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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.

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
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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.

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.

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“rranlon 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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Fig. 5. E-plane radiation pattern of optimized anten-
na array (SLL)

Fig. 6. E-plane radiation pattern of optimized anten-
na array (HPBW)

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 CMbMpPY aKTyanbHOM 3a4a4elt ABNAETCS onpeaeneHne UM YyTOYHEHNE Katode-
BbIX XapaKTePUCTUK KAMmaTa (gMana3oHa 3HaYeHUi 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, ec B cTenb, 1M60 oaHa AOMUHUPYOLLAA
necHaa dopmaums - B gpyryto. B UHcTuTyTe neca CO PAH HaKonaeH onbIT 6MOKAMMATUYECKOTO MO-
OEeNMPOBaHMA CEeKTOPHO-30Ha/IbHbIX KaTeropuit pacTuteibHOro nokposa CMbMpPK C UCNOb30BaHMEM
MHOTO/IETHUX AaHHbIX TMAPOMeTCNyX6bl (Monnkapnos 1 ap, 1986:, Yebakosa, 2008; Hasnumosa u gp.,
2006; AHapeeBsa u ap., 2001; Nazimova et al., 2010).

Hayano co3gaHua 6a3bl gaHHbIXx «BUOM» oTHOCKTCA K cepegmHe 1990-x rr. HakonsneHHas nHdopma-
LA NO3BOJIAET BbIABUTb COBPEMEHHbDIE CBA3M MEXAY PAaCTUTE/IbHOCTbIO U KIMMATOM Ha LUMPOKOM re-
orpadmnyeckom GoHe, onpeaennTb CTaTUCTUYECKYIO LOCTOBEPHOCTb NONYYEHHbIX pe3ybTaToB. OCHOB-
HaA 3afa4ya aBTOPOB - OLEHWUTb PEenpPe3eHTaTMBHOCTb KAMMATUYECKMX NMapameTpoB TaKCOHOB PacTu-
Te/IbHOrO MOKPOBA PA3HOroO YPOBHSA.

CTPYKTYPA BA3bl AAHHbIX «BMOM»

O6beKTOM NpeameTHON 061acTU CAYKUT TepPUTOPUAIbHAA eanHULA (TeCT-NOIMIOH) C OAHOPOAHOM
30Ha/IbHOM PaCTUTENBbHOCTBIO, €€ PeNepHbIMU TOYKaMKM cayKaT nocTbl TMC 1 meTeoctaHumu. MoKasa-
Te/IN KaXKA0M penepHoi TOUKU, GUKCUPOBAHHbIE B MHOFONETHUX HAabAtoAEeHUAX, OTPaXKatoT ycpeaHeH-
Hble XapaKTePUCTUKMN KIMMaTa MO AAaHHbIM METEOCTAHLMM U COOTBETCTBYHOLLLETO e NeCHOTO TecTa-no-
JINTOHA, 0XapaKTepPM30BaHHOIO NPU3HaKaMM COCTaBa M CTPYKTYPbl IECHOFO MaccMBa.

basa gaHHbIX «BMOM» peannsosaHa B cpeae 31eKTPOHHbIX Tabauu, MS Excel. KoppeKkTHocTb BBOAa
MHOpMaLMM 0becneunBatoT CNPaBoOYHMKM, OHM COAepP KaT NapameTpbl 30Ha/bHbIX K1acCcoB, cepum Tu-
noB sieca, 4OMUHUPYLOLLME ecHble GOPMaLMM U UHAEKCHI MOYB.

CTpoKa CCblIoYHOM TabAunLbl COOTBETCTBYET O4HOM penepHOM TouKe. B CTPOKY BK/OYEHbI NOKasaTenu
KAMMaTa, CEKTOP, 30Ha, AOMUHMPYIOLME NecHble popMaLLMm, Cepum TUMOB Neca U UHAEKCbI NOYB, Xa-
paKTepu3syloLLMe TOYKY M ee TeCT-NoaunroH [1], Bcero 6onee 50 xapaKTepUCTUK penepHOn TOUKM:

- reorpapuyeckme KoopanHaTbl, Ha3BaHWE METeoCTaHLMK;

- TAKCOHbl 30Ha/IbHOM KNaccupmKaLLMm M Ha3BaHMA N1€COPACTUTENIbHbIX PETMOHOB: 30Ha, CEKTOP KOH-
TUHEHTANbHOCTU, NPOBUHLMSA, OKPYT;

- napameTpbl BnaroobecneyeHHoOCTU: CpeaHEerogoBble CyMmbl OCafiKoB B MM/rod, nokasaTenb no-
TeHLUMabHOM 3BaNoOTPaHCNMPALMUK (OTHOCUTENBHOE YBAXKHEHWE), CpefiHee KOIMYEeCTBO OCafKOB
no mecauam, Ko3dOULMEHT yBNaXKHEHMSA NO Me3eHLEeBY, PaguaUMOHHbIA MHAEKC CyXoCTu no by-
[bIKO;

- napameTpbl Tenioo6ecneveHHOCTV: CPeAHErogoBan TeMnepaTypa - pasH1La MeXay CpesHUMM

1 ®TAQY BMO CPY UHCTUTYT maTemaTukm, Poccusa
2 OIBY UHcTuTyT Nneca CO PAH, KpacHospck, Poccua
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TeMnepaTypamu SHBapa U UIOA, CPeSHAA TEMNepPaTypa No MecALam, CyMMa CPeHUX MECAYHbIX
TemnepaTtyp, cymma Temnepatyp Bbiwe 10 rpagycos Llenbcus (akTMBHOro nepuoga seretaumu),
cymma Temnepartyp Bbiwe 5 rpagycos Lienbcus;

- MapameTpbl KOHTUHEHTANbHOCTU: CPeaHAA rogoBas aMnNAUTyAa TemnepaTyp, UHAEKC KOHTUHEH-
TanbHOCTM KOHpaaa;

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

- YeTbipe AOMUHMPYIOLLMX BMAa lecoobpasosaTeneil, nepednciaeHHble B nopsaKe yobiBaHMs cTene-
HW LOMUHUPOBAHUA.

Beog nHdopmaumm B Tabanuy opraHM3oBaH ¢ nomoubio dyHKumm MS Excel «BBog AaHHbIX ¢ nposep-
KoW», OHa obecneynBaeT NPOBEPKY AaHHbIX MO CNPaBoOYHMKaM 6a3sbl AaHHbIX «BUOM». B 6a3y gaHHbIX
BXOAAT CNPaBOYHMUKM NecoobpasoBaTeneil, CEKTOPOB U IeCOPACTUTE/IbHBIX 30H, MPOBUHLLMIA U OKPYTOB.

CnpaBo4yHMK necoobpasosaTtesnel (BUA0B ApeBecHbIX Nopoa) 6a3bl gaHHbIX «BUOM» BKAtoyaeT 17 no-
3MLMIA: HeT necoobpasoBaTtenieit, NMCTBEHHULA cnbupckas (Larix sibirica Ledeb.), nuctBeHHULa Tmenu-
Ha (Larix gmelinii-Rupr.), nuctBeHHuua Kaauaepa (Larix cajanderi Mayr), nucTBeHHMLa YeKaHOBCKOIo
(Larix czekanowskii Szaf.), cocHa 06bikHOBeHHas (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
30Ha/IbHble, CTEMW KCTPA3OHA/IbHbIE.

B cnpaBOYHUK CEKTOPOB BOLWIM HaMMeHOBaHMA: 3anagHas Cnbups, CpeaHsas Cnbupb, BoctouHas Cu-
6u1pb, KOxkHaa Cnbupsb. MocneaHsaa obbeamHaeT 4 KnMMmaTUYeckux dpaumm.

CnpaBOYHMK NECOPACTUTENbHbIX 30H BKAKOYAET CEMb MO3ULMIA: TYHAPA, PpefKonecbe, Talra, NoATanra,
niecocTensb, CTeNb, YepHeBble eca.

K HacToAwemy BpemeHu 6a3a OQHHbIX BK/IIOYAET XapaKTepuUCcTnkm 620 penepHbIX TOYEK U TeCT-Noau-
FOHOB BO3/1€ HUX.

Mpu NOCTPOEHNN CTATUCTUYECKUX MOLENEN KaXKAasA XapaKTePUCTUKA pernepHOM TOYKMU MHTEPNPETUPY-
eTCA KaK clyyaliHas BennymnHa. CayydanHble BeanymHbl «HasBaHWe meTeocTaHuum», «CekTop», «30Ha»,
«MposuHUMA», «OKPYr» M3MepPAIOTCA B HOMUHA/bHOM WKane. OHU UCNONb3YIOTCA TO/IbKO ANA KavecT-
BEHHOM KnaccudumKkaumnm, T.e. aHaNM3UPYeTCs UX NPUHALNEKHOCTb K HEKOTOPbIM, CYLLECTBEHHO pas-
JINYHBIM KNaccam.

dopmaLMOHHAn CTPYKTYpa /IECHOTO MOKPOBa B KaXKAOW penepHOM TOYKe MOLENNPYETCA 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 MCCef0BaHMAX 3Ta YeTBEPKA /1eCO0-
6pa3oBaTesieli TPAKTYeTCA KaK HOBbIN 0606LLEHHbIM MPU3HAK, OH XapaKTepu3yeT KayeCTBEHHbI COCTaB
CTPYKTYpPbI LOMUHMUPYIOLWNX NecoobpasoBaTeniei 1eCHOTO MacCMBa, CYKaLLEro 06bEKTOM yyeTa.

OcTasibHble YncnoBble aTpmnbyTbl 6a3bl AaHHbIX «BUOM» (reorpaduyeckme KoopanHaTbl, MHAEKC KOH-
TUHEHTaNIbHOCTU, NapamMeTpbl BnaroobecnevyeHHOCTH, NapameTpbl TennoobecneyeHHoCTH - Bcero 6o-
nee 30) U3mepATCA MO OTHOCUTE/IbHOM LUKane.

OVUATPAMMbI PACCEAHNA PENEPHbIX TOYEK B KTUMATUYECKMX KOOPAUHATAX

[narpammbl pacceaHnn penepHbIX TOYEK B KAMMATUYECKMX KOOPAMHATAX MHTEPNPETUPYHOTCA KaK rpa-
¢duryeckme NopTpeTbl 30HA/IbHBIX, CEKTOPHbIX MOAPA3AeeHN PacTUTE/IbHOTO NMOKPOBA, a TaKKe apea-
nos popmauymii n cybdopmaumin. OHM CNy»KaT OCHOBOW A/19 MEPBUYHOM OLLEHKM CTENEHU OAHOPOAHO-
CTU U CTEMEHWN NePEKPbITUA KNAacCoB, BbIGPAKOBKM AaHHbIX. [JanbHelwan KnaccupukaLma npoBoanTca
019 KOHKPETHbIX TOYEK M MNO3BOSET YTOYHUTb NPUHATYIO KnaccubuKaLumio Ha 6osiee AeTanbHOM ypoB-
He C y4eTOM 0COBeHHOCTe MecTOOBUTaHMA: CTPYKTYPbl NOYBEHHOTO NOKPOBA, ME30KAMMaTa 1 Ap.
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Ha guarpamme paccesHus penepHbix Touek CMbMpKU B KIMMaTUYECKMX KoopanHaTtax «Tenaoobecne-
YyeHHOCTb, C2» N «MHAEKC KOHTUHEHTaAbHOCTM KoHpaga» (puc. 1) npeacTtasneHbl KAMmaapeasnbl fe-
CHbIX GopmaumMit: Keapa, SIMCTBEHHMULbI, COCHbI, U MUXTbl. YUTeHbl 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), IMCTBEHHUYHUKM C LOMUHUPO-
BaHMEM BCeX NCTBEHHUL, (cMbupcKoit, MmennHa, KasHaepa), COCHAKM.

Puc. 1. Kniumaapeanbl NecHbIX XBOMHbIX GOpMaLMit B KIMMATUHECKMX OCAX

O6nactb MecToobuTaHMIN COCHbI B KMMATMYECKOM npocTpaHcTee CMbupu cABMHYTa B CTOPOHY MaK-
CUMa/IbHbIX 3HAYEeHMt TennoobecnedyeHHOCTN, MMEET LUMPOKMUIA pPa3max 3HaYeHUM MO UHAEKCY KOH-
TUHEHTaNbHOCTU. TeMHOXBOWHbIe GopMaumK (C KegpPOoMm, MUXTON, eNblo), MPUYPOUEHHbIE K 061aCTK
MeHee KOHTUHEHTaNbHOTo Kaumarta (40 60-65), KOHKYPUPYIOT B LIEHTPasibHOM YacTu cBoero obuiero
KAMMaapeasa, Mpy 3TOM apean NUXTbl CABMHYT B 60/1ee TeNNYIO M HaMEHEE KOHTUHEHTa/IbHYIO YacTb
KAMMaTMYeCKoro npocTpaHcTea. Keap 6osiee ycTtoume npu HM3KoM TennoobecneyeHHocTn. Hanbo-
Nlee WMPOKUIA MHTepBan AOMUHUPOBAHUA UMEET JIMCTBEHHMLA, OHAa AEMOHCTPUPYET BbICOKYIO ToJ/e-
PAHTHOCTb B 3TUX K/JMMATMYECKUX KOOPAMHATaX U HE MMEET KOHKYPEHTOB MPW 3HaYeHMAX MHAOEKCa
KOHTMHEeHTaNbHOCTM Bbiwwe 70 (Ha cesepe) u 80 (Ha tore).

Bu3yanbHbIN aHaNN3 AMarpaMMbl PACCEAHMUA COMMTACyeTCA C IKCMEPTHOM OLLEHKOM [2]. PenepHble Tou-
KW KeApOBbIX CTAHLMI CO 3HAYEHMEM UHAEKCA KOHTUHEHTaNbHOCTU 6onee 70 (puc. 1) 3acTaBuam k-
cnepTta nposecty bonee TWATENbHbIN aHaIN3 BCErO Habopa MX XapaKTEPUCTUK. BbIACHMNOCH, YTO 3TH
METEOCTAHLUMM PACMO/IOXKEHDbI B TOPHbIX palioHax BoctouHol Cnbupwu, roe pasHuLa Me3oKIMMaToB B
OO/IMHAX M Ha CKAOHax rop, NMOKPbITbIX KeAPOBHMKAMM, NO UHAEKCY KOHTUHEHTA/IbHOCTM AOCTUraeT
MaKCMMyMa: Mo pacyeTam KAMMAToN0roB, nopsaaka 15 eguHuy,. «Mopo3putesibHble» AaHHbIE TEM He
MeHee OCTaloTcA B BbIOOPKE, TOUKM He BbIOPaKOBbIBAOTCA, UTOObI BEPHYTHCA K y4ETY ME30K/IMMATOB
npu 6onee geTanbHOM aHanu3e.

Mo TaKoW ke cxeme 6blM NPOaHaNN3MPOBaHbI AaHHbIE B KAMMATUYECKUX 0CaX TennoobecneyeHHOCTb
- 0CafKM, OCaAKM - MHAEKC KOHTUHEHTaNbHOCTU. [lobasneHbl HegocTatowme ctaHumm [3].

[unarpamma paccesHns To4eK cTaHumMit CMbupK B ocax Tenso- 1 BnaroobecneyeHHocTn: «Cymma akTmB-
HbIX TemnepaTyp, C2» n «Cymma 0cafiKoB 3a rog, MM» (puc. 2) MANKOCTPUPYET CTeNeHb OAHOPOAHOCTM
N CTeNneHb NePeKpbITUA CEKTOPHO-30HA/bHbIX KNACCOB PacTUTENbHOCTU. YeTKO BblAENATCA 061acTy
rocrnoAcTBa MacCMBOB TEMHOXBOWHbIX TOPHO-TAEXKHbIX JIECOB M YePHEBbLIX OCUHOBO-MMXTOBbIX U Kegpo-
BO-MUXTOBbIX /IECOB, FOPHbIX M KOTJIOBUHHbIX ecocTeneit 1 cteneit. MeHee YeTKo pasrpaHuyeHbl aeco-
CTenHble M NOATAEXKHbIE BbICOTHO-MOACHbIE KOMMAEKCHI, uaun BIK. Ux uenecoobpasHo 06beauHNUTL B
OOMH «MOATAENKHO-NECOCTEMHOM» KNacc, YTO cAeNaHo B BUOKAMMATMUYECKOW KnaccuduUKaLmmn NecHbIX
aKocucTem rop KOxkHoM Crbupun. Bee aTu Knaccbl NepexoaAT nocaenosatebHO O4MH B APYroi No mepe
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CHUXEHUSA TennoobecneyeHHOCTN U COKPaLLEHNA CPOKOB BereTaumm (no ocu TennoobecneyeHHOCTH),
a TaK¥Ke 3aMeLaloTca APYrMMM BapuaHTammn Npu U3MEHEHUW YBNaXKHEHUA (ryMUAHOCTU Kaumarta).
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Puc. 2. . Knumaapeanbl 30HaNbHbIX KNaccos CVI6VIDVI B K/IMMATUYECKUX OCAX

B uenom, nosyyeHHas cxema He MPOTMBOPEYMUT pesynbTaTaM, NPMBEAEHHbIM pPaHee Ha OCHOBAHWUMU
cneumanbHbIX pacyeToB NokasaTenen KamMmarta B ropHom penbede [4, 5]. HekoTopbie ToukM TpebytoT
NOACHEHMWA B paMKax OrpaHNYeHNIn, BOSHMKAIOLMX NPU pelleHmnm 3a4a4 BMOKAMMaTMYeCcKoro Mogenm-
poBaHuA. Tak, apean ropHO-TaeXHbIX IMCTBEHHUYHMKOB C ocaakamMu meHee 400 MM B rog, Haknagbl-
BAETCA HA apean SIecocTenm v AaxKe CTeNu - Tam, rae nNpu oveHb 6AN3KUX NoKasaTenax aTMochepHoro
YBNAXKHEHWUS €CTb MeP3/10Ta U MeP3/I0THbIE MOYBbI. ITO - PAMOHbI OXKHOTO 3abalikaiba, OTMEYEHHble
BbICOKOM KOHTPACTHOCTbIO TMAPOTEPMUYECKOTO PEXKMMA, CBOMCTBEHHOM PE3KO-KOHTUHEHTA/NIbHOMY
KAMMaTy. 34ecb TpebyoTCA AONONHUTENbHbIE AaHHbIE O MOYBEHHbIX TEMMEPATYPax 1 BAAXKHOCTU, NpU-
obpeTatoWmnx poab AMMUTUPYLowero gaktopa.

OUEHKA PENPE3EHTATUBHOCTU HAKOMJIEHHbIX AAHHbIX

M3 6asbl gaHHbIX «BMOM» BbIBMPAIOTCA 3HAUYEHWUA KAMMATMYECKOro napameTpa A4S O4HOMo U3 us-
y4Yaemblx 06bEKTOB: 30Ha/IbHOMO, CEKTOPHOro NoApasaeneHms pacTUTeIbHOro NOKPOBa MW SIeCHOM
dopmaumn. IToT Habop 3HAYEHUIN KAMMATUYECKMUX NAapaMeTPOB MHTEPNPETMPYETCA KaK peanmnsaumm
HEe3aBMCUMbIX OAMHAKOBO pacnpegeseHHbIX ClyYyaHbIX BEAUYUH, U3MEPEHHbIX MO OTHOCUTE/IbHOM
LUKane, T.e. HeKoTopas BbIbOPKa 13 reHepasibHOM COBOKYMHOCTM 3HAYEHMIA 3TOMO KAMMATUYECKOro na-
pameTpa A5 BblI6paHHOro 06bekTa. Tak Kak penepHble TOYKM 6a3sbl AaHHbIX NPUYPOYEHbI K NOCTam
IMC 1 meTeocTaHLMAM, BbIBOPKa HOCUT CTUXMIAHBIN (eCTECTBEHHbIN) XxapakTep. HeobxoamMmo oLeHUTb
ee penpeseHTaTMBHOCTb, CMOCOBHOCTb NPEACTaBAATL CTPYKTYPY reHepasibHOM COBOKYMHOCTU B LLe/1IOM
N ee XapaKTepMUCTMKM, 3HaUYMMbIe C TOYKM 3peHMs 3a4a4 UCCNef0BaHUS.

[na npoBepKM runoTesbl 0 HOPMaNbHOM pacnpeseneHumn BbiIbOPKM U OLEHKM penpeseHTaTUBHOCTU
BbIOOPKM pa3paboTaH pacyeTHbI cueHapuii MS Excel.

CHavana paccymTbIBalOTCA NapameTpbl onucaTeNbHOM CTaTUCTUKM Aana Bbl6paHHOI’O pPAOa OaHHbIX, 3a-
TEM onpegenAaeTca 3Ha4yeHune KOBCIJCIJI/ILI,MEHTB Bapuauunm (I'IOKa3aT6‘l'IH OTHOCUTE/IbHOW M3MEHYMBOCTU

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

Bosniee ToyHas NpoBepKa rMnoTesbl O COOTBETCTBMM pacnpesesieHns HOPpMaibHOMY 3aKOHY MPOBOAUT-
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CA C NOMOLLbIO KpUTEpUA x MupcoHa. [luanasoH 3HaYeHi napameTpa pasbunBaeTca Ha MHTepBasbl
(uncno nHTepsanos pasHo K ), WnpnHa nHTepBana paccunTbiBaeTca no popmyne CTapapKeca, AN KaxkK-
[loro MHTepBasna onpefensetca Habngaeman ( f;) u TeopeTuyeckas ( f;) yactota pacnpeseneHus.
3HayeHue KpuTepusa MupcoHa paccumTbiBaeTcs no popmyne:

. _a(i-7)

paxm
2

MonyyeHHoe 3HaueHne Xpan CPaBHUBAECTCA C TABMUHBIM 3HAYEHUEM KPUTEPUA NPU YPOBHE 3HAUYUMO-
ctm & (06bluHO @ = 0,05 nnm a =0,01) ¢ uMcnom cteneHelt cBob6oAbI, PAaBHOM YNC/Yy MHTEPBA/IOB 3a
MWHYCOM Tpex (No uncny GUKCMpPOBaHHbIX MapameTpoB B GOopmy/ie HOPMasbHOrO pacnpeaeneHnsa u ¢
Yy4eTOM PaBEHCTBA CYMM TEOPETUYECKMX U GAKTUYECKMX YacToT). Ecim Xan 2 Xonai , TO Hy/eBas rmnore-
3a (0 HOPMaNbHOCTM 3aKOHa pacnpeaeneHunsn) AoNKHa BbiTb OTBEPrHYTa NP NPUHATOM YPOBHE 3Ha-
YMMOCTHU C BbIYMCIEHHBIM YNCNOM cTeneHel ceoboapl. Ecnv runotesa o HopmasbHOM pacnpeseneHun
C 3a[,@aHHbIM YPOBHEM 3HAYMMOCTU He OTBEPrHYTa, TO METOAOM MAKCMMasibHOrO Npasaonofobus no
AaHHbIM BbIGOPKM PACcCUMTLIBAIOTCA OLLEHKM CPeAHEKBAAPATUUECKOrO OTKNOHEHMUA U cpeaHero apuo-
METUYECKOTO reHepaibHOM COBOKYMHOCTY.

AB6CONIOTHAA BENMUMHA NPeAe/bHOM OLEHKM OWNBKM BbIGOpKM (A ), LoBepUTenbHbI yposeHb (t) n

t’o?
o6bem BbIGOpKKM (N ), obecneunBatoLLei Tpebyemyr TOYHOCTb, CBA3aHbl COOTHOLWEHWEM: N = N
3HaueHMe goBepuTenbHOro yposHa (1) onpeaenser BepoaTHOCTb TOro, UTO cpeAHee Mo reHepasibHoM
COBOKYMHOCTU He ByaeT OTAnYaThcs OT cpeaHero no Bbibopke 6onbluie yem Ha A . C apyroli CTOPOHbI,
npegenbHan olwmnbKa BbIOOpKM (A ) onpesenset TOYHOCTb, FaPaHTUPYEMYIO € 3aLaHHbIM YPOBHEM 3Ha-
yumoctu (@ ). Takum obpasom, npesenbHan ownbKa BbIGOPKM NO3BONAET O4HOBPEMEHHO M B3aMMOC-
BA3aHHO YKa3aTb TOYHOCTb M HAAEXKHOCTb Pe3y/bTaToB BbIOOPOUYHOro uccnenoBaHma [6].

Tabnuua 1. MHTepBasbHbIE OLEHKM CPEAHMX 3HAUYEHUI KAMMATUYECKUX NapaMeTpoB Keapa
(ncnonb3ayerca KoaddULMEHT 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 HAaKOMIEeHHbIX B 6a3e AaHHbIX KIMMaTUYECKUX MapaMeTpoB Ke-
Apa: TennoobecnevyeHHocTb (GDD10), rosoBas cymma ocaakoB B TedeHue roga (Rroa.), koadpouumeHT
noTeHumManbHoM aganoTpaHcnupaumm (MM3). Kaxabiii nsydaembiii psag 3HayeHumii (GDD10, Rroga,., MM3)
- peanusauma He3aBUCUMbIX OAMHAKOBO pacnpefeneHHbIX CayvyaiHbIX BenndnH. PyHKuusa pacnpeae-
JIeHNA NPOU3BO/IbHA.

C NOMOLLLbIO pPacyYeTHbIX CLLeHAapMEB W 3/1EKTPOHHbIX Tabauy, MS Excel onpeaeneHsi (Tabn.1) ToueyHan
M MHTEpBa/ibHaA OLEHKM CpeaHero, npeaenbHble OlWMOKKN BbIBOPKK NO KaxkaoMy paay KAMMaTUYECKUX
napameTpoB Keapa. bonee WMpoKkoMy AOBEPUTEILHOMY MHTEPBAy COOTBETCTBYET 601e€ BbICOKMIA A0-
BEPUTE/IbHbIN YPOBEHb.
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3AK/TIOYEHUE

Co3paHa HbopmaumoHHan 6asa «BMOM», KoTopas BKAOYAET NoKasaTeNn KAMmaTa TeCT-NoIMIOHOB,
MX 30HANIbHYIO KNaccuduKaLumio, cepmm TUMNOB Neca, AOMUHUPYOLWME NecHble GopmMaLmMmn U MHAEKCI
noys. Kaxkgan penepHas TOYKa oTpakaeT 0COBEHHOCTU METEOCTAHLLMM U, BMECTE C TEM, XapaKTepusyeT
noKasaTeNiM KNMmaTa COOTBETCTBYIOLLErO e 1eCopacTUTENbHOTO noAca (30Hbl). Knumaapeanbl Takco-
HOB K/laccudMKaLnM NepeKpbIBatoTcA B 60bLUEN UAM MEHbLLEeM CTENEHWN, OTPaXKan peanbHblii KOHTK-
HYYM KJIMMaTUYEeCKOro NPOCTPaHCTBA. Tem He MeHee BbIABASETCA MX 060C06/1€HHOCTb B MHOTOMEPHOM
NPOCTPAHCTBE NPMU3HAKOB, YTO NO3BO/AET CTPOUTb BUOKAMMATUYECKME MOLENN PA3HOrO0 TeMaTUYecKo-
ro cofepkaHus.

MpoBeaeHa aKcnepTHan NPOBEPKa KOPPEKTHOCTM HaKoMNIeHHON nHbopMaLun.

[na oueHKMN penpeseHTaTMBHOCTM KAMMaTUYECKMX NapaMeTPoB 30Ha/IbHbIX, CEKTOPHbIX Noapasgene-
HWI PacTUTENbHOTO NOKPOBA, a TaKKe apeanos GopmaLmii U APYTMX TAKCOHOB PACTUTENIbHOIO NOKPO-
Ba NOCTPOEHbI PACYETHbIE CLEEHAPUM INEKTPOHHbIX TabauL,

BNNATOOAPHOCTH

Pabota BbinonHeHa B pamkax Mporpammsl Mpesnanyma PAH «Buonormueckoe pasHoobpasue», npo-
ekt CO PAH Ne 27.
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MHTErPALUNA NHOOPMALIMOHHbIX PECYPCOB BUOPA3HOOBPA3UA
BAMKANIbCKOIO PETMOHA B PAMKAX FEOMOPTANA

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 MPKyTCKoro Ha-
y4Horo ueHTtpa (MHL) CO PAH BeayTca HayyHble
nccnefoBaHus, 6asvpylolmMecs Ha YHUKANbHbIX
npobnemHo- M nNpegMeTHO-OPUEHTUPOBAHHbIX
6a3ax NpoCTPaHCTBEHHbIX AaHHbIX [1,2,3]. B 6051b-
WMHCTBE C/ly4aeB CamMM [AaHHble U TEXHONOMMMU
MX aHann3a ABNAIOTCA 3aKPbITbIMKU A1 COBMECT-
HOro MCNO/b30BaHMA. 1A BKAOYEHUA H6OMbLINX
06BbEMOB HAyYHbIX NPOCTPAHCTBEHHBIX AAHHbIX
M OPUTMHANbHbIX aJrOPUTMOB, HAKOMJEHHbIX
yupexkgeHnamu CO PAH B npouecc nposeaeHuA
MEXONCUMMIMHAPHBIX HayYHbIX WMCCAeA0BAHWUN
reocuctem u 6uopasHoobpasma MNpubaikanba m
3abalikanbA aKTyanbHO co3gaHve WHpopmaLm-
OHHO-TE/IEKOMMYHWUKALMOHHON  MHPPACTPYKTY-
pbl, BK/OYaKOLWEN TeppuTOpUanbHO-pacnpese-
JIeHHYI0 cuctemy cbopa, 06paboTKKM, XpaHeHUA
M npefocTaBneHns 6a3oBbIX NMPOCTPAHCTBEHHbIX
N TEMATUYECKMX AaHHbIX U MeTagaHHbIX, Npeso-
CTaBAAOLWEN NONb30BaTENAM YAANEHHbIN JOCTYN
K BINA, meTagaHHbIM U cepBucam.

O6paboTka reoAaHHbIX M3HaYya/NbHO CYMTanachb
npeporaTMBoi HaCTO/bHbIX MPOrPaMMHbIX CK-
cTem. ITO MPOMUCXOAMN0 M3-3a 6o/bloro obbe-
Ma obpabaTbiBaemMbIX AaHHbIX, HU3KOW CKOPOCTU
nepefayn fAaHHbiX 4epe3 WMHTepHeT, HedocTa-
TOYHbIM Pa3BUTUEM CPEACTB M0/1b30BaTE/IbCKOro
MHTepdeiica UHTepHeT npunoxeHuin. Ha ceroa-
HALWHWIA OeHb CeTU Nnepeaayn AaHHbIX, UHTepHEeT
TEXHO/IOTUM aKTUBHO Pa3BMBAIOTCA, MOBCEMECTHO
YAy4lLan BO3MOXHOCTU MHTEpPHET NPUIOXKEHUIA.
CyliecTByeT TeHAEHUMA nepexosa OT SIOKabHbIX

BbIUMC/IEHUIA K pacrnpeneneHHbiM. B yacTHoCTH,
aKTMBHO pPa3BMBAIOTCA 06/ayHble BbIYMC/IEHUA
[5] (TexHonormn obpaboTKM AaHHbIX, B KOTOPbIX
KOMMbIOTEPHbIE Pecypcbl M MOLLHOCTM Npeao-
CTaBNAIOTCA MO/Ib30BaTEeNO KaK WHTepHeT-cep-
BuC). MNepeHoc 06paboTKM 1 xpaHeHUA AaHHbIX Ha
yAaNneHHble cepeepbl MMeeT pPsAL NPevMyLLecTs:
Ans paboTbl MO/b30BATE/I0 4YacTO A0CTaTOYHO
MUMeTb TO/IbKO Bpay3ep, Nosib3oBaTeNb He NPUBA-
3aH K paboyemy mecTy, 3HauMTENbHO Mnpolue 06-
HOBNEHME M 0BCayKMBaHMe cuctem. MNpumepom
TaKMX CEPBMCOB AB/AETCA CMUCTEMA XPaHEHMWs U
peaaktMpoBaHua OoKymeHToB Google (http://
docs.google.com).

B aTOomM HanpaBneHWu pasBMBatoTCA reorpapu-
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, ABNAOWMECA BaXKHbIM 3/1€MEHTOM
MHOPACTPYKTYPbl  MPOCTPAHCTBEHHbIX  AaHHbIX
(nnAa) [5,6,7]. Heobxoammo 3ameTuTb, uto B UMNA
reonopTasnbl PeannsyloT B OCHOBHOM OYHKLMHU,
CBfi3aHHble C NyBAMKaUMeln AaHHbIX B UHTepHeT,
T.e. 3arpy3Ky M BM3ya/nM3aumio AaHHbIX, Gopmu-
poBaHve meTanHdpopmaumm u T.4. MpumeHeHne
anNroputMoB reoobpaboTkn (4na BbINOJHEHMUA
33434 aHanM3a) B TEXHOMOMMAX 06/1a4YHbIX BblYM-
C/NIeHUIA Pa3BUTO A0CTAaTOYHO cnabo. XoTa cyLiecT-
BYIOT MPOrpammbl, peanunsytolime GyHKUUM reoo-
6paboTKM, B OTKPLITOM AOCTYynNeE.

MpumeHeHne TEXHO/IOTUIA 06NaYHbIX BbluUC/e-

1 CMBUPCKMI HCTUTYT Gr3nonorum n Groxmmmum pactenuii CO PAH, MpkyTck, Poccus
2 IHCTUTYT AMHaMMKK cuctem m Teopumn ynpasnernma CO PAH, UpkyTck, Poccuna

3 UHcTuTyT reorpadum CO PAH, UpkyTcK, Poccusa
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HUIA [N NPOBEAEHMA HAYYHbIX UCCef0BaHUMI
ABNAETCA NEePCNeKTUBHbIM HanpaBJeHNEM PA3BU-
TMA reoMHGOPMATUKM U 0bnasaeT pAaOM Mnpeun-
MYLLLECTB:

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

- OTKpbITbIA AOCTYN K anroputmam, MOAEeNsam
M MeTogam reoobpaboTKM AaHHbIX, BO3MOXK-
HOCTb MOCTOAHHOTO paclmpeHuns baHKa anro-
PUTMOB.

- OrtcyTcTBME HEOBXOAMMOCTM  YCTAHOBKM Y
NoAb30BaTeNA CNOXKHOIO (YHMKANbHOIO) Npo-
rPammMHOro obecrneyeHns n ero obcy»Kmea-
HUA. Ona paboTbl 4OCTAaTOYHO HaMume Bpay-
3epa v ceTn MHTepHerT.

- Wcnonb3oBaHue BblUMCNEHMI B pacnpese-
NeHHoW cpege (MHOroNpPOLECCOpHble cUcTe-
Mbl) 419 PECYPCOEMKMX MPUIOKEHWUI reoo-
6paboTKu.

MepeuncneHHoe Bbiwe MNOAYEPKMBAET aKTyasb-
HOCTb WMCMO/Ib30BaHUA TEXHONOTMU 06NaYHbIX
BblUMCNeHNI Npun co3gaHum TMC v UNAO v eé ane-
MEHTOB.

OBLUUE NMPUHUUINBI NOCTPOEHUA
FEOMOPTANA

PaccMoTpym OCHOBHbIE NPUHLUMNBI (TpeboBaHMA)
NOCTPOEHUSA reonopTana, COOTBETCTBYHOLLENO TeX-
HOJIOTMAM 061a4HbIX BbIUMC/IEHWUA.

- YpnobcTBo paboTbl. lfeonopTtan fonxkeH obec-
neynBaTb: UCMOIb30BaHME Habopa cepBncoB
reoobpaboTKM M NPOCTPAHCTBEHHbIX AAHHbIX,
pacnpefeneHHblX Ha Pas/IMyHbIX cepBepax
(Puc 1.); pns nonb3oBaTens Mcnosib3oBaHUe
CEepBUCOB, PACMOMOMKEHHbIX HA YAaNEHHbIX
cepBepax, He OO/MKHO OT/IM4YaThcA OT pabo-
Tbl C JIOKa/IbHbIMU CEPBUCAMU; NOALEPHKKY
60/1bLUIMHCTBA PacnpOCTPaHEHHbIX popmaToB
NPOCTPAHCTBEHHbIX AaHHbIX W MPOEKLUW;.
npegocraBneHne yaobHoro, MHTYUTUBHO No-
HATHOTO MONb30BaTE/IbCKOTO  WUHTEpPdENCca;
BO3MOXHOCTb ObicTpoi nyb6aukauumn B UH-
TEPHET KaK AaHHbIX, TaK U MeTagaHHbIX.

- HapgerkHocTb. ObecneyeHne HageXHOro xpa-
HEHMA OAHHbIX Ha cepBepe W npeaocTase-
Hue pyHKUMI paboTbl ¢ dpaltnoBoit cuctemon
cepBepa. ObecneyeHne pernameHTMPoBaH-
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HOro A0CTyna K Mo0J/b30BaTe/NIbCKUM CepBU-
cam reoobpaboTkKM M NPOCTPAHCTBEHHbIM
JaHHbIM.  CamocTosATenbHOE onpegeneHne
MOCTaBLLMKOM pernameHTa AOCTyna K ero
cepBnCamM U OaHHbIM.

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 reOMHPOPMATUKM A5
YY€ETa HOBbIX NPOrPaMMHbIX CUCTEM, peasnu-
3yoWmX GYHKLMM aHanmnsa u 06paboTKu, uTo
yBennumMBaeT  MHTeponepabenbHoCcTb MNpo-
rPaMMHbIX CUCTEM.

CTAHOAPTbI U 3STAJIOHHAA APXUTEKTYPA
FEOMOPTANA

C uenblo copencTBusa B peanusaumu reonopta-
/0B, OCHOBaHHbIX Ha CTaHA4APTaX U COBMECTUMbIX
c UNA, opranusaumeinn OGC (Open Geospatial
Consortium) onybanKoBaH NPOEKT cTaHAapTa
[8], B KOTOpOM [aHO onucaHWe 3TaNOHHOW ap-
XUTEKTYpbl reonopTana (Geospatial Portal Refer-
ence Architecture, GPRA). B aokymeHTe [8] GPRA
paccmaTpuBaeTCA, Kak OCHOBHasA apXWUTEKTypHas
nnatdopma reonopTtanos, KOTOpble MNpenocTas-
NAT UHTEPHET-J0CTYN K reonpoCTPAaHCTBEHHbIM
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 cTtaHgapTbl.

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



1. Cepsucbl nopTana (Portal Services) opraHusy-
10T Ha nopTane eAnHy TOYKy aoctyna K M4,
n Cl, obecne4ynBatoT ynpasieHme U agmMmuHU-
CcTpupoBaHMe nopTanom. K Takum cepBucam
OTHOCATCA KAWEeHTbl Bu3yanmsauuu M4, ny-
6anKkaummn n nouncka NA u Cl, ykasatena reor-
paduyecknx HasBaHWUN, U3BIEYEHUA U YNpaB-
nenwa N, ynpaBneHuna ctunamu, ayteHTudm-
Kauuu n ynpasneHua goctynom K N4 wn Cr.

2. Cepsucbl Busyanmsaumm (Portrayal Services)
obecneynsatoT Busyanusaumto MA. Hanpwu-
Mep, K TaKMM CepBMCaM OTHOCATCA CepBepbl
BM3ya/in3aL MM KapT C NoAAepsKKOW cTaHaap-
ToB OGC Web Map Server (WMS) [9] n OGC
Styled Layer Descriptors (SLD) [10], a Take
cepBepbl BU3yannsaLmm NOKpbITUiA (pacTpos)
C nopaep:kKor obcyKaaemoro craHpapTa
OGC Web Coverage Service (WCS) [11].

3. CepBucbl Katanoros (Catalogue Services)
obecneynsaloT Nyb6aMKaumo, NOUCK U Npoc-
MOTp MeTadaHHbix o I n CI. Hanpumep,
OAHVUM U3 TaKMUX CEPBUCOB ABASETCA KaTasor
meTagaHHbix GeoNetwork [12].

4. Cepsucbl aocTyna K gaHHbim (Data Services)
npeaocTaBAAOT reonpoCTPaHCTBEHHON Ha-
nofHeHne u o06paboTKy AaHHbIX, obecne-
YMBalOT AOCTYN K Pas/NIMYHbIM XPaHUAULLAM
reonpocTpaHcTBeHHOW MHopmauumn (peno-
3uTopMAM M 6asam AaHHbIX). B 4yacTHoCTH,
Takne cepBuCbl obecrneymBaloT 3anpocbl U
noJlyyeHne npPOCTPAHCTBEHHbIX OOBEKTOB M
aTpMBYTOB KJMEHTCKOM YaCTbio MPUIOKEHUSA
¢ ucnonb3zoBaHnem OGC Geography Markup
Language (GML) [13] Ha ocHOBe cTaHaapTa
OGC Web Feature Service (WFS) [14].

5. CepBucbl reoo6paboTKM MPOCTPAHCTBEHHbIX
JaHHbIX obecneymBatoT 06paboTKy  npo-
CTPaHCTBEHHbIX AaHHbIX, B 4aCTHOCTU BbI-
NoNIHEHME TaKMX onepauuii Kak cosaaHue
6ydepHbIX 30H, OBep/ieiiHble onepauumn n 1.4,
Ha ocHoBe cTaHgapta OGC Web Processing
Service (WPS) [15].

APXUTEKTYPA FrEOMNOPTAJIA UHLL CO PAH

OCHOBbIBAACb Ha NPUBEAEHHbIX MPUHUMMAX Mo-
CTPOEHUA reonopTana M CyLEeCTBYIOLWMX CTaH-
JapTax, paspaboTaHa cieadyloulas apxuUTeKTypa
(puc 2).

ApxuTeKTypa pa3pabaTbiBaemoi CcuUcTeMbl AB-

NAETCA KAMEHT-cepBepHOi. OCHOBHbIM KOMMO-
HEHTOM Ha CTOpPOHe Mo/b30BaTensa ABAAETCA
Web-KknueHT, paboTatowmii Ha ocHose Bpaysepa.
Mpeanonaraetca, YTO C NOMOLLbIO €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 paclUMPAEMbIN KOMMNIEKC Pa3IUYHbIX
KOMNOHeHTOB. PaccmoTpum 6onee noapobHo oc-
HOBHblE CEPBEPHbIE KOMMOHEHTbI CUCTEMDBI.

Puc. 2. ApxuTeKTypa reonoprana

Cuctema ynpaBneHua cepBucamm 1M reogaHHbIMU
(CYCT) ocywecTtBnset obliee ynpasneHue Hag
reonopTanom. MNpegocrasnsaeT cneayowme GyH-
Kumu: Galinosblit MeHeaKep, ynpasaeHue AOCTy-
MOM K AaHHbIM M cepBucam, nybanKaLmio n oto-
6pakeHMe NPOCTPAHCTBEHHbIX AAHHbIX, 3anycK
MeToa0B reoobpaboTkm aaHHbIx. CYCI paspabo-
TaH Ha ocHoBe cBOOOAHO-PACNPOCTPAHAEMOMN CU-
CTeMbl ynpaBaeHuA cogepmmbim Drupal.

Cuctema xpaHeHus gaHHbIx (CX/) - nporpammHo-
annapatHoe obecrneyeHne HaZEXKHOro XpaHeHuA
AaHHbIX Ha ocHoBe SAN ReadyStorage 3994 c 06-
el CTapTOBOM AUCKOBOW eMKoCTbio 62 T6alT,
KOTOpOEe rapaHTUpyeT HaJeXKHOe XPaHeHUe NoJsib-
30BaTe/IbCKMX AaHHbIX, b6ecnepeboliHyto paboTy
M [4OCTaTOYHO BbICOKYK CKOPOCTb YTEHMs/3anucu
AaHHbIX. Joctyn kK CX[ npou3BogmtcA € MOMO-
wbto patnoBoro meHeaKepa.

Cuctema ynpasneHus 6azamu aaHHbIx PostgreSQL
(c pacwmpeHnem gns 06paboTKM NPOCTPAHCTBEH-
HbIX AaHHbIX POstGIS) npegHa3HaveHa Ans XxpaHe-
HWA NO/Ib30BATENbCKMX HABOPOB AaHHbIX U CAy-
ebHol nHpopmaumm reonopTana. Pacwmpenune
PostGIS nossonaetr XpaHWUTb NPOCTPAHCTBEHHbIE
JaHHble U peanunsyeT NOALEP)KKY CTaHAAPTOB
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OGC. YnpaBneHue Hapg 6a3amu aaHHbIx (BA) ocy-
wectenaetca ¢ nomowbto CYCI: co3gaHune nonb-
30BaTenelt B/l Ha ocHoBe perucTpauuu B nopTa-
Nle, co3faHue CXeM JaHHbIX, NpeaocTaB/ieHue
COOTBETCTBYIOLLMX MpPaB AOCTYMa, KOHBepPTaLMio
OaHHbIX U T.A4,.

SMDServer - npegHasHauyeH Ana BU3yanun3auum
KapT B ceTu UHTepHeT. ObecneunmBaeT BbICOKYHO
CKOPOCTb 0TOBpaXkeHUs rpaduyeckon u aTpmby-
TUBHOM MHpOPMALUN.

Cepsucbl npepoctaBnaoT 06paboTKy NpocTpaH-
CTBEHHbIX AAHHbIX, T.e. 3TO MPOrpaMmHble eau-
HULbI, BbINOAHAOWME pas3inMyHble YHKUMU U
npeaocTaBastoWmMe HEKOTOPbIN MHTepdenc. Ap-
XUTEKTypa paspaboTaHa Takum ob6pasom, 4TobbI
obecneynTb BO3MOMKHOCTb pacliMpeHns GyHKLM-
OHANbHOCTM NyTem A06aBAEHUA HOBbIX CEPBUCOB.
BonblwmHCTBO YHKUMI reonopTana peannso-
BAaHO B BM/AE CEPBMCOB, HANPMUMepP KOHBepTaLus
AaHHbIX U3 ogHoro ¢opmata B ApYrou.

PaccmoTpum 6onee noapobHO OCHOBHble GYH-
KUK reonopTana, peasm3oBaHHble KOMMNOHEHTa-
MW apXUTEKTYpbI.

YNPABNIEHUE OAHHbIMU

XpaHeHWe AaHHbIX NoNb3oBaTesnell OCyLLecTBAA-
eTca Ha ocHoBe CX[, SAN ReadyStorage 3994 B
Buae ¢alinoson cuctembl. Kaxkgomy nonb3osa-
TeN0 NpefoCTaBAAETCA AUPEKTOPMA B PaMKax
CXA. Co3paHne gUpeKTopun U BblgeneHune cooT-
BeTCTBYHOLWMX npas BbinonHaeT CYCI. YnpaBaeHue
¢dainoBol cMCTeMOlM B pamMKax BblAeNeHHON Au-
PEKTOPMM MONb30BaTEb MPOU3BOAMUT C MOMOLLBIO
daiinosoro meHeakepa (Puc. 3.).

Puc. 3. daitnioBbI meHegKep

daiinoBbln MmeHegkep anseTca Yyactbto CYCA m
Nno3Bo/sieT NPOU3BOAWUTL BCE OCHOBHblE omnepa-
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unm c dpannosoit cuctemoit Yepes Web-knneHTa,
a TaKXe 3arpysKy 1 BbIrpy3Ky AaHHbIX C KOMMbO-
Tepa nonb3osatens. [Ana ynobcrsa gaHHble MOXK-
HO 3arpy)aTb W BbIFPyXaTb B apXMBMPOBAHHOM
BMAe. MmetoTcs cneunannsmMpoBaHHble CEePBUCHI,
No3BO/IAIOLME aAPXMBUPOBATL/Pa3apXMBMPOBAThL
OaHHble B CX[.

NYBNIUKALUNA U BUSYANTUSALINA
MPOCTPAHCTBEHHbIX AAHHbIX

[Ona Bu3yanmsauum NpOCTPAHCTBEHHbIX AAHHbIX
pa3paboTaH OpUIrMHaANbHbIA CEpPBUC, Ha3blBae-
MbIi SMDServer, KoTopblii, B TOM 4uUc/ie, pea-
nmnsyetr WMS ctaHgapT. Mostomy ana pabotbl ¢
SMDServer MoOXKeT MUCNo/ib30BaTbCs 060N Ku-
€HT BM3ya/n3aLmm NPOCTPAHCTBEHHbIX AaHHbIX C
noaaep:kkon WMS, Hanpumep, WMPOKO pacnpo-
CTpaHeHHbI web-kaveHT Openlayers uau Ha-
ctonbHas N'MC Maplnfo.

SMDServer 6a3upyeTca Ha cneayroLmx NpPUHLM-
nax:

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

- nporpamma NPOCMOTPa A0/KHA OTOBpakaTb
BeCb 06bEM AaHHbIX, KaK e4MHOe Lenoe;

- Bpems oTobparkeHUs Ntoboro pparmeHTa Kap-
Tbl LO/IKHO BbITb MaKCMMa/ibHO COKPALLEHO;

- OCHOBHasa 3afaya - NOMCK MHbOPMaLUM Ha
KapTe;

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

B SMDServer ncnonb3yeTtca opuUrnMHanbHbli Gop-
MaT npeacTaBieHnA BEKTOPHbIX AAHHbIX, Ha3BaH-
HbIi SMD (Static Map Data). 91o ¢opmat nosso-
naet adpdeKkTMBHO (N0 BpemeHn oTobparkeHun
Ha 3KpaH) BM3yanu3npoBaTb MPOCTPAHCTBEHHbIE
[AaHHble, BK/oYan cBepxbo/iblime MacCuBbl TaKMX
AaHHbIX. Takke SMD no3BosiAeT XpaHUTb U 06pa-
6aTbIBaTb CEMAHTUYECKYIO MHOOPMALMIO, KaK AN
pPensAuMoHHOro, TaK U A1A TeroBoro npeacrasne-
HUA. OCHOBHbIMK OnepaumMaAMM, NPOU3BOLUMbI-
MW Hag AaHHbIMM B popmate SMD, sBnsatoTcs
NpPoCMOTp 1 BblbopKa KapT. MNpw aTom npegnona-
raeTca, YTO MPOCTPAHCTBEHHbIE [aHHble MoAro-
TaBnusaetca B gpyrux NC c ncnonbsosaHmem mx
AHaAZIMTUYECKMUX 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 (TMIC Maplnfo), TMC KAMAT. Mpwu 3tom
SMD nopaep»*uBaeT UMNOPT HE TOJIbKO MeTpuye-
CKOM M CEMAHTMYECKOM MHOPMALUKM, HO U cro-
coba Bu3yanumsaumu.

Ona cokpaweHua B8 SMDServer BpemeHu Bu-
3yanv3auumn  MNPOCTPAHCTBEHHbIX AAaHHbIX MC-
nonb3yeTcA: MNPOCTPAHCTBEHHAA  MHAeKcauus
(yckopsieT oTobpaskeHue ¢parmMeHTOB KapTbl);
a TaKXKe COPTUPOBKa CMMCKOB 0HOBEKTOB MO npe-
OenbHbIM MacliTabam (yckopseT oTobpaskeHue
BCeW KapTbl). Mpu copTMpoOBKe MO NpeaesibHbIM
macwTtabam KaxKabliA NPOCTPAHCTBEHHbIN 06b-
€KT XapaKTepusyeTcs AMarnasoHOM MaclTabos,
B KOTOPOM OH oTobparkaetcAa. Cnuckm obbekToB
ynopsafoYMBatoTca No yb6bIBaHUIO 3HaMeHaTenA
Mmin (OT KpynHbIX OOBEKTOB K Menkum). Kak
TONbKO BCTPeYaeTcAs 0OBEKT, KOTOPbIA CAULLIKOM
Man, 4Tobbl 0TObparXKaTbCA NPU TEKYLLEM MacLUTa-
6e (Mcur > Mmin[i]), npocmoTp cnucka MOXHO
npepsatb, T.K. 3TO ycn0BUE ByAeT BbIMOAHATLCA
M ONA BCeX Nocneayowmx o6bekToB. s MUHK-
MW3aLMU BPEMEHM 3arpysku npeacTaBieHve B
¢dopmate SMD BktoyaeT B ceba obpas onepaTms-
HOM MaMATK, COAEpPKALUN HEM3IMeHAeMble Mpo-
CTPAHCTBEHHbIE AaHHble (KOMMUAALMIO CTPYKTYP
AaHHbIX). Pannn SMD cogep*uT 0b6pa3 namaATu ¢
AaHHBbIMW 0O6BEKTOB M MHPOPMALMIO O nepeme-
LLaeMblX agpecax, HaxoAAwWwMXcA B 3TOM NamATK.
Mpwv aTom oTCYTCTBYET MHPOPMALMA O pa3breHun
06/1acTM AaHHbIX Ha OTAe/bHble 06beKTbl. [aH-
HblI/ NOAXO0A aHANOTUYEH NOAXOAY, UCNOb3yeMO-
MY B UCMONHAEMbIX dainax, U NO3BOAAET MHOFO-
KPaTHO YCKOPUTb 3arpy3Ky AaHHbIX B NAMATb.

Yacto gna npeacTaBiAeHUA CEMAHTUYECKOW WH-
dopmaummn B TUC KaxKablii CNOW KapTbl paccma-
TpuBaeTcA, Kak Tabanua b/l, a 06beKT, CBA3AHHbIN
C 3anuCbio, PaccCMaTpUBAETCA B KayecTBe 3Haye-
HMA creumanbHOro nona 3toi Tabaumubl. Takxke
ANA 3TOro npumeHsaeTca Terosblii dopmat npea-
CTaB/NI€HUA CEMAHTUKM, MPU UCMONb30BaHWUM KOTO-
poro B O4HOM C/10€ MOTYT HaXoAUTbCA 0OBEKTDI,
OTHOCALLMECA K Pa3HbIM K/Jaccam, U XapaKTepusy-
toLLMeca pasinyHbIMM Habopamu aTpubyTos.

Onsa npeacTaBneHUs cemaHTU4YecKon MHdopma-
unm B8 SMD ucnonbsyetca ctatmyeckasa b, koto-
pas No3BOJIAET XPaHWUTb HeM3MeHsaemble Taban-

Ubl, NOAAEPXKMBAET BO3MOXKHOCTb 3G DEKTUBHOIO
BKAtOYUEHMA B Tabauuy 60/bWOro KoAMyecTsa
Heob6f3aTeNbHbIX NOMEN, U AOMyCKaeT Haauuue
B OAHOM 3anMCU HECKONbKUX 3HAYEeHWUI OAHOro
Heob6s3aTeNbHOrO MnonsA. HeMameHAEMOCTb 3TUX
AaHHbIX UCNONb3yeTcA ANA ONTUMM3ALLMK XpaHe-
HWA CTPOKOBBIX 3HAYEHUA.

3a cyeT 3TUX cnocoboB YCKOPEHMA CKOPOCTb pa-
60Tbl SMDServer Ha Pentium IV 3GHz npu paborte
C KapTon MpKyTcKa, KoTopasa coaep*Kut 820 Tbic.
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. Nyb6aunkauma Habopa JaHHbIX
Mpu 3arpy3ke nonynspHbix dopmaToB KapT B CX[,
NPoOu3BOAMTCA aBTOMATMYECKaa KOHBepTauuA B
dopmat SMD u peructpauma 8 SMDServer. daii-
NOBbIV MeHeaKep NPy USMEHEHUUN COAEPHKUMOTO
TOM UNM UHOW AMPEKTOPUM OTnpaBaseT coobule-
HMe MoayNto Nyb6AnMKaLMM, KOTOPbIM NPU U3MEHe-
HUUM coaepXKallmxca KapTorpadpuyeckmnx dpaiiios B
OVNPEKTOPUM MPOU3BOAUT MUX KOHBEPTALMIO UK
vaaneHue coorseTtcTaytowmnx SMD daiinos. 3atem
NPOM3BOAMUTCA WX PErncTpaums B MHULMANM3A-
uMoHHom ¢aiine SMDServer. MpocmMoTp AaHHbIX
B 3TOM C/ly4ae AO0CTYMNeH TO/IbKO BAAAeNbLy AaH-
HbIX. [1n1A npocmoTpa AaHHbIX APYrMMM NONb30Ba-
TenAMM Heobxogmma ux ny6auMKaums, T.e. Nosb-
30BaTe/lb JO/KEH NOATBEPANUTL Ha CNeLNanbHON
dopMme, 4YTO OH *KenaeT AaHHble onybsinMKoBaTb
(Puc. 4). Nybankauma npomnssogmTca Habopamm
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JaHHbIX. Habop AaHHbIX 3TO AMPEKTOpUA C ce-
MaHTUYECKM CBA3aHHbIMU KapTorpadpuyecknmm
CNOSIMM, HAXOAALWMMUCA B OLHOW NMPOEKUMM Ha
oAHY TeppuTopuio. Bo Bpemsa nybavKaumMm nosb-
30BaTe/lb [O/IKEH YKa3aTb, B KaKOW AMPEKTOpPUN
Haxo4ATCA JaHHble, U BBECTU MeTaZaHHble, Onu-
CcbiBatoLLMe co3faBaemblii pecypc.

YNPABNTEHUE METAAAHHbIMU

CTaHZapTbl MeTafaHHbIX YCTaHaBAMBAlOT perna-
MEHT B3aMMOAENCTBUA YYaCTHUKOB MHPOpMaLM-
OHHOro obmeHa 1 paspaboTumkos B chepe cosaa-
HWA reonopTanos. C X MOMOLLbIO MOMXHO CO3/a-
BaTb C/10Bapu M KnaccudpukaTopsl, cneumduyHble
ANA  MEeXOUCUMNIMHAPHBIX Hay4yHbIX Mccneno-
BaHWW. 33 OCHOBY MPEACTaBNEHUA U XPAHEHUs
MeTaZaHHbIX B paMKax reornopTana BblbpaH u3-
BeCTHbIM cTaHaapT FGDC-STD-001-1998 (Content
Standards for Digital Geospatial Metadata) - ame-
pyKaHcKkui npotoTun ISO 19115, ctaHAaapT coaep-
KaHWA Ha UMbpoBble NPOCTPAHCTBEHHbIE METa-
AaHHble. MexaHU3Mbl XpaHeHUA 1 06paboTKM me-
TafaHHbIX peann3oBaHbl Ha ocHoBe GeoNetwork
[6] cTaHOApPTU3MPOBAHHOM U AELLeHTPASIN30BaAH-
HOM cpeabl ynpaBAeHWa NPOCTPAHCTBEHHOW WH-
dopmaumeir, paspaboTaHHoM Ana goctyna K ba-
3aM reofaHHblX, KapTorpaduyeckum npoayKtam
M CBA3AHHbBIM C HUMW MEeTaZlaHHbIM U3 Pa3/INYHbIX
MUCTOYHMKOB, NoBbllatolleln 3¢pdeKTUBHOCTb 06-
MeHa MPOCTPAHCTBEHHOW MHpOpPMaUMen Mmexay
MHCTUTYTaMWU U ee COBMECTHOE WMCMO/b30BaHWe
nocpeactsom WMHTepHeTa. Takolh noaxop obec-
neymBaeT yBeanyeHne AO0CTYMHOCTU MPOCTPAHCT-
BEHHbIX AaHHbIX Pa3IMYHOro macwTaba npu npo-
BEAEHUU MEXKANCLUMNINHAPHbIX UCCEA0BAHNN.

CEPBUCbI TEOOBPABOTKU

MeToabl 06paboTKM NPOCTPAHCTBEHHBIX AAHHbIX
reonopTana peanunsylTca B BuAe cepsBmcoBs. Pas-
paboTaHHanA apxuTeKTypa reonoprtana no3BOAA-
eT fob6aBnATb CepBMUCHI, MyTEM WX PerncTpauum
B KaTasiore meTagaHHbIX. [locne pernctpaumm c
nomolbto Web-KiMeHTa nosb3oBaTeNb MOXKET
BOCMO/1b30BaTbCA CEPBMCAaMM, WUCMONb3yA CBOMU
JaHHble, M NOAYYUTb pe3ynbTaTbl 06PabOTKM.
BxogHble paHHble moryT 6biTb B BuAe ¢alinos,
CTPOKOBbIX M YNCNOBbIX MapameTpoB. Pe3ynbTatsl
06paboTkM coxpaHatoTca B Buae dainos B CX/.
CepBucbl MoryT 6bITb BCTPOEHHbIMK (T.e. mpo-
rPaMMHbBIMWU MOAYAAMM, BbINOAHAOWMMMN 0bpa-
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6OTKY [aHHbIX Ha JIOKaJIbHOM CEpBepe reonopTa-
N1a) M BHEWHMMM (BbIMONHAIOTCA HA YAANEHHbIX
cepBepax M AOMKHbI NOAAEPXKMBATb CTaHAAPT
WPS). C TOYKkM 3peHns nosnb3osaTtens paborta c
BCTPOEHHbIMU U BHELWHUMMK CEpPBUCAMWU He OT-
nnyaetca. Mpu obpalleHnn K onpegeneHHomy
CcepBUCY MOAY/b YNpPaBAEHUs CepBUCAMMU FeHe-
pupyeT dopmy AnA BBOAA nosb3oBaTenem napa-
meTpoB (Puc. 5). 3atem dopmupyeTtcs 3anpoc u
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. BbizoB cepsuca co3gaHua GRID nokpbiTvA Ha
ocHoBe SHP ¢aiina

Pernctpupyemsbiii cepBuC [ONKEH Peasn3oBbl-
BaTb MPOrpammuble MHTepdeincbl B3aMMoLeNCT-
BMA Cc reonopTanom. [na BHELWHMX CEPBMUCOB A0-
eH b6bITb peanusoBaH UHTepdeiic, onpeaeneH-
HbI cTaHgapTtom WPS. B KauyecTBe BCTPOEHHbIX
CepBUCOB NpeanonaraeTca MCNonb3oBaTb Cylle-
CTBytOLLEE NpOrpamMHoe obecneyeHune, KoTopoe
06bl4HO He noaaepmeaeT ctaHaaptT WPS. MNos-
TOMY 4719 OpraHM3aLLMm B3aMMOLEeNCcTBMA reomnop-
Ta/sla C CyLLEeCTBYOLWMM NporpammHbim obecneye-
Huem TpebyeTca co3gaHue cneLmanbHbIX KOMMo-
HeHToB-nocpeaHnkos (PHP Proxy), Heobxoanmbix
ANA 3anycka, cbopa v nepesaym SaHHbIX.

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

dopmuposaHne GRID paHHbIX, rge B Kaxaow
AYeliKe NOACYNTHIBAETCA KOIMYECTBO HAXOAALLMX-
CA B HEN BEKTOPHbIX 0ObEKTOB.

TpaHcnauua GRID gaHHbIX B TEKCTOBbIM popmaT u
obpaTtHo. CyliecTByeT TeKCTOBbIM dopmaT npea-
cTaBneHuns GRID gaHHbIX, KOTOPbIN UCNOb3YeTCA
B HEKOTOPbIX HUBMOTEKAaX 06PaBOTKM AAHHBIX.

MogennpoBaHvMe pacnpocTpaHeHus 3arpasHe-
HWI. [laHHbIV CePBUC HAa OCHOBE BXOAHbIX AAHHbIX
06 MCTOYHMKAX 3arpasHeHun, penbvede, Hanpas-
NleHUn BeTpa U T.A4. no3sonseT cPopmmpoBaTb



NPOrHO3 KOHLUEHTPALMW 3arpA3HAIOLLNX BELLECTB
B AYeiKax GRID.

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

Puc. 6. Baumopgeictaune cepBMCcOB C reonopTasiom

dopmMpoBaHME BEKTOPHOM KapTbl pacnonoxKe-
HUA OBBLEKTOB Kpyrnoi ¢Gopmbl Ha PacTpoOBOM
n306pakeHnmn. [JaHHbI 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.

PaspaboTaH pag BCMOMOraTesibHbIX CEPBUCOB, B
YaCTHOCTW, apPXMBMPOBAHWE [aHHbIX, KOHBEPTA-
umA faHHbIX 13 dopmaTa B popmar.

MH®OPMALMUOHHbBIE PECYPCbI

Ha ocHoBe npeasiaraemoro reonoptana UMHCTUTY-
TamMu VIpKYTCKOro n bypATCKOro Hay4HbIX LEHTPOB
CO PAH peanusoBaHbl cnegytowme nHpopmaum-
OHHble pecypcbl.

1. HTepnpeTaumoHHasa Kapta “MpupoaHble
reocuctembl balilKanbCKOro permoHa u mux uc-
nonb3oBaHMe”, KOTOpas OTPaKaeT CTPYKTYpY
reocuctem, ycnosua QGYHKLMOHMPOBAHMSA,
rMapoTeEPMUYECKME MapameTpbl, Guonoru-
YeCKyl NPOAYKTUBHOCTb, F€03KONOTNYECKUI
NOTEeHLUMaN, YyBCTBUTENIbHOCTb K aHTpoOmMo-
reHHbIM Harpy3kam W CoLManbHO-3KOHOMMU-
yeckne oyHKUuumM (MHcTuTyT reorpadum CO
PAH).

2. XpaHuauwe TemaTUYeCcKMX BEKTOPHbIX reo-
OaHHbIX ANA TeppuTopun AeNbTOBbIX pano-
HoB peK CeneHra n BepxHaa AHrapa, Kotopoe
COLEPKUT TemMaTUYecKme Caou Mo npupoa-
HbIM WM COLMANIbHO-3KOHOMUYECKUM YCNOBU-
AM COCTOAHUA TeppuTopun, reodmsnyeckmne
N TEOXMMUYECKME XapPaKTEePUCTUKU TeppuUTo-

pUK, a TaKKe MNaHOBO-BbICOTHbIE MeTpuye-
CKMe napameTpbl NPOCTPAHCTBEHHbIX 06bekK-
TOB, W ABAAETCA MHPOPMALMOHHOW OCHOBOW
ONA MeXANCLUMMNANHAPHbBIX HAyYHbIX Mccne-
[0BaHWUIN OeNnbToBbIX paloHOB o3epa balikan
(BaltkanbCKUIA UHCTUTYT NPUPOAONONb30Ba-
Hus (BMIM) CO PAH).

. Lndposble mogenu penbeda Ha TeppUTOPUIO

b6acceiHa o3epa baiKan v aenvTbl pekn Bep-
XHAA AHrapa, Kotopble asaattca GRID-no-
KPbITUAMM, CO3A4aHHBIMW Ha OCHOBE W30/U-
HWUI penbeda U OTMETOK BbICOT U INYBUH BEK-
TOpHOW Tonorpaduyeckon ocHoBbl MacLiTaba
1:1000000, pasmep CTOPOHbI MPOCTPAHCTBEH-
HOWM Avelku - 300 m (BUN CO PAH).

. KapTbl noTeHUManbHOro CToKa yrnepoaa Tpex

BM,0B XBOWMHbIX lepeBbEB, CO34aHHbIE Ha OC-
HOBe aHa/sM3a CTOKa yrieposa no roguyHom
GOTOCMHTETMYECKOM MPOAYKTUBHOCTU XBOW-
HbIX ApeBoctoeB WMpKyTckoi obnactn (Cu-
BUMPCKUIA MHCTUTYT GU3MONOTUN U BUOXUMUK
pacteHuii (CUOUBP) CO PAH).

. UIHdOopMaLMOHHO-aHaMTUYecKan H6a3a noKa-

3aTesieit TpaHchopmaL MM yrneposa B PasHbIx
arpoaKoCUCTEMAX, MO3BONAKOLWLAA C Y4YETOM
CTPYKTYpPbl MOCEBHbIX M/OWAAel B OTAENb-
HbIX paioHax AaTb oueHKy banaHca yrnepoaa
B arpoakocmuctemax u ammccum CO2 13 arpos-
Kocuctem 3a rog (CMOUBP CO PAH).

. basa gaHHbIX N0 XBOErpbI3yLMM HAaCEKOMbIM

Balikanbckoit Cnbupu, BKAtOYalOLWAn ceBeae-
HMA 0 141 Bnae XBOErpbI3yLWMX HACEKOMbIX
n3 14 cemeiicTs. Mo Kaxgomy Buay Bpegute-
el BblgeneHbl naHAWadTbl, B KOTOPbIX BO3-
HWKAIOT OYarM UX MacCoBbIX PA3MHOMXKEHUI B
npegenax OTAE/NbHbIX NeconaToNormyecknx
palioHoB balikanbckoi Cnbupu, ykasbiBaeTca
noBpexkaaemas nopoga W CTeneHb Bpeno-
HocHOCTK, Bubnmorpadpuyeckan csogka (CU-
®UBP CO PAH).

. TemaTnyeckme NpPoOCTPaHCTBEHHbIE 6a3bl AaH-

HbIX MO APEBECHO-KO/bLLEBbIM XPOHOMIOMMAM
MpubaiKanbsa € TOYHbIMU reorpadnyecknumm
KoopauHatamm u no ¢nope Baikanbckoro
pervoHa (poTomaTepuranbl pacTeHU B Npu-
poze v B repbapun) (CUOUBP CO PAH).

. basa pAaHHbIX MO COCYyAMUCTbIM pPacTEHUAM

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

3AK/TIOYEHUE

Mpepnaraemblin reonopTan ABASETCA BaXKHOM Ya-
ctoto NNA, dopmupyemoir B MHL, CO PAH. Baxk-
HOM ocobeHHOCTbIO pa3pabaTbiBaeMoro reonop-
Tana ABNAETCA UCNO/b30BAHME HE TO/IbKO U3BECT-
HbIX TexHonornin noctpoenusa WUMNA (Hanpumep,
GeoServer, MapServer, Openlayers), HO Takxe
N OPUTMHANbHbLIX 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 obecneumBaer
BO3MOXHOCTb LUMPOKOIr0 MPUMEHEHUA AAHHOMO
reonopTtana s UMA.

B HacToswee Bpemsa MNpPoOAO/KAETCA pasBuUTUE
reonoptana (http://geos.icc.ru) B8 HanpasaeHuM
pacwmpeHus cepBMcoB 06paboTKM reogaHHbIx. B
YacTHOCTU peanusyeTcs cMcTeMa BBOAA M peaak-
TUPOBAHMA NPOCTPAHCTBEHHbIX AAHHbIX, A TaKXKe
cepBucoB 06paboTkm GRID paHHbIX (penbeda).
CospgatoTcs cepBucbl 06paboTKM PacTPOBbIX KapT,
B YaCTHOCTM, pacno3HaBaHWe U BblaeNeHne pas-
JIMYHBIX NPOCTPAHCTBEHHbIX 06LEKTOB.

BNNATOOAPHOCTH

Pabota BbIMO/IHEHA NPWU MOALEPIKKE TPAHTOB
POON  11-07-00426-a, 11-07-92204-MoHr_a,
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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 4 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 {u(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 < x(A) <+ and
let {X,} =X be a sequence such that {x,} is
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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< u(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.0
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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
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And inverted value of complex number Z = (X, y)
through

Z_1=£= X _—y
z \ XP+y2 X+y? )

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 O; 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)-(Uu+iv) = (Xu—yv) +i(xv + yu)

Z X4y Xu+Yyv . yu—xv
—= T2 71 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 O—N, 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.

Pic. 1.

Pic. 2.

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

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:

Qﬁzcosz'(T”HsinZkTﬁ,

k=01...,5,
In this way we get sixth root of number one. These
roots could be presented by dots:

A :(cossz”,sinZKT”j, k=01,...,5.

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 LyHamm y nobeperbs Manya-Hosown MBuHen 17 ntona 1998 r. 66110 NOPOXKAEHO CXOL40M
60/1bLIOro NOABOAHOIO OMNOA3HA. ITO COBbITME XOPOLLO UCCNeA0BaHO U AOKYMEHTMpPOoBaHO [1,2], yto
No3BOIAET NCMO/Ib30BaTb €ro B Ka4ecTBe TECTOBOro NpUMepa A4 OLLeHKM PasanNYHbIX MOAXO0A0B K MO-
OEeNMpOoBaHMIO0 ONON3HEBOrO MEXaHU3MA reHepaL My LyHamu.

B paboTe n3naratotca pesynbTatbl NpUMeHeHns npeaaoxkeHHon .C. XaknumssaHoBbIm [3] mogenu asu-
YKeHUA NOABOAHOrO OMOJMI3HA MO CKAOHY NPOWU3BONbHOM GOPMbI K 3aZaye BOCMPOU3BELEHUA 3TOrO
cobbiTnA. B paccmaTprBaemoin moaenn onon3eHb NpPeacTaBafaeTca KBasuHeaepopmMUpyemMbiM TESIOM,
ABVXKYLMMCA BAONAb NPOCTPAHCTBEHHO HEOAHOPOAHOIO CK/AIOHA NoA AeMCTBMEM 3afaHHOro Habopa
cun. BonHbI Ha MOBEPXHOCTM MOKPbIBAOLLLETO OMNOA3EHb C/105 BOAbI MOAENIMPYIOTCA C UCMO/b30BaHUEM
KNacCUYeCKUX HeNMHEMHbIX ypaBHEHMVI MesIKoM BOAbl. YnucneHHble aA/ITOPUTMbI OCHOBaHbl Ha meToae
Jiinepa U KOHEYHO-Pa3HOCTHOMN cxeme Mak-Kopmaka Ha paBHOMEpPHOI ceTke.

MpoBeaeHo comnocTasneHne ¢ pesyabTataMmu, NoyYeHHbIMU Ha OCHOBE HayasibHbIX AaHHbIX, paccyu-
TaHHbIX M3BECTHbIM MPOrpammHbiM naketom TOPICS, a Takxke ¢ maTepranamv MOAENNPOBaHMA 3TOTO
cobbITMA gpyrumu asTopamu [2,4,5] n HaTypHbIMM AaHHbIMK [1,2]. Mo pe3ynbTaTam 3TOro CpaBHEHUS
onpegaesieHbl Hanbonee BepPOATHbIE TPACCh! ABUKEHMS OMNON3HA.

HATYPHbIE OAHHbIE

B nepsyto ouepesb, ONON3HEBOE NPOUCXOMKAEHME PACCMATPMBAEMOrO UCTOPUYECKOTO COBbITUA NoA-
TBEPXKAAETCA Tem, YTO COMOCTaBAAEMOE 3TOMY LyHaMM 3eMIeTPACEHME MO CBOMM 3HEPreTMYecKUm
XapaKTEPUCTMKAM He MO0 NOPOAUTL BOAH Habtofaslienca amnanTyabl. Ero nepsblil, OCHOBHOM,
TONYOK UMEN MarHuTyay nopsaka 7.1, v, Kak nokasanun pesynbtaTbl MOAENMPOBAHMUA [2], NPU 3TOM Ha
nobepexbe MO BO3HUKHYTb BO/IHbI BbICOTOM He bosiee ABYX METPOB, B TO BPEMSA KaK B peasibHOCTH
OHM [OCTUrANM OTMETKM 15 meTpos. BTopoi daKT, CBUAETENLCTBYIOWMIN B NOAb3Y ONOA3HEBOrO NpPO-
UCXOXKAEHUA, - BpEMA NPUX0Aa BOMH. M3 NOKa3aHUIM 04eBUALEB CiefyeT, YTO MAaKCMMAsibHbIEe BOJHbI
NoAOoLAN K Nobeperbto ToNbKO Yepes 20-25 MUHYT Noc/ie NepBOro ToN4Ka, B TO BPEMA KaK B C/yyae
CEMCMMYECKOTO XapaKTepa UX reHepaLymm BOJIHbI AOMKHbI ObIAW MPUATU NPAKTUYECKU cpasy. TpeTui
ApPryMmeHT OCHOBaH Ha aHanu3e pacnpeseneHma MakCMMasbHbIX BbICOT BOJIH BAO/Ib Bepera, XxapakTep-
HOM MMEHHO ANs ONOA3HEBbLIX COObITUI. PeanbHoe (HaTypHOe) pacnpeseneHne BbICOT BOMH BAO/b
nobepexba [2] npuBeaeHo HUKe Ha Puc. 1 cnesa. Kak BUAHO, OCHOBHOW MUK BbicoT (40 15 meTpos)
NPUXOANTCA HenocpeacTBEHHO Ha 3aaMB CuccaHo (Sissano Lagoon); BTOpoOW MUK, 4yTb MeHbLuKni (12
meTpoB), HabntogaeTtca npumepHo Ha 0.1 rpaayca BocTovHee. [lanee no 06enm CTOPOHAM aMNANUTYAbI
PE3KO YMEHbLUAOTCA, TaK YTO MPOTAXKEHHOCTb BeperoBoit IMHUK, rae 3adnKCUpoBaHbl BbiCOTbl 6onee 8
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MeTpoB, He npesbiwaeT 0.2-0.3 rpagyca. Takas y30CTb y4acTka Nnobeperkba, UCMbITaBLUEro BO3AENCTBME
BOJIH, AB/NAETCA XapaKTepHOM YepTON MMEHHO ANA ONO/3HEBbIX CObbITUIA. Kak Bbl10 NnokasaHo nocne-
AYIOWMMU SKCNEeAULMOHHBIMU HAaTYypPHbIMKU nccnegoBaHmamm [1,2], Hanbonee BepoATHbIM U, GaKTU-
YECKM, YrKe [0Ka3aHHbIM OKOHYATe/IbHbIM PACMO/IOKEHUEM OMNMO3HSA, BbI3BaHHOMO 3eMNETPACEHUEM U
NOCNYXKUBLLErO NPUYNHON 06pa3oBaHMA KaTacTPOoPUUECKMX BOH, ABNAETCA TaK HasblBaeMblil «amdu-
Teatp» ¢ mybmuHamu ot 600 go 2500 meTpoB, PAacnoNOKEHHbIN HANPOTUB 3a/1MBA B HaNpaBAEHUM Ha ce-
Bepo-BOCTOK. Ha Puc. 1 cnpasa nokasaH COOTBETCTBYOLLMI KOHTYP OMOA3HA Ha CKJOHe U3 paboTbl [1].

Puc. 1. Cxematuyeckoe n3obpaskeHue pacyeTHol 06,1acTu (ceBa, BHU3Y) C OTMEUYEHHbIMM (+) NONOKEHUAMM TOUEK U3-
MepeHMs BbICOT BOJIHbI LiyHaMu, pacnpeseneHue 3Tux BbiCOT BLOb 6epera (cnesa, BBepxy). M30auHWUK ray6uH
pacyeTHOWM 061aCTV C OTMEYeHHbIM (6eNblit KOHTYP) KOHEYHbIM NON0XKEHWEM OMNON3HEBOW Macchl (cnpasga).

MNOCTAHOBKA 3A4A4YU

Mpn NpoBeAeHUN BbIYUCIUTENIbHBIX IKCMEPMMEHTOB B KayecTBe rMapoAvHaMMUYEcKo Mogenn pac-
NPOCTPaHEHNA NMOBEPXHOCTHbIX BOJIH MUCMO/Ib30BA/INCh KNACCUYECKME HENUHENHbIE YpaBHEHUA Men-
KOV BOAbI B AEKAPTOBOW CUCTEME KOOPAMHAT, annpOKCMMMUPOBAHHbIE C UCMOb30BaHMEM aHaiora Ko-
HEYHO-Pa3HOCTHOW cxeMbl MaKk-KopmaKa Ha paBHOMEpPHOM ceTKe. [BUKeHWe OMo3HA ONMCbIBANOCh
MoAenbio KeasunHezepopmmpyemoro Tena [3], ABUKYLLErocsa No NPoCTPaHCTBEHHO HEOAHOPOAHOMY
penbedy AHa NoA AENCTBMEM CUA TAXKECTW, BbITaNIKUBAHMUSA, TMAPOAMHAMMYECKOTO CONPOTUBIEHNA U
[OHHOTO TPEHUA C Y4eTOM NPUCOESNHEHHOM MACChbI.

