . lononHuTensHo
npeanoNoXnUM, YTO NP GUKCMPOBAHHOM U KaK GyHKLMA aprymeHTa o >0:

a) Hopma [ul, Bbinykna BHu3,

] O, _oll, 2,
) HEpPaBEHCTBO TPEYrosibHMKA MOXKHO AnddepeHLMpoBaTh: - op o

Mpwu aHanuse guddepeHLnanbHbIX ypaBHEHUI MCNOb3YOTCA pa3nnyHble LB, B yacTtHocTy, LBI Be-
LLECTBEHHbIX aHa/IMTUYECKUX OTOBPaXKEHU X > u(x), onpeAesieHHbIX B OKPECTHOCTW NMPOU3BO/IbHOTO
mHoxectBa A < RP, co 3Hauennamm B npoctparctee R™. Micnonb3ysa cTaHaapTHble 0603HauYeHNs:

D, =ai,D“ —D..D,",
xi
BBOAATCA HOPMbI: |”u|:maxsup|D u’ )|, (n=1,2,...).

1<j<m

‘D“:” XeA

A TaKXe HopMma:
- ZP_
I, =22

Myctb Ag‘(/i) - CTb MHOXeCTBO Tex U, 419 KOTOPbIX ||U||p <00, ina noboro p >0 mHoXKecTBO Ag‘(ﬁ)

(2.1)

ecTb 6aHaxoBO MPOCTPAHCTBO U Am(l):{Ag](i)} - LWBMN, npryem BbiNO/HEHbI CBOMCTBA a) M 6). [o-

NONIHUTE/IbHbIE CBOMCTBA CEMENCTBA HOpM B Am (ﬂ) BblpaXakTCA HEPABEHCTBAMU

0
Jee-vIl, <l -, 1P, < =

, (2.2)

P

[onycKaLWMMK nouneHHoe auddepeHuUMpoBaHme no p.

KeasnguodepeHuymanbHblii onepatop (KAO0) [4]
Myctb aaHa WBN B:{Bp} cumonom O ( ) 0603HaYeH OTKPbLITbIN WaAp paguyca I’ c LI,eHTp0M B

Hy/fle NPOCTPAHCTBA Bp. «OKpecTHOoCTb» HynAa B LUBM B 3amaetca dopmynoi O r p UO
O<o<p
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[ins vekotoporo 20 >0 paccmotpum otobpaxerue f :O(r,po)—> B. OTo6paskenne | Hasbisaetcs
KBasugnddepeHumanbHbiM onepatopom, ecamn cyuectsyetr C >0 Takoe, uto ana noboro p< pg U
(u,v)e Op(r)xOp(r) MMeEeT MECTO COOTHOLLEHME:

b1 ), s¢{re 2 [(welil, =1, Yoo, 23)

CooTHowweHue (2.3) BblpakaeT yMeHbLIeHWe «3amnaca aHaAUTUYHOCTMY» Mpu anubdepeHUUpPoBaHUK:
Hannune gmuddepeHuMpoBaHMA B NpaBomn l4acm (2.3) npmMBOAUT K TOMY, YTO f( p(r))cz B, . OgHako
CnpaBeaIvBO BKAOYEHUNE f(Op(r))c Bpl, p < p . B camom pene, Hopma BbiNyKa BHWU3, MO3TOMY

" || <——— ana nboro p>o.

B p,aanemmeM He06xop,mv\o paccmoTpeTb 6onee obuwme otobpaxkernusa f: 1 xO(r,pO)—> B, roe
I =[0,tg]c R.Nycts f;:0(r, pg)— B ectb uactHoe oToBpaxeHue, noposaeHHoe oTobpaxerrem f
anaHekotoporo t e | . Byaem rosoputb,uto f : | ><O(r,p0)—> B ectb KOO, HenpepbIBHbIM MO NepemeH-
Hoit T, ecnn f;:0O(r, py) — B ectb KOO ans noboro te | ¢ Hesasucaweii ot T koncranToit C uecnn
ana niooro (t,u)el x0,(r), o< p<py, BEINONHAETCA paBeHCTBO: TIEnOHf(Hr,u)— f(t.u), =0.

3apaua Koww [4]
Paccmotpum 3agauy Kowu:

%:f(t,u), u(0)=0 (2.4)
PelueHus KOTOpOW paccmaTpuBaiotca Kak oTobpawenus ti> u(t) untepsana | =[0,tg]c R & LUBM
B :{Bp}. CnpaBegnunsa Teopema [4]:

Teopema 2.1. (Kowu-Kosanesckoli)

lycmo 8 ypasHeHuu (1.4) omobpaxceHue f : 1 ><O(r,p0)—> B ecmos KAO, HenpepebisHebili no t, u mycms
f(t,0)e By, 017 06020 te . Tozda Hatidemca makoe yucao k>0, ymo 3adaya (1.4) umeem eduH-
CmeeHHoe peuweHue u(t)e B o ona scex tel u p, ceasaHHbix HepaseHcmeom p+K-t< pg. lpu

amom cnpaeedﬂusa OUEeHKa:
p+kt

||u || <k’ I "psup”f t0|| do (2.5)

MeTtop ycpeaHeHus
PaccmoTpum 3agadvy Kowu

d

d’: —g-f(t,u), u(0)=u, (2.6)
rae 0<e< 1 - manbii napametp, a KOO f(t,u) yAoBNeTBopAeT ycnosuam Teopembl 2.1 1 nepuoau-
yeHno t c nepnogom T >0.

B cooTBeTCTBMM ¢ POpManbHON CXxeMol meToda ycpeaHeHus [5] paccmoTpum ycpegHeHHy 3agady

Koww: .
L s () v(0) =y, () =T [ (s 27)

Jlemma 1.1

Onepamop fo(v) ecmos KO
Nepeiiaem k meaneHHomy spemenn 7 = &t . UcxogHas n ycpeareHHas 3agaun Kowm npumyT, cooT-
BETCTBEHHO, BUA;
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ngo(v), u(O):uo,v(O):uO. (2.8)

O6e 3T1 3a4a4n ya0BNETBOPAIOT yC0BMAM Teopembl 2.1. MycTb Uy € Bpo' 0b03HaumMm yepes kg >0
KOHCTaHTYy, onpeaensiemyto Teopemoit 2.1., 1 TaKyto, 4To 3agaum (2.8) paspewmmsl npu nobbix 7 >0,
Y,0BNETBOPAIOLLMX YCI0BUIO p+Kg -7 < pg, NpK 3TOM u(r), V(r)e Bp

CnpasegnBa cieaytolas Teopema, ABaaoLWanca aHanorom teopembl H.H.Borontobosa.

Teopema 2.2.

Mycme KAO f:1 xO(r,po)—> B ydosnemeopsem ycnosuam meopemer (2.2) u Ug € Bpo' mozoa npu
mobom 6 >0 0na peweHuli 3a0ay (2.6), (2.7) umeem mecmo coomHoweHue:

lim sup ||u(s) —v(s)” =0,
>0 0<s<7—8 P
20e senuduHbl p,T C8A3aHbI ycnoeuem p+K -7 < py.

NMPUMEHEHME K YPABHEHUAM B YACTHbIX MPOU3BOAHbIX

M3 pabotbl [4] cnepyer, uTo ycnosuam Teopemsl (2.1) yaoeneTsopseT 3agaya Koww gas cuctemsl and-
bepeHLManbHbIX ypaBHEHUI B YaCTHbIX MPOU3BOAHbIX C aHAIMTUYECKOM MPaBOM YacTblo. PaccMoTpum,
B YaCTHOCTU, CUCTEMY ypaBHeHMﬁ JlveHapa:

ou 6v 3
o _ ge_ 1
== 5 [3 u+av—(v), xe(0,1), (3.1)
B KNacce nepumoamnyeckmx no X GpyHKumi ¢ nepnogom 1.
. 1’ — 2 .
Rycte: A(a):(_ol ij’ ;tj :%+i(_1)]+1 %:%'ﬂ(_l)ﬁl 60(206)’ |Ol| < 2 - cobcTBEHHbIE YU-

cna. Mepeligem oT $pa3oBbix NepemeHHbIX (u,v) K mepemeHHbIM (vl,vz), B KOTOpPbIX MaTpuLa A(a)

- 1[ a -o(a
nmeetBua;: A(a) :E( («) ( )j . B HOBbIX NepeMEHHbIX MCXOAHAA CUCTEMA 3aNMUCbIBAETCA B BUAE:
o(a a

a v1 a_ 11 0%,
a(v iy T T o(a)
ot\ v, (

2

ox?

2
107V,

6 o -
o el oF

=5) 2

MpumeHeHne K cucteme (3.2) cxembl paccy>KaeHui pasgena 1 u Teopemsl (2.1) nossonseT gokasaTb
CnpaBea/IMBOCTb CNEAYIOLLEro YyTBEPKAEHMUA.

Teopema 3.1.

lycme napamempsi ypasHeHuUs JlueHapa y00871emeopsarom COOMHOWEHUAM: a:gzao, p =52ﬁ0,
mozoa npu 00cmMamoYHo MasbiX & ypasHeHue JlueHapa umeem cemelicmeo nepuoou4ecKux peule-
Huli suoa:

u(x,t) =4\/%70008(27Tkx+47Z2k2ﬂ0t—l)+0(82), k=0,12,....
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AHanorMyHas Teopema cnpasesnunsa 4 ciydas OAHOPOAHbIX KPAaeBbIX YC/I0BUI BTOPOro poaa.

M3Nn0KeHHbI Noaxon No3BO/AET TaKKe NoKasaTb CyL,ecTBOBaHME NPU AOCTaTOYHO Manbix 0 < e < 1
CeMencTs Nepuoamyeckmx peLleHmii B OKPeCTHOCTU Pe30HaHCHbIX YPOBHEN 3Heprum pacnpeneseHHoMn
cuctembl ArodduHra [6]

5_2”__ (u)+32 02@+f(w)—56—u xe(Ol) 0<e<<l
PR o o ) T '
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KameiHuH E. 10.*, Makcumos B. B.*?, HydHep WN. C.13, CeméHos K. K.%*, XakumsaHos I". C.°

B3AUMOJLENCTBUE NOBEPXHOCTHbIX BOJIH C YACTUYHO
3ATNYBNEHHbIM 3KPAHOM

The results are presented of laboratory and numerical experiments of the solitary waves interaction with a thin
partially submerged impermeable screen on a flat slope.

MpY NPOEKTMPOBAHUN MOPCKUX MMAPOTEXHUYECKUX 0BBEKTOB (N1aBydnx npuyanos, naatdopm, noH-
TOHOB U T.M.) O4HOW M3 BarKHEMLLMX 33434 ABAAETCA OnpeaeseHne BO3AeNCTBUA Ha HUX NMOBEPXHOCT-
HbIX BO/IH [1-5]. B HacTosAwee Bpems B Poccuitickoin ®egepaumnn peannsyetcs nporpamma obecrnedeHus
3Hepruen (3NeKTpPMUYECKo 1 TenN0BOMN) yaaneHHbIX PErMOHOB C MOMOLLLIO MAaBy4MX aTOMHbIX Tenao-
SHEepreTMYecKMx CTaHUMi. PeakTopbl 3TUX CTAHLMI Pa3MeLLatoTca B HECAMOXOAHbIX CTOEYHbIX Cyaax
- TaK Ha3bIBaeMbIX MaaBy4mnx aHeprobaokax (M36). Mepeble U3 TaKMX CTaHLMIA NAAHUPYETCA YCTAHOBUTb
B ByxTax KamuyaTCKoOro Kpas, B CBA3M C Yem BO3HMKAET 3aJa4a NpeaoTspalLeHmsa BO3SMOXKHOrO yulep6a,
KOTOPbIA MOTM Bbl HAHECTW BOJIHbI LIyHaMM 3TUM MOTEHLMANbHO OMaCHbIM 06beKTam.