McxopHoe pacnpegeneHve rmybuH B pacyeTHoW 06/1acTu, NosydyeHHOe Ha OCHOBe BUIMHENHON WH-
TepnonaumMm maccusa 6atumeTpuyeckon nHpopmaumm Gebco (http://www.gebco.net/), npusegeHo
Ha Puc. 2 cneBa. Micnonb3oBaHWe 3TOTO pacnpesenieHns gaa pacyeTa TPAeKTOPUN ABUNKEHUS ONON3HA
0Ka3a/10Cb HEBO3MOMKHbIM B CUY HEA0CTAaTOUYHOM INagKOCTN COOTBETCTBYIOLLEN ANCKPETHOM GYHKLMM.
Mo3ToMy B XOZE BbIYUCAUTENIbHBIX IKCNEPUMEHTOB ANl MOAE/IMPOBAHUA ABUKEHUSA OMNON3HA UCMO/b-
30BasIC MACCKB, MOJIYYEHHbIN B pe3y/bTaTe MPUMEHEHNA NPOLEeAYPbl CaXNBAHUA 4eBATUTOYEUYHbIM
dunbTpom lMaycca M3 MHCTPYMEHTAIbHbIX cpeacTB nakeTa Golden Software Surfer (cm. Puc. 2, cnpasa),
B TO BPeMs KaK 4/1A pacyeTa pacnpocTpaHeHusa NOPOXKAEHHbIX ONOA3HEM NOBEPXHOCTHbLIX BOJIH BMOJI-
He [0CTaTOYHOM OKasanacb MaZAKOCTb UCXOAHOW BaTUMeTpun. JOonoNHUTENbHbIE TECTOBbIE PACYEThI
nokKasasau, YTo NPUMEHeHMe YNOMSHYTOrO CrAaXKMBaHMA HE MPUBOAMUT K CYLLECTBEHHOMY MCKaXKEHMIO
MCKOMOM TPaeKTopumu.

BbIYUCNTUTE/IbHBIE SKCNEPUMEHTbI

M3BecTeH paa pe3ynbTaToB MOAeNNpPOBaHMA LyHamn 17 nona 1998 r., nony4eHHbIX C UICNOb30BaHMEM
pa3NNYHbIX MOAXOA0B K MOAENMNPOBAHUIO ABUXKEHMA KaK ONOM3HA, TaK U OKPYIKAIOLLEN €ro KUAKOCTU.
Tak, Hanpumep, B cTaTbe [4] MogennpoBaHuMe BCEro NpoLecca NPOBOAMAOCH B PaMKax MOLENN ABYX-
CNIOVHOM MAKOCTU CO CNOAMM PA3/IMYHON MAOTHOCTM M BA3KOCTM, B TO BPEMSA KaK aBTOpbl paboTbl
[5] ucnonbsoBanu gnsa pacyeta HadanbHbIX Noseit naket TOPICS c nocneayowmMm MmoaennpoBaHUem
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pacnpocTpaHeHMs BOJIH M MX HaKaTa Ha Beper Kak Nno KAacCMYeCKMM ypPaBHEHMSAM MEJIKOW BOAbl, TaK
M B PamMKax HeIMHENHO-ANCNEPCUOHHDbIX NPUBANKEHUIA. PN 3TOM HaZ0 OTMETUTb, YTO B NEPBOM U3
3TMX paboT ABWMKEHME OMO/M3HA 3343BasiOCh B CEBEPO-BOCTOYHOM Hanpas/ieHWW, U NoayyYnBLIeecs B
pesynbTaTe TakMX pacyeToB pacrnpeaeneHme BbiCOT BOJIH BAO/b Nobepeskba, Ha Hall B3raag, banske K
HaTYpPHOMY, TaK KakK MMeeT IPKO BblParkeHHbI OAMH MUK KaK pa3 B pailioHe 3ai1Ba CuccaHo, B TO Bpems
KaK BO BTOpOI paboTe, rae ABUMKEHME 3a4aBafoch B CEBepO-3anafHOM HanpasaeHun, Habaogaercs
ele M «NoBOYHbIN» OLLYTUMBbIN MUK CYLLECTBEHHO BOCTOYHEE 3TOrO 3a/1MBa.

Puc. 2. Penbed AHa v cylum B pacyeTHoW o6aacTv: ciesa - UCXO4HAA 6aTUMETPUA, CNPaBa - CIAAXKEHHbIN
penbed, NCNONb30BaHHbIV ANA pacyeTa TPAaeKTOPUM ABUKEHUA ONON3HA.

Llenbto nepBoro atana HacTOALLEro MCCeA0BaHMA CTaio CONOCTaBAEHNE C HAaTYPHbIMU AaHHbIMU pe-
3y/IbTAaTOB PACYETOB, B KOTOPbIX A/1A 334aHMA HaYaNbHbIX AaHHbIX MCMOAb30BANCA NPOrPAaMMHbII NakeT
TOPICS. 3Ha4yeHMA NapameTpPOB ONONA3HEBOrO ABMXKEHMA, NogaBaemblx Ha Bxog naketa TOPICS, coot-
BETCTBOBA/IM 3HAYEHMAM, UCNONb30BAHHbIM B aHANOMMUYHOW CUTyaL MK aBTopamu pabor [5, 6]. B nep-
BOM C/ly4ae 370 6blin: ANMHa ononsHaA - 4200 m, wWnpuHa - 4500 m, TonwmHa - 760 m, oTHOCUTEIbHanA
MAOTHOCTb - 2.1463, HayanbHOe 3arny6nieHue - 1420 m, HayanbHoe yckopeHue - 0.51 m/c?, makcumarib-
HasA CKopoCTb - 23 M/c, Bpema ABUKeHus - 88 ¢, AnmHa nytu - 980 m, asumyT TpaekTopum - 11 rpagycos
NPOTUB YaCOBOW CTPENKM OT HaNpPaB/iEHUA Ha ceBep.

Kak nokasbiBaloT NnpuBeaeHHble Ha Puc. 3 KapTMHa cBeYeHMA 1 pacnpeseneHne MakCMmasabHbIX BbICOT
BOJIH BLO/b 6eperosoi IMHUK, B CTOPOHY Nobepekbs pacnpoCTPaHAETCA ABa OCHOBHbIX «/ly4a» sHep-
TMW - U3 3aZLHE YaCTN HAYa/IbHOTO BO3BbILLIEHUA U U3 NepeaHel. MNpu STOM ecam NepBblil U3 HUX, Kak K
CNefoBasio OXuMAaTb, Hanpas/eH B CTOPOHY 3aimMBa CUCCAHO, TO CBA3AHHbIN C NepeaHelr YacTbio BO3-
MYLLLEHMA SKCTPEMYM B pacnpene/ieHnmM BbICOT BO/IH K 3anajy OT 3a/1MBa HAabNOAEHMAMM He 3aMeYeH.
MpuHUMNManbHOe OTIMYME UCNOb3YEMOM aBTOPaMM MOAENN ONOA3HEBbLIX LlyHamMK OT Moaenew, uc-
nonb3syowmx nakeT TOPICS, cOCTOUT B TOM, YTO 3TOT NaKET PAcCYMUTbIBAET HAaYa/IbHblE NOAA CMELLEHN
YPOBHA BOAbI U TOPU30OHTa/IbHbIX CKOPOCTENM MO 3MNUPUYECKUM COOTHOLLIEHMAM Ha OCHOBE 33, aHHOTO
Ha OCHOBE «YMO3PUTE/NIbHBIX» OLLEHOK NcCenoBaTens Habopa 3HaYeHMI NapaMeTpoB, B TO BPeMsA Kak
MOZe/1b aBTOPOB BOCNPOU3BOAMUT COBCTBEHHO ABUMKEHME ONO3HSA (ONpeaensan B TOM YMC/IE XapaKTepu-
CTMKU OBUNKEHUSA, ABNAIOLMECS BXOAHbIMM NapameTpamu naketa TOPICS), KoTopoe, B CBOIO ovepenp,
NMopOoXAaeT BONHOBbIE NOAA, B 3aBUCMMOCTU OT PeanbHOro pacnpeaeneHusa rmybuH 1 mecTononoxe-
HWA BCEro OMO/I3HA, @ He TO/IbKO ero LeHTpa macc. B pamKkax 3To mogenn BOCNPOU3BECTU ABUMKEHUE
C NepeyncneHHbIMM Bbllle XapaKTEPUCTUKAMM He yaanocb. Hanbonee 6113KMM OKa3anoch ABUXKEHUE
C HaYanbHbIM yckopeHnem 0.34 m/c?, MakcMManbHOM CKOPOCTbIO 16 m/c, BpemeHem asukeHus 190 c,
anviHol nytn 1500 m, a3MmyTom TpaeKTopuu - 9 rpaycoB K 3anafy OT HanpaB/ieHUA Ha ceBep. Takok
pe3ynbTaT COOTBETCTBYET OMNO/3HIO C AAMHON 4500 m, wupuHoin 5000 m, TonwmHon 760 m; npu sTom
OTHOCUTENbHAA MNOTHOCTb paBHANACb 2.1463, KoaddMLMEHTbI NPUCOESUHEHHOM MAcChbl U TMAPOAU-
HaMMYECKOro COMPOTMBAEHUA BblM HYNEBbIMM, YION TPEHUA paBHAACA 6.25 rpasycoB, a HavyanbHOe
3arnybneHue - 1600 m.
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Puc. 3. MogenvipoBaHue LyHamu OT Haya/IbHOrO «OMOJI3HEBOrO» BO3MYLLEHUA, ONpeseseHHOro C MOMOLLbIO NaKeTa
TOPICS: cneBa - pacnpeaeneHme MakCMasbHbIX BbICOT BOIH 33 BCe BPEMA pacyeTa, crpasa - CXemaTudeckoe
n306pakeHne pacyeTHoi 0b6nacTu (BHU3Y) U pacnpeseneHne BbICOT BOMH BAOAb Nobepexbs (cBepxy).

MpuBeaeHHble HUXe (PUc. 4) KapTMHA CBEYEHMA M pacnpedeneHme MakCMMasibHbIX BbICOT BO/H BAO/b
6eperoBoi AMHUN AEMOHCTPUPYIOT 3HAYUTENbHOE YMEHbLUEHWE aMMAUTYA, BO/H, ONpeaeneHHbIX C
MCNONb30BaHMEM MOAENN KBa3nHeAepOPMMPYEMOro ONo/3HSA, Kak BO BCEW aKBAaTOPUM B pacyeTHOM
obnacTu, Tak u B61M3M nobepexbA.
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Puc. 4. Pe3ynbTraTbl, NONyYEHHbIE C UCNONb30BaHMEM MOAEeNU KBa3VIHe,D,e¢0pMVIpyeMOFO OMON3HA: cne.a -

pacnpegesneHre MakcMMabHbIX BbICOT BO/IH 3a BCE BPEMA pacyeTa, Crpasa - CxemMaTuyeckoe nsobpa-
YKeHMe pacyeTHoM 061acTu (BHU3Y) 1 pacnpeseneHne BbiCOT BOMH BAOAb Nobepeskbs (CBepXy).

Ha cnepytowem atane paboTbl 6blna NpegnpuHATa NOMNbITKA ONpeaeMTb HauyaibHOe NON0KeHMe Ono-
3HA, NOPOXKAAIOLLETO BOJIHY LlyHaMMU, MPOAB/EHNE KOTopol y bepera Hanbonee COOTBETCTBYET pesysib-
TaTam HaTypHbIX 06cnesoBaHUN.

Mpy NOCTaHOBKe 334a4 BbIYUCAUTENbHOIO 3KCMepUMeHTa b6bl1o paccmoTpeHo 11 BapuaHTOB TaKoro
HaYa/NIbHOrO MO/IOXKEHMA, B TOM YMCNE U ManoBepoATHble (Puc. 5); xapaKkTepHble napameTpbl 3a4a4n
ObI2IN TAaKOBbI: AJIMHA 0NoA3HA - 4500 M, WrpmrHa - 5000 m, ToNwMHa - 760M, OTHOCUTE/IbHAA NAOTHOCTb
- 2.1463, K03ddMUMEHTbI NPUCOEANHEHHOW MaCCbl Y TMAPOAMHAMMUYECKOrO cConpoTuBaeHus - 1.0, yron
TpeHua - 5 rpagycos. C y4eToM 3a4aHHOroO penbeda AHa ONOA3HU C HAYa/IbHbIMWU MONOXKEHUAMM LiEH-
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Tpa macc B TovKax 1, 2, 3, 10 ctapToBanum ¢ ognHakoBow rnybuHbl 2000 meTpoB, B TOUKax 4-9 - ¢ ry6uHbI
1400 meTpoB, a B TouKe 11 - ¢ rny6umHbl 1750 meTpos. NMonyynslimecs B pesynbTaTe pacyeToB TPAEKTO-
pun auxkeHuna (Puc. 5) LeMOHCTPUPYIOT Kak BO3MOXHOCTb OCTAHOBKM OMOA3HA NocepeamHe CKAOHA
B «amouTeaTpe» Ha rybuHe nopsaka 2500 meTpos (TpaekTopum 1-6), Tak U ero ABUNKEHWE 40 CaMOl
rny6okow Yyactu (cBbiwe 3500 meTpoB) akBaTopuKM (TpaekTopun 7-11).

Hanbonee cooTtsetcTByOWMMM Npoun3oLleaemy B 1998 r. cobbITUIO OKa3aiMCb TPAEKTOPUN ABUNKE-
HUA U pacnpeseneHns BbICOT BONH BAOMb 6eperoBon AMHUN AN HAYaNbHbIX NMONOKEHN ONON3HA B
TOYKax «5» N «6», C OCTAHOBKOM OMNON3HA B «ambuTeaTper.

Puc. 5. HavanbHblie nonoxeHua LEHTPOB MacCC BEPOATHbIX OnonsHewn un COOTBETCTBYHOLLME TPAEKTOPUN OBUKEHUA.

[nsa yTouHeHMs pe3ynbTaTos Gbiia NpoBeAeHa elle o4Ha Cepus PacyeTos, B KOTOPbIX MCMO/b30BaCcA
Habop AONOAHWTENbHbIX 11 MOAebHbIX ONOA3HEW, LEHTPbI MacC KOTOpbIX ¢ Homepamu 1’ - 11’ B Ha-
YaNbHbI MOMEHT Pacnofaraancb B OKPECTHOCTM YNOMAHYTbIX Bbille ToYeK «5» 1 «6» (Puc. 6). Paccto-
AHUA MEXAY HOBbIMU TOUKAMM BbIIM HAMHOTO MEHbLUE, U OHW NIEXKANN Ha ABYX Pa3/IMYHBIX TNYyOUHAX,
4To, BNpPOYEM, c1abo BAMANO HA XapaKTep pacnpeneneHuns BbICOT BOH Ha bepery.

HeKkoTopble M3MeHeHUA Bblnn BHECEHbI M B 3HAYEHMA NapaMeTpoB 3aa4uM. Ha 3ToT pas oHM 6bliv 3a43-
Hbl B COOTBETCTBMM C BbIOOPOM aBTOPOB CTaTbM [4], KOTOPbIM YAAN0Ch AOOUTHCA HAaMNYYLLIEro coBnaae-
HWA Pe3yNbTaToB MOAENMPOBAHUA C HabAtoAeHHbIMKU. TaKMM 06pa3om, ANMHA 0NoA3HA bblia 3agaHa
paBHoi 3000 m, WKpKrHa - 5000 m, ToAwmHa - 450 m, yron cyxoro TpeHus - 12 rpagycam. KoadoduumeH-
Tbl NPUCOEANHEHHOM MaccChbl U FTMAPOANHAMMUYECKOTO CONPOTUBAEHUA BblIY NPUHATLI PAaBHBIMU HY/O
B COOTBETCTBMM C MOJIy4EHHbIMU PaHee aBTOPaMM HACToALLEeN cTaTby pe3ybTaTaMmiu [7] cpaBHeHMA Mo-
Aenen TBEPAOro U *KMUAKOTo ONON3HEN, MOKA3aBLUMMMU, YTO MPU 3TOM LLEHTPbI MACC XUAKOro 1 TBEPAOTO
OMON3HEeNM ABUraloTCA NPAKTUYECKU OAMHAKOBO.

AHaIM3 PacCYMTaHHbIX B XOAE BbIYMCAUTE/IbHbIX IKCNEPUMEHTOB TPAEKTOPUI LieHTpa macc (Puc. 6) «5»
M «6», MOKasas, YTO YeM Bbille B HaYasbHbIi MOMEHT BPEMEHU OMON3eHb HaxoamTcA, TemM bonbluee
paccToAHWe OH ycrneBaeT NPOWTH A0 CBOElM OCTaHOBKWU. DTO 06bACHAETCA TEM, YTO NPWU ABUKEHUW OH
ycnesaeT HabpaTb 60/1bLWY0 CKOPOCTb 40 TOFO MOMEHTA, KaK BbIAET Ha Y4aCTOK C OTHOCUTE/IbHO Ma-
NbIM YI/IOM HaKNOHa AHA U HAaYHEeT 3aMeaNAaTbCs.

ConocTaBnss pacnpegeneHue BbiCOT BO/IH BAO/b NOBepekba, paccyMTaHHOE A8 ONOA3HA, LLEHTP Macc
KOTOPOro B Hayas/ibHbIi MOMEHT pacnonarasncs B Todke Nell’ (Puc. 7), ¢ AaHHbIMM HaTypHbIX HabAto-
AeHuii (Puc. 1), MOXKHO caenaTtb BbiBOA, O 6/1M30CTU PACCUMTAHHbIX XapaKTEPUCTUK K HaBAOAEHHbIM U,
TakuMm 06pa3om, 0 NOCTPOEHUN aAeKBaTHOMN MOAE/IM PeaNbHOro OMNo3HEBOro LyHamMM C MCMOJb30Ba-
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HVEeM MOAENN MeNKOM BOAb! HaZ, U3MEHAIOWMMCA pesbedom AHa.

Puc. 6. YTOUHAIOWMIA pacyeT: HayabHble NONOKEeHMsA LLeHTPOB MacC BEPOATHbIX OMON3HEN U COOTBETCTBYIOWME
TPAEKTOPUU ABUMKEHMSA.
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Puc. 7. YTOUHAIOWWMIA pacyeT: pesynsTaThl, MoslydeHHble A5 KBa3uHeaepOPMUPYEMOro OMON3HS, PACMOOKEHHOTO B Ha4aslb-
HbI MOMEHT B Touke Ne 11’; cnieBa - pacnpeseneHne MakcMmasibHbIX BbICOT BOJIH 3a BCE BPEMSA pacyeTa, Crpasa - cxe-
MaTuyeckoe nsobpakeHue pacyetHow obaactv (BHU3yY) U pacnpeseneHme BbiCOT BOJIH BAO/b Nobepexba (cBepxy).
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benonuneykul B. M.*?, feHosa C. H.*?, lecepmeHOxu A. I3, PoeosuH [. 0.3

mMmoanoeoULUUPOBAHHAA OAHOMEPHAA MOAENDL ANA
UCCNEAOBAHUA CE3OHHbIX U3MEHEHUI BEPTUKA/IbHOW
CTPYKTYPbl CO/ZIEHOTO 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.

OOAHOMEPHAA B BEPTUKA/ZIbHOM HAMPABNEHUN MOZAE/1b COTEHOIO O3EPA

BepTuKanbHble pacnpeaeneHua TeMnepaTypbl U CONEHOCTU BOAbI B I/lyOOKOBOAHOM 30HE B Pa3/InyHble
Ce30Hbl MOXKHO OMNpPeaennTb N0 OA4HOMEPHOW MOoAENM, NPeANoXeHHON B paboTax [1, 2]. OgHomepHas
MoZeNb Ana nepuoaa OTCYTCTBMA /IeAAHOTO MOKPOBA OCHOBBLIBAETCS HA peleHuM O4HOMEPHbIX
B BEPTUKANbHOM HanpaBNeHWW YypaBHeHUI AUPPY3MM OTHOCUTENBHO TemnepaTypbl U CONEHOCTU
BoAbl. KoadpduumeHT BepTnKanbHoro TypbyneHTHoro obmeHa onpeaensetca no ¢opmyne MpaHatns -
ObyxoBa ¢ yyeTom NpUbANNKEHMA IKMaHa. TennoBoM NOTOK HA BOAHOM NOBEPXHOCTM BbIYUCAAETCA MO
M3BECTHbIM 3MMMPUYECKUM Popmynam.

B 3MMHWUI Nepuos No BEPTUKAIN BbILENAOTCA CNOW /ibAa, CNON KOHBEKTUBHOIO NepemeLllnBaHna m
NPWAOHHBIN cnol. Ana onpefeneHna AMHAMUKK TONLLMHBI 1e4AHOTO NMOKPOBa NPUMEHAEeTCA ynpo-
LeHHas MoZe/lb, OCHOBaHHAA Ha KBA3MCTALMOHAPHOM TEMMEPATyPHOM pPeXMme B 3aTBepaeBLuei
ob6nactu. B coneHbix 03epax npu ob6pa3oBaHUK Nbaa B pesynbTaTe KPUCTANIN3aLUKN BOAbI BbICBOHO-
xpaetca conb. PopmupyeTca HeyCcToMuMBasA NNOTHOCTHAA CTPaTUdUKALMA, NPUBOAALLAA K MHTEHCUB-
HOW BEPTUKaNbHOW LIMPKYNALMKM M 06pa3oBaHMIO C/10A KOHBEKTUBHOTO NepemeLwnsaHma. B atom cnoe
NPOUCXOAUT BbipaBHWBAHME TeMMepaTypbl U CONEHOCTU. YpaBHEHME COCTOAHWUA CONEHON BOAbI NpU-
HUMaeTca B NpMbAMKEeHUN byccMHecKa, (MI0THOCTb IMHEHO 3aBUCUT OT TeMMepaTypbl U CONEHOCTU
BoAbl). Mpeanonaraercs, YTO KOHBEKTUBHOE NepemeLlBaHWe PacnpoCTPaHAEeTCa A0 TaKOro ropu3oH-
Ta, Ha KOTOPOM NJIOTHOCTb BOAb! CTAHOBUTCA PAaBHOM NJIOTHOCTM NOACTUNAIOLLErNO C/10A BOAbI. Tak KaK
B 3MHUIT Nepuo TemnepaTtypa BoAbl Maso U3MeHsAeTcA No rybuHe, To NNOTHOCTb BOAbI B OCHOBHOM
3aBUCUT OT CONEHOCTU. C y4eTOM 3TUX NPesNoNoKeHNIN BbiBeAEeHbl pacyeTHble GopMybl AN1A onpeae-
NeHnA rybuHbI pacnpocTPaHEHNA KOHBEKLMU U 3HAYEHUI TeMNepaTypbl, CONEHOCTU, MIOTHOCTU BOAbI
B KOHBEKTUBHOM C/10€.

BbinonHeHa moaMduKauma ogHOMEPHOW MOAENM, YUUTLIBAIOLLAA M3MEHEHWe IybuHbl 03epa B neT-
HWUI nepuog. BecHoli TemnepaTypa Ab4a NOBbIWAETCA A0 TemnepaTtypbl $Ga3oBoro nepexoga v npo-
MUCXOAMT TasiHWe NIeAAHOro MOKPOBA Kak CHWU3Y, Tak U ceepxy. Mocae TasHuA nbda obpasyeTtcs cnoi
OMNpPecHeHHOM BOAbl, KOTOPbIN NOA BO34ENCTBMEM BETPA NEPEeMELIMBAETCA C HUKHUMM COAMM BOAbI.

MOAUGUKALMA OLHOMEPHOM MOAENM
Hepuop, OTCYTCTBUA NegAHOro NnoKposa

BepTuKanbHble pacnpeaeneHns TemnepaTypbl U CONEHOCTH B ryBOKOBOAHOM 061acTu 03epa onpeae-
NAOTCA U3 OAHOMEPHOTro ypaBHeHUA anddysnm:

ot oz oz ’

1 NBM CO PAH, KpacHosapck, Poccua
2 CoY, KpacHosapck, Poccunsa
3 UHcTutyT 6uodumsnkmn CO PAH, KpacHosapck, Poccus
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34ech t - Bpems, z - BepTUKaZibHAA KOOPAMHATA, HanpaB/ieHHas BHKU3, H - rybuHa o3epa, K - Koadou-
LUMEeHT BepTuKaibHoro TypbyneHTHoro obmeHa, C(t,z)- temnepatypa T (coneHocTb S) Boapl, f(t,2)
- BHYTP€HHNEe UCTOYHUKMN.

MpaHMYHbIe yCNoBUSA

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

3uMmHWMI1 nepuog,

TONLIMHA CNOA KOHBEKTMBHOTO NepemMellnBaHNA ONpPeaenseTca ¢ yH4eTOM TOALLMHbI IeJAHOM0 NOKPO-
Ba. Tak KaK B 3MMHUI Neprog, NNOTHOCTHAA CTPATUGMKALMA Nog, NefAHbIM NOKPOBOM, B OCHOBHOM,
3aBMCUT OT CONEHOCTM BOAbI, TO U3MEHEHME CONEHOCTU BOZAbI B C/I0€ KOHBEKTUBHOTO NepemellnBaHus
Ha spemenHom ware At =t"" —t" onpesenserca no opmyne

aspr=BLSIEEo2) @
0.5(h" +h")—&

W

rae S, - CONeHoCTb B C/I0€ KOHBEKTUBHOTO NepemelunBanua npu t=t", &7 &M - ToALWMHBI NbAa NpK

£ S.
t=t" n t=t"" coorsercrseHHo, _ P , S = Pui , S.- coneHocTb Nbaa, - MNOTHOCTb
Aa, p
w P w P i w
w

i
BOAbl, p;- NNOTHOCTb baa, 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].
YNnpoLeHHOe 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.
3arnybneHne cnos KOHBEKTVBHOTO NepemMeLLIMBaHNA ONpeaenseTcs U3 ycnosus

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

BepTuKanbHble NPodUAN CONEHOCTM M TeMnepaTypbl BOAbI Nepes, Havaaom negoobpasosaHua npea-
CTaB/1IAKOTCA B BUAe:

S, 0<z<h’,

S(2) =4S +y.(z-h°), h°<z<z,

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

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

Tbt(z)7 Z.SZSH,

3aecb z=h°- ToAWMHa BEPXHErO NepemeLlaHHOro C/10a nepes nefoobpasoBaHnem, T - Temneparypa
3amep3aHuA CoeHOM Boabl, S - CONEHOCTb BOAb! B MOBEPXHOCTHOM C/I0€.
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W3 ypasHeHwii (4) - (6) onpeaenstotca h™ S T,

hn+1 :§£+1+ ,(SKVTl)Z +An ,

_ 2(81? B Sice)( e

AN w _é:w) +(hn)2 _ngr\lﬁlhn,
Vs
8" =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+l + Iy hn+1 _§n+1 hn+1 _§n+1

w w W

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

JleTHuii nepuog B cnyyae yBenndeHua my6uHbI o3epa

Mpeanonaraercs, 4To yBeAUYEHUE TYOUHbBI MPOUCXOAMUT 3a CYET NMPUTOKA NPECHOW BoAgbl. B aTom cay-
yae cpefHAs CONEHOCTb B 03epe yMeHbLIaeTca. YBennyeHune rmybuHbl yuuTbiBaeTca gobasieHnem
CBEpXy CNoA NpecHoi Boabl TonwmHon AH . [JuHaMMKa BepTUKaNbHOIO pacnpeneneHns Temnepary-
pbl M CONEHOCTM BOAbI onpeaenaeTca U3 pewexHns 3agaqm (1) - (3).

JleTHuii nepuog B cnyyae ymeHbLIEHUA FY6UHDI

Mpeanonaraertcs, YTO YMeHbLUEHME TNYOMHbI CBA3AHO C NPEBbILEHWEM UCNAPEHUA HAL NPUTOKOM M
nocse ncnapeHuns Bca Cosib OCTaeTcs B 03epe. B 3Tom caydae cpegHas CONeHOCTb B 03epe BO3pacTaeT
(npw ycnoeumn NocTosHCTBa 3aNacos COMN B BOAOEME).

MycTb 3a NeTHMIN Nepuog rMybuHa osepa ymeHbluntca Ha AH . B aTom cayyae npu ncnapeHun eblge-
uTes conm (Ha egmunuy naowaam) S-AH, rae S - coneHoctb nosepxHocTHoro cnos. Torga cone-
HocTb B cnoe AH <7 <2AH usmeHuUTCA Ha BennumHy AS =S .

Mpumepbl pacyeTos.

BbinosHeHa cepua pacyeToB AMHAMMUKM BEPTMKAAbHbIX pacnpeneneHnin TemnepaTtypbl U CONEHOCTU
BoAbl B 03epe LLnpa gna pasHbix feT. Pe3ynbraTbl PpacHeTOB XOPOLLO COMMACYHOTCA C AaHHbIMM HAaTYPHbIX
M3MepeHunin. PacyeTbl NoKasanu, 4To 415 onpeaeneHns TONWMHbI C108 KOHBEKTUBHOIO Nepemellmsa-
HMA NOA NeAAHbIM NOKPOBOM M 3HAYEHMIN TeMnepaTypbl U CONEHOCTM BOAbI B HEM MOMHO MPUMEHATb
yNpoLeHHoe ypaBHeHMe COCTOAHNA BoAp! (5).

Ha puc. 1, 2 npuseaeHbl NpUMepPbl PacyeToB BEPTUKA/IbHbIX pacnpeaeneHnii coneHocTu B o3epe Lupa.
PacueTbl NMOKasanu, YTo NPM YMeHbLIEHUMN NYBMHbI 03epa CNOW KOHBEKTMBHOIO MepemellvBaHnA B
3MMHME Nepuoabl MOXKeT AoCcTuraTb AHa (puc. 26).

Ha puc. 3 NpMBOAATCA BepTUKa/bHble pacnpeseneHns coNeHoCTu Boabl B o3epe LUyHeT ana cayyas
TPEXCNONHOM BEPTUKaIbHOM NJOTHOCTHOM CTPYKTYPbI.

OnncaHHyo MaTeMaTUYECKY0 MOAEeb MOXHO NPUMEHATb ANA OLEHKN AMHAMUKN BEPTUKAbHbIX pac-
I'Ipeﬂ,el'IEHMl‘;l TEMNEPATypPbl N COIEHOCTU BOAbI C YYHETOM USMEHEHUA I'J'IY6VIHbI o3epa.

BbIBO/AbI
MocTpoeHHasa matemaTMyecKkas MoZe/b NO3BO/AET:

® OUEeHUTb Ce30HHble N3MeHeHNA BEPTUKA/IbHbIX pacnpep,eneHMiz'l Temnepatypbl U CONEHOCTU BOAbI
B 03epax B 3aBUCUMOCTU OT MeTeoycnosmﬁ;
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® OUEeHUTb AMHAMUKY TEPMOK/IUHA U Xa/IOK/ZINHA B 3aBUCUMOCTU OT CTpaTVId)VIKaLI,VIM n METEOyCJ'IOBVIl‘/’I,'

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

e onucaTb cnydam 06pa3oBaHMA TPEXCNOMHOM BEPTUKANIbHOM rMApodU3NYECKOM 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: @) OCeHHMI nepuog, (1 - 4o usmeHeHus my6uHsbl, 2 - ybuHa
ymeHblueHa Ha 0,5 m); b) 3umHuit nepuog (1 - Hauyano 3umbl, 2 - OKOHYaHWE 3MMHEro Nepuoaa).

10 15 20 25 10 16 20 25 20
a i ul
il
1[ -
2 2
5 \ &
10 10
16 E 15
;
20 2 20
25 a.} 25 b}

Puc. 2. BepTuKasibHble pacnpeaeneHmns CoNeHOCTU BOAbI: @) OCEHHUIA Nepurog, (1 - 40 M3meHeHuWs ry6uHbl, 2 - ybuHa
yMmeHbLueHa Ha 1 m); b) 3umHuit neprog (1 - HaYano 3Mmbl, 2 - OKOHYAHME 3UMHEr0 Nepuoaa, KOHBEKTUBHOE
nepemeLlVBaHNe PacnpocTpaHaeTcs 40 AHA).
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Puc. 3. BepTuKanbHoe pacnpegeneHve coneHoctu 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, 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 V, = [VifLA be a matrix of scintilations of vertices e; , where 1< j <4, of a tetrahedron A;. An
element Vi, 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 O01]00O0OGO0O |1 0O0TI[ |1 1001|0101

000 0] [00O00O 1 01 0 1 100 0110 .
[0 0 2 2] [0 8 6 6 0 14 11 11][0 14 19 19 1)
2.0 3 3 4.0 2 2| (12 0 14 14|]|22 0 25 25

4 20 417 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 @ 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 = (s, sy, s = v, 1< j<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

(s,,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
S = 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"?, nx3.

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.

LITERATURE
[1] Moon J.W. Topics on Tournaments, Holt, Reinhart and Winston, New York, 1968
[2] Valentine F.A. Convex sets, Robert E. Krieger Publishing Company, New York, 1976.
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bop3oe C. M.Y, MomamypkuH O. N.*?

KOPPEKUUA ABUXKEHUA CUCTEMbI PETUCTPALUU NPU AHANTUSE
AUWHAMMUYECKUX USMEHEHWUA 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 OOHApy)KeHWUA AWHAMM-
YECKMX M3MEHEHWI Ha NoBEepXHOCTU 3eman no-
JIO}KEHO, KaK npasusio, onpegeneHve (pOHOBOM
cocTaBasitowen M306parkeHUt U ee BblYUTAHUE
13 KaapoB Buaeopana. Tak B [1] npeanosxkeH on-
TUMaJIbHBIN B CTaTUCTUYECKOM CMbIC/IE a/ITOPUTM
peanbHOro BpemeHu, aganTuBHbIA K U3MEHEHU-
AM COAEPKAHUA CLEHbI U YCOBUI HabtogeHus.
B [2] paccmaTpuBaeTca anroputm obHapyKeHus
TOYEYHbIX ANHAMUYECKMX 06BEKTOB NpU ABUXKe-
HUW KamMepbl, OCHOBAHHbIW Ha OLLEHKe reomeTpu-
YeCcKMX UCKaxKeHuit GoHa B BUAE caBUra ¢ NOMo-
b0 PA3NIOMKEHUA APKOCTM U306paXKeHUs B paj,
Tennopa.

[aHHbIA KNnacc anroputmoB NMOKasaa CBOK nep-
CMEeKTUBHOCTb MPU aHaAu3e nocaenoBaTeslbHO-
cTelt nsobpaxkeHnn co CTaLMOHapPHbIM UAN Mejs-
NeHHOoMeHsAWMMcA GoHom (cmelteHue ¢oHa
mMexay Kaapamu He npeBocxoaAnT BeNUYUHDbI
wara auckpetmsaumm). OgHako npu obpaboTke
M300pa*KeHN ¢ NOABUNKHBIX Kamep Heobxoaumo
BblAENATb OT/INYNA MeXAy Kagpamu BuaeopAna
C Y4ETOM BO3MOMKHOCTU CYLLECTBEHHOIO U3MEHe-
HUMA nons 3peHus [3,4].

B HacTosLLee Bpema LMPOKOE pacnpocTpaHeHue
NnonyymMnu fBa MNogxofa K OLeHKe MapameTpos
npeobpasoBaHuit ¢poHa. Mepsbili U3 HUX OCHO-
BaH HA BbIYMCIEHUN MEKKALPOBOW KOppensaLmm
M UCNO/Ib3YeT HEKOTOPYIO LIeHTPanAbHYo 0bnacTb
KaXK[oro Kagpa, 4tobbl HAUTU BEIMYMHBI BEPTU-
KaNbHbIX M TOPU3OHTANIbHbIX CABWUIOB M306pa-
KEHUA CLEHbl B TEKYLLEM KaZpe OTHOCUTENbHO

npeablaywero. Ana onpeaeneHus yrna noso-
pOTa MCMO/b3YIOTCA HECKONAbKO NepudepuiiHbiX
obnacteil. BTopoli noaxof OCHOBaH Ha OLEHKe
M NoCineayloWem aHaause BesMYMH CMeLLeHus
Kaxgoro Hebonblworo ¢parmeHta (610Ka) anna
onpeaeneHns napameTpoB npeobpa3oBaHus
N306parkeHuns, yA0BNETBOPAIOWMX BONbWNHCTBY
M3 Habopa MoNyYeHHbIX BEKTOPOB JIOKA/NbHOMO
ABUKeHMA (aanee byaem HasbiBaTb AaHHYIO MPo-
ueaypy ronocosaHnem 6,10KoB).

OZHaKO Ha MPaKTUKe He peaKo BO3HUKAOT CUTY-
aumu, Korga JaHHble MeTofbl OKas3blBalOTCA Ma-
N03pHEKTUBHBIMU. ITO MOXKET bbITb CBA3AHO CO
3HaYUTe/IbHbIM M3MeHeHneM ¢GOHOBOWM COCTaB-
NAolLeln n30bparkeHnit oT Kaapa K Kagpy, € Ha-
IMYMemM M30TPOMHbIX UAU NEPUOANYECKU NOBTO-
patowmxca parmeHToB. Ewe 6onee cnoxkHas cu-
TyauuMsa BO3HMKAET, ecAn MapameTpbl ABUMKEHUA
¢$OoHa Ha OTAe/bHbIX y4acTKax Habntogaemoli cue-
Hbl Pa3/IMYHbI, B YaCTHOCTU, NpU HabatoaeHUn ne-
peceyeHHON MEeCTHOCTU MW 3EMHOW MOBEPXHO-
CTM ¢ 6onblWMM Nepenasom BbIcoT. B Takmx ycno-
BMAX B MOCNELOBATENbHOCTU PErUCTPUPYEMbIX
n306paxKeHnn NOMMUMO U3MEHEHWN, BbI3BAHHbIX
ABUXKeHMeM 06HapyKnBaembix 06EKTOB, Npownc-
XOAAT NOCTOAHHbIE CMELLEHUA Pa3/IMYHbIX y4acT-
KoB ($OHA, PacnoNOXKEHHbIX Ha Pa3HOM AasibHO-
ctn. KomneHcaumsa cmeweHna ¢oHa 6e3 y4yeta
€ro BO3MOXKHbIX MPOCTPAHCTBEHHbIX MCKaXKEHWUI
B NofobHOW CcUTyaLMmK, O4EBUAHO, HE NMO3BOAAET
3¢ PeKTUBHO BbIAEANTb ManopasMepHble AWHa-
MUYeckme obbekTbl. A peweHna aTol npobe-
Mbl LlefiecoobpasHo MCMonb3oBaTb NOOGAOYHYIO
KomneHcauuma gedopmaumnmn GoHa Ha OCHOBE aHa-

1 MHCTUTYT aBTOMATUKK U anekTpomeTpun CO PAH, HoBocnbupck, Poccusa
2 HoBOCMBMPCKMIA rocyAapCcTBEHHbIN YHUBepCUTET, HoBOCMBUMpCK, Poccus
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NM3a nNpeaplaymx u/vam nocneayowmx Kaapos
M NOJIel IOKaZIbHbIX CMELLEHUNA.

METO/, MOB/IOYHOM KOMMEHCALIMU ABUKE-
HUA ®OHA

Mpobneme OUEHKM /IOKANbHOMO ABUMKEHUA MO-
cBALLEHO BonblIoe Konnyectso pabort, Hanpumep
[4,5,6]. B yacTHOCTUK pa3paboTaH meToq, No3BoA-
oM OCYLLECTBAATL AAHHYIO Npoueaypy B Tem-
ne nocTynieHua aaHHbIx [7]. Ha ctagumn aHanusa,
oueHusaetca gedopmauma doHa nytem cande-
HKA 6IOKOB M ONpeaeneHns BEKTOPOB ABUMKEHMA.
MN306parkeHns pa3genatoTcs Ha masble dparmeH-
Tbl (pasmepHocTn 8x8 - 16x16 nukcenen) n ana
KaX4O0ro 13 HMX B TEKyLLEeM Kaape uiieTtcs Hanbo-
Nlee NofobHbIN 60K B Npeablayuem (Mav nocne-
aytouiem) kagpe. OTHOCUTENbHOE CMeLLeHUe 3TUX
bparmeHTOB M onpeaensieT BEKTOP ABUMKEHUs.
OcHOBHOM mepoi nogobus asnaeTca cymma ab-
COMOTHBIX pasHocTei (SAD) Bcex nukcenemn asyx
CpaBHMBaeMbix 6710KOB.

Mpu peannsaunm 3ToM Npoueaypbl, KakK NpaBuo,
NPUMEHAIOTCA MepPaPXMYECKMe MHOIOYpPOBHEBblE
MeToAbl aHanu3a M306paxeHua (OT KpymHOro
macwTaba K MesNIKomy) C y4eToM BPEMEHHOW Wt
NPOCTPAHCTBEHHOM CBA3HOCTU ABUXKeHuA. [ep-
BOHAYa/IbHO onpeaenseTca Habop BEKTOPOB-KaH-
ANpaToB. 3a NepBbli U3 HUX MPUHMMAETCA BEKTOP
AaHHoro 6/710Kka B npeablaywem Kagpe. Cneayto-
WMIA KaHANOAT - CPefHUI BEKTOP AR TeKyLLero
KaZpa Ha bonee KpynHom macwrabe. TpeTbum,
YeTBEPTbIM U MNATbIM ABAAIOTCA BEKTOPA, NONYYEH-
Hble ANA cocegHuX, yxe 06paboTaHHbIX, 610KOB
AaHHOro Kagpa (npu nocnegosatesibHOM aHannse
C BEPXHEro NeBOro yraa n3obpaskeHns 3To SeBbI,
BEPXHUI W npaBbli-BepxHuUiA). MocneaHnin (we-
cToi) bopmMMpyeTCA Kak BEKTOP, KOMMOHEHTbI KO-
TOPOro paBHbl MegMaHaM KOMMOHEHT 3-5 KaHau-
AatoB. KaHaMaaT ¢ makcMmasibHOW Mepoi noao-
6us onpepenset Hanbonee BePOATHOE CMELLEHUNE
AaHHOro 6/10Ka B TEKYLLEM KaZpe, KOTopoe aanee
yTouHAeTCcA nyTem MuHMMKn3aumm SAD no nokanb-
HOM (B Npeaenax HeCKo/IbKUX NMUKCeNei) 30He.

MNonyyeHHoe none CMeU.I,eHI/IVI aHan3npyeTca C
Lenbo yCTpaHeHUA owmnboK B onpeageneHnn se-
JIMYNHBI U HaMpaBaeHUA OTAENbHbIX BEKTOPOB.
Tak BeKTOpa, MapameTpbl KOTOPbIX CyLLeCTBEHHO
OTANYaOTCA OT COoCeaHUX, 3amellaloTCcA Ha COo-
cegHue. [laHHaa npoueaypa noayynMna HasBea-

HUe dUNbTPaLMK BeKTOpPOB. [lanee BblMUCAAIOTCA
BEKTOpPa ABUMKEHUA KaXKAOro nuKcensa nytem 6u-
JIMHENHOW WHTEPNONALMN BEKTOPOB TEKYLLEIO U
Tpex 6auKanwmx 610KOB (C y4eTOM MONOXKEHUA
NMUKCEN OTHOCUTENIbHO UX LLEHTPOB). 3aTemM KarK-
ObI NWKcenb npeaplaylwero (nocneayrouero)
KaZpa CMeLaeTca BAO/Mb MONYYEHHOrO BeKTOpa
ABUXKEHUA HA COOTBETCTBYIOLLYIO BEANYMHY, YTO-
6bl cbopMMpPOBaTL KOMMNEHCUPOBAHHbIW Kaap, Co-
OTBETCTBYIOLLMIA MO BPEMEHMU TEKYLLEMY.

MepBoHa4YanbHO NOAOOHBLIN MeTog pa3pabaTbl-
Banca ANnA npeobpa3oBaHMA YaCTOTbl KaapoB
BMAEOMNOCNeL0BATENBHOCTM MyTEM MNOCTPOEHUS
NPOMEKYTOYHbIX MHTEPNOANPOBAHHbIX KaapoB. B
HacToseln paboTe npegnaraeTca MCNONb30BaTb
ero Ana BblAe/NeHUA MaNopasMepHbIX AMHAMU-
YeckMX OOBEKTOB NMPU HEU3BECTHOM ABWMKEHWUU
doHa (Mnam cuctembl HabnoaeHus). N3noxKeHHble
npoueaypbl B 3HAYUTENBHOM CTENEHW NO3BONAIOT
BOCCTAaHOBUTb GOHOBYIO COCTaBAAIOLLYIO TEKyLLe-
ro Kagpa Ha ocHOBe npeablayLero (nocneapytole-
ro) ¢ nonukcenbHol (a He No6a0YHON) KOMNEH-
caumen ABUXKeHUA. B To e BpemA NoioxeHue
MasiopasmMepPHbIX OOBEKTOB Ha KaKAOM M3 HUX
byaeT coOoTBETCTBOBATH Mpeaplaylmm (cnepyto-
LWMM) TOYKaM WX TpaekTopuii. [encTBuTenbHO,
ABUXKEHMe TaKUX 0ObEKTOB BCAEACTBME HE3HAUN-
Te/IbHbIX PAa3MepoB U NPUMEHEeHUA MnpoLeaypbl
dUNbTpaLMM BEKTOPOB HE BAMAET Ha pe3ynbraT
NOCTPOEHUSA NONEeN CMELLEHWNI U, CNef0BaTENbHO,
He ByaeT ckomneHcUpoBaHo (pasmep 610KOB Npw
NOCTPOEHUU MoJIel cmellleHui bonblue pasmepa
06bEKTOB). ITO NO3BO/IAET OLEHMBATL POHOBYIO
cocTaBnAoLWyo (NpyM HEM3BECTHbIX NapameTpax
OBWMKEHUS cUCTEMbl HabalogeHMsa) nyTem COB-
MECTHOIO aHa/M3a HEeCKOJIbKMX MocnefoBaTeNb-
HbIX M300pakeHni cueHbl. Mpu 3TOM ANs CHU-
EHMA YPOBHA LWyMa npesgsaraetca BblYUCAATb
MeZMaHy OTCYETOB, KAK MMHUMYM, NMapbl KOMMNEH-
CMPOBaHHbIX (MO ABUXKEHUIO Brepes U Hasag) u
TEKyLLero Kafpos. BblumTaHne cdopmmMpoBaHHOIO
TakMm 06pa3som Kazpa M3 TeKyllero nossonset
nofasuTb GOH M BbIAENAUTb AMHAMUYECKNe 06b-
eKTbl.

OTMETUM, UYTO ANA MHOTUX MPAKTUYECKUX 3asad
MeToabl aHanM3a M306paxkeHuil, OCHOBaHHble
Ha pacyeTe BEKTOPOB CMELLEHWUIM, HELOCTAaTOYHO
addeKTUBHbI Npy 06paboTKe peanbHbIX AAaHHbIX
M3-3a BbICOKOrO YPOBHA OWKMBOK B onpeaeneHnn
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HanpaBNeHW U BeIMYUH BeKTOpoB. OgHaKo, npu
0BHapyXeHUN ManopasmMepHbIX AUHAMUYECKUX
06beKTOB He TpebyeTcs BbICOKAsA TOYHOCTb MO-
CTPOEHMA UCTUHHbBIX MONEN CMeLLLeHWUA, NOCKOb-
Ky npeanaraemblii meTog onpegeneHusa 610KoB
C MMHUMaNbHOW Mepoi nogobua SAD npusoguT
K TOMY, 4TO ypoBeHb GOHa B Pa3HOCTHOM Kaape
OKa3blBaETCA HU3KUM.

MOJENMPOBAHUE METOA0B KOMMEHCALIAM
[BVKEHNA GOHA

UccnepoBaHne 3hdEKTUBHOCTM PaA3/IUYHBIX Me-
TOLOB OOHApYKEHWA MasiopasMepHbIX AUHAMMU-
YeckMx ObBBEKTOB OCYLLECTBAANOCH HAa ABYX MO-
Ae/bHbIX MOCNef0BaTe/IbHOCTAX: CO CTalMOHap-
HbIM M AUMHAMMYECKMM GOHOM AAUTENbHOCTbIO
100 KappoB. B KauyecTBe CTauMoOHapHOro ¢oHa
BbIOBpPaHO MHOrorpafaunoHHoe Un3o06parkeHne
(puc.1), nonyyeHHOE NpU CKaHUPOBAHUKN 3eMHOM
noBepxHOCTU (pagnmomeTp «Arpoc», pasmepHoOCTb
- 1000x1000 nuKcenemn, rpagaumn apkoctun - 256,
A=8-12 MKM). B KauecTBe AMHamMuyeckoro ¢oHa
MCNONb30BaHA MOC/NEeA0BATENbHOCTL M30b6pake-
HUI peanbHOW cueHbl (pasmepHocTb - 720x576
nuKcenen, rpagaumnii Apkoctu - 256), 3apernctpm-
POBaHHbIX NOABUMKHOMN TENIEBU3MOHHOM KaMepOoW.
Ha 3Tv Kagpbl BHOCUICA MaNOpPa3sMepPHbI ABUNKY-
LWMACA OBBEKT U CAyYaMHbIA aaaUTUBHBIN LLYM,
C nocieaywmm cmelLleHnem n3obparkeHui no-
CNef0BaTeNIbHOCTU MO ONpeaeneHHOMY 3aKOHY,
SMUTUPYIOLLEMY ABUMKEHME CUCTeMbl Habntoge-
HUA.

Puc.1. M306parkeHne 3eMHOM NOBEPXHOCTU

BblgeneHne AMHAMMYECKOro o6beKTa OCyLLecTs-
NANOCb TPEMA PasANYHBIMU METOAaMM, PAacCMO-
TPeHHbIMKM Bbiwe. Mepsble ABa y4UTbIBANM CMe-
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LeHME U MOBOPOT M306paxKeHUs Kak uenoro (c
MCNONb30BaHMEM Mpoueayp Koppensuum wau
ronocoBaHus 6/10KOB), a B TPETbeM peasin3oBa-
Ha NpeasioXKeHHas NOMWKCeNbHas KoMMNeHcaumm
ABUXKeHUA GOHa Ha OCHOBe aHa/nu3a nonen no-
KaNnbHbIX CMeLLeHWI. Ana oueHnBaHmA sapdpeKTns-
HOCTU METOA0B ONpeaeNnANoch KOMYECTBO OTcYe-
TOB B PAa3sHOCTHOM KaZpe, NMpeBblatoLLmMx Nopo-
roBoe 3Ha4YeHue U He COOTBETCTBYHOLLUX OOBEKTY
(konnuecTBo NoXHbIX Tpesor). Mpu atom nopor h
BblbMpanca Ha yposHe 55 eanHUL, rpagaumn ap-
KOCTM UCXOAHbIX M306parkeHni (TaK, 4Tobbl 06b-
€KT BblAeNANCA HA BCeX Kaapax nocnefoBaTenb-
HOCTK).

Pe3ynbTaTbl OOHAPYXKEHUA AUHAMWMYECKOTO Ma-
nopasmepHoro obbeKTa B Kax4ow M3 nocaenosa-
TeNIbHOCTEl C UCMONb30BaHMEM KOPPENsauumn ans
OLEHKM 06LLero ABuKeHUa GpoHa Npu pasnMyHOM
yposHe CKO wyma npuseaeHsbl Ha puc.2. BugHo,
4yTO AaHHbIM meTog paboTocnocobeH ans crauu-
OHApPHbIX M3006pa*KeHW B LUIMPOKOM AMana3oHe
CKO (Bnnotb ao 0.5h), Ho, B TOXKe Bpems, obiaga-
€T HM3KoW 3P PEKTUBHOCTLIO B C/ly4Yae AUHAMMYe-
CcKoro ¢oHa.
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Puc.2. 3bPpeKTUBHOCTL BblAENEHUA MAZOPa3MEPHOTO AUHA-
MUYecKoro o6beKTa Ha cTaumoHapHom (1) v guHamu-
yeckom (2) boHe Npu pasANYHOM ypoBHE aaAUTUBHO-
rO Wyma (C MCNosb30BaHUEM KOPPENALUM AN OLEHKM
obuero asmxeHns poHa)

Pe3ynbTaThbl BblAeNeHMA AMHAMUYECKOTo Mano-
pasmepHoro obbekTa Ha cTauMoHapHOM ¢oHe
MeToAamMM KoMMeHcauun obuero (¢ Mcnonb3osa-
HWEM ronocoBaHMA 6/0KOB) M SIOKANIbHOMO ABU-
KeHUA ana pasnnyHoro yposHa CKO wyma npwu-
BeAeHbl Ha puc. 3.

AHanu3 npeacTaBNeHHbIX OAHHbIX MOKA3bIBaeT,
YTO, HECMOTPA Ha OTCYTCTBME OTHOCUTE/IbHbIX
cMeleHnin ¢parmeHToB ¢OHa, B LUMPOKOM Ana-
nasoHe nameHeHua CKO wyma meTom, N0KabHOM



KOMMEeHCAUMW ABUNKEHUA NPU BblAENEHUN OUHA-
MMYECKOTOo MasiopasmepHoro obbekTa obnasaer
onpegeneHHbIM npeumylectsom. 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. 3bPeKTMBHOCTL BblAENEHUA ManopasMepHoro Au-
Hammnyeckoro o6beKTa Ha CTauuMoHapHOM ¢oHe npu
pa3/IMYHOM ypOBHE aAAWTMBHOIO Wyma: 1 - OUeHKa
obuiero aAsvxKeHus dpoHa (ronocosaHvem 610Ko8), 2 -
OLLEHKa IOKaNIbHOTO ABUKEHUA

3¢ddeKTUBHOCTb AaHHbIX METOLOB UCCNEL0BANACh
TaKXKe A7 06HapyKeHUA 06bEKTOB NPU HANNYUMU
reomMeTpuUYecKmUX WCKaxKeHnin ¢OHOBOW COCTaB-
NAWeNn, BUA, KOTOpbIX (CXKaTve W pacTaxkeHue
OTAE/IbHbIX 30H U306parKeHUA) NPOLEMOHCTPUPO-
BaH BEKTOpPaMM JIOKa/IbHbIX CMeLLeHui (puc. 4).
MoAo6HbIM TUM UCKAXKeHUM XapaKTepeH, B 4YacT-
HOCTW, ANs cnydas HabnoaeHUA ropHoOM nosep-
XHOCTU U3 ABUKYLLErocs IeTaTeNbHOro annapara.
PesynbTaTbl 06paboTKM NpuBedeHbl Ha puc.5a,
rae BUAHO, YTo Hanmume gedopmaummn npmBeso K
YBEMYEHMIO KOJIMYECTBA JIOXKHbIX TPEBOr, OA4Ha-
KO, MPMY 3TOM, MPENMYLLECTBO JIOKA/IbHOrO MEeToAa
KomMneHcaunn ewe 6onee oyesnaHo. na wupo-
KOro AmManasoHa M3MEeHeHMUs Wyma KoMneHcaums
JIOKAaNbHOTO ABWMKEHWA OKaszanacb apdeKTnsHee
METOA0B KOMMEHCALUMM OBLWEro CMeLlieHnn Kak
MMHUMYM Ha nopsfoK. Ha puc.5, 6 npusesaeHbl
pe3ynbTaTbl, NONYYEHHbIe NPU UCMO/b30BaHUN B
KayecTBe $pOHa NMocnefoBaTeNbHOCTM M30bpae-
HUI peanibHOM CUgeHbl. XapaKTep 3aBMCMMOCTEN
aHaNorMyeH, NpuM 3TOM [OOCTUTHYTO CHUXKEHMe
KONIM4ecTBa /NI0XHbIX Tpesor B 2, 3 pasa. BuaHo,
YTO B 060UX CNyYanx NPUMEHEHUEe MeToda OLEH-
KM GOHOBOW cOCTaBAAOWEN, peanmsytoLero no-
MUKCENbHYIO KOMMEHCALMIO ABUKEHUA Ha OCHOBE
aHanM3a nosel NoKanbHbIX CMeLLeHUii, NO3BO/MU-
/10 NOBbICUTb 3PPEKTUBHOCTb OOHAPYKEHUS Ma-
IOpa3MepHOro AMHaAMMUYECKOro 0bbeKTa.

Puc.4. MNone cmeleHnin 610KoB
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Puc.5. 3bPeKTUBHOCTL BblAENEHUA MaANOPasMEPHOro AuHa-
MWUYECKOTO OBBEKTa MpW HaUYUU FEOMETPUYECKUX
MCKaXKeHUI n3obparkeHus (a) u Ha peasbHom doHe (6)
Npu1 passMYHOM YPOBHE aAANUTUMBHOTO Wyma: 1 - oueH-
Ka /IOKaNIbHOTO ABUNKEHMSA, 2 - OLeHKa 0bLLero asuKe-
HUA (ronocosaHvem 610K0B), 3 - oueHKa 0bLero Asu-
eHus (C ncnonb3oBaHWEM KoppenaLmm)
3AK/TIOMEHUE

MpegnoxeHo Ana ob6Hapy»KeHWAa manopasmep-
HbIX AMHAMMWYECKUX OBBEKTOB MPU HEU3BECTHOM
OBUXKEHUU cUCTeMbl HabnoaeHUs oueHuBaHue
$OHOBOW COCTaBAAOWEN OCYLLECTB/IATb HAa OCHO-
Be ycpeaHeHUA TEKYLEero n KOMNeHCMpPOoBaHHbIX
Nno ABUMKEHUIO Kaapos, CGOPMMUPOBAHHBIX C yye-
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TOM MO/el JIOKaNbHbIX CMeLleHUin pparmeHToB
(6nokoB). MpoBeaeHo uccnesoBaHue adpdeKTmB-
HOCTM METOA0B OBHaPYKEHUA AMHAMUYECKUX Ma-
JIOpasMepHbIX OO6BEKTOB, OCHOBAHHbIX Ha OLLEHU-
BaHUM CMELLEHUA U NMOBOPOTA M300OpaXKeHUa Kak
LLesI0ro, M MeToAa, Peasiv3yoLwero NonuKceabHyo
KOMMEHCALLMIO IOKAZIbHOTO ABUKEHUS.

Moka3aHo YTO NpPU NPUMEHEHUN NPEANOKEHHOTO
noaxopAa, BblYUTAHWE YCPEAHEHHOTO U TEeKYLLEero
KaapoB NPUBOAMUT K NOAABNEHUIO HE TOJIbKO CTa-
LLMOHAPHOTO, HO TAK}Ke B 3HAYUTENIbHOW CTeneHu
M HecTaumoHapHoro ¢oHa, Npu ycioBUK, YTO OH
npeacTaBieH KpynHbIMW 30HaMu, aedpopmumpyto-
WMMUCA UM CMELLLAILWMMUCA KaK LEenoe OTHO-
cuTenbHO apyr apyra. KomneHcauma N0KanbHOToO
OBUKEHUA NPW BblAENEHUM AUHAMUYECKOTO Ma-
NlopasmepHoro o6beKkTa B LUMPOKOM AManasoHe
M3MEHEHMA YPOBHA LWYyMa MNO3BO/NAA CHU3UTb
KOJ/IMYECTBO JIOXKHbIX TPEBOr B NATb pPa3 Ha CTa-
LMOHApHOM GOHE U KaK MUHMMYM Ha MOpALOK
npu HaMYMKM TEOMETPUYECKUX UCKaXKeHui. Mpu
MCNONb30BaHUN B KayecTBe $oOHA peasibHON Au-
HAaMMUYECKOM CLUEHbI AOCTUFHYTO CHUMKEHWE 3TOro
napamertpa B 2, 3 pasa.

Cnepyet OTMETUTb, UYTO MPU BAN3KMX XapaKTepw-
CTUKAX MCKOMbIX OOBEKTOB M MPOCTPAHCTBEHHO-
BPEMEHHOrO WyMa B pesy/abTaTe NpeanoXKeHHom
npoueaypbl NPOUCXOAUT TaKKe BblaeNeHue ane-
MEHTOB LyMa. B aTomM cnydae ¢ Lenbio nosbille-
HUA 3P GEKTUBHOCTM OBHaPYKEHUA 06BEKTOB Le-
NecoobpasHoO NPOCNEKMBATL UX TPAEKTOPUM MO
nocneno0BaTebHOCTU M306paXKeHNNA.
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Lisenodyb O. H0.'?, boyapos A. A.?

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

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 BONHOBbIM PEKMMaM CTEKAIOLLMX MIEHOK BA3KUX KMUAKOCTEM, HAUMHAA C MUOHEPCKMX K-
cnepumenToB M.J1. Kanuubl [1], He ocnabeBaeT y MHOMMX UcCaea0BaTeNein 40 CUX Nop. YKe Npu gocTa-
TOYHO Masnblx YMcnax PeliHonbAaca, BCNEACTBME HEYCTOMYMBOCTM TEYEHUA NAEHKM C NIOCKOM cBobOA-
HOW rpaHuLel, Ha ee NOBEPXHOCTU BO3HMKAET C/0XKHAA BOAHOBAA KapTMHa. OTHOCUTENbHO NpocToe
NaMMHApHOe TeyeHue BOJHOBOM MAEHKM AEMOHCTpMpYyeT 6o/blioe pasHoobpasme Kak perynspHbix,
TaK M XaOTUYHbIX BOJIHOBbLIX PEXKMMOB. MCNonb3oBaHME NPU UX U3YYEHUW PA3IUYHbIX TEOPETUYECKUX
NoAXo40B NO3BOIAET NOAyYaTb MHTEPECHbIE YNPOLLLEHHbIE MOAENN, KOTOPbIE B TO e Bpems obnaga-
}OT AOCTAaTOYHOM YHMBEPCANIbHOCTbIO, TaK Kak MOABAAIOTCA U B APYrMX pasgenax ¢usmku. B cuny atoro
BA3KME NIEHKM }KUAKOCTU MOXKHO KNaccuduumMpoBaTh Kak YHUKaIbHble 06BbeKTbI ANA U3yyeHna dyHaa-
MEHTa/IbHbIX 3aKOHOMEPHOCTEN Pa3BUTUA HEMHEWHbIX BONHOBbIX CTPYKTYP.

Kak nokasbiBaeT GOMbLWIMHCTBO 3KCMEPUMEHTOB, 3apOXKAaloWMecs ABYXMEpPHble BOJIHbI OYeHb bbl-
CTPO CTAaHOBATCA TPEXMEPHbIMU U HeperyaapHbIMU. Mo3ToMy € GU3UYECKON TOYKMU 3pEHMA JarKe Mpu
M3yYeHUU [BYXMEPHbIX BOJIHOBbIX PEXMMOB HY}KHO MPOBOAMTb UCCNEL0BAHME MX Ha YCTOMYMBOCTb
K TPEXMEPHbIM BO3MYLLEHUAM. HecmMoTpa Ha 0buane TeOPETUYECKMX U SKCMEPUMEHTAIbHBIX Pabor,
NOCBSALLEHHbIX UCCIEA0BAHMIO BOHOBbLIX PEXMMOB Ha MOBEPXHOCTM KUAKOCTW, B HACTOALLEE BPEMSA
TPeXMepHble BOJTHOBbIE PEXKMMbI B CTEKAIOLLMX MIEHKaX U3yYeHbl JaNeKo He0CTaTOYHO.

MOZAE/IbHOE YPABHEHUE

Llenbto HacToAwel paboTbl ABNAETCA UCCNEA0BaHNE TPEXMEPHbIX BOSTHOBbIX PEXKMMOB, BO3HUKAIOLLMX
Ha MOBEPXHOCTU MAEHKMN BA3KOMN KUAKOCTU, CTEKAOLLEN NO BEPTUKANbHOMY UMAUHAPY. B cnyyae ma-
JIbIX Pacxo40B M 60/IbIMX CUA NMOBEPXHOCTHOTO HATAXEHMA 3Ty Npobaemy MOXKHO CBECTM K Uccneso-
BaHMWIO OAHOTO YPaBHEHUA AN1A TONLWMHbI NAEHKWU. B [2] npu 3TUX NpeanonoxKeHuax Ana LMAnMHAPOoB
60/1bLUMX pasnycoB OblN0 NONYYEHO OAHO HEIMHEHOE YPaBHEHME, KOTOPOE A8 C/ly4as BO3MYLLEHWM
MaJ1017I, HO KOHEeYHOM’ aMnAnTyabl, ONUCbIBaET 3BO/TIOLUUIO OTKNOHEHUA TONILWMHBI N1IEHKN OT HEBO3MY-
LLLeHHOro ypoBHA. MNocie HeKOTOPbIX Npeobpa3oBaHU 3TO ypaBHEHMeE 3anucbiBaeTcs B Buae [3]:
oH H O*H _,o°H (& ’

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

1 HoBOCMBUPCKUIA rOCYLaPCTBEHHbIN YHUBEPCUTET
2 UHcTtuTyT Tennodpusmkm um. C.C. Kytatenagse CO PAH, Hosocnbupck, Poccusa
3 UHCTUTYT GU3MKM NoyNpoBoaHNKOB 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/¢&* - uncno Bebepa, h, - TonwmHa
HeBO3MyLLEHHOM nneHkK, R - paguyc umnunapa, L - xapaktepHblit macwtab Bo3myLLLeHUI, (- YCKO-
peHue cBO6OAHOro NafeHus, v - KO3GOULMEHT KUHEMATUYECKOM BA3KOCTU KUAKOCTU, T - KO3ddu-
LMEHT NOBEPXHOCTHOIO HaTAMKEHMA, X - aKCMasibHan UMAMHAPUYECKan KoopAMHaTa, ee Hanpas/ieHue
COBMaZaeT C HanpaB/NeHWEM BEKTOPA CUJibl TAXKECTU, @ - a3UMyTasibHas LUUAUHAPUYECKAA KOOpau-
HaTa, T - 6be3pasmepHoe M nNpeobpasoBaHHOe Bpems, PyHKUMA H - TpaHchopmMmMpoBaHHOe onpeae-
NeHHbIM 06pa3om, obe3pasmepeHHOe OTKOHEHME TOJLWMHbI MAEHKM OT HEBO3MYLLEHHOTO YPOBHA.
MpeanonoxeHne 06 MCNOMb30BAHUN LUAMHAPOB BONbLUIMX PAAMYyCcOB, O3HAYaeT, YTo CrnpaBeaInBo
HepaseHcTBO J, =h, /R < 1. [onaraeTcs TaK:Ke, YTO BbIMNOSHEHO YC/I0BUE ANMHHOBONHOBOCTU BO3-
MYLLLEHWIA, T.€. XapaKTepHaa A/IMHa BO3MYLLEHNI cBOBOAHOM MOBEPXHOCTM MHOrMO 60/blue TOALMUHDI
nnenkn - £ =h, /L < 1. XapakTepHaa ckopocTb ¥, :gho2 /2v C TOYHOCTbIO A0 BENMYMH NopsAaKa &
paBHa CKOPOCTM NOBEPXHOCTM MJIEHKN NPW BE3BOHOBOM PEXUME TeYEHUS.

YpaBHeHMe (1) 3anMcaHo B CUCTEME OTCYETa, ABUNKYLLEWNCA CO CKOPOCTbIO HEMTPasbHbIX aKCUasbHO-
CUMMETPUYHBIX BO3MYLLEHMIA. B pe3ynbTaTe NpoBeaeHHbIX NpeobpasoBaHMii OHO COAEPKUT OAMH Ba-
pbUpyEMBbIi1 NapameTp S, XapaKTepusyowWwmii reoOMeTpUIo 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)

CcieflyeT, YTO OHO HeYCTOWYMBO, eC/W BOSHOBbIE Yncaa (@, N,) YA0BNETBOPAIOT YCIOBUIO
2 4.2 2 2.2\2
a”+8™'n, —(a"+S°n;)° >0 (3)
B BbipakeHnn (2) & - KOMNOHeHTa BONIHOBOTO YMCNa B HaNPaBAEHUM OCK X, N, - a3UMyTaNbHaA KOM-

NOHEeHTa BOJIHOBOTO yucnaa. U3 ¢M3W~IECKMX COO6paH(6HMl>‘1, o4yeBNOHO, 4YTO n(p NPUHUMAET TOJIbKO Le-
NOYNCNEHHbIE 3HAYEeHUA.

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

Takum 06pasom, ana GUMKCUPOBAHHOMO 3HaYeHUa S 06/1acTb HEYCTOMYMBOCTM NpeacTaBnseT coboi
ANCKPETHbIN Habop MHTEPBANOB AN1A BOJHOBbIX Yncen « , cootsetcteytowmx N, =0,1 2,---. Yueno Ta-
KMX MHTEPBAsIOB M UX Pa3mMepbl 3aBUCAT OT KOHKPETHbIX 3HadeHuit S . Tak, u3 dopmynbl (4) cnegyert, 4to
npu 33gaHHOM N, >1 COOTBETCTBYIOWMI MHTEPBAN HEYCTORUMBBIX BONHOBbIX YNCEN @ CyLLECTBYeT,
€C/IM 3HaYeHus napameTpa S yA0BNETBOPAIOT HEPaABEHCTBY

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/NIbKO aKCMaNbHO-CUMMETPUYHbIE BO3MYLeHuA ¢ N, =0 1 BonHoBbIMK Yucnammn o <1.

METOAbI BbIYUCNEHUI

MeToa, YACNEHHOTO HAaXOXAEHWUA CTauMoHapHo-berywmx pewenuin (H(x,¢,7)=H(E,¢), & =x—cT,
C - dasoBasA CKOpPOCTb BOJIHbI) ypaBHeHUA (1) noapobHo onucaH B [4]. OTMeTMM 34ech, YTo da3oBan
CKOPOCTb C ABNAETCA COBCTBEHHbIM 3HAYEHNEM 334341 U A/1A 3aaHHbIX BOJTHOBbIX YACEN MOXKET Npu-
HMMaTb TO/IbKO ANCKPETHbIN HAabop 3HAYEeHU.

MeTtogf McCiea0BaHUA YCTOMUYMBOCTM CTauMoHapHo-6erywmx pewennii H (&, @) n ucnonb3osaHus
3TUX PEe3yNbTAaTOB A/1A aHanu3a budypKaumii, T.e. BETBNIEHWSA HOBbIX PELUeHWU, BMOJHE aHa/IoTUYEH,
M3/10’KeHHOMY B paboTax [5,6]. MosTomy noAcHMM ero 34ecb KpaTKo Ha NpUMepe akCUaabHO-CUMMe-
TpuuHblx pewennii H = H(E). Nycte Hy (&) - nepnoamnyeckoe pelueHne ypaBHeHUA (1) ¢ BOSHOBbIM
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yncnom « . Ans uccnefoBaHMA ero yCToMunMBocTM noactasnm B (1)
H =Hy()+n(S,0.7)

M IMHeapusyem ero no sosmyuieHunio h(E, @, 7) . YunTtbiBas, 4to nepemeHHble T U @ He BXOAAT B ypaBs-
HeHue (6) ABHO, ero peleHne NpeacTaBAseTCs B BUAE:

h(S,,7) = exp(=y 1) {exp(in, @) +exp(~inp); 1 (&) + C.C. (5)
3pecb C.C. - KOMN/IEKCHO COMPAMEHHOE BblpaXeHue.

B pesynbrate ana h (&) npuxoauMm K 06bIKHOBEHHOMY JIMHEMHOMY YPaBHEHUIO C NEPUOANYECKUMM
Ko3aboduumneHTamm. 13 Teopembl ®noke cnegyeT, YTO GU3MYECKM Pa3yMHble peLleHus s 3Toro ypas-
HEeHUA, OrpaHMYeHHble Ha BECKOHEYHOCTAX, UMEetoT BUA,:

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

rae ¢(&) - nepuopmnyeckan GyHKLMA Toro ke nepuoga, uto u Hy (&) ; Q - BellecTBeHHbIN napameTp.
Takum obpasom, nccnefoBaHMe YCTOMUMBOCTH aKCUAIbHO-CUMMETPUYHbIX, CTaLMOHAPHO-6eryLmx pe-
LWeHU ypaBHeHWs (1) CBOAUTCA K U3YYEHMIO NPU PasAnyHbIX 3HaYeHnax Q u N, cnekTpa cobCTBeHHbIX
3HAYEHWUI ¥, NpU KOTOpPbIX ypaBHeHue ansa ¢(E) umeeT nepuognyeckue pewwerus. Kak BugHo us (5),
BOJIHA YCTO4MBA, €Cu ANA t0BbIX 3HaueHnn Qu N, y Bcex y BellecTBeHHble yacTu y, > 0. Hosble cTa-
unoHapHo-6erywme pexkumbl oTeeTBAAOTCA OT pewenua H (<), ecan B HekoTopoii Touke (@, N, Q)
KaKoe-HMbyapb 13 cobCcTBEHHbIX 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.

0O606LLeHMe meToaa aHaIM3a YCTOMYMBOCTM HA Cy4al NPOCTPAHCTBEHHbIX PELLUeHNI O4eBUAHO.
[na HaxoxKAeHWsA HecTauMOHAPHbIX pelleHuni ypasHeHus (1) dyHKkuua 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) nonyymm BecKOHeYHy cucTemy OBbIKHOBEHHbIX andde-
PeHLManbHbIX ypaBHEHWI Ha Dypbe-rapmonHukn H, (7). Monaras, uto Bce H, () c MHAeKcamu
[N|=N, |[m|>M paBHbl HytO, NPUXOAUM K €€ KOHEYHOMEPHOMY aHanNory:
N M
y _ . 2.2 24, 2 2.2 202, 2N\2
H, =-2ion Z Z H,_, ., +(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 YACNNEHHbIX PACHETOB

Pe3ynbTaTbl pacyeToB CTaLMOHAPHO-GEryLiMX BOJIH MOKa3blBaloOT, YTO NPOCTPAHCTBEHHOE CeMeMcT-
BO PELIeHWii C a3MMyTa/ibHbIM BONHOBBIM YMCIOM N, =1 OTBETBAAETCA OT TPUBMANBHOMO peLieHus
H =0 B oKpecTHOCTW HeITPasIbHOro BOMIHOBOrO Yncna a, =v1— 2S? . 370 cemeiicTBO Byaem Hasbl-
BaTb MEPBbIM MPOCTPAHCTBEHHbIM cemencTBoM (cemelictBom | ). O6iacTb HEYCTOMYMBBIX BOIHOBbIX
uncen a B 3TOM ciyyae nexut B uHtepsane (0, ¢, ). Ana aToro cemeiicTBa 3aBUCMMOCTb aMMIUTYAbI
pewennii AH =H_ . —H, ;, OT BonHOBOro uncna @ 1 napameTpa S npeAcTasieHa B BUAE NOBep-
XHOCTM Ha puc. 1. M3 aTOoro pucyHKa BMAHO, YTO B CAlyyae, Korga o, > 0.5, nepBoe npocTpaHcTBeHHOE
CeMeincTBo HenpepbIBHO NPOAO/KAETCA BHYTPb 06/1aCTM HEYCTOMYMBOCTH, U, HAOBOPOT, B C/y4ae, Kor-
aa a, <0.5, ato cemelicTBo NpogonKaeTca B 061acTb YCTOMYMBOCTU TpMBUaNbHOro pewernna H =0 K
MaJibIM TpeXMepHbIM Bo3myLeHnam. Mpu a, = 0.5 cemelicTBO | BbIPOXKAAETCA B peLleHne C HyNeBOoW
amnautyaoi. PasoBas CKOPOCTb BOJIH C 3TOrO0 CEMENCTBA TOXAECTBEHHO PaBHa HyM0. JIMHUA P Ha
puc. 1 aBnfeTcs npoekumeit Kpasa NoBePXHOCTU «amnanTya peweHnii AH » Ha naockoctb (&, S ). Mpu
3HauYeHUAX a, S, NPUHALNENKALLMX STON IMHUU P, TPEXMEPHbIE BOIHbI CEMENCTBa | BbIpOXKAAOTCA B
aKCUaNbHO-CUMMETPUYHbIE BOJIHbI C Y4BOEHHbIM BOJIHOBLIM YMC/IOM 2¢r . OKa3bIBaeTCs, YTO 3TN BOJIHbI
NPUHAANEKAT aKCMaIbHO-CUMMETPUYHOMY CEMENCTBY PeLleHUI, OTBETBAAIOLLEMYCS OT TPMBUAZIBHOTO
pewenna H =0 B okpecTHOCTM ToukM o, =1. 3To cemelicTBO B AanbHelilwem byaem HasbiBaTb nep-
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BbIM aKCMaIbHO-CUMMETPUYHbBIM CEMENCTBOM (cemelicTBom la).

Puc. 1. 3aBUCMMOCTb aMNAWTYAA PEeLeHWt MepBoro MpOCTPAHCTBEHHOMO CemeicTBa pelleHuit
OT BOJIHOBOTO YWCNa & W napameTpa S.

PelleHna nepBoro cTaLMoHapHo-6eryLLero NpocTpaHCTBEHHOMO CEMEeCTBa UMEIOT TpU cUuMmmeTpun 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,(D+7Z'):—H(X, (ﬂ) (7)

A Hx+A12,9p+7) =H(X, )
3pecb A - oVMHA BOHbI B Hanpas/ieHUy ocu X . Ecam aTumu cummetpusamum obnagaeT HavabHoOe BO3-
MYLLEHME, TO OHW COXPaHATCA B NPOLLECCe 3BOMOLMM TaK e U y Ntobbix GyHKunin H , asnstowmxca
pelweHuamn ypaBHeHus (1). UHPopmauma o cTaumoHapHo-6eryLmx pelweHusx ypasHeHus (1) nosso-
NAET NyYlLle NOHATb 0COBEHHOCTU 3BONIOLLMM HEKOTOPbIX HECTALMOHAPHbIX pelleHunit. Hanbonee nonHo
YAAEeTCA 3TO cAeNaTh B CAyYasX, KOraa HayasbHble BO3MYLLEHUA eXKaT B 06/1aCTU yMEPEHHbIX BOSHO-
BbIxyncen o ~ 0.5+1. 310 0byCcNnOBNAEHO NpeXAe BCEro Tem, YTO B 061aCTU YMEPEHHbIX BOSTHOBbIX YU~
CeN MMeeTCA INLLb HECKO/IbKO CTaLlMOHAPHO-6eryLwmnx CEMencTs peLLeH, KaXKL0e U3 KOTOPbIX MOXKHO
04HO3HAYHO OXapaKTepusoBaTb CUMMETPUAMM (7).

1.2

AH
L ' \/\,\/\,\PV\J\/\J
0.8 /
0,6 4
0.4
0,2 4
0 —r . . . ——
o 20 40 B0 80 100 120 140 T

Puc. 2. 3aBUCMMOCTb aMNANTYAbl OT BPEMEHW A1 PELUeHUsA, NPUTATUBAIOLLErocs K
ocunanvpytowemy soaHosomy pexkumy. ¢ =0.52, S =0.4.
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B pa60Te npeacTtasneHbl TUNUYHbIE NPUMEpPbI Pa3/INYHbIX 3BONHOLMOHHbIX NepecTpoeK ANA Takux BON-
HOBbIX Yncen. C ymeHblIEeHNUEeM BOJIHOBOIO YMC/aa NPOUCXoauT 6bICprIVI POCT Ynchna CTaLIMOHapHO-6e-
rywmx cemencrs DELUGHVIVI, B pe3ynbraTte Yyero nosegeHme HeCtauynoHapHbIX pelJJeHVIVI CTaHOBUTCA Cy-
wecTBeHHO 60/1ee 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. 34eck BonHoBoe yncno o =0.52. Takoli BONHOBOM pexnm OTBETBAAETCA OT CTaLMOHapHOo-bery-
LL,ero CeMecTBa B TOUKE, A1A KOTOPOW Y OAHOT0 M3 COBCTBEHHbIX 3HAaYeHWI 06PaLLAeTCA B HOMb ¥, , HO
npu atom ero ¥, # 0. Kak BuAgHO 13 puc. 2, nepuos ocUMANALMIA JaHHOMO BOJIHOBOMO pPeXrma paBeH
nprvmepHo 20 eanHuuam 6espasmepHoro spemerun 7 . Mpoduan BoSH TaKOro pelleHuns B Nocnesosa-
Te/ibHble MOMEHTbI BPEMEHMU, NPUHAANEKALLME OA4HOMY BPEMEHHOMY NEPUOAY, NOKasaHbl Ha puc. 3.

3AK/TIOYEHUE

Mcnonb3yemble B HAaCTOALLEN CTaTbe NMOAXOAbl MOMYT OKa3aTbCA MOME3HbIMU A7 U3YYEHUS LMPOKOTo
Knacca HeNIMHeNHbIX aKTUBHO-AMCCUMATUBHBIX 3BOMOLMOHHBIX YPABHEHUI B YACTHbIX NMPOU3BOLHbIX.
3T Noaxoabl 3aK/H0YAIOTCA B MOCTPOEHMM CTAaLMOHAPHO-OErYLLIMX CEMENCTB peLleHmnii, MCCNeaoBaHuUIo
MX YCTOMYMBOCTU M NPOBEAEHUIO C UCMONb30BAHMEM 3TOM MHPOPMALMM UCCNef0BaHNA HECTAaLMOHApP-
HbIX peLleHni.

MpeacraBneHHble pesyabTaTbl 4EMOHCTPUPYIOT, Kak B 061aCT, B KOTOPOW CyLLeCTBYET nilb He6ob-
LLIOe YMC/I0 CTaLMOHapPHO-6eryLLmMx CeMencTs peLleHmnit, yaaeTcs BbIABUTb M NPOaHaNM3MPoBaTb TUMWY-
Hble CLLeHapWyY 3BOIIOLMM HavaibHbIX BO3MYLLEHWI. [N paccmaTpuMBaemMoro ypaBHeHus (1) aToT aHa-
JIN3 OCHOBbLIBAETCA HA HA/IMYMUN UK OTCYTCTBUU COXPAHSAIOLLMXCSA B NMPOLECCE 3BOMOLUN CUMMETPUIA
nccaenyemblx peLeHuin, KOTopbiIMM OAHO3HAYHO KNAacCUbULMPYOTCA 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 R A A A
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 0.85 1 1 1100 1 1|
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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 / 0,2 0,2 / 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.

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:

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.

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

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.

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 Ax=——, 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:

[ /(s = 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 |u4s |15
4

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

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

'[_

5
1
For comparison, the exact value of the integral is'f—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 .

Fig.1.
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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‘lgxij'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 Jf(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); F)

i=1l

5

1 S . :

For I;dx andn=4, T,=> f(Xn—1)2+ 10) 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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Fig. 3.

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 _[f(x)dx . Similarly, if the graph of y = f(x) is

a

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)dr<T, <R,

(i) If y = f(x) is concave up and decreasing on [a,b] then
b
R, <M, <[f(x)dx<T,<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 Xoip + Xy,
Ax=—=, n=2k,as<x, <X, <X, <...<X,, <X, =b and x2i_lz%.

n

In Simpson formula we use quadratic approximation instead of the linear approximation of some func-
tion.
Some function y = f(X)on the interval [XZH,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 [X2i—2’ XZi] is equal to the
X Ax
.[ (ax® +bx +c)dx = ?(J’szz +4Yy )
*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 assignments, 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. Prereq-
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.

¢ [f the students achieved grade passed at the
preparatory tests and done excercises then
they achieved a good grade on the exam test.

¢ [f the students achieved grade passed at the
preparatory tests and done excercises then
they achieved a pass grade on the exam test.

e If the students achieved grade good at the
preparatory tests then they achieved grade

very good on the exam test.

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

e 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.

e 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.

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=Y x| 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 =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 Y<R", 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,

@ (StxD", 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
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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, Il =X from a to b and a homotopy between F-ocand G-a 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 wW}(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 Am1,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.

ZBORNIK RADOVA e 79



(CS3) A simple connected manifold M is spin iff the regular neighborhood of each embedded S?in M is
homeomorphic to S?x A™,

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:S'xS"™ —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 Cc<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 pi,(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,(FG;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)ZG(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,(FG;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 Z in(F,G;V)-{C'; } in H,(E), and define index 2 of V denoted by ind,(F,G;V) to be the element

D ip(F.GiC+ > 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,(F,G;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-

1 Faculty of Scienes, Kosovska Mitrovica, Serbia
2 Faculty of Technical Sciences, Kosovska Mitrovica, Serbia

84 e MIT 2011

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:

e Requirements analysis,

e System design,

e The design of the program,

e Implementation of the program,

e Testing,

e Training,

e Maintenance,

e Quality 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
so on.

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,

e Designing the hardware structure,

e 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),
Design and implementation of databases,

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

e 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 and analyz-
ing workload [3].

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-
jectschedule, 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,
VZE, =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 (X Yy)=a,+ ax+by+ a,x*+2bxy—a,y*+ a,x®+3b,x*y—3axy’ —by’ + )

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

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

and similarly for EX3, 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 +E;+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[‘m%'(Eu +E,+E,+E,)+832-(E,+E,+E,+Ej) (15)
—52: (Ex9 +E3 B + E1) —(Eas + Eys +Eao + Ex23)] + O(hu) J
1
E, = m[4096.(5yl +Eyq+Eys+E,;) +832-(E,, +E\ +E s +Eyp) 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 + Exl? + Ex21) - (Exll + Ex15 + Ex19 + Ex23) (17)
+ 48 ' (Exlo + Ex12 + Ex14 + Ex16 + ExlB + Ex20 + Ex22 + Ex24)
~16-(Eyo — Eypy + Eyy — Eyy + Epip — Eppo + By —E ) [+O(0Y),
1
Epo = 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 Xx- 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(h"),  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 )

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 = (|, /(47€) 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 T 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
: -
- 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 k 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 o*d 0D
2ngk—=—+—;
0z 0OX 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(2) 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 | Dy —20;+Dy; Dy —20,;+D 1 55

[ sz + v +k? (n?=nf) o, | |. (5)

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"(z2+ 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
D" (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@, 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 )(I)” ]

q)l o ((Dn—l q)n+l)+q)n

i,j+1

/F\i,jq)in’jZ

Hence, a three-level explicit algorithm is obtained,

CD"*l(z +Az)+ O(Az )
€)

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

i+1,j

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(2) Ly E(z)—k (AZ) +(Azj g0 (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 MOAENNPOBAHUA TMBPUAHDbIX
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 MeXaHUYECKUX, 3NEeKTPOIHEPreTUYecKuX,
XUMUYECKUX U Ap. CUCTEM, MPEACTAaBAEHHbIX B TEPMUHONAOMMU TMBPUAHbIX cnucTem (IC), anaeTca 06-
HapyKeHMe CMeHbl pexxnmoB. B paboTe onmncaH anroputm BbI6Gopa LWara MHTErPUPOBAHMSA, B KOTOPOM
HapAAy C TOYHOCTbIO U YCTOMUYMBOCTBIO YNC/IEHHOM CXEMbI YYUTbLIBAETCA AMHAMMKA COOLITUAHOM PYH-
Kunn C. OpUrMHaNbHbLIA METOZ, IOKAaNN3aLMM TOYEK NEPEKNIOYEHUA OCHOBbLIBAETCA HA AOKa3aHHOM
Teopeme. CucTeMbl HONbLIOK PAa3MePHOCTU, KaK MpaBuao, 061adatoT CBOMCTBOM MKECTKOCTU. 34echb
paccmaTpuBaeTcs NPMMeHeHWe ABHbIX METOA0B NePeMEHHOr0 NMoOPAAKa U NONYABHbIX CXEM C 3aMopa-
KUBaHMEM MATPULbl AKOBU K KeCTKMM 3a4a4am BbICOKON pa3mepHOCTU. OnMcaHHble MeToabl U an-
rOPUTMbI PEANN30BaHbI U MPOTECTUPOBAHbI B Cpese MOAEANPOBaHMA rMbpuaHbix cuctem UCMA [1],
pa3paboTaHHOW aBTOpaMu.

OBHAPY}XEHMUE COBbITUM T’MBPUAOHBIX CUCTEM
PaccmoTpum pexknum ogHocTopoHHel IC B BUAE 3aaa4umn Kowwu ¢ orpaHuyeHnamm

y'=1(y), ¥(t)=Yo, 9(y,1)<0, (1)

rae f:RxR" — R -u3sBectHas HenpepbiBHasA BEKTOP-dYHKLMA, Y, - PELIeHNe B Ha4aIbHOW TOUKe
t,; 9:Rx RY 5 R%, S<N - usBectHas HenpepbiBHasA cOBbITUIHAA BEKTOP-GYHKLUMA UAM HEAUHE-
HbIW NpefoXpaHUTeNb.

/1106011 HEeNNHENHDbIV NPeaoXPaHNTE/Ib MOXKHO MPUBECTU K IMHENHOMY BMay AobasneHnem $ha3oBoi
nepemeHHol X =g (y,t). B pesynbTaTe 3aga4vy (1) MoXKHO nepenucatb B BUAE

y'=f(y)

,_ 09 09
:—~f -,
X =% )+
X <0.

Ocoboe BHMMaHWe cnegyeT 06paTUTb Ha BbIBOpP MeToAa MHTErpuMpoBaHuA. MMOAHOCTbIO HEABHbIN
METOZA, MCMONb30BaTb HeNb3sA, MOTOMY YTO OH TpebyeT BbluncneHns f (y) B MNOTEHLMANbHO OMNacHoM
0b6nacTu, rae Moaenb MOXeT bbiTb He onpeaesieHa. Huxke npuBoamuTcA AoKasaTtesibHoe 060CHOBa-
HWe NpeanoYTUTENIbHOCTU ABHbIX cxem. Mo3Tomy 3aecb Byaem MCnonb3oBaTh SIBHble METOAbl C pe-
weHnem Y, ;=Y. +h 0., n=0,12,...Torga cobbiTvitHan AMHAMMKaA OMUCHIBAETCA COOTHOLIEHUEM
Upa =9 (Y, + Moy o t, +h,,y) . Pasnaras g,,, B paa Telinopa u, yuntbisas auHeitHocts g (y,t), nony-
Yaem 3aBUCMMOCTb {,,, OT MPOrHosupyemoro wara h, :

1 HoBOCUBUMPCKUIA rOCyLapCTBEHHbIN TEXHUYECKUI YHUBEpPCUTET, HoBOCMBUPCK, Poccus
2 UHCTUTYT BbluncamnTenbHoro mogennposanuna CO PAH, KpacHoapck, Poccuna
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9] 0
gn+1:gn+hn+1[%'¢n+%j' (2)

Teopema. Bbibop wara no popmyne

g,
=Yg @)

oy "ot
roe y € [0,1), obecneynBaeT nosegeHne COObITUMHON ANHAMUKIM KaK YCTOMYNBOM IMHEIMHOM CUCTEMDI,
pelueHne KoTopoi 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,. Mockonbky y <1, umeet mecto g, —0 npu n—> .

Kpome Toro, n3 ycnosua y >0 cneayer, uto dyHKUMA J, He MeHAeT 3Hak. CnefoBaTenbHO, 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 COEbITUMHOW ®YHKLUU B ANITOPUTME UHTEFPUPOBAHUA
PaccmoTpum anroputm BbiGOpa Lara MHTErPUPOBAHMA C Y4ETOM AUHAMMKM COBLITUIMHOM GYHKLMM 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 3HaveHun craguii k, n k,
W onpeAeneHa BEMYMHA CNeAyIoLLEero Wwara no To4HocTh u yeroiumnsoctv hP, = max[h,, min(h®*,h*)],
rae h* - war no TouHoctu, h™ - war no ycroitumsocty. War h* no TouHocT onpegensetca no Gpopmy-
ne h* =qh_, rae q, aBnaetca pewennem ypasHenusa o ||k, —k, |l=& . 3aecs ||-|| - HekoTopas Hopma
8 R", & - Tpebyemas TouHOCTb MHTerpuposaHms. LLar h™ no ycroitumeoctn 3agaetcs BbipaxeHuem
h* =q,h,, 8 KoTOpPOM @, ONpeaenseTca U3 COOTHOWEHMA O,V , = 2. OLEHKa MaKCMMaNbHOTO COBCT-
BEHHOTO YnCNa MaTpULbl AKOBK V, , BbluncaaeTca no dopmyne

SICEAN]
N | (k) |

Torpa ynpaB/ieHWe LWarom MHTErpUpPoBaHUA € y4eTOM TOYHOCTH, YCTOMYMBOCTM U SUHAMMKM COBBITUIA-
HOM QYHKLMM MOXKHO BbINONHUTb MO CAeAYHOLLEMY aNrOpUTMY.

Vn,Z -

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

War 2. Beumncnatotea g, = g(Y,.t,), 69,/0y =0g(y,.t, )/ay , 09, /ot =og (yn,tn)/ﬁt )
LWar 3. Boluncnaetca war hn+l no popmyne (3), npuuem @, = f .

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

LLar 5. BbinonHsaeTca cneayowmii War MHTErPUPOBaHKUA.

TECTUPOBAHUE AZITOPUTMA

B KauecTBe TECTOBOro MpuMmepa PacCMOTPUM KNacCMUYECKYH 3a4advy MOAEMPOBAHMA CUCTEMbI ABYX
pesepsyapos [3]. CobbiTem B cMCTEME CUMTAETCA OTKPbLITME/3aKpbITUE KAanaHa, ynpasasioLero no-
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TOKOM }KUAKOCTU. byaem GpUKcMpoBaTb MOMEHTbI MEPBOrO U AeCATOro cobbiTmii IC, COOTBETCTBYHOLLMX
OTKPbITUIO BbIMYCKHOrO K/anaHa BTOpOro 6aka. MI3BeCcTHO, YTO TOYHOE BPEMSA NMEPBOrO OTKPbITUA CO-
cragnset t; =303.13, a gecaroro - t, = 2669.9 [3]. B Tabn. 1. npuBeAeHbl pe3ynbTaTbl peleHmns 8 pas-
JINYHBIX CUCTeMax moaenuposanusa 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 noKasartenun noaydeHbl B cuctemax SIMULINK ¢ ncnonb-
30BaHMem meTtoaa JopmaHaa-MNpuHca un SHIFT ¢ npumeHeHnem metoaa PyHre-KyTTbl 4-ro nopagka.
AHanus cpeacteamun MCMA ¢ BKAOYEHHBIM aIFOPUTMOM O0BHApPYXKeHMA NOKa3biBaeT 6o/iee KauecTBeH-
Hble pe3ynbTaThbl, YTO 0BYC/I0BAEHO YYETOM COOLITUNHOM QYHKLMM, @ TaKXKE TOYHOCTU U YCTOMYMBOCTH
BbIYMC/IEHUI NpK BbIGOPE LLara MHTErPUPOBAHMA.

CNELUDUKALMA U UCCNEQOBAHUE MOZAE/EN BbICOKOW PASMEPHOCTHU

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

%:f(t,y),yeRZN, 0<t<20, (4)
roe dyHkuma f onpepensertca dopmynamu:
Yo~ Yajs Yojs— 2)/2'71 +Yoin
=g 2 i3, g J2i i My y
2j-1 O!J ZAé/ ﬂj (A;)z y2]—1y21 (5)
foi =—KYs;¥ai0s

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 CYLLECTBYET HEMOCPeACTBEHHAA 3aBUCMMOCTb MEXAY WMH-
aekcom anddepeHLManbHOro ypaBHEHUS M ero NpaBol YacTblo. KomnbioTepHas MOAe/b CUCTEMDI,
3anMcaHHan Ha s3bike LISMA+, anatowmmcs paclwimpeHunem 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. KomnbioTepHaa mogenb Ha A3bike LISMA+.

BTopoit 0cobeHHOCTbIO 3a4a4m ABAAETCA ee TMbpUAHOCTb, 0O6YC/I0BNEHHAs CyLLLeCTBOBaHNEM Pa3pbIBa
nepeoro poga GpyHKLMM go(t). COOTBETCTBEHHO, CUCTEMA MOXET HaXOAMUTLCA B O4HOM M3 ABYX Henpe-
PbIBHbIX PeXMMOB. MNepekntoyeHne npouncxoamnt npu t=5 (pr ;g (t) =t>5).

YUCNIEHHbINA AHANU3

Ona pewerua cuctemol (4) - (6) NPUMEHANUCH ABHbIE METOAbI MEPEMEHHOTO NOPALKA C KOHTPONEM
yctoinumsoctu (PyHre-KytTbl-denbbepra (RKF78ST) [6] n OopmaHaga-MpuHca (DP78ST) [7]), HeABHbIM
meTton (RADAUS), a Takske nonysasHble (M,K)-metoabl (MK22 [4] n MK21). 3agaya pewanacb npu
N = (50, 100, 200, 400, 500) . Taknm obpasom, nonyyeHbl NaTb cuctem OL1Y, pasmMepHOCTb KOTOPbIX Ba-
pbupyeTtca oT 100 o 1000 dpa3oBbix NepeMeHHbIX. 3a43AMM TOYHOCTb PACYETOB & =10"" 1 HauanbHbIA
war h, =10"°.

3¢ deKTUBHOCTb aNrOPMUTMOB OLEHMBANACH NO TPEM KPUTEPUAM: KOJIMUYECTBO BbIYMCIEHHBIX TOYEK (SN),
YMCNO pacyeToB NPaBoM YacTu (rp) u 3aTpaveHHoe Bpems (). MosyyeHHble 3aBUCMMOCTU BbIMUCUTENb-
HbIX 3aTPaT OT PAa3MEPHOCTU CUCTEMbI NPUBEAEHDBI Ha puUC. 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 NoayYeHHble AaHHbIe, MOXHO CAeNaTb BbIBOA, YTO Hanbonee adpdeKTUBHbIMU ABNAOTCA
nonyasHble (M,K)-metoabl MK21 1 MK22. OHM XapaKTepusyroTca HeGONbLLIMM YUCIOM paccymTbiBae-
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MbIX TOYEK U NpaBblx YacTeit cuctembl OA1Y, a 6narogapsa 3amopaxkmnsaHuio MaTpuubl AKobu Ha nouck
peLleHuns TpebyeTcA 3HaUUTENbHO MeHbLUEee BPeMsA MO CPaBHEHUIO C HEABHbIM METOA0M. 3aBUCMMOCTb
BPEMEHM pacyeTa OoT pa3smMepHOCTH cuctembl ana (M,K)-metomos n metoga dPenbbepra nepemMmeHHOro
nopAgKa ¢ KOHTPOIEM YCTOMUYMBOCTU BIM3Ka K IMHEHON.

CTOWUT TaKXKe OTMETUTb, YTO UCMO/Ib30BaHME ABHbIX METOAOB MEepeMeHHOro nopsazka C KOHTPoJemM
ycTonuMBOCTM BecbMa 3¢ deKTUBHO Ha 3adavax cpegHen pasmepHoctu (4o 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 YC/I0BUAX 3aBUCK-
MOCTb BPEMEHM pacyeTa OT PAa3MEPHOCTM MOXKET HOCUTb SKCMOHEHLMANbHbIA XapaKTep, Kak Ana me-
Topa DP78ST.

MpumeHeHWe HeABHbIX METOLOB ONpPaBAaHO B C/y4vae 3a4a4 Heboblwon pasmepHocTu (2o 200 ypas-
HeHuit). N3 rpadmka Ha puc. 2, B) BUAHO, 4To meTog RADAUS xapaKTepusyeTcs nokasaTe/lbHbIM POCTOM
3aTPaYMBAEMOro BpEMEHW NPU YBENMYEHUN PA3MEPHOCTU CUCTEMBI. YUNTbIBAs Masioe YMCI0 HeobXo-
OVMbIX LLIAroB MU pacyeToB NMPaBOM YacTW, MOXKHO NPEeANONOXKUTb, YTO TaKaa HeaIhDDEKTUBHOCTb Bbi3-
BaHa HEOBXOAMMOCTbIO AEeKOMMNO3ULLMM MaTpULbl AKOOU. OTMETUM, YTO AaHHAA 3aBUCMMOCTb ByaeT
CnpaBeasvBoO ANA 3a4ay , CTENEHb KECTKOCTM KOTOPbIX OTIMYAETCA OT MKECTKOCTM cuctemsl (4) - (6).
370 CBA3AHO C TEM, YTO HesBHble CXeMbl L-ycTonumBbl, U MOXKHO BbIGMPaTb AOCTAaTOYHO 6ONbLUON Wwar
MHTErpMpoBaHUA BHE 3aBUCUMOCTU OT TEKYLLEN ANHAMUKN U3MeEHEHMA GA30BbIX NepeMEHHbIX.

B/IMAHUE NOMPELLHOCTU B OBHAPYXEHUWN COBbITUIA

PaccmoTpum pelueHure, noaydeHHoe HeaBHbIM meTogom RADAUS. Ha puc. 3, a) npeactasieHo nose-
AeHve rmbpuaHoi KomnoHeHTs! phi. BugHo, uto gaHHas ¢yHKumA obpawaetca 8 0 Henpu t=5, a8
MomeHT BpemeHn t =5.0157. B pesynbTaTe 3TOro cMCTEMa NEPEXOANT K APYroMy COCTOSIHMIO C 3ana-
34bIBAHWEM, YTO NPUBOAUT K 3HAUYMUTENIbHOWN N06aNbHOM NOrpeLHOCTM, 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. [inHammka rnbpuaHoii komnoHeHTbl phi (a) u dasosbix nepementbix Y g (6), Y,,, (B),nony4eHHan HeABHbIM METOAOM.

[aHHbIN npumep HarNAAHO AEMOHCTPUPYET HeIDPEKTUBHOCTb HEABHbLIX METOAOB MPU aHanuse ru-
BPUAHbIX CUCTEM BbICOKOM pasmepHOCTU. [0 pelleHuns rubpuaHoi 3a4aum HeaBHbIM MeTOA0M Heob-
XOAMMO 3a4eMCTBOBATb aIFOPUTM TOYHOM 10KANIU3aLMN MOMEHTOB nepektodeHna. OA4HaKo 3TO Hera-
TUBHO CKa3blBaeTCA Ha NPOM3BOANTENIbHOCTU METOAA, MOCKO/IbKY YBEANUYMBAETCA KOIMYECTBO LIAros, U
COOTBETCTBEHHO BO3pPacTaeT YMCN0 AEKOMMO3ULMIA MaTpuLbl IKo6U. C Apyroi CTOPOHbI, MPUMEHeHne
noAo6HOro aAropnTMa K ABHOMY METOAY He Bbi3blBaeT AOMOHUTENbHbIX BbIMMCAUTEIbHbIX 3aTpaT.

3AK/TIOYEHUE

OpUTMHaNbHBIA METoZ JI0KaNM3aLMM TOYEK NEePEKNIOYEHUS NO3BOAET C BbICOKOW TOYHOCTbIO O6Ha-
PY*KMBATb MOMEHTbI CMeHbl cOCToAHMI TC. UM Nerko AoNoNHUTL CyLecTByloWwMe aaropuTmbl UHTEr-
PUPOBAHMA Ha OCHOBE ABHbIX M NONYABHbIX CXeM. Mcnoib3oBaHWE NnepeMeHHOro nopsaaKka TOYHOCTH U1
KOHTPO/IA YCTOMUYMBOCTM B a/ITOPUTMaX Ha OCHOBE ABHbIX METOAOB Ae/faeT BO3MOMXKHbIM UX NPUMEHe-
HUWe ANA peleHns }KeCTKMX 3a4a4 60/1bwoi pasmepHOCTU. Bbicokasa adpdeKTUBHOCTb noaysasHbIx (M,K)-
MeToA0B obecneynBaeTca bnarogaps 3aMopaxknBaHUio MaTpuLbl AKOOW. TaKKe NOKa3aHo, YTo Npume-
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HeHWe HeABHbIX MeTOA0B A1 MHTErPUPOBaHUA rTMBpUAHbIX cucTem 6e3 yyeTa AMHAMUKK COBbITUIAHOM
byHKLUMM BeAeT K HeBepHOMY 106a/1bHOMY peLleHuIo.

B/IATOAAPHOCTU
Pabota noagaeprkaHa rpaHTom PODOU 11-01-00106-a.
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Epemees C. B.
NMPUMEHEHME TONONOrMYECKOMN COPTUPOBKU CNNOEB KAPTbI MPU
CO34AHU 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 NOABMINCE AOCTAaTOMHO XOPOLUME BO3MOMKHOCTM MCNONb30BaTb AaHHble AMUCTaH-
LLMOHHOI0 30HAMPOBAHMA C Pa3INYHbIX becnnaTHbIX MHTepHeT pecypcoB. MNpuyem KayecTBo M TOYHOCTb
NPOCTPAHCTBEHHbIX AAHHbIX C KaXKAbIM FOA0M MOCTOAHHO BO3pPacTaeT. 9TO OTKPbIBAET HOBblE BO3MOMXK-
HOCTM AN y4yeTa, aHanm3a M 06paboTKM 06BEKTOB MyHULIMNANbHOW COBCTBEHHOCTM MasibiX rOPOAOB.
MyHMUMNaAbHbIE BNACTU HEOObLLMX FOPOAOB HE MMEIOT BO3MOXKHOCTU BblAENATb B BlofaXKeTe Kpyn-
Hble CTaTbM PacxoA0B Ha CO34aHMe TOMOMNAaHOB CBOMX palioHoB. O4HAKO pas/MyHble 3343a4n reounH-
dopmaumoHHbix cuctem (FMMC), Hanpumep, yyeTa 3eMesbHbIX Y4aCTKOB, MOAENMPOBaHME CUTYyaLLIUI B
ropofe OCTaloTCcA aKkTyasbHbIMU. ONs UX peweHns TpebytoTca uMppoBble KpynHoMacluTabHble KapTbl
ypoBHsa 1:500. Mpuyem Ana NosHOUEHHOW paboTbl HEOBXOAMMO AeTasbHOEe ONMMCAHME C/I0EB TAKUX
KaK 3/1eKTPOCeTH, Noa3eMHble KOMMYHMKaLMK, ra3onpoBoapl U MHorme gpyrue. MNposoga uccneno-
BaHMe AnA ropogos c HaceneHnem oT 100 000 go 250 000, BbiaBaeHo okosio 400 cioeB 06bEKTOB
pa3HOoM CTPYKTypbl U NpeaHasHadyeHMA. OHM 0XBaTbIBAlOT BECb CMEKTP PaboTbl MyHULMNAIbHbIX C/TY*KO
M rOpPOACKOro xo3aicTea. KonmyecTBo Bcex 06BbEKTOB A1 NOA0OHbIX TOPOA0B AOCTUIAET HECKOIbKUX
TbicAY. T.K. NPOCTPaHCTBEHHAA MHOOPMALLMA PAa3HOPOAHA, a TAK¥Ke CoYeTaeTcs C aTpMBbyTUBHOWM, TO Ha-
MBONbLLYIO CNOXKHOCTb W 3aTPaTbl HECET BBOA, MCXOAHbIX AaHHbIX [1,2,3].

MOXHO BblAeNNTb cneayrolme NCXoaHble AaHHble ANA CO34aHuA LI,VId)pOBbIX TONON/1aHOB!

1. [daHHble ANCTAaHLUMOHHOrO 30HAMPOBaHMA ¢ BecnnaTtHbix VIHTEpHET pecypcos.
2.  MnaHweTbl ypoBHA 1:500 anA pelwleHMA MyHULMMNAAbHbIX 3334 TaKMX Kak:
2.1. YyeT 3eMeNbHbIX Y4ACTKOB.

2.2. TpoeKTnpoBaHME HOBbIX 3aCTPOEK.

2.3. AHanu3 nospexaeHua Kabena anekTpoceTu.

2.4. MogfenvpoBaHue pasIMyHbIX CUTyaLMiA B ropoae U apyrue.

3. OnucaHwue cnoeB KapTbl, HaNnpumep:

3.1. 3emenbHble y4acTKu.

3.2. BopgonpoBoaHble ceTu.

3.3. ABTObGYCHble OCTAHOBKM U gpyrue

Beog, HPOpMaLMM B MyHULMNANbHBIX FEOMHPOPMALMOHHbBIX CUCTEMAX - 3TO CNOMKHbIN UTEPALLMOH-
HblA NPOLLECC, KOTOPbIM MOXHO 0becrneuynTb C PasINYHbIX UCTOYHMKOB. CaMbiM TOYHbIM U Hanbonee
PacnpoCTPaHEHHbIM Ha TEKYLLMIA MOMEHT ABAAETCA OUMPPOBKA KapTbl. KapTa MoXeT 6bITb NoayyeHa
b0 € NoMOLLbIO CNYTHUKA, 1M60 Ha OCHOBE NaaHLWweTa. [epBblii cnocob AacT 6onee akTyanbHYO UH-
dopmaumio [4,5].

MOHO BblAEAUTb Cieaytowme npobaembl Npu Co34aHUN LUOPOBbIX KAPT MasbIX TOPOAOB:

1. Hu3Kaa cToMMoCTb GUHAHCUPOBAHMA.
2. bonbluoii 06bem BBOAA NPOCTPAHCTBEHHOM MHDOPMaLUN.

1 MypomcKuit UHCTUTYT (duaman) depepanbHOro rocyAapcTBeHHOro 6HOAKETHOrO 06Pa30BATENBHOMO YUPEKAEHWUA BbICLIETO
npodeccmoHanbHoro 06pasosaHma “BAafMMUPCKUIA TOCYAAPCTBEHHDBIV YHUBEPCUTET UMeHU AneKcaHapa Mpuropbesnya n Hu-
konas Mpuropbesuya Cronetosbix”, Mypom, Poccus
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3. YyeT OrpoMHOro KO/IMYECTBA CBA3EN MeXAY CI0AMMU.
Bce 06beKTbI KapTbl CBA3aHbI TOMOIOFMYECKM APYT € Apyrom. MOXKHO npuBectn Knaccudukaumio To-
NoJIOTMYECKMUX oTHoweHul (puc.l.). He Bce TMC MmetoT TonosorMyeckmne oTHolweHus y cebs B cocTase
MHCTPYMeHTabHbIX cpeacTts. OgHako B ArcGIS nnm MHleo 3T BO3MOXKHOCTHM eCTb.

Puc. 1. Buapl Tononornyeckmx oTHOLWEHU M

Hanpumep, ArcGIS no3sonaet 3agatb TONOAOTMYECKME MPABMIA MEXAY PA3NINYHbIMU CNOAMMU. ITO Ha-
KnafblBaeT onpefesieHHble OrpaHMYeHNA Ha TO, KaKOM CNOM 33 KaKMM ounPpoBbIBaTb. TO €CTb, MOXKHO
CKa3aTb, YTO GAKTUYECKM KaxKAbli C/I0M KapTbl UMEeT HECKO/IbKO CBA3eW ¢ Apyrumun cnoamu. Npeanara-
eTcA cnocob, KOTopbI MO3BONIAET U3 HAbOpPA CNOEB, CBA3AHHbLIX MeXXay cobol, onpeaenvTb Nocneno-
BaTe/IbHOCTb MX BBOAA (pumc.2.).

WexoaHblii cnucok cnoes 3aBmcuMocTi Mexcay OTcopTUpoBaHHbIN
cnoaMn CNUCOK CNoeB
1. UWkonbi 1. 3emenbHble
acTk1
Doporu /ﬁ Y
-~ 2 \
3emenbHble e (;/' 2. Wkone!
y4acTku - 3. [Hoporu
1 ™
4. Tpuneraowas S (;) 4. [Jowma
naprosi@a 5. Tpuneraowan
5. AgsTOoGYyCHblE kﬂ‘) napkoBka
OCTaHOBKN L/) 6. AptobycHble
6. MMoazemHble i OCTaHOBKN
KOMMYHIIELYIM &i/ 7. ToasemHble
7. [Homa KOMMYHUKaLW

Puc. 2. Mopsaaok cnoes nocie npeobpasoBaHus

Ha puc.2. Bce cemb CNoeB npeacTas/eHbl B BUAE 3aBUCUMOCTU ApYr OT Apyra. To ecTb cioit “LUkonbl”
3aBUCUT OT c/10A “3emesibHble y4acTKM”. ITo 03HavaeT, yto cHavana B N'MC HeobxoaMMo BHeECTU 06b-
€KTbl M3 cn10a “3emenibHble y4acTKn”, a 3aTem noBepx Hero o6beKkTbl M3 cnos “LUKonbl” Tem cambim
MCMO/b3yA MPKU 3TOM OAMH M3 BUAOB CBA3ei. B gaHHOM caydae 310 ByaeT cBasb “BioKeHHOCTb”. AHa-
JIOTUYHO BNIOMKEHHbIMU B “3emenbHble y4acTKn” aBnstoTca 06bekTbl U3 cnoes “Aoporn”, “MoasemHble
KOMMYHMKaumn” n “Aoma”.

B cBOO o4Yepeab MOXKHO CKasaTb, UTo “lMoa3eMHble KOMMYHMKauumK” cBsizaHbl oTHoleHMem “CoceacT-
B0” co cnoem “loma” n oTHoweHnem “U3onmpoBaHHOCTL” co cnoem “Loporn”. To ecTb NoA3eMHble
KOMMYHUKaUMN HEOBXOAMMO BBOAMUTbL NOC/E 4OMOB W AOPOT.

ABTOBYCHblE OCTAaHOBKM CneayeT BHOCUTb Noc/e AOPOr C UCMNOo/b30BaHWe oTHoweHus “CoceacTso”.
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Mpuneratowme NapKkoBKM HEOBXOAMMO pacnoniaraTb OKO/I0 JIOMOB MOC/e BHECEHUs 4OMOB (OTHOLe-
Hue “bausoctb”).
Bca MHGOPMAaLLMA O CBA3AX MEXAY CI0AMU XPaHUTCA B 6a3e AaHHbIX.

Cnocob, KoTopblit onpegenseT NnopagokK BBoga cnoes B IMC, 0CHOBaH Ha LUMPOKO U3BECTHOM aropuT-
Me 13 Teopum rpadoB, KOTOPbI Ha3bIBAETCA TOMONOrMYECKAsA COPTUPOBKA. B Hawwem cnyyae Mcnonb3y-
eTcA cneaytolee onucaHne MHGopmaumu. Kaxapbli cnoit npefcTaBneH Kak BeplwnHa rpada, a cBAsb
MeXy BepLuMHaMM oTobparkaeT 3aBUCUMOCTb O4HOTO CNOA OT APYroro. 3anycTUB PeKyPCUBHYHO Mpo-
ueaypy obxona Bcex BeplmH rpada B rybuHY, Ha BbIXoAe NOJyYMM OTCOPTUPOBAHHbINM rpad, KOTopbIl
BbIZLE/IUT CHAYa/la He3aBUCHUMbIE C/TOU, 3aTEM C/TIOU, KOTOPbIE 3aBUCAT OT YXKe PACCMOTPEHHbBIX U T.4,

To ecTb TpebyeTcAa NnepeyncinTb BEPLUUHDLI rpada B TaKOM nopsaake, 4tobbl ana ntoboro pebpa rpada
ero Haya/ibHaA BepLnHa bblsla NnepeyncieHa paHblle KOHEYHON.

CXemaTM4HO 3TO BbIMNALNUT TaK:

[ = e

Puc. 3. Mopsaaok cnoes nocne npeobpasoBaHus

ANrOpUTM TOMONIOTMYECKOWM COPTUPOBKM COCTOUT U3 CIeAyHOLMX LIAroB:

1. Momeuaem Bce BepLUMHbI rpada Kak HEMCMONb30BaHHbIE.

2. Nwem Hencnosib3oBaHHYO BEPLUMHY, B KOTOPYO HEe BXOAWUT HU OAHO Pebpo (B COOTBETCTBYOLLEM
cToNbLEe MaTPULbI CMEXKHOCTM CTOAT TOJIbKO Hy/AN). ECM TaKo BEPLUMHLI HET, TO IM6O Mbl Nepe-
6panu Bce BepLUMHbI (TONOMOrMYECKas COPTUPOBKA 3aKoHYeHa), 1nbo B rpade ecTb UK (Tonono-
rMYeckan COPTMPOBKA HEBO3MOXKHA).

. Nomeyaem HalAEeHHYIO BEPLUMHY KaK MCMO/Ib30BaHHYO, 3aNOMUHAEM €€ HOMEP.

4. Ynansem u3 rpada Bce pebpa ¢ Hayasiom B 3TOM BepluMHe (0OHYNAETCA COOTBETCTBYHOLLAA CTPOKA

MaTpULbl CMEXKHOCTH).

5. Nepexogum K wary 2.

w

PaspaboTtaHa nporpamma, KOTOpas y4UTbIBAET BCE TOMOIOFMYECKME OTHOLIEHMA MeXAY C/I0AMM, CTPO-
1T rpad cn0eB 1 C NOMOLLBIO TOMOIOFMYECKON COPTUPOBKM onpeaenseT NopsALoK BBOAA 0OBbEKTOB U3
HUX. OrpaHMYeHns Mo TOMOMOTMU MOXKHO HaKNaAblBaTb HE TO/IbKO Ha MPOCTPAHCTBEHHYIO MHPOpPMa-
LM1I0, HO U Ha aTpubyTMBHYIO. B 3TOM cnyyae oauH cnoli TakxKe byaeT 3aBUCeTb OT APYrOro, HO yiKe
no onpeaenieHHbIM CEMAHTUYECKMM NPU3HaKaM. [JaHHbIW afropuTmM BHeAPEH B MyHuMUMNanbHyto MNC
oKkpyra Mypom Bnagumupckoit obnactu (Poccus).

MpYmeHeHWe TONONOrMYECKOW COPTUPOBKM YMEHbLUAET KOANYECTBO OWMOOK Npu BBOAE AAHHbIX Kap-
Tbl, YTO MNO3BONIAET 3HAYMUTENIbHO COKPATUTL BPEMSA M 3aTPaTbl HA CO34aHME NPOCTPAHCTBEHHbIX 06beK-
TOB ropoAcKoi MHGPACTPYKTYPbI.
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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?)

¢ 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, obpuua 4. b.%, Mawkos C. B.%, Xpucmenko 0. @.*
TEOPETUKO-OKCNEPUMEHTA/IbHOE MOAE/TMPOBAHUE
3O DEKTUBHOM 3ALLUTHbI KOCMUYECKUX AMMAPATOB OT
BbICOKOCKOPOCTHbIX OCKOJZIKOB

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

3azava 3aLMTbl KOCMUYECKMX annapaToB OT ECTECTBEHHbIX M TEXHOTEHHbIX OCKOJ/IKOB AB/IAETCA BECbMa
aKTya/IbHOM B HacToAwee BpemA. PasmelleHune nepes 0CHOBHbIM KOPNycoM 06beKTa TOHKUX nperpaa,
APO0BALLMX BbICOKOCKOPOCTHbIE YacTWLbl Ha GparmMeHTbl, YyMEeHbLIAeT BEPOATHOCTb ero npobuTtua. 3a-
MeHa CM/IOWHOM NAACTUHbI Ha CETKY M3 BbICOKOMPOYHOIO MaTepuasa YMEHbLIAET BEC 3aLUUTHOW KOH-
CTPYKLMM, YTO HEMANOBAXKHO A/19 KOCMMYECKMX annapaTos.

OCHOBHbIE COOTHOLUEHUA U METO/, PELLEHUA

B paborTe B narpaH:<esoli 3-D nocTaHOBKe pacCMaTpPMBaETCA NPOLLECC BbICOKOCKOPOCTHOrO B3anMoaei-
CTBMA CETOYHbIX NPerpaj c KOMMNaKTHbIMU 3N1eMeHTaMM (aNtOMUHMEBLIMM LLAapUKamK). s onnucaHuns
npoueccos AeGpOpMUPOBAHUA U PaspyLIEHUs TBEPAbIX TN UCNOb3yeTca MOAe/ b MPOYHOro CKUMa-
emMoro uaeanbHO ynpyronaactuyeckoro Tena. OCHOBHble COOTHOLLEHMA, OMUCbIBAlOWIME ABUNKEHUE
37Ol cpeabl, 6a3npyOTCA Ha 3aKOHaX COXPaHeHUA MacChl, MMMYyAbCa M 3Heprum [1-3], ©n 3ambikatoTcA
cooTHoleHuAmM MpaHAaTaA - Peiicca npu ycaoBumn Tekydectn Museca. YpaBHeHMe cocToaHuA bepetca
B popme Teta n Mu - [proHalizeHa [1]. M3BecTHO, YTO NacTUHeckme Aedopmaumu, AaBNeHUe U Temne-
paTypa OKa3blBaloT BAMAHME HA Npeden TeKy4yecT U MoAy/b CABUra, MO3TOMY MOAEeNb AOMOAHANACH
COOTHOLLIEHMAMM, anpobUpoBaHHbIMKU B paboTe [4]. B KauecTse KpuTepus paspyLleHna npu MHTEHCUB-
HbIX CABUIoBbIX AedOopMaLMAX UCNOMb3YeTCA AOCTUMXKEHME SKBUMBANIEHTHOM MaacTMyeckon aedpopma-
uMei ceoero npeaenbHoro 3HaveHus [1,5].

[na pelseHns aToM 3aa4n HEOBXOOUM HAZEKHbIW U [OCTAaTOYHO YHUBEPCA/IbHbIA METOA, NO3BONA-
LM aleKBAaTHO BOCNPOM3BOAMTL NPOLECCHI, NPOTEKAtOLLME B TBEPAbIX TeNaX NPU BbICOKOCKOPOCTHOM
coynapeHun. EcTecTBeHHas HEOAHOPOAHOCTb CTPYKTYPbl MaTepuana nperpag v yaapHUKOB, BAUAIO-
LWasA Ha pacnpegeneHvie GU3NKO-MeXaHUYECKUX XapaKTepucTuK (PMX) maTepuana, ABnAeTca ogHUM
13 BaXKHbIX GAKTOPOB, ONpPeaenAloWnNX XapaKTep pPaspyLeHns peasbHbIX MaTepuanos. YUYeT 3Toro B
YPABHEHMAX MeXaHUKK AehOopMUPYEMOro TBEPAOTO Tela BOSMOMKEH MNMPY UCMO/Ib30BAaHUN CIyYaiHOTO
pacnpefeneHus HayalbHbIX OTKNIOHEHWI NPOYHOCTHbIX CBOMCTB OT HOMWHA/LHOTO 3HaYyeHuA (moae-
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 UCKA3UTb peasibHYHo Kap-
TUHY Y@PHOTO M B3PbIBHOTO Pa3pyLUeHMsA paccMaTprBaemMblix Ten. MNociegHee 0cobeHHO NposBaseTcs
Npwv peLleHMn 0CeCUMMETPUYHbIX 33Jau, FAe BCe TOYKM MO OKPYKHOM KOOpAMHATE PaccymTbiBaeMoro
3/IeMEeHTa UCXOAHO PaBHOMPaBHbI, B CUTY UCMONb3YEMbIX MPU YNCIEHHOM MOLEMPOBAHUMN CTaHAAP-
THbIX YPAaBHEHUI MEXaHWKW CMIOWHbIX cpes,. Ha npaKkTuMKe, OA4HAKO, MMEeeTca WWPOKUIN pasg 3adad,

1 HUW npuknagHoli maTemaTKn U mexaHUKn ToMCKoro rocyHusepcuteTa, Tomck, Poccusa
2 Oryn «HMNO um. C.A.JlaBoukmHa», Mocksa, Poccus
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rae dparmeHTauma ABNAETCA MPEeUMYLLECTBEHHO BEPOSATHOCTHbIM NMPOLECCOM, HanpUMep, B3pbIBHOE
paspyLleHne ocecMMMETPUYHbIX 060/104eK, rae XxapakTep ApobieHnA 3apaHee Hen3BecTeH, NpobuTme
1 paspyLlUieHne TOHKUX Nperpaz yaapHUKOM No HOPMaanM K NOBEPXHOCTU U T.A. BHeceHue cnyyaiHoro
pacnpeneneHnsa HayaabHbIX OTKIOHEHWUI MPOYHOCTHbIX CBOMCTB OT HOMMHA/IbHOIO 3HaYeHus B PMX
Tena NPUBOAUT K TOMY, YTO B 3TUX C/Ty4asnX NPOLLECC pa3pyLleHUs NnpruobpeTaeT BEPOATHOCTHbLIN XapaK-
Tep, 4To 6onee COOTBETCTBYET SKCMEPUMEHTA/IbHBIM AaHHbIM. Hanbonee noaHo ngeonorua u meTogo-
JIOrvA BEPOATHOCTHOrO NoaxoAa K npobneme paspyLlleHns TBepAbIX Ten npuseaeHa B [8].

[na pacyeTa ynpyronaactMYecknx Te4eHmin MCnosb3yeTcs MeToAMKa, peasiM3oBaHHan Ha TeTpasapude-
CKMX AYeiKax 1 basupylolLanca Ha COBMEeCTHOM MCMO/b30BaHMM MeToga YunkuHca [2,3] ana pacueta
BHYTPEHHUX TOYEK Tesa U meToaa [KoHCOoHa [6,7] Ans pacyeTa KOHTaKTHbIX B3aUMOAENCTBUIA.

HauyanbHble HEOQHOPOAHOCTU CTPYKTYPbl MOAENMPOBANUCH PachpeseseHnemM npeaesibHON 3KBUBA-
JIEHTHOW NA1acTUYecKon gepopmaumm nNo suelrikam pacyeTHon 061acTy € NOMOLLLbI0 MOANPULMPOBaH-
HOro reHepaTopa C/y4aiHbIX YNCE, BbIAAIOLLErO CAYYaHYO BENUUYMHY, NOAYUHAIOLLYHOCA BblIOpaHHO-
MY 3aKOHy pacnpegenenua [8]. MAOTHOCTM BEPOATHOCTU CAYYAWHbIX BEAUYMH Bpanncb B BUAE HOP-
MaJ/IbHOTO rayCCOBCKOTO pacrnpeseneHnsa co cpeaHnm apnudmeTmyecknm, paBHbIM TabaMYHOMY 3HaYe-
HUIO 1 BapbUpPyeEMOM Ancnepcuen.

PE3YNIbTATbI 3KCMEPMMEHTOB

BbICOKOCKOPOCTHOE CTONKHOBEHME YAAPHUKOB C CETOYHbIMW 3aLLMTaMM UCCNEA0BAIOCh TaKKe IKCMne-
PUMEHTANIbHO Ha JIErKOra3oBbIX ABYXCTYNEHYaTbIX YCTAaHOBKaX, MOAMOULMPOBAHHbIX AN METaHUA Ya-
cTmu anametpom Ao 0,5 mm, npu ckopocTax (2,5 - 5) Km/c. YaapHUK - antoMnHMeBan YacTuLbl (anamerp
2 MM), nperpaga - ABe CTa/JibHble CeTKu (guameTp npososoku 0,32 1 0,2 Mm COOTBETCTBEHHO). Ha pu-
CyHKe 1 noKasaHa uccnegyemas B pabote cbopKa, cocToAwan n3 snemeHTa 6aka KOCMUYECKOTO anna-
paTa v ABYX CETOK, KOTOpble OTHECEHbI Ha HEKOTOPOE PacCcToAHWE Mexay cobon n 6akom. Homepamu
Ha puc.1 oTmeyeHbl pe3y/bTaTbl OTAENbHbIX SKCNepUMeHToB. B Tabavue 1 npuBegeHo KpaTkoe onuca-
HWe ABYX XapaKTepHbIX OMbITOB MO B3aMMOLENCTBUIO aIFOMUHUEBBIX YAAPHUKOB C CETOYHOWM 3aLMTON 1
3/1eMeHTOM 3alumuLaemoro 6aka. 3aecb cumBosiom V 0603HaUYeHa HavyaibHasA CKOPOCTb YAAapHUKA. Kak
BMAHO U3 Pe3y/bTaTOB 3KCMEPUMEHTOB, NPOBUTUA MU MOBPEXAEHUA CTEHKM BaKa He MpPoM3oLwo,
CeTOYHas 3aLMTa YCMELHO BbIMNOAHMAA CBOKO QYHKLMIO.

Puc. 1. /InueBasn cTopoHa COOPKM KCETKM - a1eMeHT Haka»
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Tabnuua 1. Pe3ynbTaTbl 3KCNEPUMEHTOB

Neo Ucnbityeman vV,
Tvn yaapHuKa PesynbTat akcnepumeHTa
onbITa nperpaga v 3awmra | Km/c
La ameTtpom 3,3 «6ak» CKBO3HOE npobuTtHne ceto
MameTpom MM KBO3HOE nTn TOK.
®17 u3 puf' ana P I * cerka 0,5 Mm 4,0 Ha «6ake» :ET BUAMMbIX NOBPEXKAEHUI
Alop + ceTka 0,3 mm A PeXA
«baKk» CKBO3HOE NpobuTnE NEPBOI CETKU.
LWap anametpom 1 mm .
»18 W3 mropana + ceTka 0,5 mm 4,0 |Ha BTOpOW ceTke U Ha «bake» HET BUAUMbIX
P + ceTka 0,3 mm NnoBpeXAeHUM

[anee npuseaeHbl pe3ynbTaTbl YACEHHbIX PAacYeTOB B3aMMOAENCTBUA YAAPHUKA C NepBoli ceTKol. Ha
puc. 2 NpeAcTaB/eH BUA CBEPXY HA CHEPUUECKYIO YacTULY U SNeMeHT NepBOoi CETKM, a TaKxKe ABymep-
Hblli pa3pes 3ToM KOHGUTypauuu.

Tirne=0.0000mks Napevern SR - B
M3K SHAYEHKE 3
0246 ai012
] L min sHauerme|0.0 P ao0BEA AKATPaMME
Time=00000mks
a 6

Puc. 2. icxogHas KoHGUrypauma ceTku u chepuryeckoi yactuupl: a- 3D KoHourypauus; 6- 2D paspes

MpoBeaeHHble pacyeTbl NOATBEPANIMN MOYYEHHbIE IKCNEPUMEHTA/IbHbBIE AaHHbIE MO 3aLMUTHLIM CBOM-
CTBaM CETOUYHbIX nperpag. [anee 66111 NpoBeAeHbl YACTEHHbIE SKCMEPUMEHTbI A/1f CKOPOCTEN CoyAa-
PEHUA YacTULbI C MePBOIA ceTKon-nperpagon V=5 km/cek (puc. 3-5) n V=10 km/ceK (puc.6-7).

Time=02000mks Time=0.2966mks

a 6 B
Puc.3. KoHdurypaums ceTkun n chepuyeckoit Yactuubl B 3D n3obpaxkeHuu: a- 0.2000 mKc; 6- 0.2966 mKc; B - 0.4000 MKc

| B : MJ.! i - - D l | Erm : M
e E T man sravere| 50000 T PR SR P 50000

mak

R - o SN T Y
rin awasere] 00 Cropoers, 103ms min sHaEE Cropoete, 0nafe Tin srassrue|00 Ckopoere, 103m/c
Tinme=0 2000mks Time=0, 2968 mks Tinne=0, 400mks ¢
® i
Y S Y »
N
i & v.
; .
P s .
i ‘e .
T ¥ s v
oia %
P
b g v “
a 6 B

Puc. 4. 2D pa3spes ceTku 1 chepuyeckoi Yactuubl. Pacnpeaenerme 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 octaTKoOM YacTuLbl N0 OCHOBHOMY KOPMyCyY: a - pacnpeaeneHue Tekyuiei ckopoctu t=15.6002
MKc; 6 - pacnpeseneHme koabduumeHTa paspylweHms t=15.6002 mKc

M3 puc. 5 BUAHO, YTO OCTATOK 4YacTMUbl He NPobMBaET OCHOBHOM KOPMyC KOCMMYECKOro anmnapara,
OCTaB/IAs HA €ro MOBEPXHOCTM TOJIbKO HE3HAUYMTE/IbHYIO BMATUHY. TOT Xe BbIBOA, MOMYHeH U 418 CKOPO-
ctn coyaapermsa 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 1 chepuyeckoit yactuupl. PacnpegeneHmne ckopoctu: a- 0.1000 mkc; 6-0.1500 mkc; B - 0.2000 mKc

KaK BUAHO M3 PUCYHKOB 3-7 C POCTOM CKOPOCTU COyAapeHUs ycuamBaeTtcs ApobaeHne HaneTatowei Ha
CeToYHble Mperpagbl YacTMLpl, YTO BUAHO MO MHTEHCUBHOMY GOPMMPOBAHMIO CTPYI MaTepuana npo-
HMKAIOLWMX CKBO3b AYEKM CeTKu (puc. 6, B). OAHOBPEMEHHO C 3TUM MPOLLECCOM MAET TaKXKe NpoLecc
bparmeHTaLMM 31EMEHTOB CETKM.

B gaHHOI paboTe NnpoBeAeHbl YNC/IeHHbIe CCIeA0BaHNA B3aMMOAENCTBUA BbICOKOCKOPOCTHbIX YacTuLy
C nperpagamm - CEeTKamu, UCMosib3yeMbIMM A5 3alWmTbl KA, M NoKasaHa 3¢PpeKTUBHOCTb CETOUHbIX KOH-
CTPYKLMIA 3aLWNTHBIX 3KPaHOB.

MonyyeHHble pe3ynbTaTbl MOKA3bIBAOT BO3MOXKHOCTM NPEANOXEHHOro noaxoaa m narpaHmeBon Yn-
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C/IeHHOWN MeToAMKHK, B Hanbonee NONAHOM, C GM3NYECKOM TOUKM 3pEHUSA, TPEXMEPHOMN NOCTaHOBKE BOC-
NpPOU3BOAUTb MPOLLECCHl B3aMMOLENCTBUA Pa3HECEHHbIX CETOYHbIX Mperpag M 3aWuaembiXx UMK
3/1EMEHTOB KOCMMUYECKMX anmnapaToB € BbICOKOCKOPOCTHbIMU 3/1eMEHTaMM Pa3pyLLIEHHbIX KOHCTPYKLMIA
M annapaToB, a TaKXKe OCKOJIKaMU KOCMUYECKUX Ten u 060ocHoBaTb Bblbop Hanbonee apdeKTUBHbIX
CUCTEM 3aLLMTBI KOCMUYECKUX anmnapaTos.

B X0 UMCNIeHHbIX IKCNEepPMMEHTOB 6bIN10 MOKa3aHo, YTo 3aLliMTa U3 ABYX CETOK AsnsetcA 6onee adpdek-
TUBHOM, YeM 3KBMBaANEHTHAA NO Macce Cn/oWHan nperpaga. MosyyeHHble pesynbTaTbl MCMO/b30Ba-
JINCb ANA OLEHKM 3aLLMTbl KOHCTPYKLMM KOCMMYecKoro annapata «®oboc-MpyHT». MoayyYeHHble sKcne-
pUMEHTaNbHbIE Pe3ynbTaTbl NOATBEPAMAN a4eKBATHOCTb YNC/IEHHON METOAMKMU.

BNNATOAAPHOCTH

PaboTa BbIMNOAHEHA NPW YaCTUYHOM GUHAHCMPOBAHUM No nporpamme MuHobpHayku PO (npoekT PHIN
2.1.2. 2509) 1 yacTMyHOM Noaaep:KKe rpaHToB POPU Ne10-08-00633a 1 Ne09-08-00662a.
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lfewes 1. N.*

PACYET HA OCHOBE NrPAHUYHbIX UHTEFPA/IbHbIX YPABHEHUI
PACCESIHUA CBETA HA METAJI/ZINYECKOWM 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 Halweln paboTbl
Ham HeobxoaMmo caenaTb HebosblIOe UCTOPU-
yeckoe BBegeHue. KoMBUHaALMOHHOE paccesHue
cseTa (KPC) Konebnwowmmmca monekynamm 6bia1o
OTKpbITO MaHaenbltamom, flaHacbeprom (CCCP)
1 PamaHom (MHAuA). PamaH nonyuymn 3a 3to OT-
KpbiTve Hobenesckyto npemuto 1928 roga, a co-
BETCKME UCCNeL0BATENMN, XOT OHM OTKPbLIAW 3TOT
3pPeKT Ha HEeCKONbKOo Hedenb paHblie PamaHa,
He paccmaTpuBannUCb HOBENeBCKUM KOMUTETOM
(oHM nNpocTo He 6bIAN HOMUHUpPOBaHbI). CyTb pa-
MaHOBCKOro a¢p¢deKTa B ToM, YTO NpU pacceaHun
nazatowWwero Ha Konebatowyca MoNeKyny usny-
YeHUs oYeHb pPeaKo NOABAAKTCA paccesHHble do-
TOHbI, UMEIOLLLME IHEPTUI0 MEHbLLE NMPUXOAALLNX
$OTOHOB Ha BeNMYMHY KosiebaTe/NbHOro KBaHTa
sHeprun (ha,,, = ho,, —hHQ, roe Q - yactoTa
KonebaHuit mosiekynbl). Tak Kak Mo caBury 4acro-
Tbl PAMAHOBCKMX KBAHTOB MOKHO CYAMUTb O CTPYK-
TYpe MONEKyNbl, 3TOT 3GPEKT CTaN BarKHEMULLMM
METOAOM WMCCNEeLOBaHWUA BELLECTBA HA MOJEKY-
NAapHom ypoBHe. PamaH-a¢pdeKT oyeHb cnabbliid,
TaK KaK BEPOATHOCTb NOABAEHUA TaKUX CABUHY-
TbIX MO YaCTOTe KBAHTOB Ha YeTbIpHAALATb-LIECT-
HaZLuaTb NOpPALKOB MEHblUe, YeM BepOoATHOCTb
0bbluHOro (paneesckoro) pacceaHus ceeTa 6es

cABUra 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 Monekyn, aacopbm-
POBaHHbIX HAa MeTaN/IMYecKUX HaHournax. Urbl
NOMYyYaNUCb eCTeCTBEHHbIM 0b6pasom Npu anek-
TPOXMMWYECKOM OCaXKAEHWUWU METANOB C BbICO-
KO NpoBoAMMOCTbIO (cepebpo, 3010TO, antoMu-
HWUIN, Meab). ITO TMrAHTCKOE YCUIEHWE Ha3Bau
Surface Enhanced Raman Scattering (SERS) naun
lMraHTckoe KombuHaumoHHoe PaccesHue CseTa
(TKPC). HeoxuaaHHo B 1997 roay 6b110 OTKPLITO,
YTO B KOJINOMAOHbIX pacTBOpax cepebpa u 30/10Ta
SERS addeKkT moxeT gocturatb paHTaCTUUYECKUX
3Ha4YeHuit: bbino 3adMKcMpoBaHo ycuieHme KPC s
10 pa3 [2,3]. 9ToT addeKT MOXKHO Ha3BaTb Super-
SERS. B Super-SERS ycuneHne KPC ob6bACHEHO
CeHABUY-CTPYKTYPOM: Konebntowanaca mosiekyna
3aXKaTa MeXXay ABYMSA HAaHOYaCTULLAMM, F4e deK-
TpU4Yeckoe nose B HaHOMETPOBOM 3a30pe YyCu-
neHo B 10° pas. YTo ke BbI3bIBAET 3TO OFPOMHOE
ycuneHua nonen n pamaH-apdekra? MpuumHa B
NMOBEPXHOCTHbIX N/1Aa3MOHaX, TO eCTb B KO/TEKTUB-
HbIX Ko/lebaHMAX KBa3N-CBOOOAHOIO 3/IEKTPOHHO-
ro rasa B HAHOYACTML,AX, BOSHUKAIOLLMX NpU 06/1y-
YyeHuKn cBeToM. MIX MOXKHO paccmaTpmBaTh KaK no-

1 UHctuTyT Tennodusmnkm CO PAH, HoBOCMBMPCKMIA rocyaapcTBEHHbIN YHUBEpPCUTET, HoBOCMBUpPCK, Poccus
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BEPXHOCTHbIE 3/1IeKTPOMarHUTHbIE BO/HbI B Cpeae,
3KCMOHEHLMaNbHO 3aTyxatolwme Braybb meTanna.
Ons HaHovacTuy (HY) guametpom 10-300 HM 13
30/10Ta, cepebpa WMAM ANOMWUHMUA MNAA3MOHHbIE
pe30HaHCbl PACcnoIoXKeHbl B BUAMMON U UHOpa-
KPaCHOM YacTAX CNeKTpa. ITU paccemBaTenun cBeTa
MCMNONb30BaINCh eLLe APEBHUMMU CTEKNOAYBAMMU:
TaK KONNIOMAHbIMM pacTBOpaMu 30/10Ta U cepebpa
OKpaLIMBANNCh CTEKNA B KPACHbIN U XKeNTbl LiBe-
Ta B ApeBHEM PuUMe 1 B cpefiHMe BeKa B BUTpaKax
xpamos. CnefyeT MmeTb B BUAY, YTO MIa3MOHbI
MOTyT BbITb paccyMTaHbl B paMKax 3/1eKTpoauHa-
MMWKM CNIOLWHBIX CPea, MPOCTO KaK pelleHus ypas-
HeHult Makcsenna.

B 1981 roay noasuncs CKaHMpyowmnii TyHHeNbHbIN
Mukpockon (CTM), aneKkTpon, KOTOPoro MOKHO
paccmaTpvBaTb KaK HaHOYacTuUy, TaK KaK ero
KOHYMK MmeeT pagumyc KpuBM3Hbl nopagka 5-10
HaHoOmeTpoB. Ecnnv nomecTuTb Monekyny-amnonb
B 3a30p MeXAy MeTa//IMYEeCKOM MNOANIOKKOW U
KOHYMKOM 3nekTpoga CTM, TO Mbl NOAYYUM 3Ha-
KOMYIO COHABUY-CTPYKTYpPY. YeuneHne KPC B sTom
cnyvae pgocturaet 108-108 [4], To ecTb TOro ke no-
pAaKa Kak B SERS. Takas KoHdurypauma HassaHa
Tip Enhanced Raman Scattering (TERS). NMoatomy
BO3HMKAET BaAXKHbI BOMPOC: MOXHO /U r10ay-
yume ycuneHue 8 TERS makoao yce Nopsao0Ka KaK 8
Super-SERS - 10*?

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 Puc.l: HaHo-yacTMua - AMNoSb
- MeTa//InYecKkasa MnaeHKa Ha cTekne. PagnanbHo
NnoNApPU30BaHHbIN Ny4yoK ceeTa (Bessel Beam, BB)
ocBellaeT cucTemy CBepxy uam cHuusy (BB, unan
BB ). Hawa 3aaaya — pacyeT AByX OTHOCUTE/IbHbIX

Koadduumento Ycunenua (KY), onucbiBatoLmx
BKNaA4 nnasmoHoB HY: 1) Ana MHTEHCMBHOCTM
3NeKTpUYecKoro nons B Touke aunona (F?) n 2)
ONA U3y4eHns AUNONA B AaNbHIO 30HY (D) u aa-
IOLLMX B MPOM3BeAEeHMM NoaHbIN KY ans adpdekta
Pamana: Kg,,=F’D.

METO/, PELLEHUA

PeweHua 0CECUMMETPUYHbIX ypaBHeHUM
leNlbMrofibLia OCYLLEeCTBAAANCL peayKumen K cu-
CTeMam OAHOMEPHbIX FPAaHUYHbIX MHTErpasbHbIX
ypaBHeHuit (FNY), [5-8]. PaccmaTpuBanucb oce-
CUMMETPUYHbIE 3aZayM YNpyroro v Heynpyroro
(pamaHoBCKOro) paccesaHus cseTa. WM3yyanucb
pasinyHble HaHo-06beKTbI: cdepbl, chepounspl u
aHTEHHbI (HAHO-CTEPIKHM), PACMONOKEHHbIe B6/U-
31 TOHKOM NPOBOAALLEN MNEHKMN Ha AMINEKTPUYE-
CKOM MOBEpPXHOCTU. B ocecMmmeTpuyHOM Cyyae
MMEeEeTCA TO/IbKO OAHA KOMMOHEHTa MarHUTHOro
nons, KoTopas onucbiBaeTca cuctemon N'NY, [7,8]:

. oH
aH,+| H, L _fog T lgroo, (1)
. ov &, ov
6Gut an —H®O
an_J H, 81(2 _GoutW dr=H,". (2)

r

3pecb napametp « =0.5, Hw - 3TO MCKOMOE U
Hq()o) BHelHee (ocBellalolLlee) MarHUTHbIE Mons,
B3ATble Ha KoHType HY, G ,, G, - ¢dyHKuum
lpvHa ypaBHeHUs fenbmronbLa ana obnacteit BHe
1 BHyTpM HY 1 npoussoaHble B3ATbl B Hanpase-
HUM BHELLIHel Hopmanu K KoHTypy HY. Cuctema
FNY pewanacb ABaxAbl C Pa3HbIMWU BHELHUMMU
nonamm H(f)o): 1) BHayane ans obnyyeHua becce-
NeBbIM NMYYKOM CBETA U 3aTem 2) Ana nons H;O),
3a/1aBaeMoro AMnosiemM, PacnonoXKeHHbIM Ha OA-
Hoi ocu ¢ HY. B nepBom cnyydae mbl Haxogunu KY
ONA MHTEHCUBHOCTU 3/1IEKTPUYECKOTO MOAA B TOY-
ke amnona (F?) v Bo BTopom KY ans msnyveHua
aunonsa (D). 3Tn BeAnYMHbI paccunTaHbl METOLOM
rPaHUYHbIX 3N1eMeHTOB B paboTax [7,8] ana Tpex
METa 0B - 30/10T0, cepebpo M aNtOMUHWUI - U ANA
pasnnyHbix Gopm HY B 3aBUCMMOCTM OT SHEprui
najaloLWmx KBaHTOB CBeTa /i@, , BbIPaXKeHHbIX B
eamHuuax eV (3neKTpoH-BONbT), CM. Puc.2-6.

[na cnoucTbix cpes, ANA KOTopbIX GYHKUMKM MpUHa
paccunTbLIBAIOTCA Yepe3 C/I0XHble WHTerpanbl
TMna Belina-3ommepdensga [9,10], BbiBeaeHO
TOXAECTBO, NO3BO/AIOLLEE KOHTPOAMPOBATb TOY-
HOCTb pacyeToB GyHKLUMM MpUHa:
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r

3pecs HY - 310 BHEWwHee none ana 3apay 1) nam
2). B HalMX pacyeTax SIeBas U NpaBas YacTu ypas-
HeHuA (3) oTanyanuch He 6onee yem Ha 0.1 %.

Pe3ynbTatbl pacuetoB gna GpakTopos ycuneHus
nonsA n AMNonbHOro usnyyexums [7,8]

PaccmoTpum cHavana nosiesoi (F?) n annonbHbIN
(D) dakTopbl ycuneHns ana chep us Tpex meTan-
no. (3000710, cepebpo, antoM1HUIA), C AnameTpa-
mum 2a =50, 100 1 200 Hm. Chepbl pacrnosioxKeHbI
Ha Ma/sIoM PAcCTOAHUM =1 HM OT MeTaNNNYECKUX
NAEHOK, CAeNaHHbIX M3 Tex Xe meTannos (Au,
Ag, Al) 1 umetlowmMx onTUMabHble TOAWMHBLI 50
HM (Au, Ag) 1 20 Hm (Al), [8]. Mpn npoxoxkaeHun
ny4yKka CBETa CBEPXY Yepes3 CTEKA0 U MeTansumye-
CKYIO NNEHKY Nog, yriamu 6onblue KpUTU4eckoro,
6onbwe vyem 6, =41.8°, Habnopgaetca aBneHue
MOMIHOTO BHYTPEHHEro oTpakeHus cseTa. [pu
3TOM B NJIEHKE NOABAAIOTCA NJIAa3MOHHbIe Koneba-
HWA, a B 06/1aCTM NOZ NIEHKOW pacnpocTpaHAeTcs
3KCMOHEHLMANbHO 3aTyxXalol,as CBETOBaA BOJIHA
(evanescent wave). [1na pe3ynbTaTos, NpeacTas-
NeHHbIX Ha PuUc.2, yron ocsellatoLLero nyyka ceeta
6 = 45° 6onblue KpuTnyeckoro. Mostomy ana dak-
TOpa yCMNEHUA MHTEHCMBHOCTM nona F2 mbl no-
Jly4aem ymeHbLUeHMe Mo CpaBHEHWUIO ¢ GaKTopom
F2. 3To NpOMCXOANT NOTOMY, YTO yAaneHHble oT
NJAEHKWN y4acTKM 601bLLOoM HaHoYacTULbl (200 HMm)
Haxo4ATCA B 30He 3aTyxaloweW BOMHbI M MNas-
MOHbI BO3bYy)KaatTca 3aecb cnabo. OTMeTUM,
4yTo GaKTOPbI AMNOABHOIO U3NYYEHUN HAXOAATCA
B TAaKOM }Ke COOTHOLUEHMU: NOCNEe pacLienseHuns
KpuBbIX Mbl BUuaMM, yto D, <« D_. PacwenneHwne
KPUBbIX MPOUCXOAMUT MPU BbINONHEHUU YCNOBUSA
ONnA paguyca vyactmupl a>A=A/27, rae A ann-
Ha BOJIHbI CBETa, @ maclTab Panes A gaet gauHy
3KCMOHEHLMANbHOIO 3aTyXaHWA MOAA B HUXKHEM
NoynNpoCTPaHCTBe.
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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).

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 g =45°.

Ha Puc.3,a nokasaHa 3aBuUcMmocTb KY oT pasme-
pa 3a3opa mexay cepebpsaHon chepuyeckon HY
M NOBEPXHOCTbIO MNEHKU. BbibpaHa ANMHA BOMHbI



400 HMm, AnA KoTopoi Manasa chepa AaeT cosna-
patowme KY, a 6onbluan (200 HM) NoKasbiBaeT cy-
LwecTBeHHoe pacwensieHue KY Ha ase rpynnbl. Ha
Puc.3,b nokasaHa 3aBUCMMOCTb MOAEBOrO daKTo-
pa F, BbluMCNEHHOrO Ha NPOTUBOMONOKHOM (yaa-
JIeHHOM OT Mn/ieHKK) nontoce cdepbl. BUAHO, 4TO
naasMoHHble KonebaHua MmetoT robanbHbIN Xa-
paKTep, TO eCTb OHW He IOKaIM30BaHbl B 3a30pe, a
OXBaTbIBAKOT BCIO NOBepXHOCTb HY.

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 paccumTaHHble KY ana tpex
BbITAHYTbIX A/JIIOMUHMEBBIX HaHOChepomnaos C
pasHbIMM  pasmepamu. WHTEPECHO OTMETUTb,
yTO C yBe/IMYEeHMEM pa3mepa chepounaa nepsbIi
(aunonbHbIA) NUK cmellaeTcs Bce Aanblie B UH-
dpaKpacHyto ob6nacTb cnekTpa u Bo3pactaet. Ha
Puc.5 gna cpepounaa 13 antoMmMHKUA ¢ pasmepamm
200x1000 HM NOKasaHbl pacyeTbl A4NA 4YeTblpex
yrnoB ocseleHns. O6paTMm BHMUMAHWE Ha U3Me-
HEHMWE XapaKTepa KpuWBbIX MpW nepexone 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). Take WHTepecHbl rnybokune
MUHUMYMbI B nonesbix daktopax F , F . Onu
XapaKTepHbl ANa yanMHeHHbIX HY (HaHoaHTeHH);
CM. Tak»Ke Puc.6,b ona HaHOCTEP:KHA M3 antoMK-
HUA. DTU MUHUMYMbl OBBACHAIOTCA OECTPYKTUB-
HOWM MHTepdpepeHLUMel BOH, U3/ly4aeMbIX ABYMSA
KOHLAMM HaHOaHTEHHbI [8].

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 antomuHunesoint (b) HaHouacTuu B
dopme HaHocTepykHel ¢ gamHon 1000 Hm, ana-
meTtpom 100 HM M paanyCcom KPMBU3HbI HA KOHLLAX
R =20 nm. O6ny4eHve NagaeT noj Masibim Yriom
0 =10°. Ona cepebpa nonesble dpaxktopsl (F?) B
pe3oHaHcax A4oCTuraloT 3HavyeHuin 10°, a makcu-
MyMbl AMNonbHbIX pakTopos (D) npesbiwatot 10°.
CnepoBatenbHo KY ansa PamaH-curHana MoxeT 4o-
CTUraTb OrPOMHbIX 3HauYeHnit K, = F?D=10" .

Ha Puc.7 noKasaHbl GyHKLMK pacnpeseneHuna au-
NONIbHOTO M3/y4eHUA MO YIy Kak B C/y4Yae npu-
cyteteua HY (f, (9)), Tak v 6es Hee (fy, (0)).
MHTepecHo, YTo ANA M3NYyYEeHUSA B CEKTOP YIIoB
6onbwe Kputnueckoro (forbidden sector 8> 6. ),
annonb u gunonb ¢ HY patoT ogMHaKoBble pac-
npegeneHuna (3To 0b6BACHAETCA IKCMOHEHUManb-
HbIM 3aTyXaHMEeM BK/IaA0B yAaNEHHbIX OT NJAEHKU
yactei annHHom HY, [8]).

Ram

[pyrum cnocobom KOHTPOAA TOYHOCTU pacyeToB
OblN10 CPaBHEHWE BbIYUCAEHHONW WHTEHCUBHO-
CTM NONA B TOYKE AWUMONA U AUNOABHOMO NOTOKA
3HEPTUN, YXOAALLETO NOA, TEM Ke YoM 6, 4To U
npuxoastiee usnydyerHve. CornacHo Teopeme B3a-
MMHOCTW 3TV BE/IMYMHbI TOYHO MPONOPLMOHANb-
Hbl APYr ApYry, YTO AeMOHCTpupyeTca Ha Puc.8.
MOCTOAHCTBO OTHOLIEHMSA YKa3aHHbIX BE/IMYMH Ha-
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pyLaetcs B 061aCTU MasbIX AJAUH BOJH (60abLINX
sHepruit GOTOHOB) M ANA OKPECTHOCTEW JIOKa/b-
HbIX MMHUMYMOB.

Fig. 7. Angular distribution functions for NP/dipole/film
f\p (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.

Fig. 8. Ratio of spectra of field enhancement factor FEF?(6)
and angular distribution function for dipole radiation
P(6), calculated at an angle 8=34.7°, at the point of
deep minimum of f, (#), seen in Fig.7

3AK/TIOYEHUE

MeTtannnuyeckne HY nnm ontmuyeckme HaHOQAHTEH-
Hbl, BbIMOJHAIOT HECKONbKO QYHKUMI: a) npuem
3NEKTPOMArHUTHOTO CWUIHaNA, €ero ycuieHue B
dbopme pe3oHaAHCHbIX NAAa3MOHHbIX KosfebaHuit un
KOHLLeHTpMpOBaHWe BAMKHEro Nons B LWenu, rae
pacnosnoXKeH Aunonb; 6) Nnpuem, ycuneHume u us-
Nly4eHWe B NPOCTPAHCTBO CABMHYTOrO Mo YacTtoTe
curHana aunons. Ana cepebpsaHbix HY, mogenu-
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 M3NyYeHUA
OTAE/bHbIX MOJIEKY.

BNNATOAAPHOCTH

ABTOp 6narogapeH MpasuTtensctsy PP 3a noaaep-
YKy AlaHHOM paboTbl (rpaHT Ne 11.G34.31.0035).
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[nuHckul b. M.}, Kapasaes 4. A.*

YUCNEHHOE MOAE/IMPOBAHUE PACNPOCTPAHEHMA BUEPOCENCMMU-
YECKUX BOJIH B CPEAAX XAPAKTEPHbIX A4 TPA3EBbIX 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 3AA4YU

YnucneHHoe MoAEennpoBaHMe PacnpoCTPaHEHUs CEMCMMUYECKMX BOJIH B C/I0XKHO MOCTPOEHHbIX ynpy-
TMX HEOAHOPOAHbIX CpeAax MPOBOAMTCA Ha OCHOBE MOJIHOM CUCTEMbI YPaBHEHWI Teopuu ynpyro-
CTU C COOTBETCTBYHOLWMMM HayalbHbIMW U FPAaHUYHBIMM YCNOBUAMM. [aHHaA NOCTaHOBKa 3a4auu
npeacTaBfeHa B TEPMUHAX BEKTOPA CKOPOCTEN CMeLLEeHUI ﬁ:(U,V,W)T N TeH30pa HanpsKeHui
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C COOTBETCTBYHWMMUN Ha4Ya/IbHbIMUN U TPAHNYHBIMU YCNOBUAMMN.

B maHHOM noctaHoBKke A(x,y,z), u(X,VY,Z) - napameTtpbl Jlame, NIOTHOCTb © 3aBUCKT OT Tpex Npo-
CTPaHCTBEHHBIX MEPEMEHHbIX.

METO/A PELLEHUA 3AO0A4YU

MeToga, pelleHunsa NocTaBAeHHOM 3a4a4M OCHOBAH Ha MCMOAb30BaHME KOHEYHO-PA3HOCTHOrO MeToaa.
ANTOpPUTM MOCTPOEHUA KOHEYHO-PA3HOCTHOM CXeMbl NpeasioXKeH B ctaTbe [1]. AHAaNOrMYHbIA Noaxos,

1 VIHCTWUTYT BbIYUCNIUTENIBHOM MaTeEMaTUKM M MaTemaTuyecKoi reodusmnkm CO PAH, HoBocubupck, Poccus
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ON1A CTaTUYECKMX 3aZia4 TEOPUM YNPYrocTU, TaKkKe, bbln pas3BuT B paboTax oTeYecTBEHHbIX MATEMATU-
KoB [2]. PacueT ceTouHbIX K03PDULMEHTOB (A, i1, p, KOTOPbIE MOTYT UMETH Pa3pPbIBbl) YHACTBYHOLLMX B
Pa3HOCTHOM CXeme MPOBOAUTCA HA OCHOBE MHTErPasIbHbIX 3aKOHOB COXPaHEHMS.

KoHeyHOopa3HOCTHas cxeMa MMeeT BTOPOI NOPAAOK annpoKCMMaLMy Mo BpemeHu 1 npoctpaHcTsy [1].
06wwan cxema BblUMCIEHUIA BbIMAAMT Caeaytowmm obpasom.

Ha nepBom nosyluare no BpemeHu onpeaenstoTca KOMNOHEHTbI BEKTOPa CKOPOCTU CMELLEHMA, 3aTEM
Ha BTOPOM MosiyLliare no BpeMeHun no Gpopmynam HaxoAATCA HY>KHble KOMMOHEHTbI HanpsaxXeHuit. [a-
Jlee HacyMTbIBAOTCA HOBble KOMMOHEHTbI 06Pa30B BEKTOPA CKOPOCTU CMELLEHMS HAa HOBOM MosyLuare
Nno BPEMEHM.

PEAIN3ALINA «NOCTPOUTENA» TPEXMEPHOI MOZENU YNPYIOW CPEAbI

[na BbINONHEHMA LI,aHHOVI paGOTbI 6bin Co34aH CI'IELI,MEU'IVI3MpOBGHHbIVI NOCTPOUTE/Tb TPEXMEPHbIX MO-
p,eneﬁ HEeOoAHOPOAHbIX ynpyrux cpes,. C nomoLbio pa3pa60TaHHoro NnoCTponTeNnAa 3a4at0TCA 3Ha4YeHUA
/l,y,p B Ka)K,D,Oﬁ TO4YkKe KOHeqHO-pa3HOCTHOﬁ CXembl.

B Hawem cnyyae npeanonaraeTcs, YTo 3afaHa KpynHobo4yHas Mmoaenb cpesbl, COCTaBleHHan U3 na-
pannenenunesos, B BepLUMHAX KOTOPbIX 3a4atoTcs napameTpbl cpeapl (Vp,Vs - ckopoctu pacnpocTpa-
HEHUA NPOAO/LHBIX M MOMepPeYHbIX BOSIH COOTBETCTBEHHO M MJIOTHOCTb © ). DTU NapameTpbl ABAAIOTCA
HenpepbIBHbIMKM BHYTPU KaxAoro 6/10Ka. PaspbiBbl MPOXOAAT TONbKO MO FPaHAM COCeAHUX Napanne-
nenunenos. Janee NpouUCXoauUT UHTEPNONALMA NAaPaMETPOB cpeabl Ha bonee «MeKy» PacyeTHyo
CeTKYy.

Mocne TOro Kak NMocTpoeHa OCHOBHAA CETOYHas MOAENb TPEXMEPHO-HEOAHOPOAHOM YrPYroi cpeabl
BO3MOXHO Aa/ibHeLIee YC/I0XKHEHNE ee FTeOMETPUYECKOMN CTPYKTYPbI. B NOCTPOEHHYIO MOAE/Ib MOMKHO
«BCTaB/IATbY Pa3/INYHbIE reOMeTPUYECKME 0BBEKTbI, KOTOPbIE MMEIOT aHaIMTUYECKOEe onuncaHune (uu-
JIMHOPUYECKME, KOHUYECKMNE, 3/IIMNCOMAANbHbIE U AP. NOA0BNACTU, AN UX NMepecedeHmne) Co CBOMMM
3HAYEHMAMM YNIPYTUX MapameTPoB Cpeabl.