JlabopaTopHble UCCef0BaHMA, BbINOJHEHHbIE B TMAp0oBOAHOBOM baccenHe Punmana OAO «26 LLHUN»,
NoKasa/in BbICOKME BOJIHO3ALLMUTHbIE CBOMCTBA COOPYXKEHMUI B BUAE CN/IOWHbIX AaMb. BmecTe ¢ Tem
BO3HMKAET ecTecTBEHHAA 334a4a MUHUMMU3ALMU CTOMMOCTU 3aLUUTHBIX COOPYKeHUi ansa NIb ¢ coxpa-
HeHVeM HeobXxo4MMOW CTeneHM BONHO3AWMTbI. [ yMeHbLUEHUA BONHOBOM Harpysku Ha N3b moryT
NPUMEHATLCA, HAaNPUMep, Pa3/INYHbIe 3alWMTHbIE 3KPaHbl. 3TO MOryT 6bITb HEMPOHULAEMblE BEPTU-
KaNbHble 3KpaHbl, He AoXoAAWMeE A0 AHA M YAaCTUYHO NponycKatowme HaberatoLLyo BONHY CHU3Y, UK
NopuCTble 3KPaHbI, NponycKatoLme Yepes cebs 0cnabneHHyo BONHY TOW UAN MHON MHTEHCUBHOCTYU B
3aBUCMMOCTWN OT MOPUCTOCTU 3KpaHa. Bo3aeicTeme yeAMHEHHOM BOIHbI Ha COCTaBHblE KOHCTPYKLMMY,
cocToALME U3 3alLMLLLAEMOrO O6BEKTa U 3alLMLLAIOLLENO ero 3KpPaHa, U3y4YeHO HeLOCTATOUYHO KakK Yu-
CNIEHHBbIMW METOAAMM, TaK U C MOMOLLLIO NaBOPaTOPHbIX IKCNEPUMEHTOB, OCOBEHHO B Cly4ae Nopwu-
CTbIX 3KpaHoB [6-8]. PeleHune 3ToM 3a4a4m TpebyeT NpoBeAeHMA 3HAUNTENbHOTO 06 beMa IKCNepPUMEH-
TaNbHbIX U TEOPETUYECKMX UCCNe0BAHUMN.

BBMAY CNOXKHOM KapTUHbI B3aMMOAENCTBMA BOJIH C COCTaBHOM KOHCTPYKLUMEN, MHOTONapameTpUYHOCTH
3a/la4M U CBA3AHHbIX C 3TUM TPYAHOCTEN NPU UHTepnpeTauumn pesynstaTtos, Hblaa 3annaHMpPOBaHa
cepuA 3KCNepMMEHTOB MO UCCIeA0BaHMIO BO3AENCTBUA BOIH Ha OTAE/bHbIE 3/1eMEHTbl KOHCTPYKLMM,
TaKMe KaK He3alMLLEeHHbI MOHTOH, HeMPOHMLLAEMbI He KacalowWMIACa AHa 3KPaH, NOPUCTbIN 3KpaH,
[oxoAAawmi o AHa. B npegbiayweli pabote aBTopoBs [9] npeacTaBneHbl pe3ynbTaTbl 1ab60PaTOPHbIX
M YMUCNIEHHbIX SKCMEPMMEHTOB MO ONpeae/eHNio BO3AENCTBUA OANHOUYHOW BOMIHbI Ha He3alWmLeHHoe
YaCTUYHO MOrpyXeHHoe Teno MNPAMOYro/ibHOM GOPMbl, PACMONOMKEHHOE Haj, MIOCKMM OTKOCOM.
MpoBeaeHHble UCCNeA0BaHUA MO3BONWUAM OMNPEeAeUTb BEINUYMHbI 3aMn/IeCKOB Ha Tel0 U BOJIHOBOMO
OABNEHWA Ha Hero B 3aBUCMMOCTM OT amMNAuUTyAbl Haberawowen Bo/IHbI, NPOTAXKEHHOCTU Tena 1 ero
0CafZlkW, yria HaKAoHa oTKoca. B HacToslen paboTe nccnenoBaHo B3aMMOAENCTBME BOJIH C YaCTUYHO
3ar1y6aeHHbIM HENPOHULLAEMbIM SKPaHOM.

METOAMKA UCCNEAOBAHUI
IKCNEPUMEHTbI MPOBOAMINCH C Lie/Iblo ONpeseneHuns Bo3BbllweHns CBO6OAHOM NMOBEPXHOCTM nepes 1

1 ®dunmnan OAO «26 LHNW», CankT-MeTtepbypr, Poccua

2 CaHKT-MNeTepbyprckuii rocynapcTBeHHbIV yHuBepcuTeT, CaHkT-MeTepbypr, Poccus

3 BanTUICKUIA roCyAapCTBEHHbIN TEXHUYECKUIA yHUBEPCUTET «BoeHmex», CaHKT-MeTepbypr, Poccusa

4 CaHKT-MNeTepbyprckuii rocyapcTBEHHbIN NONMTEXHUYECKUI YyHUBepCcHTET, CaHKT-MNeTepbypr, Poccua
5 UHCTUTYT BbluMCAUTENbHBIX TexHonornin CO PAH, Hosocnbupck, Poccus
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3a Nperpagon n gasneHuns B UKCUMPOBAHHbIX TOYKAxX Nperpagabl. McnbiTaTenbHas ycTaHOBKA MMAPOBOI-
HoBoI nabopatopumn dunmana OAO «26 LLHNWN» npeactasnseT coboii notok [10] ¢ ycTaHOBAEHHbIM B
HEM CTaLMOHaPHbIM BaKyyYMHbIM BOJIHOMPOAYKTOPOM, MPU NMOMOLLM KOTOPOro CO343aeTcA yeaMHEeHHanA
BO/IHa. Cxema 1labopaTopHOI YCTaHOBKM NOKa3aHa Ha puc. 1. B xoge sKCnepumMeHTOB MCMO/b30Banachb
cneumanbHas nsmepuTenbHas MHGopmaLMoHHas cuctema (MUC), ynpasnsemas onepatopom nocpes-
CTBOM AMaNnoroBow nporpammbl. C MOMOLLI NPOrPamMMHOro MOAYNA OCYLLECTBAANNUCL YNpaBaeHne
3aMyCKOM W3MepeHui, nosydeHne n unpposas 06paboTKa pesynbTaToB U3MEPEHUN, B YACTHOCTY,
dunbTpaLMA pesynbTaToB U3MEPEHMI, NOYYAEMbIX OT AAaTYMKOB. MNoapobHOe onucaHne reomeTpuye-
CKMX Pa3MepoB JIOTKA, XapaKTEPUCTUK BOSIHOMPOAYKTOPA U n3MepuTeNbHbiXx Npnbopos npmeeaeHo B
pabote [9].

BEOJTHONPOIYKTOD

1 }
5B IKpAH tga =002

Puc. 1. Cxema N0TKa U pasmeLLieHe U3MepPUTE/IbHbIX YCTPOMCTB: B - BosHOMep,
[ - patymk gasnenus; N6 - mogens nnasyyero sHeprobsoka

B HacToAwwel paboTe nccneayetca B3aMMOAENCTBME BOIH Pa3/IMYHOM aMNIUTYAbl TO/IbKO C 3KPAHOM,
T.e. B oTcyTCTBUM Mogenm MNIB. Ons 3Toro cny4vas cxema pasmMelLeHma U3MepPUTEbHbIX YCTPOMCTB U30-
6parkeHa Ha puC. 2. B aKcneprMmeHTax ¢ HEMPOHMLLAEMbIM 3KPaHOM BapbMpPOBaIMCb aMNAUTYAa Habe-
ralowen BoIHbl M BEANMYMHA 3a30pa MEXAY AHOM U HUKHUM KOHLLOM 3KpaHa, KOTOpbIi pacnoniarancs
Ha PacCToAHUMU =9.2 M OT MEeCTa CTbIKOBKWM FOPU30HTaIbHOIO AHA C Iy6uHOoM 45 cM M NI0CKOro oTKoca
C YINOM HaKA0Ha, 3a4aHHbIM OTHOWeHMem 1:50.

&
2
192m BOJHOIPOIYKTOP

E‘ 10m

1688m 5,38 m S0m
R T At ] I s - 5
Ixpan tg o =0.02

Puc. 2. Cxema N10TKA C pa3meLLeHHbIM B HEM YaCTUYHO 3arybaeHHbIM HENPOHULLAEMbIM SKPaHOM

OAHOBPEeMEeHHO ¢ 1abopaToOPHbIMKU SKCMEPUMEHTAMM BbINOMHANOCH TaKKe YNCNeHHOe MOoaeMpoBa-
HUWe, KOTopOe MO3BOAAO A0NOMHUTL NabopaTopHble U3MEPEeHUA HOBbIMU AAHHbIMU B TEX TOYKAX, rae
AATYNKU OABAEHUA UAW BOSIHOMEPbI HE YCTaHaB/AMBAAMCh, a TaKXKe A4 TeX 3HaYeHWn onpeaensto-
LLMX MapamMeTpoB (BbICOTa BO/HbI, 3a30p MEXAY AHOM UM HUMKHUM KOHLIOM 3KpaHa, rmybuHa B mecte
YCTaHOBKM 3KpaHa, Yyron oTKoca), A1A KOTOPbIX 1abopaTopHble 3KCnepuMeHTbl He NpPoBoaAnaUCh. Ans
YMCNEHHOrO MCCAeA0BaHMA NpoLLecca B3aMMOAENCTBUA YeAUHEHHON BO/HbI C BEPTUKa/bHbIM 3Kpa-
HOM MCMO/b30Bafacb HEeANMHENHAA MOAENb MNNOCKUX MOTEHLMA bHbIX TeYEHUN naeanbHOW HeCKnma-
eMOM }KMAKOCTU CO cBOBOAHOM rpaHmLent. MOCKoNbKY NOBEPXHOCTb BOAbl MEHAETCA CO BpEMEHEM, TO
pacyeTbl BeUCb Ha aAanTUBHbIX CETKax, NOACTPaNBAIOLLIMXCA MO NOABUMHYIO CBOBOAHYIO rpaHuLy U
HepoBHOe AHO. KOHeYHO-Pa3HOCTHAA CXemMa Ha NOABUNKHOM CeTKe M aNropUTM peLleHUs Pa3HOCTHOM
3aga4m onucaHbl B [11].
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B pabote [9] popma cBO6OAHOM rpaHULLbl U KOMMOHEHTbI BEKTOPA CKOPOCTU UAKOCTU B HaYalbHbIN
MOMEHT BpeMeHM 334,3aBasInCb N0 aHaAUTUYeckum dopmynam [11], onucbiBaloWmMM yeAUHEHHYO BO-
HY, pacrnonaraslUyrOCA Haj, FOPU30HTa/IbHbIM AHOM B [OCTaTOYHOM YAA/EHUU OT UCCaesyeMbiX 06b-
E€KTOB. B 3KCnepumeHTax ke creHepupoBaHHaA BaKyyMHbIM BOJIHOMPOAYKTOPOM BOJIHA OT/IMYaeTca
OT OAMHOYHOTO CO/IMTOHA Ha/IMYMEM AMCNEPCUOHHOTNO «XBOCTa» - Lyra BO/IH MeHbLUel aMmnanTyapl,
OBUKYLLMXCA BCAes, 32 OCHOBHOW BOMIHOW. OTnMYMe B MexaHM3Max reHepauumn Haya/bHOW BOJIHbI B
3KCMepUMeHTe M pacyeTax Nnpueoauao [9] B HEKOTOPbIX CAy4Yasax K BeCbMa 3aMETHOMY OTK/IOHEHUIO
3KCMEPUMEHTA/IbHbIX M PACYETHbIX AAHHbIX KaK Mo Be/MYMHAM 3amjeckoB Ha Mccaeayemblii 06beKT,
TaK 1 N0 3HAa4Y€HNAM BOJIHOBOIO AaB/1EHNA B TOYKAX PAaCNO/I0XKeHNA OaTYNKOB. B HaCTOﬂU.LEVI pa60Te Ha-
YasNbHaA BOJIHA B pacyeTax reHepupyeTca C MOMOLLbIO MOAENbHOMO «BOIHONPOAYKTOpa». MocnegHui
npeacTaBnseT coboi pacnofoXKeHHyto cnpasa (cMm. puc. 3) NPAMOYroabHY 061acTb, 3aMOHEHHYIO
BOZOM [0 334aHHOI0 YPOBHA W OTTOPOMKEHHYHO OT JIOTKA TOHKOM BEPTUKANbHOW CTEHKOM, KOTOpas B
Haya/bHbIA MOMEHT BPEMEHN MFHOBEHHO MOAHMMAETCA BBEPX Ha BbICOTY, PaBHYO Be/lMYMHE 3a30-
pa mexay AHOM W nepefHel CTEeHKOM peasibHOro BOMIHOMPOAYKTOPA. BbiTeKatolan 13 saToro 3asopa
BOJA W reHepupyeT HavyabHYI0 BOJIHY B YACJEHHOM 3KCnepumeHTe. MIcnonb3oBaHWe MOXOXUX MeXa-
HU3MOB reHepaLMM HayaibHOW BOJIHbI NMPUBEJIO K XOPOLLEMY COMIACOBAHMIO 3anucell Ha BONHOMepax
(cm. puc. 4) n B KOHEYHOM UTOTE K BMOJIHE YA0BNETBOPUTENIbLHOMY COOTBETCTBUIO SKCNEPUMEHTANbHbIX
M pacyeTHbIX Pe3y/1bTaToB.

N, e n, cu

0 e H 8 12 ;e

Puc. 4. dKcnepumeHTanbHble (CNeBa) M pacyeTHble (cnpaBa) 3HAYeHWA BO3BbILEHMA
csoboaHoi nosepxHocTn M = 11(t) B MecTe pacnonoxeHns sonHomepa B,

HEKOTOPbIE PE3Y/IbTATbI UCC/TIEQOBAHUA B3AUMOLENCTBUA BOJH C MPEFPALAMM

MpvBeLem BHavae KpaTKoe OnucaHue pes3ynbTaTtos BepuduKaLlmm HoBOro cnocoba reHepaLMm BOH B
UYMC/IEHHbIX pacyeTax Ha HOBbIX IKCMEPUMEHTA/IbHbIX AaHHbIX, NonydYeHHbix B 2011 r. B ®unnane OAO
«26 LULHNW» npun nccnepoBaHmnm HakaTa BOAH Ha BEPTMKA/IbHYO Nperpaay, 3amMblKatoLLyo NOAOTUI OT-
Koc. HenpoHuuaeman nperpaga npeactaBnseT coboi LWNYHTOBYO CTEHKY, 3a4eM1aHHY0 B POCTBEPK C
YCTaHOB/IEHHOWM Ha HEM BOJIHOOTOOMHOM CTeHKol (cm. puc. 5). MNepea pasmelleHMeM nperpaapbl B aK-
CNepUMeHTaIbHOM IOTKE NPOBOAMAACH TAPUPOBKA NOCAELHErO C Le/iblo NoA60pa TaKoro HavyaibHOro
YPOBHSA BOAbI B BOSIHONPOAYKTOPE, KOTOPbIN 0becneymnsaeT B NpesnosaraeMomM MecTe YCTaHOBKU CTEH-
KM BbICOTY Npoxogsaiein BonHbl B 17.0 cm (wTpuxoBas AnHKMA (1) Ha puc. 6). OTMETUM, YTO B SKCNepu-
MeHTax co3gaHne 6oee BbICOKOro YeM B NOTKE YPOBHS BOAbI B BO/IHOMPOAYKTOPE OCYLLLECTBAAIOCH 32
cuyeT 3abopa BOAbl M3 N0TKA, YTO NPUBOAMUIO K MOHUMKEHUIO YPOBHSA CMOKOMHOIO rOPM30HTA B SIOTKE Ha
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Hayano onbiTa NPUMepPHO Ha 1.6+2 cm. IT0 06CTOATENLCTBO YUMUTLIBANOCH U MPU NPOBEAEHUN BbIYY-
C/IUTENbHbIX SKCMEPUMEHTOB, YTO BUAHO MO rpadmKam mapeorpamm Ha puc. 6, KOTOpble HaYMHaKTCA
HU¥Ke HYNeBOW OTMETKM.

Ha puc. 5 nokasaH Tak:Ke npouecc HaberaHMs creHepMpoBaHHbIX BOJH Ha CTEHKY. BMaHo, 4TO XOTA
OTKOC M AB/IAETCA OYeHb MOJIOrMM, TEM HE MEHee, NPU ABUNKEHWUM HaL HUM FO/I0BHOI BOJIHbI €e am-
NAMTYAa NOCTENEHHO BO3PacTaeT, NoCAeAyHoLWMiA 3aMn1ecK Ha CTEHKY NOYTU BTPOE NpeBblwaeT aMnau-
TyAy BOJIHbI NPW OTCYTCTBUM Nperpaabl (CpaBHM Mapeorpammbl 1 1 2 Ha puUc. 6), NOCAE OTPANKEHUA OT
CTEHKM BO3HMKAET C/IOMKHAA KapTMHA B3aMMOAENCTBMA ABUMKYLLMXCA B MPOTUBOMNO/ONKHbIX Hanpasse-
HUAX OTPaXKEHHOW roNI0BHOW BO/HbI M BOJIH AMCMEPCMOHHOIO «XBOCTa». Ha puc. 6 npuBeaeHo Takke
COMoCTaB/IeHNE MO MOKa3aHUAM AATYMKOB AABJEHWUA IKCMEPUMEHTAIbHbIX M YNCAEHHbIX PE3Y/1bTaToB,
CBMAETENbCTBYIOLEE 06 MX XOPOLLIEM COOTBETCTBUM.

EonHooTfofiHad cTeHKE
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Puc. 5. B3aumogeiicteme HaberatoLLel BOMHbI C BEPTUKANbHOM Nperpasoit. Cnesa - BEPTUKAIbHASA CTEHKA C AaTYMKAMKU
[aBNEHUA, CNPABA - CXEMA pacyeTHol obnacTu (BBepxy) M AuHaMMKa cBO6OAHOM NOBEPXHOCTM (BHU3Y)
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Puc. 6. B3saumogeiicteue HaberatoLei BoHbI C BEPTUKaNbHOM nperpagoi. Cnesa - mapeorpammsl n=n(t) 8
MeCTe YCTaHOBKM CTEHKM NpW ee OTCyTCTBUM (1) M Hanuuuum (2); cnpasa - NonyYeHHble YNCAEHHO rpadu-
K 3aBucmocTun p=p(t) AaBneHus ot BpemeHu Ha aatuvkax [3 v [15, ropusoHTaNbHOM YepToil oTMmeYe-
HO MaKCMManbHOe 3HaYeHWe AaBNeHUsA, NOYyYEeHHOE B IKCNepUMeHTe
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MpuBeaem HeKOTopble pe3yabTaTbl UCCAeA0BaHNI B3aUMOLENCTBUA BOJIH C IKPAHOM. DKCNEPUMEHTbI
NPOBOAM/NUCL MPU Pas/IMYHbLIX 3HAYEHWUAX 3a30pa Z, MENAY HUMKHUM KOHLOM 3KpaHa U JHOM U
PasNNYHBIX aMNAUTYAaX & HaberatoLlen BoaHbl. Ha puc. 7 noKasaHbl rpadyKm BO3BbIWEHWA cCBOBOAHOM
rpaHu1LLbl NPK 3HAYEHNAX 8 =5 CcM U Z, =7 CM B TOM BPEMEHHOM MPOMEXYTKe, KOr/ia roNI0BHas BONHA
NOAXOAMT K 3KpaHy M B3aMMOAEWCTBYET C HUM. BUAHO, YTO HanuuMe CUAbHO 3arnybaeHHOro sKpaHa
NPUBOAMT K MOABAEHUIO CUCTEMbI OTPAXKEHHbIX OT HErO BOJIH, OA4HAKO Hab/oAaeTca 1 npoleallas 3a

3KpaH BOJIHa 3HauYUTENIbHOM aMnAAnUTYAbl, XOTA 3a30p Z, COCTaB/IA/l B 3TOM 3KCNePMMeHTE nLLb 25% ot
I'J'IY6MHbI B MecCTe YCTaHOBKU 3KpaHa.

S

Puc. 7. Bzaumopeiicteue Haberatolel BoMHbI ¢ 3KpaHoM. CneBa - popma BO/HbI, MpoxoanLLeit
NOZ YaCTUYHO 3ar1y61eHHBIM HEMPOHMLLAEMbIM 3KPaHOM, B YETbIpe NOC/eA0BaTeNbHO
BO3paCTalOLWMX MOMEHTA BPEMEHMU, CMPaBa - AMHaMMUKa cBOBOAHOW NOBEPXHOCTH

Ha puc. 8 nokasaHbl rpadrKm 3anuceit Asyx BOTHOMEPOB, OAMH M3 KOTOPbIX pacnosaraaca Henocpea-
CTBEHHO Nepes, SKPaHOM, APYroM - 33 3KPaHOM, Ha yaaneHuun 3.1 m oT Hero (cm. Takxke puc. 2). Ona
nepBoro BoJIHOMEpPa MMeeT MeCTO OYEeHb XOpOoLlee COOTBETCTBME IKCMEPUMEHTANIbHBIX M PACYETHbIX
AaHHbIX MO MaKCMMa/IbHbIM 3HAaYEHWAM BO3BbIWEHWA, A1 BTOPOro HabatogaeTca oTindne npumepHo
B 10 %, 4TO CBA3AHO C TEM, YTO NP MaIOM 33a30pe BA3KOCTb U LIEPOXOBATOCTb [iHA, HE YYMTbIBaEeMble B
MCNONb3yeMOM MOAENN UAeabHOM }KUAKOCTU, HAUMHAOT OKa3biBaTb 3aMETHOE BJMAHWE HA CKOPOCTb
NPUAOHHOIO NOTOKA, 3aMeA/IAfA ero B y3KOM 3a30pe nog, 3kpaHoM. OTMETUM, YTO B IKCMEPUMEHTAX C
BO/IHAMM 60/1bLION aMANUTYAbI U MPU CUABHOM 3ar1y61eHUN 3KPaHa OT/IMYME ONbITHBIX U PacYeTHbIX
AaHHbIX MO MaKCUMaNbHbIM 3Ha4YEHNAM BO3BblLLEHUA Ha AaTunke B,, pacnonokeHHOM C TbinbHO CTO-
POHbI 3KpaHa, goctmrano 20 %.

n, cm n, em
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0 5 10 ™ 15 0 3 10 te 13
Puc. 8. dKcnepumeHTanbHble (CIOLWHbIE IMHWM) W PacyeTHble (LUTPMXOBbIE NMHWUKM) Mapeorpammbl N=n(t)
Ha BonHomepax B, (cnesa) n B, (cnpasa). z,=8 cm, a=10.2 cm

Mcnonb3oBaHHble B HacToALLEN pa60Te 3KCNnepunmeHTasbHble U YUCNEHHble MEeTOAUKU B3aUMHO
AONONHANW Opyr Apyra, No3BoaAA NOJiy4aTb PaA3HOCTOPOHHee ONnucCaHue ABNeHUA B LWNPOKOM
AMana3oHe onpeaenawmx napameTpoB. Ha ocHoBe BbINONHEHHbIX nccnenoBaHUn YCTaHOB/1€HbI
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cnepylolMe KayecTBeHHble 3aKOHOMEPHOCTU. MpY NPOYMX PaBHbIX YCOBUAX YBEUYEHME aMNANUTYAbI
Haberatowen BONHbI BEAET K YBEINYEHWNIO aMNIUTYL OTPaXKEeHHbIX OT 3KpaHa BOJIH M MpoLueaLwmnx 3a
Hero BOJIH. YBeimyeHune 3a30pa Z, NPMBOAMUT K POCTY aMMIMTYAbl NpoLIeALlei BONHbI U YMEHbLUEHUIO
OTpaH(eHHOVI BOJIHbI. an YMeHbLUEeHNN Ze MaKCMa/ZibHble 3Ha4YeHMA 3anjieCkoB U AaB/ieHNA Ha
NINLIEBOM rPaHK 3KpaHa PacTyT, a Ha TbIIbHOM - NagatoT. Mpu bonblwom 3arnybneHnn sxkpaHa 3asop Z,
CTAHOBWTCA CTO/Ib MaJibiM, YTO B3aMMOAENCTBME BOJIHbI C SKPAHOM MPOMUCXOAMUT MOUTU TaKKe, KaK npu
ee HaKaTe Ha BEPTUKa/IbHYH CTEHKY, Pa3MELLLEHHYHO Ha OTKOCe.
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Kapenosa E. [.%, Llatidypos B. B.*, flemeHmesesa E. B.
YUCNEHHOE PELLEHUE 3AIAYU HA ACCUMUNALIMIO AAHHbBIX
HABNOAEHMA ANA YPABHEHUIA MENTKOW BOAbl

We formulate the observation data assimilation problem in a domain of arbitrary form with the sufficiently smooth
boundary on a sphere. To solve our ill-posed inverse problem an approach, based on optimal control methods and
adjoint equations theory, is used. We consider two family of optimal control problem with regularization to deter-
mine of minimum of calculating error between numerical free surface level and observation one with respect to
some special norm. The iterative numerical method to solve our problem is suggested.