Pa3paboTaHHbI NOCTPOUTENb MOAENN NO3BOAAET KOHCTPYMPOBATh C/A0XHbIEe 3D Moaenn HeoaHOPOA-
HbIX yNpyrux cpeq, 61n3Kue K peasibHbiM 06bekTam UccaesoBaHus.

NAPANNENBbHAA PEANTU3ALUUA U UCCNEAOBAHUE BPEMEHU PABOTbI MPOrPAMMDbI

OfHO 13 OCHOBHbIX TPeboBaHWI K NapaanenbHON NPorpaMmHON peasnmsaLmMm CoCToANO B TOM, YTOObI
nporpamma morna 3¢pdeKkTMBHO paboTatb Ha Knactepax ¢ MPP-apxUTEKTYpOl U BbICOKONPOU3BOAM-
TenbHbIX SMP-cepBepax.

Mcnonb3oBaH cnocob pasbueHus pacyeTHoW 06/1acTM Ha CNoW BAOAb O4HOW M3 MPOCTPAHCTBEHHbIX
nepemeHHbIX, B JaHHOM Cy4ae BAOb KOOPAUHATHOW ocK Z. Mpu peannsaumm 4aHHON CXeMbl KaxKabli
BbIYUCAUTENbHBIN Y3€/1 PAacCUMTbIBAET CBOKO CETOYHYIO 06/1aCTb Ha KaXKAOM BPEMEHHOM Liare HesaBu-
CMMO OT APYIUX, 33 UCK/OYEHMEM TOYEK, HAXOAALLMXCA HA FpaHuLe MexXAay ABYMA coceaHnmu obna-
CTAMMU. DTN TOUKM ABAAIOTCA OBLWMMMN ANS KaXKAOM U3 obaacTei U 41A NPOJOMKEHUA cHeTa Heobxoam-
MO MpPon3BOAUTb 0B6MeH MHPOPMaLUen 06 MCKOMbIX BEIMYMHAX MEXKAY «COCeAAMMUY.

Ha ocHoBe BbIGpaHHOW cxembl 6bINM CO3A4aHbI ABE NapannesbHble MPOrpammbl:
- ANA pacnapannennsaHua UCnosb3yeTca Tosbko MPI,
- uncnonbsyetcAa KOMOMHaLMA Bo3MoXKHOcTel MPI n OpenMP («rubpuaHas napannenbHas cxemay,
MPI&OMP).

Bo BTOpom cnyyae («rmbpuaHan napannenbHasa cxema»), npegjaraetca nNpoBoauTb obmeH nHdop-
MaLMen Mexay coceaHnmm cnoamu yepes MPI, @ BHYTPU KaXKAOro €i0s, PacnosoxKeHHOro B obLuen
namATU y3na, NPOBOAUTL MapanienbHble BbluMcaeHna, ucnonblya OpenMP. KonunyectBo cnoes gns
«rMBPUAHOM» CXeMbl ONPeaenseTca YNCAOM UCMOb3YEMbIX BbIYMCAUTENbHbIX Y3108, @ KOANYECTBO
OpenMP NOTOKOB - KO/IMYECTBOM A4ep Ha y3nax, B ciydyae MPIl nporpammsbl - 06WMM KOIMYECTBOM
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A0EepP Ha BblAEeNEHHbIX BbIYUCAUTE/NbHBIX y3/1ax. Ha KaXkaoM BpeMeHHOM Liare MoAe/IMpoBaHUA Heob-
XOAMMO MPOU3BECTU ABE CepUM 0O6MeEHOB MHPOPMaLMENn O BOTHOBOM MOJE: OAHA - A1 KOMMOHEHT
BEKTOpPA CKOPOCTEN CMELLLEHMI, BTOPAA - /18 KOMMNOHEHT TEH30Pa HanpsKeHui. Becb 0bmeH MHOp-
Maumeln peannsoBaH Yepes nHTepdeiic MPI ¢ nomolbto 610KMpYOLWLMX onepaymii Noslyd4eHns n nepe-
[3a4n AaHHbIX.

Mcnonb3osanuch pasnnyHble onuuu Intel MPI gaa rnbpuaHbix MP1/OpenMP npunoskeHuii:

node - BCe NOrMYecKme NPoLEeccopbl Ha OAHOM y3/1e PaCCMaTPUBAOTCA KaK eMHOe NPOCTPaHCTBO
sock - Kaxabln dusmyecknin socket - otaenbHan obnactb

WNccneposaHue paboTbl NapannenbHbIX peanvsaumii NpoBoaAnaoCL ANA ABYX TECTOBbIX MoAenel, Ta-
6nauua 1.

Tabauua 1. NapameTpbl pacyeToB TecToBbix 3D mogenel ynpyrux cpeg,

Pasmep pacyeTHOM ceTkn
Mogenb # .
X Y z Time
Mogens 1 1537 512 1025 1786
Mogens 2 1025 512 1537 1786

Ha npegacrasneHHbIx rpadumkax (puc.1) BUAHO, YTO NPU YBEMYEHMM PECYPCOB BCE NapasiefibHble Npo-
rpaMmbl SAOT ONpeseneHHblIn BbIMIpbill. B Lenom npu yBennyeHnMn Koanmyectsa agep B 48a pasa Bpe-
M$ BbINO/IHEHUA Ha mogenax 1 u 2 nsmeHsetcs B cpeaHem B 1.6-1.7 pasa ana «rubpuaHon napannens-
Hol cxembi», 1 B 1.2-1.3 ana MPI nporpammsi.

a b

Puc. 1. Bpems paboTbl napannenbHbix nporpamm a) ans mogenu 1w b) ana mogenu 2.

Mcnonb3oBaHue onunm «node» faeT NPenmMyLLeCTBO, MO CPAaBHEHMIO ¢ onumen «sock», npu ncnonbso-
BaHWUW «TMBPUAHOM NAapannenbHON CXeMbl», BbIMIPbILL COCTABAAET B cpeaHeM 8% ana mogenv 1 v 5%
ana mogenu 2 (Ha 256 agpax ao 18% gna mogenn 2 v go 13% ana mogenu 2). BUgHo, 4to Hamny4wmi
pe3ynbTaT Nosy4YaeTca NP UCNOAb30BAHUM «TMBPUAHON NAapanaenbHON cxeMbl» € onumel «node», no
cpaBHeHuto ¢ MPIl nporpammoni Bpemsa Bbl4MCNeHUn n3ameHnaeTcsa 4o 1.7 pas Ha 128 agpax ans mogenm
1w po 2 pas Ha 192 agpax ana mogenn 2. OTMETUM, YTO NPU 3HAYUTENBHOM YBENYEHUN KOIMYECTBA
anep (MPI notokos), MPI nporpamma He gaeT npupocTa, B To Bpems Kak, MPI&OpenMP nporpamma
[AeT NPUPOCT Ha TOM e KOM4YecTBe aaep.

Takum obpasom, Npu AaHHOM apxuTekType Knactepa HKC-30T Hanbonee nydwein B MCNOMAb30BAHUK
asnsetcs MPI&OpenMP nporpamma («rubpuaHan napanienbHas cxema).

SKCNEPUMEHTA/IbHBIE UCCNEAOBAHUA TPA3SEBOIO BY/IKAHA «TOPA KAPAGETOBA»
BMBPOCEMCMUYECKUMU METOAAMU

MBMuMI CO PAH nocTaBuA pAg, SKCNepMMeHTaslbHbIX paboT Mo NPOCBEYMBAHUIO IPA3EBbIX BY/IKAHOB
Bubpoceicmuyeckummn metogamu [3,4]. B akcneprmeHTanbHbIX paboTax No akTMBHOMY BUbBpoceicMmu-
YecKoMy NpPOCBEYMBAHMIO FPA3EBOro By/KaHa «lopa KapabeTtoBa» MCNOb30BaCA CEMCMUYECKUIA BU-
BpPaLUMOHHbIN UCTOYHUK CB-10/180 u peructpupytowme Komnaekcbl RefTek-125A (40 pernctpaTopos
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C BEPTUKA/NbHbIMUK cericmonpuemHmMkammn GeoSpace GS-20DX. O6uwan cxema 30HAMPOBAHMA BY/KaHA
npuseaeHa Ha puc.2. OTMETUM, YTO reoI0rMYECcKan CTPYKTypa By/IKAHA MMEET OYEHb C/IOXKHOE CTpoe-
Hue [5].

Puc. 2. leonornyeckas cxema paitoHa Kapabetosa ropa (fop6atnkos A.B.). YcnoBHble 0603HaueHuMA: 1 - ocv aHTUKAMHaNb-
HbIX CKNAf0K 1 UX HOMepa; 2 - A0CTOBEPHO YCTAHOBNAEHHbIE PA3/IoMbl; 3 - Pa3NOMbl BbleNeHHbIe N0 CTPYKTYPHO-
reomop$onornyeckum npusHakam; 4 - NOKPOB CONOYHON BpeKynM rpaA3eBoro ByaKaHa ropbl KapabeTosa; 5 - aeii-
cTBytowme rpudoHbl; 6 - HegelcTBytowWwMe rpUOHLI; 7 - canb3bl; 8 - KPyNHble KOHYc00bpa3Hble rPUPOHbI BbICOTOM
HeCKO/IbKo MeTpOoB; 9 - LIeHTpP B3PbIBHOIO n3BepeHna 6 maa 2001 r.; 10 - NnyHKTbl BUBPOCENCMUYECKOTO U3NTyHeHUs;
11 - nukeTbl Nnpodurnn BUBpPOCENCMUYECKOW ChEMKM, NPUBELAEHbI KaXKAbIN NATbIN AaTYMK.

MN3nyyeHune curHanos BubpaTopamm ocyLecTBasnock B Toukax T1, T8. lnnHa npoduns yepes By/KaH,
Ha KOTOPOM NPOU3BOAMIACL PErUCTPaLLMA BUDPOCENCMUYECKMX CUTHANO0B, COCTaBMUAA 3.2 KM.

B KauecTBe 30HAMPYIOLWMX CUTHANOB BMOpPATOpa MCNONb30BaIMCb CBUM-CUTHAbI B AMana3oHe 4acToT
10-64 Iy, (curHan c AMHeHOM pa3BepPTKOM YacToTbl B aHHOM AManasoHe ¢ ganTeabHocTblo 60 c). CuH-
XPOHM3aLMA N0 BPEMEHWN PEFUCTPUPYHIOLLUX CUCTEM M BUBpaTOpa ocyLLecTBAAAack Npu nomowm GPS-
NPUEMHWKOB.

Mony4yeHHbI NoneBoi matepman 06pabaTbiBancA C NOMOLLbIO CrieunanbHbIX Nporpamm. bbliv nonyye-
Hbl KOPPENSALMOHHbIE CECMOrPamMMbl U NMPOEKL MU CNEKTPANIbHO-BPEMEHHbIX GYHKLUNUIA, Tpumep puc.3.

a) b)

Puc.3. NMpoekuua CBD Ha yaaneHmu: a) 740 M OT UCTOYHMKA (palioH ckonieHus 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 aHaM3 BMOPALMOHHBIX ceiicMorpamMm (Koppenorpamm) Ha 3Tom npoodune
NoKa3bIBaeT A0BO/IbHO CI0XKHYI0 KapTUHY MPOXOXAEHMA CENCMUYECKMX BOJTH Yepes TeOo By/IKaHa.

Ha pacctoanumax go 1800 meTpoB OT UCTOYHMKA OTYET/IMBO MPOCMATPUBAETCA NOBEPXHOCTHAA BOJIHA CO
CKOPOCTbIO 0K0/10 340 M/c, MMeloLLLan cneKkTpaabHble MMKK Ha YacToTax 12-15 lu.

Mo mepe NPUBAUNKEHUA K LEHTPY BYy/JIKaHA CMEKTPaNbHAA KapTUHA HAauUMHaAEeT MeHATbeA. MoasaatoTca
6osiee BbICOKME YACTOTbI, CMEKTP CYLLECTBEHHO paclimpseTtca (puc.3a), Ha HEKOTOPbIX PACCTOAHMUAX
NOABNAKOTCA Y3KOMOOCHbIE MUKM, BO3MOXKHO, CBA3aHHbIE C PE30HAHCHbIMM CBOMCTBAMMW CKOMAEHUA
paHee AelCTBOBaBLUMX Cafb3 U rPUdOHOB (BbIXOAALME HA MOBEPXHOCTb KaHa/bl B BUAE KOHYCOB - Fpu-
GOHbI AN HebONbLUMX YINYBAEHWUI - CaNb3bl, Yepes KOTopble M3BEPratoTCsA rpsaseBble U ra3oobpasHble
dpakumm BynkaHa). OgHakKo, B LEHTPE By/KaHa, Ha pacctosHuM 1480 meTpoB OT MCTOUYHUKA T8 nosns-
NIAETCA Y3KOMO/OCHbIW CNEKTPanbHbIN MUK Ha YacToTe 25-28 My, (purc.3b), KoTopbI MOXKET 6bITb CBA3AH
C reoMeTpuen LeHTPabHOro KaHana TPYyOKM By/IKaHa M C Pe30HAHCHbIMUM CBOMCTBAMM 3TOTO BbIBOASA-
Lero KaHana. ns noaTsepKaeHUA 3TOM rmnoTesbl 6b110 NPOBEAEHO YNC/IEHHOE MOAEANPOBAHME, NO
npeasoXKEHHON BbIYUCNTENbHON CXeMe, OPUEHTUPOBAHHOE Ha M3yYeHWe rTeOMETPUYECKMX Napame-
TpoB ByAKaHa «lopa KapabeToBa», pe3ynbTaTbl KOTOPOro NPMBEAEHbI B CNEAYOWEM pasgene.

Ha aTux pUcyHKax no ropMsoHTaaun 0603HayeHo Bpemsa B CeKyHAax, Mo BepTMKaaM YactoTa B lepuax,
LLBETOBAA WKana 0To6pa>+<aeT AMNINTYAY CNeKTpa B OTHOCUTE/IbHbIX eAUHULax.

PE3YNIbTATbI YACNNEHHOTO 3KCMEPUMEHTA HA MOZAE/IU «TOPA KAPABETOBA»

Pe3ynbTaTbl MONEBbIX IKCNEPMMEHTOB NOKa3asin, YTO CTPYKTYypa rpA3eBbIX BYJIKAHOB MMEET C/I0XHYIO
reomeTpuo n HeogHopogHoe CTpoeHne cpeabl, B KOTOpOI7I COOEPKUTCA XMUOKOCTb, NYy3blpK ra3a, He-
OA4HOpPOAHbIEe BKAOYEHUA U T.4. COOTBETCTBEHHO BCE 3TO OKa3bIBAET BAMAHUE HA CTPYKTYpPYy BOHOBOIO
nonsa Ha6I'IIO,CI,BEMOFO B 3KCNEepUMEHTax.

[Nna n3yyeHnn AMHAMUKM CEMCMMUYECKOTO MoAA U BAUAHUA reOMETPUN MOAEM Ha CTPYKTYPY BOJTHOBO-
ro nossA 6bifa NOCTPOEHA TPEXMEPHAn MOAENb BEPXHE YacTU rpsA3eBoro By/KaHa «fopa KapabetoBa»
(puc.4).

Puc. 4. 3D matemaTtmnyeckas moae/ib CTpoeHuA BerHeﬁ 4acCTW rpA3eBOro By/IKaHa.
B KauyecTBe UCTOYHMKA CEMCMMYECKUX BOMH Bbla B3AT UCTOYHMK TUMA KLEHTP AABAEHUAY» C Hecyllen
yactoTol 25 I, pacnonosKeHHbI 861131 cBO6OAHON MOBEPXHOCTU.

YncneHHoe mozennpoBaHue npoBoamnock Ha Kaactepe HKC-30T CCKL, UBMuMT CO PAH (Bbluncau-
TenbHble 6n31a-cepBepa hpProliant BL2x220c G5). CeTouyHass mofenb npeacTaBiaeHa Caeayowmnm
KO/IMYECTBOM Y3/10B MO NMPOCTPAHCTBEHHbIM nepemeHHbIM X - 2096, Y - 1103, Z - 828, Time - 12415.
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Pasmepbl 061acT mogenmposaHma coctaBuam 3.8kmX2.0kmX1.5km. PesyabTaTtbl pacyeToB C MOMOLLLbIO
pa3paboTaHHbIX MPOrpaMm NpPeACcTaBaeHbl B BUAE CHUMKOB BOJTHOBOTO nons no npodunto A-Al (puc.4)
ANA KoMmnoHeHTbl W B niockocTn OXz A9 Pas3/IMyHbIX BpeMeHHbIX MPOMeXKyTKoB t1, t2 Ha puc.5.

Puc. 5. CHUMKM BOJIHOBOTO Mo/A (pe3ynsTaTbl PpacyeTos).

3AK/TIOYEHUE

AHanuz CMN® no npodunto, nepecekatoLllemy 30Hy BysKaHa «lopa KapabeToBa» U ymMcneHHoe moze-
IMpOBaHMe, OCHOBAaHHOE HA reOMeTPUYECKMX OCOBEHHOCTAX 3TOr0 BY/IKAaHA, MOKa3asio cineayloLllee:
B CMeKTpax BMOPALMOHHbIX CEMCMOrpamm Ha GOHe MX LUMPOKOMONOCHOM YacTh NOABAAIOTCA Y3KOMO-
JIOCHble COCTaBAAOLWME, XapaKTepU3yoLLMe CeNeKTUBHbIE CBOMCTBA Cpeabl C BbIPa’KEHHOM HEeoAHO-
POAHOCTbIO, BEPOATHO, 3TO CBA3AHHO C MEKMMU NOABOAALLMMM KaHANAMMU, NMUTAIOLLMMU AENCTBYO-
LWMe canb3bl U rPUGOHbLI M PE30HAHCHBIMU CBOMCTBAMM 3TUX KAHA/I0B Ha COOTBETCTBYHOLLMX HYACTOTAX.
OcobeHHO BblAeNAETCA Y3KONONOCHbIN MUK HAA LeHTPaIbHOM YacTblo BYIKAaHa Ha YactoTax 25-28 Iu,.
MpoBeneHHbIE YNCNEHHbIE PACYETbl MOATBEPKAAIOT, YTO 3TOT MUK CBA3AH C reOMEeTpPUEN LLeHTPaibHOro
KaHana By/JIKaHa. Ha ocHoBe NpoBeAeHHbIX UccienoBaHUiA BbibpaHa Hanbonee noaxoaallas napan-
NleNbHaA peanm3auma NPorpaMmMHOro KOMMJIEKCa ANA AaHHOM NapanfieNibHON CXeMbl M apXUTEKTYPbI
Knactepa. PazpaboTtaHa ygo6Has B MCNOMb30BAHUW NapaienbHas NporpaMma AA8 NOCTPOEHNUSA CNOXK-
HbIX TPEXMEPHbIX reoPpU3NYECcKUX MOAENEN TeE0NOTMYECKMX CPe, CO cneunduryeckoin reomeTpruyeckomn
CTPYKTYPOMN.
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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, <Il, = 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, = B 8
&r 0.84 . h0.6 ( )

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,20kA,
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 Morg 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)

. 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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lycokos A. E., Bacunbkog A. B.%, Hoeocénos E. B.?

O MPUHLMNAX CO34AHUA PACNPELENEHHbIX CUCTEM CEOPA
OAHHbIX 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 3AA4YU

O6beKTOM AaHHOM paboTbl ABAAOTCA cucTeMbl cbopa aaHHbIx (CCL), KoTopble NpeacTaBaaoT cobou
NPOrPaMMHO-TEXHUYECKMIA KOMMIEKC, COCTOALMIN U3 HECKONIbKUX Y3/10B COEAMHEHHbIX MeXKay coboi
KaHanamu casn. OBbIYHO Y3/10M CUCTEMbI ABNAETCA OAMH UM HECKO/IbKO KOMMbIOTEPOB, COAE P KALLMX
nporpammHoe obecneyeHne 415 BbINONHEHUA CAeAYIOWMX OCHOBHBIX 3a4aum cbopa:

® py4YHOW BBOA AaHHbIX MONb30BaTeNem, IMbo aBTOMaTU3NPOBAHHbIV ONpoc NprMbopos;
e fpvem U nepegaya AaHHbIX MEXIY Y31aMKn CUCTEMbI NO KaHaNam CBA3Y;

® XpaHeHue JaHHbIX;

e BepudMKaLUA AaHHbIX;

® BU3yanM3aLMA AAHHBIX.

B nepeuncaeHHbIX 3a4a4ax MOXKHO BblAENUTb 4Ba OCHOBHbIX acreKTa - GYHKLMOHAbHbIN 1 NpeameT-
HbII, - Pa3ivume Mexay KOTOPbIMU MOXHO NPOMANIOCTPUPOBATL Ha NPUMEpPE 3a4a4M XpaHeHUa AaH-
HbIX. 1A Heé GpYHKLMOHANbHbIM acMeKT BblparkaeTca B peasiM3aumnmn npoueayp ynpasaeHusa gaHHbiMu,
MX pasmeLLLeHNA BO BHELWHEW NamaT U obecneyeHnn GesonacHoro goctyna. MpeameTHbIi e acnekTt
COCTOMUT B ONpeaeneHnn CTPYKTYP M CBA3EW MEeXAy d1eMeHTaMM AaHHbIMM, COOTBETCTBYIOLWMMM 3a-
AaHHOM npeameTHOM obnactu. s 3a4a4um XpaHeHUa AaHHbIX CMeLlBaHWe 3TUX ABYX acnekTos, 6e3
0cobbIX Ha TO OCHOBAHW, CYMTAETCA MAOXON NPAKTMKOW. BMmecTo aToro ucnonb3ytot CYB[, Kak dyH-
KLMOHANbHYIO OCHOBY, KOTOPas He 3aBMCUT OT KOHKPETHOW CTPYKTYPbl AaHHbIX. [pK 3TOM CTPYKTypa
[OaHHbIX ABNAETCA HEKOTOPOW NpoeKumen (Moaenslo) npeameTHOM 061acTy, T.e. BblpaskaeT TOT Cambli
npeameTHbIN acnekT. B aToi paboTe MccaeayroTca BO3MOMKHOCTM pPaclUMpeHMs Takoro noaxoga Ha
ocTasibHble 3a4auu (BBOA, NPMEM M Nepeaaya, BepuduKaLmsa, BU3yanmnsauma) v Ux MCnosib3oBaHUs 4ns
aBTOMaTM3auMM co3gaHuna cuctem cbopa MHGopMaLmK.

MpumeyaTenbHo, 4To, Kak U B NpMBEAEHHOM npumepe, GYHKLUMOHANbHbIE acNeKTbl MOTryT peasinso-
BbIBAaTbCA C NMOMOLBI0 YHUOUUMPOBAHHbLIX PELIeHU, a NpegMeTHble - NYTEM aBTOMATU3MPOBAHHOM
reHepauumn 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 HaNMYMKN GAKTOPOB CONKHOCTU U USMEHYMBOCTU NpeaMeTHOM 061acTy.
Be3ycnoBHO, peyb MAET He O NONHOW aBTOMAaTU3aLMM CO34aHMA CUCTEM, TOTOBbLIX K 3KCMIyaTaumu, a
06 yCcKopeHMM pa3paboTKu Ux NPOTOTMUMNOB, KOTOPbIE B AaJ/ibHENLWEM MoK Bbl BbITb A0PabOTaHbI A0
NOAHOGYHKLMOHANBbHBIX PELLUEHMIA.

Llenbto paboTbl ABNSETCA CO34aHMe TEXHONOMMIA aBTOMATM3aL MK pa3paboTku pacnpegeneHHbix CCL Ha
OCHOBE OHTO/IOFMYECKOTO ONUCaHMA NpeaMeTHON obnacTu. [na 3Toro NPoBOAMUTCA UCCeA0BaHMe BO3-
MOYHOCTU reHepaummn HeobXxogMMbIX NPOTrPAaMMHbIX MOAENEN 13 OHTONOMUK, BbIAENAIOTCA OrpaHuye-
HWMA HA UCXOAHYIO OHTOJIOTUIO, @ Npea/iaraeMblii NOAXOA, Peann3yeTca B BUAE CUCTEMbI, NO3BONAOLLEN
pelaTb Nepeync/ieHHble Bbille 3a4auMn.

1 MIHCTUTYT BblYMCAUTENbHbIX TexHonoruii CO PAH, HoBocnbupck, Poccua
2 HoBOCMBUMPCKUIA rocyAapCcTBEHHbIN YHUBepCUTET, HoBOCMBUMpCK, Poccus
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Takum 0bpasom, aBTOMaTM3MPOBaHHOE MOCTPOEHME pacnpesesieHHOW cuctembl cbopa MHGOpMaLLUK
6yLeT COCTOATb U3 CeAYHOLLMX 3TAMNOB:

1. onncaHWe nNpeaMeTHON 061acTh C NOMOLLLIO OHTOOMMN;
2. HacTpoWKa cucTembl Ha cneunduKy NnpeameTHON 061acTi, ONMCAHHOW C MOMOLLLbIO OHTONIOMUK;

3. obecneyeHune BbINOAHEHUSA 3a4a4 BBOAa, XPaHeHMA, OTNPaBKKU, NOy4eHNA U OTO6pa)KeHVIF| AaH-
HbIX.

MpepnoxKeHHOE pelleHne ABNAETCA peannsalment akTMBHO pa3BMBatoLweroca HanpasaeHma Ontology-
Driven Information Systems Engineering [1,2], npy KOTOpOM B OCHOBY MH)OPMALMOHHOW CUCTEMBI 10-
YKUTCA OHTONOTUA NMpegMeTHOM 061acTU. ITO HanpaBAEHWE MOAYYMIO0 PA3BUTUE NULWLb B NOCNEAHWE
rofibl, XOTSl COBEPLUEHHO ACHO, YTO OHTONI0rMM 06/1a4at0T AOCTAaTOUYHBIM NOTEHLMANOM AN YCMELIHOro
MCMONb30BaHMA UX BO BCEX CTAAMAX PAa3pabOTKM - HAUMHAA C MOAENNPOBAHMA NpeaMeTHOM 061acTh 1
3aKaHUYMBAA KOHKPETHOW peanusaumen.

AHANU3 NPOTPAMMHbBIX MOAENEN

PaccmaTtpuBas apxutekTypy npumutusHon CCL, HeTPYAHO NPUINTU K BbIBOAY, YTO ANA €€ GYyHKLMOHU-
pOBaHUA HEOBXOAMMbI HECKOIBKO MPOrpamMmMHbIX MOZeel npegMeTHON 061acTh, KoTopbie 6blin 6bl
COr/TacoBaHbI APYT C APYrOM:

® penAunoHHaaA MoAenb - ANA XpaHeHUa AaHHbix B CYB[,

® 0OBEKTHO-OPMEHTUPOBAHHAsA MOAE/b - /1A Peannsalmm N10rMkmM o6paboTKM AaHHbIX,

e yepapxmyeckan DOM-mogens - ana npeacraBneHuns gaHHbix B XML-bopmaTax npu nepegaye gas-
HbIX OT OA4HOrO Y313 K ApYyromy.

X0oTs nepeynciieHHble MoAEeAN UMEIOT PA3IMYHYLO CTPYKTYPY, OHU AOMKHbI ObITb B3aMMHO COINMacoBa-
Hbl. [103TOMY, KpOMe MOCTPOEHUA CaMMUX Mogenel, aaa GYHKLUMOHUPOBAHUA CUCTEMbI HEOBXOAMMO
TaK)e NOCTPOUTb ONMUCAHMA 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 MOSENN MOTYT
HbITb NONYYEHbI KaK HEKOTOPaA NPOeKLMA 06LLe OHTONOrMYECKON MOAENN, OCHOBAHHOM Ha AecKpun-
TUBHOW Noruke (puc. 1). Bonee Toro, Npu onpefenéHHbIX YCA0BUAX TaKoe NPOEKTUPOBaHME MOXKET
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6bITb BbINOJHEHO aBTOMATUYECKW. ITO NO3BO/IAET TOBOPUTL O TOM, YTO AN peannsaumm nporpammHbIxX
mopaenein 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 Moaynsamu CCL, KoTopble He
3aBUCAT OT NpegMeTHON obnactu. Takum obpasom, Ana nosyvyeHus GyHKLUMOHUPYHOLLEro NpoToTMna
CC/1 B pamKax gaHHoro noaxosga tpebyetca Wb pa3paboTKa OHTONIOMMYECKON MOAENN NPeaMETHON
061acTu, KOTopas BCTPaMBaETCA B TOTOBYIO CUCTEMY.

Ta6n. 1. COOTBETCTBME OCHOBHbIX 3/1EMEHTOB MOAENEe

CemaHTHyYecKasn O61beKTHanA PenauunoHHasn Wepapxuuyeckas
Knaccbl Knaccbl Tabnmubl ~ XML Schema
CsovicTBa Mons Ctonbubl ~ Y3nbl
O6beKTbI SK3emnnapsbl CTpoku ~ [lepesbsa

B Ta6/w|u,e 1 npeacTaBneHO COOTBETCTBME OCHOBHbIX 3/1IEMEHTOB, KOTOPbIMW OMEPUPYIOT BblAENIEHHbIE
mogenn. Kak BUAHO, BCe MOAENN, 33 UCKIOYEHNEM MepapxmquKoﬁ, pa60Ta|0T CO CXOXMMU CYLUHO-
ctamun. OgHako CﬂeLl,Md)MKa OaHHbIX MoAenel He No3BoAAeT Ham NPOCTbIM cnocobom nposect no-
CTPOEHUE U CBA3bIBAHWE UX APYr C Apyrom. Mo3Tomy ANA KaxK40ro afemeHTa moaenu HEO6X0,£I,MMO
pa3p360TaTb aropnTm ero I'IpEO6pa3OBaHVIFI B COOTBETCTBYHOLWLMNE INEMEHTbI APYTrnUX mogaenen.

APXUTEKTYPA CUCTEMbI

[Ons nccnepnoBaHuAa NpeaioXeHHOro noaxoaa bbiia paspaboTaHa cucTema, cxema KoTopoit nsobpake-
Ha Ha pucyHKe 2. Kaxablii KOMMNOHEHT CUCTEMbI OTBEYAET 3a pelleHne OTAE/IbHOM 3a4a4u, Npy 3Tom
MOHO BbIAE€/NTb IBE OCHOBHbIE MOACUCTEMbI: NOACUCTEMA NMOCTPOEHUS MoAeNel U noacucTema pa-
60Tbl C AaHHbIMW. B COOTBETCTBMM C BbiLLECKAa3aHHbIM, Ha BXOZ, NePBOM NOACUCTEMbI NOAAETCA OHTONO-
rms HeKoTopon npeameTHol obnactu. OHa nogBepraeTca npougaype pasbopa v aHanM3a, B TeYeHne
KOTOPOro NpoBepseTcs BbINOJHEHWE BCEX HEOOXOANMBbIX TPebOoBaHUI U NMOCTPOEHNE OHTO/IOTMYECKOM
moaenv npegmeTtHoi obnactu. MosyyeHHas mogenb nepeaaéTtca Ha BXo4 reHepaTopam COOTBETCTBY-
IOLMX MPOrPaMMHbIX MOAE/Nel, KOTopble 3aTeM UCMO/b3YHOTCA B noacucTeme paboTbl C AaHHbIMU A8
HenocpeaCcTBEHHOrO BbiNoAHeHMA 3aga4 CCL.

Ha puc. 3. u306parkeHbl CXeMbl B3aUMOAENCTBUA KOMMOHEHTOB CUCTEMbI MPU BBOZE M Nepesaye AaH-
HbIX. I3 HUX BUAHO, 4TO MoAyb PaboTbl ¢ B/l BbINOAHAET NPeobpasoBaHMe PENALMOHHON MOLENV B
06BEKTHYI0 M HA0BOPOT. ITO COOTBETCTBYET OBLLENPUHATOMY UCMO/Ib30BaHUIO TeXHoNorMii ORM, KoTo-
pble MOTYT 6bITb NPUMEHEHbI U B @HHOM C/ly4yae.

Mogynb nepegayum AaHHbIX, Kpome PYHKUMI npuéma n otnpasku XML-gokymeHTOB, obecneunBaeT
npeobpasoBaHue mexay o6bekTHOM U XML-mogenbto. A KOMMNO3ULKUA STUX ABYX MOAy/el no3sonseT
13 peNsALMOHHON MOAEIN NONYUYUTb MePaPXMYECKYO0 M HaobopOoT.

PEAIU3ALIUA CUCTEMDI

Peanusauus npoTtoTmnna cuctembl 6bl1a BbiNoAHEHA Ha naaTdopme Java ¢ MCNONb30BaHMEM P CBO-
6oaHO pacnpocTpaHaembix 6ubnunotek, B T.4. CodeModel, Jena, Velocity.
[1a nporpaMmMHOro AoCTyna K OHTO/IOMMSAM CYLLLECTBYHOT A,Ba Pa3/IMYHbIX NOAX04a:

1. O6wmin AP, He 3aBUCALWMIA OT KOHKPETHOW OHTONOTUMN.

2. Cneumduyecknin 4na Kaxaon oTaeNbHOW OHTON0rMK Habop KaaccoB/MeTo0B.
K nepsomy noaxoay oTHOCATCA Takne 6ubnmoTtekn Kak Jena u OWL API, no3sonsatoLlme onepmpoBaTb
RDF-rpadom OHTO/IOrMYECKOrO onucaHma. BTtopoit noaxon peannsyerca ¢ NOMOLLbIO reHepaLmu BCrno-
MOTaTe/IbHbIX K/1accoB, KOTopble 06aeryatoT NPOrpammHbIi AOCTYN K 06beKTam OHTO/I0rMU. [aHHbIN
noaxon ucnosbsyetca, Hanpumep, B RDFReactor n Owl2Java, KoTopble NO3BOASIOT, HApAAY C UCXOLHOM
OHTO/IOTMEN, COXPaHATb 06BEKTbI B CNeLManmM3MpoBaHHbIX XpaHuauwax (triplestore).
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ITopcHcTEMA IIOCTPOEHHA MOTETeH
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 60s1iee CNOXKHbBIA MHCTPYMEHT, NO3BOIAIOLWLMIA CPABASATLCA C TaKK-
MW Npobremamm, Kak MHOXKeCTBEHHOE HacnenoBaHWe. O4HAKO PasINyuUA MeXKAy OHTOIOTMYECKON U
06BEKTHON MOAENAMM He NO3BONAIOT B MOJIHOW Mepe 0TPa3uTb TaKMM cnocobom CTPYKTYpYy MCXOAHOM
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oHTON0TMM. 03TOMY 6bIN1 BbIGPAH KOMBUMHMPOBAHHLIM NOAXOA, - UCXOAHAA OHTO/I0rMA 0bpabaTbiBaeT-
€A nepsbIM cnocobom 1 popmupyeT cneunduyeckmii Habop Kaaccos, NO3BONAOLWMI B AasibHeNLLeM
paboTaTb B COOTBETCTBMU CO BTOPbIM MOAXOA0M.

B KauecTBe peanusaumu TexHonormm ORM 6bina nucnonb3oBaHa 6ubnmoteka Hibernate. Chegyet oT-
MeTuTb, YTo Hibernate npeanaraeT HECKONbKO CTpaTernmin ANnA oTOBparKeHUs Mepapxmm Ob6bEKTHbIX
KnaccoB B Tabaunupl pensaumoHHoi 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 KIAcC Mepapxmm Heobxogmmo fo6aBUTb COOTBET-
crteytowee none. CTOUT OTMETUTb TaKXKe OTMETUTb, YTO NOCTPOEHHAA Ha AAHHOM 3Tane penAunoHHan
CXemMa HaxoAmuTcAa B TpeTbei HopmanbHoM dopme.

B KauecTBe ocHOBbI A5 nocTpoeHna XML-moaenm 6bin ncnonbzosaH ctaHgapt JAXB (Java Architecture
for XML Binding), nocne 4yero noctpoeHne nepapxmyeckor MoAenn CBENOCh K BblAENEHUIO ANA KaK-
[0ro Knacca cnvcka nonen gns npeobpasosaHua. Onupasck Ha 06beKTHYIO mogenb, JAXB nossonaeT
Npou3BOAMUTL Cepuanmnsaumio (aNs nepesaum) n gecepmanusaumto (Npu npueme) o6vEKTOB NpegmeT-
HoM obnactn. HeobxoaMMbIM yCI0BMEM A/1A STOTO ABAAETCA COOTBETCTBME OOBEKTHBIX MoAenel y no-
CblIalOLLLEN M NPUHUMALOLLEN CTOPOH, YTO AOCTUrAeTCcA NyTeM UCMNO/b30BaHUA O4HOM OHTONOMMM NpU
NOCTPOEHUN 0BENX CUCTEM.

[na pelweHns 3a4a4 BBoZa M OTOBParkeHUA AaHHbIX Ha 6a3e 6ubanoTtekn Tapestry 5 6bin peannsoBaH
MUWHMMA/IbHbIA NO/Ib30BATENbCKUN UHTEPdENC, KOTOPbLIN NO3BOASET NPOAEMOHCTPUPOBaTL paboTo-
cnocobHocCTb paspaboTaHHOM cuctemMbl. MHTepdeic NnpeaocTaBnseT caeaytoLie BO3MOXKHOCTU: NpoC-
MOTP CMMCKa AOCTYMHbIX KAAcCOB, MPOCMOTP CMUCKa 0BBEKTOB 3al@aHHOMO Knacca, OTnpaBKa Bbi6paH-
HOro 06bEKTa B APYroi y3en CUCTEMbI, CO34aHNe, NPOCMOTP, PeaaKTMpoBaHue U yaaneHme obbeKkTa
3a[,aHHOrO Knacca.

3AK/TIONEHUE

B pamKax gaHHol paboTbl 6bliv onpeaeneHbl 6a3oBble TEXHONOMMU AN aBTOMATU3MPOBAHHOIO CO-
34aHMA pacnpegeneHHbix CCL Ha OCHOBE OHTONOMMYECKOro OMMcaHMA npeameTHoin obnactu. Bbino
npoBeAeHo MccnenoBaHMe BO3SMOMNKHOCTM reHepauum HeobXxoAMMbIX NPOrpaMMHbIX MoZeniei Ha oc-
HOBE OHTO/IOTMW, BblAeNeHbl OrPaHUYEHMA HA UCXOAHYIO OHTONIOTMIO. B KayecTBe NOATBEPIKAEHUSA pa-
60TOCNOCOBHOCTM MpeasioeHHoro metoaa cosgaHua CCL, 6bin1M peannsoBaHbl MOAYAU FeHepauum
NPOrpaMmMHbIX MOZeIel U NONb30BaTENbCKNIM BEG-MHTEpPdEC, MO3BONAOWMIA Ha OCHOBE NMOJYY4EHHbIX
MoZienielt OCyLLecTBAATb BBOA M OTOBpaXKeHMe AaHHbIX, X nepeaady B APYron y3en cUcTembl.

MpeanoXKeHHbIe MEeTOAbl M TEXHOOMMM MOTYT BbITb 3GPEKTUBHO MCNONBb30BAHbI HAa HAaYa/IbHbIX 3Tanax
noctpoeHus pacnpeaenérHbix CCL B pa3iMyHbIX NpeaMeTHbIX 061acTaX 41A YCKOPEHHOIo NPOTOTUMNMK-
poBaHUA.
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XakumssaHos I C.1, LllokuHa H. HO.*

NCMNOJ/1Ib3OBAHUE ANDPDPEPEHLUUANIBHOIO NMPUBJIUMKEHUA CXEMDbI
ANnAa EE MOHOTOHU3ALUU

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

HEe CYLLLeCTBYET CXeM C MOCTOAHHbIMU KOIOOULIMEHTAMM, COXPAHAIOLLMX MOHOTOHHOCTb YUC/IEHHOTO pe-

LIEHMA M MMEIoLLMX BTOPOM NOPAAOK annpoKcMmaLumm. Hanpumep, npu UCNonb3oBaHUM cxembl J1aKca-
BeHapoddasagaHHas npu t =0 «cTyneHbKa» MCKaXKaeTca Ha cieayoLLmMX C/I0SAX Mo BpeMeHU Hedusmny-
HbIMKM ocumanaumammn. Ho cxemy Jlakca-BeHapodda MoxKHO moanduumposaTb Tak, YTobbl OHa cTana
obnapatb TVD-cBolicTBOM [2], @ 3HAUMT, cTana 6bl CXEMOM, COXPaHAIOLWEN MOHOTOHHOCTb YACNEHHOTO
peuweHus. Mpu 3ToM Ko3PPULMEHTbI MOHOTOHU3MPOBAHHOW CXEMbI Y¥Ke He BYayT NOCTOAHHbIMKU, OHK
MOTYT 3aBUCETb OT YMC/IEHHOTO PELLEHNA U ero PasHOCTHbIX NPOU3BOAHbIX, T.e. MoAMbULMpPOBaHHAA
cxema byaeT HenuHelHol. CTaHAAPTHbIN cnocob MOHOTOHM3aLUMKN cxeMbl Jlakca-BeHapodda 3aknto-
YyaeTcs B MepeKNoYeHNN Ha NPOTUBOMOTOUYHYIO CXEMY B TeX y3/1aX CETKU, rae BO3HUKAET yrpo3a noss-
NIEHNA OCUMANALMIA YNCNEHHOTO pellueHns. B TVD-cxemax nepekntoyeHne nponsBoanTca ¢ MOMOLLbIO
orpaHuuymTeneit [3]. CoBpemeHHble TVD-cXeMbl BbICOKOrO NopAAKa annpoKCUMaLMM OCHOBaHbI Ha Tex
WU MHBIX CNOCOBax PEKOHCTPYKLMM 3HAYEHNIN GYHKLUMIA Ha rpaHuLLaX AYEeK Mo UX 3HAYEHUAM B LieH-
Tpax coceAHux Adeek [4]. OTMETUM, YTO UAes N0KANbHOTO NepPeKItoYeHMA C OAHON CXeMbl Ha APYryto
C LUeNblo COXpaHeHUA CBOMCTBA MOHOTOHHOCTM YUCAEHHOTO pelleHna ypaBHeHua (1) ucnonb3osanach
HaMHOrO paHblue paboTbl XapTeHa [2] (cm., Hanpumep, [5]).

B HacToAwen paboTe npegnaraetca Apyroi NOAX0OA4 K NOCTPOEHUI0 MOHOTOHHbIX Pa3HOCTHbIX CXEM,
OCHOBaHHbIW Ha uccneaoBaHun mx anddepeHumanbHbIX NPUBANNKeHUN. NPoAEMOHCTPUPYEM MAEH
3TOro NoAxoAa Ha AIBHOW cxeme NnpeauKTop-KoppekTop [6,7] ansa ypasHeHus (1):

n+l n * *

—ul U, -Un

j j +a j+1/2 j-12 — 0’ (2)
T h

rae 7 - war no Bpemenu, h - war paBHOMepHOM ceTku ¢ yanamm X; = jh, BcnomoratenbHbie Beu-

u

u; —1u” u’)-ar:.,u’
2 =5 1 TU; Ty a2

YMHBI U, , ONpeseneHHble B NOAYLEeNbix y3nax Xj,,, =X;+h/2, oTHocATCA K MOMEHTY BpemeHu

t=t"+7,,, t"=nr,

u ., —u" T
n _ j-1 * _ n
Uy jivz TR Tisn _E(l+0j+l/2)’
6 - napameTp, meHawoLWMIca, BoobLLe roBopa, OT y3/1a K Y31y U OT OAHOr0 BPEMEHHOTO C10A K ApYro-
My. Ha aTane «KOppeKTop» BbIYMCAAKOTCA MCKOMbIE BE/TMYMHDI u;”l, onpeaeneHHbIe B LeNbiX y3nax X;.
Cxema (2) aBnaeTca B onpeaeneHHOM CMbIC/1e YHUBEPCaNbHOW, MOCKObKY Ntobas ABYXCA0OMHAA cxema
MOKeT bbITb 3anMcaHa B BMAe (2) npu noaxoaawmx sHaveHnax 6. OuesmaHo, yto npu @ =0 cxema (2)

coBnagaeT co cxemol Jlakca-BeHgpodda, npu

1 UHCTUTYT BblUMCAUTENBHDBIX TexHonormi CO PAH, HoBocnbupck, Poccusa
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0 =06, :Ci—1>0,
r

rgoe Cr :|a|ae , ®=t/h , NoNy4aeTcAa NpPOTUBONOTOYHAA CXemMa NepBoro nopAgKka annpokcumauuu, npn

0=6, =$—1>0

nosyyaetcsa cxema Jlakca, npn @ =-1 - abCOMOTHO HEYyCTONUMBAA CXeMa C LLeHTPaNbHOM PasHOCTbIO,
npm a>0wn

9 — 90 1_ ux,j—l/Z

ux,j+i|J2

nony4yaeTca NPpOTUBONOTOYHAA CXEMaA BTOPOIro nopAaKa annpoKCMmMaunu

n+l_n n_ n n 2 n_ n n
uj™ —u; 3uj —4uj, +uy, a’ruj-2up, +uj,
+a =— > .
T 2h 2 h
Bbl6|/|paﬂ TO U1 UHOE 3HAYEHME NapameTpa 9, Mbl Nonly4aem ABHblIe CXeMbl C Pa3/IMYHbIMU CBOMCTBa-
MW NepBOro Mam BTOPOro nopAaaka annpokcnumauumu, abCcoNoTHO Uan YCNI0OBHO annpokcnmupyrowme,
YCNoBHO yCTOﬁHMBbIe UM abcontoTHO HQYCTOVILIVIBbIe, COXpaHAKLWMeE Uan He CoxpaHAaruwme MOHOTOH-

HOCTb YNCNEHHOIO peleHunA.
[Ons 3apaHHoro uncna Kypanta Cr <1 npu BbINONHEHWUW YCNOBUIA
f=const>0, 6,<60<6,

cxema (2) ¢ NoCTOAHHbIMM KO3bOULMEHTAMM YCTOMYMBA, UMEET ANLWb NEPBbIMA NOPALOK annpoKcMma-
LMW Ha MNafKWX peleHnax, Ho COXPaHAeT MOHOTOHHOCTb YUC/IEHHOTO peLleHus, T.e. 1oyt MOHOTOH-
Hyto dyHKUMIO U" NnepeBoanuT B MOHOTOHHYIO Ha (n +1) -OM BpeMeHHOM cnoe dyHKLmio U™, npuuem
C TEM }Ke HanpasaeHnem pocTa. B [1] nokasaHo, 4To 415 TOro YTo6bl Pa3HOCTHANA CXeMa C NOCTOAHHbIMM

KoapduumeHTamu b,

n+l _ n
uJ' - ZbauHa
a

COXpaHs/a MOHOTOHHOCTb YMAC/IEHHOTO peLleHns, HeobX0AMMO M OCTaTOYHO BbINONHEHWE 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
npw ycnosun Cr <1 nonoKuTenbHbl, MO3TOMY CXeMa COXPaHAET MOHOTOHHOCTb YACEHHOTO PeLIeHUs.
Ha puc. 1 cneBa nokasaHbl rpaHuLbl 061aCTM MOHOTOHHOCTM CXeMbl MPEAUKTOP-KOPPEKTOP M KPYHKOY-
Kamu 0603HayeHbl TOUKM, cooTBeTcTBYOLWME uncay Kypanta Cr =0.8 n 3HaveHnam =0 (1), =6,
(2), @=6, (3). Cnpasa nokasaHbl NPOGUNN YNCJIEHHOTO peLleHnA B MOMeHT Bpemenn t =10 ana ky-
COYHO-NOCTOAHHOW HaYaNIbHOW BYHKLMK

uy (x):{

BuaHo, uto cxema flakca-Benapodda, He nonagatowias B 061acTb MOHOTOHHOCTU 6, <O <6, , paet
ocumampyowmin npodub (1). NMpoTUBONOTOYHAA CXema M cxema JlaKca, KOTOPbIM OTBEYAlT TOUKM,

1-az
b = 2

1 mpu x<10,
0 mpm x>10.
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nexalue Ha HUKHen 6 =6 n sepxHelt @ =0, rpaHunLax 061acT MOHOTOHHOCTM, AAIOT MOHOTOHHbIE
npodunmn (2) n (3) cootBeTcTBEHHO. MpPU 3TOM YMCNEHHOE peLleHne, NoydeHHoe Mo cxeme Jl1aKca,
MMeeT ocumaanpytowme npoduam pasHoOCTHbIX MPOU3BOAHbIX, MOCKONbKY cxema Jlakca He aBaseTcA
«CUNIbHO» MOHOTOHHOI [8].

Puc. 1. O6bnactb MOHOTOHH(?CTVI cxembl (2) (a); npodnan YncneHHoro peLieHus npu pa3HbIX2HaHeHVIﬂX napameTpa @ (b)
Ecav napametp 6 He 3aBucUT 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 TONILKO OT LWAros CeTKWU. B 3Tom cayyae npu BbINosHEHUM
ycnoBui

0=0(h)>0, ,<6<6,
NopsAAOoK annpoKcMmaunm cxembl (2) ByaeT BTOPOit, M OHa ByaeT COXPaHATb MOHOTOHHOCTb YMC/IEHHOTO
pelweHuns. Tem He MeHee, 1 B 3TOM C/ly4yae CXeMa MMEET CYLLLECTBEHHbIN HEeA0CTATOK, 3aK/1H04atoLLMiAca
B TOM, YTO NPU U3MEIbYEHUN CETKW O/ COXPaHEHUs BTOPOro MopsAKa annpoKcumaumm (T.e. 4tobbl
6 — 0 npn h— 0) 1 coxpaHeHNa MOHOTOHHOCTM pacyeT NpMUxoamTca Bectu ¢ uncnamm Cr, 6anskumm
K eaMHMLE, MPUYEM YeM MejibYe CEeTKa, Tem BMKe K e4AMHULE A0KHO BbiTb Uncno KypaHTa:

6=0(h)=0, SNy TP
1+6 1+6
ﬂCHO, YTO NPU pelweHnn NPaKTUYECKUX 3aday TaKoe KeCTKoe yCnoBue BbIMONIHUTbL He yAacTtcAa, Mno-
CKONIbKY Ha NpaKTUKe pacyeT 06bI4HO nponsBoanTCA C TaKUMUN YUCNaMUN KypaHTa, KOTOpble C HEKOTO-
pbIM 3anacom ya0BAETBOPAIOT YCA0BUIO YCTOMYMBOCTU.

[anee paccmoTpmMm cxemy NpeguKTop-KOPPEKTOP BTOPOro nopagKa anmnpoKCUMaLmmn ¢ NepemeHHbIM
HeoTpuuaTeNbHbIM NapameTpom 6., . Mpy cneumanbHom Bbibope NnepemeHHoro napameTpa @ cxema
NPeANKTOP-KOPPEKTOP MOXKET COXPaHATb MOHOTOHHOCTb PeLleHMsa Npu Ntobbix Yncnax KypaHTta, noa-
UMHSAIOLWMXCA YCI0BUIO

Cr<1. (3)

[na Bbibopa napameTpa & ucnonbayem nepsoe anddepeHumanbHoe npubanKkeHune (n.4.n.) cxemol (2):

2 2 3
a—u+aa—u:£i(6’a—u)+ﬂ(azaez—l)a—g. (4)
ot ox 2 ox\_ oXx 6 OX

B paccmatpusaemom cnyyae 9:O(h) MMeeM CXemy BTOPOTrO MOpsAAKa annpoKCMMaLUK, NpUYem B
n.4.n. AUCCMNATUBHBIA U ANCMEPCUOHHbBIN Y1eHbl UMEKOT OAMHAKOBbIM BTOPOM NopAaoK. B Tex nogo-
6nactax 061acTn peLleHunsn, B KOTOPbIX BO3HMKAET yrpo3a NoABAEHUA OCLUANALMIA YACTEHHOTO peLle-
HUA, HEOOXOAMMO U3MEHUTb B HYXKHYHO CTOPOHY AMCMEPCUIO Pa3HOCTHOM cxembl. Mpu Q:O(h) oc-
HOBHOW BK/1ag, B AMCNEPCUIO Pa3HOCTHOM cxeMbl ByaeT BHOCUTb BTOpOE Cclaraemoe npasoii yactu (4).
Moabepem dyHKumo G(X) Tak, 4TO6bl AMCCUMNATUBHbIN YEH M.A4.M. YACTUYHO UM NOAHOCTHIO KOMMEH-
CMPOBaN AUCMEPCUOHHbIV YneH, inbo aasan Takol BKNAZ B N.A4.M., KOTOPbIN NPUBOAMUT K CMEHEe 3HaKa
KoadpduumMeHTa Npu TpeTbei npoussogHon. MycTb ana onpegeneHHoctn a > 0. Toraa B cuay ycnosma
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(3) KoadpduUMeHT npu TpeTbel NponsBoaHOW U, B BbiparkeHUu (4) ByaeT oTpuuaTebHbIM U ANA U3-
MEHEeHUA AncnepcMm HeobxogMmMo f06aBUTb K Hell HEKOTOPYIO MONOKUTENbHYIO BEAWYMHY NopaaKa
O(hz), KOTOPYIO MOHO B3ATb M3 AMCCUNATMBHOIO YaeHa. 1A 3TOro MOMKHO B3ATb, Hanpumep, GyH-
kumio A(x) euaa 6 =6h(u, )" (u,)® ¢ HeKoTOpbIMM NOKasaTenAMM cTeneHelt I, I? 1 NONOKMUTENbHON
nocTosHHoM 6. [anee 6yaem paccmaTtpusath dyHKumMio &(X) npu r'=-1, r’ =1:

—u
O(x)=6h—=.
u)(
Toraa us popmynbl (4) cneayet, YTo MeHASA 3HaYeHME NOCTOAHHOW €, MOXHO MEHATb BEIMYMHY U AaxKe
3HaK Ko3dduLMeHTa Npu TpPeTbel NPOM3BOAHON, T.e. MOMKHO YNPaBAATb AMUCNepcuelt pasHOCTHOM cxe-

Mbl. MPY LONONHUTE/IbHBIX YCNOBUAX HEOTPULLATENIHOCTM M OrpaHmMYeHHOCTU GyHKUmMKM £(X), nonyyaem:

- . u
6(x)=6min|1,max| h==,0 ||. (5)
uX
[na ncnonb3oBaHmMa 3TOM GYHKLMM B Pa3HOCTHOW cxeme (2) HeobXoaMMO onpeaennTbea ¢ annpoKcu-
MaLmeit npon3BoAHoM U,, . Mpu a >0 3ameHnUM ee, Hanpumep, cieaytoLeit NPOTUBOMNOTOUHO PasHO-
CTblO:
2

ou Ui U

aXZ (Xj+1/2) - uxx,j+:|J2 = h
B pesynbTaTe NpMXoamm K CedytowemMy pasHoCTHOMY aHasory dopmybl (5) 4ns NPoM3BOIbHOMO 3Ha-
Ka KoadduumeHTa a:

0 npu ux,j+l/2| < Uy s B U 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 ncnonbsosaHnn dopmynbl (6) cxema (2) CTAaHOBUTCA CXEMOM C NEPeMEHHbIMU KO3ddULMEHTAMMU.
Ha cnegytowem npumepe NoKaxKem, YTo 418 CXeM C NepeMmeHHbIMU KoadpduLMeHTammn ycnosue Heo-
TPMUATENIbHOCTM KO3GPULMEHTOB He ABAAETCA AOCTATOYHbIM A1 COXPAaHEHWA MOHOTOHHOCTU YNC/IEH-
HOTrO peLLeHus.

MycTb pelwwaeTtca 3agava Kown ana ypasHeHUA
u +a(xu, =0, O<a(x)<l, a'>0.
Bo3sbMem /1A peLlleHns 3TOM 3a4a4m CXeMy C NepeMeHHbIMU KoapPUuMeHTamm - 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 419 Nt06Or0 j BbINOJHEHO yC/i0BUe ®a,; <1, rapaHTupyolliee yCTOMYUBOCTb CXe-
Mbl B paBHOMEPHOM HOPME MO HayasbHbIM AaHHbIM: (Uu" 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 AOMOJHUTEIbHLIM MHAEKCOM |, MOCKO/IbKY OHW ABSAIOTCA NEpemeH-
HbIMM KO3PDULMEHTAMMN U UIMEHAIOTCA NPY Nepexoae OT O4HOTO y3na K gpyromy. Oba koadpduumeHTa
NONOXKUTE/IbHBI, OAHAKO CXeMa He COXPaHAeT MOHOTOHHOCTb YMC/NEHHOTO pelleHus. B camom gene,
B31B MOHOTOHHO BO3PacTaloLLyt0 GYHKLMIO
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. |0, j<O

T, j=o0’
y6exaaemcs, uto Ha (N+1)-m c/i0e No BpemeHU MMEET MeCTo PaBeHCTBO
0, j<-1
u™t = b J=-1
! b1,0: J =0
1, j>1

Ho b, _, > b, ,, noatomy cetouHas GyHKLMA uJ'.1+1 He ABNAETCA MOHOTOHHO BOo3pacTatoLeit. Takum obpa-

30M, 418 CXeM C NepeMeHHbIMU Ko3ddULMEHTaMU HEOBXOAMMOE M LOCTaTOYHOE YC/I0OBME MOHOTOH-
HOCTM Pa3HOCTHOM CXeMbl C MOCTOAHHbLIMU KO3ddULMEHTAMM He cnpaBeannBo. B ciyyae nepemeHHbIX
K03 dUUMEHTOB CNpaBesvBa caeaytoLLan

Teopema. [Tycmoe KoaghgpuyueHmol pazHoCmMHoU cxembl

n+l _ n n n
uj _bfl,jujfl+b0,juj +b1,juj+1 (7)

yooenemeopAlom 6 Kaxoom yzne X; ycaosuio b, +b ; +b, ; =1. Toeda evinonrHeHue npu ecex | yc-
nosuli
b,;20, b, ;+b,;,<1

+Lj =

Heobxo0umo u 60cmamoy4Ho 0158 Mmo2o, Ymobsi cxema (7) ¢ nepemeHHbIMU Ko3ghguyueHmamu coxpa-
HAMAA MOHOMOHHOCMb YUC/IEHHO20 PeuleHUs.

Ha ocHoBe 3ToW TeopemMbl MOXKHO A0Ka3aTb C/edyloLiee yTBEPKAEHME.
Teopema. BoinosHeHue ycnosuli (3) u

%sés%ﬂ

docmamo4Ho 8158 mozo, Ymobbl cxema npPeduKmop-Koppekmop (2) ¢ nepemeHHsIM napamempom (6)
COXPAHAIA MOHOMOHHOCMb YUC/IEHHO20 peweHUs.

OTMETMM, 4TO NP UCMONBb30BAHMM CXEMHOFO NapameTpa (6) ¢ NOCTosHHOM 6 = 6, cxema npeguKTop-
KoppeKTop (2) npespaliaeTcs B 3BecTHyto TVD-cxemy XapTeHa [2]. Bce n3secTHble U LWMPOKO UCMOb-
3yemble Ha npakTuke TVD-cxembl TakKe MOryT 6bITb NOyYeHbl HA OCHOBE aHaaM3a N.4.M. cxembl (2) Kak
Ha pPaBHOMEPHbIX, TaK U Ha NOABWMKHbIX HEPAaBHOMEPHbIX CETKaX.

Ha puc. 2 nokasaHbl TPOPUAN YNCNEHHOTO PELIEHMUA PACCMOTPEHHOM Bblle 3a4auyu, NosyyYeHHble No
cXeme NpeamnKTopP-KoPPEKTOP € UCNOAb30BaHMEM ONUCAHHOM NpoLeaypbl MOHOTOHM3auuKU. Ocumnna-
LUK B NPOOUAAX PeLLIeHNA OTCYTCTBYIOT, U pelleHne (2) Ha aganTUBHOM CeTKe annpoKCUMMUPYET TOYHOE
pelleHMe 3a4a4m nydlle, Yem pelleHune (1) Ha paBHOMEPHOM HEMOABUXKHOM CeTKe.

a b
Puc. 2. Mpodunam uncneHHoro peleHus (a) 1 TpaekTopum y3108 aganTUBHOM ceTKu (b)
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MpepnoxKeHHbIN NOAX0A NPUMEHEH A1 MOCTPOEHUA MOHOTOHHbIX Pa3HOCTHbIX CXEM A1 HEIMHENHO-
ro ypaBHEHMA NepeHoca, OAHOMEPHbIX YPaBHEHUN Mesikol Boabl [9], B TOM uncne, s OA4HOMEPHbIX
3a/la4 HaKaTa-OTKaTa KaK Ha PaBHOMEPHbIX, TaK M Ha MOABWUMKHbIX HEPAaBHOMEPHbIX ceTKax. Paccmo-
TPEHHYIO HOBYIO TEXHO/IOTMIO MOHOTOHU3ALMKN YNC/IEHHOTO peLLeHna yaanocb 060bwnuts u ana 3aaay
O pPacnpoCTPaHEHUN U TPaHCPOPMaALMM NOBEPXHOCTHBLIX BO/IH B PaMKax MJIAHOBOW MOAENU MENKOM
BoAbl [10] n HENMHEWHO-ANCNEPCUOHHDBIX YPaBHEHUI MENKOWN BOAbI.

CMNUCOK INTEPATYPbI

[1] FfoayHoB C.K. Pa3HOCTHbIN METOZ, YMCNEHHOTO pacyeTa PaspbiBHbIX PELUEHUI ypaBHeHWt TMapoaAMHaMukK. Matematuue-
CKuit cbopHumK. T.47, Bbin.3. 1959. C.271-306.

[2] Harten A. High resolution schemes for hyperbolic conservation laws. J. Comput. Physics. Vol.49, No.3. 1983. P.357-393.

[3] Sweby P.K. High resolution schemes using flux limiters for hyperbolic conservation laws. SIAM J. Numer. Anal. Vol.21, No.5.
1984. P.995-1011.

[4] Kynukosckuin A.T., Noropenos H.B., CemeHoB A.H0. MatemaTuyeckme BOMPOCHI YNCAEHHOTO peleHus rmnepboanyeckmx
cucTem ypasHeHui. M.: dusmatamt. 2001.

[5] TonbauH B.A., KanuTkuu H.H., WWnwosa T.B. HennHelHble pa3HOCTHbIE CXeMbl AR TMNEPBONNYECcKUX ypaBHEHWUIA. HKypH.
BbIYMCA. MaTeM. U maTeM. dpusnku. T.5, No.5. 1965. C.938-944.

[6] Aywes U.K. O yncneHHom pacyeTe HeCTaLUMOHAPHbIX TEYEHMIN ra3a B OAHOMEPHOM NPUBAMMKEHUN B KaHANAX CO CKAYKOM
naowaaun cevyenuma. N3e. CO AH CCCP. Cep. TexHu4yeckue Haykun. No.8, Bbin. 2. 1967. C.39-48.

[7] XakumssaHos I.C. LWokuH t0.N., BapaxHuH B.B., LLokMHa H.HO. YncneHHoe moaenmpoBaHue TeYeHW KUAKOCTU C NoBep-
XHOCTHbIMW BoIHamu. HoBocmbupck: M3g-so CO PAH. 2001.

[8] OctaneHko B.B. O MOHOTOHHOCTM Pa3HOCTHbIX cxeM. CUBUPCKUIA maTem. XKypH. T. 39, No.5. 1998. C. 1111-1126.

[9] XakumszsaHos I.C., LWoKknHa H.10. YucneHHoe mogenmpoBaHMe NOBEPXHOCTHbIX BOH, BO3SHUKAIOLWLMX NPU ABUKEHUU NOA-
BOZHOTrO OMON3HA NO HEPOBHOMY AHY. Bblumcn. TexHonoruu. T.15, No.1. 2010. C.105-119.

[10] XakumsaHos I.C., LLokuHa H.F0. OnpeaeneHve 30Hbl 3aTOMIEHWUA NPU HaKaTe ANMHHbIX BOAH Ha 6eper. Tpyabl LecTtoro Co-
BewaHna Poccuiicko-KasaxctaHcKoi paboueit rpynmbl Mo BbIYUCAUTENbHBIM U MHGOPMALMOHHBIM TEXHOOTUAM. AZIMaTbl:
«Kasak yHuBepcuteTi». 2009. C.305-314.

148 e MIT 2011



Xopowesckuli B. I, KypHocos M. I, MamolineHko C. H.*

MACLUTABUPYEMAA NPOCTPAHCTBEHHO-PACMPEAENEHHAA
MYNbTUKNACTEPHAA BbIYMUCNTUTE/IbBHAA 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

CoBpeMmeHHbII 3Tan PasBUTUA BbIYUCUTENBHON TEXHUKU U TENEKOMMYHWUKALMOHHbIX TEXHOMOMMI Xa-
paKTepmnsyeTcA NOCTPOEHMEM NMPOCTPAHCTBEHHO-pacNpeseeHHbIX MYbTUKIACTEPHbIX BbIYUCANTENb-
HbIx cuctem (BC) [1]. B apxuTeKTypHOM niaHe Takne BC npenctaBaseTcs Kak MHOXECTBO K1acTepos,
B3aMMOLENCTBME MEXKAY KOTOPbIMM OCYLLECTBAAETCA Yepes TENEKOMMYHMKALMOHHYIO ceTb (B obwem
cnyyae - ceTb MHTepHeT). Kaxapll Knactep, B CBOIO oyvepenb, ABAAETCA NPOCTPAaHCTBEHHO-COCPeA0TO-
YyeHHoOW pacnpenenéHHoi BC, cocToAwen U3 MHOXKECTBA BbIYMCNTENbHBIX Y3108, B3aUMOAENCTBYIO-
LLMX Yepe3 CBOK KOMMYHUKALMOHHYIO noacuctemy. KoHduMrypauma BblMMCAUTENBHOIO Y313 AOMYCKa-
€T BapbMpOBaHWe B LUMPOKMX Npeaenax - oT O4HONPOLECCOPHOro A0 KOMMO3ULMM U3 MHOTOALEPHbIX
NPOLLeCCOPOB M CNELMANU3UPOBaHHbIX YCKopuTenen (Hanpumep, Ha 6ase NporpaMmupyembix nornye-
CKUX MHTerpasnbHbIx cxem - MJINC).

MepBaa MpPOCTPaHCTBEHHO-pacnpenenéHHan BbluMcanTenbHana cuctema ACTPA 6bina paspaboTtaHa
NHcTuTyTOM MatemaTnkm CO AH CCCP 1 HoBOCMBMPCKUM 31€KTPOTEXHMYECKUM MHCTUTYTOM MB 1 CCO
PCOCP B 1970-72 r.; cpeam KoHoUrypaumit BC Bbin palioHHble, TOPOACKME U MEXKAYTOPOAHbIE.

B cepeguHe 1980-x rogoB naea o6veaMHEHUA NPOCTPaHCTBEHHO-PACCPEAOTOYEHHbIX BbIYMCAUTENb-
HbIX CPeaCTB MOJIyYM/Ia BOMJIOLWEHME B TEXHO/MOTMM MeTakomnbioTuHra (Metacomputing), npegno-
YKEHHOI nccnegosBatenaMm 3 HaLMOHaNbHOIO LieHTPa CynepKOMMbOTEPHbIX NpunoxkeHnin CLUA [2].
C noasneHvem 1 6ypHbIM Pa3BUTMEM BCEMUPHOW ceTu Internet Bcé Honbluyto NoNynsapHOCTbL Noay4a-
€T TEXHO/IOTMA MUCNONb30BaHMA KOMMbIOTEPOB MNOJIb30BaTesel, No3sonatolwan GopmmnposaTb cpeabl
ANA pacnpeaenéHHbix BolumcneHuit (Distributed or Peer-To-Peer Computing) [3]. B Hauane 1990-x ro-
[0B A1 OMWCAaHWA NPOCTPaHCTBEHHO-pacnpenenéHHbix BC ctan npumeHsTbes TepmuH GRID - Global
Resource Information Distribution Kak meTadopa 0 Takon ke NErKOCTU AOCTYNa K BbIYUCAUTENbHBIM
pecypcam, KaK U K afiekTpuuyeckoi cetu (Power Grid).

LleHTpoM napannenbHbiXx BblMUCAUTENbHbIX TexHonorui (LNBT) depepanbHoro rocysapcTBeHHO-
ro obpasoBaTesibHOro OIOAKETHOrO yuYpexaeHua Bbicwero npodeccroHanbHoro obpasoBaHmA
“CMBUPCKMIA TOCYAaPCTBEHHbIN YHMBEPCUTET TeNeKOMMYHUKauMn n uHbopmaTtukm” (Sroby BrMoO
“CnblrYTN”) coBmecTHO ¢ JlabopaTopment BblUUCAUTENbHbIX cucTemM NHCTUTYTa GU3MKKU NoNynpoBoa-
HMKOB MM. A.B. PxxaHoBa Cubupckoro otaeneHua PAH (M®MN CO PAH) cosgaHa M pa3suBaeTca mac-
WTabupyeman NpocTpaHCTBEHHO-pacnpeseneHHan MynbTUKNACTepPHas BblYMCAUTENbHAA cucTema [4].
ApPXUTEKTYPA U NPOrPaMMHbIN MHCTPYMEHTAPUIA OpraHn3aummn GyHKLMOHUPOBaHUA AaHHoW BC ocHo-
BbIBAETCA HA pe3y/bTaTax BeAyLuelt Hay4Hol WwKonbl PO no pacnpesenéHHbIM BbIYUCANTENbHBIM CUCTE-
Mam 1 napannenbHomy MyabTunporpammuposaHuio (HLW-5176.2010.9).

1 CMBMPCKMIA rocyAapCTBEHHDBIV YHUBEPCUTET TENEKOMMYHUKALMA M MHPopmaTunkm, Hosocmbupck, Poccus
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APXUTEKTYPA MPOCTPAHCTBEHHO-PACNPELENEHHOM MY/NILTUKNACTEPHOWM BC

[eicTteytolan KoHourypauusa mynbstuknactepHoi BC (puc. 1, aHBapb 2012 r.), BKAoyaeT 6onee 250
NPOLLECCOPHbIX AZEP U MMEET NMUKOBYIO NPOU3BOAUTENBHOCTb HecKoabKo TeraFLOPS. Cuctema obbe-
AmHAeT 10 NpoCTPaHCTBEHHO-PACCPEAOTOYEHHbIX BbIYUCANUTE/bHbBIX KNACTEPOB, NPUYEM KnacTepbl A-H
pacnonoKeHbl B cepBepHbIX nometleHusax LIMNBT ®roby BMNO “CubryYTU” (ueHTp r. HoBocubupcka),
a Knactepesl |, J - B JTabopaTopuu BbluncamTensHbix cuctem UOM CO PAH (Akagemropoaok, CO PAH).

Cuctembl A, B, C 1 J aBnsatoTcA Knactepamm paboumx cTaHLMI, KOTOpble pacnonaratoTcs B y4ebHbIX /a-
b6opaTtopusax Kadbeapbl BbluMcAUTENbHbIX cucTem GTOBY BMNO “CnblrYTU” n B labopaTopuu BblMUCAK-
TenbHbix cuctem UM CO PAH. KommyHMKaLMOHHbIEe ceTu KnactepoB A, B, C 1 J nocTpoeHbl Ha 6ase
TexHonorum Gigabit Ethernet.

Puc. 1. KoHdurypauma npocTpaHCTBEHHO-pacnpeaeneHHon MyibTukaacTepHoit BC (aHBapb 2012 1.)

Knactepol D, E, F, G, H u J nocTpoeHbl Ha 6a3e ABYXMPOLECCOPHbIX Y3/10B U GYHKLMOHUPYIOT B Kpy-
TNOCYTOYHOM pexkume. Kawapldi U3 3TUX KNACTePOB YKOMMIEKTOBAH: BbIYMCAUTENBHBIMU Y3N1aMU
M YNpPasaAOLWLMM Y310M, BbIYUCAUTENbHOW U CEPBUCHOM CETAMM CBA3M, @ TaKKe cuctemamu becne-
peboiiHoro anekTponutaHmaA. Knactep D obbeguHAeT 4 BbIYUCAUTENbHBIX Y3/1a, Ha KaXAOM M3 KO-
TOPbIX pasmMellleHo No ABa ABYXbAAEpPHbIX npoueccopa Intel Xeon 5150 (Woodcrest) ¢ TakToBO# Ya-
cToTon 2,66 GHz. MuKoBas npou3BoAUTENbHOCTb Kaactepa D - 166 GFLOPS. Knactep E Bkatouaet 4
BbIMMC/IUTENbHBIX Y3M1a C ABYyMA npoueccopamu Intel Xeon E5345 (Quad-core) ¢ TaKTOBOW 4acCTOTOM
2,33 GHz. MNpowussoanTenbHocTb Knactepa E - 298 GFLOPS. Knactep F ykomnaekTosaH 18 Bblymcam-
TeNbHbIMW y3/1aMU € ABYMA npoueccopamiu Intel Xeon E5420 (Quad-core) c TakToBoOW YacToToi 2,5 GHz.
MpoussoantTenbHocTb Knactepa E - 1,44 TFLOPS. Knactep H ykKomnneKToBaH 6 BbIYMCAUTENBHBIMW Y3-
namu ¢ Asyma npoueccopamu Intel Xeon E5620 (Quad-core) c TakTtoBo# YyactoTtoi 2,4 GHz. Y3nbl cu-
cTeMbl 06beANHEHBI KOMMYHWKALMOHHOW ceTbto cTaHgapTa InfiniBand QDR 4x. MponsBoguTenbHOCTb
knactepa H - 460 GFLOPS. Knactep J ocHaWEH 5 BbIYMCANTENbHBIMM Y31aMU C ABYMA nNpoueccopamm
AMD Opteron 248 - 252 (Sledgehammer) c TakToBOW YacToTOM 2,2 - 2,6 GHz. MMKOBas Npon3BoAUTE Nb-
HOCTb KnacTtepa - 52 GFLOPS. AkTyanbHas nHpopmaumsa o KoOHOUrypaLmm CUCTEMbI NPeaCcTaBieHa Ha
carite LINBT ®TroObY BNO “CublryTn” [2].

B 2009 roay LUNBT ®rOBY BMO “CubIYTWU” cTan y4yaCTHUKOM Nporpammbl “YHUBEPCUTETCKUIA Kna-
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cTep”, B pamKax KoTopol KomnaHua Hewlett-Packard nepegana LLeHTpy BblUMCAUTENbHBIN KnacTep
Ha 6a3e bnela-cepsepos (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 n3 KnactepoB cnocobeH ¢GyHKLUMOHMPOBATb KAaK aBTOHOMHO, Tak M B COCTaBe pacnpepge-
NéHHoln BC. [na obbeamHeHUsA KNacTepoB ucnonb3yetca ceTb Internet (texHonorum VPN u IPv6).
MynbTuknactepHasa BC gonyckaeT macwtabuposaHue NyTéM opraHM3aumm B3aMmMoLeNCTBUA C MHOXKe-
CTBOM ZPYrMX CUCTEM.

NPOrPAMMHOE OBECNEYEHUE MY/NIbTUKNACTEPHOWM BC

MpocTpaHCTBEHHO-pacnpeaenéHHan My/AbTUKNACTEPHAN BbIUMCAUTENbHAA cUcTeMa GYHKLMOHMUPYET
noga, ynpaseneHvem cBo604HO pacnpoCTpPaHAEMOro 1 CO34aHHOIO KOMNEKTUBOM HayyYHOM LWKonbl HLL-
5176.2010.9 nporpammHoro obecneyeHus (puc. 2) [5].

CpepncTBa pa3paboTku napannenbHbiX NporpaMmm
MPI: MPICH2, OpenMPI, TopoMPI
PGAS: Unified Parallel C
OpenMP: GNU GCC, Intel Compilers, Oracle Compilers, PathScale
CpepcTBa aHanusa napannernbHbix 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 NpoCTpaHCTBEHHO-paCcNpeseseHHOM My/IbTUKNACTEPHOW BbIYMCIUTENbHOM CUCTEMDI

CTaHOapTHblE KOMMOHEHTbl CUCTEMHOIO NPOrPaMmMHOro obecneyeHun npeacraBieHbl:

- ceTeBol onepauunoHHoi cuctemoit GNU/Linux (amctpunbyTmebl Fedora, CentOS);
- cpeacTtBamm pas3paboTKK, OTAALKM M aHANM3a NOCNef0BaTENbHbIX U MAapanneNbHbIX NPOrpamm:
= gomnunatopbl: GCC, Intel, PathScale;
= matemaTtuyeckue 6ubnunotekun: GNU Scientific Library, AMD Core Math Library, Intel Math Kernel
Library;
= 6MBANOTEKM Nepesayn COObLLEHNIN MeXAY BETBAMM NapansiesibHbiX MPorpaMmm:
O pacnpegeneHHble npuaoxenua - MPl: MPICH2, MVAPICH2, Open MPI;
O napannenbHble nporpammsl - OpenMP: GCC, Intel, PathScale;
= CpeacTBaMM OT/IAAKM M aHanu3a nporpamm: gdb, Vampire, prof u 1.4.
- MNporpammHbiM obecneyeHrem OpraHM3aLuu B3aMMOAENCTBUA MPOCTPAHCTBEHHO-pacnpeseneH-
HbIX KnacTepHbix BC 1 gucnetyepmnsaumm nonb3oBaTenbckmx 3aganuii: Globus Toolkit, GridWay.

MHCTpyMeHTapuid napaniesbHoro My/ibTUNpPOrpaMmMmMpoOBaHMA BKIKOYAET:

- MoacucTeMy opraHusaumv ¢yHKUMOHWMpoBaHMA BC B My/NbTUNPOrpaMMHBIX perkumax (nakert
MOJOS), BK/IHOYAIOLLYIO CPEACTBA BIOXKEHUA NapasieNbHbIX MPOrpaMmm U peanusauumn sdbekTms-
HbIX TPYNMNoBbIX 06MEHOB MeXay BEeTBAMM NapanienbHbix nporpamm (6ubnmoteka TopoMPI);

- CpeacTBa opraHM3auuKn pacnpeaeneHHon ovepesm 33434 M aucneTyep Noab30BaTeIbCKUX 3anpo-
coB GBroker;

- MOACUCTEMY aHaNM3a NapannenbHbix nporpamm (naketol MPIPerf, mpistat);
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- CpeacTtBa CAMOKOHTPO/IA U CaMOAMArHOCTUKM M OpraHM3aumm OTKAa30YCTOMYMBOIO BbIMOAHEHUSA
napannenbHbix nporpamm (naketsbl HBICT, DMTCP);
- CpeacTBa MOHUTOPWMHIA U OpraHu3aLmMm yaaneHHoro foctyna K pecypcam BC.

PaccmoTprm HeKoTopble U3 CO34aHHbIX MPOrPaMMHbIX KOMMOHEHTOB OpraHM3aLumn GYHKLMOHUPOBA-
HMA NPOCTPAHCTBEHHO-PACMPeAeNEHHbIX MyAbTUKNACTEPHbIX BC.

bubnnoreka TopoMPI KOMMYHUKALMOHHbIX GYHKLUMIA

Bubnnoteka TopoMPI - 3T0 6UBAMOTEKA KOMMYHUKALMOHHbIX QYHKLWIA, OPUEHTUPOBAHHAA Ha abdek-
TUBHYIO peanun3alunio napasnsiesibHbiX NPOrPamMM Ha COBPEMEHHbIX MY/IbTUAPXUTEKTYPHbIX pacnpese-
NéHHbIX BC ¢ nepapxmyeckon CTpyKTypoi. B coctaB BMBAMOTEKN BXOAAT CTPYKTYPHO-OPUEHTUPOBAH-
Hbl€ arOPUTMbI KONTEKTUBHBIX 0OMEHOB MHPOPMaLMen Mexay BeTBAMM NapasfieNibHblX NPOrpaMmm u
CpeACTBa BNOXKEHWA NapannenbHbIX NPOrpamm B CTPYKTYpbI pacnpesenéHHbix BC [6].

B 61bnunoTteke Ucnosib3yerca MHTepdenc npopuanpoBaHuns ctaHgaptTa MPI ons nepexsaTa obpalyeHni
K GYHKLMAM KONNEKTUBHBIX OnepaLui MHGOPMALMOHHbIX 0BMEHOB, OCTaNlbHble BbI30BbI NepesatoT-
¢ cuctemHon 6ubnunoteke MPI (MPICH2, OpenMPI n ap.). OnucaHne nepapxmyeckon opraHnsaumm
pacnpeaenéHHoi BC 3arpyxkaetca 6ubnmoTekol n3 KoHbUrypauMoHHoro danaa npm MHULMaNn3aLmm
MPI-nporpammsl. Ha ocHoBe MHbOpMaLMm 0 pacnpegeneHnm BeTBen No AApam 1 MallMHaM CUCTEMbI
onpeaenaeTca KoJIMYeCcTBO BblAe/I€HHbIX NPOrPaMMe BbIYUCIUTENbHBIX Y310B. MNpu co3gaHnm Kommy-
HWUKATOPOB OCYLLECTBAAETCA ONTUMM3ALMA aITOPUTMOB KOIIEKTUBHBIX OBMEHOB 1 BROXKeHMe rpada
nporpammsbl B CTRYKTYpY pacnpeaenéxHon BC.

MpoBeaeHbl 3KCMEPUMEHTbI MO B/IOXKEHUIO NapannenbHbix MPI-nporpamm u3 naketos NAS Parallel
Benchmarks n High-Performance Linpack B geictsytoLme BblMMCAUTENBHbIE KlacTepbl Ha 6a3e MHO-
roagepHbIx npoueccopos KomnaHui Intel 1 AMD. B cpegHem, Bpemsa BbINOAHEHUA TecToBbix MPI-
NPOrpamMm C BIOXKEHMEM NpPeasoKEeHHbIMU anropuTmamm Ha 30-40% meHbLue BpeMeHU BbIMOIHEHUA
nporpamm c BioxeHuem cpeactsamu 6ubnanotek MPI (MPICH2 n OpenMPI). NpeanoskeHHble anropuT-
Mbl XapaKTepm3yoTCA NONMHOMMUANBHOM TPYAOEMKOCTbIO U NOAAEPKMUBAIOT BAOXKEHME NapaniebHbIX
nporpamm c KoanyecTsom seTeelt o 10°.

Maker MOJOS noaAep:KKM MyNbTUNPOrpPaMMHbIX pexkumoB 06paboTku HabopoB MmacluTabupyembix
3apay

MccnepoBaHWA NoNb30BaTeNbCKMX 3a4ay NOKa3blBatoT, 4To 6onee 80 % m3 HUX 061a4at0T CBOMCTBOM
macwtabupyemoctu. Takve 3a4aum SOMNYCKAOT pelleHne Ha NoACUCTEMAX C Pa3/IMYHbIM KOJIMYECTBOM
NPOLECCOPHbIX AZ4EP U Ha3blBaOTCA MmacwTabupyembimu Uam “nnactnyHbimm” (moldable). Ana moge-
IMPOBAHWA, OTNALKM M aHanu3a anroputmos GOPMUPOBAHMA PacnUCaHUI pelleHna macliTabupye-
MbIX 3a/a4 Ha pacnpeaenéHHbix BC cosgaH naket MOJOS - MOldable JObs Scheduling. OcHoBy naketa
COCTaBNAOT 3BPUCTUYECKME U CTOXACTUYECKME (Ha OCHOBE 3BOJIIOLMOHHbBIX METOA0B OMNTUMM3ALLMM)
anropuTMbl GOPMUPOBAHMA PACNMCAHNIN peLleHns 33434 Nosb3oBaTenei. PeainsosaH uHTepdenc nH-
Terpauymm MOJOS c nnanmnposwmkom MAUI [7].

Maker DMTCP co3paHMA KOHTPO/IbHbIX TOYEK BOCCTaHOBNAEHUA NPOrpamm

Ons obecneyeHMa OTKA30yCTOMUYMBOCTM MapasiefibHbiX Mporpamm ucnosnb3yerca naket DMTCP -
Distributed MultiThreaded Checkpointing, 3ToT nakeT peas130BaH Ha yPOBHE CUCTEMHbIX BUBIMOTEK U
ABNAETCA YHUBEPCANbHbIM KOOPANHUPYOLWMM pacnpeaenéHHbiM CpecTBOM CO3LaHUA KOHTPObHbIX
ToyeK. Maker DMTCP paspaboTaH u passuBaeTca CeBepo-3anagHbim yHuBepcutetom (Northeastern
University) CLUA. Konnektus LNBT npuHMMaeT yyactue B paboTax Mo ero ycoBepLlleHCTBOBaHUI0. B
YaCTHOCTW, peasin30BaHbl aNTOPUTMbl KOOPANHUPOBAHHOTO BOCCTAHOBEHUA Habopa CBA3aHHbIX NPO-
LLeccoB, BOCCTAHOB/EHWNA B3aMMOCBA3EN TUMA “pPoAUTENb - TOTOMOK” U MPUHAANEKHOCTM K rpynnam u
ceaHcam a/1a Habopa NpoLLeccoB B paMKax OLHOIO y3/1a BblUMCAUTENbHOM cucTembl [8]. TakKe BeayTca
paboTbl No MHTerpaunmn naketa DMTCP ¢ cucTemMon AN BbIMMCNEHWIA BbICOKOM MPOMYCKHOM CNOcobHO-

152 e MIT 2011



¢t Condor. MpeanoxeH Noaxoa K peBepcuBHOM oTaaKe Ha 6aze DMTCP.

Maket GBroker geueHTPan1M30BaHHOro ynpaB/ieHUa pecypcamm MynbTUKAAcTepHbIX BC

[Ons opraHusaumm GyHKULMOHNMPOBAHUA NPOCTPaHCTBEHHO-pacnpeaeneHHbix BC u GRID cuctem B mynb-
TUNPOrPaMMHOM pPeXMMe 06CNYKMBAHMA MOTOKA 3a4a4 pa3paboTaHbl AeUeHTPaM30BaHHbIE anro-
PUTMbI U CPeaCTBa AMcneTyepu3aLmMm 3aaaHunin. Ha Kaxkaoi noacmcteme NpoCcTpaHCTBEHHO-pacnpese-
neHHol BC dyHKUMOHMpPYET AncneTyep, KOTOPbIV NOALEPKMBAET IOKANbHYIO (4N5 KNacTepa) ovyepesb
3azay. Mpu nocTynaeHnn 3agaun gmcneTyep 3anpaMBaeT y ANCNeTYepoB 13 JIOKaSIbHOWM OKPECTHOCTH
KO/IMYECTBO 3334 B UX o4epesax v OLEHKY BpEMEHW, Yepes KOTOPOe MOCTYNUBLLAA 334a4a MOXeT Ha-
YaTb peLlaTbcA Npu Nepesade eé B COOTBETCTBYIOLLYO oyepeab. [lanee, gucnetyep, UCNONb3yA cUcTe-
MY MOHUTOPUHTa, onpeaensaeT NPoMnyCcKHY CNOCOOHOCTb KaHaNoB CBA3M MexXay Knactepamu. Mocne
3TOro OH BbIGMpPAET KnacTep, B KOTOPOM (C y4eToM nepesaym camoli 3a4,34m B ouyepesb U eé AaHHbIX B
Knactep) bbicTpee BCErO HAYHET BbIMONHATLCA 3343a4a. BaxKHO OTMETUTb, YTO NpU Nepesave 3a4auu B
oyepenb BbIOPaHHOW NOACUCTEMDI, ANA HEE, aHAIOTMYHbIM 06Pa3oM, NepUOAMNYECKN ByaeT ocyLLecTs-
NATLCA NOUCK pecypcoB. ITo obecneymBaeT aganTaumto AUCNETYEPOB NOL AMHAMUYECKM USMEHAIOLLY-
10CA 3arpy3Ky pecypcoB NPOCTPaHCTBEHHO-pacnpeaeneHHbix BC.

MpepnoXKeHHble aNropUTMbl peasin3oBaHbl B NporpammHom nakete GBroker [9]. MNakeT umeeT paclim-
pAeMyto apXMTEKTYPY M AOMNYCKAET MHTErPaLMIo C CUCTEMaMM NaKkeTHOM 06paboTkM 3agaHnit. B naket
BXOZAT AucneTyep gbroker, KnMeHTCKoe npuaoxkeHue gclient M cpeacTBO MOHUTOPUHIA NPOU3BOAM-
Te/bHOCTU KaHa/0B CBA3M hetmon Ha ypoBHe cTeka npoTokosios TCP/IP.

Mogynb gbroker ycTaHaBnMBaeTca B KaXKA0M Knactepe v obecneymBaeT Ha UHTepdenc ¢ NoKasbHOM
CMCTeMOW NakeTHOW 06paboTKM 3a4aHMi (Ha AaHHbIM MomeHT - TORQUE). Moaynb netmon yctaHas-
nuBaetca BmecTe ¢ gbroker. Cepsucbl netmon cobupatoT MHGOpMaLMo 0 NPOU3BOAUTENBHOCTM KaHa-
OB CBA3WU MexXAy Knactepamu. Mogaynb gelient obecneunsaeTt nHtepdeic mexay nonb3oBaTenem 1
cucTemon.

AOMUHUCTPATOP HacTpamBaeT /IoKasbHble OKPECTHOCTM AuchneTyepoB ghroker, ykasbiBas, Kakue au-
CMeTyYepbl C KaKMMKU MOryT 06MeHMBATLCA NPOrPaMMamm 13 CBOMX OYepeseit, v HacTpamMBaeT CepBuC
netmon.

Monb3oBatenb GopmupyeT 3a4aHMe, cocTosLlee M3 napannenbHoi MPI-nporpammbl M nacnopTa Ha
A3blKe pecypcHbIx 3anpocos JSDL, n otnpasnseT ero cpeactsamu gclient ntobomy ns gucnetyepos
gbroker. lucneTtyep B COOTBETCTBMM C ONMMUCAHHbBIM BbILE aITOPUTMOM BblIBUPAET NOACUCTEMY, Ha KOTO-
PO 3aTeM BbINOSIHAETCA NPOorpaMmma.

MogaenmpoBaHue NOKa3asno, YTo cpegHee Bpemsa 06CNyKMBaHMA 33434 NPU AeLeHTPaIM30BaHHOM aun-
cnetyepmsaLmmn CoNoCTaBUMO C LEHTPaIM30BaHHOM aucneTyepusaumen. Bmecre c Tem obecneumsaet-
€A OTKA30YyCTOMYMBOCTb MPOCTPAHCTBEHHO-PAcNpeseNeHHON MybTMKNacTepHol BC B cayyae Bbixoaa
13 CTPOA OTAE/bHbIX KNacTepos. Bpems gucrnetdepusaumm 4OCTaTOMHO Maso MO CPaBHEHUIO CO Bpeme-
HEeM BbINONIHEHUA MPOrPaMM.

3AK/TIO4YEHUE

Co3paHHas MPOCTPAHCTBEHHO-PACNpeaenéHHas MyAbTUKIACTEPHAN BbIYUCAUTE/IbHAA CUCTEMA - WH-
CTPYMEHTaIbHOE CPeACTBO A1 OTPAaBbOTKM apXMUTEKTYPHbIX peweHnii u GRID-TexHoNOormiA, aNa OTAa4KM
MHCTPYMEHTa/IbHbIX CPeACTB Mapa/ie/IbHOro My/bTUNPOrPaMMUPOBAHUA U 0becneyeHns KUBYYECTH.
OHa aKTMBHO MCMO/b3YyeTCA B NpoLecce NoAroTOBKM CreLmaancTos 8 061acTi napanienbHbiX Bblum-
CIUTENbHbIX TEXHONOTUA.
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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 0 0 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 T. 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)snnnnn 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
C4 1 3 0.98
c5 3 5 0.98
Cé 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
ca 3 4 0.99 ca 3 5 0.95
C5 2 3 0.95 (65) 3 4 0.99
c5 3 2 0.95 Cé 4 5 0.97

Events between knots 1and 4: Events between knots 1 5:

El:----- >C1----->C3-----> E1l:----->C1----->C2----->C4----->

E2:----- >C1l----->C4-----> E2:----->C1----->C3----->C6----->

E3:---->Cl--=->C5---->C4 E3:--=->CLomme->C2-e->C5ome->CHme>

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 Dy 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 Bz{ ! 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 —b202)

Ay A (1)~ (A ) By (1)) et B 1(53) = 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 A (%)) = by Ay (xy) — A5 (¢y) (8)
Multiplying equation (6) by b, we get
b1y Ay (xy) = byybyy Xy + byybyy Xy + b5 (9)
Substituting (8) and (7) into (9) yields
Ay o A4 (%) = 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 (%) — (013 Ay (%) +ba Ay (X)) + (Brabop —broo1) X = Ag (1) — (bogpr —Bio7) -

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)) + (Bba —Byobag )Xo = Ag(92) — (D102 —boign) .

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
Ag o A (%) — (b Ay (%) + 0,0 A (%)) +det B+ 1(%;) = A(g,) — (bug, —,141).
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| [|% blz (11)
A () 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 Ao A; =A; oA, 1, ] =13. Define operator A;:V —V by
Az(X) = Ago Ay o A(X) = (B3 A5 0 Ay (X) + b5 Ag 0 A (X) + D3 Ay 0 A (X)) +
((byob55 —by5bay ) A (X) + (By3b33 —bigbay ) Ay (X) + (byyD, —Dy5b51) Ag (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 b33 are principal minors of the first order; b b and
52 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 (1) (Az(%) by n A(p) by + o by, by " by b +o by, b13J
3() = As 0 (@)~ | %) 3

A (@3) by3| |43(py) by by, by by, by by, by
Ay(xy) = Ay o A (@)~ ‘Al(%) by3 . by A3 () | by b3 _p by by o by by
PR A4 (0y) bys| by A(e) Uby bl Clbs byl by by
Ay(x3) = Ay 0 4 (¢ )_(bu 4,(¢y) +b22 4,(9,) + o by by — by by +o by by (14)
e 2o by A (@3)| |by A (e3) l1731 bs, ? by by ’ by by

Proof: Let us apply theorem 1 to system

A2 (Xp)=Dg1 X1+ by X5 +ba3Xs + 95 (15)

Ag(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) = A3 0 Ay (x) = (byy A3 (x) + b33 45 (X)) + (byy b33 — by3bsy ) I(x), (16)
we have

Ay (xy) = A(by1 X +9;) = (b33(by 1 X; +9,) = b3 (byy Xy +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 (x) = byyxy —boxy — @y (18)
Multiplying the second equation of system (17) by b;; we have

b13An3(x3) = by3bs Ay (x)) = (bi3b 2 b31 = 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 (@) =
bi3by1 Ay (X)) = (by3b 25 b3 = 3Dy b3y )Xy + by Ay (93) — (B350 03 — byshay ).

From the first equation of system (17) and from equation (20) we conclude

(Ags 0 A1)(x1) = by A3 (x1) = by (by) A3 (%)) = (Dy1b33 — basbyy )Xy + A3 (92) + (ba33 = b33905)) — Aps () =

by3b31 Ay (%) = (B3 55 031 = bi3by bsy) Xy + by3 Ay (93) = (bi3byy @3 — by3 b3y ).
Putting equations (16) and (21) together we deduce
Ay 0 Ay 0 Ay (x)) = (byy Az 0 Ay (X)) + byz Ay 0 A (X)) + (Dyyb33 = by3bsy ) A (xy)
—by 1Ay 0 Ay (x)) + by byy A3 (X)) + Dy b33 A 5 (X)) = by Dy b3z xy + by by3bay vy
—biyby A3 (x)) + biaby bs3xy = by bysbyy Xy = bysbyy Ay (%) + bisbyy by xy — bysby by xy =
byy A3 (@) + b1yby3 3 = by by + Az 0 Ay (@) = byy A3 (@) = b33 4, (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 = biybyy ) A3 () + (By by — by3by ) A 5 (%))
—(by1byybys = by bysbyy = biyby byy + b1y byshyy + by3by by = by3byyby )Xy =
Az 0 4 (@1) + D1 A3 (02) = by A5(91) + b3 Ay (3) = by A (1)
+(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| byg||+] (@ by by
AgoAy(ps) by by _| A (5) by b33| | As(s) by, by P3 by by

by AeAlp) by by Alm)| bys| [Pu Alm) by b, @ Db
A3(Xp) =| by |A3°A1(¢2)| bog | =1 | |P2r As(@2)] By [+| by [Al@,) bog|| [P @ by
by ACA) by ([by Ae) by [P [AW) Ball) [Pa ¢ b

by b, AcA(p) |bl_1 b, A ((/’1)| by b, Aler) by b, ¢
Ag(Xg)=|by by A eA(p) [—|| by by Al@) [+|by |y Al@)]]|+] by br ¢
by by |A2 o A1(¢3)| |bs_1 by A@)| |y [ Ale) 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'-z'+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 = E (ﬂ, we
get system of two third order differential equations with constant coefficients of the same form
y"+2y"-y'-2y=0
t"+2t"-t'-2t=0.
Solution of the totally reduced system is
y=Ce" +Ce ™ +Ce ™ (24)
t=Ce" +Cse ™ +Cee ™ .

(25)
Solution of system (23) is obtained by replacing (24) and (25) in (23)
y=Ce*+Ce ™ +Cie ™

t=Ce*-Ce ™ —%CSe’2X :
By going back to z through the substitution z =t+ Yy we get solution of the initial system
y=Ce* +Ce *+Cpe?
z=2Ce" Jr%C3e’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

LITERATURE
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Kamaes [. 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®YPKALUUA AHOPOHOBA-XOMN®A U METOZ, YCPEAHEHUA

PaccMaTpMBaeTca AUCHaMUYeCKas CUCTEMA, COCTOAHME KOTOPOM OnmncbiBaeTca dyHKUmaAMM U Q2 — R",
onpeaenéHHbIMM Ha HEKOTopom MHo¥KecTBe () K obpasylowmmmn GyHKLMOHANIbHOE NMPOCTPAHCTBO
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 € (~ o, By) < RLae (~ag,ap)c R,
dyrkuma T :R"x(~ag,aq)— R" rnagko 3aBucut ot caomx aprymenTos,

L - AvHelHbI onepaTop B NPOCTPaHCTBE W(Q).

Ecav napameTp ceasu S =0, To paccmaTprBaemas AMHAMUYECKas CUCTEMA PacnafaeTcs Ha MHOMECT-
BO HE3aBMCMMbIX CUCTEM, OMUCHIBAEMbIX YPAaBHEHUAMM

Zt—u: fua) xeQ (1.2)
Ecam B #0, To 3TV cucTeMbl B3aMMOAENCTBYIOT 3a CYET C/laraemoro ,BL(U) B npasoii yactu (1.1). B3a-
MMOZENCTBUE MOXKHO CYMUTaTh C1abbiM, ecv Maso 3HaveHue napameTpa f. Myctb f(O,a): 0, vnpu
a =0 B cucTeme ypaBHeHU (1.2) nmeeT mecTo BUbypKaumsa PoXKAEHMA LMKAA U3 HYIEBOTO COCTOSHUA
paBHoBecus (budypKauma AHapoHoBa-Xonda) [1-2]. B cTaTbe paccmaTpuBaeTca BONPOC POXKAEHUSA Un-
K/1a U3 HYNEeBOro COCTOAHWA paBHoBecus cucTembl (1.1), Koraa napameTpbl @, ff MMeT OAMHAKOBbIV
nopsaAoK ManocTu. Bce paccyaeHus npusegeHbl gna n=2. B cnydyae N >2 MOryT 6biTb NOMYYEHbI
aHaNOrMYHble pesynbTaTbl C MOMOLLLIO MeToAa Npoekuuii [3].

MpeacTtaBum cuctemy ypaBHeHwuii (1.2) 8 Buae

ou
a:A(oz)u+g(u,ac), (1.3)
NMHeapn30BaB NPaBylo YacTb B Touke U= 0. OTHOCUTENbHO CNeKTPa NnHeliHoM yacTn A(ar)  3admk-
cupyem obblyHble NpeanonoxKeHus, obecneumsatome 6udypKaLMI0 POKAEHNUA LIMKAA U3 COCTOAHUA

paBHOBeCHA:
1) cnextpy A(a) npuHagnexumT napa KoMnaeKcHo-conpskeHHbIx cobetaerHbIx uncen A(a), () suaa

Ha)=7(@)+iola), e 7(0)=0, u= " (0)%0,0-0(0)20,
a
2) ocTanbHas yacTb cnektpa A(er) pasHomepHo no a € (—ag, @) OTAeNeHa OT MHUMOIA OCM Ha Noo-

KUTE/IbHOE paccToAHMe.
3adpukcupyem ans kaxporo a e (—ap,aq) B R? cuctemy KoopamHat {e1().e5(a)}, cBAzanHyto co

1 OrBY «HMO «TaitdyH», OBHUHCK, Poccus
2 AT HUAY «MUDU», OBHUHCK, Poccus
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cnektpom onepaTopa A(e) Tak, UTO B 3TUX KOOpAMHATaX
o= [1) )
ola) y(a)

MycTs B(a) - maTpuua nepexoaa ot cuctemsi { e;(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(“)) ;;’S)ngl(v,a) (1.0
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 Bocnonbsyemca Gpopmynoi Tanopa ana GyHKUMM Oy :

01(v,a)=By(v,a)+Bs(v,@)+R(v,a), (1.6)

rae B; (v,a) - OIHOPOAHbIA MHOroYNEH cTeneHn | = 2,3, a OCTaTOUHbIN Y/ieH R(v,a) MmeeT NopsaaoK

of ).

C yyetom (1.4) - (1.6) cuctema ypaBHeHul (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 - MPOCTPAHCTBE K NOMIAPHbIM KOOPAMHATAM:

vy = pcos(p), v, = psin(p) (1.8)
Torpa cuctema (1.7) 6yget MMeTb cneayoLmin 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)

sinlp) cos(p)

P P

B cuny npeanonoskeHms 1) oTHOCMTENbHO CEeKTpa onepaTopa A(a) cnpaBea/IMBO caeaytoliee cooT-
HoLeHue:

A<p,¢>A(ea>[“j=[ ”“5@(0)}0(8@2)

v, -0—g0—
do

CnepoBaTenbHO, CUCTEMY YPaBHEHUIA B NEPEMEHHbIX (p,w) MOXHO NpeAcTaBuTb 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"H(@)B (a)v;
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A(P,(/7)=( cos(p)  sin(p) J

~pisin(p) poos(p),

J! ((p, sa) - O HOPOAHblE TPUrOHOMETPUYECKMEe MHorouneHsl cteneHn K =3,4 ana kaxkgoro m=1,2.

§ pcos(p+t)
Mpeanonosxkum, 4to onepatop L obnagaer CBOWCTBOM: BblpaskeHWe A(p,¢)+t)L1 .
psm(¢)+t)

2M-NEepUOAMYHO MO Hesasucumoit nepemenHoit L. B atom caydae no aHanorum c [1] MmoxHO dopmans-
HO MpPUMeHUTb K cucTteme (1.10) npoueaypy ycpeaHeHUs U NpoaHaAM3npoBaTb NOBEAEHNE pPeLleHu
cuctembl (1.1) B OKPECTHOCTH HY/NIEBOTO COCTOSIHUA PAaBHOBECUA NPU U3MEHEHUW NAPaMeTPoB «, [ .

METO/ YCPEAHEHMA U ABCTPAKTHAA ®OPMA TEOPEMbI KOLLMU-KOBAJIEBCKOW

CXoaMMOoCTb MeToZa ycpeaHeHMsa 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) sna-
eTca KBasnanddepeHumanbHbim onepatopom (KAO) B wKane 6aHaxoBbIX MPOCTPAHCTB.

LLikana 6aHaxoBbix NpocTpaHcTs [4]
MycTb Kaxaomy BelectBeHHomy p >0 conocrasneHo 6aHaxoBoe NPocTpaHcTBo B ,, Hopma anemen-
Ta Ue B, obosHaueHa cumBosiom ||u||p Cemeiicteo B ={B,}HasbiBaeTca wkanoii 6aHaxosbix npo-
cTpacte (LWBN), ecim B, < B, Ana Mobbix o< p 1 full, S||u||p AnA MoBbix U € B, . lononHuTensHo
NpeanoNoXMUM, YTO NP GUKCMPOBAHHOM U KaK GpyHKLMA aprymeHTa o >0:

a) Hopma [ul, Bbinykna BHu3,

] O, _oll, 2,
) HEpPaBEHCTBO TPEYrosibHMKA MOXKHO AnddepeHLMpoBaTh: - op o

Mpw aHanuse anddepeHumanbHbIX ypaBHEHUI MCNONb3YOTCA pasnunyHblie LLUBIM, B yacTHocTh, LLUBIM Be-
LLLeCTBEHHbIX aHANIUTUYECKMX OTOBparkeHU X > u(x), onpefeneHHbIX B OKPeCTHOCTU MPOU3BOIbHOIO
mHoxectBa A RP, co sHauennamu B npoctpaHctee R™. Mcnonb3aya craHaapTHble 0603HaYeHNA:

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 MHOeCTBO Tex U, 419 KOTOPbIX ||U||p <00, ina noboro p >0 mHoXecTBO Ag‘(ﬁ)

(2.1)

ecTb 6aHaxoBO MPOCTPAHCTBO U Am(l):{Ag](i)} - lWBMN, npryem BbINOMHEHbI CBOMCTBA a) U 6). [o-

NONIHUTE/IbHbIE CBOMCTBA CEMENCTBA HOpPM B Am (ﬂ) BblpPa*akTCA HEPAaBEHCTBAMU

0
Jee-vIl, <l W, 1P, < =

, (2.2)

P

[ONyCKaLWMMK nouneHHoe guddepeHuMposaHme no p.

KeasnguodepeHuymanbHblii onepatop (KAO0) [4]
Myctb aaHa WBN B:{Bp} cumonom O ( ) 0603HayeH OTKPbITbIM LWap paauyca I’ c LI,eHTpOM B

Hy/fle NPOCTPAHCTBA Bp. «OKpecTHoCTb» HynAa B LUBM B 3amaetca dopmynoi O r p UO
O<o<p
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[ins vekotoporo 20 >0 paccmotpum oto6paxerue f :O(r,po)—> B. OTo6paskenne | Hasbisaetcs
KBasuanddepeHLUmanbHbIM 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 aubdepeHUUpPoBaHUK:
Hannune guddepeHuMpoBaHMA B NpaBoi ‘-IaCTM (2.3) npmMBOAUT K TOMY, YTO f( p(r))cz B, . OgHako
CnpaBeaIMBO BKAOYEHUE f(Op(r))c Bpl, p < p . B camom pene, Hopma BbiNyKa BHWU3, MO3TOMY

" || <——— pna nwboro p>o.

B p,aanemmeM Heo6xop,mmo paccmoTpeTb 6onee obuwme otobpaxkernus f: 1 xO(r,pO)—> B, roe
I =[0,tg]c R.Nycts f;:O(r, pg)— B ectb uactHoe oToBpaxeHme, noposaeHHoe oTobpaxeruem 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 | ¢ Hesasmcaweii ot T koncranToit C uecnn
ana no6oro (t,u)el x0,(r), o< p<py, BEINONHAETCA paBeHCTBO: TIEnOHf(Hr,u)— f(t.u), =0.

3agaua Koww [4]
Paccmotpum 3agauy Kowu:

%:f(;,u), u(0)=0 (2.4)
PelueHus KOTOpOW paccmaTpuBaiotca Kak oTobpawenus ti> u(t) uutepsana | =[0,tg]cR & LUBM
B :{Bp}. CnpaBegnunsa Teopema [4]:

Teopema 2.1. (Kowu-Kosanesckoli)

lycmeo 8 ypasHeHuu (1.4) omobpaxceHue f : 1| ><O(r,p0)—> B ecmos KO, HenpepebigHebili no t, u mycms
f(t,0)e By, 017 06020 te . Tozda Halidemca 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 cnpaeednusa OUEHKa:
p+kt

||u || <k’ I "psup”f t0|| do (2.5)

MeTop 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 yCnoBuaAm Teopembl 2.1 1 nepuoau-
yeHno t c nepnogom T >0.

B cooTBeTCcTBMM ¢ POpManbHON CXeMoi meToaa ycpeaHeHus [5] paccmoTpum ycpeaHeHHy 3agady

Kowwu:
dv

T
T=e £y (V). ¥(0)=, fo()=T"[ 1 (s.v)s (27)
0
Jlemma 1.1
Onepamop fo(v) ecmo KO
Mepeiaem k megneHHomy Bpemenn T = L. UcxogHan u ycpeaHeHHas 3agaun Kowu npumyT, cooT-
BETCTBEHHO, BMA;
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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' 0603HaumMm yepes kg >0
KOHCTaHTYy, onpeaensiemyto Teopemoit 2.1., 1 TaKyto, 4To 3agauu (2.8) paspewmmsl npu Aobbix 7 >0,
Y,0BNETBOPAIOLLMX YCI0BUIO p+Kg -7 < pg, NpK 3TOM u(r), V(r)e Bp

Cnpaseg/vBa 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<1 -8 P
20e senuduHbl p,T C6A3aHbI ycnosuem p+K -7 < py.

NMPUMEHEHME K YPABHEHUAM B YACTHbIX MPOU3BOAHbIX

M3 paboTbl [4] cnegyer, 4to ycioBuam Teopembl (2.1) yaosnetsopseT 3agava Kowm gisa cuctems! amo-
depeHuManbHbIX ypaBHEHMI B YaCTHbIX NMPOU3BOAHbIX C aHANIMTUYECKOM NPaBoii YacTbio. PaccmoTpum,
B YaCTHOCTU, CUCTEMY ypaBHeHMﬁ JNnenapa:

ou 6v 3
o _ gy 1
== 5 [3 u+av—(v), xe(0,1), (3.1)
B KNacce nepumoamyeckmx no X GpyHKumi ¢ nepnogom 1.
. ," P 2 .
Rycte: A(a):(_ol ij’ ;tj :%+i(_1)]+1 %:%'H(_I)N 60(206)’ |Ol| < 2 - cobcTBEHHbIE YM-

cna. Mepeligem oT $a3oBbix NepemeHHbIX (u,v) K mepemeHHbIM (vl,vz), B KOTOpPbIX MaTpuLa A(a)

- 1[ a -o(a
nmeetBua;: A(a) :E[ (@) ( )j . B HOBbIX NepeMEeHHbIX 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

(wf;J >

MpumeHeHne K cucteme (3.2) cxembl paccy»KaeHui pasgena 1 u Teopemsl (2.1) nosBonseT gokasaTb
CnpaBeaIMBOCTb CAEAYIOLLEro YyTBEPKAEHMUA.

Teopema 3.1.

lycme napamempsi ypasHeHuUs JlueHapa y00871emeopsarom COOMHOWEHUAM: a:gzao, p =52ﬁ0,
mozoa npu 00cmMamo4YHo MasbiX & ypasHeHue JlueHapa umeem cemelicmeo nepuoou4ecKux peule-
Huli suoa:

u(x,t) =4\/%70008(27'51(9(-}-47Z2k2ﬂ0t—l)+0(82), k=0,12,....
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AHanorMyHas Teopema cnpasesnunsa s ciydas OAHOPOAHbIX KPAaeBbIX YC/I0BUI BTOPOro poAaa.

M3n0KeHHbI noaxon No3BoNAET TaKKe NoKasaTb CyLecTBOBaHME NPU AOCTaTOYHO Manbix 0 < e < 1
CeMencTs Nepuoamyeckmx peLleHmii B OKPeCTHOCTU PEe30HAHCHbIX 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.“*, XakumssaHos 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, naatGopm, noH-
TOHOB U T.M.) O4HOW M3 BarKHEMLLMX 33434 ABAAETCA OnpeaeseHne BO3AeNCTBUA Ha HUX MOBEPXHOCT-
HbIX BO/IH [1-5]. B HacTosAwee Bpems B Poccuitickoin ®egepaumnn peannsyetcs nporpamma obecrnedeHus
aHepruen (aNeKTpMYecKoi 1 TenNoBon) yaaneHHbIX PErMOHOB C MOMOLLLIO MAaBy4MX aTOMHbIX Tenao-
SHEepreTMYecKMx CTaHUMI. PeakTopbl 3TUX CTAHLMI Pa3MeLLatoTca B HECAMOXOAHbIX CTOEYHbIX Cyaax
- TaK Ha3blBaeMbIX MaaBy4mnx saHeprobaokax (M36). Mepsble U3 TaKUX CTaHLMIA NAAHUPYETCA YCTAHOBUTb
B ByxTax KamuyaTCKOro Kpas, B CBA3M C Yem BO3HMKAET 3aJa4a NpeaoTspalleHMsa BO3SMOXKHOrO yliep6a,
KOTOPbI MOMM Bbl HAHECTW BOJIHbI LIyHaMM 3TUM MOTEHLMANbHO OMAaCHbIM 06bEeKTaM.

JlabopaTopHble UCCIef0BaHMA, BbINOJHEHHbIE B TMAp0oBoAHOBOM baccenHe Punmana OAO «26 LLHUN»,
NMoKasasin BbICOKME BOJIHO3ALLMUTHbIE CBOMCTBA COOPYXKEHMUI B BMAE CN/IOWHbIX Aamb. BmecTe ¢ Tem
BO3HMKAET ecTecTBEHHAA 334a4a MUHUMMU3ALMU CTOMMOCTU 3aLUUTHBIX COOPYKeHUK ansa MNIb ¢ coxpa-
HeHVeM HeobXo4MMOWM CTeneHu BONHO3AWMTbI. [ yMEHbLUEHUA BONHOBOM Harpysku Ha N3b moryT
NPUMEHATLCA, HAaNPUMep, Pa3/INYHbIe 3aLWMTHbIE 3KPaHbl. 3TO MOryT 6bITb HEMPOHULAEMblE BEPTU-
Ka/bHble 3KpaHbl, He AoXoAALMe A0 AHA M YaCTUYHO NpomnycKatowme HaberatoLLyo BONHY CHU3Y, UK
NopuCTble 3KPaHbI, NPonycKatoLme Yepes cebs 0cnabneHHyo BONHY TOW UAN MHON MHTEHCUBHOCTYM B
3aBUCMMOCTWN OT MOPUCTOCTU 3KpaHa. Bo3aeicTeme yeAMHEHHOM BO/IHbI Ha COCTaBHblE KOHCTPYKLMM,
cocToALME U3 3aLLMLLLAEMOrO O6BEKTA U 3aLLMLLAIOLLErO ero 3KpPaHa, U3y4YeHO HeLOCTATOYHO KakK Yu-
CNIEHHBbIMW METOAAMM, TaK U C MOMOLLLIO NaBOPaTOPHbIX IKCNEPUMEHTOB, OCOBEHHO B Cly4ae Nopwm-
CTbIX 3KpaHoB [6-8]. PeleHune 3ToM 3a4a4m TpebyeT NpoBeAeHMA 3HAUNTENBHOTO 06 beMa IKCNepPUMEH-
TaNbHbIX U TEOPETUYECKMX UCCNe0BAHUMN.

BBUMAY CNOXKHOM KapTUHbI B3aMMOAENCTBMA BOJIH C COCTaBHOM KOHCTPYKLMEN, MHOTONapameTpUYHOCTH
3a/la4M U CBA3AHHbIX C 3TUM TPYAHOCTEN NPU UHTepnpeTauun pesynbtaTos, Hblaa 3annaHMpPOBaHa
cepuaA 3KCNepMMEHTOB MO UCCIeA0BaHMIO BO3AENCTBUA BOIH HA OTAE/bHbIE 3/1eMEHTbl KOHCTPYKLMM,
TaKMe KaK He3alUMLLEeHHbI MOHTOH, HEMPOHMLLAEMbI He KacalowWMIACA AHA 3KPaH, NOPUCTbIN 3KpaH,
JoxoAAawmi o AHa. B npepgbiayweli pabote aBTopoB [9] npeacTaBneHbl pe3ynbTaTbhl 1ab0PaTOPHbIX
M YMUCTIEHHbIX SKCMEPMMEHTOB MO ONpeaeneHnio BO3AENCTBUA OANHOUYHOW BOMIHbI Ha He3alWMLeHHoe
YaCTUYHO MOrpyXeHHoe Teno MNPAMOYrobHOM GOPMbl, PACMONOXKEHHOE Haj, MIOCKMM OTKOCOM.
MpoBeaeHHble UCCNeA0BaHUA MO3BONUAM ONPEeAeUTb BEANUYMHbI 3aM/IeCKOB Ha Tel0 U BOJIHOBOIO
OABNEHWA Ha Hero B 3aBUCMMOCTM OT amMNAuUTyAbl Haberatowen Bo/IHbI, NPOTAXKEHHOCTU Tena 1 ero
0CaZlku, yria HaKAoHa oTKoca. B HacToslen paboTe nccnenoBaHo B3aMMOAENCTBME BOJIH C YAaCTUYHO
3arybaeHHbIM HENPOHULLAEMbIM SKPaHOM.

METOAMNKA UCCNEAOBAHUIA
JKCNePUMEHTbI MPOBOAMUINCH C Lie/iblo ONpeseneHns Bo3BblleHs CBO6OAHOM NOBEPXHOCTU nepes, 1

1 ®dunmnan OAO «26 LHNW», CankT-MeTtepbypr, Poccua

2 CaHKT-MNeTepbyprckuii rocynapcTBeHHbI yHuBepcuteT, CaHkT-MeTepbypr, Poccus

3 BaNTUICKUIA rOCYAaPCTBEHHbIN TEXHUYECKUIA YHUBEPCUTET «BoeHmex», CaHKT-MeTepbypr, Poccusa

4 CaHKT-MNeTepbyprckuii rocyiapcTBEHHbIN NONMTEXHUYECKUI YyHUBEpCHTET, CaHKT-MeTepbypr, Poccus
5 UHCTUTYT BbluMCAUTENbHBIX TexHonornin CO PAH, Hosocnbupck, Poccus
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3a Nperpagon n gasneHuns B UKCUPOBAHHbIX TOYKAxX Nperpagbl. McnbiTaTenbHas ycTaHOBKA MMAPOBOI-
HoBoI nabopatopumn dunmana OAO «26 LLHNWN» npeactasnset coboii notok [10] ¢ ycTaHOBNEHHbIM B
HEM CTauMOHapPHbIM BaKyyMHbIM BOJIHOMPOAYKTOPOM, MPM NMOMOLLM KOTOPOro CO343aeTca yeauHeHHan
BOJIHA. CxeMa nabopaTopHOM YCTaHOBKM NMOKasaHa Ha puc. 1. B xofie 3KCNeprMMEHTOB UCMO/b30BaNach
cneumanbHas usmepuTenbHas MHopmaLmMoHHana cuctema (MUC), ynpasnsemasn onepaTopom nocpes-
CTBOM AMaNnoroBon nporpammbl. C MOMOLLIO NPOrPamMMHOro MOAYNA OCYLLECTBAANNUCL yYNpaBaeHne
3aMyCKOM W3MepeHui, nosydeHne u uuopposas 06paboTka pesynbTaToB U3MEPEHUN, B YACTHOCTY,
dunbTpaLMa pesynbTaToB N3MEPEHUI, NoTlyYaeMblx OT AaT4MKOB. MogpobHoe onncaHne reomeTpuye-
CKMX PasMepoB /IOTKA, XapaKTePUCTUK BOIHOMPOAYKTOPa U M3MepUTeNbHbIX NPUBOPOB NpMBeaEeHO B
pabote [9].

Puc. 1. Cxema N0TKa U pasmeLLieHVe U3MepUTE/IbHbIX YCTPOMCTB: B - BosHOMEp,
[ - patymk gasnenus; MNI6 - mogens nnasyyero sHeprobsoka

B HacToAwwel paboTe nccneayertca B3aMMOAENCTBME BOIH Pa3/IMYHOM aMMIUTYAbl TOJIbKO C 9KPAHOM,
T.e. B OTcyTCTBUM Mogenm MNIB. Ons 3Toro cny4vas cxema pasmMelLeHma U3MepUTEbHbIX YCTPOMCTB U30-
6parkeHa Ha puC. 2. B aKcnepMmeHTax ¢ HEMPOHMLLAEMbIM 3KPaHOM BapbMpPOBaIMCb aMNAUTYAa Habe-
ralowen Bo/Hbl M BEANYMHA 3a30pa MEXAY AHOM U HUKHUM KOHLLOM 3KpaHa, KOTOpbIi pacnonarancs
Ha PacCTOAHUMU =9.2 M OT MEeCTa CTbIKOBKW FOPU30HTaIbHOIO AHa C IybuHoM 45 cm M NI0CKOro oTKoca
C YINOM HaK/N0Ha, 3a4aHHbIM OTHOWeHuem 1:50.

Puc. 2. Cxema N10TKA C pa3meLLeHHbIM B HeM YaCTUYHO 3arybaeHHbIM HENPOHULLAEMbIM SKPaHOM

OAHOBPEeMeHHO ¢ 1abopaToOPHbIMKU SKCMEPUMEHTAMM BbINOMHANOCH TaKKe YNCNeHHOoe MOoAeNMpoBa-
HUWe, KOTOpOe MO3BOAO A0NONHUTL NabopaTopHble M3MEPEHUA HOBbIMU AAHHbIMU B TEX TOYKAX, rae
AATYNKU OABAEHUA UAW BOSIHOMEPbI HE YCTaHaB/AMBAANCh, 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 NPoBoAnAUCh. Ana
YMCNEHHOro MCCeA0BaHMA NpoLecca B3aMMOAENCTBUA YeAUHEHHON BO/HbI C BEPTUKa/bHbIM 3Kpa-
HOM MCMO/b30Bafacb HEAMHENHAA MOAENb MNNOCKUX MOTEHLUMAbHbIX TeYEHUN naeanbHOW HeCKnma-
eMOM1 }MAKOCTU cOo cBOBOAHOM rpaHmMLent. MOCKoNbKY NOBEPXHOCTb BOAbl MEHAETCA CO BpEMEHEM, TO
pacyeTbl BeUCb Ha afanTUBHbIX CETKax, NOACTPaUBAIOLLIMXCA MO NOABUMHYIO CBOBOAHYIO rpaHuLy U
HepoBHOEe AHO. KOHeYHO-Pa3HOCTHAA CXemMa Ha NOABUNKHOM CeTKe M aNropUTM peLleHUs Pa3HOCTHOM
3a4a4m onucaHbl B [11].
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B pabote [9] popma cBO6OAHOM rpaHULLbl U KOMMOHEHTbI BEKTOPA CKOPOCTU UAKOCTU B HaYa IbHbIN
MOMEHT BpeMeHM 3343aBasInCb MO aHAAUTUYeCKUM dopmynam [11], onucbiBaloWMM yeAUHEHHYIO BO-
HY, pacrnonaraslUyrOCA Haj, rOPU30HTa/IbHbIM AHOM B [OCTaTOYHOM YAA/EHUU OT UCCaesyemMbiX 06b-
E€KTOB. B 3KCnepumeHTax ke creHepupoBaHHaA BaKyyMHbIM BOJIHOMPOAYKTOPOM BOJIHA OTINYaeTcA
OT OAMHOYHOTO CO/IMTOHA Ha/IMYMEeM AMCNEPCUOHHONO «XBOCTa» - Lyra BOJIH MeHblUel aMmnanTyapl,
OBUKYLLMXCA BCAes, 32 OCHOBHOW BO/IHOW. OTAn4YMe B MexaHM3Max reHepauumn HayasbHOW BOJIHbI B
3KCMepUMeHTe M pacyeTax npueoauao [9] B HEKOTOPbIX CAy4Yasax K BeCbMa 3aMETHOMY OTK/IOHEHUIO
3KCMEePUMEHTA/IbHbIX M PACYETHbIX AAHHbIX KaK Mo Be/MYMHAM 3aMeckoB Ha McCaeayemblii 06beKT,
TaK 1 N0 3HAa4Y€HNAM BOJIHOBOIO AaB/1EHNA B TOYKAX PAaCNO/0XKeHNA OaTYNKOB. B HaCTOﬂU.LEVI pa60Te Ha-
Ya/NbHaA BOJIHA B pacyeTax reHepupyeTca C NMOMOLLbIO MOAENbHOMO «BOIHONPOAYKTOpa». MocnegHui
npeacTaBnseT cobor pacnosnoXKeHHyto cnpasa (cMm. puc. 3) NPAMOYroabHY 061acTb, 3aNOHEHHYO
BOZOM [0 334aHHOI0 YPOBHA U OTFOPOXKEHHYHO OT JIOTKA TOHKOM BEPTUKANbHOW CTEHKOM, KOTOpas B
Haya/bHbIA MOMEHT BPEMEHN MFHOBEHHO NMOAHMMAETCA BBEPX Ha BbICOTY, PaBHYHO Be/lMYMHE 3a30-
pa mexay AHOM W nepefHel CTEeHKOM peasibHOroO BOJIHOMPOAYKTOPA. BbiTeKatolan M3 3Toro 3asopa
BOJA W reHepupyeT HavyabHYI BOJIHY B YACJIEHHOM 3KCnepumeHTe. MIcnonb3oBaHWEe NMOXOXUX MmeXa-
HU3MOB reHepaLMM HayaibHOW BOJIHbI NMPUBEJIO K XOPOLLEMY COMIACOBAHMIO 3anucell Ha BONHOMEpPax
(cm. puc. 4) n B KOHEYHOM UTOTE K BMOJIHE YA0BNETBOPUTE/NIbLHOMY COOTBETCTBUIO SKCMEPUMEHTANbHbIX
M pacyeTHbIX Pe3y/IbTaToB.

Puc. 3. Cxema pacyeTHon 061acTh ¢ MOAEbHBIM «BOJTHOMPOAYKTOPOM» B NPaBOM YacTu

N, e n, cu

o 5 10 Le ™ 4 2 12

Puc. 4. dKcnepumeHTanbHble (CNeBa) M pacyeTHble (cnpaBa) 3HAYeHWA BO3BbILEHMA
csoboaHoi nosepxHocTn M = 1)(1) B MecTe pacnonoxeHns sonHomepa B,

HEKOTOPbIE PE3Y/IbTATbI UCC/IEQOBAHUA B3AUMOLENCTBUA BOJH C MPEFPALAMU

MpvBesem BHavane KpaTKoe onucaHue pes3ynbTaTtos BepudukaLmm HoBOro cnocoba reHepaLmMm BOH B
YMC/IEHHbIX pacyeTax Ha HOBbIX IKCMEPUMEHTAbHbIX AaHHbIX, NonydYeHHbix B 2011 r. B ®unnane OAO
«26 ULHNW» npun nccnepoBaHnm HakaTa BOAH Ha BEPTMKA/IbHYO NPerpaay, 3amMblKatoLLyo NOAOTUI OT-
Koc. HenpoHuuaeman nperpaga npeactaBnseT coboi LNYHTOBYO CTEHKY, 3a4eN1aHHY0 B POCTBEPK C
YCTaHOB/IEHHOWM Ha HEM BOJIHOOTOOMHOM CTeHKol (cm. puc. 5). Nepea pasmelleHMeM Nperpaapbl B aK-
CNepUMeHTaIbHOM IOTKE NPOBOAMAACH TAPUPOBKA NOCAELHENO C Le/iblo NoA460pa TaKOro Ha4yabHOro
YPOBHSA BOAbI B BO/IHONPOAYKTOPE, KOTOPbIN 0becneynsaeT B NpesnosaraeMomM MecTe YCTaHOBKU CTEH-
KM BbICOTY Npoxogsiein BonHbl B 17.0 cm (wTpuxosas AnHMA (1) Ha puc. 6). OTMETUM, YTO B SKCNepwu-
MeHTax co3gaHne 6oee BbICOKOro YemM B NOTKE YPOBHS BOAbI B BO/IHOMPOAYKTOPE OCYLLLECTBAANOCH 32
cuyeT 3abopa BOAbl M3 NOTKA, YTO NPUBOAMUIO K MOHUMKEHUIO YPOBHSA CMOKOMHOIO rOPM30HTA B JIOTKE Ha
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Hayano onbiTa NPUMepPHO Ha 1.6+2 cm. IT0 06CTOATENLCTBO YUMUTLIBAZIOCH U MPU NPOBEAEHUN BbIYU-
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 BOJIH Ha CTEHKY. BMAHo, 4TO XOTA
OTKOC M AB/AAETCA OYeHb MOJIOrMM, TEM HE MeHee, NPU ABUNKEHWUM HaL HUM FO/I0BHOI BOJIHbI €e am-
NAMTY4a NOCTENEHHO BO3PacTaeT, NoCAeAyHoLWMIA 3aMn1ecK Ha CTEHKY NOYTU BTPOE NpeBblwaeT aMnau-
TyAy BOJIHbI NPW OTCYTCTBUM Nperpaapl (CpasHM mapeorpammbl 1 v 2 Ha puc. 6), Nocne oTpaxKeHusa oT
CTEHKM BO3HMKAET C/IOMKHAA KapTMHA B3aMMOAENCTBMA ABUMKYLLMXCA B MPOTUBOMNO/ONKHbIX Hanpasse-
HUAX OTPaXKEHHOW roNI0BHOW BO/IHbI U BOJIH AMCMEPCMOHHOIO «XBOCTa». Ha puc. 6 npuBeaeHo Takke
COMoCTaB/IeHNE MO MOKa3aHUAM AATYMKOB AABJEHUA IKCMEePUMEHTAIbHbIX M YNCAEHHbIX PE3Y/1bTaToB,
CBMAETENbCTBYIOLEE 06 MX XOPOLIEM COOTBETCTBUM.

EonHooTfofiHad cTeHKE
+23dcm

oo +23.5cM

PocTeepk
+16.0 cw
+17.5cm
Ay ,‘4

+10.0 cm
as +85em
0.0 cu
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5 b -10.5 cm
IInyuT
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' i B
-40.0 cm aror TIoEEpEHOCTE AHa

Puc. 5. B3aumogeiicteme HaberatoLLel BOMHbI C BEPTUKANbHOM Nperpasoit. Cnesa - BEPTUKAIbHAA CTEHKA C AaT4MKAMMU
[aBNEHUA, CNPABA - CXEMA pacyeTHol obnacTu (BBepxy) M AMHaMKKa cBO6OAHOM NOBEPXHOCTM (BHU3Y)
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Puc. 6. B3saumogeiicteue HaberatoLei BoHbI C BEPTUKaNbHOM nperpasoi. Cnesa - mapeorpammsl n=n(t) 8
MeCTe YCTaHOBKM CTEHKM NpU ee OTCYTCTBUM (1) M Hanuuuum (2); cnpasa - NonyYeHHble YNCAEHHO rpadu-
K 3aBucmocTu p=p(t) AaBneHus ot BpemeHu Ha aatuvkax [3 v [15, roprsoHTaNbHOM YepToi oTmeYe-
HO MaKCMManbHOe 3HaYeHUe AaBNeHUsA, NOyYEeHHOE B IKCNepUMeHTe
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MpuBeaem HeKOTopble pe3ybTaTbl UCCAeA0BaHNI B3aMMOLENCTBUA BOJIH C 3KPAHOM. DKCNEPUMEHTbI
NPOBOAM/NCL MPU Pas/IMYHbLIX 3HAYEHUAX 3a30pa Z, MeNAY HUMKHUM KOHLOM 3KpaHa U [HOM U
PasNNYHbIX aMNANTYAaX & HaberatoLllen BoaHbl. Ha puc. 7 noKasaHbl rpadrKm BO3BbILWEHWA CBOBOAHOM
rpaHu1LLbl NPK 3HAYEHMAX 8 =5 cM U Z, =7 CM B TOM BPEMEHHOM NPOMEXYTKe, KOr/ia Fo/I0BHas BONHA
NOAXOAMT K 3KpaHy M B3aMMOAEWCTBYET C HUM. BUAHO, YTO HanMuYMe CUAbHO 3arnybaeHHOro sKkpaHa
NPUBOAMT K MOABAEHUIO CUCTEMbI OTPAXKEHHbIX OT HErO BOJIH, OAHAKO Hab/oAaeTca M nNpolleallas 3a

3KpPaH BOJZIHA 3Ha4YuUTen bHOM aMnAAnUTYAbl, XOTA 3a30p Z, COCTaB/IA/l B 3TOM 3KCNepMMeHTe nLlb 25% ot
I'J'IY6MHbI B MecCTe YCTaHOBKU 3KpaHa.

Sy

Puc. 7. Bzaumopeiicteue Haberatoweit BoMHbI ¢ 3kpaHoM. Cnesa - popma BO/HbI, MPoXoanLLei
NOoZ YaCTUYHO 3ar1y6N1EeHHBIM HEMPOHMLLAEMbIM 3KPaHOM, B YETbIPe NOC/NeA0BaTeNbHO
BO3paCTalOLMX MOMEHTA BPEMEHMU, CMPaBa - AMHaMMUKa cBOBOAHOM NOBEPXHOCTH

Ha puc. 8 nokasaHbl rpadmKuM 3anunceit Asyx BOAHOMEPOB, OAMH M3 KOTOPbIX pacnosiaraaca Henocpea-
CTBEHHO Nepes, SKPaHOM, APYroM - 33 9KPaHOM, Ha yaaneHuun 3.1 m oT Hero (cm. Takxe puc. 2). Ona
nepBoro BOJIHOMEpPa MMeeT MeCTO OYEeHb XOpOoLlee COOTBETCTBME IKCMEPUMEHTANIbHBIX U PACYETHbIX
AAaHHbIX MO MaKCMMa/ibHbIM 3HAaYEHWAM BO3BbILWEHUA, A1 BTOPOro HabatoaaeTca oTinyne npumepHo
B 10 %, 4TO CBA3AHO C TEM, YTO NP MaAIOM 33a30P€ BA3KOCTb M LLIEPOXOBATOCTb [iHA, HE YYMTbIBAaEMble B
MCMONb3yeMOW MOAENN UAeabHOM }KUAKOCTU, HAUMHAOT OKa3blBaTb 3aMETHOE BAMAHME HA CKOPOCTb
NPUAOHHOIO NOTOKA, 3aMeA/IAfA ero B y3KOM 3a30pe nog, 3kpaHoM. OTMETUM, YTO B IKCMEPUMEHTAX C
BO/IHAMM 60/1bLION aMNNUTYAbl U NPU CUABHOM 3arny6eHUN 3KPaHa OT/IMYME ONbITHBIX U PACYeTHbIX
AaHHbIX MO MaKCUMaNbHbIM 3Ha4YEHNAM BO3BblLLEHMA Ha AaTunke B,, pacnonokeHHOM c TbiNbHO CTO-
POHbI 3KpaHa, goctmrano 20 %.

n, cm

n, em

e e
-

0

0 5 10 4 c 15 0 5

10 te 15
Puc. 8. dKcnepumeHTanbHble (CNIOLWHbIE IMHWM) W PacyeTHble (LUTPMXOBble NMHWUKM) Mapeorpammbl N=n(t)
Ha BonHomepax B, (cnesa) n B, (cnpasa). z,=8 cm, a=10.2 cm

Mcnonb3oBaHHble B HacToALLEN pa60Te IKCNnepumeHTalbHble U YUC/IEHHblE METOAMKU B3aUMHO
AONONHANW Opyr Apyra, No3BOaAA NOJy4aTb pPaA3HOCTOPOHHee ONnucCaHue ABNeHUA B LWNPOKOM
AMana3oHe onpeaenalwmnx napameTpoB. Ha ocHoBe BbINONHEHHbIX nccnenoBaHUn YCTaHOB/1€HbI
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cnepylolmMe KayecTBeHHble 3aKOHOMEPHOCTU. MpY NPOYMX PaBHbIX YCIOBUAX YBEUYEHME aMNINUTYAbI
Haberatowen BONHbI BEAET K YBENNYEHWUIO aMNIUTYL OTPaXKEeHHbIX OT 3KpaHa BOJIH M MpoLueaLwmnx 3a
Hero BOJIH. YBe/iMyeHue 3a30pa Z, NPMBOAMUT K POCTY aMMIMTYAbl NpoLIeALlei BONHbI U YMEHbLUEHUIO
OTpaH(EHHOVI BOJIHbI. an YMeHbLUEeHNn Ze MaKCMMa/ibHble 3Ha4YeHUA 3anjieCkoB U AaB/ieHUNA Ha
NNLIEBOM rPaHK 3KpaHa PacTyT, a Ha TbIIbHOM - NagatoT. Mpu bonbliom 3arnybneHnn sxkpaHa 3asop Z,
CTAHOBUTCA CTO/Ib MaJibiM, YTO B3aMMOAENCTBME BOJIHbI C SKPAHOM MPOMUCXOAMUT NMOUTU TaKKe, KaK npu
ee HaKaTe Ha BEPTUKa/IbHYHO CTEHKY, Pa3MELLLEHHYIO Ha OTKOCe.
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PaboTta BbinonHeHa npu ¢uHaHcoBol noagepskke PODOU (npoekt 10-05-91052-HLIHMa) mn MpoekTa
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Kapenosa E. [1.%, LLlatidypos B. B.}, flemeHmesesa E. B.
YUCNEHHOE PELLEHUE 3AIAYU HA ACCUMUNALIMIO AAHHbBIX
HABNOAEHMIA 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 XOPOLLIO ONMCbIBAOT BONLLLOW KPYr MPUPOAHbIX ABAEHWM, TaKMUX KaK KpynHoO-
MacLTabHble NOBEPXHOCTHbIE BOJIHbI, BO3HMKAIOLWME B MOPAX M OKeaHax, LlyHamMu, NPUIUBHbIE Teye-
HWA, NOBEPXHOCTHbIN U PYCNOBOW CTOK, rPaBUTaLMOHHbIe KonebaHMA NoBepPXHOCTM 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 yYpaBHEHUI MeKol Boabl. B
pabote [2] ana amddepeHumManbHOM NOCTAaHOBKM 33434M BbIBEAEHbI MONE3HbIE ANPUOPHbIE OLLEHKU,
obecneunBalowme yCToMuMBOCTb PELLIEHUA YU OAHO3HAYHYHO PaspellnmMocTb 3aga4n. B [3] gnna atoi ke
331241 MNOCTPOEH METOZ KOHEYHbIX 3/1eMEHTOB, A/19 KOTOPOro MoayyeHbl Heobxoanmble anpuopHble
oueHKN. TaM 3Ke NpuBeaeHbl Pe3yibTaTbl YACAEHHbIX SKCNEPUMEHTOB Ha MOAENbHbIX CETKaxX A1A aKBa-
Topuii OxoTckoro mops n M1pPOBOro oKkeaHa.

B [4] npoBeneHo uccnepoBaHne 3pPeKTUBHOCTM HECKOMBbKUX MapaniebHblX peanm3aunin anroput-
Ma YMC/IEHHOIO PeLUEHMA HAaYa/lbHO-KPAEeBOM 33ZauM A1 YPaBHEHUN MESIKON BOAbl, BbIMOJHEHHbIX
C nomolubio 6ubnmotekn MPI gna asbika Cu. PaccmoTpeHo ABa Noaxoda K AEKOMMO3ULUN BbIYMCAN-
TeNbHOW 061acTN U ABE CXeMbl peanm3aunmn AByxToueyHblx obmMeHOoB B anroputme. MpuBeaeHbl cpas-
HUTE/IbHble pPe3ynbTaTbl YCKOPEHWUS BbIYMCIEHUN B 3aBUCMMOCTU OT KOJIMYECTBa NpoLLeccos, cnocoba
peannsaumm KOMMYHUKALMIN, cnocoba AEKOMMNO3ULMU BbIYUCAUTENbHOM 06/1aCTH, apPXUTEKTYPbI Ka-
CTEPHOM CUCTEMDI.

ANODEPEHLUANIBHAA MOCTAHOBKA 3A4A4YU

PaccmoTpum 3asady B cieaytouleit noctaHoBke. [Ins cTaHA4ApTHOW chepryeckoi cuctembl KOOpAMHAT
(r,A,6) c Hauanom B LEHTpe 3eMHOro Wapa byfem UCNoNb30BaTb BMECTO yria 6 reorpaduyeckyto
wupoty ¢ =7 —6,Takuto 0< @ < 7. Yepes 4 obo3HauyeHa reorpaduyeckas gonrota 0< A <27 Mo-
naraem Bctogy I =R., rae R; - pagnyc 3emnu, KOTOPbIN CYUTAETCA MOCTOAHHBIM.

Chopmynmnpyem 3agady o pacnpoCcTpaHeHMM AJANHHBIX BOAH B aKBaTOpUK cnedytolwmm obpasom. Myctb
Q) - 3apaHHan obnactb Ha cdepe c rpaHnuen I'=T", UT',, rae T, - yacTb rpaHnUpl, NpoxoaALLas BAONb
6epera,a I, =I' \ T, - 4actb rpanHuupl, npoxoaawan no mopto. O603HauMm yepes m, u M, - xapakTe-
pucTMYeckme GpyHKLMU 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, p),
v=V(t,4,0) n &E=E(t, A, 9) 3anmwem B Qx(0,T) ypasHeHus 6anaHca MMMNYNbCOB U ypaBHeHue k
HepaspblBHOCTM [1,2]:

1 UHCTUTYT BbluMcanTenbHoro mogenmposarua CO PAH, KpacHosapck, Poccua
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éu o

—=Ilv+mg—=-R,u+ f,

6’[ g@)p f 1

—:—Iu+ng%—Rfv+ f,, (1)
ot op

% _ m(i(Hu)+i(1 HVJJ-F f,,
o \oa dplm

rae U, V - KOMMNOHEHTbI BekTopa ckopoctv U no ocam A 1 @ cootBeTcTBeHHO; & - OTK/IOHEHWE CBO-
6oaHOM NoBepxHOCTU OT HeBo3myleHHoro yposHsa; H(A,¢) >0 - rybuHa Bogoema B Touke (4,9);
oyHKRuMA 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,¢0) n f,=1,(t,4,¢) - 3apaHHbIe GYHKLUM BHELIHNX BO3AEACTBUNA.

MPaHWYHbIE YCNOBUA PAaCCMOTPUM B CeAYIOLWEM BUAE:

HU, + Bm,\JgHE =m,\[gHd Ha T'x(0,T) (2)

n
rae U =U-n, n=(n,—n,) - BeKTOp BHelwHeW Hopmanu K rpaHuue; B €[0,1] - 3agaHHbIl napameTp,
n nl 2
m

d =d(t,4,p) - 3aaaHHanA rpaHNuHanA GyHKUMA, onpeaeneHHan Ha rpanHuue T, .
3afaMM TaKKe Hadya/ibHble YCI0BuA

u(0,2,9) = Uy (4,9),V(0, 4,0) = Vo (4,9),£ (0, 4,9) = & (4, 9). (3)

[na guckpeTvMsaumm no BpemeHu pasobbem BpemeHHoi oTpesok [0,T] Ha K wuHTepsanos:
0=t, <t <..<t, =T cwarom 7=T/K. Annpokcumupyem npou3sBOAHbIE MO BPEMEHMW /IEBLIMM
pPa3HOCTAMM U paccMoTpuM cuctemy (1)-(2) Ha BpeMeHHOM UHTepBane (tk ,tkﬂ). Monaras, 4To JOHHOE
TPeHWe 3aJaeTca C NpeapblAyLero BPeMeHHOro €105, NONYYUM CUCTEMY JIMHEMHBIX anrebpanyeckux
YPaBHEHWI 3NIMNTUYECKOTO TUMA.

MockonbKy B 06Llem caydae ¢yHKUMA d Hem3BecTHa, TO A1A 3aMblkaHuA 3agaum (1) - (2) paccmo-
TPMM ypaBHeEHWe 3aMblKaHWA, 3a4aHHOE Ha HEKOTOPOW YacTu rpaHuubl I, C XapaKTepucTUYecKomn
byHKUMen m,:

mog = fobs ’ (4)

rae Sons € L,(I7) - 3aAaHHan (Hanpumep, No AaHHbIM HaboAeHNiT) yHKUMA. Takum obpasom, and-
depeHLManbHan 3a4a4a Ha KaxkaoMm Liare rno BpeMeHun MOXKeT 6biTb chOopMyNMpPOBaHa, KaK 3a4a4a Ha
YCBOEHME JaHHbIX HabntogeHui cneayowmm obpasom [2].

e 334aHa Ha [, dyHkuma d HenssecTHa Ha [, n paBHa Hy/o Ha I\ Hantu u, v, £, d, yoos-
netsopsaowme cucteme (1), rpaHUUYHOMY YCI0BUIO (2) M YCNOBUIO 3aMblKaHKA (4), Ha KaXKAOM Lwware no
BpeEMeH#M (tk,tkﬂ).

Myctb &

[Ons peweHuna 3agaum 6bl1a NpUMMeEHeHa TEXHOMOMMA, onucaHHana B [5]. PaccmoTpeHo aBa cemeictsa
3324 ONTUMA/IbHOrO YNPaBAeHUA, OTIMYAIOLLMXCA BUAOM WTPAadHON GYyHKUUN B PYHKLMOHANE CTOU-
MOCTH, AJ19 OTbICKAHUS MMHUMYMa B HEKOTOPOI HOPME MOrPeLLHOCTU MEXKIY MCKOMbIM BO3BbILLIEHUEM
cBO6OAHOM NOBEPXHOCTU U HABAIOAEHHBIM C perynapusaumen.

3apava. Nycts & 3anana Ha [, Ana kaxgoro a >0 wantm @, =(u,,v,,¢&,) d,, yaoenetsopsio-
Wue cucteme

LO, =F B Q,
HayaNbHbIM AAHHbIM (3), FPaHWUYHOMY YCIOBUIO (2) U MUHUMU3UPYIOLWMIA GYHKLMOHAN CTOMMOCTHU Of-
HOTO U3 CieyoLWMUX BUAOB:
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T, 6, ) =5 g s et dzds + [mJg (&, ¢, ) ds (5

T8, () =S| afm gt (ag’
r

2
Sa ] ds+‘£m0\/g_H(§a = Cobs )2 ds (6)
[na pelieHna 3a4a4m NOCTPOEH UTEPALMOHHDBIN YNCNEHHbIN METOA, BOCCTAaHOBAEHWNA rPaHNYHON dyH-
KUMM U, CnefoBaTeNnbHO, pelleHus obpaTHoi 3agaum B obnactu. MeTos, COCTOUT B UTEPALLMOHHOM
YTOYHEHMM FPAHUYHOM GYHKLUKN NYTEM YUCAEHHOTO PELIEHUA NOC/IeA0BaTeIbHO MPAMOI U CONPANKEH-
HOW 3a4au.

YucneHHoe pelleHne NpAMON n 06paTHOM 3a4a4M OCHOBAHO Ha MeTOAEe KOHEYHbIX 3/1eMEHTOB.
PaccmMOTpMM HeKoTopyto cornacosaHHyto TpuaHrynaumio T ={@ } " o6nactn Q, cocToAyto U3 HesbI-
POXKAEHHBIX TPEYTONIbHUKOB C NPAMOJIMHEMHBIMU CTOPOHAMM B KOOPAMHATAX A U @ W cofeprKallyio
obnactb 2. CeTka B 06LeEM C/ly4ae MOXKET OblTb HECTPYKTYPUPOBAHHOMN, HO 06A3aTe/IbHO ABAAETCA
COI/1TAacOBAHHOM, T.e. Kaxaoe pebpo nmMbo ABNsSeTCs CTOPOHOM ABYX TPEYrosbHUKOB, IMB0O CTOPOHOM
OZHOTO TPEYro/ibHUKA, HAaXOAALLENCA Ha rpaHuLLe 061acTu.

Ona 3apaun 6bin chopmynuposaH metog bBybHoBa - fanepkuHa [3]. B pesynbtate nonyymnm cuctemy
NIMHeNHbIX anrebpanyecknx ypaBHeHuin. B pabote [3] AOKa3aHbl anpMOpPHbIE OLEHKM, XapaKTepusyto-
LLMe YCTOMYMBOCTb, @ TaK}Ke NoKa3aH BTOPOM NOPAJOK CXOAMMOCTU PELLEHUIA B HOPME.

YUCNTEHHbIE SKCNEPUMEHTbI MO BOCCTAHOB/TIEHUIO AAHHDbIX C TPAHULLbI

PaccmoTpym B KauecTBe pacyeTHoW 06/1acTv akBaTopmio OXOTCKOrO MOPA U Npuaerarowmin K Kypusib-
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 ganee,
4ns yaoberea no ocAam A M @ BMECTO pagmaHHbiX Mep NPMBOAATCA rpasycbl BOCTOYHOW AO/TOTbI U
CeBepHOM WMPOTbI, COOTBETCTBEHHO.

TecToBble pacyeTbl 41A akBaTOpMmM OXOTCKOrO MOPSA NPOBOAWIUCDE HA CETKAX, MOArOTOB/EHHbIX HA OC-
HOBE OTKpbITOM baTumeTpuuyeckort 6a3bl gaHHbIx ETOPO2 [6]. B paccMOTpeHHOl ceTke YMCao Y3108
N, ,=47652, a uncno TpeyrosbHbix anemeHTos N, =86452 (pnc.1).

i

Frtett et et ettt
LLLELLL L LR

Puc. 1. O6wmii BUA CETKM ans akBaTopmm OXOTCKOro mops

MocKobKy B 06LeM cyyae Aa HeCTaLMOHaPHOM 3a4a4M HavaslbHble AaHHble He M3BECTHbI, a paccma-
TpvMBaemas npoueaypa He npegnoaaraeT BOCCTaHOB/NEHMS HavaibHbIX AaHHbIX, TO B Q Hblia nocTas-
NeHa cneaylolan 3agada.
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CHayvania npu 3aaHHOW Ha BCei rpaHuue no mopto dyHKumm d

A-2) [e-0,)
d(4,9) = Aexp| — 0 - 0 (7)
(4. 9) P D D j

peluanach 3a4a4a Ha yCTaHOB/IeHWe. YCTaHOBMBLLEECA pPeLleHMe NPUHMMANO0Ch B Ka4eCTBE Hava ibHbIX
[aHHbIX, 3a faHHble «HabaAeHW» Ha rpaHuLe [, NMPUHUMANUCL 3HAYEHMA cBOOOAHOMN NOBEPXHO-
cm £ 13 ycTaHOBMBLLErocs pelleHus, a 3HauyeHun dyHKumn d «3abbiBanuch».

LLe/1blo YMCNIEHHOTO 3KCNEePUMEHTa ABAANOCH BOCCTaHOB/IeHWE GyHKLMM d MO BCel KUAKOM rpaHuLe Ha
OCHOBE JaHHbIX «HabNOAEHNI».

[ns storo, HaumHas ¢ d = 0, Bclogy Ha rpaHuUe No Moplo BocCTaHasnmBanack d no npeasaraemomy
UTEPALMOHHOMY anropPUTMY.

Ha puc. 2 nokasaH nprMmep peLleHns NPAMON 3aZ1aun Ha YCTaHOB/IEHME B C/lyyae 3afaHua GyHKUMK d
B BMAE (7) Ha 0benx cTopoHax rpaHuLbl B TUXOM OKeaHe. PUCYHOK AEMOHCTPUPYET pe3ynbTaTbl, Moy-
yeHHble ans £ B Havane cyeTa (Yepes 8 MUHYT) 1 B €ro KOHLE, Korda MpoLecc ycTaHaBvBaeTcs 3a 50
MWHYT.

"
CRE
"

CRE

1;5‘ ! s,
. o e

> 150 ey
“ s Iy 185 ey
por ba 100
Puc.2. PeweHuna I'IpﬂMOﬁ 3a[a4¥ Ha yCTaHOBNEHUE: 3HAYEHNA g B MOMEHT BpeMeHMU t=8 MUHYT U t=50 MUHYT

140

=~ 4

150 ey
!mbd 155

Mcnonbsyemas npouenypa yCTaHOBNEHUA aeT B KayecTBe AaHHbIX HabnoaeHui GyHKLMI0 XopoLein
rnagkoct. O4HAKO peanbHble AaHHble HAabMAEHUI TaKOM ragKoCTbo, KaK NpaBuao, He 0biajator.
B cBA3M C 3TUM B HEKOTOPbIX IKCMEPMMEHTAX Ha MOJyYEHHbIE MOCAE YCTaHOBAEHUA 3HauyeHusa & Ha
rpaHuue I, 6611 HanoxeH «benblii lWym». 3aTem 3allymieHHble 3HaveHua £ Bpanunch B KayecTse Ha-
61104aeMbIX AaHHbIX (puc. 3, a). bonee TOro, B YacTM 3KCNEPUMEHTOB PACcCMaTPUBANUCL AAaHHbIE Ha-
61t04EHUI C NPONYCKaMu, T.e. 3afiaHHble TO/IbKO Ha YacTu rpaHuLbl Mo mopto (puc. 3, b).

Takmm o6pasom, 3a4aqa peLwanach C UCNO/Ib30BaHMEM ABYX Pa3/IMUHbIX GYHKLMOHAN0B cToMmocTu (5)
1 (6) B ABYX Pa3IMYHbIX MOCTaHOBKaX.

Puc. 3. [laHHble HabntoAeHUI Ha OAHOM U3 KUAKKUX rpaHuL, Q: a) - ragkue v 3aWwymneHHble, b) - 3aaHHble Ha YacTu rpaHuLbl

1. BoccmaHossneHue ¢ «3awymaeHHbIMU» OaHHbIMU Habao0eHul. «benblit Lym» yaosieTBopseT cie-
Jylolwemy yCI0BMIO: BeAnYMHaA WymMa, aobasasemas K Kaxaomy 3HadeHuto d, He 4o/KHa NpeBblwaTth
3a[,@HHOTO 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-
OEeHUIA.
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PeweHue 3a0a4u ¢ hyHKYuoHasnom cmoumocmu (5). BocctaHoBneHne npowusoLwno 3a 19 utepauuii.
Ha puc. 4 BUAHO, YTO B NPOLLECCe BOCCTAHOBNAEHUSA & CTPEMMTCA K 3aLUyM/IEHHbIM 3HAYEHUAM, T.e. K
3a@aHHbIM Habaogaembim AaHHbIM,. B aTom ciyyae ¢yHKuma d okasanacb oYeHb YyBCTBUTENbHOM K
BHECEHHbIM MOrPeLHOCTAM B AaHHble HabatoaeHWI, BNAOTb A0 NOTEPU IMAaAKOCTU, MPU STOM OTK/IO-
HeHve OT TOYHOrO peLueHus rpaHuYHOM GyHKUMM d B HEKOTOPbIX TOYKax gocturaet 23%. OTMeTUM,
4TO MpPU 3TOM OLWMBKa B paBHOMEPHOI HOPME BOCCTAHOB/IEHHOTO YPOBHA cBOHOAHOW NoBepxHocTH &
Mmeet nopsagok 107,

Puc. 4. UtepaumnoHHoe BoccTaHosneHMe GyHKkumii d (a) u & (b) Ha ogHOI M3 MuaKKX rpanny, Q ana
3alUYMNEHHBIX AaHHbIX HabNoAeHUIA. PYHKLMOHAN CTOMMOCTM B 3adade uMeeT Bug, (5)

PeweHue 300a4u ¢ hyHKYUOHAA0M cmoumocmu (6). BoccTaHoBAeHME Npousowno 3a 40 ntepaumit.
He cMOTpA Ha TO, YTO 06BEM BbIMMCAEHUI B AaHHOM C/yyae 6osblie, Yem B NpeablayLiem, UCMosib-
30BaHMe dyHKLMOHANA CTOMMOCTH (6) MMeeT NperMmyLLecTBa B MaLKOCTU BOCCTaHaB/IMBAEMOMN QyH-
Kuun. U3 puc. 5 BMAHO, 4TO BOoCCTaHOBAeHHAA GyHKUMA 0 coxpaHAeT rnagKocTb TouHoM (7), HecmoTpa
Ha BHECEHHble MOrpeLHOCTM B AaHHble HablAEHUI U BAM3KA K TOYHOMY pelieHuto. B otanumne ot
pe3ynbTaToB, NOAYYEeHHbIX A1 yHKLMOHANA (5), BOCCTAHOBNEHHDIW HA rpaHuLe ypoBeHb £ NPaKTu-
YecKu coBnagaeT He3aWyMAEeHHbIMU AAaHHbIMKU HabNOAEHWU, T.e. MPU BOCCTAHOBAEHMMU MPOUCXOAMUT
CrNaKMBaHMe NOrPeLwHOCTeN, BHECEHHbIX LYMOMY.

Puc. 5. UtepaumnoHHoe BoccTaHosneHme GyHkumii d (a) u & (b) Ha ogHOI M3 MuaKKX rpanny, Q ana
3aLWYMAEHHbIX AaHHbIX HabaoaeHni. DyHKUMOHAN CTOMMOCTM B 3agade umeert sug, (6)

2. BoccmaHoesneHue ¢ enadKumu OaHHbIMU HabawoeHuli, 3a0aHHbIMU HO Yacmu 2paHuybl 1o Mopio.
B unMcneHHOM 3KCnepumMeHTe peluanach 3aJada Ha BoccTaHoBneHnne dyHKkumn d B ciyyae, Koraa Belo-
Ay Ha MAKOW rpaHuue 6biav 3aaaHbl ragkue AaHHble HabAAEeHUN 33 UCKAKYEHNEM MHOMKeCTBa
TOYeK, 06pasyoLLMX ABa HECOMPUKACAIOLWMNXCA OTPE3Ka, BAOAb rPaHULbl MO MOPH, COOTBETCTBYIOLLEN
A=161,5°.

MpuW peweHnn 3agaum ¢ MCNob3oBaHMeM GyHKUMOHana ctoumoctu (5) pyHKuma d BoccTaHoBMAACh
LWL B TOYKaX, rae HabnoaeHus 6biaun 3agaHbl. B TOUKax, B KOTOPbIX AaHHble HabaoAeHUI 0 BO3BbI-
LIEHMM CBOBOAHOM NOBEPXHOCTU OTCYTCTBOBA/M, 3HaYeHUA GyHKUMM 0 Ha NPOTAXKEHMU BCero npotiec-

Ca BOCCTaHOBNEHUA OCTaBa/IMCb NPAKTUYECKN HEU3MEHHbBIMU, PaBHbIMX NepBOHA4Ya/IbHO 3a4aHHOMY
d=0.
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Pe3ynbTaTbl YUC/IEHHOTO 3KCNEPUMEHTA C UCMO/Ib30BaHNEM QYHKLIMOHANA CTOMMOCTM (6) MOKasaHbl Ha
puc. 6. Tam ke n3ob6paxkeH rpadurK gaHHbIX HabaoaeHW ¢ npobenamu. 13 pucyHKa BUAHO, YTO Npea-
Naraemblii METOZ, BOCCTaHAB/MBAET ypoBeHb cBO60AHOM noBepxHocTn & 1 GyHKumio d no Bcen xua-
KOWM rpaHuLLe, BKIOYAA TOYKM, B KOTOPbIX AaHHble HabaoaeHnn He 6binn 3agaHbl. BocctaHoBEHME
npoxoaut 3a 142 ntepaumu 1 AeMOHCTPUPYET XOpoLLee COrTacoBaHNe BOCCTAHOBAEHHbIX 3HAUYEHWI C
TOYHbIM peLleHUEM.

YuncneHHble 3KCNepMMEHTbI NOKa3a/in ABHOE NPenMyLLECTBO MEeTOAA PeLleHnA 3a4a4M Ha BOCCTaHOB-
NleHne C UCMosib3oBaHMeM GYHKLMOHaNAa 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.

Puc. 6. NtepaumnonHoe BoccTaHoBneHMe GyHKUmMiA d (a) u & (b) Ha ogHOI M3 MuaKKX rpaHny, Q ana
OaHHbIX HabaoaeHu ¢ npobenamu. PyHKLMOHAN CTOMMOCTM B 3agade umeeT Bug (6)
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KawupuH A. A.Y, CmaeuH C. U.?

O YACNNEHHOM 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.