BBEAEHUE

Mogaenu menKoi Bogbl XOPOLLO ONMCbIBAOT BONLLLOW KPYr NPUPOAHbIX ABAEHWM, TAKMUX KaK KpynHoO-
MacLTabHble NOBEPXHOCTHbIE BO/IHbI, BO3HMKAIOLWME B MOPAX M OKeaHax, LlyHamMu, NPUIUBHbIE Teye-
HWA, NOBEPXHOCTHbIN 1 PYCNOBOW CTOK, rPaBUTaLMOHHbIe KonebaHMA NoBepXHOCTM OKeaHos [1,2].

B pabotax [2,3] paccMOTPEHO YMCAEHHOE MOAENNPOBAHME NOBEPXHOCTHbIX BOJH B 60/bLUMX aKBaTO-
puax c ydetom chepuyHocTn 3eman 1 yckopeHuna Kopronmnca Ha ocHOBe ypaBHEHUI MeKol Boabl. B
pabote [2] ana anddepeHumanbHOM NOCTAaHOBKM 33434M BbIBEAEHbI MONE3HbIE ANPUOPHbIE OLLEHKU,
obecneunBalowme yCToMuMBOCTb PELLIEHUA N OAHO3HAUYHYI0 PaspellnmMocTb 3a4a4n. B [3] anna atoi ke
3a/1a4M NOCTPOEH METO/, KOHEYHbIX 3/1eMEHTOB, A/19 KOTOPOro MosyyeHbl HeobxoAnmble anpuopHble
oueHKW. TaM 3Ke NpuBeaeHbl pe3yibTaTbl YACAEHHbIX SKCNEPUMEHTOB Ha MOAENbHbIX CETKaX A1A aKBa-
Topuii OXoTcKoro mops n MMpoBOro okeaHa.

B [4] npoBeneHo vccnepoBaHne 3PpPEKTUBHOCTM HECKONBbKMX Mapanne/bHbiX peanv3aunin anroput-
Ma YMCNIEHHOTO peLleHUsA Haya/lbHO-KPaeBOlM 3afaun ANA YPaBHEHWA MENKON BOAbI, BbIMONHEHHbIX
C nomolbio 6ubnmotekn MPI gns asbika Cu. PaccmoTpeHo ABa Noaxoda K AEKOMMO3ULMN BbIYMUCIU-
TesibHOM 061acTh U ABe CxeMbl peanm3aLmm AByXToyeyHblx 06MeHOB B anroputme. MpueeaeHbl cpas-
HUTENbHble Pe3yNbTaTbl YCKOPEHMA BbIYMCIEHUI B 3aBUCMMOCTM OT KOIMYECTBa NpoLeccos, cnocoba
peanu3aumm KOMMYHWKauuin, cnocoba AeKOMMNO3ULUKN BbIYUCAUTENIbHON 06NaCTU, apXUTEKTYPbI Kna-
CTEPHOM CUCTEMDI.

ANOPEPEHLUAIbHAA MOCTAHOBKA 3A4A4YU

PaccmoTpum 3agady B cieaytollei noctaHoBke. [Ins cTaHA4apTHOW chepryeckoit cuctembl KOOpaMHAT
(r,A,6) c Hauanom B LEHTpe 3eMHOro Wwapa byaem UCNoNb30BaTb BMECTO yrna 6 reorpaduyeckyto
wupoty ¢ =7 —6,Takuto 0 < @ < 7. Yepes A obo3HaueHa reorpaduyeckas gonrota 0< A <27 Mo-
naraem Bctogly I = R., rae R; - pagnyc 3emnu, KOTOPbI CYUTAETCA MOCTOAHHBIM.

Chopmynmnpyem 3agady o pacnpocTpaHeHMM AANHHBIX BOAH B aKBAaTOPUK cnedytolwmm obpasom. Myctb
Q) - 3apaHHanA obnactb Ha cdepe c rpaHnuen I'=T", UT',, rae T’} - 4acTb rpaHmubl, NpoxoaALlan BAob
6epera,a I, ="' \ T, - 4actb rpanHuupl, npoxoaawan no mopto. O603HauMm yepes M, u M, - xapakTe-
pucTMYeckme GyHKLMM COOTBETCTBYHOLLMX YHACTKOB rpaHmLbl. He Tepas 06LHOCTM MOXKHO CUMTaTb, YTO
Toukn @ =0 u @ =7 (nontoca) He BxogaT B Q. OTHOCUTENbHO HEU3BECTHbIX GpyHKuMiA U =U(t, 4, ),
v=V(t,4,0) n E=E(t, A, 9) 3anmwem B Qx(0,T) ypasHeHua 6anaHca MMNYyNbCOB U ypaBHeHue k
HepaspblBHOCTM [1,2]:

1 UHCTUTYT BbluMcanTenbHoro mogenmposanma CO PAH, KpacHosapck, Poccua
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éu o

—=Ilv+mg—=-R,u+ f,

6’[ g@ﬂ f 1

—:—Iu+ng%—Rfv+ f,, (1)
ot op

% _ m(i(Hu)+i(1 HV)]-F f,,
o \oa dplm

rae U, V - KOMMNOHEHTbI BekTopa ckopoctv U no ocam A 1 @ cootBeTcTBEHHO; & - OTKNIOHEHWE CBO-
6oaHOM NoBepxHOCTU OT HeBo3myleHHoro yposHsa; H(A,¢) >0 - rybuHa Bogoema B Touke (4,9);
¢yHRuMA R, =1, |U|/H yuntbiBaeT cuny TpeHus o AHo, I, - KoadpdULMeHT TpeHus; | =-2wcosg -
napametp Kopwuonuca; m=V(R.sing); n=1R.; g - yckopeHue cunbl Taxkect; f, =T (t,4,9),
f,=1,({t,4,¢) n f,=1,(t,4,¢) - 3apaHHbIe GYHKLUM BHELIHNX BO3AEACTBUNA.

[PaHWuHble yCI0BUA PAaCCMOTPUM B CIEeAyIOLLEM BUAE:

HU, + Bm,\[gHE =m,\[gHd Ha T'x(0,T) (2)

n o o
rae U, =U-n, n=(n,—n,) - BeKTOp BHeLLHel Hopmanu K rpanuue; S €[0,1] - 3apaaHHbIl napameTp,
m

d =d(t,4,p) - 3aaaHHanA rpaHUuHanA GyHKUMA, onpeaeneHHan Ha rpanHuue T, .
3a[aMM TaKKe Hadya/ibHble YCI0BUuA

u(0,4,9) = Uy (4,9),V(0, 4,0) = Vo (4,9),5 (0, 4,9) = & (4,9). (3)

[na ouckpeTvMsaumm no BpemeHu pasobbem BpemeHHoi oTpesok [0,T] Ha K wuHTepsanos:
0=t, <t <..<t, =T cwarom 7=T/K. Annpokcumupyem npou3sBOAHblE MO BPEMEHMW /IEBLIMM
pPa3HOCTAMM U paccMoTpuM cuctemy (1)-(2) Ha BpeMeHHOM UHTepBane (tk ,tkﬂ). Monaras, 4To JOHHOE
TPeHWe 33JaeTca C NpeapblayLero BPeMeHHOro €105, NONYYUM CUCTEMY JIMHENHBIX anrebpanyeckux
YPaBHEHWI 3NIMNTUYECKOTO TUMA.

MockonbKy B 06Llem caydae ¢yHKUMA d HemM3BecTHa, TO A1A 3aMblkaHuA 3agaum (1) - (2) paccmo-
TPMM ypaBHEHWE 3aMblKaHWA, 3a4aHHOE Ha HEKOTOPOW YacTu rpaHuubl I, € XapaKTepucTUYecKomn
byHKUuMen m,:

mog = fobs ’ (4)

rae Sos € L,(I7) - 3aAaHHan (Hanpumep, No AaHHbIM HaboAeHNit) GyHKUMA. Takum obpasom, and-
depeHLManbHan 3a4a4a Ha KaxkaoMm Liare no BpeMeHn MOXKeT 6biTb chOpMyNMpPOBaHa, KaK 3a4a4a Ha
YCBOEHWE JaHHbIX HabnogeHui cneaytowmm obpasom [2].

Myctb &, 3apaHa Ha [, dyHkuma d HenssecTHa Ha [, n paBHa Hy/o Ha I\ Haittu u, v, £, d, yoos-
netsopsaowme cucteme (1), rpaHUUYHOMY YCI0BUIO (2) M YCNOBUIO 3aMblKaHKA (4), Ha KaXKAOM ware no
BpemeHu (tk,tkﬂ).

[Ons peweHuna 3agaum 6bl1a NpMMeHeHa TEXHOMOMMA, onucaHHana B [5]. PaccmoTpeHo aBa cemeicTsa
3aZa4 ONTUMA/IbHOIO YNPaBAeHUA, OTIMYAIOLLMXCA BUAOM WTPAadHON GYyHKUUM B PYHKLMOHANE CTOU-
MOCTH, A/1A OTbICKaHUA MUHUMYMa B HEKOTOPOW HOPME NOTPELLHOCTU MeXAY UCKOMbIM BO3BbILLEHMEM
cBO6OAHOWM NOBEPXHOCTU U HABAOAEHHBIM C perynapusaLme.

3apava. Nycts & 3apana Ha [, Ana kaxgoro a >0 waitm @, =(u,,v,,¢&,) d,, yaoenetsopsio-
Lwme cucteme

Ld, =F 5Q,

HayaNbHbIM AAHHbIM (3), FPaHUYHOMY YCIOBUIO (2) U MUHUMU3MPYIOLWMIA GYHKLMOHAN CTOMMOCTHU Of-
HOrO 13 CleytoLLIMX BUAOB:
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T, 6, ) =5 g o et dds + [mJg (&, ¢, ) ds (5

T8, () =S| afm gt (ag’
r

2
Sa ] ds+‘£m0\/g_H(§a = Cons )2 ds (6)
[na peleHna 3a4a4m NOCTPOEH UTEPALMOHHbIN YNCNEHHbIN METoA, BOCCTAaHOBAEHWUA rPaHNYHON dyH-
KUMM U, CnefloBaTeNbHO, pelleHus obpaTHoW 3agauv B obnactu. MeTos, COCTOUT B UTEPALLMOHHOM
YTOYHEHMM FPAHUYHON GYHKLUKN NYTEM YUCAEHHOTO PELIEHUA NOoC/ieA0BaTeIbHO MPAMOI U CONPANKEH-
HOW 3a4au.

YucneHHoe pelleHne NpAMOI n 06paTHOM 3a4a4M OCHOBAHO HAa MeTOAE KOHEYHbIX 3/IEMEHTOB.
PaccmoTpuM HeKoTopyto cornacosaHHyto TpuaHrynaumio T ={@ } " o6nactn Q, coctoAuyto U3 HeBbI-
POXKAEHHBIX TPEYTONIbHUKOB C NPAMOJIMHEMHBIMU CTOPOHAMM B KOOPAMHATAX A U @ W cofeprKallyio
obnactb 2. CeTka B 06LEM C/ly4ae MOXKET OblTb HECTPYKTYPUPOBAHHON, HO 06A3aTeIbHO ABAAETCA
COI/1TAacOBAHHOM, T.e. Kaxaoe pebpo nmbo ABNsSeTCs CTOPOHOM ABYX TPEYrosbHMKOB, IMB0 CTOPOHOM
OZHOTO TPEYro/ibHUKA, HAaXOAALLENCA Ha rpaHuLLe 061acTu.

[Ons 3apaum 6610 chopmynnposaH meton bybHoBa - ManepkuHa [3]. B pesynbtate nonyuymam cuctemy
NIMHENHbIX anrebpanyecknx ypaBHeHuin. B pabote [3] AOKa3aHbl anpUOpPHbIE OLEHKM, XapaKTepusyto-
LLMe YCTOMYMBOCTb, A TaKKe NOKa3aH BTOPOM NOPALOK CXOAMMOCTU PELIEHUI B HOPME.

YUCNTEHHDBIE SKCNEPUMEHTbI MO BOCCTAHOB/TIEHUIO AAHHDbIX C TPAHULLbI

PaccmoTpym B KauecTBe pacyeTHoW 06/1acTh akBaTopmio OXOTCKOrO MOPA U Npuaerarowmin K Kypusb-
CKMM OCTPOBaMm y4acTok Tuxoro okeaHa. ObnacTb orpaHuyeHa «kBagpatom»: Q=[42°,62°"]Jc.w.x[135°,
162°] B.A4., ee }KMAKanA rpaHMLa npoxoauT Bgonb A =161,1° B.4. uBgonb @ =41,5° c.w. 3gecb 1 fanee,
4ns ynoberea no ocAsm A M @ BMECTO pagmMaHHbiX Mep NPUBOAATCA rpasycbl BOCTOUHOW AO/TOTbI U
CeBepHOM WMPOTbI, COOTBETCTBEHHO.

TecToBble pacyeTbl 4N1A akBaTOPMM OXOTCKOrO MOPSA NPOBOAMIUCE HA CETKAX, MOArOTOB/EHHbIX HA OC-
HOBE OTKpbITOM baTumeTpuyeckort 6a3sbl gaHHbIx ETOPO2 [6]. B paccMOTpeHHOl ceTke YMcio Y3108
N, ,=47652, a uncno TpeyrosbHbix anemeHTos N, =86452 (pnc.1).

i

Puc. 1. O6wmii BUA CETKM ans akBaTopmm OXOTCKOro mops

MocKoAbKy B 06LeM C/iyyae A1a HeCcTaLMoHapHOM 3a4a4m HavasibHble AaHHble He M3BECTHbI, a paccma-
TpvBaemas npoueaypa He npegnoaaraeT BOCCTaHOBNEHMS HavaibHbIX AaHHbIX, TO B Q 6blia nocTas-
NeHa cneayowan 3agada.
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CHayvania npu 3aaHHOW Ha BCei rpaHuue no mopto dyHKumm d

A=-2) [e-0,)
d(4,9) = Aexp| — L 0 (7)
(4. 9) P D 2D j

pelanach 3aZa4a Ha ycTaHOB/eHMe. YCTaHOBMBLUEECA peLleHMe MPUHMMANOCh B Ka4yecTBe HauyaibHbIX
[aHHbIX, 33 JaHHble «HabnoaeHW» Ha rpaHuue I, NPUHUMAANCL 3Ha4YeHnA cBOOOAHOIN NOBEPXHO-
cm £ 13 ycTaHOBMBLLErocs pelleHus, a 3HadyeHus dyHKummn d «3abbiBanuch».

LLeNbio YMCNIEHHOTO 3KCNePUMEHTa ABAANOCH BOCCTaHOB/IEHWE GyHKLMM d MO BCel KUAKOM rpaHuLe Ha
OCHOBE AaHHbIX «HabAEHNNY.

[Ons storo, HaumHas ¢ d = 0, Bclogy Ha rpaHuUe No Moplo BocCTaHasimBanack d no npeasaraemomy
NTEPaALUOHHOMY asiropUTMY.

Ha puvc. 2 nokasaH npumep pelleHunsa NPAMOM 3a4a4M Ha YCTaHOB/IEHWE B C/lyYae 3a4aHuna GyHKLMK d
B BMe (7) Ha obeunx cTopoHax rpaHuLpbl B TMXOM OKeaHe. PUCYHOK AeMOHCTPUPYET pesy/bTaTbl, NOAY-
yeHHble ana £ B Havane cyeta (Yepes 8 MUHYT) U B ero KOHLLe, KOrga npoLecc yctaHaBansaeTca 3a 50
MWHYT.

1;5‘ !
o 145

- 150
s .’mbd 155

140

=~ 4

150 oy
Ty 155 =
ba 160 160

Puc.2. PeweHna Npamoii 3a4a4m Ha yCTaHOBAEHME: 3HaUeHNA & B MOMEHT BpemeHM t=8 MUHYT 1 t=50 MuHYT
Mcnonbsyemas npouenypa yCTaHOBNEHUA aeT B KayecTBe AaHHbIX HabnoaeHni GyHKLMI0 XopoLluei
rnagkoct. O4HAKO peanbHble AaHHble HAabMAEHUI TaKoM ragKoCTbo, KaK NpaBuo, He 0biajator.
B cBA3M C 3TMM B HEKOTOPbIX IKCMEPMMEHTAX Ha MOJyYEHHbIE MOC/AE YCTAaHOBAEHUA 3HaYeHusa & Ha
rpaHuue I, 6b11 HanoxeH «benblii lWym». 3aTem 3allymieHHble 3HaueHua £ Bpanunch B KayecTse Ha-
61104aeMbIX AaHHbIX (puc. 3, a). bonee TOro, B YacTM 3KCNEPUMEHTOB PACCMaTPUBANUCL AAHHbIE Ha-
61t04eHNI C NPOMNYCKaMM, T.e. 3aAaHHble TO/IbKO Ha YacTu rpaHuLbl No mopio (puc. 3, b).

Takmum o6pa3om, 3a4aqa peLanach C UCNOIb30BaHMEM ABYX Pa3/IMUHbIX GYHKLMOHAI0B cToMmocTu (5)
1 (6) B ABYX Pa3/INYHbIX MOCTAHOBKaX.

2
a 2 ——xi exact ) N xi exact
15 N . 15 = . .
——xi + noise \ ——Xi_obs with
10% : gaps

S A N A

I!
42 44 45 48 50 52 54 42 43 50 52 54
phi phi

Puc. 3. [laHHble HabntoAEHWUI Ha OAHOM U3 KUAKNUX rpaHuL, Q: a) - rnagkue v 3aWwymneHHble, b) - 3aaHHble Ha YacTu rpaHULbl

1. BoccmaHossneHue ¢ «3awymaeHHbIMU» OaHHbIMU Habao0eHul. «benblit Lym» yaoBneTBopseT cie-
Jylowemy yCI0BMIo: BeAnYMHa Wyma, gobasasemas K Kaxaomy 3HadeHuio d, He 4o/1KHa npeBblwaTth
3a[,@HHOrO NPOLEHTa OT BeANYMHBI camoro &. Ha puc. 2 u 3 ans dyHKumMoHanos (5) u (6) cooTseTtcT-
BEHHO MOKa3aH NpoLecc BOCCTAHOBNAEHUA GYHKUMIA d u & ana 10%-Ho 3allyMIeHHbIX AaHHbIX HabAto-
OEeHUI.
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PeweHue 3a0a4u ¢ hyHKYuoHasnom cmoumocmu (5). BocctaHoBneHne npowmsolwno 3a 19 utepauuii.
Ha puc. 4 BUAHO, YTO B NPOLECCe BOCCTaHOBNEHUA & CTPEMUTCA K 3allyMIEHHbIM 3HAYEHUAM, T.e. K
3a@aHHbIM HabnogaemMbim AaHHbIM,. B aTom ciyyae ¢yHKuma d okasanacb oYeHb YyBCTBUTENbHOM K
BHECEHHbIM NOrpeLHOCTAM B A@HHble HabAAeHMIA, BNAOTb A0 NOTEPU TMAAKOCTM, NPU 3STOM OTKJIO-
HEHME OT TOYHOTO pelleHnn rpaHndYHoN GpyHKuMKM d B HEKOTOPbIX TOUYKax Aocturaet 23%. OTmeTum,
4TO MpU 3TOM OLMBKa B paBHOMEPHOI HOPME BOCCTAHOB/IEHHOTO YPOBHA cBOHOAHOW NoBepxHocTH &
MmeeT nopagok 107,

a e ). 2

it

45 1,5
——1g —-1g
- 1: % === gxact * D; fﬁ\\l\\ = gxact

42 as 46 43 50 52 54
phl phi
Puc. 4. NtepaumnoHHoe BoccTaHosneHMe GyHKumii d (a) u & (b) Ha ogHOI M3 MuaKKX rpanny, Q ana
3alUYMNEHHbIX AaHHbIX HAbNOAEHUI. PYHKLMOHAN CTOMMOCTM B 3adade uMeeT Uz, (5)

PeweHue 300a4u ¢ hyHKYUOHAA0M cmoumocmu (6). BoccTaHoBAeHME Npousowno 3a 40 ntepaumit.
He cMOTpA Ha TO, YTO 06BEM BbIMMCAEHUI B AAaHHOM C/yyae 6osiblue, YeM B NpeablayLiem, UCMosib-
30BaHMe dyHKLMOHANA CTOMMOCTU (6) MMeeT NperMmyLLecTBa B IMaLKOCTU BOCCTaHaB/IMBAEMOMN QyH-
Kuun. U3 puc. 5 BMAHO, 4TO BOoCCTaHOBNEeHHAA GyHKUMA 0 coxpaHAeT ragKocTb ToUHoM (7), HecmoTpn
Ha BHECEHHble MOrpeLIHOCTU B AaHHble HaboAEHUI M BAM3KA K TOYHOMY pelleHuto. B otanumne ot
pe3yNbTaToB, NOAYYEeHHbIX A8 GyHKLMOHANa (5), BOCCTAHOBNEHHDIW HA rpaHuLe ypoBeHb & NPaKTu-
YecKu coBnagaeT He3aWyMAEeHHbIMU AAaHHbIMWU HabNOAEHWUN, T.e. MPU BOCCTAHOBAEHMMU MPOUCXOAMUT
CraKMBaHMe NOrPeLHOCTeN, BHECEHHbIX LLIYMOMY.

a) 45 gy b) 18

—— 1

—10 Jii\
25 /(f' \‘;‘i\ : :Sact - : :Sac:t
S I A e Y A\

éﬁﬁf %\\ P | @ — \

4.5 T T T T L T -0,2 T T T T T T
42 44 45 43 50 52 54 42 44 45 48 50 52 34
phi phi
Puc. 5. UtepaumnonHoe BoccTaHosneHme GyHkumii d (a) n & (b) Ha ogHOI M3 MuaKKX rpanny, Q ana
3alWYMAEHHbIX AaHHbIX HabaoaeHn. yHKLMOHAN CTOMMOCTM B 3agade umeert Bug, (6)

Xi

Th

2. BoccmaHogseHue ¢ 21a0KUMU OaHHbIMU Habo0eHUl, 300aHHbIMU HA Yacmu 2paHUYbl 10 MOPIO.
B uMCNEeHHOM 3KCMepUMEHTE pellasnach 3afada Ha BOoCCTaHoBAEHMWE GyHKUMKM d B Cydae, Koraa BClo-
[y Ha KMAKOM rpaHuue 6bliM 3a4aHbl ragKue gaHHble HabAAEHUI 33 UCKNIOYEHMEM MHOXKECTBA
ToYek, 06pasyoLLMX ABa HECOMPUKACAIOLWMXCA OTPE3Ka, BAONb MPaHMLbl MO MOPI, COOTBETCTBYHOLLEN
A=161,5°.

Mpu pelleHnn 3a4aum C UCnosib3osaHMem dyHKLUMOHana ctomumocTy (5) dyHKuma d BocctaHoBMAaCh
Wb B TOYKAX, rae HabnogeHus bbiiv 3agaHbl. B TOUKax, B KOTOPbIX AaHHble HabAoAeHUI O BO3BbI-
LWeHnn cBo60AHON NOBEPXHOCTM OTCYTCTBOBANM, 3HAaUYeHMA GyHKUMM d Ha NPOTAXKEHMMU BCero npoLiec-

Ca BOCCTaHOB/EHUA OCTaBa/IMCb NPAKTUYECKN HEU3MEHHbBIMU, PaBHbIMX MNepBOHA4Ya/IbHO 3a4aHHOMY
d=0.
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Pe3ynbTaTbl YUCIEHHOTO 3KCNEPUMEHTA C UCMOJ/Ib30BaHNEM QYHKLIMOHANA CTOMMOCTM (6) MOKasaHbl Ha
puc. 6. Tam ke n3obpakeH rpaduk AaHHbIX HabaoaeHU ¢ npobenamu. U3 pucyHKa BUAHO, YTO Npes-
Nnaraemblii METOZ, BOCCTAHAB/MBAET ypoBeHb cBO60AHOM noBepxHocTn & 1 GyHKumio d no Bcen xua-
KOM rpaHuLe, BKAOYAA TOYKKU, B KOTOPbIX AaHHble HabaoaeHWn He Bblan 3agaHbl. BoccTaHoBNEHME
npoxoauT 3a 142 ntepauum 1 4EMOHCTPUPYET XOPOLLEE COMIaCOBaHNE BOCCTAHOB/IEHHbIX 3HAYEHUI C
TOYHbIM peLleHNEM.