NCXOAHAA 3AAAYA U UHTETPAJIbHBIE YPABHEHUA

PaccmoTpum TpéxmepHoe eBKIMA0BO NPOCTPaHCTBO R c opToroHanbHoOM cMCTeMOi KOopAMHAT OX X, X.,
3anoHeHHOe OAHOPOAHOM N30TPONHOM CPeaoi C NIOTHOCTBIO P, CKOPOCTbIO PACNPOCTPAHEHMUA aKy-
CTUYeCKMX KonebaHmii ¢, N KOIGGULMEHTOM NOTNOWEHUA Y, B KOTOPOM MMEETCA OrpaHNYeHHOe Npo-
W3BOJIbHOM 3aMKHYTOM NMNWMLEBOM NOBEPXHOCTbIO ' 0AHOPOAHOE M30TPONHOE BKAOYEHME C MAOT-
HOCTbIO P, CKOPOCTbIO 3BYKa C, M KO3 dULMEHTOM nornowleHna v, Obnactu R? 3aHATble BKAtOYEHMEM
¥ BMeLatoLLeit cpefoii, 0603Haunm vepes Q n Q (Q, = R\Q).

Chopmynnpyem UCXOLHYHO 3a4ady.

3agava 1.1 (0606wWEHHAA NocTaHOBKA 3agaun andpakumnu). Hantn dyHKLMM ui(e)eHl(Qi(e)), yaoBneT-
BopAOLWUNE MHTErpaibHbIM TOXXAECTBaM
* 2 * 1
[ VUi Wi @x ki) [ UiViey dx=0 Wi € H3 (Qey ). (L.1)

Qite) Qie)
YCNI0BMAM COMPSAXKEHMA Ha rpaHuLe pasgena cpea ns Q u Q,

(ui —Ue,p>r =<U01H>r Yue HY2(T), (1.2)

2

(n, BNy, = pNu, ) =(n, pu; ). VneHY* (D),
1 YCII0BUIO M3IyYeHUsA Ha BECKOHEYHOCTM

au, o=k, =0(| ). x>, (1.3)
ec/u Ha rpaHuue Bratodenna I 3agaHbl dyHkumn U eHY*(I) n u,eH V().
3pech ( ~)F - oTHoweHKe gsoncteeHHocTv Ha HY2(M)xHY(T), o6obwatowee ckanapHoe nponssese-

Hue 8 HY(T'), V' - KOMMNNEKCHO conpsxeHHas K V dyHKuma, NueH¥4(T) - HopmanbHaa npoussoaHas U,
NoHMMaeMas B CMbIC/ie pacnpeaeneHnii [1], o - Kpyroas YacTtoTa KosiebaHui,

-1
Pie) =[pi(e)®(co+iyi(e))] , ki%e) =m(®+iyi(e))/ci2(e), Im(ki(e))zo.
3ameuanme 1.1. Ecan Im(k )=0, 1o U, € Hio, () .

OnpegeneHuns Ncnonbyembix GyHKLMOHANbHbIX NPOCTPAHCTB MMetoTcA B pabote [1].

Teopema 1.1 [2]. 3aaaya 1.1 umeeT He 6osiee OAHOTO peLleHus.
Beeném cnegytowime ob6o3HaveHmA

(Aea)0)= (G )a), (Bea))=(NG(x).a) (1.4)
(Bi'(e)Q)(X)E<N(A)Gi(e)(xr)ﬂ>]., Gi(e)(x! Y)ZeXp(iki(e)|X_Y|)/(4TC|X—V|)

1 BL, ABO PAH, Xabaposck, Poccus
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PeweHue 3agaun 1.1 6yaem McKaTb B BUAE NOTEHLMANOB

U (x) =(A0)(x), xeQ,, (1.5)
0 (0) = P (AN, +1) ") 00— (Bi(U, +) ) (0, xe €,

rae geH™ () - HenssecTHaa nnotHocTs, U .eHY(T), u,eH*(T’), p_=p/p, a 3Hakom “+” oTmeuatoTcA
npezie/ibHble 3HaUYeHNA COOTBETCTBYIOLLMX BblpaxeHuit Ha I', koraa x—I 13 obnactn Q.

ALpamu UHTErpasbHbIX ONEPaToOPOB 34eCh ABNAOTCA GyHAAMEHTa/bHbIE PELIeHNa ypaBHEHUI [enb-
Mro/ibLia M X HOPMaJsibHble NPOU3BOAHbIE, MOITOMY Ui YAOBIETBOPAIOT TOXKAecTBaM (1.1) 1 ycnosuio
nsnyyenus (1.3) ans U.. Kpome Toro, BbinosHeHWE AN HUX NEPBOTO U3 YCNOBUI conpsaykeHua (1.2) as-
TOMaTMYECKM B/IEYET 32 COHOI BbINOSHEHME BTOPOrO YC0BUA CONpPAXKeHua. MoacTaBnsasa noTeHumanbl
(1.5) B ycnosus conpsxeHus (1.2), nonyyaem cnabo CUHTyNspHOE MHTerpanbHoe ypaBHeHne dpea-
ro/bMa NepBoro poga Ans onpeneneHns Hem3BecTHOM NIOTHOCTY (:

((Ca).m), =(Vor), Ve H¥(T), (1.6)

(Cq)(x) = ((05('% + peiAi)—’_(Bi,'% - peipﬁBe))q)(X) ’

Vo (X) ==0.5Uy (X) + Pg; (A ) (X) —(Bjuy ) (X) . (1.7)
Teopema 1.2 [2]. Myctb U, eHY*(T), u,eHY*(I), >0 nan o He ABnaeTcA cobCTBEHHOI YaCTOTOM 3a4a4m

Au+k2u=0, xeQ, u=0, xel. (1.8)

Toraa ypasHeHwue (1.6) KOPPEKTHO paspelwnmo B Knacce naotHoctel qeHY2(T) u dopmynsi (1.5) aatot
peweHmne 3aga4m 1.1,

MoTteHumansl (1.5) npeanoyTUTeNbHEN UCNOMb30BaTb, KOraa HEOBXOAMMO paccyMTaTb OTPaXKEHHOE
BO/IHOBOE nose B 061acTh (2, NOCKONbKY B 3TOM C/yYae pacyéTbl NPOBOAATCA MO AOCTaTOYHO MPOCTOM
dopmyne. Ecam e HeobXoAMMO BbIYUCAUTL MPOXOAALLEE BOAHOBOE nose B obaactu Q;, npeanodtu-
Te/lbHee MCNo/b30BaTh NOTEHLUMAbI CleAyoLWEero BUAa:

u(x)=(Agq)(x), xe, (1.9)
U, () = (A (U = PeNU) ™) (0 —(Bi Uy =) ) (¥), X e,

rae qeHY4T) - HenssecTHaa nnoTHocTb, U eHY(T), u,eHY*(T), p,_=p,/p,, a 3Hakom “-” oTmeuatoTca
npeae/bHble 3Ha4eHUA COOTBETCTBYIOLLMX BblpaeHuid Ha T, koraa x—1" u3 obnactn Q..

M B aTOM cnydae 3agaya 1.1 cBogmMTCa K cnabo CUHIYASPHOMY MHTErpaabHOMY ypasHeHuo dpearosb-
Ma nepBoro poaa:

((Da). ), =(Uo.m) FueH*(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 cobcTBEHHOI YacToTOl 3a4a-

um (1.8). Toraa ypasHeHue (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 TOUKM 3peHMA
C/Ny4aeB, Korga pelleHue 3a4aum gudbpakLumm neTtca Ha cobCcTBEHHbIX YacToTax 3agaun (1.8).

YUCNEHHBIA METOA,

MpuMeHAEMbIN METOZ YNCAEHHOIO PeLLeHUA NpeacTaBaseT cobol pa3BUTUE METOAMKN, NPea/IOKEH-
HOM 1 BNepBble anpobupoBaHHOM B paboTte [3]. KpaTKko onuwem cxemy ero peanmsaumu.

) M )
MocTtpoum nokpbiTre nosepxHoctn I' cuctemoit {I',},,; oKkpecTHocTel y3noBbIx Touek X, €', nexa-
wmx BHyTpM cdep pagmnycos h ¢ ueHTpamu B x;,, n 0603Haunm Yepes {@,} nogumHEHHOe emy pa3bu-
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eHune eguHuubl. Toraa

M
D en(x)=1 Vxel, 0<¢, <l suppp,cT,
m=1

B kauecTBe @ _ 6yAem MCNob30BaTb GyHKLMM

<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 MHTErPa/IbHBIX YPaBHEHMI Byaem nckaTb Ha cetke {X },
— -1 —
X0 =(Gn) " [XndT, @, =[0,dT,
r T

y31amMun KOTOPOM ABNAIOTCA LEHTPbI TAXecTel GyHKuMiA @ . B aanbHelwem 6yaem npeanonaratb, 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 3aaaHHOI Ha I" HemssecTHOW dyHKUMK ( byaem paccmaTtpusaTb 0606WEHHYIO GyHKLMIO (O,
[AeNCcTBYIOLLYIO MO NpaBuay

(0B W)gs =(dv)., Vwe Hl(R3)'
3Ty GyHKUMIO Byaem NpUBAMKaTh BbIPaKEHUEM

05 ()~ (X v (0= (a2 exp(-13/0F), xR,

rae (, - HensBecTHble KO3GPULMEHTI, 62 =055, .
MHTerpanbHbiii onepaTtop nepsoro poaa u3 (1.4) annpokcmupyem no dopmynam [4]:

J(Ai(e)Q)<Pmsz6m§:AiTe”)qn, m=12,.,M, (2.1)
r n=1
Air?g) = Amn (ki(e))’ Ann = 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

Bron =@, (47‘5(1_“3“” +0'5Mﬁ1n)) ' Glgnn = Grzn +G§! Hn = 0.5ko,

+ : 02
Zon =Yoo HHmns Yo = mn/cmnl i“=-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) 9, dT ~ (pmz Bl Gy, M=12,..,M, (2.2)

r
— 3
Blr?:) = (4Tcrrﬁn) nmn exp(lkl(e )(Ikl(e) mn )(pnl n:wn = IZ: r.llm (le - XIn ) ’
=1

B, =—Gs(x,) npna=0.5, B, =-1-Gs(x,)npu a=-0.5,

Mg 1 1 1

Gs(x )= My ~ |N ——dI", =—=
D=3t Ly, Lo,

3 .
o Amry Amy 2
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MHTerpanbHble onepaTopbl B NeBbIX YacTax ypaBHeHul (1.6) un (1.10) aBnatoTcs KOMNo3uumen nHrer-
panbHbIX onepaTtopos (2.1) 1 (2.2), nosTomy annpokcummpyem ux no popmynam [4]:

M
[(Ca)ondl = (AMB™ - py AMB" )q,, m=12,..M, (2.3)
T n=1

M
[(Da)edT = > (P A"B™ - A"B" )d,, Mm=12,.,M, (2.4)
r n=1

a npasble YacT ypaBHeHui (1.6) 1 (1.10) - no dopmynam
M
J.VO(PmdF = oy [GS(Xm)UO (Xm)+29_0n [ peiAimnul(Xn)—Uo (Xn) Binm ]);
r n=1

Iuowmdr ~Pplo (X)), M=12,..,M.
r

MOANPUKALMNA METOOA YACNEHHOTO PELLEHUA

[aHHaa moamduKauma Bnepsble Oblia nNpeanoxeHa B pabote [5] AnA YMCNEHHOro pelleHusa 3azad
Ouvpuxne gna ypaBHeHUA TeNbMrosibLa METOAOM FPAaHUYHbIX MHTErPasbHbIX YPaBHEHUIN Ha crnekTpe
MHTEerpanbHbix onepatopos. OCHOBHasA eé naen 3akNto4aeTcsa B TOM, UTO NPUBANKEHHbIE PeLIeHNA UH-
TerpanbHbIX YpaBHEHUI HaX04ATCA B BUAE IMHENHON KOMBMHALMW peLleHniA BCMOMOraTelbHbIX KOp-
PEKTHO pa3peLlMmbIX YPaBHEHWUI C «BAU3KMMMUY» BOIHOBLIMW YMCIAMM.

O603Haunm yepes k >0 HekoTopoe cobcTBeHHOE BONHOBOE UMC/I0 3aaa4m (1.8), a uepes q(ke) - 3aBK-
csillee OT Hero 4YacTHoe pelleHne HeoaHOoPOoAHOoro ypasHeHua (1.6) nam (1.10). Boibepem HekoTopoe
3HaueHue &6>0. Torga ANA UCKOMOTO YaCTHOTO peLleHmsa UMeeT MeCTo PaBeHCTBO

a(k, ) =4 (k, +i8)—q(k, ~8+i8) -0 (k, +8+i5)—q(k, +2i8)+O(5*), (3.1)
BCe NNOTHOCTU B npaBoﬁ 4aCTN KOTOPOro ABNAKOTCA PeWeHNAMN KOPPEKTHO pa3pelnMbIX UHTErpaab-
HbIX ypaBHeHUN. Ha30BEM TaKyto MogMdUKaLMIO METOAOM MHTEPMNONALUN PELLEHUA.

PE3Y/IbTATbl HUCNNEHHbIX SKCNEPUMEHTOB

Mpumep 4.1. PaccmatpuaeTtca 3aga4a 1.1, I' - eanHuyHana chepa ¢ LEHTPOM B Hayane KOOpAMHAT.
lpaHuuHble yenosusa: Uy (X)=exp(ik.X;), U (x) =ik, exp(ik,X;)n;. Mapametpbi cpes: k=125,
p=4, k=7.725251836937, p=3 (I); k=7, p=2, k=16.9236212852138, p =5 (ll); k=21, p=7,
k,=13.6980231532492, p.=4.5 (lII).

B kauectse K, Bo Bcex ciyyanx BbiGMpannch cobcTeeHHble BONHOBbIe Yncia 3aaaqm (1.8). TouHble pele-
HUA 33434 13 npumepa 4.1 umetotca B pabote [6].

NccnenoBaHue MHTErpanbHbIX ypasHeHui (1.6) 1 (1.10) 3 npumepa 4.1 nokasasno, YTo 3TU ypaBHEHUA
061a4at0T pasHbiMK cBOMCTBaMU. [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 gacT pesynbtaTta. Hanpotus, ana ypasHeHua (1.10) cywecTByeT 6ecumcieHHOe MHOMECTBO pelue-
HWI, KOTOpble, B cuny Teopun Opearonbma, ABAAOTCA CYMMOM YaCTHOTO PeLLIEHUA 3TOr0 YPaBHEHUA U
obuiero peweHns oaHopoaHoro ypasHeHuaA (1.10). YacTtHoe pelueHue ypaBHeHua (1.10), noactasnex-
Hoe B popmynbl (1.9), AaéT peweHne 3agaum andpakummn. OHO MOKeT BbiTb NPUBANKEHHO HaAEHO
npu nomoum dpopmynsi (3.1).

OCHOBHOW LeNblo YNCAEHHbIX SKCMEPUMEHTOB ABASNACL AEMOHCTPALMA BOSMOXKHOCTEN MeToda WMH-
Tepnonaumm peleHus. B ceasu ¢ atTum, 3agaum 13 npumepa 4.1 pewanucb ABarkabl: 6e3 nHTepnona-
LMW peLleHns 1 c nHTepnonsaumeit pewenuns (dopmynsi (3.1)). B nocnegHem cnyyae 6=0.01. Pe3ynbra-
Tbl PacyéTOB NPeACTaBAEHbl B BUAE rPaduKOB B ABONMHbIX lorapubmmuyeckmx nepemeHHsix Ige ot IgM,
rfe € - OTHOCUTE/IbHAA NMOFPELIHOCTb BblUMCAEHUA. [TpU TOYHOM CTEMNEHHOM 3aKOHe YObIBaHUA NorpeLu-

188 e MIT 2011



HOCTU 3TV rpadmKkM ByayT aCMMNTOTUYECKM NEPEXOAUTL B NPAMbIE IMHUKM C HaKNoOHOM tga=-p/2, roe
P - NOPAZLOK annpoKCMMaummn otTHocutenbHo «wara» h~M™2 3agaHHOM Ha rPaHUYHON NMOBEPXHOCTM
ceTku. MpadmKm norpelwHocTen Ana nepsoro Habopa NapameTpoB NOMeYeHbl KBaApaTamu, AN BTOPO-
ro - TpeyrosbHUKaMu, A1A TPETbErO - KPyramu, NOrPeLHOCT peLleHnii BO BHYTPeHHel 06i1actn uso-
6paKeHbl CNAOLWHON NMHWEN, BO BHELWHe 061acTu - MyHKTUPOM.

YncneHHble sKCNnepmMmMeHTbl NPOBOAUANCL HA KnacTepe BL, BO PAH. Konnyectso Touek gMCKpeTU3a-
umm M Bapbuposanocb ot 500 go 128000, petueHus C/TAY HaxoaMAUCb YMcaeHHO npu nomolm GMRES
[7] c TouHOCTbIO A0 10°.

Ha puc. 4.1 1 4.2 npuBeaeHbl NOrPELLHOCTM PelleHnit 3aga4 andpaKkLmmn, NoayYeHHbIX B pesynbraTe
NoACTaHOBKM pelueHnin ypasHeHui (1.6) u (1.10) 8 dopmynbl (1.5) u (1.9) cooTBeTCcTBEHHO. PacyéThl
nposeaeHbl 6e3 MHTEPNOAALUUN U C UHTEPNONALMEN PeLleHNA, MOTrPELIHOCTU BblYUCIEHbI B HOpME
NPOCTPAHCTB CETOYHbIX GYHKLMI Hﬁ(Qi(e)). BuaHo, 4to ypaBHeHue (1.6) He MoXKeT BbITb UCNOAb30Ba-
HO A/19 HaXOXKAEHUA MPUBAUKEHHDBIX pelleHnid 3a4a4 andpaKkumm, T.K., NOrPeLHOCTb, HaUNHaA C HeKo-
TOPOro MOMEHTa, He YyMeHbLIAeTcA. MHTepnonauma peweHns He 4aéT B AaHHOM C/lyyae pesy/ibraTa, B
CUNY U3/I0XKEHHDIX BblLLe CBOWCTB ypaBHeHUs (1.6).

Puc. 4.1. TorpeLwHoOCTM BbIYUCIEHNA PELEHN 3aaa4 Andpakuum n3 npumepa 4.1, HaaeHHbIX no dopmynam (1.5), a) 6e3
MHTEpnonaumu; 6) c uHTepnonsumen (CNIOWHAan IMHUA - BO BHYTPEHHEN 061acTK, MYHKTMP - BO BHELLHe obnactu)

[na peweHnin 3agay andpakumn, nonyyeHHbix no ¢opmynam (1.9) ¢ MHTEpNonaUMein peleHns, npu
[0CTaToOYHO 60/1bWwmMx M NorpeLwHocTb pelweHnii meeT Nopaaok He xyske h>~M™, PacuéTbl 6e3 uHTep-
NoAAUMM B 3TOM C/lydae AatoT HeyA0BAETBOPUTE/bHbIE pe3yabTaTbl. CpaBHEHME NOrpeLIHOCTeN, Npes-
CTaBNEHHbIX HA puC. 4.2, NoKa3sbiBaeT 3pGEKTUBHOCTb METOAA UHTEPMNONALUM PELUEHUS.

Puc. 4.2. MNMorpewHoCT! BbIYMCNEHUA peLleHnin 3aga4 andpakumm 13 npumepa 4.1, HaigeHHbIx no dopmynam (1.9), a) 6es
MHTepnonauuu; 6) c MHTepnonALMen (CNAOWHAA IMHUA - BO BHYTPEHHER 061acTu, NYHKTUP - BO BHELLIHEN 061aCcTH)

Mpumep 4.2. NOUCK YacTHbIX pelleHnit ypasHeHus (1.10) u3 npumepa 4.1.
YacTHble pelueHuna ypaBHeHus (1.10) Halgém no popmyne (3.1). CpaBHMM MX U PeELLEHUA YpaBHEHUSA
(1.10), nonyyeHHble 6€3 UHTEPMONALMK, C TOYHBIMU YACTHBIMK PELUEHMAMM ITUX ypaBHEHWUI. Ha puc.
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4.3 a) n306parkeHbl NOrPeLHOCTA UCKOMbIX pelleHuii 3 npumepa 4.2, HaliaeHHble 6e3 MHTepnonaLmMm
(MyHKTUP) 1 C MHTEpnonAuMel peweHuns (CnaowHasa NMHKA). MorpewHoCcTb BbluMcAeHa B HOpMe Npo-
CTPaHCTB CeTOUHbIX dyHKLMM H Y2 (T'), c ucnonb3sosaxmnem Gpopmyn

M = = =2 =
h 2 _ * _ (qu)nerf (Ymn) _ Pm OmmPm
"q "HEUZ(F) - m,znzlAmnqmqn’ Am = 4nr, P MmEN A = 2192

(¢

mn mm

*
rae g, - KOMMIEKCHO COMPAMKEHHOE K [ 4nco.
Mpumep 4.3. NOUCK HETPUBUANBHBIX PELIEHNI OAHOPOAHBIX YypaBHeHul (1.10) 3 npumepa 4.1.

HeTpusuasnbHble peLleHns O4HOPOAHbIX ypaBHeHU (1.10) HalnaEM NPUBNUKEHHO, KaK PAa3HOCTb MEXK-
A4y ABYMSA NJIOTHOCTAMM - BbIYMCAEHHBIMU 6€3 MHTEPNONALMNN PELLEHUA U C UHTEPMNONALMEN pelleHus.
Hopmupyem noslyyeHHble pelleHuns U NoacTaBUM UX B noTeHuman npoctoro cnos (1.5) npu Xel'. Ha
puc. 4.3 6) npuBeaeHbl rpadrKM HOPM HEBA3KM UCKOMBIX PeLLEHUI B MPOCTPAHCTBE HQM (F) BugHo,
4YTO METOZ, MHTEPNONALUN PELUEHNA NO3BONAET BblYUCAATb HETPUBMA/bHbIE PELleHUA OLHOPOAHbIX
ypaBHeHui (1.10).

Puc. 4.3. a) MorpeLwHoCcTM BbIYUCAEHNA YaCTHbIX pelleHnit ypasHeHusa (1.10) (c uHTepnonsumeit - cniowHas anHus, 6es
MHTEPMNONALMM - NYHKTUP); 6) HOPMbI HEBA3KM AN HETPUBUA/bHbIX PELLEHUI OAHOPOAHbIX ypaBHeHu (1.10)

Mo pe3ynbTaTam 3KCMEPMMEHTOB MOXKHO CAEMATb BbIBOZ, YTO METOZ MHTEPMNONALMM PELIEHNA NOKasan
3bPEeKTMBHOCTb AN NPUBAUMKEHHOIO pelleHns 3aga4 gudpakumMm B MHTErpaibHbIX NOCTAaHOBKAX Ha
CNEeKTpe MHTErpasbHbIX OMNepaTopoB, eC/IM PeLleHUn 3TUX 3a4a4 OTbICKMBAIOTCA B BUAE MOTEHLMANO0B
(1.9). Pacyétbl 6e3 MHTEPNONALMM U B STOM C/y4ae, U NPW NOUCKE PelleHnn MCXOAHbIX 3a4a4 B BUAE
noTteHumanos (1.5) AaloT HeyA0BNETBOPUTENbHbIE pe3y/ibTaThl. Mpeanaraembiii MeTo4 NPoCT, He Tpe-
ByeT 3HaHMA CMeKTpa, He NPMBA3aH K KOHKPETHOM peanunsaumm npubanNKEHHOIO pelleHMs BCroMO-
ratefbHbIX 33434 ¥ NOTOMY MOMKET BbITb IETKO MCMOb30BaH AJ1A TEX e Lenein B CBA3KE C APYrMmu
CXeMaMM YNCNEHHOTO PeLleHUA MHTErpasbHbIX YPaBHEHMIA.
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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
P Xs

a) b)

i
SYAVAV.VAVANNE
JAVAVAVAVASA
JAVAVAS VAV
TAV:AVASIVAN
\V.7AVAV.VAVAAY,
w1 £ VAVAVAVAS:N\VIAVAVAVAVAY

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 X 4+ Bps Xy Xy + B X X, X, (4)
4. Complete cube regression model

Y =B.X, +B,X, +BaX; + X X, + BraX Xg 4+ B X, X, +8,X, X, (X, = X,) +... (5)

+ 8, X, X5 (X = 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 + blZXIXZ + b13X1X3 +b23x2x3 + b123xlx2x3 (6)

12 b13, b , and b123 are determined based

on the lowest square method [3],[4],[7], i.e. from the condltlon that the sum of squared deviation

Unknown values of multiple regression coefficients b, b,, b, b

N

S :S(blvbzrbzvbulblzvbzz)zzgiz :i(Y -Y,

i=1 i=1

N N 2
S= Zgiz = Z[Yi _(blxl +b2xz + bsxs +b12X1x2 + b13x1x3 +b23x2x3 +b123x1xzxs)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 B0B0 8 g8 08 05 @
which leads to a system of 7 equations with 7 unknown parameters that need to be calculated:

23 Y = (B X, +b, X, +b; X b, X, X, 4B X, X +5,, X, X5 40y X, X, X5 ] (=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; X5 +b, X, X, +b X, X5+, X, X5 +b, X X, X,), ] (=X;), =0
2; [Y; = (B X, +b, X, +b, X5 410, X, X, +byy X, Xg +b, X, X +bp X X, X ) ] (=X, X,), =0 (9)
22°[Y, = (0, X, +b, X, +10, X, + by, X, X, + by X, X, 0, X, X, +0,X X, X,), ] (=X,X,); =0

[Y (blx +b2X2+b3X3+b12X +b.|.3X1X3+b23X2X3+b123X1X2X3)i] (_XZXS)i =0

Mz EMZ le le EMZ EMZ EMZ

23 Y, = (0 X, 4, X, +5, X 4B, X, X, +5y X, Xy b, 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
blz X X, +bsz22 Jr'332‘,)(2)(3 +t‘lzle X22 +b132X1 X Xy +b232X22X3 +b1232X1X22X3 = ZXZY
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 +b123zX1X2X32 :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 X, Xo X, +bulezxzz +b132X12X2X3 +bzzzx1 Xzzxz +b1232X12X22X3 :le XY
= i1 i-1 i1 = i1 i=1 =

N N N N N N N N
bllezxa +szX1 XX, +bale Xaz +blzz Xlzxzxa +b132 X12X32 +bzale szsz +blzaz XfXZX; = le X,Y
= = i1 = = i1 i1 =

N N N N N N N N
B Xy X, X0, 2 XX 40, 2 X, X3 by, 30 Xy XX +by, 3 Xy X, X5 by 3 X7 X5 by 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+bZZX22X3+b32XZX32 +b122X1X§X3+b132X1X2X32+b232X22X32 +b1232X12X22X32 ZZX1X2X3Y
i-1 i1 = = i1 = -1 i1

(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 lz:;xjxa
SHXE XX
= =
ixfxzxa ixlxjxs
= =
SXIXE 3K XX
= =
THHXE P XX
= =
SIXIXXE 3 X XEX

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 23]0,50|0,50 (0,00 (82,0
2 (010[045|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| [16/0,30 /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 87,0 30(0,15]| 0,15/ 0,70 |74,8
9(080(0,10|0,10] 49,7 | (20]0,10|0,80| 0,10 | 85,7 31(0,10| 0,10 | 0,80 |89,7
10/0,90|0,05{0,05]|52,0] (21]0,05]0,90|0,05| 48,6 32)10,05|0,05|0,90 (88,2
11]1,000,00|0,00]412,0) |22[0,00]1,000,00)294,0f |33[0,00|0,00 ] 1,00)94,2
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The hardness measurement was conducted according to Brinell HB (SRBS C.A4.032). Values of the mole
fractions of the components are marked with X1, X2 i X3 and mean hardness with Y. Experimental
points are distributed along the three quasi-binary sections, Sb-BiZn, Bi-SbZn and Zn-SbBi (Fig. 2).

The diagram on the Fig. 3. shows the dependence of the hardness on the antimony (Sb) mole fraction
and it can be seen that the hardness value for the antimony mole fraction from 0 to 0.4 varies between
40-130HB, then it stabilizes around 50HB, and with values larger than 0.9 there is a rapid growth from
50 to 412HB.

450

NE 400
§ 350
E 300 I
250 I
200 I
150 I
100 \ l
0 | | | | | | | |
0,00 0,0 020 030 040 050 0,60 070 0,80 090 1,00
Sb x(Sh)
Fig. 2. The position of experimental Fig. 3. Mean hardness value in the quasi-binary
points in the experimental plan section Sb-BiZn

The influence of the mole fraction of bismuth (Bi) can be seen along the quasi-binary section from the
Fig. 4. The hardness value slightly grows with bismuth mole fractions from 0 to 0.9 after which there is
a rapid growth like with antimony. Unlike these two elements, the influence of the zinc (Zn) mole frac-
tion is such that it causes a drop in hardness from 80 to 30HB in interval 0-0.3. However, mole fractions
higher than 0.3 causes constant increase of hardness up to a value of 94.2 HB which can be seen on the
quasi-binary section show in Fig. 5.

_ 350 __ 100 [
g ‘ £ 90 LJ;:ZL
S 300 > /
H ) s ® 7/
@ 250 I P \ (/
I
200 60 X //
/ s A —
150 / 0 \ /
100 30 \;v;/
/’ —o— \ Z 20
50
10
04 0
0,00 0,10 0,20 030 0,40 0,50 0,60 0,70 0,80 0,90 1,00 0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00
x(Bi) x(Zn)
Fig. 4. Mean hardness value in the quasi-bi- Fig. 5. Mean hardness value in the quasi-bi-
nary section Bi-SbZn nary section Zn-BiSb

To establish a relation between the dependant variable, i.e. the object of the research (hardness in HB)
and the selected influential parameters (mole fraction of Sb, Bi and Zn) the dependence is assumed in
form of an equation (6).

Values of the matrices X and Y were obtained based on experimental data.

[5,77500 2,61250 2,61250 0,99688 0,99688 0,61875 0,20625 | [951,2950000 |
2,61250 5,77500 2,61250 0,99688 0,61875 0,99688 0,20625 957,0850000
2,61250 2,61250 5,77500 0,61875 0,99688 0,99688 0,20625 739,4200000

X ={0,99688 0,99688 0,61875 0,32498 0,20625 0,20625 0,06198|, Y =|155,6860000
0,99688 0,61875 0,99688 0,20625 0,32498 0,20625 0,06198 136,7382500
0,61875 0,99688 0,99688 0,20625 0,20625 0,32498 0,06198 176,8907500

10,20625 0,20625 0,20625 0,06198 0,06198 0,06198 0,01785 | | 34,9646500 |
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The calculated values of regression coefficients are shown in Table 2.

Table 2. Values of regression coefficients

b, | 26855843
b, | 206,21587
b, | 12587913
b, | -872,99402
b, | -776,72974
b, | -240,00684
b, | 1579,85191

The mathematical model assumed by the equation (6) can now written in the form:

Y = 268,55843X, + 206, 21587X, +125,87913X, —872,99402X, X, (14)
—776,72974X, X, —240,00684X,X, +1579,85191X, X, X,
Checking the adequacy of the mathematical model

For the incomplete cube model for multiple regression shown by the equation (14), the squared devia-
tion of the empirical points from the regression equation were calculated, and the received value of the
sum of squared deviation is SK=78515,932 (Table 3). Median standard deviation is:

Since the absolute value of the biggest deviation €= 143,44157 is less than 30=146,333 it can be con-
sidered, based on the three-sigma rule, that the assumed functional dependence is good .

Table 3. Calculated sum of squared deviation for the regression line

i Yi )]I 8i giz I Yi YI gi Siz
1| 1320 10605] 2595| 67362 18 773 7590 1,40 1,95
2 460| 8545 -3045| 155643 19 870| 9406| 7.06| 4981
3 520 6673 -1473| 216,85 20 857| 12025| -3455| 119356
4 870| 5224| 3476 120836 21 486| 156,84| -10824| 1171676
5 459 4436 1,54 2,37 22| 2040| 20622 87,78 7706,05
6 450 4546  -046 0,21 23 820| 1914| 6286| 395155
7 515| 57,00] -640| 41,00 2 564| 3560| 2071| 42874
8 561 8407 -27.97| 782,13 25 21|  4462| -1252| 15682
9 497| 12632 -7662| 587018 26 306| 4830 -17.70| 31312
10 520 187,02| -135.02| 1823159 27 497| 49,08 0,62 0,38
11| 4120 20856 143.44| 2057548 28 532| 49,35 3,85 14,83
12 32,0 304| 2896 83889 29 672| 5147| 1573 247,41
13 253 2274 2,56 6,57 30 748| 5781 1699 28851
14 420 36,26 574 3299 31 8907| 7075| 1895| 359,08
15 460| 459 0,04 0,00 2 882| 9265  -445 19,79
16 706| 5423 2537 64381 33 942| 12588 31,68 100357
17 830| 6342 1958 38349
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Graphic interpretation of the mathematical model

There is a number of software for drawing graphs in a triangular system. However, for our own research
needs stemming from the cooperation of the Faculty of Mechanical Engineering Kraljevo and the Tech-
nical Faculty in Kosovska Mitrovica, the regression analysis for the three-component system and the
procedure for obtaining a triangular 3D graph and a contour 2D diagram in a triangular system was
done in the software package MATLAB 2008b.

The obtained mathematical model of the dependence of the surface hardness (in HB) on the mole
fraction Sb-Bi-Zn, i.e. the selected parameters X , X, and X, defined by the equation (14) is graphically
represented with a surface triangular graph and its corresponding contour 2D plot in Figures 6 and 7.
The possibility of obtaining such a mathematical model and graphic representations eliminates the
need for drawing plots for quasi-binary sections and clearly shows the dependence of the observed
characteristic on the dependant variables.

0

Sb

Fig. 6. Triangular 3D diagram of the surface hardness Fig. 7. Contour 2D diagram of the surface hardness
dependence on the mole fraction of Sb-Bi-Zn dependence on the mole fraction Sbh-Bi-Zn
CONCLUSION

In the process of exploring electrical and mechanical properties of alloys, three-component systems
have a significant role. The theoretical dependence of these values on the mole fraction of certain com-
ponents in the mixture is obtained based on experimental results. It often occurs that the linear (1) and
the square model (2) cannot describe this phenomenon in a satisfactory way so it is necessary to use
canonical models in the form of higher-degree polynomials.

When it comes to multidimensional problems, in regression analysis it is extremely important to show
this correlation, apart from obtained analytical dependencies, with visually adequate graphic repre-
sentations (diagrams). The advantage of the Ternary graph is that with the space curved surface it
is possible to represent and analyze four-dimensional and with categorized Ternary graph even five-
dimensional problems.
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KomnaHuey, /1. A.%, Aky6alinuk T. B.*

YACNEHHOE MOAENUPOBAHUE TMAPOPUSUYECKUX
NPOLLECCOB B O3EPE LUMPA B NETHUW NEPUOA

The calculations of hydrophysical characteristics of the lake Shira during the summer period are carried out
using non-stationary three-dimensional model in approach of Bussinesk and the hydrostatics assumption. As the
initial data results of natural observations in a season of field works 2009-2010 were used, allowed to define real
distribution of temperature, salinity, force and direction of the wind.

B HacToslee BpeMaA 3HaUYUTENbHOE BHUMAHMWE YAENAETCA U3y4yeHUo BUON0rMyeckmx npoLeccos B Co-
neHom o3epe LLUnpa, pacnonoxeHHom B pecnybivke Xakacusa (Poccus).

Osepo LLnpa pacnonokeHo B ceBepHOM Yacth Pecnyb6amnkm Xakacus, B 15 KM OT palOHHOrO LLeHTpa M.
LWnpa. 9To Bogoem 0BasibHOM GpopMbl NaoLWaabto 35.9 KM?, MakcMManbHas AvMHa 9.3 KM, Makcmanb-
Haa WMpMHa 5.3 KM, MakcmanbHasa rmybuHa 8 2007-2009 rr coctaBnsana 24 m. O3epo 6eccToyHoe, H6e3
OCTPOBOB, OCHOBHOM MCTOYHMK nocTynaeHuns Boabl — p. CoH (okono 47 % oT obuwero noctynaeHus),
OCTa/IbHAA YacTb BOAbI MOCTYMaeT 33 CYEeT OCaZAKOB M NOA3EMHbIX BOA. B cMny manoctu nputoka Bce
B/IMAHNE PEKUN COCPELAOTOYEHO B MPUYCTbEBOW 30HE, MOSTOMY CaMbiM 3HAYMMbIM BHELLHUM PAaKTOPOM,
onpeensalLlemM TeyeHe B 03epe, SBAAETCA BETPOBOe Bo3zelcTeue. CpeaHaAs COMeHOCTb B NepPUOoA,
MUCCNefoBaHUI cocTaBasANa B BEPXHEM Cnoe OKono 14 r/n, a B HUKHeM — okosio 19 r/n. MaoTHocT-
Hana cTpaTMdMKauma o3epa CBsA3aHa C HEPaBHOMEPHbIM pacnpesesieHMeM TeMMepaTypbl U COIEHOCTU
BoAbl. O3epo 3amep3aeT B KOHLe HoAbBps, ocBoboXKAaeTCsA OTO /ibAa B Hayane mas. O3epo ABaseTcs
nonyisapHbIM MECTOM OTAbixa, 0b61agaeT 6asbHEOIOrMYECKMMM CBOMCTBAMM, Ha ero bepery 6onee cta
NeT GYHKUMOHUPYET N3BECTHbIN KypopT «O3epo Wnpa».

B TeueHue gnautenbHoro BpemeHu B UHcTuTyTe brnodmsmnkm CO PAH Ha 6ase HayyHOro ctaumoHapa
npoBoAATCcA nccnegoBaHMA GYHKLMOHMPOBAHMA SKocucTeMbl o3epa Lnpa.

NHTepec K aTomy 03epy 06YyC/N0BAEH TeM, YTO 3TOT HeDObLIOM 06BEKT NpeacTaBAfAET MoAe/b APYrnX
6osiee KpynHbIx aKocucTem. Mpun 3ToM HeEOBXOAMMbI AaHHbIE O XapaKkTepe rmapodusmMyeckmx npouec-
COB B 03epe, HanpuMep, TaKMX Kak CKOPOCTU TeYeHUI, pacnpeaeneHme TeMnepaTypbl U CONEHOCTH.

HauumHasa ¢ 2009 roga, npoBoAMANCE U3MEPEHUA TMAPODUINYECKUX XapaKTepucTuK o3. LLupa, B Tom
yncne nsMmepeHme CKOPOCTen Te4eHMA C MOMOLLLbIO ZoNNAePOBCKUX npodunorpados ADCP. 3Tu npubo-
pbl MO3BONAIOT NOAYYaTh TPEXMEPHbIE BEKTOPbI CKOPOCTM TEYEHMSA NO BCen rMybuHe o3epa.

[Na ynMCneHHOro MoOAennpoBaHMA TedeHuit B 03. LUupa 6bino pelweHo MCnosib3oBaTb Nporpam-
my GETM. Uaea gns GETM (General Estuarine Transport Model) pogunacb B mae 1997 ana moge-
JIMPOBaHMA BEPTUKANbHOIO NepemeLlMBaHnA Npumecei B 3aimBe BocTouHas Wenbaa u ata mogenb
[LO/MKHA BbITb CYLLECTBEHHO TpexmepHON. Hayanu ee paspabaTbiBaTb yyeHble 13 fepmaHum 1 JaHun
Hans Burchard, Lars Umlauf (Baltic Sea Research Institute Warnemiinde, Germany ) u Karsten Bolding
(Bolding & Burchard ApS, Asperup, Denmark)

BHavane bbina paspaboTtaHa mogenb GOTM (General Ocean Turbulence Model), kKoTopas asasnacb no
CYTW OAHOMEPHOM MOZENbIo ANA TYpbyNeHTHOro nepemeLlrBaHuaA No cTonby xuaroctu. Ceivac ato
oTaenbHaA Yactb GETM. B ganbHeliwem 6bli1a HanvcaHa nporpamma Ajsa MOAeIMPOBaHUA Tpexmep-
HbIX TEYEHUI B BOAOEMAX, KOTopas Noslyymaa HassaHue GETM. O6e 3Tv nporpamMmmbl pacnpocTpaHaAoT-
ca noa GNU nvueHsuel, T.e. ABNAIOTCA CBOBOAHbBIM MPOrpaMmMHbIM NPOAYKTOM. Bce aeTanun npoekTos
[OOCTYMHbI Ha carTax http://www.gotm.net/ u http://www.getm.eu/.

1 MBM CO PAH, KpacHosapck, Poccua
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Cuctema ypaBHEHWI, UCNOb3yeMas B 3TOM NporpaMmme, ABASETCS MoanduKaLMell XOpoLo U3BECTHOMN
M 4aCTO UCMO/Ib3yEMOM AN1A PACYETOB POCCUMCKUMM U 3apyOeKHbIMM YYEHBIMU, CUCTEMOW YPaBHEHUM
rmapodusmkm [1,2], ocHoBaHHOM Ha NpUBAMKEHUM ByccMHecKa U NPeanoNoXKeHUN TMAPOCTATUKN:

Ou+0_(uw)—0_((v,+v)0_u)
+0 (u)+ 0,(uv)—0, (240 u)— o, (4 (0,u+0,v))

~ o[ 8.bd’ =—go g,

oV+0,(w)—-0,((v, +v)o,V)
+0,()+0,(v)-0,2A"0,v) -0, (A (B,u+0,V))

+ fu—f&xbdz':—gayg.

34echb, U, V1 W ABAAIOTCA KOMIMOHEHTAMM CKOPOCTU OTHOCUTE/IbHO HAMNPaB/IEHWIA X, Y U Z COOTBETCTBEH-
HO. BepTuKanbHaa KooOpAMHATA Z HaxoamTes B AnanasoHe ot gHa —H (X, y) fo nosepxHocTm ((t, X, Y),
rae t— Bpems, V, - BepTUKanbHasA BUXpEBas BA3KOCTb, V - KMHeMaTUYecKas BA3KOCT, f - napameTp Ko-
pronuca, u g - yckopeHue cBo604HOro nageHus. lopM3oHTanbHOE NepemeLuBaHme napameTpusyercs
YNeHaMM, COAEPKALLMMM FOPU3OHTANbHYIO BUXPEBYIO BA3KOCTb A .

BepTVIKaIIbHaH CKOPOCTb BblYUCNAETCA U3 YCNOBNA HECKMMAEMOCTU:
ou+d,v+0,w=0.
BblTankmeawLwaa cnna b onpeaenAaeTca Kak
b — _g m
Po
C NN1IOTHOCTbIO p U OTHOCUTE/IbHOU NIOTHOCTbIO Py

KnHematnyeckune rPaHUYHbIE YCNOBUA 3a4at0TCA Cheayrownm o6pa30M:
W=0,6+Ud,c+Vo,c pna Z=g,

w=-ud,H-vo H pna z=-H.
Ha HUMXKHUX rpPaHnUax ycnosma HenpoTekaHMA B3ATbl 4717 TOPU3OHTA/IbHbIX KOMMNOHEHT CKOPOCTU:
u =0,v =0.
Ha NOoBEPXHOCTU ANHAMUNYECKNE TPaHNUYHble YCI0OBUA MMEKOT BUA:
_ X
(v, +v)o,u=r],
— Y
(v, +v)o,v=r1/.
MoBEPXHOCTHbIE HANPAMXKEHWUA (HOPMANN30BAHHbBIE OTHOCUTENBHOM MIOTHOCTLIO) 7. U 7} BbluKCAA-
H0TCA KaK GpYHKLMW CKOPOCTU BETPa, Harnpas/ieHns BeTpa.

TaK Kak NPUTOK Masi, TO MOXHO CYMTATb 03ePO 3aMKHYTbIM BOAOEMOM U HA 3aKPbITbIX FPaHKULLAX CTa-
BUTCA ycioBMe NapannesibHOCTU NOTOKa rpaHuue.

B GETM 1cnonb3ytoTca Tak HasbiBaemble 06LMe BepTMKaIbHblE KOOPAMHATLI, AN Yero dpusmnyeckoe
NPOCTPAHCTBO BEPTMKaAbHO genntca Ha N cnoés. 3To caenaHo nytem BBeAeHUA BHYTPEHHUX NoBep-
XHocTel Z, , k =1..., N —1, KoTopble He NepeceKatoTca, KaxKaasn 3aBUCUT OT FOPM30HTAIbHOTO MOJIOKe-
HuA (X, Y) n BpemeHu t. MycTb

—HX YY) =2,(%y) <z, (X, y,1) <. <2y, (%, Y, 1) < 2y (X, Y, 1) = (X, ¥, 1)
onpeaensaeT NoKasbHble INYyOUHbI CNoeB hk kak N, =2, —Z,, ana 1 <k <N. [lanee npoussoguTcs
npeobpasoBaHWe KOOPAMHAT C MapameTpamu, NO3BOAIOWMNMMN AeNaTb CETKY N0 BEPTUKAAN YA06HOM
AN KOHKPETHOTO pacyeTa.

ZBORNIK RADOVA e 199



Puc. 1. Mpumep ceTku ans ogHOro u3 ceveHunin os. LWupa

[na NpocTpaHCTBEHHOM ANCKpeTM3aL MK UcnonbayeTcs cTyneHyaTtas C-ceTka. CeTKa COCTOUT U3 KOHeY-
HbIX 06beMoB GOPMbI MPU3MbI C TPAHAMM, BbIPOBHEHHBIMM BAONb KOOPAMHAT. TOUKM CKOPOCTU pacno-
JNOXKEHbI TAKUM 06Pa3oM, YTOObI COOTBETCTBYHOLLME KOMMOHEHTbI CKOPOCTH BbI/IM LLEHTPaIM30BaHbI HA
NMOBEPXHOCTAX PEKOMEHAyeMOro 6710Ka ana T-TOUKM, TOUKM CKopocTu U (ganee U-ToukK) Ha 3anagHbix
M BOCTOYHbIX MOBEPXHOCTAX, TOUYKM CKOPOCTU V (Aanee V-TOUKM) Ha HOXKHBIX U CEBEPHBIX MOBEPXHOCTAX
M TOYKM CKOPOCTU W (fanee W-TOUKM) Ha HUMKHUX M BEPXHUX MOBEPXHOCTAX. MHAEKcauma BbINOAHEHa
C MHAEKCaMM | B BOCTOYHOM HarmpasaeHunm (ocb X), C MHAEeKCaMM | B CeBEPHOM HanpasaeHum (ocb Y) u
C MHAeKkcamm K B BepxHem HanpasieHum (0cb Z) TaK, YTO KaxAas TOYKa CETKM ONpeaensieTca TPOMHbIM
nugekcom (i, j, k). T-Touka u cootserctaytowas BoctouHan U-Touka, cesepHas V-Touka u BepxHas W-
TOYKa BCErga MMetoT OZIMH U TOT e HAeKc. B T-TouKax pacnonaratotcs TakvMe Be/IMYMHBI KaK TeMnepa-
Typa T, coneHocTb S ¥ NAOTHOCTb. Bece TypbyneHTHbIE BE/IMUUHDI, TaKMe KaK BEPTUMKAIbHasA BUXpeBas
BA3KOCTb W BUXPEBOM KOahdMLUMEHT anddysunmn, pacnonoxeHbl B W-TouKax.

.
T

+ %X 4+ ¥ 4+ % 4+ *x 4 R

TJ

—¥ 1
Puc. 2.lopu3oHTabHAA MOAe/bHAA CeTKa B [lekapToBbix KoopauHaTtax. MokasaHbl pekomeHayemble 610ku ana T-Touek. 3aech
+: T-Touku; x: U-Toukm; *: V-Touku; o: X-Toukun. O6BefeHHbIN 610K 0603HaYaeT TOUKU CETKM 0AMHAKOBbIM UHAeKcom (i, j).

BblM NpoBeaeHbl pacyeTbl TMAPOPU3NYECKMX XapaKTEPUCTUK 03. LLInpa B NeTHWIA nepuog, ¢ UCMosb-
30BaHMeM nporpammbl GETM. B KauecTBe HauyasibHbIX AaHHbIX UCMOIb30BAINCh PE3y/bTaTbl HATYPHbIX
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HabntogeHul B ce3oHe nonesbix pabot 2009 - 2010 r., N03BO/IMBLLME ONpPeAEnnTb peasbHoe pacrnpe-
JeneHve TemnepaTypbl U CONEHOCTU.

temperature[time=0 latc=20,lonc=11] salinity[time=0,latc=20,lonc=11]

L L L L | L L |
o 5 n 15 il 13 14 15 16 17 18 ]
salinity[time=0,latc=20,lanc=11] (PSU)

temperature[time=0,latc=20,lonc=11] (°C)

Puc. 3. PacnpezeneHune TemnepaTypbl U CONEHOCTM B 03. LLnpa no pesynstatam HabnogeHuii 8 nione 2010 .

B GOTM 3an10’KeHO HECKO/IbKO Pa3/INYHbIX BAPMAHTOB YpaBHEHUA COCTOAHMUA. B Hawmx pacyeTax mc-
No/Ib30BaNOCh IMHEHOE YpaBHeHUe: P = P, + &, (T - 7:) ) +é, (S - S0 ) [3]. KoadduumeHT BepTUKanb-
HOro Typby/neHTHoro obmeHa paccumnTbiBaeTca B nporpamme GOTM ¢ Ucnosib3oBaHUEM k-& MOAENN.

viscosity[time=26,latc=17,lonc=15]

B
| ——

N

depth (m)

\

; H ;
D000 00002 C.O004 00006 00008 00010 00012
wiscosity(time=26,late=17 lonc=19] (m?/z)

Puc. 4. KoadpduumeHT BepTUKaNbHOro TypbyneHTHOro obmeHa, paccunTaHHbIn B nporpamme GOTM.

temperature[time=10,latc=20,lonc=11] salinity[time=10,latc=20,lonc=11]

i i I L i i i i
0 5 ) 15 ] 13 14 15 16 17 18 i

temperatureftime=10,latc=20,lonc=11] (°C) salinity[time=10,latc=20,lonc=11] (PSU)

Puc. 5. PacnpeneneHne TemnepaTtypbl 1 CONEHOCTU Yepes 6 YacoB, NOly4eHHOE B pe3ynibTaTe pacyeToB

[anee npeacrasneHo noseaeHNe BEKTOPA rOPU30OHTaIbHOM CKOPOCTM Ha NOBEPXHOCTM BacceliHa, mo-
aenvpytouero 6atumetpuio osepa LLUnpa, npu 1oxkHOM BeTpe 5 M/ceKk yepes 6 4acos v yepes 24 yaca
nocse Hayana pacyerta.
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Puc. 6. TeueHne Ha NOBEPXHOCTH Yepes 6 YacoB ceBa v Yepes 24 yaca cnpaBsa, BETEP OXKHbIN 5 m/cek

Mpodunun ckopocTeli B rNybOKOBOAHOM YacTu 03epa, NoNyYeHHbIe B pe3ynbTaTe YUC/IEHHbIX PAacyeTos,
06paLlatoTcA B HOMb ABA Pasa, YTO KayeCTBEHHO COBMAZAET C NPOPUAAMMU, NOSYYEHHBIMU SKCNEepU-
MEHTa/IbHO.

Ha cneaytoLimx pucyHKax noKasaHbl pacnpesesieHnsa ropu3oHTalbHbIX CKOPOCTEN No MybuHe ans ray-
6OKOBOAHOM YaCT M MESIKOBOAHOM YacTMu.

zonal vel.[time=10,latc=27,lonc=24] meridional vel.[time=10,latc=27 lonc=24]

depth (m)
depth (m)

-0 |

i i i i i I i I i I i
-005 -0.04 -0.03 -0.02 -0.01 000 00L 002 003 004 -0.10 —0.05 000 005 010 015
zonal vel [time=10,latc=27,lonc=24] (m/s) meridional vel.[time=10,latc=27,lonc=24] (m/s)

Puc. 7. Mpodwnnm ckopocTeit B TOUKe mMybuHoM 21 m, nonyyeHHble B pesynbTaTe pacyeTos Yepes 6 4acos

meridional vel.[time=10,latc=33,lonc=9] zonal vel.[time=10,latc=33,lonc=9]

deptn (m)
depth (m)

I I I I I I I I L I
-0.04 —0.02 0.00 0.02 0.04 0.06 0.08 0.10 -0.010 —-0.005 0.000 0.005 0.010 0.015
meridional vel [time=10 latc=33 lonc=9] (m/s) zonal vel [time=10 latc=33 lonc=9] (m/s)

Puc. 8. Mpoduan ckopocTeli B ToUKe ryBUHOW 6 M, MONYYEHHbIE B pe3ynbTaTe pacyeToB Yepes 6 4acos

Ha puc. 9 npeactasneHbl npodunm ckopoctein B 03. LLnpa, nonyyeHHble ¢ nomolbto npubopos ADCP
MoLHocTbio 600 1 1200 MTIy, B TouKe rybuHom 21 m
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BOCTOYHAA KOMIOOHEHTA CKOPOCTH CEBEPHAA KOMIIOHEHTA CROPOCTH

-30 =20 10 20 i} 40 -30 =20 -10 LY 10 20 0 dﬂ/"m 80
C::.% )
-‘\ ——600 ——600
1 i\i \\ ——-1200 .’ k:‘ —&-1200
\ 14
E g | P
r'd ~o/

Puc. 9. Pe3ynbraTbl HaTypHbIX HabaoaeHMn

BbIBO/AbI

YMCneHHbIV anropuTm aganTMpPOBaH A/1A pacyeTa BETPOBbIX TEYEHUI B CTPATUPULMPOBAHHOM 03epe
LLnpa. Pe3ynbTatbl pacyeToB KAYeCTBEHHO COBNAAAKT C BO3MOXKHbIMU KOHPUIYpaLMAMN TEHEHUA B 03.
Lnpa, nony4yeHHbIMK B pe3ynbTaTe HaTypHbIX HabAOAEHW U MOTyT BbITb Aasiee UCNO/Ib30BaHbI ANA
peLleHns 33434 onpeaeneHns 3K0N0rMYECKOro COCTOSHMA 03. LLnpa KaK YacTb KOMMNAEKCHOM CUCTEMDI.
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[2] Wang, Y., Hutter K. Methods of substructuring in lake circulation dynamics. Advances in Water Resourses. Vol.23. 2000. P.
399-425.
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Kontrec N.*, Milosevic H.*, Lazovic G.?, Despotovic M.?

ADAPTIVE APPROACH TO SPARE PARTS INVENTORY MANAGEMENT
SYSTEM IN AIRCRAFT MAINTENANCE

Military-technical spare parts inventory management systems in the area of military aircraft maintenance are
characterized by specific complexity and strict regimen of procedural systems. In earlier stages, these procedural
systems have been modified with statistical data structures but their complexity, with required high number of
reiterations, is suitable for projection onto related Bill of Materials (BOM) amended by dynamical data structures.
The principle goal of this paper is improvement of military-technical spare part inventory system by proving the
existence of projections of basic aircraft maintenance procedures onto related bill of materials which will enable
straightforward managing of supplies and spare parts necessary for maintenance of military aircrafts. New bill of
materials will also be applicable to other maintenance systems.

INTRODUCTION

Spare part management represents a crucial activity for both production and maintenance of aircrafts.
Providing the right part (component) in the right place at the right time is the key problem. In cases
when part of aircraft requires repairing, e.g. engine, and no spare part is available, it could result in a
major loss. Aircraft maintenance represents a very expensive activity regardless if it concerns failure of
key equipment or inventory management of spare parts and materials. Due to the aforesaid reasons,
it is necessary to minimize failures and conduct effective planning and maintenance control by means
of predicting the need for spare parts and repair requirements. Many ways to improve aircraft mainte-
nance systems and spare parts requirements planning exist today. Critical Path Method (CPM) or similar
software based on this method is often used in relation to maintenance activities, as well as Material
Requirement Planning (MRP). Combination of these two systems is also used frequently.

The intention of this paper is to provide a new approach to inventory management of spare parts and
materials, which is a complex and extensive task. It has been well-known that planning of maintenance
activities by providing resources (machines, labor, tools, transportation etc.) and materials (raw ma-
terials and spare parts) affects the productivity and economic performance of any technical system
significantly. Numerous methods such as Critical Path Method (CPM), Material Requirement Planning
(MRP), Production Activity Control (PAC), and Rough Capacity Planning (RCCP) are now used for plan-
ning resources and materials allocation, with variable success rate.

Critical Path Method (CPM) is a project management technique wherein the closed network projects,
consisting of activities and events, are planned and allocated on the basis of the start and the end of
each activity and event. Material Requirement Planning (MRP) represents an analysis of requirements
for purchase or production of components, spare or maintenance parts necessary for both production
and maintenance. Its goal is optimization of supplies, accomplished by defining, i.e. adjustments of
date and scope of supplies products’ individual components. Plan of material requirements is based on
a master plan, by decomposition of bill of materials (BOM). MRP uses return term-setting i.e. calculates
when a specific quantity of parts is required starting from the final deadline of a project’s completion.
Based on that, a plan for ordering of parts is made so knowing of the exact time required for production
or ordering or each part/material is vital. CPM also uses backward planning but planning starts from
the project’s commencement date and provides an insight to activities critical for project’s completion.
Many projects in production and maintenance use these management techniques but simultaneous

1 Faculty of Natural Sciences, Kosovska Mitrovica, Serbia
2 Faculty of Mechanical Sciences, Belgrade, Serbia
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utilization of both techniques burdens IT resources. Moreover, implementing both techniques in the
decision making process demands significant efforts because of their interconnectivity (MRP decisions
depend on CPM implementation results and vice versa). Due to these limitations MRP is rarely used in
applications for aircraft maintenance.

Maintenance planning is generally based on two activities: planning of required supplies of materials
and parts and calculating schedule of maintenance activities. The process of maintenance planning
includes planning of supplies of materials, activities and resources. MRP technique is used to calculate
required materials while CPM is used to set course for project cycle. Evidently, integration of these two
techniques into a single system would improve efficiency of maintenance, i.e. by enabling availability of
right materials when required in each phase of maintenance.

PROBLEM OF MAINTENANCE OF AIRCRAFTS

Maintenance of aircrafts represents a complex task due to the existence of three levels of maintenance
and each level requires planning, schedule of course of activity and control of large number of mainte-
nance components, such as materials, activities, resources and supplies. As a consequence, the follow-
ing problems occur:

e Generic bill of materials from which a large number of bills of materials originates.

e Large number of components and connectivity of components (dependability) in generic bill of
materials.

e Structure of CPM project which encompasses a large scope of activities.

¢ Integration of process of material supplies planning, planning of maintenance project and supplies.

e Maintenance of large quantities of information/data in different individual systems.

Brosh [1] divided maintenance management into two categories:

e Mathematical approach to maintenance management
e Engineering approach to maintenance management.

Mathematical approach primarily deals with development of optimal maintenance methods with uti-
lization of statistical analyses of component failures. Engineering approach is more heuristic oriented
and deals with formulation of a scope of maintenance activities acceptable (not necessarily optimal),
necessary and likely to be realized in real conditions. Mathematical models result in good solutions in
calculations of time for failure of individual components but it is difficult to define analytical model
for components which are interdependent. Maintenance models are comparable and unperfected but
with constant evaluation of results from those models and their comparison with requested output, it
is possible to identify a model which would serve its purpose. In this paper, we will use the approach
originally developed by Woxvold [2] for purpose of assembling - not maintenance.

UNIQUE STRUCTURAL APPROACH

Unique structure enables appearance of all four components: materials, activities, resources and sup-
pliers. However, unlike standard MRP methods, the time from the moment of placing an order to the
moment of delivery is non-existent - all times are part of appropriate activities. Resources are con-
nected to related activities and represent assets or labor necessary to perform appropriate activity.
In this model, suppliers are used when materials come from external sources, required for realization
of maintenance project. Picture 1 shows an example of the unique structural approach wherein the
components are represented by letters ,M*, A ,,R“ and , D as starting letters of model components:
materials, activity, resources and suppliers.

Unique structural approach was able to provide functionality required for assembling of final product,
including planning of project, planning of necessary materials, control of production activities with
supplies monitoring etc. However, unique structural approach, as shown in Picture 1, is not suitable for
planning of required supplies and CPM activities in aircraft assembling (parts of aircraft). This is a con-

ZBORNIK RADOVA e 205



sequence of an added dependability between components and additional network links. Dependability
between components can exist in form of relation component - component and component - activities.
In order to meet all these requirements a modified unique structural approach in the process of aircraft
assembling (parts of aircraft) was presented.

Pic. 1. Example of unique structure

UNIQUE STRUCTURAL APPROACH IN PROCESS OF AIRCRAFT ASSEMBLING

Previously described unique structure is further examined on the example of bills of materials (BOM)
for planning of both activities and supplies in maintenance. In order to achieve a unique structure, com-
bining of CPM networks with bills of materials (BOM), we will take into consideration CPM structure
shown in Picture 2. This CPM structure shows occurrences on knots and each activity is represented by
related arrow between the two knots. The arrows are oriented i.e. point which occurrence precedes
and which follows related activity, while only duration of activity is marked on the arrow.

Pic. 2. Example of CPM network

In general, CPM networks use the theory of graphs in representing relations directly, as CPM uses only
activities (or occurrences) and resources, each activity (or occurrence) has to be unique. It is already
proven that widespread CPM networks can be represented [3] with hierarchical multilevel bills of mate-
rial wherein relation between components (component - component, parent - component) is included
in network links. Therefore, based on this approach, the unique structure which suits the above shown
CPM structure with equivalent hierarchical structure of bills of material in which occurrences (D1 -D6)
are replaced with components of bills of material (M1-M6), is shown in the next picture. Selection of
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bill of materials (part, component) depends on the critical bill of materials which is required or avail-
able in that specific point. In this situation, it is assumed that each occurrence suits one single bill of
material. Picture 2 shows activities as arrows that connect occurrences, while Picture 3 shows them as
component Activity, marked with letter ,A“ and numbers which relate to occurrences which precede
or follow that activity. For example, activity between occurrences 1 and 3 is defined as A1-3. Although
components of resources are not shown in Picture 3, each activity can be merged to a resource, as
shown in Picture 1.

N1
M6

M1 Al-6 M4 Ad- A3- M35 AS-6 A;ﬁ\

35 oo Ry )
-\

—

Pic. 3. Hierarchical bill of materials with CPM network

>

Unique structure shown in Picture 3 represents process of assembling together with assembling activi-
ties, bills of materials and network links. It is proven that CPM planning [3] and MRP [4] can be utilized
to show planning and backward planning for all activities and materials shown in Picture 3, but imple-
mentation of these procedures in MRPII systems is not possible due to the following reasons:

e Existing systems show only one level of bills of materials;

e Shown structures are of different types: bills of materials are hierarchical while CPM structures are
closed networks;

e Data are integrated into a database.

Nonetheless, structure shown in Picture 3 was not adequate for planning of maintenance due to com-
plexity of process of maintenance. This complexity primarily includes different levels of maintenance,
dependability on configuration structure of the system, operation of disassembling which is character-
istic for maintenance of large systems such as those in the air forces. In order to meet these require-
ments, we will further examine the process of disassembling.

IMPLEMENTATION OF A UNIQUE STRUCTURE IN MILITARY AIRCRAFT MAINTENANCE

Maintenance of complex systems can be considered as combination of disassembling process (mainly
accessibility and control) and reassembling (repair and replacement) [6]. In other words, maintaining a
part of the system first and foremost includes disassembling of that part, degree of maintenance which
depends on the level of maintenance and then planning of the entire process of maintenance.

Planning of the process of reassembling of a part uses techniques of unique approach (CPM, PAC (Pro-
duction Activity Control), MRP) in order to make all required materials, activities and resources avail-
able when needed. It is necessary to determine appropriate quantities of materials, duration of activi-
ties and number of required resources. In each production process, bill of materials that represents
end product remains. Each component of bill of materials has its own unique identity. Each product
has a different bill of materials - different components or assemblies. These bills of materials represent
an ideal starting point in the planning process of the end product’s maintenance. During the process
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of planning of maintenance project, initial bills of materials can be utilized in reassembling operations.
However, applications of MRP technique cannot be utilized since it is less likely that they will prove
efficient because they are related to all components of targeted system and not only those which are
necessary to us in the process of aircraft maintenance. The concept of disassembling is implemented
for that reason.

Disassembling results in copied bills of materials which completely match original bills of materials.
Maintenance activities and resources can then be added to one or another structure. Activities which
include overview of conditions, dismantling and repairs are added to disassembling and activities such
as servicing and reassembling go to the side of assembling. If all components are serviceable, than
there is a balance between the two structures. However, if any of the components is unserviceable,
the structure becomes unbalanced and demand for that component arises on the side of assembling.
Demand can be met with different resources.

MRP uses backward planning, starting from the date of project’s completion, with the aim to deter-
mine when which material (component) must be made available. PAC uses planning starting from the
date of beginning of operation with the aim to determine the date of completion of project. Only CPM
supports both backward planning and planning forward so this flexibility will be used in the process of
maintenance planning.

Pic. 4. Structure of maintenance project

When it comes to aircraft maintenance, planning and backward planning of CPM activities is not com-
pletely adequate due to relationship between components (parent - component and component - com-
ponent). In addition, there is a possibility of occurring of closed circuits (element is component by itself)
due to existence of additional network links outside of original CPM network links. In the next part, due
to the aforementioned reasons, an analysis of CPM planning and backward planning with analysis of
closed circuits is provided.

CPM PLANNING AND ANALYSIS OF CLOSED CIRCUITS

There is a need to create an algorithm for CPM planning in a unique structure (assembling and disas-
sembling) for projects of maintenance without closed circuits. Example of such structure is shown in
Picture 5 and contains activities and materials necessary for process of assembling and disassembling.
Material components (materials) in Picture 5 appear on both sides, while activities of disassembling
are only on the side which matches the process of disassembling. Analysis of closed circuits can be
conducted if Picture 6 is further examined with additional network connections which are included in
the structure (as shown in Picture 6).

As can be seen, due to the presence of network connections (as per parent - component relation), on a
projected structure shown in Picture 5, backward planning cannot be implemented on the basis of com-
ponent’s position, bill of material’s level and component to component sequence. This situation starts
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with component marked as ,, A1-2“. This component cannot be backward planned unless planning of
component that precedes it (D4-6) is conducted. In general, there will always be network connections
that lead to restrictions in backward planning.

TFTIF NH
bl o8] st
o] ‘L

Pic. 5. Structure of project of maintenance with network connections

In planning process, starting from the last item in supplies (e.g. in Picture 5 it is component M6 on the
side of disassembling) to the last component ready for assembling, there is a large number of network
links in which component parent must be planned before component child. This condition imposes
certain restrictions.

i

m-é D4-5! MM
| |

Pic. 6. Structure of maintenance project with network connections and closed circuits

As a consequence of network links that limit planning and backward planning, an algorithm for plan-
ning and backward planning is developed.

Algorithm 1 for determining a critical path (CPM)

1. Step 1. Generate Parent/Component links and sort them based on Parent.

. Step 2. Set CPM for final assembly and last Component.

. Step 3. Update Parent/Component list.

Step 4. Set CPM path for either final item or next Parent on list.

Step 5. Read next link Parent/Component.

. Step 6. If end, go to step 10. Else go to next step.

. Step 7. If current Parent is Component of other Parent, go to step 5. Else go to next step.

. Step 8. Set path for current Parent.

9. Step 9. Determine CPM path either for final item or next Parent on list.

10. Step 10. If no unsolved relations/links on list then END. Else, conduct analysis of closed circuits.

In situations when there are closed circuits, algorithm 2 is implemented.

1. Step 1. Sort list of Components in reverse order.

2. Step 2. Resolve links Parent - component using similar procedure as previously stated but with us-
ing Components as key.

3. Step 3. Sort remainder of the list based on Parent key.
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4. Step 4. Read next relation on the list.

5. Step 5. If there is a closed circuit linked with current Parent, remove all relations in connection to
current parent.

6. Step 6. If reached end of the list, END. Else, read next relation on the list. Go to step 5.

CONCLUSION

The next step in this research would be practical alteration of suggested structure of aircraft mainte-
nance. Bills of materials (BOM) would be shaped by dynamic structures of data and preserved in object
oriented database while the algorithm would be tested on a specific example.
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Konatiecopoockuli A. H.*, Maccene /1. B.*

MHTEFPALUNA PACMPEAENEHHBIX UHOOPMALIMUOHHDbIX U
UHTENNIEKTYA/IbHbIX PECYPCOB 419 UCCNEAOBAHUA SHEPTETUKU

The article is described state-of-the-art trends of research distributed information and intellectual resources inte-
gration for federated energy system research, which are held MESI SB RAS. Creation of IT-infrastructure energy sys-
tem research is the first phase of integration, which was developed at the laboratory of Information Technologies
in energetic. Creation a knowledge ontological space and its integration into IT-infrastructure is the next step. This
article is described the suggested methodological approach, the basic technologies and tools to implementation
this proposed approach.

CUCTEMHBbIE UCCNTEAOBAHUA B SHEPTETUKE

NHCTUTYT cucTem aHepreTukun um. J1.A. MeneHTtbesa (MCOM) CO PAH aBnseTcAa NpU3HaHHbIM IMAEPOM B
06.1aCTN CUCTEMHBIX UCCIeA0BaHU B SHepreTuke. OCHOBHbIMM Hay4YHbIMM HanpasaeHnammn MCIM CO
PAH asnatoTca: 1) Teopua co3gaHUA SHEPTETUUECKUX CUCTEM, KOMMEKCOB W YCTAaHOBOK M yNpaBaeHuA
MMU; 2) Hay4YHble OCHOBbI U MeXaHM3Mbl Peann3aLmm SHepreTMYeckon NoanTMKM Poccum 1 ee pervo-
HOB. B paMKax 3TuUX HanpaB/iieH NI BbINONHAETCA KOMNJIEKCHOE PAacCMOTPEHME UCCeayeMblX NTpobaem
N MHTErPUPYIOTCA UCCNEeA0BAHMA: CUCTEM SHEPTETUKM (SNEKTPOIHEPreTUYECKMX, TEMNO-, Fa30-, HedTe-,
HepTenpoayKTOCHabXeHus); aHepreTuyeckol 6esonacHocTn Poccuun; permoHanbHbIX Npobaem sHep-
reTUKK; B3aMMOCBA3eN SHEePreTUKN 1 SKOHOMMKK; NEPCMEKTUBHbIX SHEPreTUYECKMX MCTOYHUKOB U CU-
CTeM; MPUKNALHOM MaTEMATUKM U MHbOpMaTUKK [1].

Ob6bekTamm VICCﬂe,EI,OBaHMVI B 3HEPreTnKe ABNAKTCA OTpacneBble (beHKLI,I/IOHaJ'IbeIe) aHepreTn4yeckune
CNCTEMbI: 3N1IEKTPO-, ra3o-, Heche- nyrne-u Ten/JIocHabKeHWsn, a TaKxkKe 06'bELI,MHﬂI-OLLI,aﬂ nx o6u.|,e3Hep-
reTm4eckana cucrtema - TOFIﬂVIBHO-aHepI'ETI/I‘—IECKVIVI KomMmnnekc (T3K) cTpaHbl. B nocnegHee Bpema B Poc-
cnn CI'IELI,VICIJI/NECKVIMVI obbeKTamu VICCﬂe,EI,OBaHI/IVI CTa I PbIHKK TON1IBA U SHEPTNN PA3HOTO TEPPUTO-
pPrnanbHOro ypoBHA. Ocoboe MecTo B KOMMJIEKCHbIX nccnenoBaHUAX SIHEPTETUKU 3aHUMAET pelleHne
C/IOXKHbIX KOMNNEKCHbBIX MEXOTPACNEBbIX U MEXOANCUNNNTNHAPHbIX I'IpOﬁJ'IGM, B TOM Ync/e rNnobasbHbIX.

C TOYKM 3peHUsn ynpas/ieHnUs pasBuTUEM U GYHKLMOHMPOBAHUEM CUCTEMBI SHEpreTuKM (CI) aBnsatoT-
CA CNOXHBIMU QUINKO-TEXHUYECKUMU U TEPPUTOPUAIbHO-Pacnpese/ieHHbIMU CUcTeMaMn (npoTs-
YEHHOCTb 3/1eKTPO3HEPreTUYeckmx, Hedrte- 1 rasocHabKatowmx CUCTEM AOCTUIAET AECATKOB U COTEH
TbICAY KMAOMETPOB). [TOMMMO TeppUTOpMaNbHOM pacnpeneneHHOCTU U CNoXKHOCTH, C3, BXOAALLMM B
T3K, npucywy, pag obLLmMx CBOMCTB, Cpeam KOTOPbIX BblAENAT: HEMPEPbIBHOCTb U MHEPLUOHHOCTb pPas-
BUTUA; HEMPEPbIBHOCTb GpYHKLUMOHNPOBAHUS M B3aMMOCBA3b PEXKMMOB PaboTbl 3/1EMEHTOB CUCTEMbI;
MHOTOLLe/IeBOM XapaKTep M NMPAKTUYECKYI0 HEBO3MOXKHOCTb MOJIHOrO OTKa3a CUCTEMbI; HEpaBHOMEP-
HOCTb MpoueccoB notTpebaeHna NPoAyKUMK; NOABEPKEHHOCTb KPYMHOMACWTAOHbIM BHELUHUM BO3-
MyLLEeHUAM (NpegHaMepeHHbIM U HenpeaHaMepPeHHbIM; BO3MOMKHOCTb KaCKaZlHOTO pPa3BUTUA aBapui;
3aBMCMMOCTb MPOMYCKHbIX CNOCOBHOCTEN cBA3eN (NMHMIA nepeaad, TpybonpoBoAoB) OT UX MeCTOHa-
XOXIAEHUA, PEXMMOB pPaboTbl M cocTaBa paboTatowero 0b6opya0BaHUA; aKTUBHOE y4acTMe YesloBeKa
B MpoL,ecce ynpasaeHUs; HEeNoAHOTY (He40CTaTOUYHYHO AOCTOBEPHOCTb) MHGOPMALMM O MapameTpax 1
pexkumax paboTbl CUCTEMBI; MePapXMUYHOCTb. MNepeyncieHHble GaKTopbl MO3BONAIOT OTHECTM 33434,
BO3HMKAIOLLME B UCCNEA0BAHUAX SHEPTeTUKM, K Kaccy 60oNbLIMX 3a4au4.

OCHOBHbIMM MHCTPYMEHTaMM UCCE40BaHMIN SHEPreTUKMN ABNAIOTCA MaTeMaTUYECKOe MOAE/IMPOBaHNe
N BbIYUCAUTENIbHBIN 3KCNEPUMEHT. MccnenoBaHma, NPOBOAMMbIE B UHCTUTYTE, TECHO CBSA3aHbl M UMEoT
061yt MHbOPMaLMOHHYI0 6a3y; ans uccnegosaHuini TOK TpebytoTca arperMpoBaHHble AaHHble, KOTOo-

1 UHCTUTYT cnucTem sHepreTukn um. J1.A. MeneHtbesa CO PAH, UpkyTck, Poccuna
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pble, KaKk NpaBuo, ABAAIOTCA 0606LLEHNEM Pe3yNbTaTOB UCCEL0BAHUI OTPACAEBbIX CUCTEM; PE3Y/Ib-
TaTbl UCC/IeA0BAHMIA HanpaBaeHui pa3suTna TIK A0MKHbI yYUTbIBATLCA NPU UCCNEA0BAHMAX PA3BUTUSA
OTPacNEBbIX CUCTEM SHEPTETUKM.

Takum 06pasom, gns NPoBeAEHUA CUCTEMHbIX UCCNEL0BAHNN IHEPTETUKN HEOBXOANMMbI KOOPANHALMSA
M COrNacoBaHME UCXOAHOW U pe3ynbTupytoLwwen nHGopmaLmm ans noayveHms o60CHOBAHHbIX BbIBOAOB
N peKomeHAaaLmi, KoTopble rOTOBATCA A/1A BHELHUX OpraHn3aunii, a Ana aToro Heobxoaumo co3aa-
HUE UHTErpMpoBaHHON MHGOPMALMOHHON U BbIYUCAUTENBHOW cpeabl UCCNeA0BaHMN, KOTOPOM ABK-
nacbk paspaboTtaHHas 8 MC3IM CO PAH UT-MHpacTpyKTypa HayUYHbIX MCCAeA0BaHNA.

UT-UHOPACTPYKTYPA CUCTEMHbIX UCCNELQOBAHUI B SHEPTETUKE

Moa UT-MHbpacTpyKTYpO NOHMMAETCA TENIEKOMMYHUKALMOHHAA pacnpeaeneHHas MHGopMaLMOHHO-
BblUMCNUTENbHAA UHOPACTPYKTYPA, @ UMEHHO, COBOKYMHOCTb TEXHUYECKUX M MPOrPaMMHbIX CPeacCTs,
TENIEKOMMYHUKaLUMI U MHPOPMALMOHHOM 6a3bl HayYHbIX UCCNEA0BaAHWNI; TEXHONOTUI UX Pa3paboTKu
M UCNO/b30BaHUSA; CTaHAAPTOB, KaK BHYTPEHHMX, TaK U BHELIHUX, A1a pa3paboTkM MHOOPMALMOHHbIX
M NPOrpamMmMHbIX NPOAYKTOB B 061aCTU UCCNef0BaHUIA SHEPreTUKN, obMeHa UMK U UX NpeacTaB/e-
HMA Ha MHOOPMALMOHHbBIN pPbIHOK [2]. UT-MHpacTpyKTypa, C OAHOW CTOPOHbI, ABNASETCA UHTEerpauu-
OHHOM MHPOPMALMOHHON U BbIYNCAUTENBHOM Cpeaon ANA NPOBEeAEHNA UCCNeL0BAHUIM B IHEPreTHKe.
C Apyroi cTopoHbl, ee pa3paboTKa co3gaeT NpPeanocbiKM ANa No3TanHOro nepexoga: K co3AaHuio
pacnpegeneHHbix 6a3 AaHHbIX U MPOrpamMMHbIX KOMIMJIEKCOB; pacnpeaeneHunio 1 pacnapansiennsa-
HUIO BblYUC/IEHUIA; co3aaHuto Web-opreHTUPOBaHHbIX MPOrpamMmMHbIX KOMMAEKCOB (BbIYNCAUTENBHbIX
cepBepoB); OKazaHWU0 MHPOPMALMOHHBIX YCAYr Ha OCHOBE HayKOEMKUX MHPOPMALMOHHbLIX U Mpo-
rpamMmMHbIX NpoayKToB (co3gaHune Web-cny»6 n Web-cepsucos) [2-5]. UT-uHPpacTpyKTypa BKAOYaET
MHTErpaLNoOHHY0 MHOOPMALIMOHHYIO MHPPACTPYKTYPY, pacnpenenieHHyo BblYUCAUTENbHYO MHpa-
CTPYKTYPY M TENIEKOMMYHUKALMOHHY0 MHPACTPYKTYpY (NoCneaHss B 3TOM CTaTbe HE pacCMaTpuBaeT-
cs). B HacToAlee Bpema BegeTcA paboTbl No pa3sutuio NT-MHOpacTpyKTypbl, @ UMEHHO AOMO/HEHNE
€e WHTeNNIEKTya/IbHbIMU Pecypcamm, KOTopble, MO aHaNOMMU € UHGOPMALIMOHHON U BbIYUCIUTENIbHOWN
MHOPACTPYKTYpPamu, yCIOBHO 06 beANHEHDBI B UHTENIEKTYaNbHYO MHPPACTPYKTYpy, Obuan cxema UT-
MHOPACTPYKTYpPbl UCCNEA0BAHUI B SHEPTETUKE NpuBedeHa Ha puc. 1.
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Puc. 1. UT-uHpacCTpyKTypa UcCNef0BaHNIN B SHEPTrETUKE
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UH®OPMALMOHHO-BbIMUCTTUTE/IbHbBIE U UHTENNEKTYAJIbHbIE PECYPCbI
UHpopmayuoHHble pecypcbl 06beanHAT:

® [aHHblE O COTPYAHMKAX, NPOBOANMbIX UMW HAaYYHbIX UCCNEAOBAHUAX U UX pe3y/bTaTax;

* nHbOpPMaLMo 060 BCEX PA3PO3HEHHbIX 6a3ax AAaHHbIX U XPAaHUANLLAX AAHHbIX, MCNOAb3YEMbIX AN
XpaHeHns 6a30B0M (OCHOBHOI), MPOMEXKYTOUHOM 1 pe3yNbTUpyoLLLE MHbOpMaLMK, Heobxoanmon
ANA uccnenoBaHui;

* MHbOPMALMIO O MeTOLAX (aNTOPUTMaX), BbIMONHAOLLNX KaKne-nmbo aenctema Hag nHbopmaumen
(nporpammHbIX KOMNAEKcax, NAaKeTax NPUKAALHbIX MPOrPaMm, PasIMYHbIX CEPBMCAX).