YuncneHHble 3KCNepPMMEHTbI NOKa3a/in ABHOE NPEenMyLLECTBO METOAA PeLleHMA 3a4a4M Ha BOCCTaHOB-
NleHMe C UCMosib3oBaHEM GYHKLMOHaNa CTOMMOCTHU (6). MeToa He TO/IbKO BOCCTaHOBM/ AaHHble Mo
BCEM KMAKOW rPaHMLE C YacTU rPaHuLbl, HO M OKa3ascsA yCTOMUYMBbIM K MOTPELIHOCTAM, KOTOpble Heuns-
6eXKHO BHOCAT U3MEpPEHUS.

a) : -~ b) 18
i AN ol AN e
” f K\ AN

42 44 45 43 50 52 54 42 44 45 45 50 52 54
phi phi

Puc. 6. UtepaumnoHHoe BoccTaHoBneHMe GyHKLmMii d (a) u & (b) Ha ogHOI M3 MuaKKX rpanny, Q ana
OaHHbIX HabaoaeHu ¢ npobenamu. PyHKLMOHAN CTOMMOCTM B 3agade umeeT Bug (6)

Xi
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KawupuH A. A.Y, CmaauH C. W.?

O YACNTEHHOM PELLEHWU NPOCTPAHCTBEHHbIX 3AAAY ANDPAKLIUA
HA CNEKTPE UHTETPA/IbHbIX ONEPATOPOB

We find the numerical solutions of the spatial stationary diffraction problems of acoustic waves with using the
boundary integral equations method on the spectrum of integral operators. The differential and integral state-
ments of the problems are not equivalent in this case. We propose a modification of the numerical method, which
provides the solutions of diffraction problems in integral statements. We give the results of the numerical experi-
ments, which illustrate the possibilities of this approach.

NUCXOAHAA 3AAAYA U UHTETPAJIbHBIE YPABHEHUA

PaccmoTpum TpéxmepHoe eBKIMA0BO NPOCTPaHCTBO R c opToroHanbHoOM cMCTeMOi KOOpAMHAT OX X X.,
3anoHeHHOe OAHOPOAHOW N30TPONHOM CPeAoii C NIOTHOCTBIO P, CKOPOCTbIO PACNPOCTPAHEHMUA aKy-
CTUYeCKMX KonebaHmii ¢, N KOIGGULMEHTOM NOTNOWEHUA Y, B KOTOPOM MMEETCA OrpaHNYeHHOe Npo-
M3BOJIbHOM 3aMKHYTOM NMNWKMLEBOM NOBEPXHOCTbO I 0AHOPOAHOE M30TPONHOE BKAOYEHUE C MAOT-
HOCTbIO P, CKOPOCTbIO 3BYKa C, M KO3ddMLMEHTOM nornowleHna v, Obnactu R? 3aHATbIe BKAtOYEHMEM
¥ BMeLatoLLeit cpefoii, 0603Haunm vepes Q n Q (Q, = R\Q).

Chopmynnpyem UCXOLHYHO 3a4ady.

3agava 1.1 (0606wWEHHAA nocTaHOBKA 3agauu andpakumnu). Hantn dyHKLMM ui(e)eHl(Qi(E)), yaoBneT-
BOPAIOLLME MHTErPa/IbHbIM TOXKAECTBAM
* 2 * 1
[ VUi Wi @x ki) [ UiViey dx=0 Wi € H3 (Qey). (L.1)

Qj(e) Qj(e)
YCNI0BMAM COMPSAXKEHMA Ha rpaHuLe pasaena cpea ns Q u Q,

(ui —Ue,p>r :(uo,},L)F Yue HY2(T), (1.2)

2

(n, BNy, = pNu, ) =(n, pu; ). VneHY* (D),
1 YCAI0BUIO M3IyYeHUsA Ha BECKOHEUYHOCTM

au, o=k, =o(|), x>, (1.3)
ec/u Ha rpanuue Bratodenna I 3agaHbl dyHkumm U eHY*(I) n u,eH V().
3pech ( ~>F - OTHoweHKe gsoncteeHHocTv Ha HY2(M)xHY(T), o6obwatowee ckanapHoe npoussese-

Hue 8 HY(T'), V' - KOMMNNEKCHO conpsxeHHas K V dyHKuma, NueHY4(T) - HopmanbHaa npoussoaHas U,
NoHMMaeMas B CMbIC/ie pacnpeaenennii [1], o - Kpyroas YacToTa KosiebaHui,

-1
Pie) =[pi(e)®(w+iyi(e))] , ki%e) =oa(o>+iyi(e))/ci2(e), Im(ki(e))zo.
3ameuanme 1.1. Ecan Im(k )=0, 1o U, € Hio, () .

OnpegeneHuns ncnoabyembix GyHKLUMOHANbHbIX NPOCTPAHCTB MMetoTcA B pabote [1].

Teopema 1.1 [2]. 3agaya 1.1 umeeT He 6o/iee OAHOTO peLleHus.
Beeném cnegytoume ob6o3HaveHumA

(Aea)0)= (G ) a), (Bea))=(NG(x).a) (1.4)
(Bi'(e)Q)(X)E<N(A)Gi(e)(xr)IQ>]., Gi(e)(x! y):exp(iki(e)|X—y|)/(4fc|x—y|)

1 BL, ABO PAH, Xabaposck, Poccusn
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PeweHue 3agaun 1.1 6yaem McKaTb B BUAE NOTEHLMAN0OB

U (x) =(AQ)(x), xeQ,, (1.5)
0 (0) = P (AN, +1) ") 00— (BiU, +U) ") (0, xe €,

rae geH™Y () - HenssecTHaa nnoTHocTs, U .eHY(T), u,eH(T'), p_=p/p, a 3Hakom “+” oTmeuatoTcA
npezie/ibHble 3HaUYeHNA COOTBETCTBYIOLLMX BblpaxeHuii Ha I', koraa x—I 13 obnactn Q.

ALpamu MHTErpasnbHbIX ONEPaTopPoOB 34eCh ABNAOTCA GyHAAMEHTa/IbHbIE PELIeHNUA ypaBHEHUI [enb-
Mro/ibLia U X HOPMaJsibHble NPOU3BOAHbIE, MOITOMY Ui YAOBIETBOPAIOT TOXKAecTBaM (1.1) 1 ycnosuio
nsnyyenus (1.3) ans U.. Kpome Toro, BbinosHeHME AR HUX NEPBOTO U3 YCNOBUI conpsakeHua (1.2) as-
TOMaTMYECKM BIEYET 32 COHOM BbINOSHEHME BTOPOrO YC0BUA CONpPAKeHua. MoacTaBnsasa noTeHumanbl
(1.5) B ycnosus conpsaxeHus (1.2), nonyyaem cnabo CUHTyNspHOE MHTerpanbHoe ypaBHeHne dpea-
ro/ibMa NepBeoro poga Ans onpeaeneHna HensBecTHOM NIOTHOCTY (:

((Ca).m), =(Vorm) Ve H¥(T), (1.6)

(Cq)(x) = ((05('% + peiAi)—’_(Bi,'% - peiABe))q)(x) ’

Vo (X) = ~0.5U4 (X) + P (At ) (X) = (Bitp ) (X). (1.7)
Teopema 1.2 [2]. Myctb U eHY*(T), u,eH™Y*(I), >0 nan o He aBnaeTca cobCTBEHHOI YacTOTOM 3a4a4m

Au+k2u=0, xeQ, u=0, xel. (1.8)

Toraa ypaBHeHue (1.6) KOPPEKTHO pa3pelwnmo B Knacce naotHoctel qeHY2(T) u dopmynsi (1.5) aatoT
peweHune 3aga4m 1.1,

MoTteHumansl (1.5) npeanoyTUTeNbHE MCNOb30BaTb, KOraa HEOBXOAMMO paccyMTaTb OTPaXKEHHOE
BOJIHOBOE nose B 061acTh (2, NOCKONbKY B 3TOM C/y4Yae pacyéTbl NPOBOAATCA NO AOCTaTOYHO MPOCTOM
dopmyne. Ecam e HeobXoAMMO BbIYUCAUTL NMPOXOAALLEE BOIHOBOE nose B obaactu O, npeanoytu-
Te/ibHee MCNo/b30BaTh NOTEHLUMAbI CeAyoLWero BUAa:

u(x)=(Agq)(x), xe, (1.9)
U, () = (A (U = PeNU) ™) (0 —( Bl Uy =) ) (¥), X e,

rae qeHY4T) - HenssecTHaa nnoTHocTb, U eHY(T), u,eH V() p_=p,/p,, a 3Hakom “-” oTmeuatoTca
npeae/bHble 3Ha4eHUA COOTBETCTBYIOLLMX BblpaeHuid Ha I, koraa x—1" u3 obnactn Q..

M B aTOM cnydae 3agaya 1.1 cBogmMTCca K cnabo CUHTYASPHOMY MHTErpanbHOMY ypasHeHuo dpearonb-
Ma nepBoro poaa:

((Da). ), =(uo.m) YueH*(T), (1.10)

(Dq)(x) = ((0-5(Ai + piepb)Jr( PieAB; — BeA ))Q)(X)
Teopema 1.3 [2]. Myctb U .cHYY(T), u,eHY*(I"), ¥,>0 nan @ He AaBnAeTcA cobcTBeHHOM YacToTOM 3a4a-

um (1.8). Toraa ypaBHeHue (1.10) KOppeKTHO paspewwnmo B Knacce naotHoctel qeH2(T") u dopmynbl
(1.9) patoT peweHune 3agaum 1.1.

Llenbto AaHHOM paboThbl ABAAETCA pacCMOTPEHME Hanbonee TPYAHbIX C BbIYUCUTENbHON TOYKM 3peHuUs
C/Nly4aeB, Koraa pelleHue 3a4aum gudbpaKkLumm nuweTtca Ha cobCTBEHHbIX YacToTax 3agaun (1.8).

YUCNEHHbIA METO[,

MpuMeHAEMbIN METOZ YNCAEHHOIO PeLLeHUs NPeacTaBaseT cobol pa3BUTUE METOAMKN, NPea/IOKEH-
HOM 1 BNepBble anpobupoBaHHOM B paboTe [3]. KpaTKko onuwwem cxemy ero peanmsaumu.

v M )
MocTtpoum nokpbiTre nosepxHoct I' cuctemoint {I',},,; oKkpecTHocTel y3noBbIx Touek X, €', nexa-
wmx BHyTpM cdep pagmnycos h ¢ ueHTpamu B x;,, 1 0603Haunm Yepes {@,_} nog4mHEHHOe emy pa3bu-
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eHune eguHuubl. Toraa

M
D en(x)=1 ¥xel, 0<¢, <1 suppp,cT,

m=1
B KauecTtse (O 6yp,eM MCNONb30BaTb CbYHKLI.VIM

<Pm(X)=<P'm(X)(Z<P'n(X)] C (M) =¢'(r/h), o) =

n=1

(1—t2)3, t<1,
0, t>1,
rae T, :|x—x;]|.

MPUBAMKEHHBIE PELIEHNA MHTErPasIbHBIX YPaBHEHMI Byaem nckaTb Ha ceTke {X },
— -1 —
X0 =(0n) " [XndT, &, =[0,dT,
r T

y31amMu KOTOPOM ABNAIOTCA LEHTPbI TAXecTe GyHKuMiA @ . B aanbHelwem 6yaem npegnonaratb, 4To
ons scexm, n=1, 2, ..., M BbINONHAOTCA HEpPABEHCTBA

’ ’ ’
O<h'<r,, m=n, h'<h <h, h/h'<qg,<oo.
3pecb rmn:\xm—xn\, h’, h - nonoxutensHble uncna, sasucaiume oT M, q, He 3aBucuT ot M.

Bmecto 3aaaHHOl Ha I" HemssecTHOW dyHKUMK ( byaem paccmaTtpusaTb 0606WEHHYIO GyHKLMIO (O,
AeNCcTByIOLLYIO MO Npasuay

(0B W)gs =(dv)., Vwe Hl(R3)'
3Ty GyHKUMIO Byaem NpuBAMKaTh BbIPaKEHUEM

05 ()~ (X o (0= (s02) " exp(-13/07), xR,

rae , - HensBecTHble KO3GPULMEHTI, 62 =050, .
MHTerpanbHbIii onepaTtop nepsoro poaa 3 (1.4) annpokcmmupyem no dopmynam [4]:

J(Ai(e)Q)<Pmsz6m§:AiTe”)qn, m=12,.,M, (2.1)
r n=1
Air?g) = Amn (ki(e))’ Aﬂn = O'San exp(_yrznn)(w(zr;n)_w(zr_rln ))/rmn v N=EM,

A = P (2(50%0 )+ 100 1) 202 (1 /3) 0 5,

-1

Bon = n (471(1—;1,2]1” +0.5pﬁm)) , G2 =05+G4, W, =05ko,,
Zon = Y+l Yon = Ton /O 17 =1,
W(z)=exp(22)(1+erf(z)), erf (z) Iexp(—t )dt
MHTerpanbHblii onepatop BTOPOro po,qa u3 (1.4) annpokcmupyem no dopmynam [4]:

[(a0+By)a) 0, dT ~ (pmz Bl Gy, M=12,..,M, (2.2)

r
-1 * - - — * S
Blr?:) = (4Tcrrﬁn) Nin exp(lki(e) rmn)(lki(e)rmn _1) Pnr Ny = Z Mim (le ~Xin ) ’
1=1

B, =—Gs(x,) npua=0.5, B, =-1-Gs(x,)npu a=-0.5,

Mg 1 1 1

Gs(x )= My ~ |N ——dI, =—=
D=3t Ly, Lo,

3 .
nom Amry Amy 2
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MHTerpanbHble onepaTopbl B N1EBbIX YacTax ypaBHeHul (1.6) un (1.10) aBnatoTcs KOMNosuumen nHrer-
panbHbIX onepaTtopos (2.1) 1 (2.2), nosTomy annpokcumupyem ux no popmynam [4]:

M
[(Ca)ondl = (AMB™ - py AMB" )q,, m=12,.,M, (2.3)
T n=1

M
[(DA)@dT = > (P A"B™ — A"B" )d,, Mm=12,..,M, (2.4)
r n=1

a npasble YacTu ypaBHeHui (1.6) 1 (1.10) - no dopmynam
M
J.VO(PmdF 2oy [GS(Xm)UO (Xm)+29_0n [ peiAmnul(Xn)—Uo (Xn) Binm]),
r n=1

Iuowmdr ~Pplo (X)), M=12,..,M.
r

MOANDOUKALMA METOOA YACNEHHOTO PELLEHUA

JaHHaa moamdukauma Bnepsble Hblia nNpeasoxeHa B pabote [5] AnA YMCAEHHOroO pelueHus 3azad
Oupuxne gna ypaBHeHUA TebMrosibLia METOAOM FPAaHUYHbIX MHTErPasibHbIX YPaBHEHUIN Ha criekTpe
MHTerpasibHbix onepatopos. OCHOBHas eé naes 3aKA4YaeTCA B TOM, YTO NPUBANNKEHHbIE PELLEHWUS UH-
TerpanbHbIX YpaBHEHUI HaxX04ATCA B BUAE IMHENHON KOMBMHALMW peLleHniA BCMOMOraTelbHbIX KOp-
PEKTHO pa3peLlmbIX YPaBHEHWUI C «BAU3KMMMUY» BOHOBLIMW YMCIAMM.

O603Haunm yepes k >0 HekoTopoe cobcTBeHHOe BONHOBOE UMC/I0 3aaa4m (1.8), a uepes Q(ke) - 3aBK-
csllee OT Hero 4YacTHoe pelleHne HeoaHoPoAHOoro ypasHeHua (1.6) nam (1.10). Boibepem HekoTopoe
3HayeHue &6>0. Torga ANA UCKOMOTO YaCTHOTO peLleHMsa UMeeT MeCcTo PaBeHCTBO

a(k, ) =4 (k, +i8)—q(k, ~8+i8) -0 (k, +8+i5)—q(k, +2i8)+O(5*), (3.1)
BCE M/IOTHOCTW B MPABOM YaCTN KOTOPOTO ABAAIOTCS PELIEHUAMU KOPPEKTHO PaspeLlMMbIX MHTErpasib-
HbIX ypaBHeHUN. Ha30BEM TaKyto MogMdUKaLMIO METOAOM MHTEPMNONALUN PeLLEeHUA.

PE3Y/1IbTATbl YAC/NEHHbIX 3KCNEPUMMEHTOB

Mpumep 4.1. PaccmatpuaeTtca 3aga4a 1.1, I' - eanHuyHana chepa ¢ LEHTPOM B Hayane KOOpAMHaT.
lpaHuumble yenosus: Uy (X)=exp(ik.X;), u (x) =ik, exp(ik,X;)n;. Mapametpbi cpes: k=125,
p=4, k=7.725251836937, p,=3 (l); k=7, p=2, k=16.9236212852138, p =5 (Il); k=21, p=7,
k.=13.6980231532492, p.=4.5 (llI).

B kauectse K, Bo Bcex cyyanx Bbi6Mpannch cobcTeeHHble BONHOBbIe Yncia 3aaaqm (1.8). TouHble pele-
HUA 33434 13 npumepa 4.1 umetotca B paborte [6].

NccnegoBaHue MHTErpanbHbIX ypasHeHui (1.6) 1 (1.10) 3 npumepa 4.1 nokasasno, YTo 3TU ypaBHEHMUA
061a4at0T pasHbiMK cBoMCcTBaMU. [11A ypaBHeHUs (1.6) He cyLecTBYeT peLueHns, KOTopoe Npu NoacTa-
HoBKe B popmynbl (1.5), AaéT pelieHme 3agaun andpakumn. NMostomy popmyna (3.1) B JaHHOM cydae
He pacT pesynbtaTta. Hanpotus, ana ypasHeHua (1.10) cywecTByeT 6ecumcieHHOe MHOMKECTBO peLue-
HWI, KOTOpble, B cuny Teopun dpearonbma, ABAAOTCA CYMMOM YaCTHOTO PELLIEHUA 3TOr0 YPaBHEHUA U
obuiero pelweHns oaHopoaHoro ypasHeHua (1.10). YacTtHoe pelueHune ypaBHeHua (1.10), noactasnex-
Hoe B popmynbl (1.9), AaéT peweHne 3aga4um andpakummn. OHO MOKeT BbiTb NPUBAUKEHHO HaAEHO
npu nomoum dpopmynsi (3.1).

OCHOBHOW LeNblo YNCAEHHbIX SKCMEPUMEHTOB ABASANACL AEMOHCTPALMA BOSMOXKHOCTEN MeToda WMH-
Tepnonaumm peleHus. B ceasu ¢ atTum, 3agaum 13 npumepa 4.1 pewanncb ABaxkabl: 6e3 nHTepnons-
LMK peLleHns 1 c nHTepnonsaumeit pewenuns (dopmynsi (3.1)). B nocnegHem cnyyae 6=0.01. Pesynbra-
Tbl PacY&TOB NPeACTaBAEHbl B BUAE rPaduKOB B ABONMHbIX orapubmmuyeckmx nepemeHHsix Ige ot IgM,
rfe € - OTHOCUTE/IbHAA MOFPELIHOCTb BblYMCAEHUA. [TpU TOYHOM CTEMNEHHOM 3aKOHe YObIBaHWUA NorpeLu-

188 e MIT 2011



HOCTU 3TV rpaduKkm ByayT aCMMNTOTUYECKM NEPEXOAMUTL B NPAMbIE JMHUKU C HaKNoHOM tga=-p/2, roe
P - NOPAZLOK annpoKCMMaummn oTHocutenbHo «wara» h~M™2 3agaHHOM Ha rpaHUYHON NMOBEPXHOCTM
ceTku. MpadmKm norpelHocTen Ana nepsoro Habopa NapameTpoB NOMeYeHbl KBaApaTamu, AnsA BTOPO-
ro - TpeyroJbHUKaMu, A4 TPETbEro - KPyramu, NorpeLHOCTN peLlueHnii BO BHYTpeHHel ob6iactn nso-
6paKeHbl CNNOLWHON NMHWEN, BO BHELWHe 061acTu - MyHKTUPOM.

YucneHHble sKCNepMMeHTbl NPOBOAUAUCHE HA KnacTepe BL, BO PAH. Konnyectso Touek gMCKpeTU3a-
umm M Bapbuposanocb ot 500 go 128000, petueHus C/TAY HaxoaMAUCh YMCAeHHO npu nomolim GMRES
[7] c TouHocTbIO A0 107,

Ha puc. 4.1 n 4.2 npuBeaeHbl NOrpeLIHOCTU peleHmnii 3aaa4 AndpaKLmMm, NoNYyYEHHbIX B pesy/braTe
NoACTaHOBKM pelleHnin ypasHeHui (1.6) u (1.10) 8 dopmynbl (1.5) u (1.9) cooTBeTCTBEHHO. PacyéTbl
nposeseHbl 63 UHTEPNOAALUN U C MHTEPNONALMEN PELIEHWUS, NOMPELIHOCTU BblYMC/IEHbI B HOpME
NPOCTPAHCTB CETOYHbIX GYHKL MM Hr?(Qi(e)). BugHo, uto ypasHeHue (1.6) He MmoKeT BbITb MCNOAb30BaA-
HO A1 HAXOXAEHUA NPUBANKEHHbIX peLlleHni 3a4a4 AMdpaKkLmm, T.K., NOrPELIHOCTb, HAYMHAA C HEKO-
TOPOro MOMEHTA, He yMeHbLUaeTcs. MHTepnonauma peleHns He AaéT B AaHHOM C/lydae pesy/bTaTta, B
CU/Y U3NOXKEHHbIX BblLLe CBOMCTB ypaBHeHMA (1.6).

ot B
3e10°
110"
310" =
110" —
310° —
1x10% =

310 —

110 =

I I I | I | | I I I I | I | | I
510 998 2042 3998 8150 15074 32598 63886 127940 510 998 2042 3998 8150 15074 32598 63886 127940
a) 6)
Puc. 4.1. TOrpeLwHoOCTM BbIYUCIEHNA PELEHN 3aaa4 andpakumum n3 npumepa 4.1, HaaeHHbIX no dopmynam (1.5), a) 6e3

MHTEpnonauuu; 6) c uHTepnonsumen (CNIOWHan INMHUA - BO BHYTPEHHEN 061acTK, MYHKTMP - BO BHELUHel obnactu)

[na peweHnit 3agay andpakumun, nonyyeHHbix no ¢opmynam (1.9) ¢ MHTEpNonaUMein peweHns, npu
[0CTaToOYHO 60/1bWwmMx M NorpelwHocTb pelweHnii umeeT Nopagok He xyske h>~M™, PacuéTbl 6e3 uHTep-
NnoAAUMM B 3TOM C/lydYae AatoT HeyA0BAETBOPUTE/bHbIE pe3yabTaTbl. CpaBHEHME NOrpeLIHOCTeN, Npes-
CTaBNEHHbIX HA puC. 4.2, NoKa3sbiBaeT 3pGEKTUBHOCTb METOAA UHTEPMNONALUM PELUEHUS.

N
1x10'
310° —*
1x10" —
310" —|

Tt =

.
310 'y
.

= LS

110 .
-— ik
In1g? » ~
N —h—

s s

el T 1 1 T T Im 10 T 1 1 T T Im
510 998 2042 3998 8150 15974 32508 63885 127940 510 998 2042 3998 8150 15974 32508 63885 127940
a) 6

Puc. 4.2. MNMorpewHoOCT! BbIYMCNEHMUA peLleHnid 3aga4 andpakumm 13 npumepa 4.1, HaigeHHbIx no dopmynam (1.9), a) 6es
nHTEpnonaunu; 6) c uHTepnonsumen (CNAOWHan MHMSA - BO BHYTPEHHEN 061aCTK, MYHKTMP - BO BHELLHe obnactu)
Mpumep 4.2. NOUCK YacTHbIX pelleHnit ypasHeHus (1.10) u3 npumepa 4.1.
YacTHble pelueHua ypasHeHus (1.10) Halgém no popmyne (3.1). CpaBHMM MX U PeELLEHUA YpaBHEHUSA
(1.10), nonyyeHHble 6€3 UHTEPNONALMK, C TOYHBIMM YACTHBIMK PELUEHMAMM ITUX YpaBHEHWUN. Ha puc.
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4.3 a) n306pakeHbl NOrPeLHOCTY UCKOMbIX pelleHuii U3 npumepa 4.2, HalaeHHble 6e3 MHTepnonaLmMm
(nyHKTUP) U ¢ MHTepnonsaumel pelweHns (cNaowWHas ANHKA). NOrpeLwHoCTb BbIYUCIEHA B HOPME Npo-
CTPaHCTB CeTOUHbIX dyHKLMM H Y2 (T'), c ucnonb3sosaxmnem Gopmysn

M = = —2
h 2 _ * _ (qu)nerf (Ymn) _ P
||q "HEUZ(F) - vaﬂﬂ Amnqmqnl Amn - v M=DN, Anm - 27‘63/2

4nr, c

mn mm

rae @, - KOMMIEKCHO COMPAKEHHOE K [ 4nco.
Mpumep 4.3. TIONCK HETPUBUANBHBIX PELIEHNI OAHOPOAHbIX YypaBHeHul (1.10) 3 npumepa 4.1.