Moa, uHMennekmMyanbHsIMU pecypcamu NOHUMAOTCA 3HAHUS, KOTOpbIMKU 06/1agaeT UHCTUTYT, Npea-
CTaB/IeHHbIE KaK B TPaANLMOHHOM BUAE (3/1eKTPOHHbIE TEKCTbI CTaTel, OTYETOB U MOHOrpaduit), Tak 1
B BUAe moodeseli 0aHHbIX U Modeneli po2pamm u oHmMos02uli NnpeaMeTHbIX obaacTelt sHepreTuku [6].
Mogaenu faHHbIX npeacTasastoTca AMbo B BuAe MHbonornyeckmux mogenein (ER-moaeneit), B Hotauum
YeHa (noarotoBsieHHble, Hanpumep, B Microsoft Visio), ninbo B Buae moaenein AaHHbIX, NOATOTOB/EH-
HbIX ¢ nomouwbto CASE-cpeacTts, Hanpumep, ErWin. Moaenun nporpamm moryT 6biTb onMcaHbl IM60 Ha
A3bike UML, nMb60o ¢ nomoLLbo OHTONIOTUIA, NPeAcTaBAeHHbIX Ha A3bikax OWL nan XML.

OHMOs102UU - OQHO U3 COBPEMEHHbIX HanpaBAeHU B 061aCTU MCKYCCTBEHHOTO MHTENIeKTa. B 0buwem
BUAE OHTONIOTMM ONPeaenatoT Kak 6asy 3HaHMI CNeunanbHOro BUAA, UK Kak «cneumouKkaumio KoH-
LenTyannsaumm» npeameTHol 061acT. 3TO 3HAUMT, YTO B NpeaMeTHOM 06/1acT Ha OCHOBE Kaccu-
durKaummn 6a3oBbiX TEPMUHOB BbIAENAOTCA OCHOBHbIE NMOHATUA (KOHLENTbI) U YCTaHAB/MBAKOTCA CBA3M
MeXKAy HUMMW. ITOT NPOLLECC HA3bIBAOT KOHL,ENTyaAn3aLmein. 3aTem OHTONI0TUA MOXKET bbITb NpescTaB-
NleHa B rpaduyeckom BUE UM OMUCaHa Ha OAHOM 13 GOPMAbHBIX A3bIKOB (GopmanbHas oHToN0TUA)
- 3TO Npouecc cneumoeuKaLmmn oHToNormiA. Ha puc. 2 nokasaH GparmeHT rpadpuyeckoro npeacraBaeHuUs
OHTOJIOTUM, OMUCbIBAtOLLEN MHPOPMALIMOHHBIE U NPOrPAMMHO-BbIYUC/IUTEIbHbIE PECYPCbl MHCTUTYTA.

Puc.2. dparmeHT OHTONOTUM UHPOPMALMOHHBIX U MPOTPAMMHO-BbIYUCANTEIbHBIX PECYPCOB MHCTUTYTA.

NHOOPMALIMOHHAA UH®PACTPYKTYPA

NHpopMaLMOHHAA MHOPACTPYKTYpa MHTErPUPYET Kak MHPOPMALMOHHO-BbIYUCAUTENbHBIE, TaK U UH-
TeNNeKTyanbHble pecypcbl. B MHGOPMaUMOHHOW MHOPACTPYKTYPE BblAENAIOTCA TPU YPOBHA (cnos):
YPOBEHb MOAENN MeTafaHHbIX MHHOPMALMOHHON MHOPACTPYKTYPbI, YPOBEHb METaAaHHbIX U AAHHbIX
UT-nHdpacTpyKTypbl. [Na nocTpoeHna moaenn MHGopMauMoHHON UHOPACTPYKTYPbl MCNOMb3YOTCA
OHTONOMMK, 06BbEKTbI UT-MHOPACTPYKTYPbI ONUCHIBAIOTCA METaAaHHbIMW Ha OCHOBE CO3aHHOWN OHTO-
norum [9-11].
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Peanunsauma Bcex NporpaMmHbIX KOMMOHEHTOB BbiNOMHAETCA B paMkax SOA, LeHTpanbHbIn MHPOp-
MALMOHHbIM KOMMNOHEHTOM fABAsETCA Peno3nTtapuii, peannsauma KOTOPOro BbinosiHEHA Ha 6ase CYB/,
Firebird n Microsoft SQL Server, dbyHKuMOHanbHOCTb CYB/ paclumpaeTca nporpaMmHbIM ALPOM.

KomnoHeHTbl MHGOPMALLMOHHON MHDPACTPYKTYPbI PA3LENAOTCA HA TPU IOTUYECKUX YPOBHA: ypO8eHb
¢alinosoli cucmemol, CYB/] v yposeHb KaueHma. BblAensatoTca cucmemHble v PUKaAadHble KOMMOHEH-
Tbl: K CUCTEMHbIM OTHOCATCA - NPOrpaMmmHoe A4po, 6asa meTadaHHbIX, GaitioBoe XpaHWUauLLe, Npo-
rpamma afMUHUCTPUPOBAHUA U ApaiiBep Penosutapua; K NPUKAALHbIM - NpOrpamma u3saeyeHus
OaHHbIX, Nporpamma mssnedeHma daiinos, Web-npunoxkeHne gna npocmotpa Penosutapus, SOAP-
MHTepdeiic u ap.

Mporpamma agMUHUCTPUPOBAHUA Penosutapusa paspaboTaHa cneumanbHO AAA BbINOAHEHUSA agMU-
HUCTPaTMBHBbIX 3a43a4. OHa NO3BONAET JOCTATOUHO /IEFKO NMPOBOAWTL NEPBOHAYAIbHOE MPOEKTUPOBA-
HUE N U3SMEHEHWE CTPYKTYPbl METaZaHHbIX, BHOCUTb U MOANDULMPOBATL ONUCaHUA MHOOPMALMOHHbIX
06beKTOB Peno3unTapus, a TakKe AaeT BOSMOXKHOCTb M3B/IEKaTb AaHHble U3 Peno3nTapusa B pasinyHble
dopmarTsbl.

[na BbINONHEHWA 3aNPOCOB K 6a3am AaHHbIX CO34aHO CneLmManbHoe NPUIoKeHue, kotopoe 6asnpyert-
€A Ha apavisepe PenosuTtapua. OCHOBHOW Le/1blo Npu ero paspaboTKe H6bIN0 NOCTPOEHME TAKOFO NpU-
NOXEHUA, KoTopoe Obl 4aBasio BO3MOMXKHOCTb M0/1b30BaTENIAM U3B/EKATb AaHHble A/1A CBOeW paboTbl
M3 Pa3nnYHbIX 6a3 AaHHbIX B yA06HOM dopmaTe. M3BeUeHne AaHHbIX MOXKET OCYLLECTBAATLCA U3 Lie-
noro paga CYBA: MySQL, PostgreSQL, Firebird, InterBase, Microsoft SQL Server, Sybase ASE, Oracle,
yepes gparisepa OLE-DB, ADO n ODBC. Pe3ynbTaTbl BbIMNOJIHEHUSA 3aNPOCOB NPeACTaBAATCA MN0/1b30-
BaTesto B BUAeE Tabaumu, 1 moryT BbiTb COXpaHeHbl B BUAE TEKCTOBbIX ¢aiiios, paiinos Microsoft Excel,
dbf-bainos unmn B Buae apyrux 6as AaHHbIX. APXMTEKTYPA MHCTPYMEHTA/IbHbIX CPEACTB NOAAEPHKKM
MHOOPMALMOHHOM MHOPACTPYKTYpbI NpeacTaBieHa Ha puc. 3.

BO3MOKHO MOCTpOEHME Ha OCHOBE NOJIyYeHHbIX AaHHbIX OLAP-Ky60B, A4/14 3TOro No/sb3oBaTento Heob-
XOAMMO YKa3aTb M3meHeHUs Kyba (dimension), mepbl (measure) 1 orpaHnyYeHua AaHHbIX. B PenosuTa-
PUK 3aNpOChl XPaHATCA B BUAE OTAE/bHbIX 06 bEKTOB C yKa3zaHMEM CCbINIOK Ha 6a3bl AaHHbIX, B KayecTse
aTpMBYTOB 3TUX OOBEKTOB XPaAHATCA Ha3BaHUA 3anpocoB, SQL-CKPUNTLI U CMIMCKMU NapamMeTpoB. TakKe
noaAepKMBaeTca NOCTPOeHUe NoJib30BaTeIbCKMX (NPOM3BOAbHbIX) SQL-3anpocos.

MNpenycmoTpeHo npeacTassieHne meTagaHHbix B Buge HTML, 4To ¢ TOYKM 3peHnAa opraHmM3auum ap-
XUTEKTYPbl MIHOOPMALMOHHOM MHGPACTPYKTYPbI ABNAETCA TUNOBOM 3ajayen, aHanorMyHon npeobpa-
30BaHUIO MeTafaHHbIX B pa3inyHble ¢opmatbl. [laHHble M3BneKatoTca M3 Peno3uTtapua B Buae XML
M nepepatotcs nosb3osatento. Ons 6onee HarnagHoro npocmotpa XML-g0OKYyMeHTOB npumeHseTcs
TexHonorua XSL Transformations (XSLT). NMpeobpa3soBaHue, BbipaxkeHHoe Yepes XSLT, onucbiBaeT npa-
BWNA NOCTPOEHUA KoHeyHoro aepesa XML-goOKymeHTa Ha ocHoBe gpyroro ucxogHoro XML-gepesa.
lnaBHbIMK 3BEHbAMM NpoLiecca Npeobpa3oBaHMA MeTagaHHbIX, Haxoaawmxca B Penosutapum, 8 Web-
CTPaHULYy ABNAIOTCA NpoLeaypa Bbirpy3ku v wabnoH npeobpasoBaHma XSL. O6a 3TUX anemeHTa He
BCTPOEHbI HU B OA4MH OOBEKTHLIN KOZ HU OA4HOTO M3 KOMMNOHEHTOB, MMEHHO 3TO MO3BO/IAET NETKO U3-
MeHATb B c/lyyae Heobxoammoctn GopmaTbl NpeacTaBAeHMA AAaHHbIX N0/b30BaATENIO.

Mporpamma Mporpamma Mporpamma
Weh-cepBHchl p Tpa apM HHHCTPR-
RaHHBIX cdannes poBaHUA
— L] ¥ f
1 f
Apawnsep e CYEBA FireBird 1.5.2 MporpammHoe apnpo
Penoautapua SQL Server 2000/2005 Peno3HTapua
T Fy k
AOpyrue CYBA
S —
Penosutapui

Puc. 3. ApxuTeKTypa MHCTPYMEHTA/IbHbIX CPEACTB NOAAEPIKKM MHOOPMALMOHHOWM MHGPACTPYKTYpbI
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TeXHON0rM0 UCNOb30BAHUA MHPOPMALMOHHOM MHPPACTPYKTYPbl MOXKHO Pa3buTb Ha YeTbipe 3Tana:
rnocmpoeHue Modesu MemadaHHbIX - Ha 3TOM 3Tane onpeaenAlnTCA «NpPaBuUIa XPaHEHUA» MeTafaH-
HbIX, BHECEHUE MemadaHHbIX - MPOU3BOAUTCA OnMcaHUe NHPOPMALMOHHbIX PecypcoB B MHPOpmMaLM-
OHHOWM MHObPACTPYKTYpPe, U3saeyeHuUe MemaoaHHbIX N U3esneyeHue OaHHbLIX - UCNOJb30BaHne nHdpa-
CTPYKTYPbI A8 NOAAEPKKM NPOBeLeHUA UCCAef0BaHUI KaK MHTEFPUPOBAHHOIO MCTOYHMKA NoayYe-
HUA nHdopmaumm [11].

O4HUM U3 nocegHUX HanpasaeHuit paboT nabopatopmm MHGOPMALMOHHBIX TEXHOIOTUI B SHEPreTH-
ke MCOM CO PAH aBnsaeTca nHterpauma paspaboTkM NPorpammMmHOro KOMnaekca, NoAaepX1BatoLLero
BbIYMC/IUTENbHbIV SKCNEPUMEHT B MpeaMeTHOM 061acTu, 1 NpeacTaBAeHUsA 3HaHUI 06 aTol npegmert-
Hol 0bnactu B BuAe oHTonorui [12, 13]. HoBM3Ha NpeaIosKeHHOro NoAaxoaa onpeaenaeTca Tem, YTo
NPOrpamMHbIN KOMNeKC pa3pabaTbiBaeTCA Ha OCHOBE MOZe/el NPorpaMm, ynpasasemMblx crewmanb-
HO oHTONOrMeln. CoBMecTHOoe ucnosib3osaHue MK 1 oHToNOrMi NpeameTHo obnacTn obecneunsaet-
CA NOCPeACTBOM UX MHTErpaLmMu B pamkax UT-MHPpacTpyKTypbl UCCnefoBaHUA SHEPTETUKM.

3AKNTIOYEHUE

B cTaTbe onucaH MeToAuYecKMii NOAXOL K MHTErpaumm MHPOPMaLMOHHBIX U MHTENNEKTYaIbHbIX pe-
CYpCOB CUCTEMHbIX MCCNEAOBaHWN 3HepreTMkn. HeobxoammocTb MHTerpaumm obyc/ioB/ieHa B3au-
MOCBA3aHHOCTbIO M eanHON MHPOPMALMOHHONM 6a30i MccnenoBaHUM, a TaKXKe HeobXxo4MMOCTbio
COXPaHEHMUA UHTENIEKTYa IbHbIX PECYPCOB MHCTUTYTA. MIHTErpaLma ocyLecTBAAeTca B pamKax MHoop-
MaLMOHHOMN MHPPACTPYKTYpPbI, ABAAIOLENCA BaXKHbIM KOMNOHEHTOM CO34aHHOW COTPYAHUKamK nabo-
paTopun MHPOPMALMOHHBIX TexHoNornii B aHepretuke MCIM CO PAH UT-MHOpPACTPYKTypbl HAayUYHbIX
nccnefoBaHnin. MNpeasoXKeHHbIN U peann3oBaHHbIN METOANYECKUI NOAX0A OCHOBAH Ha MCNO/b30Ba-
HUM OHTO/IOMMIA - COBPEMEHHOW GOpMbl NPeacTaBAEHUA 3HAHWUNA, MPUYEM OHTOJIOTMU NpeasaraeTcs
MCMO/Ib30BaTb KaKk AN NPeaCcTaBAeHUA SHEPreTUYeCcKMX 3HaHUM U UX ONMcaHus B MHPOPMaLMOHHOM
MHOPACTPYKTYpE, TaK U 411 NMPOEKTUPOBAHNSA COBPEMEHHbIX MPOrPamMHbIX KOMMieKcoB. OCHOBHble
pe3ynbTaTbl ONMCAHHOMO MNPOEKTA 3aLMLLEHbI B TPEX KAHANAATCKMX AUCCEPTALLUAX, BbINONHEHHbIX MO,
pykosoacTteom J1.B. Maccenb [8, 11, 13]. MiccnepoBaHuaA, onMcaHHbIe B CTAaTbe, BbIMOJIHEHbI NPU Ya-
CTUYHOM PUHAHCOBOM Noaaep KKe rpaHToB PODU No10-07-00264, Ne 11-07-192 1 rpaHTa Nporpammbl
Mpesnagnyma PAH Ne2.29.
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KopobuybiH B. A.*?

YUCNEHHOE MOAE/IMPOBAHUE MHOTOCBA3HbIX TEYHEHUI
HECXKMMAEMOWM XNOKOCTU

On the basis of a potential model of an ideal incompressible fluid numerically studied the evolution of the axisym-
metric gas bubble. Simulated changes in connectivity bubble, bubble interaction with free surface, filling the cavity.

B paboTe 4uMCAeHHO McceoBaHa 3BONOLMA NEPBOHAYAbHO OLHOCBA3HOIO OCECUMMETPUYHOrO My-
3bIpA B TAXKENON HECKMMAEMOM XUAKOCTM Noa cBobOLHOM NOBEPXHOCTbIO, NMPOLLECC NpeBpaLLeHns
chepuyeckoro nysbips B TOPo06pPasHbIA MHOIOCBA3HbIN, B3aUMOAENCTBUE KYMYNATUBHOW CTPYMKK C
rpaHULAMK Ny3blipsA, BO3LENCTBME KYMYNATUBHOM CTPYM Ha cBOBOLHYIO NOBEPXHOCTb, 06pasoBaHume
CYy/NITaHa, a TaK)Ke 3anosIHeHNe 0CECUMMETPUYHOM NONOCTH.

OTOT NPOLECcC OMUCLIBAETCA KAAaCCOM pPa3pbiBHbLIX MOTEHUMANbHbBIX pELUEHMVI ypasHeHua Jlannaca.
Pa3pbiBbl NOTEHLMANA BO3HUKALOT NPU CAUAHUM ABYX FIOBerHOCTeVI pasaena C OTIMYHbIMU pacnpeae-
NeHnAMM noTeHunana. MatemaTMyeckmn 3TO onucbiBaeT cbopmyna CroKkca ¢ HeHYJ'IEBOﬁ U,VIpKyI'IFILI,MEVI
Mo HeO4HOCBA3HOMY KOHTYPY, OXBaTbIBatoWeMy ny3blpb.

1. be3BMXxpeBOe 0CECMMMETPUYHOE TEYEHME TAMKENOM HECKMMAEMOW N HEBA3KOM XUAKOCTM MPOUCXO-
ANT B 061aCTH, orpaHNYeHHOM CBOBOAHbIMU TPaHULAMKN U TPaHULAMK pasaena. B cuny ocesoit cnum-
MeTpUM 3aZa4M paccMmaTpMBaem pelleHne B 061acT MepUANOHANIbHOIO CeYEHNA TeYEHUS KULKOCTH
Q(X,r,t), t > 0 - Bpems, Ha NOAYNIOCKOCTH (X,r), r>0, X,r— uuanHapuyeckme KOopAuHaThl. X - no-
BEPXHOCTb pasfena ras - XXMAKoCTb, { - YCKOPEHWUE CUbI TAXKECTU, MapannesibHOM OCU CUMMETPUN X .

Myctb L - xapaKTepHbli IMHENHbIM pasmep o0baacTu TedyeHus (paguyc nysbipa). Mpu 3Tom BCe UCKO-
Mbl€e XapaKTEPUCTUKM TeUeHUA ABNAIOTCA GYHKUMAMM OTHOweHnin Af/L, x/L, r/L, roe A= (pllp)o'5
- MOCTOAHHAA C Pa3MEPHOCTbIO CKOPOCTK, P, - XapaKTepHoe AaB/eHue, P - MIOTHOCTb KUAKOCTK.
Janee nopg, X,r.t,p,¢ nogpasymesaem 6e3pasmepHble nepemeHHble. MoTeHLMan CKopocTu (p(x,r,t) B
Q ynoBsneTBopseT ypaBHeHMIO Jlaniaca B LMIUHAPUYECKON cUCTEME KOOpAMHAT

*p/ox* +ra(rog/or)jor =0. (1)
Ha ocu cummetpun =0 HopmanbHas npoussoaHas d¢/on obpawaetcs B Hyb. Mpu NpUBAMKEHNUN

K 6ECKOHEYHOCTM CKOpOoCTb W =V U1 NOTEHLMaN CKOPOCTH CTPEMATCA K Hyt0. Ha rpaHuue X Bbinon-
HAKOTCA 4Ba rPaHUYHbIX YCAOBUA, KUHEMATUYECKOE

dx/di=0¢/ox, dr/dt=0p/or, (x,r)e)., (2)
N ANMHaMUYEeCKOoe ycioBue HenpepbIBHOCTU AaBeHUA p B OKPEeCTHOCTU rpaHuUbl pasgena >
do/dt-0.5Vo| +p, —1+gxLA? =0. (3)

[asneHue rasa py(t) MeHsAeTCA Mo aamabaTMyeckomy 3aKoHy (y - mokasartesib agnabartol)

p,(t)=p, O OV O] =0, (@)
rae V(t) - o6bem rasosoit nonocty, pY(O),V(O)- nasneHne n obbem rasa B HayabHbI MOMEHT Bpe-
MeHM.

2. B npougecce 3BoIIOLMM NY3biPsA BO3MOMKHO HACTyNAeHMe MOMEHTA, KOrAa YacTb rPpaHuLLbl Ny3bips C
O4HMM pacnpegeneHnem noTeHumnana BOMAET B CONPUKOCHOBEHME (CONbeTCa) ¢ APYroi YacTbio rpa-
HWLbI C UHbIM pacnpegeneHnem noTeHumana. B asToT MOMeHT ogHOCBA3HasA 061acTb peleHuns CTaHo-

1 TomcKuiA rocyfapCcTBeHHbIN yHUBepcuTeT, Tomck, Poccua
2 UHCTUTYT BbluMCAUTENbHBIX TexHonornin CO PAH, Hosocnbupck, Poccus
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BUTCA MHOTFOCBA3HOM, NPW 3TOM LMPKYAALMA MO KOHTYPY, KOTOPbIA HE MOMKET BbiTb CTAHYT B TOYKY,
He paBHa Hy/to. [Ans NpoAo/IKeHMs pacyeTa moguduumpyem moaens. Yepes KpaiHue TOYKMU conpu-
KOCHYBLUMXCA FPaHULL, MpoBeLemM paspes € PasHbIMW 3HAYEHUAMM MNOTEHLMANA HA MPOTUBOMOIOMKHbIX
b6eperax paspesa, 1 Ha pa3pese NOCTaBUM YC/I0BME HEMPEPLIBHOCTM CKOPOCTU. U3 ycnosus Henpepbis-
HOCTM C/leflyeT, YTO CKAYOK MOTEHLMaNa Ha pa3pese BesIMYMHA NOCTOAHHAA BAO/b BCErO paspesa.

3. bygem pelwatb 3a4a4y pasHOCTHbIM MeTogoM. B o6i1acTn Q BBeAeM CBA3HYIO MPSAMOYIO/ibHYHO He-
paBHOMEPHYIO CETKY y3108. MoTeHUMan 1 gaBaeHne 3a4a4AMM B y31ax 3TON CeTKU. dusnyeckme Kom-
NoHeHTbl BeKTOpa ckopocTi W onpesennm Ha pasHeceHHbIX ceTkax: komnoHeHTa W, 3aaaHa B TOuKe,
OTCTOALLEN OT y3/1a Ha MoJiara CeTKM B HanpasseHnn ybbiBaHUa nepemeHHON X . MpounssoaHble 3a-
MEHSAITCA LEHTPasIbHbIMM PAa3HOCTHbIMW COOTHOLWEHUAMM. Pa3HOCTHan cxema, anmnpoKCMMMpYoLLan
ypasHeHua (1)-(4), mmeeT nepsbiit NOPALOK annPOKCMMaLLMM Ha CETKE C NePeMeHHbIMU MPOCTPAHCT-
BEHHbIMW Laramm.

lpaHuLy pa3aena ras - *XMAKOCTb onpeae MM TOYKaMu nepeceyeHmns NnoBepxHOCTH pasaena C ANHUA-
MM ceTKU. KuHematuueckoe ycnosue (2) 6yaeT BbINONHEHO, €CIM TOYKU FPaHNULbl Pasaena Ha Kaskaom
BPEMEHHOM Liare OTOXAECTBMM C YaCTULLAMM KUAKOCTU, CKOPOCTM KOTOPbIX ONpeaenatoTcs Yepes no-
TeHUMan 6AMKaNLWKX K HUM ToUYeK ceTKK. NoapobHo pasHOCTHas cxema onucaHa s [1,2].

4, Onuwem anropuTm, NO3BONAIOLLMIA NPOBOAUTL PacyeTbl MOTEHLMANbHbIX TEYEHUI B 061aCTAX Me-
HAOLWENCA CBA3HOCTU. [114 3TOoro obpatmea K ¢our.1l, npecTaBastoLLei Ty YacTb PacyeTHOM CeTKM B
OKPECTHOCTM My3blpsA, B y3/1aX KOTOPOI NOTEHLMAN TEPNUT PaspbiB, BOSHUKLWWIA B pe3ybTaTe CAMAHUA
[ABYX YacTeli rpaHuLbl My3bipa, C PasHbIMK pacnpeaeneHuamm noteHumana. JinHua AOB - yacTb KOHTY-
pa (noBepxHOCTM) Ny3bipA, U B ToOYKe O NOTEHLMaN Ha MOBEPXHOCTM My3bipa TepnuT paspbis. JInHua OC
ABNIAETCA YACTbIO «TEXHOIOrMYECKOro» pPaspesa B KUAKOCTW, Ha KOTOPOM yNpoLLEeHHO MOAEeNMpyeTca
3BO/IOLMA CAMBLUMXCA YacTel Ny3bipsA, Ha 3TOM KUAKOM IMHUMN NOTEHLMAN CKOPOCTU TEPNUT Pa3pbIB.
370 He narpaHKeBa ANHUA.

®ur. 1. Cxema TEXHOIOTMYECKOrO pa3pesa peanunsytoLLero paspbls NoTeHumuana.

Ha ¢wur.1 6epera paspesa OC nokasaHbl NYHKTUPHOM NnHMEN. CKOPOCTb Ha paspese HenpepbiBHan
YHKUMA, yA0BNETBOPAIOLLAA YPABHEHUIO HECKMMAEMOCTU. B pa3HOCTHOM anropmutme NpAMon paspes
NPOXOAMUT Yepes 0AHY M3 KpalHMX TOYEK CIMBLLENCA FPaHNULbl NapannenbHO IMHUAM CETKU x=const. B
TOYKax NepeceyeHuns paspesa v IMHUIN CETKMU BBOAATCA AONOJIHUTE/bHbIE Y3/1bl ABYX beperos paspesa,
Y3/1bl C pa3HbIX CTOPOH pa3pesa nomevaem mHaekcamu |, K, n B 3TUX y3nax BbINOAHAETCA ypaBHEHUE
Nannaca

_ Pi — P n Pri1 =P Pr —Pr " PP PPy
hr hrjhlj hh I (x" _xl) I (xk _XH)

T 7 -1 ij

>

Ap

h,=0.5(h,+h,,).h,=05(x

Xy ), 7=0.25 (rj+1 +2r 41, ),
KaK cnefcTBue YCA0BUA HECHKMMAEMOCTU KUAKOCTU M PaBEHCTBA KacaTe/lbHbIX M HOPMaslbHbIX KOMMO-
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HEHT CKOpOCTel No pasHbiM Beperam paspesa. PasHocTHoe ypaBHeHuWe Jlaniaca 3anucaHo B y3sne kl.
Y3en k +1 nesoro 6epera sbiwe y3na kK, a ysen nesoro 6epera K —1 Huske yana k. CooTBeTCTBEHHO,
y3en | +1 npasoro 6epera Bbiwe y3na |. U3 paBeHCTBa KacaTeibHbIX KOMMOHEHT CKOPOCTeN Mo pas-
HbiMm beperam paspesa ciegyet
D= =P~ Py

CnepoBaTesibHO, Pa3HOCTb MOTEHLMAN0B - BEAMYMHA MOCTOSHHAA BAO/b BCEX Y3108 paspesa. Mpwu
3TOM Ha NPOM3BO/IbHOM CETOYHOM 3aMKHYTOM KOHTYpE, OXBaTbIBatOLLEMY ABYCBA3HbIN My3blpb U Me-
pecekatolLemy paspes no AMHUKU |, NOABAAETCA LMPKYAALMA I :§GRAD¢dR, R — paguyc BekTop,
YMCNIEHHO PaBHas CKauKy (pa3HOCTU) NOTeHLMaNa Ha paspese I = ¢1/ —¢kj.

5. UaeanbHaa HeCXKMMaeMasn TAXKeNan KUAKOCTb HaxoguTea B nosynpoctpaHctee X < 0. Mpasas nno-
CKOCTb - HauanbHas ceBobogHas nosepxHocTb X = 0. B }KMAKOCTU MMeeTCA 0CeCMMMETPMYHAA ra3oBasn
No0CTb C rpaHuLeit pasgena B8 popme chepbl, LEHTP KOTOPOW PacnoioKeH Ha rnybuHe X =—H . B
Haya/ibHbl1 MOMEHT BPEMEHM KUAKOCTb MOKOUTCA.

Paanyc cdepuyeckoli NoNoOCTU NPUMEM 33 XapaKTEPHbIN IMHENHbINA pa3mep. [JaBaeHue rasos B 3ToM
MOIOCTM OT/IMYAETCA OT XapPaKTEPHOrO P, - IMAPOCTAaTUYECKOTO AaBeHuA Ha ypoBHe X = —H . 3apava
COCTOMT B ONpeaeseHNN BO3SHWKAOLWErOo OCECUMMETPUYHOTO TeYEHMUSA KUAKOCTU, NOPOXKAAEMOro ne-
pemelLeHMeM U M3MeHeHNeM GopMbl Ny3bips.

Mcnonb3oBanacb HepaBHOMEpPHAA pacyeTHas CceTKa, Cryljarolascid K cBOOOAHOV MOBEPXHOCTH.
OTHOLWeHMe HaYaNbHOro AaB/eHMsA rasa pg/pl =0.5. MNokasatenb agnabatel y =1.4.

PacyeTbl Te4eHUI A4NA pasHbIXx MOMeHTOB Bpemenu At/ L=1>0, n L=1 H =15 npeacrasneHsbl Ha
bur. 2 B N10CKOCTM NepemeHHbIX X, ', B BUAE KOHPUIypauui rpaHuLbl pa3aena cpes.

Bolgenum mopenupyemble dpusmyeckme npouecchl. B Hauane noa AencTBMEM pPa3psAXKEHWA rasa ny-
3blpb CKMMaeTcs. CBo6OAHAA NOBEPXHOCTb Hag, Ny3blpem NMOHWKAETCA, 06beM rasa ymeHbLIaeTcs, a
[aB/ieHue rasa B COOTBETCTBUM C COOTHOLLIEHWeM (4), HaobopoT pacTeT. Kak bonee nerkas CTPyKTypa,
ny3blpb BCMJ/bIBAET. BcneacTBME MHEPLUMOHHOCTU KUIKOCTU, CXKATMe rasa NpofosKaeTca U npu Ao-
CTUXKEHUW BHYTPEHHUM JaBeHMeM B My3bipe rMapocTaTuieckoro gasaeHuna p, . Mocne npekpalyeHns
C}KaTWsA, HAKOMIEHHAA ra30M 3HEPrua HauMHaeT NPOLECC pacwmpeHus nysbipsa (dur. 2c).

PasHOCTb r’MApOCTaTUYECKOTO AaBAEHMA B BEPXHEN U KOPMOBOM YacTaX Ny3blpa ABAAETCA CeACTBUEM
€ro HepaBHOMEPHOro CKaTuA. [paHULA KOPMOBOW YacTU My3bipA C TeYEHUEM BPEMEHU CUNbHO Ae-
dopmupyeTtcs c 06pa3oBaHUEM OCECUMMETPUYHOM KYMYIATUBHOWN CTPYIMKK, CTPEMSALLENCA K BEPXHEN
yactu nysbipa (dur. 2 a,b). ITa cTPyA Yepes HEKOTOPbLIV NPOMEKYTOK BPEMEHU AOCTUrAEeT BEPXHEN rpa-
HWLbI FA30BOrO Ny3blps, B pe3y/ibTaTe rasoBbli Ny3blpb NpMobpeTaeT TopoobpasHyto dopmy, a obnacTb
TEeUYeHUs CTaHOBUTCA ABYCBA3HOM (dur. 2b).

dur. 2. i3meHeHne pOPMbl 1 CBAZHOCTU My3bIps.
ITa dpasa pasBUTMA Ny3bIPA MEHEE M3yYeHa. B OKPeCTHOCTM BCM/IbIBAIOWErO M PacIMpPAIOLLErOCa Ny-
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3bIpA Pa3BMBAETCA LMPKYAALMOHHOE TeYeHMe, BAUAOLWEe Ha AedopmaLimio cBOOOAHON NOBEPXHOCTY.
C MOMEHTA BO3HUKHOBEHMSA LIMPKYAALMOHHOIO TeYEHUA, KOTOPOEe NPOUCXOAMT Ha ¢ase paclumMpeHua
ny3blpA, NOHUXKeHWe cBOBOAHOM NOBEPXHOCTM HaZ My3blpem MPeKpaLaeTca U HauMHaeTcAa obpaTHoe
OBUXKeHMe cB0H6OAHOM NOBEPXHOCTMU.

[anee, c nepexonom nysbipsA B ABYCBA3HYIO GOPMY, LIUPKYNALMOHHOE TeYEHNE NO OCU My3bIpA, U3 WK-
pOKOI TOpoO6pPa3HOM KOPMbI My3bIPs K Y3KOW NepeaHein YacTu roOHUT CyXKatowWwmMica 1 yCKopatowmiics
NOTOK K cBOBOAHOW nosepxHocTH (dur. 2c). Korga BepxHAA rpaHMuUa nysbips NpubaM3UTCA Hayasb-
HOMY HEBO3MYLLEHHOMY YPOBHIO CBODOAHOM MOBEPXHOCTM, Ha ABWMKEeHMEe CBOHOAHON NOBEPXHOCTM
HayMHaeT, B OCHOBHOM, BAUATbL LMPKYAALMOHHOE TeyeHne. Ha nogHmMmatouweiica ceobogHow nosep-
XHOCTM MO OCK Ny3bIpA CHayasna NoABAAETCA NOKa/bHOE BO3BbILEHWE, KOTOPOE Pa3BMBAETCA B ABHO
BbIPAXKEHHYIO KYMYNATUBHYIO CTPYWKY - cyaTaH (cm. ®ur. 3). Mpu foCTUNREHUMN BEPLIMHOK Ny3bipsa CBO-
604HOM NOBEPXHOCTM YNCIEHHBI pacyeT 3aBepLUanca.

3.00

N

2.00

Ll k4 43 14 d

1.00

P A )

0.0 LS ILANLINE I B B B o LN B S B B N 3w LN N A B N I Bt b

=2.00 -1.00 0.00 1.00

t= 1.0899E+00 P= 0.50 gly= 1.50
®dwur. 3. t=1.1 MHOrocBs3HbIl Ny3bipb BCN/IbIBAET K CBOOOAHOM NOBEPXHOCTM.

6. Cnepytoluan 3aZ1a4a ONMUCbIBaET NPOLLECC 3aM0NHEHUSA TyOOKON 0CECUMMETPUYHOM LLAXTbl HA 60/1b-
woi rnybuHe. Laxta eanHnyHoro paguyca R =1 pacnonoxeHa nog ropM3oHTanbHON MAOCKOCTbIO
X =0. FnybuHa waxTbl Ha NOPAAOK bosblue ee paauyca. KoHeuHbl €0 HEMNOABUNKHON HECKMUMA-
eMOM TAMKENOM XKNAKOCTU 3aHMMAET YacTb BEPXHEro NoyNpOCTPAHCTBA, UCKAtOYaa 061acTb COCHOM ¢
LIaxXToV razosoit nonycoepbl 3agaHHoro paguyca R, > R, npumbiKatoLLeil k cpesy waxTbl Ha TOPU30OH-
TanbHoM naockoctn X =0. [a3 B NpocTpaHcTBe WaxTbl 1 nonycdepbl HAXOAUTCA NOA HaYaIbHbIM AaB-
nexvem p,, 60/bIWIMM, YeM TMAPOCTATUYECKOE aB/ieHe Ha cpe3e WaxTbl. TonwwHa cnoa H xuako-
CTM Haf, WaxTon MHoro 6onblie paguyca nonycdepbl, NO3TOMY BANAHUE CBOOOAHON NOBEPXHOCTM Ha
9BOJIIOLMIO FA30BOr0 My3bIPA HE YUYUTbIBANOCH.

TaK KaK ruapocTaTMyeckoe AaB/eHne Ha NAOCKOCTM cpesa WaxTbl 6oblue rMApocTaTMYecKoro Aase-
HWA HaZ ra3oBoM Nosychepoit, TO Ha NNIOCKOCTU Cpesa LUaxTbl HAYMHaEeT GOPMMPOBATLCA OCECUMME-
TPWMYHAA KONbLEBanA CTPYA TAXKEN0W XKUAKOCTU, HaNpPaBAEHHAA K OCY CUMMETPUM LLAXTbl BAOAb Cpe3a
waxtbl. (®dur.4a). Korga cTpys AOCTUTHET OCU CUMMETPUM, NPOU30MAET ApobaeHue Ny3bipsa Ha ABa:
HaALLAXTHOrO My3bIPA M WaXTHOM ra30BOM NONOCTH, KOTOPbIE 3aXKMBYT KaXKAbll CBOEW KU3HbIO.

FOpM30HTaNbHAA OCECMMMETPUYHAA KObLLEBAA CTPYA TAMKENOW XUAKOCTM NpeobpasyeTca B ABe Bep-
TUKa/ibHble cTpyu. MNoATaNnKMBaeMbl BEPTMKAIbHOM CTPyel HanpaB/ieHHOM BBEPX, BEPXHUI HaALlax-
THbI Ny3blPpb, CHa4Yana OA4HOCBA3HbIN C HYNEBOW LMPKYIALMEN, HAYHET cBoboAHOE BCM/bITUE, 3BOJIIO-
LMOHMPYA B MHOTOCBA3HbIN C HEHYNEBOW LMPKyAaLmein. BOSHUKHOBEHME MHOTOCBSA3HOCTU COMPOBO-
OAETCs CTONIKHOBEHMEM KYMYIATUBHOM CTPYM C NMOTO/IOYHbBIM CI0EM ¥KUAKOCTU My3blipA, NOPOXKAAt0-
MM rMAPaBAMYECcKOe yAapHOe BO3MYLLEHWNE BAMAOLWEE HA HAZLWAXTHYIO NOBEPXHOCTb M Ha CTPYHO 3a-
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NMOJIHAIOLLYIO WaxTy. BepTuKanbHas cTpys, Hanpas/ieHHas K AHY LWaXTbl, HAYHET ee 3anoiHATb (dur.4b).

®ur. 4. 3anosHEHME OCECUMMETPUYHOM MONOCTK.

My3bipb, BCM/bIBLUMIA HA HECKO/IbKO PaAMyCcoB, U3 pacyeTa UcKAtoYanca. OcecMmmeTpuyHana cTpya 4o-
CTUTHYB AHa LWAXTbl U 3aM0AHWB AHO, 06pa3yeT KONbLEBYIO CTPYIO BAO/b CTEHOK LUAXTbl, HANpaBaeH-
HYIO K Cpe3y WaxTbl. [a3 B LWaxTe noj, BAMAHMEM Yepeabl CKATUIA U PACLUMPEHWNIA, @ TAKXKE BbITECHEHMS,
BbIBPOCKT K Cpesy LuaxTbl NOPLMIO ra3a, KoTopaa byaeT He NPoYb YCKONb3HYTb. PacueT npekpaliancs,
KOrza Ko/ibLieBas CTPys BAO/Ib CTEHOK LUAXTbl, AOCTUrana cpesa waxTbl (Pur.4c). MomeHTbl gpobneHus
ny3bips, NePexosa O4HOCBA3HOIO Ny3blpsA B MHOTOCBA3HbIN, LOCTUNKEHUA CTPYEN AHa WaXTbl M ee cTe-
HOK COMPOBOXAA0TCA TMAPABANYECKMMMN YAAPaAMMU.

CMUCOK NIUTEPATYPbI
[1] KopobuubiH B.A. YncneHHoe MOLENUPOBaHME OCECUMMETPUYHBIX MOTEHLMA/bHBIX TEUYEHUI HECKMMAEMON KUAKOCTU.
MaTemaTtuyeckoe mogenmposanue. T.3. Ne 10. 1991. C.42-49.

[2] KopobuubiH B.A. Meros B.U. YuncneHHoe wuccnesoBaHMe 3BOMIIOLUMKM FPaHWLbl pasgena ABYX KuaKocTei. U3s. PAH.
MexaHunKa xungroctu n rasa. Ne5. 1993. C.128-133.
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Kocsakoe 4. B.*, MapmesHos A. C.}, Telimensbaym [. B.*

NOCTPOEHUE PACNPEAENEHHbIX BbICOKONMPOU3BOAUTE/IbHbIX
CUCTEM A1 TEOPU3UYECKUX BbIYUCIEHUIA HA PABOYUX
CTAHUMAX HA NNTATOOPMAX CONDOR U WINDOWS HPC SERVER

High-performance clusters for geophysical computations on Condor and Windows HPC is developed in Trofimuk
Institute of Petroleum Geology and Geophysics SB RAS. They include more than 150 workstations running various
versions of Windows. The deployment of clusters, software updates and node configuration was made using the
MS System Center Configuration Manager 2007 R3. Boot from VHD is used with special computer systems, when
no interference with host OS is desired. Computations of a number of geophysical problems requiring significant
computing resources were made on clusters during last years.

BBEAEHUE

B cKBaXMHHOM reodmsmke cywectayet 6onbluoe
KO/IMYECTBO PECYPCOEMKUX BbIYUCAUTEbHbIX 3a-
Aad. MHorve 13 3TUX 3a4a4y He TpebyloT UHTEH-
CMBHOTMO OBMeHa [aHHbIMW MPU BbIYUCIEHUAX.
[Ona pelweHns TakuMx 3afay XOpoOLWO MOAXOAAT
BblUMC/IUTENbHBIE KNnacTepbl Ha paboumx cTaH-
umuax. MHTepnpeTauMOHHble BO3MOMHOCTU Bbl-
YUCAUTENBHBIX KNACTEPOB Ha Paboumx CTaHLMAX
0COBEHHO BaXKHbI B YCNOBUAX HAay4YHO-MCCe0Ba-
TENbCKUX U MPOU3BOACTBEHHbIX reodpusnyeckmx
opraHusaumii, rae NPakTUYecKM Ha KaxKaom pa-
6o4Yem MecTe yCTaHOBAEHbI COBPEMEHHbIE NEPCO-
HaNbHble KOMMbIOTEPbI, 3arpy3Ka KOTOPbIX KpaW-
He HepaBHOMepHa. B Hepabouee Bpems pecypcbl
3TUX KOMMbIOTEPOB, KaK MpPaBuaO, He MCMNo/b-
3yloTca. Mcnonb3oBaHMe KaacTepoB No3BosiAeT
nepenTn K Co34aHUI0 BbICOKOIDGDEKTUBHbBIX Tex-
HO/IOTMI1 Y aBTOMATU3UPOBAHHBIX CUCTEM UHTEp-
npeTauumn HOBOro nokoneHus. MpUHUMNKUANbHO,
YTO 3TO a/IbTEPHATMBHbBIN NOAXOA MO OTHOLUEHMIO
K rocnoAcTByloWEen ceryac NoOBCEMECTHOM Oopu-
€HTaLMM Ha cynepKoMnbloTEPHbIE Knactepbl. UX
[OPOroBM3Ha M OrpaHUYeHHana AOCTYNHOCTb A/A
Hay4YHO-UCCNeA0BATENbCKMX W MPOWU3BOACTBEH-
HbIX reoduM3nyeckux opraHusauuii 3actasnfeT
OpUEeHTUPOBaTLCA Ha bonee apPpeKTMBHbIE peLle-
HUA. CylLecTByeT HECKO/IbKO XOPOLIO M3BECTHbIX
KaK OTKPbITbIX TaK U NPONPUETapHbIX peanmsaLmi
BbIYMC/IUTENbHbIX KNACTEPOB Ha Paboumx cTaHUM-
AX. MOCKOMbKY OCHOBHaA Macca paboumx CTaHLMU
MHCTUTYTa paboTaeT nog, ynpas/ieHMem pasand-
Hbix Bepcuii OC Microsoft Windows, mbl Bbige-

nnnu cpeam Hux cuctembl Condor [1] n Windows
HPC [2].

BbIYNC/IUTE/bHBIE KNACTEPBI HA PABOYUX
CTAHLMAX

MNaoes wucnonb3oBaHMa paboumx CTaHUMK ann
pacnpefenéHHblX  BblYMCAEHUN npuobpena
0cobylo NonynapHOCTb B MHOTOYMCAEHHbIX A0-
6pOBONbHBLIX MpPOEKTax, Takux Kak SETl.home.
IPPEKTMBHOCTb 3TUX NPOEKTOB Aasa OCHOBAHME
roBOPUTb O MPOAYKTUBHOCTU WCMNOAb30BaHUSA
NPOCTaMBAOWMNX  BbIYUC/IUTENBHbBIX  Pecypcos
NepCcoOHaNbHbIX KOMMbIOTEPOB B HAaYYHbIX BblYK-
cneHuax. 3a4aun, pellaemble B TaKMX CUCTEMAX,
XapaKTePU3YIOTCA BbICOKMM 06bEMOM BblUMC/IE-
HUIA MpPU CPaBHUTENIbHO HebosblMX obbemax
HAYa/NbHbIX M KOHEYHbIX AaHHbIX. Bonblwan YacTb
33434 OTHOCMUTCA K K/laccy NapameTpUYecKux -
KOrga OAMH U TOT e anropuTtm otpabaTtbiBaeTca
Ha pasHbix Habopax HayanbHbIX AaHHbIX. B no-
cnegHue rogbl NPOUCXOAUT YHUOUKAUMA NOAXO-
[0B - TPAaAMUMOHHbIe KnactepHble HPC cuctembl
No3BO/IAKT MCNO/b30BaTb B KA4ecTBe BbIYUCAU-
TeNIbHbIX Y3/10B pabouyne CTaHUMKM, NPOEKTbI pac-
npefeneHHbIX BblYMCAEHUI BCe BObLUE UCMO/b-
3yl0T 06MEH AaHHbIMM MeXKay npoueccamn. He B
nocnegHo0 ovyepedb 3TO NPOUCXOAMUT B CBA3MU C
NMOCTOSIHHbIM POCTOM MPOMYCKHON CNocobHOCTU
KaK /1OKa/ibHbIX, TaK U I106anbHbIX CETEN.

Cucrema Condor nosnumoHupyeTtcs paspaboTtun-
kamu (University Of Wisconsin Computer Science
Department) Kak ocobblli Knacc cuctem pac-
npeaeneHHbiX BbluMcneHnn - High-throughput

1 MHCTUTYT HedTerasosol reonormmn u reopunsmkm CO PAH, Hosocnbupck, Poccun
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computing (HTC). Otanume ot high-performance
computing (HPC), no mHeHuto pa3paboTymKos 3a-
Kntoyaetca B Tom, 4to HPC cuctembl opneHTUpo-
BaHbl Ha NpegocTaBneHne 60abWOro KoanyecTsa
BbIYMC/IUTE/NIbHBIX PECYPCOB Ha KOPOTKOE Bpems,
B TO BpemA Kak HTC - Ha npenocTas/ieHne BblYn-
CNTENbHbIX PECypcoB B TeYEHWe [O/INTENIbHOro
nepvoaa BpemeHu.

Windows HPC Server 2008 R2 Suite - TpagMumnoH-
HOE K/J1aCTepHOEe peLleHne C BOSMOXKHOCTbIO Noja-
KAtOYEHMA PaboUmMX CTaHLMI B KaUecTBe BblYUCIN-
TesbHbIX y310B. O6€e cMCTEMbI MOAAEPHKMBALOT KaK
napameTpuyeckme 3agaHua (parametric-sweep
jobs), Tak n 3apaHusa ¢ ucnonbzoBaHuem MPI.
OtanumntenbHo yepton Windows HPC Server
2008 R2 Suite ABnAeTcA BO3MOXKHOCTb MOAKALO-
YeHMA BUPTYasIbHbIX BbIYUCAUTENbHBIX Y3/10B B
obnake Windows Azure. Kpome TOro B AaHHOM
npoAyKTe peannsoBaHa BO3MOXHOCTb Npeao-
CTaBNEHUA PECYPCOB K/acTepa KaK cepBuca Mo
mogenn SOA. 3TO Hanpas/eHWe npeacTaBaseTca
BECbMa MHTEPECHbIM, TaK KaK NO3BO/INT CTPOUTL
NPUKNAAHbIE CUCTEMBI, BbIMOMHAOLWMECA HA KAU-
eHTCKoW paboyeli cTaHuUK, Ho obpalatolmecs ¢
pecypcoeMkumu 3agavamm K HPC Knactepy Kak K
cepsucy.

PA3BEPTbIBAHUE U SKCNNYATALIMA CUCTEM

BbicoKas cTeneHb 3penoctn UT-uHbpacTpyKTypbl
MHCTUTYTa NO3BO/IMNA B KPaTKMe CPOKWU pas3Bep-
HYTb M NOCTOAHHO PACLIMPATb AENCTBYHOLLNE Bbl-
YyncAUTENbHbIE KNacTepbl Npu nomowm MS System
Center Configuration Manager 2007 R3 (SCCM). B
nakeT Ans yctaHoBku Condor Hapsaay ¢ AucTpuby-
TMBOM CUCTEMbI BXOAUT TaKKe KOMaHAHbIN dalin,
HacTpauBalOLWMi KOHPUIypaLmoo BblYUCAUTENb-
HOrO Y3713 M paspeLleHns MEeKCeTeBOro sKpaHa.
Mpu HeobxoAMMOCTU NepeKoHPUrypupoBaHMA
KnacTepa pacnpocTpaHAETCA TO/IbKO KOMaHAHbIM
dann. YcraHoBKa puctpmbytuea Microsoft HPC
Pack 2008 R2 npoucxoant 6e3 AONONAHUTENbHbIX
HaACTPOEK, TaK Kak BClO Heobxoaumyto nHdopma-
LMI0 0 KOHOUIYypaL MK Knactepa BblYUCAUTEbHbIN
y3en nonyyaet u3 Active Directory n ot ynpasnsa-
toLLLero y3na.

PacwmpeHune KnactepoB BbINOMHAETCA B aBTOMa-
TUYECKOM pexnme gobasneHnem paboyeit cTaH-
LM B cooTseTcTBytoLwyto rpynny Active Directory.
OOMH M TOT K€ BbIMUCAUTENbHbLIA Y3€ea MOXKeT

6bITb YIEHOM OAHOMO M3, AU 0BOMX KNACTeEPOB.
3TUM [A0CTMUraeTcs BbiCOKas CTemneHb rMBKoCTU U
371aCTUYHOCTU NP BblAENEHUN PECYPCOB NoJ, Bbl-
YUCNEeHUA.

YnpasneHue knactepom Condor BbINOMHAETCA Kak
N3 KOMaHAHOM CTPOKM TaK U U3 Beb-uHTepdeiica
C MOMOLLbIO YCTAaHOBNIEHHOTO HAa YMpPaBAAOWEM
y3ne MO CycleServer. YnpaBneHue Knactepom
Windows HPC BbINOMHAETCA C UCMO/Ib30BaHMEM
YTUAUT KOMAHAHOM CTPOKW, KomaHzg, PowerShell
2.0, Beb-uHTEepdeinca UAN KANEHTCKOM 4YacTu B
OBYX BEPCUAX - A5 YNIPABAEHMA BCEM K/TACTEPOM
WAY TONBbKO ANA YNPaBAEHUA BblYUCAUTENBHBIMU
3aZaHUAMM.

OfHOW M3 CNOMKHOCTEW, C KOTOPbIMM Ham Mpu-
WOCb CTONKHYTbCA B Mpouecce pa3BepTbiBaHWUA
M 3KCMNyaTaL MM BbIYUCUTENbHbIX KNAacTepoB CTa-
N2 HeobXxoAMMOCTb MCMONb30BaHMA B KayecTse
MONHOLLEHHbIX BbIYUCAUTENbHBIX Y3/10B BPEMEHHO
NPOCTaMBalOLLMX CrNeLmanm3nMpoBaHHbIX paboumx
CTQHLUMM U KOMMBIOTEPOB C 32X-pa3pAgHbIMU One-
PauMOHHBIMKM cucTemamu. [og, cneumanmsnpo-
BaHHbIMM PaboyMMK CTAHUMAMM Mbl NMOHUMAEM
CUCTEMbI C YCTAHOBAEHHbIM CMeLManm3MpoBaH-
HoiM O, MNOAKAOYEHHblE K Pa3NIMYHOrO poaa
annapatype. B Takux cnyyasx BmellaTeNbCTBO B
NPOrpaMMHYI0 U OMepaLMOHHYO cpeay KpauHe
HexenatenbHo. B cayvae ¢ 32x-paspagHbimm OC
MWHYCOM fBNAETCA HeLOCTAaTOYHbIN ANS MHOTUX
CYeTHbIX 3afa4 obbem agpecyemolr ogHUM Mpo-
LLeccom onepaTtuMBHOM MamATU. B To ke Bpems
YyacTb NpUKNaZHOro u cuctemHoro MO He pabo-
TaeT B 64x-paspagHon cpeage. Ana 3TMX cnyyaes
HaMu 6b1710 NPUMEHEHO peLleHne C UCNo/b30Ba-
HMEM 3arpy3ku CUCTEMbl C BUPTYasIbHOrO AMCKa
VHD. Bblnn noaroToBAeHbI crieunanbHble 06pasbl
onepaumMoHHbIX Cpej, C YCTaHOBAEHHbIMU Make-
Tamn Condor n HPC Pack 2008R2 B Buae VHD.
PacnpocTpaHeHWe BbINOAHAETCA TaKXKe C MOMO-
wbto SCCM, nocne konuposaHua VHD-daina Ha
uenesyto paboyyto CTaHUUIO aBTOMATUYECKM Bbl-
nosiHAaeTca ckpunt PowerShell, pernctpupytowmia
AONONHUTENbHYIO KOHdUrypaumto 3arpyskn OC ¢
ckonupoBaHHoro VHD, reHepupytowmini KomaH-
OHbIA dalin ana nepesarpyskm CUCTEMbI B «pac-
YETHOMY» pPEXMME U NepesarpyKatoLnii cuctemy.
Mocne nepesarpy3kuM MNPOUCXOAUT aBTOMAaTUYe-
CKoe KOHdUryprpoBaHMe BbIYUCAUTENBHOTO Yy3/a
W NOAKAYEeHWe ero K Knactepy. Bnocneactsuuy,
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nepesarpy3ka CUCTEMbl B BbIYMC/AUTENbHbIN pe-
XUM BO3MOXHa WAWN BbINO/IHEHNEM KOMaHAHO-
ro ¢alina nonbsoBaTesiemM WAM MO PACAUCAHUIO
(c yyeTom aKTMBHOCTM nosb30BaTENs) uepes
Windows Task Scheduler.

[na NoBbILWEHNA YTUAN3ALMKN CEPBEPHBIX KOMMO-
HeHT UT-UHPPACTPYKTYPbl NpUMeHSIoTCA TMBKO KOH-
durypupyemble BUpTYyasibHble Y3/bl BbIYUCAUTENbHbIX KJ1a-
cTepoB B cpeae Hyper-V. PaseepTbiBaHMe fonon-
HUTENbHbIX BUPTYabHbIX BbIYUCAUTENBHBIX Y3/10B
NPOUCXOAUT € ncnosb3oBaHnem Microsoft System
Center Virtual Machine Manager 2008 R2, KOH)U-
rypupoBaHue ¢ nomoupbto ckpuntos PowerShell.
Taknm 06pasom yaaeTca 3HaYUTENbHO YBENNYUTD
3arpysKky xoctos Hyper-V B nepuvoabl HU3KOI aK-
TUBHOCTM MO/Nb30BaTENIEN.

B HacTosuwee Bpema knactep Windows HPC co-
cTouT U3 110 BbIYMCAUTENBHBIX Y3/10B, YYyTb MEHee
NONOBUHbI UX HUX ynpasaatoTca 64x-paspasHom
OC. CymmapHoe Konuyectso agep - bonee 350,
0O3Y - 440T6. Knactep Condor HacunTbiBaeT 6osee
60 paboumnx cTaHUUN.

NPUMEPbBI PELLUAEMbIX FTEOPU3UYECKUX
3A0AM

MepBblt NpUMep - 3a434a MOAENNPOBAHUA NPO-
Lecca KapoTaxKHoro 3oHAuposaHnAa BUKU3 npu
y4YéTe CMeleHMA 30HOA C OCUM CKBaXKMHbI [3]
(pnc.1) umeeT cneaytoume ocobeHHOCTH:

* noTpebHocTb B 60/bIOM 06BEME onepaTms-
HOW NamsTK, Ho He bonee 1900 MB 03Y;

* 0O6BEM BXOAHbIX AaHHbIX - nopsaaka 200 Mb;

* Bpemsa cyéTta - ot 1 no 10 vacos.

Puc.1. UnnvHapuyeckun-cnomctaa Mogenb v 30HS,
BUKW3, nexxawmii Ha CTEHKE CKBAXKUHbI.

3apava pa3buTa Ha 21 cepumto no 378 3afay, UToro
7938 33paun. Bpema ncnonHeHua Bcex 3afay Ha
OOHOM MaluMHe cpefHeil NPOW3BOAUTENIbHOCTU
okono 20000 uyacos (310 6onblue AByX NeT He-
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npepbiBHOW paboTbl). Ha pa3BépHyTol cucteme
Condor pacuéTbl 6bl1M BbINOHEHbI 33 1 mecsau,
npu 3TOM 3aZa4a C4MTaNaCb TO/IbKO NO HOYaM U B
BbIXOAHble AHW.

BTopoli npumep - BbluUC/IEHME NANeToK ANA oA-
HOMEPHbIX TPEX- U YETbIPEXCNOMHbIX NPAMbIX 3a-
Aay BUKWM3 [4,5] n BK3. Mogaenb UMAnHApUYeCcKn-
CNIOUCTOM cpebl ONUCbIBAETCA CKBAXKMHOM, 30HOM
NPOHWUKHOBEHMSA, OKAMMAAOWENA 30HOW U Heus-
MEeHEHHOW NPOHMKHOBEHWEM YacTblo NaacTa.

MHoKecTBO MoZenel Takux cpes, 3a4aBanoch Au-
ana3oHOM 3HAYeHWI KaXKAoro U3 napameTpos C
HEKOTOPbIM /IorapnudMmnyeckum warom. Kaxkapii
M3 UUIMHOPUYECKUX CN0EB 3a4aETCA TpemMsa napa-
MeTpamu: yaenbHOe 3/1eKTpU4ecKkoe ConpoTmBe-
Hue (YIC) - p, oTHOCUTE/IbHAA AUINEKTPUYECKan
npoHuuaemocts (O4N) - € u pagnanbHasa rMybuHa
- h, npnyém rnybuHa nnacrta nonaraetca paBHoOWM
6eckoHeYHOCTU. Llenbto BblYUC/IEHUI ABAAeTCA
CO34aHMe BbIMUCANTENIBHOTO MOAYNA peLleHuA
npsAMoi 1 06paTHON OAHOMEPHbIX 33434 C MOMO-
Wb MHTEPNO/IMPOBAHUA PEe3y/bTaTOB PacyéTa,
a TaKXe BCTpauBaHue ero B nporpammy EMF Pro
LA WHTepnpeTauuu OaHHbIX  annapaTypHOro
KoMnieKca reodpusmnyeckoro Kapotaxa CK/ [6].

[Ons TpéxcnoliHol npsamoin 3agaun (puc. 2) 6bino
BbIbpaHO cneaytoLLee NPOCTPAHCTBO Moaenei:

* CcKBaxMHa: Y3C p - 22 3HayeHus ot 0.02 po
0.5 Omem; OAN ¢ - 60 o.e.; paguyc r_ - 13
3HavyeHun ot 0.07 go 0.108 m 1 13 3HaYeHum
01 0.108 g0 0.2 m;

* 30Ha NpPoHUKHOBeHUA: YIC p - 37 3HaYeHui
0710.1001000Mmem; OAN 83”-15 0.e.;pagnans-
Hasa TonwmHar, - 37 3HaueHwii o1 0.01 fo 2m;

e nnact: Y3C p_ - 43 3HauyeHus ot 0.1 no 100
Omem; OfiMMe -10o0.e.

Puc.2. TpéxcnoHasa UMANHAPUYECKU-CNOUCTAA MOLENDb.

A ons YeTbIpEXCNONHOM NpaMoit 3aaaun (puc. 3):



e ckBaxuHa: YIC p_ - 2.0 Omem; OAN ¢ - 60
o.e.; paguycr_-0.108 m;

* 30Ha NpoHUKHOBeHUA: YIC p - 40 3HaYeHui
o1 0.1 o 200 Omem; OAM ¢ - 15 o.e.; pagu-
anbHas TonwmHa r3 - 30 3Hauermii ot 0.01 go
1.5 m;

* oKalmnsiowasn 3oHa: Y3C p_ - 40 3HaueHuit ot
0.1 5o 200 Omem; OAN ¢ - 15 o.e.; pagmans-
Has TonwmHa r - 20 3HaueHwnii ot 0.01 go 0.5
m;

e nnact: ¥Y3C p_ - 40 3HaueHus ot 0.1 no 200
Omem; OfiMe_ -10o.e.

Puc. 3. YeTbIpéxcnoiHasa LMANHAPUYECKU-CNOUCTAA MOAENb.

Bce AManasoHbl 3HaYeHWI NapameTpoB A1 TPEX-
YeTbIPEXCNOMHbIX Moaeneit pasbusanncb Ha WH-
TepBsasibl C N10rapuOMMUYECKMM LLATOM.

Takum obpasom, naneTka coctouT u3 Gonee 16
MWIZIMOHOB MoZenen Ansa TPEXCNOWHOW, U U3
6onee 50 MWANMOHOB MoZenen ANs YeTblpéx-
CNoliHOM 3a4a41. OcobeHHOCTbIO AaHHOM 3aa4n
ABNSAETCA HM3Kasa MoTPebHOCTb B BbIYUC/IUTENb-
HbIX pecypcax npu KaxgomMm oAUHOYHOM pacuéTe,
HO OYeHb Be/IMKO obluee Bpema pacyétos M AnA
XpaHeHus pesynbTaToB TpebyeTca 6onbwon 06b-
éM namatn. Takne pasinuma Mexay 3agadyamu
No3BO/INAN cYMTaTb 0be 3aZauM O4HOBPEMEHHO.
Moka ogHa 3a4aya cuMTasacb Ha BbICOKOMPOU3-
BOAUTE/NIbHbIX MallMHaX, BTOpas 3aHMMana BbluYn-
CAUTE/IbHbIE PecypCbl MEHee NPOU3BOAUTENbHbIX
KOMMbIOTEPOB, BK/IOYEHHbIX B KnacTep.

BbIBOAbl

OnbIT 3KCNAyaTaLMmn PasBepHYTbIX BbIYUCAUTE -
HbIX KNacTepoB noKasan 3pdeKTUBHOCTb UCNOAb-
30BaHMA NOAOGHbIX peLleHWUi B cpeae HayuHbIX
M NPOU3BOACTBEHHbIX OpraHusaumii. Jlerkoctb
pasBepTbiBaHWA M 3KcniyaTaumu obecneymsa-
eTcA B C/ly4Yae BbICOKOTO YpOBHA 3penoctu UT-
MHOPACTPYKTYpbl. MpUMeHeHUe cneuunanbHbIX

peLueHnin nNo3BonAeT BKAOYUTb B paboTy BbluK-
CIUTENbHbIX KNacTepos 6osbLLe pecypcos.
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Kosuk B. ., HexceseHko E. C.t, ®eokmucmos A. C.*?

AOJANTUBHOE NPOrHO3NPOBAHUE PA3BUTUA ANHAMMUYECKUX
NMPOLLECCOB HA NOBEPXHOCTU 3EMJIN C UCINMOJIb3OBAHUEM
PEKYPPEHTHbIX HEMPOHHbIX CETEM

Reducing damage from forest fires, not only requires efficient methods for their liquidation, but also development
of methods for predicting their behavior. There are different models, but it is extremely difficult to get information
with the required accuracy, because processes are often located in inaccessible area for obtaining information,
therefore prediction should be carried out with high a priori uncertainty. For solving this problem it is proposed to
use neural networks.This paper considers two main aspects - integration neural network with mathematical model
of fire and methods for enhancing learning rate of neural network.

BBEAEHUE

CHUXKeHMe yuepba, HAHOCMMOTO NIeCHBLIMW NOXKapamu, TpebyeT He ToNbKO 3GDEKTUBHbLIX MeToA0B
60pbbbl C HUMK, HO N Pa3paboTKM MeToA0B NpeacKasaHMsA Mx nosedeHuA. CyLLecTBYIOT pasnyHble
MoJieNIn, 0AHAKO HeonpeaeneHHOCTb NapaMeTpOB cpeabl He Bceraa no3BoseT NoayYmTb pesynbTathl
C Heobxoanmoi TouyHOoCTbo. Mpobaema peluaeTca NyTem yTOYHEHUA NapameTpoB cpeabl Npu Habto-
OEHUM 33 NoXKapom. MepcneKkTUBHbIM pelleHem 3ToK 3a4a4mn ABAAETCA UCMOb30BaHUe HEMPOHHbIX
ceTei. [NaBHOM 0COBEHHOCTbLIO TAKOrO NPeACTaBeHUA ABNAETCA BO3MOMXKHOCTb 00y4YeHUA HeMpPOHHOM
cetn, rae B KadecTBe obydatowlel BbIGOPKM MCNONb3YHOTCA pe3ynbTaThl HabMAEHUA 32 NPOLECCOM
pa3BMTMA NoKapa (ONTUYECKOro, PaAMoNoKaLMOHHOro 1 Ap.). B reorpaduyeckmx nHGOpPMaLMOHHbIX
cuctemax (TMC) aTo HasbiBaeTCA NPOLLECCOM YCBOEHMA AaHHbIX. B KOHEYHOM cyeTe, BCe 3TO Hanpas-
JIEHO Ha TO, YTOBbI C MaKCMMasibHOW 3PPEKTUBHOCTLIO CMPOrHO3MPOBATh Pe3ynbTaT BMeLlaTebcTBa
yesiOBEKA B pa3BUTME MOXKapa C Lebio MUHUMM3aLMK yuepba, HAHOCMMOTO ero pasBUTHUEM.

MOZAE/TUPOBAHUE MOXKAPA

MogennpoBaHuMe OCYLLECTBASETCA Ha OCHOBE anpMOpPHbIX 3HAaHWIA, NoNydYeHHbIX U3 TUC (cocTas neca,
XapaKTep CKAOHA, MOTOAHbIE YCI0BUA U AP.), U COCTOUT U3 ABYX NOC/eA0BaTE/bHbIX 3TArnoB: MPOrHo-
3MpPOBaHMA M aZanTauumn, NpUYem MogeNb CTPOUTCA KaK KOMBMHALUMA anropuTMUYECcKon 1 HelpoceTe-
BOM. OTO 3HAYMT, YTO CHaYana BBOAMTCA 3aTPaBOYHasA TeopeTuyeckn 060CHOBaHHAA Moaenb, a Helpo-
ceTeBble NPUHLMMbI 06ecneynBatoT ee afanTaLuMio K BHELWHUM BO34eNCTBUAM.

MaTemaTnyeckas MoLeNib MHTErpupyeTca B HEMPOHHYIO ceTb creaytowmm obpasom. ObnacTb noxkapa
pa3genseTca Ha y4acTKM, PacnoNoXKeHHbIe BAOb yYel, UCXOAALMX U3 ero oYara, Ha30BEM WX AYel-
Kamu. JNa KaxKaol A4eliku onpeaenatoTcs napameTpbl, Heobxoanmble Ana paboTbl MOAENN, TaKMe KaK
3anac roptoyero, BaarocogepKaHue, rmybuHa cnos, yros HakAoHa CK/NOHa, HanpaB/JeHUEe U CKOPOCTb
BeTpa u ap. [1]. Aueika cpenbl MOXKET HAXOAUTLCA B TPEX COCTOAHMAX: FOpPeHMe - AYeiKa m3nyyaer
TEn/o Ha BCe cocefHMe AYenKU; NpeasaropaHme - HaKoMneHWe Tenia; NaTeHTHOE COCTOAHME - AYeiKa
Cropesia U He MOXKET M3/1y4aTb M NOrNOoLWATh Teno. [N KaxkAoM ropsLLeit A4eriKu ¢ MTOMOLLbIo MaTema-
TUYECKOM MOLENN PacCUMTLIBAIOTCA KaHa/bl TENIONEPEAaYm U BPEMSA rOpeHUs, a A1s AYeeK B COCTO-
AHWUW Npea3aropaHua onpeaenseTca KoMYecTBo NoJlyYeHHOro Tensaa U 3HayeHne nopora ee Bocnia-
MeHeHuA. Kaxaon avelike cpeabl CONOCTaBAAETCA COOTBETCTBYIOLLNIA HEMPOH CETU, @ POJIb CMHANTUYe-
CKMX CBA3EI UrpatoT KaHabl Tensonepesayu.

HelpoHHyto ceTb npeanaraetca GopmMmnpPoBaTh B MONAPHON CUCTEME KOOPAMHAT, rae HEeMpOHbl pac-

1 MHCTUTYT aBTOMATUKK U anekTpomeTpun CO PAH, HoBocnbupck, Poccusa
2 HoBOCMBMPCKMIA rocyAapCcTBEHHbIN YHUBepCUTET, HoBOCMBUMpCK, Poccus
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nonaratoTcA BAOMb JlyYel, UCXOAALWMX U3 oYara noxapa. HauyanbHble CMHaANTUYECKME CBA3U Mexay
HelpOHaMM PACCYUTLIBAIOTCA UCXOAA U3 MAPAMETPOB MaTEMATUUYECKON MOLENU, B KaUecTBe KOTOPOU
BblIbpaHa moaenb Potepmena [2] B CBA3M C ee BbICOKON CKOPOCTbIO pacyeTa KOHEYHbIX NapameTpoB.
OnucaHHyto Bbile npoueaypy GopMmnpoBaHUA NapameTpoB yA0OHO NpeacTaBUTb B BUAE NMOCTOMHON
MOZeNV AaHHbIX, FAe OHW pa3geneHbl Ha TeMaTUYeCcKMe CI0M U Kax bl CI0M HaXOAMTCA B 3aBUCUMO-
CTM OT Npeablaywmx cnoes. Ha puc. 1 n3obpaxeHa cxema NocN0MHOrO NpeacTaBAeHUA daHHbIX.

Puc. 1. Cxema NocnonHoOro npeactaBneHnsa AaHHbIX

B cBA3M C TeM, YTO KaXKA0M AYenKe cpeabl CONOCTaBAEH HEMPOH, HEMPOH, KaK U AYelKa, TaKKe nmeet
TPW COCTOAHMA: HEBO3DOYKAEHHOE - HaKoNeHue curHana, Bo3byKaeHHOe - pacnpocTpaHeHWe CUrHa-
Na, NaTeHTHOe - HEeMPOH He nepejaeT U He HakanaMBaeT curHa. Mpouecc pacnpocTpaHeHUa noxapa
B TEPMUHAX HEAPOHHOW CETU MPOMUCXOAMUT caeaytomm obpasom. CurHanbl Bo3byKAeHHbIX HEMPOHOB
nepesaroTcA Ha OKPYrKaloLLMe HEMpPOHbl, U CymmupyeTca uMu. Ecam y HelipoHa B HeBO36yXKAeHHOM
COCTOAHWUW MpPEBbILLIEH MOPOT aKTMBaL MKW, HEMPOH NePexoamuT B COCTOAHUE BO3OYKAEHMA. B akTUBHOM
COCTOAHUWN HEMPOH HAXOAMTCA KOHEYHOE BPEMS, KOTOPOE OnpeaenaeTca BpeMeHeM ropeHns AYeiky,
nocne Yero HaBceraa NepexoamT B IaTEHTHOe cocToAHMe. Ha puc. 2 nsobpaxkeH npouecc Bo3byKaeHNA
HEWpPOHOB B CETU NyTem nepesayn CUrHana no CUHaNTUYECKUMM CBA3AM, KOTOPble MPONOPLMOHAbHbI
pagmycam 3NMMNCOB, HaNPaBAEHHbIM OT HAaXOAALMXCA B OAHOM M3 GOKYCOB 3N/IMMCOB aKTUBHbIX HEW-
POHOB (4EPHbIX) K HEAKTUBHbIM (6€/1biM), NPY 3TOM CEPbIMW NOKa3aHbl HEMPOHbI B JATEHTHOM COCTOS-
HUW. PUCYHKM @) U 6) COOTBETCTBYIOT ABYM NOC/IEA0BATE/IbHBIM LAram MOAENNPOBAHUA.

OBYYEHWE HEMPOHHOW CETU

[na nporHosupoBaHus Hambonee BaxkHa 061acTb B OKPeCTHOCTM GpPOoHTa Moxapa, nostomy byaem
paccmaTtprBaTh TO/IbKO HEMPOHbI, HaXOAALLMECA B HEl. YTO KacaeTca BCeX OCTa/IbHbIX Y4aCTKOB, TO OHU
Nnbo cropenu, NMMBO eLle He HarpeBatoTCa U He NPEACTaBAAIOT UHTepeca. B npouecce pasBuTUA NOXKa-
pa paboyan 06/1acTb B OKPECTHOCTM $POHTa MoXKapa COCTOUT U3 ABYX CNOEB HEMPOHOB: C/10i BO36Y-
XOEHHbIX HEMPOHOB, COOTBETCTBYIOLLMX FOPALLEMY YYacTKy U C0I HEMPOHOB BO36YXKAAEMbIX, COOT-
BETCTBYIOLLMIA y4acTKaM, HaKanausatowmm Tenso (puc. 3).

a) 6)
Puc. 2. PacnpocTpaHeHue curHana B HEMPOHHOM ceTu
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Puc. 3. YyacTok dpoHTa noapa, pasfieneHHbli Ha ABa /107 - BO3BYKAEHHbIX U He BO3BYKAEHHbIX HelipoHoB

HelpoHHas ceTb NepemellaeTca No paauycam OT oyara nokapa, Bo3by:Kaaemble HEMPOHbI MPU aKTK-
BaLMM NepexoanT B 0N BO3BYKAEHHbIX HEMPOHOB, a BO3OYKAEHHbIe HEMPOHbI, Mepexoan B naTeH-
THOE COCTOSIHWE, B CBOIO Ouepeab, YXOAAT U3 C10S aKTUBHbIX HEMPOHOB. TakKUM 06pa3om, MPOUCXOAMUT
nocrteneHHoe nepemeLleHne CeTu 1 3amelleHne HeMpPoHOB O4HOTO C0A HEMpPOHaMM APYroro C/ios,
YTO XapaKTEPHO ANA PEKYPPEHTHbIX HEMPOHHbIX ceTel [3].

Puc. 4. PacnpocTpaHeHuWe noxapa B TepMUHAX HEMPOHHOM ceTu

Ha KaXkgom Liare nocie pacyeta COCTOAHUA CUCTEMbI MPOM3BOAUTCA KOPPEKLMA CMHANTUYECKUX KO-
30 PUUMEHTOB A1A HEMPOHOB, HAXOAALWMXCA B paboyeit o6a1acTu. TOUKM KOHTYypa noxapa byayTt nepe-
MeLLATbCA Mo Iy4am, UCXOAALLMM M3 ouara noxapa, Ha BennuuHy d; (roe i - Homep fiyya), Ha aTy xe
BE/IMUMHY ByAyT Mo ly4am nepemeLLaTbCs U ABa C10A HEMPOHOB puc. 4. B To ke Bpems pesy/ibTaTbl Ha-
6N104EHUA AAK0T UCTUHHOE MepemMeLl,eHne TOUKM Noxapa no i-my aydy di*. TpagMumoHHoe obyuyeHue
HEePOHHOM CETU COCTOUT B KOPPEKTUPOBKE CUHANTUYECKUX CBA3el (0byyeHnn ceTu) Jo Tex nop, noka
He BbINONHUTCA HepaseHcTso (d; — di*)2 < & . OfiHaKo TaKkoe 0by4YeHne He yUnTbIBAeT MOAE/b HEMPOH-
HOW CETU M NO3TOMY NMPOUCXOAUT OYEHb MeAJ/IeHHO. CyLLeCTBEHHO YCKOPUTb 0ByYeHME MOXKHO NyTeM
npumeHeHua KanmaHoBcKol punbtpaumm [4]. HauHem ee 06bACHEHME C ONUCAHUA ABUNKEHMA GPOHTA
noykapa B paMKax MpoCTPaHCTBA COCTOAHMIN. O4eHb BaXKHbIM AB/IAETCA BOMPOC O TOM, YTO B3ATb B Kaye-
CTBE KOMMOHEHTOB BEKTOPA COCTOAHMA CUCTEMbl. MOXKHO B KauecTBe TaKOBbIX UCMO/Ib30BaTb Napame-
TPbl BHELLHeN cpeabl, onpeaenstolime asukeHre GPOHTa Mo Jlydam Ha N-m 3Tane - 3To HanpaBaeHue
M CKOPOCTb BETPA, XapaKTEPUCTUKM CKIOHA, MOYBbI, PACTUTENIbHOCTHU, BIArOCOAEPKAHUE, BO3MOXKHbI 1
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Apyrve napameTpbl B 3aBUCMMOCTM OT UCMONb3yeMol Mmogenu. [lpyroi noaxops - B3ATb B Ka4yecTBe KOM-
NOHEHTOB BEKTOPA COCTOAHMA NapaMeTpOB UHAMKATPUCHI Tenaonepeaadn. ECam cuntaTb ee s/IMNcom,
TO TAKUMU KOMMOHEHTAaMM MOTYT BbITb 60/IbLWIAA M Manasa Nnoayocu, Yron HakaoHa 6onbluoi ocu. Mbi
6ysem ncnonb3oBaTb BTOPOW BapMaHT, MOCKOIbKY OH Jlyylle XapaKTepuyeT HEPOHHYIO CeTb: 3HaA na-
pamMeTpbl UHAMKATPUC MOXKHO CPasy Xe NoCTPOUTb CUHANTMUYECKMe CBA3K. byaem cunTaTb, 4To 414 | -ro
Nlyda v N-ro wara ana Bcex K HepoHOB /lyuya BEKTOP COCTOAHUA byaeT oanHakos. Toraa B r1o6anbHOM
MOZENN CeTU pasmepHOCTb BekTopa coctoaHma W (n) Byaer 2= pxS,rae P - YACIO yyei, S - Yucno
napameTtpoB. PasmepHocTb BekTopa namepenus d(n) - p, no yucay nyyei.
MepemelieHre GPOHTA ONMUCLIBAETCA BbiparKEHUEM:

d,(n)=C(W(n),B(n))+P(n), (1)
roe S(n) - Bektop norpewHocTM usmepexmnin, C - HeaMHeRHoCTb Npu usmepeHun. Npeanonaraercs,
4TO MOrpewWwHoCcTb 3mepeHnii S(N) MmeeT HyneBoe cpeaHee 3HaYeHne U onpesenseTcs NpPoLLEeccom
TMNA MHOrOMepHOro 6en0ro Wyma C AMaroHabHOM MaTpuLei KoBapuauumn. ObyvyeHne Tako HeMPOH-
HOW ceTn byaeT cocToATb B KOPPEKTUPOBKE Z NMapameTpoB, Leb 0byYeHUs - MUHMMMW3aUMA cpeaHero

p *
KBagpata oTkaoHeHus . (d; —d; )2 . Ta KOPPEKTUPOBKA, B CBOIO oYyepesb, NPUBEAET K U3MEHEHUIO
i=1
CMHANTUYECKMX KO3hPULMEHTOB, KOTOPbLIE 3aBMCAT OT NapameTpoB. [10CKO/IbKY CBA3b BEKTOpa napa-
METPOB M BEKTOPa HabNOAEHMA HeIMHENH], 3Ta MOAE b COOTBETCTBYET r106a/IbHOMY PacLUMPEHHOMY
dunbTpy Kanmara. Ytobbl npumeHUTh Teopuio dunsTpa Kaamara, inHeapumsyem ypasHeHue (1), npea-
CTaBMB €ro B BUAeE:

d,(n)=CW(n)+ B(n), (2)
rae C - maTpuLa U3mepeHua IMHeapu30BaHHOW MOAE/IN Pa3MEPHOCTU Z X P HAaXOAWTCA Kak:

oc, Oc, oc,
ow, Oow, ow,
oc, Oc, oc,
C=|ow, oOw, ow,

: (3)
& % %
ow, Oow, ow,

Takoi dunbTp TpebyeT onepaumnin ¢ matpuuamm 60bWON Pa3sMEPHOCTM, MO3TOMY Mepenaem K Mo-
[leNn HecBA3HOro paclmpeHHoro ¢uabTpa KasimaHa. B coOTBETCTBMM C 3TOM MOAENbIO BblAenUM P
(no umcny nyueit) rpynn HeilpoHoB. B Kaxayto rpynny Bxoaut: K BXOAHbIX HEMPOHOB M ( HEMpPOHOB
CKPbITOrO C/108, CBA3AHHbIX C BXOAHbIMW HEMPOHAMM CUHANTUYECKMMM CBA3AMM, KOTOPbIE onpeaens-
0TCA NapameTpamu BeKTopa cocToAHMA. OCHOBHbIM OTAMYMEM NpeaaraeMoil MOAENAN OT U3BECTHbIX
ABNAETCA TO, YTO B HEM OAHMN U Te Ke HeMPOHbI BXOAAT B HECKOJ/IbKO COCEAHMUX Tpynn, T.e. rpynna Kak
6bl NepemeLLaeTcs No CKPbITOMY C/0H0.