HeTpusuasnbHble peLleHns Og4HOPOAHbIX ypaBHeHU (1.10) HalnaEM NPUBNUNKEHHO, KaK PAa3HOCTb MEXK-
A4y ABYMSA NJIOTHOCTAMM - BbIYUCAEHHBIMU 6€3 MHTEPNONALMNKN PELLEHUA U C UHTEPMNONALMEN pelleHus.
Hopmupyem nosyYeHHble pelleHuns 1 NoacTaBUM UX B noTeHuman npoctoro cnos (1.5) npu Xel'. Ha
puc. 4.3 6) npuBeaeHbl rpadprKM HOPM HEBA3KM UCKOMBIX PeLLEHUI B MPOCTPAHCTBE HQM (F) BugHo,
4YTO METOZ, MHTEPNONALMUN PELUEHNA NO3BONAET BblYMUCAATb HETPUBMA/bHbIE PELleHUA OLHOPOAHbIX
ypaBHeHui (1.10).

.
3x10° "
it =

110" =% 3107 =
110?

310" axo?
x10?
110" w10
110"
F10*
1x10°
10*

1x10*

ax10®

1x10*

310
210"

J w10’
el T 1 1 T 1w T ]

510 998 2047 3998 G150 15074 32598 63866 127940 510 998 2042 3098 8150 15974 32508 63886 127940
a)

Puc. 4.3. a) MorpeLwHoCcTM BbIYUCAEHNA YaCTHbIX pelleHnit ypasHeHua (1.10) (c uHTepnonsaumeit - cniolwHas anHus, 6es
MHTEPMNONALMM - NYHKTUP); 6) HOPMbI HEBA3KMW AN HETPUBUA/bHbIX PELLEHUI OAHOPOAHbIX ypaBHeHU (1.10)

Mo pe3ynbTaTam 3KCMEPMMEHTOB MOXKHO CAEMATb BbIBOZ, YTO METOL MHTEPMONALMM PELLEHNA NOKasan
3bPEeKTMBHOCTb AN NPUBAUMKEHHOIO pelleHnsa 3aga4 gudpakumMm B MHTErpanbHbIX NOCTAaHOBKAX Ha
CNEeKTPe MHTErpasbHbIX OMNepaTopoBs, eC/M PeLleHUs 3TUX 3a4a4 OTbICKMBAIOTCA B BUAE NMOTEHLMANO0B
(1.9). Pacuétbl 6e3 MHTEPNONALMM U B STOM Cy4ae, U NPU NOUCKE PelleHnn NCXOAHbIX 3a4a4 B BUAE
noTteHumanos (1.5) AaloT HeyA0BNETBOPUTENbHbIE pe3y/bTaThl. Mpeanaraembliii MeTo4 NPOCT, He Tpe-
byeT 3HaHMA CMEeKTpa, He NPMBA3aH K KOHKPETHOW peanunsaumm npubanKEHHOIO pelleHus BCNoMO-
raTeNbHbIX 33434 ¥ NOTOMY MOMKET BbITb IETKO MCMO/b30BaH AJ1A TEX e Lenen B CBA3KE C APYrMmu
CXeMaMM YUCNEHHOTO PeLleHUA MHTErpasbHbIX YpaBHEHWA.
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Kolarevic M., Minic D.?, Rajovic M., Bjelic M., Petrovic Z.*
SPECIAL CUBE MODEL FOR MULTIPLE REGRESSION IN TRIANGULAR
COORDINATES

This paper presents a multiple regression calculation Methodology in Triangular Coordinates. For the special cubic
model is defined: the equations of theoretical regression model, the determination of regression coefficients using
the least square method, checking the adequacy of mathematical models, and graphical representation of a math-
ematical model with the triangular contour and surface diagram.

INTRODUCTION

Three-component systems can be displayed graphically in two-dimensional space using triangular plots.
The basic condition for applying triangular plots is:

3
0<X; <1, > X, =1 (1)
i=1

X, - relative weight of the component in the mixture.
From the above stated condition it is evident that the weight of each component in the mixture de-
pends on the share of the remaining two components.
A
X
> Xs

a) b)

i
YAVAV.VAVANNE
JAVAVAVAVASA
JAVAVAS VAV
TAV:AVASIVAN
\V.7AVAVAVAYAAY,
Y VAVAVAVAv:N\UMENAVAVAVAVAY

X3=0 Xo = 1~ - X1 X;=0.2 X1=0.5 )(2

Fig. 1. Triangular diagram: a) display of vertical sections and the direction of the increase of the share of indi-
vidual components, b) determining the composition of the alloy in the ternary system

Each point inside the triangle represents the corresponding composition of the three-component sys-
tem. The vertices of the triangle represent pure substances while the points on the sides of the triangle
represent two-component systems. For a point inside the triangle, the content of each of the compo-
nents is determined by drawing lines through the point that are parallel to the sides of the triangle, to
the remaining two sides of the triangle.

For a three-component system, regression models can generally be set in the form of lower-degree
polynomials (usually the first, second and third) which are usually defined by the following canonical
forms [1] [2]:

1. Linear regression model
y:B1X1 +B2X2 +BSX3 (2)

1 Faculty Of Mechanical Engineering Kraljevo, Kraljevo, Serbia
2 Faculty of Technical Sciences, Kosovska Mitrovica, Serbia
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2. Square regression model

Y =BX, +B,X, +B3X; + BuX X, + B X X, + B X, X, (3)
3. Incomplete cube regression model

Y =BX,; + B, X, +BaXs + B Xy X, + BraXo Xs 4+ B Xy Xy + B X X, X, (4)
4. Complete cube regression model

Y =B.X, +B,X, +BaX; + X X, + BraX X; 4+ B X, X, +8,X, X, (X, = X,) +... (5)

+ 8, X, X5 (Xy = X3) + 8,5 X, X5 (X, = X3) + Brps X X, X,

INCOMPLETE CUBE MODEL FOR MULTIPLE REGRESSION

General canonical form of the theoretical regression model of the three-component system assumed by
equations of the incomplete cube multiple regression can be shown by the analytic expression:

YA = blxl + bZXZ +b3x3 + b12X1X2 + b13X1X3 +b23x2x3 + b123xlx2x3 (6)

12 b13, b , and b123 are determined based

on the lowest square method [3],[4],[7], i.e. from the condmon that the sum of squared deviation

Unknown values of multiple regression coefficients b, b,, b, b

N

S :S(bl,bz,bz,bu,bl3,bz3)228i2 :i(Y -Y,

i=1 i=1

N N 2
S= Zgiz = Z[Yi _(blxl +b2x2 + bsxs +b12X1x2 + b13x1x3 +b23x2X3 +b123x1x2x3)i] (7)

=1 i=1

be minimal.

Function S=S(b,b,,b,,b,,b,,b,;,b,,) will have a minimum only for those variable values
b,,b,,b,,b,,b;,b,; i b,, whose partial derivatives are equal to zero:

B Ba0B0 8 g8 08 05 @
which leads to a system of 7 equations with 7 unknown parameters that need to be calculated:

23 [ = (B X, +b, X, +b; X 5, X X, 4B X, X +5,, X, X5 40 X, X, X,) ] (=X,); =0
22°[Y, = (0, X, +b, X, +10, X, +b, X, X, +by X, X, +0,, X, X, +b,,X, X, X,); ] (=X,); =0
[Y (b X, +0,X, +b X, +b, X, X, +b X, X5+, X, X5+, X X, X,) ] (=X,);, =0
2; [Y; = (B X, +b, X, +b, X5 410, X, X, +byy X, X5 +h, X, X, +bps X X, X ) ] (=X, X,), =0 (9)
22°[Y, = (0, X, +b, X, +10, X, + b, X, X, +by X, X, 0, X, X, +0,X X, X,), ] (X,X,); =0

[Y (blx +b2X2+b3X +b12X +b13X1X3+b23X2X3+b123x1x2X3)i] (_XZXS)i =0

Mz EMZ lMZ le EMZ EMZ EMZ

23 Y, = (X, 40, X, +5, X 4B, X, X, +5y X, X, 45, X, Xa + B X, X, X,) ] (X, X, %), =0

I
W

This system of equations (9) can be reduced to a system of seven homogeneous linear equations with
seven unknowns:
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N N N N N N N N
blz Xl2 +bZZX1X2 +bale Xs +blzlezxz +blsZ:Xsz Jrbzazx1 X, Xs +b1232X12XZX3 = leY
i=1 i=1 i=1 i=1 i=1 i=1 i=1 i=1

N N N N N N N N
blZXIXZ +bsz22 +b32X2X3+bIZZX1X22 +b132X1XZX3+b232X22X3 +b1232X1X22X3 =ZX2Y
i=1 i=1 i=1 = i=1 i=1 i=1 i=1

N N N N N N N N
blz X1X3 +bZZX2X3 +b32 X3‘2 +b122X1 X2X3 +blSzX1 X32 +b232X2X32 +b123lex2x32 :ZXSY
i=1 i=1 i=1 i=1 i=1 i=1 i=1 i=1

N N N N N N N N
bllezxz +bzlexzz +b32 Xy Xo X, +bulezxzz +b132X1ZX2X3 +bzzzx1 Xzzxz +b1232X12X22X3 :le XY
= i1 i-1 i=1 = i1 i=1 i1

N N N N N N N N
bllezxa +szX1 X, Xy +bale Xaz +blzz Xlzxzxa +b132 X12X32 +bzale szsz +blzaz XfXZX; = le X,Y
= = i1 = = i1 = =

N N N N N N N N
B Xy X, X0, 2 XX 40, 2 X, X3 by, 30 Xy XX +byy 3 Xy X, X5 by 3 X7 X5 b 3 X XGXT =D X, XY
i=1 i=1 i=1 i=1 i=1 i=1 i=1 i=1

N N N N N N N N
blle X2X3+DZZX22X3+b32XZX32 +b122X1X§X3+b132X1X2X32+b232X22X32 +b1232X12X22X32 ZZX1X2X3Y
= = = i-1 = = = i-1

(10)

In regression analysis, these equations are called normal equations. The calculation of the system of

equations (10) is best done using the matrix calculus. In the matrix form this system has the form:

N
2
Xl
=1

Or the short form:
X-B=Y

N N
ZX1X2 ZX1 Xy
i=1 i=1

N N

ZX Z:XZX3

i=1 i=1

N N
XXy X3
i=1 i=1

N N
z X1X22 Z 1 X5 Xs
i=1 i=1
N N

Z X, X, X, Z X, X32

i=1 i=1
-y 2 o 2
ZXZ 3 szxa
i=1 i=1

X1X22X3 ixlxzxz
i=1 i=1

XPX,

gxfxa g)(lXZX3
g)(lxz)(3 gXZZX3
SHXE XX
= i1
ixfxzxa ixlxjxg
= =
SXIXE 3K XX
= =
THHXE P XX
= i1
SXIXXE 3 XXX

Values of regression coefficients are calculated from the relation:

B=X"Y

EXAMPLE OF USING THE INCOMPLETE CUBE MODEL

(11)

(12)

(13)

For this example, the values of hardness of the ternary alloy, i.e. three-component Sb-Bi-Zn system, are
used. For each alloy, with its mole fractions shown in Table 1, three measurements were conducted,
and then the mean hardness value was calculated.

Table 1. Mole fraction of components Sb, Bi and Zn and mean hardness value HB

i Sb | Bi | Zn | HB i Sb | Bi | Zn | HB i Sb | Bi | Zn | HB

X1 | X2 | X3 Y X1 | X2 | X3 Y X1 | X2 | X3 |Y
110,00]0,50)0,50|132,0f |12]0,50|0,00|0,50] 32,0 2310,50|0,50 (0,00 (82,0
2 /010[0,45|0,45]46,0| (13]0,45]0,10| 0,45 25,3 24(0,45]|0,45|0,10 56,4
3(020(0,40|0,40]|52,0| (14]0,40|0,20| 0,40 | 42,0 25(0,40|0,40 | 0,20 32,1
41030/035/0,35]|870] 115(0,35]/0,30| 0,35 46,0 26(0,35]/0,35|0,30 30,6
51040(0,30/0,30(459]| (160,30 | 0,40 0,30 | 79,6 2710,30| 0,30 0,40 (49,7
6 1050[0,25]0,25(45,0| [17(0,25|0,50| 0,25 83,0 2810,25|0,25|0,50 (53,2
7 10,60[0,20]0,20 | 51,5 180,20 0,60|0,20| 77,3 29(0,20| 0,20 | 0,60 67,2
810,70/0,15|0,15|56,1] |19(0,15]0,70 | 0,15 