MTaK, Mbl NO4rOTOBMAN BCE ANA NPUMEHEHNA aNTOPUTMa d)MllepaLlMM Kanmana. B yactHocTh, gna nm-
HeapM3OBaHHOVI ,CI,MHaMW-IeCKOﬁ moaenu
-1

=] 3K (| n-DC )+ R | | @)
G(n) =K, (n|[n— I)Cz‘T ’ (3)
a(ny=dn)—d(n|n-1), (6)
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W, (n+ 1| m) =, (n ]| n—1)+ G, (m)a(n) o)
K (n+1]|n) = K,(n]|n=1)~ G,(mC,(nK, (n] n-1). @

3aeck: C, - coctasHas YacTb MaTpuupbl C ana i-ro 610ka;

I'(n) - maTtpuua pasmepHocTM PX P, NpeacTaBnatowan coboli mobanbHbI KoadPuLMEHT nepesaym
ONs BCen cetu;

G;(n) - matpuua pasmepHOCTM W; x P, obo3Havatowan KoapdULMeHT ycunenna Kanmana gas i-i
rPynnbl COCTaBAALLMX BEKTOPA COCTOSHUS;

a(n) - BekTop pasmepHocTh p x |- HeBA3Ka, onpeaenfaemasn Kak PasHOCTb MEXKAY KeNaeMbIM OTKIMKOM
d(n) nMHeapn30BaHHO cUCTEMbI U ero oueHKol d(n||n—1), OCHOBaHHOM Ha BXOAHbBIX AaHHbIX, 40-
CTYNHbIX B MOMEHT BpemeHu N —1. OueHKa paccunTbiBaeTca no popmyne: d(n||n—1) = C(n)w(n || n—1);
W, (n||n—1) - BekTop pasmepHoctn z x|, ABnAtowumiica oueHKoii BekTopa cocToaHua W; (N) 4na rpyn-
nbl i B MOMEHT BpEMeHM N, NPU HANUYUM HabNOLAEMbIX AAHHbIX BNAOTb 0 MOMEHTA BpemeHn N —1;
K, (n||n—1) - maTpuua pasmepHOCTH Z; X Z;, ABAAIOLLAACA MaTpULIEN KOBapnaLM OWNBOK cocTasnA-
OLLMX BEKTOPA COCTOAHMA. CyMMUPOBaHME, BbIMONHAEMOE MPU BbIYUCAEHUN TN06aNbHOTO KO3bdULLK-
eHTa nepegaun 1 (n), yunuTbiBaeT HECBA3HYIO NPUPOAY paclinMpeHHoro punbtpa KanmaHa:

K (n|n=1)=E[&(n||n=De" (nl|n-1],
rae owmbka BekTopa coctosHua e(n||n—1) onpeaensetcakak g(n||n—1)=w(n)— w(n||ln-1).

Mpwu aTom I(n) cBA3biBaeT OWNOKY GUABTPOBAHHOW OLLEHKM HabAOAEeHUA U BEKTOP 0BHOBNEHMA Npo-
rHosa HabatogeHua a(n):

e(N)=RmT(wa(n), rae e(n)=d(n)~d(n||n).
B ypaBHeHue (8) uenecoobpasHo A06aBUTb UCKYCCTBEHHDBIN WyM @; (N) - MHOTOMEPHbII Genblii Luym

C AVaroHanbHoOM KoBapuaLMoHHoM maTtpuueit Q;(N), Y4To CHUXKAET BEPOATHOCTb NONAAAHUA B JIOKa/b-
HbI MUHMMYM Mpu 06yyeHuun. Torga BbiparkeHue (8) npeobpasyeTcs Tak:

Ki(n+1{[n)=K,(n[|n=1)=G,(m)C(mK,(n|[n=1)+Q,(n). (9)

C yyeTom 3TOro nosHaa npoueaypa OyHKLMOHMPOBAHMA PaCLLEenIeHHOro paclnpeHHoro ¢uabTpa
KanmaHa BbIimaaut cneaytowmm obpasom. Meped Hayanom paboTbl NPOUCXOAUT MHULMANU3ALUA.
MapameTpbl MHAMKATPUC Tenaonepeaayn 3a4akoTca COMMAcHO MMEHLLMMCA anpUOpPHbIM AaHHbIM O
cpefe: HanpaBaeHUIO BETPa, BNAXKHOCTY, 3anacy roptodero v Ap. B kosapuauuoHHoi matpuue Q;(n),
XapaKTepusytoLLel MCKYCCTBEHHO BBEAEHHDbIN WyM @; (N), AWAroHasbHble 3N1eMeHTbl YCTaHaBAMBAOT
8 Anana3soHe ot 0 ao 10, HayanbHoe 3HaueHWe KoBapuaLMOHHOM MaTpuLbl owmnbok K, (n]|n—1) no-
naraem K, (1]]0)= 571, rpe § - manoe nonoxuTtenbHoe uncno, | - eAMHUYHAs MaTpULa, NOC/E Yero
Ha Kak4oM Luare NporHo3npoBaHMA NoCAeA0BaTe/IbHO BbIYMCAAIOTCA PEKYPCUBHbIE COOTHOLWEHUSA (4),
(5), (6), (7), (9). KpuTeprem OKOHYaHUA UTEPALLUIA Ha N-M LUMKIE ABNAETCA AOCTUXEHME HepaBeHCTBa

a(ny<d(n)—d(n||n-1)-

Ha ocHOBaHWM M310XKEHHBIX NPUHLMNOB pa3paboTaHO NporpaMmHoe obecneyeHve AnA MOAENNPO-
BaHWA Pa3BUTMA NeCHbIX Noxapos. Co3aaHHOe NporpaMmHoe obecneyeHne No3BONAET NPOU3BOAMUTD
MOZIeNIMPOBaHMNE B peasibHOM BPEMEHM, A TaKKe ONepaTUBHO U3MEHATb BXOAHbIE NapaMeTpbl cpeapl.
[Ona pokasatenbctBa 3PPeKTUBHOCTU MOLENMPOBAHMUA CHaYafa MPOrOHANCA BeCb NPOLECC pacnpo-
CTPaHeHUA NoKapa € 3aaHHbIMW NapameTpamu, NOC/e Yero B UCXOAHbIM Habop NapaMeTpoB BBOAU-
Nacb HeonpeaeneHHOCTb M NPOrOHKA OCYLLECTBAANACH 3aHOBO, MPU 3TOM U3BECTHBIM CYMTANOCh NINLLb
nonoxeHne ppoHTa Noxapa Ha BCex Tanax (B peanbHOM cucTeme nonoxeHme GpPoHTa onpesensinoch
6bl No pesynbTatam HabnogeHua). HeonpeaeneHHble napameTpbl BOCCTaHABAMBAAWUCL B mpoLecce
NPOFOHKM NyTeM 0bYYEeHUA Ha KaXKAOM 3Tane, NP1 3TOM TOYHOCTb BOCCTAHOB/IEHWUA NapameTpos bObiia
He xyxe 10%.
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Kuk K.*, Dimic G.*, Prokin D.*, Spalevic P.*
MODEL FOR ASSESSMENT OF STUDENTS’ KNOWLEDGE IN AN
EDUCATIONAL ENVIRONMENT BASED ON THE GAME

This work presents a model for estimation of student knowledge that can be used as a student model in game-
based learning systems. The proposed student model describes the new formula for student knowledge evaluation.
The use of neuro-fuzzy system rules for making decisions about the level of student knowledge gives us an easy
access when it comes to determining the current level of student knowledge. Since the initial model did not give
satisfactory results, we presented a new model with a system of educational games, which is based on variable
coefficients for input variables: correct answers, number of used Help and spent time. Here we illustrate data cali-
bration of coefficient improvements to the model, and we report results on its accuracy.

INTRODUCTION

The main problem for today’s teachers is to find the best way to get closer to students belonging to the
Net generation. With great power of multimedia content types, today more and more used in the edu-
cational process specific types of multimedia applications for learning that is fun - educational games.
Through this type of educational materials, today’s teachers are trying to show the student teaching
content in a simple and interesting way. If we start from the fact that playing the competition’s oldest
human characteristics, makes it even more the importance of using games in education. Therefore, the
assessment of the level of knowledge in such systems is very important. Assessment of good behavior
depends on the education system and the flow of the learning process. In this paper the existing model
that had to be modified and adapted for educational games. This paper describes the existing model,
which had to be modified and adapted for educational games. However this model did not give a sat-
isfactory result, and a new model was applied to the system of educational games, which is based on
the variable coefficients.

NET-GENERATION

Today’s generation of students in elementary and secondary schools, and students at universities, be-
longs to the generation born in the Internet age. Modern psychologists, sociologists and educators as
well as indicate the Net Generation (Net = Internet). Growing up with a broad approach to technology,
the Net-generation students is able to intuitively use the device information and communication tech-
nologies, especially the Internet. Net generation is more visual than ever before to describe replaced
generation, many of them are expressed through images. They are able to link images, text and sound
in a natural way [1]. Their ability to move between the real and imaginary is instantaneous, enhancing
their literacy well beyond text. Given the good availability of visual media, their text written literacy is
less developed than in previous generations [2].

Net-generation students prefer to learn by doing, rather than to be told what to do. Net Generation
Students learn well through discovery - either alone or with peers. This research with tulle enabling
them to acquire better information and use it creatively, designed a way [3,4].

All used computers for their responsibilities in school, but also as a hobby. They have a wide range of
interests outside of their chosen field of study. They become grumpy if the operation is challenging,
if challenging, glistening in the creative and innovative solutions. They learn by doing, not reading the
instruction manual or listening to the lecture [5]. These are students who are teachers and must close.
Net generation is comfortable in an environment rich in images than text. The researchers report that

1 School of Electrical Engineering and Computer Science Applied Studies, Belgrade, Serbia
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the Net-generation students refuse to read large amounts of text, whether it be long or long task in-
structions [6].They prefer to do things, not just to think or talk about things.

EDUCATIONAL GAMES

Because electronic games are very popular and widespread, the researcher began to explore how elec-
tronic games can be used to assist the learning process, especially for those children who have lost
interest in certain subjects. Although there are few empirical claim that electronic educational games
can improve learning, it should be noted that this happens only if the interaction does not lead in the
game by a teacher or in how the game does not include other forms of instruction. One of the main
limitations of these educational games is that the skill needed to play games does not mean that the
same skills necessary for learning appropriate instruction [7]. Learning takes place only when the stu-
dent made the connection between active games and existing knowledge. When the student will build
this connection usually depends on the individual meta-level knowledge and cognitive skills relevant to
learning (in person and personal explanation will follow).

In recent years research in the field of gaming is rapidly developing in many scientific areas. Of course
the development of the gaming industry has aroused interest among researchers and technology in ed-
ucation, so that the layout seems to have a new electronic educational game magic tool that will solve
many problems in the field of computer-assisted learning. It is thought to enhance learning educational
games on the basis of better teaching methods to suit the needs and habits of today’s Net Genera-
tion students. Providing this kind of support for learning at the same time is extremely important and
represents an extreme challenge, creating a special system of learning that include educational games
is a challenge because it requires a careful analysis of a stimulating learning and maintaining positive
motivation [8].

LEARNING IN THE MODERN SYSTEMS OF LEARNING

In the age of information-telecommunication technologies and the Internet, e-learning systems play a
big role in the field of education. E-learning represents a set of applications and processes for interac-
tive learning that can be applied anywhere, at any time and by anyone [9]. Intelligent e-learning sys-
tems are capable of behaving in a certain way in unpredictable situations that occur in the process of
learning. Intelligent Tutorial Systems (ITS) represent a special class of intelligent e-learning systems, and
they base the process of learning on the principle of “learning-by-doing”.

One of the most important characteristics of the intelligent tutorial systems (ITS) is the possibility of ad-
justing instructions to students’ needs. To acomplish this ITS must precisely determine the current level
of a student’s knowledge. Estimation of students’ knowledge is most often carried out with the use of
appropriate tests. The main advantage of testing is its use in various fields and its easy implementation.
Generally speaking, the testing systems use heuristic solutions for estimating students’ knowledge.
Since one of the more important characteristics of ITS is its capability of adjusting to various student
needs, the learning model represents its most significant component. The learning model estimation is
called diagnosis because it reveals hidden cognitive states of the observed behavior [10,11].

Model learning is about, even in part the primary qualitative view of students’ knowledge about a par-
ticular topic or a certain skill in this area, which can partially or fully affect specific aspects of student
behavior. Modeling is the process of students creating and maintaining models of learning. Obtaining
observing these models is a difficult task because it is based on random hits to the student.

Fuzzy logic techniques are used to improve the performance of ITS due to its ability to handle imprecise
information such as the actions of students and to provide descriptions of human knowledge and stu-
dents’ cognitive capabilities. According to IMS-LIP specification, the student can be classified according
to predefined rules. This type of classification can be easily represented as a fuzzy logic expressions.
For example:
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IF (TEST_RESULT IS LOW )
THEN STUDENT_CLASS 1S BAD

This rule states that if a student has a bad score on the test, he is classified as a bad student. The expres-
sion (TEST_RESULT IS LOW) is a premise, and the expression STUDENT_CLASS IS BAD is a consequence
of the phase rule. TEST_RESULT STUDENT_CLASS and linguistic variables are, and their corresponding
values are LOW and BAD.

The fuzzy logic technique is used in order to provide approximate diagnoses of a student’s knowledge
and cognitive capabilities similar to human ones. A student’s behavior is the only noticeable response
used as the input value in the process of the student’s modelling. The communication channel between
the student and ITS is very limited (usually a mouse and keyboard). ITS’s responses to the student are
limited and quite different from a human teacher’s responses.

THE INITIAL MODEL FOR ASSESSING STUDENTS’ KNOWLEDGE

In the field of lectures and education there are nowadays many algorithms and models used for estima-
tion of students’ knowledge. Those are mostly models used in ITS and adaptive testing. Estimation of
students’ knowledge in these systems is frequently carried out on the basis of results of the tests given
to students at the end of the learning process. These results are compared with results of the tests that
are also given to students but before the learning process. In this way it is possible to determine the
rate of improvement the students have achieved through the use of the learning system.

As said in the Section 2 of this work, modern learning systems use multimedia interactive applications
or education games, and estimation of students’ knowledge in these systems is thus much more com-
plex. The complexity is reflected in the fact that in such systems a student is observed through his or
her actions in the time domain. It is very important to perform appropriate knowledge estimation at the
precise moment so that the system could continue to lead the student and the entire learning process
properly.

Dealing with students who belong to the Net-generation, and for the purpose of preventing stagnation
in the learning process, in the first year of studies at the School of Electrical Engineering and Computer
Science Applied Studies in Belgrade a system with education games is used. An example of educational
games in the educational process was conducted during the winter semester of the 2009/10 school
architecture and organization of a computer [12]. Learning model that we used in this educational
game based on the principle of neuro-fuzzy work reasoner (NFR) which, in his paper [13] Z. Sevarac
presented. Our model was complemented by another input variable - help because the educational
component of this game was very much used by students. The initial model based on neuro-fuzzy rea-
soner we used in the educational game is presented in Figure 1.

Fig. 1. The initial model based on the NFR

VARIABLES IN THE MODEL

In this paper, the fuzzy model is used as a basic starting structure.
1. Input and output variables in the model:
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e The input variables:
e The overall result of the game [0. n] - %,
e Number of use of assistance [0..n]
¢ The time needed to complete the task [0..n] - s
e Qutput variables:
¢ Situation of students’ knowledge of the game: {Mastered or Unmastered}

2. Fuzzy rules
The set of values of input variables is divided into the following fuzzy rules:

e The overall result of the game: Bad, Medium, Good.

¢ Number of use of assistance has two states: Rare and Often. Rare means less use of the game to
help students fit, while Often indicates more frequent use of aid.

e The time needed to complete the task, interpreted as speed: Slow and Fast.

Rules for the classification of the student’s knowledge of the game are shown in Table 1.

Table 1. Rule classification of students’ knowledge

SCORE HELP TIME KNOWLEDGE
good rare fast mastered
good rare slow mastered
good often fast mastered
good often slow mastered

medium rare fast mastered
medium rare slow mastered
medium often fast unmastered
medium often slow unmastered
bad rare fast unmastered
bad rare slow unmastered
bad often fast unmastered
bad often slow unmastered

The presented NFR rules for classification of students, modified and adjusted to our learning system
with education games, haven’t given quite precise calculations. The rule by which a student’s knowl-
edge is classified as ,,mastered” in the situation when the result of playing is medium, where the num-
ber of used Help windows is higher, and the time of playing is slow, proved to be false in our case.

After the use of the education game, students were given a practical task on a paper in order to com-
pare accuracy of the presented model. The results of comparison of practical results and estimation of
the knowledge level through the given model were not satisfactory. The error which occurred in the
estimation equalled the value of 52.11%

MODEL VARIABLES COEFFICIENTS

After the initial model did not give the expected results, we applied a new model for evaluating the
level of knowledge that is used as a variable value coefficient. The rule for determining the percentage
of knowledge applies basic arithmetical operations to input parameters of the model. The significance
of the input values for final knowledge estimation is determined on the basis of empirical coefficient
values, given by the teacher. The current knowledge level a student possesses after playing the educa-
tion game is given with the following formula:

P(X:Mastered)=a*zn:Ai—h*zn:HiH*[(Zn:Ai—zn:Hi)*l‘aJan:Hi*fh] (1)

where a, coefficient hit with three main parts of the formula. Coefficient values that may have varied
in the range from 0 to 1. The first part of the formula is the most important part in calculating the final
level of students’ knowledge, because it uses the number of correct answers - A, The second most im-
portant part of the assessment of knowledge is the second part of the formula répresenting the num-
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ber of windowing for help when playing games - H.. This part of the formula has a negative sign because
it reduces the likelihood of the final level of knowledge. Part of the formula over time, has the smallest
budget of the importance of knowledge. When a student uses the help window, it increases the time
needed to answer what causes the reduction of the total student. The values of t, and t, in the part of
the formula with time show the average time a student needs to give an answer when he or she uses
the Help window, i.e. the time needed for giving an answer without using the Help window:

e timet, - average time to respond without the use of assistance - help window
e timet, - average time to respond to the use of help - help window

On the basis of teachers’ experience, the values for significance of coefficients in the given formula are
presented in Table 2.

Table 2. Values of coefficients in our model

Coefficient | Values
a 0.50
h 0.30
t 0.15

As it can be seen from the Table 2, the most important coefficient in calculating the entire knowledge of
a student is the coefficient a. Influence of the first part of the formula on calculation of the entire stu-
dent’s knowledge is huge in the case when the number of correct answers during playing of the game is
also high. This coefficient has therefore been assigned the value 0.50. A lower value, but also important
in calculating the knowledge, for the coefficient with Help - h, is presented with the value 0.30. The
third part of the formula has the lowest significance in the calculation, and thus the coefficient next to
it has the value of only 0.15.

Through repeated comparison of the practical results and estimation of the knowledge level with the
new model we have come to very encouraging results. With the use of the new model we have man-
aged to reduce the error in estimating students’ knowledge level by 20%. The error that is now made
by the system has been reduced to 29.97% with the use of the above given formula with empirical
coefficient values.

CALIBRATION OF THE MODEL VARIABLES COEFFICIENTS

To get a more accurate system based on education game, we examined the sensitivity of the proposed
model. To rule out the possibility that the three values that are the experts determine the ideal, we
tried higher values (0.70 for coefficient a, 0.50 for coefficient h, and 0.30 for coefficient t). Higher values
for a and h coefficients give better precision, while a larger coefficient t does not change the precision.
These results indicate that we are able to observe the appropriate ranges of values for coefficient a
from 0.50 to 0.75 and ranges from 0.30 to 00:55 for coefficient h. They also indicate that the model is
generally more sensitive to changes coefficient t (from 0.15 to 0.30). In Figure 2, can be seen comparing
the three models to assess the knowledge of students with real results. The new setting coefficients
error in the assessment is reduced to only 15.57%.
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Fig. 2. Comparison of three models with practical results

236 e MIT 2011



CONCLUSION

As shown in this paper, the application of existing models to assess students’ knowledge of a system
that uses educational games, is not adequate. Therefore, in this paper the authors refer to a new way of
calculating the current level of knowledge of students, using a modification of input parameters, which
are also used in the models. Modification of these parameters is reflected in adding a new parameter
- time. Adding in the time domain system is inevitable because the games are educational variable in
time, as opposed to static tests that are independent of time.

Model shown with varying coefficients can be applied as the basis of many pedagogical agents that can
be added to the new kinds of educational multimedia systems based on the game.
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THE SOFTWARE TESTING OPTIMIZATION MODEL

Software Testing represents a significant portion, more than 40%, of the software applications development budg-
et. In this paper we describe Risk-Based Optimization Model of Software Testing Process designed to improve the
efficiency and effectiveness of the testing effort assuring the low project risk of developing and maintaining high
quality of complex software systems within schedule and budget constraints. Our Optimization Model combines
Economic Value Management and Risk Management methodology through simulation-based software testing sce-
narios at various abstraction levels of the system/software under test activities to manage stable software testing
process at lowest risk, at an affordable price and time. Models and simulations can vary significantly in size and
complexity and can be useful tools in several respects. They can be used to conduct predictive analyses for develop-
ing plans for test activities, for assisting test planners in anticipating problem areas, and for comparison of predic-
tions to collected data.

SOFTWARE ENGINEERING

Software engineering involves multiperson construction of multiversion programs. Sound software en-
gineering requires the engineer to state precisely the requirements that the software product is to
satisfy and then to produce designs that will meet these requirements. Software engineers should start
with a precise description of the problem to be solved; then proceed to producing a design and validat-
ing the correctness of the design; finally, implementation and testing are performed [1]. The software
requirements should clearly state what is required and it should be evident what is not required. En-
gineers are required to produce the product design and then analyze their design for correctness. An
engineering analysis of the design includes mathematics and software inspections, and this is essential
to ensure the correctness of the design. The term engineer is generally applied only to people who have
attained the necessary education and competence to be called engineers and who base their practice
on mathematical and scientific principles.

Software is a special type of behavioral information of computing and a means of interaction between
the information world and the physical world. The nature of software makes software engineering a
unique discipline, which is innately the most complicated engineering branch that humans ever ex-
perienced, and inherently the most overarching transdisciplinary field in both theories and applica-
tions. These are also the reasons that set forth software engineering as an ideal testbed for existing
theories and methodologies of a wide range of science and engineering disciplines from mathematics
to cognitive informatics, and from management science to sociology [2]. Software engineering is an
increasingly important discipline that studies the nature of software, approaches and methodologies
of large-scale software development, and the laws behind software behaviors and software engineer-
ing practices. The study of the fundamental constraints of software engineering is helpful for: a) Un-
derstanding fundamental problems in software engineering; b) Guiding the development of software
engineering theories and methodologies; and c) Evaluating software engineering theories, principles,
and techniques [2]. To deal with the difficulties inherent in large-scale software development, the mul-
tidisciplinary foundations of software engineering are yet to be explored. This paper adopts an interdis-
ciplinary approach to explore the foundations of software engineering, specially in software testing [3].
Software testing represents a significant portion, more than 40%, of the software applications devel-
opment budget. In this paper we describe Risk-Based Optimization Model of Software Testing Process
designed to improve the efficiency and effectiveness of the testing effort assuring the low project risk
of developing and maintaining high quality of complex software systems within schedule and budget
1 State University of Novi Pazar, Novi Pazar, Serbia

2 Union University, School of Computing, Belgrade, Serbia

238 e MIT 2011




constraints [4]. Our Optimization Model combines Economic Value Management and Risk Management
methodology through simulation-based software testing scenarios at various abstraction levels of the
system/software under test activities to manage stable software testing process at lowest risk, at an af-
fordable price and time [5]. The optimization model is based on Return on Investment and appropriate
Risk Management activities that assure the savings on the cost avoidance associated with detecting and
correcting defects earlier rather than later in the product evolution cycle [3,5]. Models and simulations
can vary significantly in size and complexity and can be useful tools in several respects. They can be
used to conduct predictive analyses for developing plans for test activities, for assisting test planners in
anticipating problem areas, and for comparison of predictions to collected data. Validated models and
simulations can also be used to examine test article and instrumentation configurations, scenario differ-
ences, conduct what-if tradeoffs and sensitivity analyses, and to extend test results.

This work attempts to put together a number of multidisciplinary foundations for software engineer-
ing, such as philosophy, computing, mathematics, informatics, systems science, management science,
cognitive science, linguistics, and measurement. Fundamental problems and constraints of software
engineering have been identified. The approaches to software engineering have been explored in the
context of how the basic constraints of software engineering may be dealt with. The framework of
multidisciplinary foundations of software engineering has been presented as a new approach towards
Software Testing Process.

SOFTWARE ENGINEERING MATHEMATICS

Software is an intellectual artefact that provides a solution for a repeatable computer application, which
enables existing tasks to be done easier, faster, and smarter, or which provides innovative applications
for the industries and in everyday life [1,2]. Although the nature of software has been perceived quite
differently in research and practice of computing and software engineering, the following perceptions
on the nature of software can be found in the literature: a) Software is a mathematical entity; b) Soft-
ware is a concrete product, and c) Software is a set of behavioral information. Software engineering is
a discipline that adopts engineering approaches, such as established methodologies, processes, meas-
urement, tools, standards, organisation methods, management methods, quality assurance systems
and the like, in the development of large-scale software seeking to result in high productivity, low cost,
controllable quality, and measurable development schedule [1-2, 4-7]. Although software engineer-
ing has emerged as a branch of computer science, it is recognized that software engineering requires
much broader and multidisciplinary foundations as follows: 1) Principles of Software Engineering; 2)
Engineering Foundations; 3) Philosophical Foundations; 4) Mathematical Foundations; 5) Computing
Foundations; 6) Linguistics Foundations; 7) Information Science Foundations; 8) Cognitive Informatics
Foundations; 9) Systems Science Foundations; 10) Management Science Foundations; 11) Economics
Foundations and 12) Sociology Foundations [2].

Software engineering is a unique and the most complicated engineering discipline that is ever faced in
the human history. The ability to use mathematics to solve practical problems is part of the engineer’s
education, and part of the daily work of an engineer. The engineer applies mathematics and models
to the design of the product, and the analysis of the design is a mathematical activity. Mathematics
allows a rigorous analysis to take place and avoids an overreliance on intuition. The focus needs to be
on mathematics that can be applied to solve practical problems and in developing products that are
fit for use, rather than in mathematics for its own sake that is the interest to the pure mathematician.
The emphasis in engineering is always in the application of the theorem rather than in the proof, and
the objective is therefore to teach students how to use and apply mathematics to program well and to
solve practical problems. The characteristics of theoretical problems under study in a field are abstract,
inductive, mathematics-based, and formal-inference-centered; while those of empirical problems are
concrete, deductive, data-based, and experimental-validation-centered.

Mathematical Foundations of Software Engineering, investigates the logical and algebraic properties
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and laws of software and software engineering. Mathematics enabling rigorous inferences to be carried
out on the basis of simple deductive rules, and the formally documented results are validated without
exceptions. Therefore, the entire theory of software engineering is about mathematical modeling of
software and denotational mathematics for software engineering [3]. Essential elements of denota-
tional mathematics for modeling software architectures and software system behaviors are analyzed.
New mathematical structures such as cumulative relations and Real-Time Process Algebra (RTPA) are
developed on the basis of conventional fundamental mathematics such as set theory, Boolean algebra,
and mathematical logic. RTPA serves as both a denotational mathematical means and a system design
and refinement methodology for software engineering.

The mathematical foundation for software engineering should include areas listed in Table 1.

Table 1. Mathematics for Software Engineering

Set Theory | This material is elementary but fundamental. It is familiar to all high-school students. It includes,
for example, set union and intersection operations; the Cartesian product of two sets, etc.
Relations A relation between A and B is a subset of AXB. For example, the relation T(A, A) where (a,,a,) €T
if a is taller than a,.
Functions | Afunction f: 4 —B s a relation where for each a€A there is exactly one b€B such that (a,b)€f. This
is denoted by f(a) = b. Functions may be total or partial.
Logic Logic is the foundation for formal reasoning. It includes the study of propositional calculus and
predicate calculus. It enables further truths to be derived from existing truths.

Calculus Calculus is used extensively in engineering and physics to solve practical problems. It includes
differentiation and integration, numerical methods, solving differential equations, etc.

Probability | Probability theory is concerned with determining the mathematical probability of various events
Theory occurring. One example of its use in software engineering is in predicting the reliability of a
software product.

Finite State | Finite state machines are mathematical entities that are employed to model the execution of a
Machines program. The mathematical machine is in a given state and depending on the input there is a
change to a new state. Finite state machines may be deterministic or non-deterministic.

Tabular This is an approach developed by Parnas and others and may be employed to specify the
Expressions | requirements of a system. It allows complex predicate calculus expressions to be presented in a
more readable form (in a 2-dimensional table) using a divide and conquer technique.

Graph Graphs are useful in modeling networks, data flow diagrams, control flow and a graph consists of
Theory vertices and edges. An edge joins two vertices.

Matrix This includes the study of 2 x 2 and m X n dimensional matrices. It includes calculating the
Theory determinants of a matrix and the inverses of a matrix.

The advantage of mathematics is that it allows rigorous analysis and avoids an overreliance on intuition.
Mathematics provides precise unambiguous statements, and the mathematical proof of a theorem pro-
vides a high degree of confidence in its correctness. The focus in engineering is on mathematics that
can be applied to solve practical problems and in developing products that are fit for use, whereas the
interest of the pure mathematician is in mathematics for its own sake. The emphasis in engineering
is always in the application of the theorem rather than in the proof, and the objective of engineering
mathematics is to teach students on using and applying mathematics to program well and to solve
practical problems.

SOFTWARE ENGINEERING VALIDATION METHODOLOGIES

The development of soft systems is a revolution that transforms the information processing and intel-
ligent parts of the conventional physical products into software. Model-Based Testing through Simula-
tion approach has an explicit model to start with and so this problem does not arise. A constructive
approach is preferred by some groups in formal methods, and in this approach whenever existence is
stipulated constructive existence is implied, where a direct example of the existence of an object can
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be exhibited, or an algorithm to produce the object within a finite time period exists. This is different
from an existence proof, where it is known that there is a solution to a particular problem but there is
no algorithm to construct the solution.

Simulate-Test-Evaluate-Process (STEP) as shown in Fig. 1 enables a specific problem or a special ap-
plication be solved or implemented by a general purpose solution plus a specific software system. In
this approach, a given problem is divided into two categories: a) the standardized control drivers and
interfaces to the general purpose computer, and b) the special purpose software for the application.
Therefore, a new design and implementation of a specific system is reduced to a problem of changing
the software subsystem rather than that of refabricating the entire machine.

Predictions of Table 2 Methodologies for Validating Software Products
Real-World Events Work product in software
v - engineering
Real-World Verification & Validation | 1on Output No. Validation method Design
System against RealWorld utpu (Synthesis) Implementation
5 1 Logical verification \
]
H
: 2 | Mathematical prove Y
H Abstraction Testi d Verfyii -
é estlng(a:gde ferfying 3 ReVIeW \/
s 4 Simulation \
5 Testing
Model of Verification & Validation Computer
Real-World Simulati 6 Trial
Sys!em of Code imulation

Fig. 1. Simulate-Test-Evaluate-Process (STEP)

On the basis of rationalism, it can be seen that the methodology for software engineering validation
and software quality assurance are profoundly different from the physical engineering disciplines, be-
cause the objects under study in the former are abstract and behavioral information. According to
Theorem 1, the following corollaries can be derived.

Theorem 1 The validation of abstract propositions states that the abstract and information-based prop-
ositions and work products, such as a design or a specification of a system, are bounded by logical
verifications, mathematical proofs, systematical reviews, behavioral simulations and tests, and/or in
field trials.

Corollary 1 The validation methodologies of software design and implementation can be sufficiently
categorized as shown in Table 2.

Corollary 1 indicates that the validation methodologies in software design and implementation are
totally different. As shown in Table 2, the validation of the work products of software designs can be: a)
Formal verification on the basis of logic and formal models of the design; b) Review or inspection of the
design; and/or c) Simulation or prototyping. However, software implementations can only be validated
by simulation, testing, and/or empirical trial. Corollary 1 also indicates that software implementation
itself is actually a validation method for the design of the given software system. This is an inherent
property of complex systems where a long chain of processes is adopted in the design and implementa-
tion lifecycle to validate the system. Therefore, no simple or single process may be adequate in software
system validation. As Brooks said, there is “no silver bullet.”, but our Risk-Based Optimization Model of
Software Testing Process is close to be “silver bullet.” [2,4].

RISK-BASED OPTIMIZATION MODEL OF SOFTWARE TESTING PROCESS

Traditional approaches, such as module and integration testing, only addressed part of the need. Mod-
ule testing checks individual units and integration testing checks subsets of modules. But neither ad-
dresses the quality of the overall system, particularly in systems of systems. Neither test approach
addresses the quality of the system from the end user’s point of view. What is End-to-End Testing &
Assurance-Based Testing [4], shortly E2E testing and how does it address those concerns? E2E testing
focuses on the end user’s point of view. As we know the entire system work together to produce the
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correct, desired end result for the user. It documents paths that can be traced through the modules
and subsystems to produce an output or function that serves the user correctly. Once these paths are
identified, they can be ranked for risk and criticality. The ranking forms the basis for selecting test sce-
narios wisely. E2E represent the user’s point of view using thin threads to define the user’s perspective
in E2E test specifications. A thin thread represents a minimum usage scenario of an integrated system.
Essentially, a thin thread is a complete scenario from the end user’s perspective; the system takes input
data, performs some computation and produces output.

The thin thread describes the whole scenario and it describes just one function. Thin threads with
certain commonalities can form a hierarchical thin thread group. That is, a collection of low-level, thin
thread groups with certain commonalities can be further grouped into a high-level, thin-thread group.
Thin threads and conditions are the core of E2E test specifications. They provide a very effective frame-
work for risk analysis, test case generation, and regression testing.

We applied the E2E Test strategy in our Integrated and Optimized Software Testing framework (IOSTP)
[3]. In determining the best source of data to support analyses, IOSTP with embedded RBOSTP consid-
ers credibility and cost of each test scenario i.e. concept [4]. Resources for simulations and software
test events are weighed against desired confidence levels and the limitations of both the resources
and the analysis methods. The program manager works with the test engineers to use I0STP with
embedded RBOSTP to develop a comprehensive evaluation strategy that uses data from the most cost-
effective sources; this may be a combination of archived, simulation, and software test event data, each
one contributing to addressing the issues for which it is best suited.

The central elements of IOSTP with embedded RBOSTP are: the acquisition of information that is cred-
ible; avoiding duplication throughout the life cycle; and the reuse of data, tools, and information in
order to find out Optimal Test Scenario with minimal cost, time and acceptable risk level, but assuring
required level of software quality. The system/software under test is described by objectives, param-
eters i.e. factors (indexed by j) in requirement specification matrix, where the major capabilities of
subsystems being tested are documented and represent an independent i.e. input variable to optimiza-
tion model. Information is sought under a number of test conditions or scenarios. Information may be
gathered through feasible series of experiments (E): software test method, field test, through simula-
tion, or through a combination, which represent test scenario indexed by i i.e. sequence of test events.
Objectives or parameters may vary in importance o. or severity of defect impacts. Each M&S or test
option may have k models/tests called modes, at different level of credibility or probability to detect
failure Bijk and provide a different level of computed test event information benefit BijkI of experimental
option for cell (i,j), mode k, and indexed option / for each feasible experiment depending on the nature
of the method and structure of the test. Test event benefit BijkI of feasible experiment can be simple
ROl or design parameter solution or both etc. The cost Cijkl’ of each experimental option corresponding
to (i,J,k,I) combination must be estimated through standard cost analysis techniques and models. For
every feasible experiment option, tester should estimate time duration ij of experiment preparation
end execution. The testers of each event, through historical experience and statistical calculations de-
fine the Eijkl's (binary variable 0 or 1) that identify options. The following objective function is structured
to maximize benefits and investment in the most important test parameters and in the most credible
options. The model maintains a budget, schedule and meets certain selection requirements and restric-

tions to provide feasible answers through maximization of benefit index —Bmﬁtlndex :

Benefitlndex:mak)l(z Z z ZajﬂijkBijklEijkl (1)
AT T T

Subject to:
D33 CiuEjy < BUDGET (Budget constraint);
i ko

D33 Ty <TIMESCHEDUE (Time-schedule constraint)
T0 ok 1
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Z EijkI <1 for alli,j,k (at most one option selected per cell i, j, k mode)
|

YD Ew =l forallij (at least one experiment option per cell i, j)
k 1

Models and simulations can vary significantly in size and complexity and can be useful tools in several
respects. They can be used to conduct predictive analyses for developing plans for test activities, for
assisting test planners in anticipating problem areas, and for comparison of predictions to collected
data. Validated models and simulations can also be used to examine test article and instrumentation
configurations, scenario differences, conduct what-if tradeoffs and sensitivity analyses, and to extend
test results. In other words, the software parameters are estimated on-line and the corresponding
optimal actions are determined based on the estimates of these parameters. This leads to an adaptive
software testing strategy. A non-adaptive software testing strategy specifies what test suite or what
next test case should be generated e.g. random testing methods, whereas an adaptive software testing
strategy specified what next testing policy should be employed and thus in turn what test suite or next
test case should be generated in accordance with the new testing policy to maximize benefit index func-
tion (1) which is in nature uncertain i.e. includes risk to detect failure. Benefit index function depends of
failure severity if the chosen feasible experiments i.e. test event don’t detect failure (a].) because of test
event capability i.e. probability to detect failure Bijk. Because of risk impact and probability of success
of test event, increasing cost and rework time to fix undetected SUT faults, we call our Optimization
approach of Software Testing Process - Risk-Based. RBOSTP is based on defect removal (detection and
fixing) metrics.

COST TO FIX ERROR, RISK MANAGEMENT AND ECONOMIC VALUE AS LEADING INDICATORS OF
SOFTWARE TEST OPTIMIZATION

For each development phase, the number of defects detected during that phase shall be tracked. In
addition, for each defect, the phase in which that defect was created shall be tracked. Some repre-
sentative Defect Removal Efficiency and defect fixing Cost matrix data that we call DRECR of system/
software under test described by objectives, parameters i.e. factors (indexed by j) in requirement speci-
fication matrix from few project versions history is presented in Table 3 for an typical software product
development. If a large number of fixes are ineffective, then the process used for corrections should be
analyzed and corrected. Items to report include: 1) Total inspections to be conducted or tests to run;
2) Inspections or tests completed, and 3) Cumulative inspections or tests failed. The final test metric
relates to technical performance testing. The issues in this area vary by type of software being devel-
oped, but top-level metrics should be collected and displayed related to performance for any medium-
or high- technical risk areas in the development. The maximum rework rate was in the requirements
which were not inspected and which were the most subject to interpretation. Resolution of the defects
and after the fact inspections reduced the rework dramatically because of Defect Containment. Defect
containment metric tracks the persistence of software defects through the life cycle. It measures the
effectiveness of development and verification activities. Defects that survive across multiple life-cycle
phases suggest the need to improve the processes applied during those phases.

If defects from earlier phases are not detected during that phase, there may be a need to improve
the processes used for exiting those phases. Such defects suggest that additional defects are latent as
presented in Table 3. The last column represent relative Additional Cost to Repair Multiplier ratio range
C]\/[FWMP+1 — C]\4S=8jp%)+I for errors with lowest severity S=1 and highest severity 5 of error origi-
nated in previous P phase but escaped and detected in later P+1 phase compared to cost expressed in

cost units [cu] to fix immediately using cost to fix of Requirement defect as a base i.e. 1.

For simplicity purpose, an undetected major or higher severity (24, s=1..5) defect that escapes detec-
tion and leaks to the next phase may cost ten times to detect and correct. A minor or lower severity
(s<3) defect may cost two to three times to detect and correct.
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Table 3 Typical Defect Removal Efficiency and defect fixing Cost Ratio matrix DRECR

DEFECTS| —> FOUND IN:
. . . . Fixing multiplier
Requirement | HL Design | LL Design Code (unit) | Integration /| Acceptance | Operation Total orig. (Cost Ratio)
Test System Test | (User) Test | Post-Release | in phase
CM -CM,
Requirement 22 3 8 2 4 4 2 45 1
HL Design 0 17 9 1 2 2 3 34 3-6
5 |LLDesign 0 0 12 11 8 5 4 40 8-10
g [Code(unit) 0 0 0 7 9 8 1 25 10-15
2 Test
= -
2 Integration / 0 0 0 0 4 2 P 8 15-40
= System Test
o Acceptance
(User) Test 0 0 2 1 8] 30-70
Operation 0 0 0 0 0 0 0 0 40-1000
Post-Release
Tc?tal found 2 20 29 21 27 23 13 155
in phase

The Net Savings (NS) then are nine times for major defects and one to two times for minor defects.
Because of that we apply simple but proven reasoning aout high ROI as key benefit of software test
events Bijkl in optimization objective equation (1) i.e. ROIj = Net Savings for j objective/Detection Cost
for j objective. Of course, some benefits of the system/software under test described by objectives,
parameters i.e. factors (indexed by j) in requirement specification matrix, which is the major capabilities
of subsystems being tested, must be verified and validated in every SDLC phase P by many test events.
Of course, few objectives are tested only in one or two phases P and test events. Also, Net Savings for j
objective in phase P: Cost Avoidance-Cost to detect/Repair Now in phase P. It means, Net Saving benefit
is error prevention to escape from phase P to next P+1 phase, or downstream phases to the customer
use of defective software in the field. In mathematics language, it is calculated as:

,
NSifk] = 25,' P *pifkl P *CAi/'kl P (2)

P=1
where 6, , =0 if not aplicable in phase P, 1 if is applicable in phase P, py, » is probability of feasible /
of k experiments in phase P to detect error of | objective i.e to prevent defect to escape in phase P+1.

7
Also, 251 p Pija p =1, and cost avoidance CA, , in phase P is calculated as:

ijkl P
P-1

P
— * .
CAyy p = ZDD”- rsp TCM by, or rewritten as,
r=l1

P
CAi/klP :ZDDSjr—ﬂ’*(CMsjPH _CMS‘/'P) (3)

r=l1
where DD, ;, ,, = DRECR(r, P) denotes Defect Detected in phase P of j objectivity, s severity for de-
fects D, ,,, ,originated in phase r but escaped and detected in phase P denoted as D, ,,,,,,» that

will make additional cost to detect and fix by cost multiplier CM . Cost avoidance in phase P,
P

§iP—>P+1
then will be easily calculated from DRECR matrix like CAyy p = ZDRECR(V,P) *(CM(P+1)-CM(P))
Finaly, if j objective severity (s=1..5) is assesed in requirementrf)]r specification matrix than importance
=S, B

ik = Py p Of experiment i.e. we must offer as many as we could feasible k series of experiments

(E): software test method, field test, through simulation, or through a combination, which represent

test scenario indexed by i to find out maximal benefit index —Bem)ﬁtlndeX rewritten as:
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Benefitlndex:m%)l(z Z Z ZSjROIijkIEijkl (4)
e

NS . .
Where, ROI, = C"“ and (budget, cost) constraints as in (1).
ijkl
This model goal is to find out test scenario indexed by i with maximal benefit index —Bmﬁtlndex based
on Return on Investment bases and appropriate Risk Management activities assure the savings on the
cost avoidance associated with detecting and correcting defects earlier rather than later in the product

evolution cycle.
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CONCLUSIONS

In software development organizations, increased complexity of product, shortened development cy-
cles, and higher customer expectations of quality proves that software testing has become extremely
important software engineering activity. Software development activities, in every phase, are error
prone so defects play a crucial role in software development. At the beginning of software testing task
we encounter the question: How to inspect the results of executing test and reveal failures? What is risk
to finish project within budget, time and reach required software performance i.e. quality? How does
one measure test effectiveness, efficacy, benefits, risks (confidence) of project success, availability of
resources, budget, time allocated to STP? How does one plan, estimate, predict, control, evaluate and
choose “the best” test scenario among hundreds of possible (considered, available, feasible) number
of test events (test cases)? Proposed Software Testing Metrics Framework as a part of IOSTP framework
solved these issues combining few engineering and scientific areas such as: Software Measurement,
Design of Experiments, Modeling & Simulation, integrated practical software measurement, Six Sig-
ma strategy, Earned (Economic) Value Management (EVM) and Risk Management (RM) methodology
through simulation-based software testing scenarios at various abstraction levels of the SUT to manage
stable (predictable and controllable) software testing process at lowest risk, at an affordable price and
time.
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Malesevic B.%, Radicic B.
NON-REPRODUCTIVE AND REPRODUCTIVE SOLUTIONS OF SOME
MATRIX EQUATIONS

In this paper we analyzed solutions of some complex matrix equations related to pseudoinverses using the concept
of reproductivity . Especially for matrix equation AXB=C it is shown that Penrose’s general solution is actually the
case of the reproductive solution.

REPRODUCTIVE EQUATIONS

A concept of reproductive equations was introduced by S. B. Presi¢ [4] in 1968. The implementation
of the concept of reproducibility was also considered by J. D. Kecki¢ ([6], [7]) and S. B. Presi¢ and J. D.
Keckié [12].
Definition. The reproductive equations are the equations of the following form:

x=f(x)
where X is a unknown, S isagivensetand f :S — S is a given function which satisfies

fof=f. (1)
The condition (1) is called the condition of reproductivity because the function f which satisfies the
condition (1), after iteration, reproduces itself.

In literature, functions which satisfy the condition (1) are also called projectors or idempotent maps.
The following two statements (S. B. Presi¢ [4]) give the fundamental properties of the reproductive
equations.

Theorem 1. For any of the consistent equations J(X) there is an equation of the x = f (x) form, which
is equivalent to J(X) being in the same time reproductive as well. ¢

Theorem 2. If a certain equation J(X) is equivalent to the reproductive one X = f (x), then the general
solution is given by the formula x = f(y), for any of the values yeS. ¢
The first implementation of reproducibility on some matrix equations was considered by S.B. Presi¢

(2.1, [4.).

SOLUTIONS OF THE MATRIX EQUATION AXB=C

Let m,ne N and C is the field of complex number. The set of all matrices of order mxn over C we
denote by C™". By C;”" we denote the set of all matrices of order mxn over C which are of rank a.
Instead of C™* we use the denotement C|" while instead of C*" we use the denotement C",.

Let AeC™". The solution of matrix equation

AXA=A (2)
is called {1}-inverse of A and it is denoted by AY  The set of all {1}-inverses of A is denoted by A{1}.
More information about {1}-inverses and other types of inverses can be found in A. Ben-Israel and T. N.
E. Greville [13] and S. L. Campbell and C.D. Meyer [16].
Let AcC™",B e CP™9 and C e C™9. The following statement (R. Penrose [1]) gives the necessary and
sufficient condition for a matrix equation

AXB=C (3)
is consistent. The formula of general solution of the matrix equation (3) is also given in the following
statement.

1 Faculty of Electrical Engineering, University of Belgrade, Serbia
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Theorem 3. The matrix equation (3) is consistent iff for some of {1}-inverses A® and B® of the matri-
ces A and B the following condition is true

AAPCBYB=C (4)
The general solution of the matrix equation (3) is given by the formula
X=f(¥)=4"CB" +Y - A" 4YBB" (5)

where Y is an arbitrary matrix corresponding dimensions. ¢

If the condition (4) is true for at least one choice of {1}-inverses A, B® of the matrices A, B respec-
tively, then the condition (4) is true for any choice of {1}-inverses A®?, BY . The following statement is
an extension of Theorem 3.

Theorem 3. If the matrix X, € C™" is any of the particular solutions of the matrix equation (3), then
the general solution of the matrix equation (3) is given by the formula

X =g(Y)=X,+Y - APAYBBY (6)

for any choice of {1}-inverses AY, B® of the matrices A, B respectively and where Y is an arbitrary
matrix corresponding dimensions. The general solution (6) of the matrix equation (3) is reproductive
oneiff X, = AYCBY.
Proof. It is easily to show that the solution of the matrix equation is given by (6). On the con-
trary, let X is any of the solutions of the matrix equation (3). Based on Theorem 3, there is
Y so that X =f()=4"CB"+Y-AVAYBB". Then, for Z=Y-X,+AVCB" it is true
X=fY)=f(Z+X, - AYCB")yi.e.

X=g(Z)=f(Z+X,-AYCB")=X,+Z—AVAZBB".

From that we conclude that (6) is the general solution of the matrix equation (3).

Considering that the equality g*(Y) = g(Y)+ (X, — A" CB") is valid, the formula of general solution
(6) of the matrix equation (3) is reproductive iff X, = AVCB". 0

From the previous theorem we can see that Penrose’s general solution (5) is the reproductive solution.
In this paper we examine whether there are particular solutions X, which can not be represented in
the form X, = A”CB" (see the example at the end of this paper). The first appearances of these so-
lutions were in [2]. In that paper S.B. Presi¢ analyzed the matrix equation (2) in the case when A is a
square matrix and proved the following statement.

Theorem 4. For the square matrix A e C™" and matrix B € A{l} the following is true:

1) AX =0 (Y eC™) X=Y-BAY, 2) AX=A<(3YeC™) X =1+Y-BAY,
3) XA=0=(3YeC™) X=Y-YAB, 4) XA=A<(3IYeC™) X=I1+Y-Y4B,
5) AXA= A< (3Y eC™) X =B+Y —BAYAB.0

The general solutions 2), 4) and 5) of the previous theorem are non-reproductive and as such they
do not directly appear according to Penrose’s theorem. Let us notice that the formula (6) gives both
Presic’s solutions of the given equations and Penrose’s solutions of the given equations. In the paper
[8.] M. Haveri¢ showed that we can get Penrose’s solution from Presi¢’s solution. Namely, she proved
the following statement

Theorem 5. For the square matrix A e C™" and matrix B € A{l} the following is true:

1) AX =0 (Y eC™) X=Y-BAY, 2) AX=A<(3YeC™) X =BA+Y-BAY,

3) XA=0=(3YeC™) X=Y-YAB, 4) XA=A<(3YeC™) X =AB+Y-YAB,

5) AXA= A< (3Y eC™) X =BAB+Y —BAYAB. ¢

The matrix equation (3) is the subject of the contemporary research (see [10.],[11.],[14.],[15.]).
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SOLUTIONS OF NON-HOMOGENEOUS LINEAR SYSTEMS

In this part of the text we are going to show that the general solution of the consistent non-homoge-
neous linear system can be obtain by general {1}-inverse. Namely, for each matrix A< C™" there are
regular matrices P e C™" and Q € C™" such that

I, O
AP =E, 7
S )
where g = rank(A). Then, each {1}-inverse A" of the matrix A can be represented in the following
form | U
AD=—p.| 2 . 8
vV W Q (8)

where U = [Ui,j L,V= [Vi'j Jand W :[Wi,j] are matrices with total k =m-n—a? mutually independ-
ent variables. In the paper [5] V. Peri¢ mentioned that the representation (8) of the general {1}-inverse
was given by C. Rohde in his doctoral thesis [3].
Theorem 6. Let AcC™", ceC[" and

Ax=c (9)
is a consistent non-homogeneous linear system. Then, there is {1}-inverse A" of the matrix A in the
form (8) with n—a arbitrary variables such that a vector

x =A% (10)
determines the general solution of linear system (9).
Proof. Let for the matrix A the regular matrices Q and P be determined so that (7) is true. Let us also
notice that the vector (10) always determines one solution of the linear system (9) for any choice of the

variables u; i Vi and W, ; in the general {1}-inverse A®  We conclude that

a=rank(A) = rank(Q -A) and a = rank([A|c]) =rank([Q- A|Q-c)] (12)
using the consistency of the linear system (9). From (11) we can conclude that the vector ¢ =Q-¢
has zeroes on the last m—a” coordinates and there is j” coordinate C'j (1< j<a)such that C'j #0
because the linear system (9) is non-homogeneous. Therefore, in the case of the general inverse (8) the
following is true

0 P O ul’] cee ul,mfa c]
0 1 e O u2,1 T Z'IZ,mfa Cz
1 U
x=P| “ ‘Q-c=P-| 0 0 1 Uy o U, |,
Vw
Vi Vi Via Wi T Wim—a 0
_vn—a,l Vn—a,Z e Vn—a,a Wn.—a,l e Wn—a,m—a 4L 0 B
G ] [0 0]
G c, 0 0
=P. Ca =P-c, [+P|O|z,+-+P:|0O]7,,

Z | 0 0 1
j=1 i n al - -7 -0
for 7, =" CVy;, s Tyy = Do GV, ,; - By choosing the submatrix V. in the form
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0o ... Vl,j/clj .. 0
V= : : (12)

0 --- Vn—a‘j/c'j .0

weget 7, =V, ;, .., 7, , =V, , ;- From this we conclude that the directrix of the previously determined

affine space x = A®C is of n—a dimension. The vector x = A”c, with n—a arbitrary variables, deter-
mines the general solution of linear system (9). ¢
Theorem 7. Let Be C[™", ceC" and

xB=c (23)

is a consistent non-homogeneous linear system. Then, there is {1}-inverse B® of the matrix B in the
form (8) with m—b arbitrary variables such that a vector

x=cBY (14)
determines the general solution of linear system (13).
Proof. The proof is analogous to the previous proof. ¢

Using the Kronecker (tensor) product of matrices we can rewrite the matrix equation AXB =C (A. Ben-
Israel and T. N. E. Greville [13], A. K. Jain [9]) as

(A®B7)vec(X)=vec(C), (15)

where vec(X ) denotes the vector of the matrix X which is formed by writing the rows of the matrix
X into a single column vector. Namely, vec determines the operator vec, ,:C™" — C]"" that is de-
fined as follows Vecm,n(xi,j)= Xi_1ynsj- The inverse operator mat
mat,, . (X )=X,4 for p=[i/n]+1and g=i(modn).
Example. Let be given the matrix equation:
1 21 11 -3 3
AXB=C<|0 1 0|X|1 1|=-1 -1|. (16)
111 2 2 -2 2

:C"™ — C™" is defined as follows

m,n

Using the Kronecker product the matrix equation (16) may be considered in the form of equivalent
linear system:

_Xu_
_ I
1 1222 411 2 -3
X
11 22241127 |3
X
(A@Br)vec(X)—vec(C)Q 000 1 120700 . x2’1 |t (17)
0001120002 -1
X
11211 21122 |=2
X310
11 2 11 2 11 2 -2
L M, | FH
_x3’3_
1 21 11
Based on (8) the general {1}-inverses of A=|0 and B=|1 1| are given by the following
111 2 2
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matrices:

1-a+2b-c+e —-2+a-2b-d-e a-2b-e

A® = -b 1+b b | (ab,cdeeC)
| c—e d+e e
and
[1-g-2h—-p+q+2r g—qg h-r
B(l): g p+q g—-q :|’ (g,h, p,q,reC).
p—q-2r q r
The matrix
—14+3c+d+g+2h—3cg—6ch—dg—2dh —-g+3cg+dg —h+3ch+dh
X, = AVCBY = —1+g+2h -g —h

—3c+3cg+6¢ch—d+dg+2dh —3cg —dg —3ch—dh

is one solution of the matrix equation (16) but we are going to show that it is not the general solution,
(c,d,g,heC).

Now, we will solve the linear system (17) using Theorem 6. Applying the elementary operations we get
the regular matrices Q € C®® and P € C*® such that

Np_g _|Ir 0
Q-(A@B)-P_Er{o o}'

where r = rank(A® BT): rank (A)-rank (B). Namely, we get that r = 2 and

(1 2 -1 =2 0 0 -1 -1 =2
_ - o 0o 1 o0 O O O o0 o
1 0 0 0 0 O
o 0 0 1 O 0 O 0 o0
0O 0 1 0 0 O
o 1 0 0 -1 =2 0 0 O
-1 1.0 0 0 O
Q= ,P=l0 0 0 0 1 0 0 0 O©
0O 0 -1 1 0 0
o 0 0 O O 1 o0 o0 o0
-1 01 01 0
o 0 0 O O o 1 0 o0
-1 0 1 0 0 1
- - o o 0 o0 O O o0 1 o
o 0o 0 0 0 0 0 0 1]
Then,
C'=Q-vec(C)=[-3 -1 0 0 0 0]
and
- _ _*1* V1,1 - 2V2,1 - V5.1 7V6.1 - 2V7,1_
1 ul,l ul,Z u1,3 u1,4 Vl,l
0 1 uy Uy, Uy, Uy, vy,
% 0 W, W, Ws W, 717V3‘172V4v1 . (18)
vec(X) = (A®BT)®vec(C) = P \721 C = Vi,
_ 0 W2 1 W2.2 W2,3 WZ 4 V4,l
V7.1 | | Yo
_7;?’ 0 W7 1 W7 2 W7,3 W7 4 VG‘l
) ) L V71 ]

From (18) we get the matrix of the general solution
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-1- Vi _2V2,1 V51— Ve T 2V7,1 Viin Vo
X =mat(vec(X)) = —1-v, =2v,, Vi, Vi

Vs Ver Vi

For Vi, =V,, =Vs, =V,; =1 and v,, =v,, =V;, =0, the matrix

-7 11
X,=/-1 0 0
0 11

is the solution of (16), but X, = A'CB™ for any choice of {1}-inverses A", B® because from X, = X,
we obtain the contradiction (g =0 and (0 =)—3cg —dg =1). Finally, we proved that X, = 4CB" for
any choice of {1}-inverses AY, B®. ¢
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Mandak A.*
A CONSTRUCTION WEIGHTED PROJECTIVE PLANE OF ORDER 9
AND (2, 9 - 1) - QUASIGROUP

We introduce a notion of weighted projective planes which is a generalization of usual projective planes. We prove
that a Frobenius group G of order 20 operates on a projective plane P of order 9 as a colineation group. Using this
operation the plane P may be constructed. A weighted projective plane P" of order 9 is equivalent to a totally sim-
metric (2, 9 - 1) - quasigroup

INTRODUCTION
An incidence structure is a triple D = (V, B, 1), where V and B are disjoint sets and1c VxB. The ele-
ments of V are called points, and the elements of B are called blocks. If A is a point of V, the set of all
blocks incident with A is denoted by (A). Thus

(A):{b: beB, AI1b}.
Moreover, for Al, AZ, e An, the set of all the blocks incident with all the points A is denoted by (Al,
A, ...,An). Thus

(A, A, ...,A,) = {b:beB, AlbforallieN,},
where N is the set of all positive integers and N ={1, 2, ..., n}. Dually, for b, b , b,,..., b €B,

(b) ={A: AV, Al b},

(b, b, ....,b)={AAeV,AlbforallieN }.
We consider only the incidence structures where distinct blocks have distinct sets of points. We identify
each block b with the set (b) and identify the incidence relation with the membership relation €.

SOME DEFINITION AND RESULTS

Definition 1. A incidence structure P=(V, B, ) is called projective plane if and only if it satisfies the fol-
lowing axioms:

(P. 1) Any two distinct points are joined by exactly one line.
(P. 2) Any distinct lines intersect in a unique point.
(P. 3) There exists a quadrangle, i.e. 4 points no three of which are on a common line.

The following theorem is proved in [1].

Theorem 1. Let P = (V, B, I) be a finite projective planes. Then there exists a natural number n, called
the order of P, satisfying:

a) |(A)|:|(g)|:n+1, forall AeV and geB;

b) [(A)|=|(B)|=n+n+1
The finite projective plane of order n will be denoted by S(2, n + 1, n2 + n +1).
The following definition generalizes the notion of finite projective planes of order n.
Definition 2. A finite incidence structure P = (V, B, |) is called weightet projective plane with param-
etersn’+n+1,n+1 1€N, if for any be B there is a mapping f_: (b) = N, if and only if it satisfies
the following axioms:

(WD. 1) |[V|=n’+n+1

1 University of Pristina-Kosovska Mitrovica, Faculty of Teacher Training Prizren-Leposavic, Serbia
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(WD. 2) |(AB)|=1, for any two distinct points A,Be V;
(WD. 3) k, =n + 1, for any block b€ B, where:
a) the image f (A) is denoted by t, , and is called the weight of the point A in the block b,

Ab’?
b) for A€V, its weightist, =%, _ .t ., and

Acbi “Abi’

c) forbeB, the numberk =X,  t, is called the size of the block b.

Definition 3. A weighted pro;ectlve plane S’=(V’, B, €) is an extension of a weighted projective
plane S = (V, B,€), if VSV’ and for each beB there is b’€B’ such that (b) <= (b’), and for each
Ae(b), t,, =t
Definition 4. An extension (V’,B’, €) of a weighted projective plane with parameters n>+n+1, n+1, 1
defined by
a) Vv'=v
b) B’=BuUB” where B"={{A"}: A€V}, and
c) Foreach A€V, t =r+n+l, where ris the number of block in B containing A,
is called a complete weightid projective plane with parameters n>+n+1, n+1, 1, and is denoted by
S’(2, n+1, n?+n+1).
Next we compare complete weighted projective plane S’(2, n+1, n?+n+1) with the notion of totally
symmetric (2, n-1)-quasigroup given below.
Definition 5. Let Q be nonempty set, n and m positive integers,and
f:(xly Xy ooy xn)—>f(le Xy oeey X.)
a mapping from Q" into Q™. Then we say that Q(f) is an (n, m)-groupoid.
A (n, m)-groupoid Q(f) is said to be a (n, m)-quasigroup if and only if the following statement is satis-
fied:
(A). For each “vector” (a:v 2, e an)eQ” and each injection ¢ from Nn:{l, 2, ...,n}into N, ., there
exists unique “vector (b_ b...) Q"™ such that b¢(1):a1’ ey bgo(n):an and
f(bl’ b2’ o b) (bn+1’ n+2! ** bn+m)
In the paper [3] an (n, m)-quasigroup is interpreted as a (N, m)-quasigroup relation.
Definition 6. A (n + m)-ary relation p S Q™™ is called (n, m)-quasigroup relation if and only if the fol-
lowing statement is satisfied:
(A). For each “vector” (a,, a 2, ..., 8 )€Q"and each injection ¢ from N ={1, 2, ..., n} into N _, there
exists unique “vector” (b, b,, ..., b . )€Q™" such thatb ,=a, ..., b  =a and
(b, b, ..., bn+m)6p.
The following theorem is proved in [3].

Theorem 2. A (n, m)- groupoid (Q, f) is a (n, m)-quasigroup if and only if the (n + m)-ary relation p S Q™™
defined by

(X, Xy ooy X ) EP = F(X X, 0y X )=(X o X

n+1, n+2’ o n+m)

is an (n, m)-quasigroup relation.
Definition 7. A (n, m)-quasigroup is called totally symmetric, if and only if
f(Xl,X ' X ):(Xn+1, Xn+2’ e Xn+m) A f(yl y2’ T y ):(yn+1 yn+2’ e yn+m)'
forany (X, X,, ..., X ,,) € Q™™ and any permutation (Y, Y,, ..., ¥,,,,) of (X, X,, ..., X ). The (n+m)-ary

n+m: n+m:

relation p< Q”*m in this case is called totally symmetric.
The following theorem is proved in [7].
Theorem 3. Every complete weighted projective plane S’(2, n+1, n>+n + 1) defines a totally symmetric
(2, n - 1)-quasigroup relation p < V™!, where
AA, ... )ep = {AA, ... A, eB.

n+1
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Conversely, any totally symmetric (2, n-1)-quasigroup relation p € V"!satisfying (A, A, ...,A)=(A") ep
for any A€V, defines a complete weighted projective plane S’(2, k, n?+n+1), where
{AA, ... AL }eB e (AA, ... AL)Ep

A CONSTRUCTION WEIGHTED PROJECTIVE PLANE OF ORDER 9
Theorem 4. A Frobenius group G of order 20 acts on a projective plane P of order as a colineation
group. Using this act the plane P may be constructed.
Proof. Let

G =<p,a/p° =a’=1p" :p'1>
be a Frobenius group of order 20 which acts on a projective plane P of order 9 as a colineation group.
The plane P has 9> + 9 + 1 = 91 points and same lines. From 91 = 10x 9 + 1 and colineation {,0) acts

semiregular on a nonfixed points follows that {(©) has 9 orbits of length 10 and one orbit of length 1.

We may set that
P =(0)1,1,1, 1,)2,2,2, 2,)3,3,3, 3, (9,9,9, 9,
where1,1,1,1,2,2,2,2,3,3,3,"3,9,9,9,, 9, are all points of plane P.

9’ To’
From theorem of orbite follows that {,0) has same orbit structure of lines. We may set that

p:(Ew)(ﬁl,ﬁlp,flpz,---,legXﬁz,ﬁzplﬁzpzl---,ﬂng)

(f3,£3p,£3p2’u-'fspg)-u(fg,fgp,fgpz,-u,fgpg)
Where
fw,fl,flp,ﬁlpz,---,flpg,fz,fzp,fzpz,---,E2p9,£3,f3p,f3p2,---,fspg,---,
fg,ﬂgp,ﬂgpz,---,fgpg
are all lines of plane P.
Let £ be unique line fixed by {0) . We may set that
¢ ={1,1,1, -, 1}
Let /. is a line through 0. It is easy to see that £, occurs at one point from each orbits of points.
Without a loss of generality, we may set that
0, ={©,1,2,, 9}
Other 9 lines of orbit of lines ¢, obtained by acting of p, 2%, p°,--+,p° onaline /. The lines ¢,
and 7 through 1. Other 8 lines ¢,,¢,,---,, through 1_ lie in 8 remaining different {p) - orbits
of lines in P. If constracted these lines then the remaining lines of planes P are obtained by acting of
o2, p° -, p° onlines £,,0,, -+, (. From statement
(N0 =1i=2,3,9k=0,1,23,9

follows

to={1,1,2,3, ,9}
where 1’, 2, 3, 4,5, 6’, 7', 8, 9" are (unneccessary different) numbers from the set {2, 3, ---, 9}.
We consider acting the involution & on a set points and set lines of plane P. The order of involution &
is even follows involution ¢ is elation. From p* = ,0’1 follows that the point 1 is a center and the line
£, is axis of involution & . Hence, involution « fixes 10 lines ¢ ¢ ,0,,¢,,---, ¢, and 10 points o,
1,2,3,,9, From73=2x40+11follows & has 11 orbits of length 1 (11 fixed points) and 40 orbits
of length 2. If we write @ in a short way (writing only indices 0, 1, 2, 3, -, 9) we may set that

a =(0)(1)(2,9)(3, 8)(4, 7)(5, 6)
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where (2, 9) denoted that 2@ =9 from the same orbit of points, (3, 8) denoted 3@ = 8 from the same
orbit of points, (4, 7) denoted that 4@ = 7 from the same orbit of points, (5, 6) denoted that 5@ =6
from the same orbit of points. From statement

la=10,i=2,3-9
follows that ¢, i=2,3, -, 9are of type
¢, :{10’i1’a2’a9'bs’bs’c4’c7’d5’de}

where a,b,c,d are pairwise different numbers from the set {2, 3, ---, 9}. We may set that
7, ={1,2,2,2,3, 3,4, 4,5, 5}

Now we constructed lines Ei ,1=3,4,-,9 which are of type
¢, :{10’i1’a2’a9'bs’bsvc4’c7’d5’de}

From statement
0, 0pH=1i=3,4,,9k=0,1,2 9

follows that only two from numbers a,b,C,d are from the set {2, 3, 4, 5} and other two are from the
set {6, 7, 8, 9}. From statement

0P P =1 i #)i,j=34,,9ks=0129
follows that the lines Ei and Kj, i #], have exactly two common pairs of numbers a,b,c,d. Using
these statements for the lines Ei ,i=3,4,,9 we obtain following unique solution for the lines:

£3 Z{lo’ 317 23' 28’ 32’ 39’ 85’ 86’ 74’ 77}

£4 :{101 41! 34! 371 421 491 75! 76’ 931 98}

gs 2{10’ 517 247 27' 52’ 59’ 737 78’ 95’ 96}

Kg :{10' 61’ 35’ 36’ 54' 57' 63’ 68’ 72' 79}
The Theorem is proved.

Let P=(V, B, €) be projective plane of order 9 constructed in the theorem. The weighted projective
plane P’=(V’, B’, €), where V=V’, B’=B \UB” where B”"={{A%}: A €V} is a complete weighted
projective plane of order 9. The relation 7 C V®*! defined by

ALALALALALETS {ALALA,.. AA,, } €Bor
A=A=A=...=A=A,,
is a totally symmetric (2, 9 - 1)-quasigroup relation satisfuing the condition (A, A, A, ..., A, A) = (A*Yer

for all A€ V. The number of point is [V[=92+9+1=91, the number of blocks is |B’|=92+9+1+91=182 and
t,=10+10=20.

CONCLUSION

This paper presents the results obtained by acting a colineation group on a set points and set lines of
plane P which exists. Similar acting of a colineation group on a set points and set lines of plane P whose
question of existence is open, can be studied.

REFERENCES
[1] Beth, T., Jugnickel, D., Lenz, H,: Design theory, Manheim,Wien, Zurich, 1985.
[2] (vZupona, G., Stojakovi¢, Z., Uan, J.: On finite multiquasigroups, Publ. Inst. Math. (Beograd) 20 (43) 1981, 53-59.

ZBORNIK RADOVA e 255



[3] Cupona, G., Stojakovi¢, Z., Usan, J.: Multiquasigroups and some related structures, Prilozi MANU 1/1, Skopje, 1980.

[4] Dimovski, D., Mandak, A.: Incidence structures with n-metrics, Zb. Rad. Fil. Fak. (Ni$) 6 (1992), 151-155.

[5] Dimovski, D., Mandak, A.: Weighted block designs and Steiner systems, Novi Sad J. Math. Vol. 29, No.2 (1999), 163-169.
[6] Lenz, H.: Vorlesungen uber projective geometrije, Akademische Verlagsgesellschaft, Leipzig, 1965.

[7] Mandak, A.: On weighted block designs, Proc. Math. Conf. (Pristina, 1994) 21-25.

[8] Mandak, A.: Multiquasigroups and weighted projective planes, Kragujevac J. Math. 30 (2007) 211-219.

[9] Usan, J.: <Nn, E>-seti s (n + 1)-rastojaniem, Rew. Res. Fac. Sci. Univ. Novi Sad Ser. Math, 17 (2) (1989), 65-87.

256 e MIT 2011



Macuy A. Y, Macuul. ®.*, MameeeHko B. 1.}, TupoHT. I.?

INITIATIVE GIGA URB RAS: METOA40N10InMA NOCTPOEHUA U
APXUTEKTYPA HAYYHO-OEPA3OBATE/IbHOMN ONTUYECKOM
MATUCTPAIU YPANTbCKOIO OTAENEHNA PAH

The methodology of designing high-speed optical backbone at the Ural Branch of the Russian Academy of Sciences
with usage of a «dark» optical fiber and DWDM technology is presented. The developed architectural decisions
for a section of Perm- Yekaterinburg backbone, experience of its implementation and application for conducting
scientific and technical calculations and experiments are discussed.

BBEAEHUE

KntoueBoi BOMpoC NOCTPOEHMA CKOPOCTHbIX HayyHO-o0bpa3oBaTenbHbix (R&E - Research and Education)
ceTel - co3gaHne cOBCTBEHHbIX UAM apeHa CYLEeCTBYHOLMX KaHANOoB CBA3U. MuUpoBas TeHAEHLMS -
noctpoeHune cobcTBeHHbIX R&E onTUYeCKUX MHDPACTPYKTYP CO CNEKTPAJIbHBIM YNNOTHEHMEM KaHaN0B.
3ToMy 06CTOATENBCTBY CNOCOBCTBOBAA MOSABMBLLAACA B Hayane 21 cToNIeTUs BO3MOXKHOCTb Npuobpe-
TeHuAa (MM AONTOCPOYHOM apeHAbl) cBoboAHOW eMKoCTM onTudeckux BonokoH (dark fiber, TemHoe
BOJIOKHO) Y KOMMaHWUI MO NPOTAXKEHHbIM JIMHUAM CBA3M, MOKYMKa KOTOPbIX B pasbl AeLieBsie CTPOou-
Te/IbCTBa COOBCTBEHHBIX IMHMIA CBA3W. TUM BOCMO/Ib30BaMCb MHOTMe R&E opraHusaumm B mupe. Tak,
Hanpumep, B CLLUA: 2002-2003 roapl - CENIC pa3BepTbiBaeT B macwTtabe wrtata KaandopHua sono-
KOHHYI0 onopHyto ceTb (CalREN), B8 2003r - cozaaetcs NLR (National LambdaRail, http://www.nlr.net)
OopraHusauma gas pasBepTbiBaHMA HaLMOHA/IbHOM BOJIOKOHHOM OMOPHON ceTun, obbeanHstowen pe-
rMOHaNbHble onTuyeckue cetn CLUA. Jpyrum apkum npumepom asnsetcs GEANT2 (Gigabit European
Academic Network Technology, http://www.geant2.net) - ceabmoe nokoneHme EBponeinckon Hayu-
HO-06pa3oBaTebHOM CeTH, KoTopasa ucnonblyeT maructpanbHyto cetb NREN (National Research and
Education Network) Hekommepueckoro onepatopa DANTE ana ob6beanHeHUs 28 HaLMOHAbHbIX ce-
Ten. Cnepyowmii 3Tan pa3BUTUA HALMOHAMbHbBIX U PErMOHaNbHbIX oNTMYeckMx R&E ceTei npusen K
CO34aHUI0 MEXXAyHapOoAHOW BUPTyanbHOM opraHmsaumm GLIF (Global Lambda Integrated Facility,
PeitkbaBuK, Mcnangus, asryct 2003, http://www.glif.is) - rno6anbHoi nambaa cuctembl, npoasura-
oLLer napaamrmy rnobanbHbix 1ambaa ceteit. JeatenbHOCTb y4acTHUKOB GLIF HanpaBieHa Ha uHTer-
paumio cBoMX «1amba» B rnobanbHyt0 cucteMy ANA UX UCMONb30BaHUA YYEHbIMM U NPOEKTaMM, Tpe-
6ytowmmn nepeaayn 60nbWONO KONMYECTBA AAHHbIX, HANPUMEpP, MO CXeme “TOYKa-ToYKa” Mo ogHoM
WUAN HECKO/IbKMM nambaa KaHanam. Coobuwectso GLIF pasgensiet B3rnaapl B noctpoeHnm LambdaGrid
napagurm rpuz Bbl4UCAEHUN, B KOTOPbIX LLEHTPANbHbINA AapPXUTEKTYPHbIA 3/IEMEHT - 3TO ONTUYECKUE
ceTu, Napaanennsm KOTOpbIX 3aK/I04YeH B MHOTOYMC/IEHHbIX AJIMHAX BOJIH CBeTa (n1amba) B o4HOM on-
TUYECKOM BOJIOKHE.

Poccuiickne pervoHanbHble R&E ceTn Bce elle apeHAYHOT AOPOrocTosAlme NoTOKM MO NPUYMHE OT-
CYTCTBMA LMBUAN30BAHHOIO PbIHKA NMPOAAXK “TEMHOro” oNTOBONOKHA UAM NAMOAbBI B CYLLECTBYHOLLUX
MarncTpasnbHbIX BOJOKOHHO-OMTUYECKMX NNHUAX cBA3M (BOJIC), NOCKO/IbKY onepaTtopam BbirogHee
npeaocTaBNATb KAMEHTAaM He TEMHOE BOJIOKHO, @ KaHa/bl. TeEM He MeHe CyLLecTByeT HeKOTOopbIl
NO3UTMBHbLIN ONbIT NOCTpoeHuA nambaa R&E mnHdpacTpyktyp B Poccum . B Hayane 2010 roga ory
THUW UTT «UHbopmmKar, onepaTop depepanbHon R&E cetn RUNNet (Russian UNiversity Network,
http://www.runnet.ru), npu nogaepxke dbeaepanbHoi Lenesoi nporpammsl “MccienosaHns u pas-
paboTKM NO NPUOPUTETHLIM HAMPABAEHUAM Pa3BUTUA HayYYHO-TEXHONOMMYECKOro Komnaekca Poccum

1 MIHCTUTYT MexaHnKu cnaowHbix cpeq YpO PAH, Mepmb, Pocecua
2 Nepmckuin dpunman UHctutyta skoHoMmKm YpO PAH, NMepmb, Poccun
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Ha 2007-2012 roapl” 3aBeplumna pa3BepTbiBaHMe cobcTBeHHONM DWDM-cuctembl Ha yyacTke « CaHKT-
Metepbypr - XenbcuHkm» (550 km, 40 F6UT/C), ¢ ncnoib3oBaHMEM ONTMYECKMX BoNOKOH 3A0 J1ISMBO
(poccuiickan yactb) n TDC Oy (dumHCKanA YacTb). U cnesya MMPOBOMY OMbITY NOCTPOEHUS ONTUYECKMX
ceTel, 3a4a4a NOCTPOEHUA B PEFMOHAX CBOMX CKOPOCTHbIX R&E nambaa ceTelr, Kak Ham nNpeacTasnaeT-
CA, BECbMA aKTyasibHa M KacaTesibHO ceTu Ypanbckoro otaeneHuns PAH, HasBaHoW «MHMUmMaTBa GIGA
UrB RAS», Bnepsble nyb6iM4HO Gblia NpeacTaBaeHa Ha MeXAYHapoAHOM KOHbepeHLUN B I. AamaTbl
B 2008 roay [1]. Ype3Bbl4aiMHO BaxKHO ObiNO HalTW ybeauTeNbHbIE APryMeHTbl LenecoobpasHocTm
MHULMATMBDI, YCNELWHan peannsauma KoTopoi TpebyeT o6begMHEHUA YCUAUIA BCEX 3aMHTEPECOBaAH-
HbIX YUYperKAeHUA U pPerMoHasibHbIX OPraHoB UCMONHUTENbHOM BAcTU. B cTaTbe BbIHOCUTLCA Ha 06-
CyAEeHMEe N paccMaTpuBaeTCcA Komriekc npobaem noctpoeHua cobeteeHHon R&E onTuyeckoin ma-
rmctpanu YpO PAH, paspaboTaHHble apXUTEKTYPHbIE PEeLleHUs, UCMOoJib3yemas METOA0/10MUsA, ONbIT
peanu3aumm U NCNoNb30BaHUSA.

METOA,0/10rMA NOCTPOEHUA ONTUYECKOM MATUCTPA/IU

MO3UTUBHBLIMKX MNPeanoCbIIKAMM NOCTPOEHUA COOCTBEHHOMW CKOPOCTHOM Hay4yHO-obpasoBaTeslbHOM
MarncTpanu, obbeanHALWEN KOMMNbIOTEPHbIE CeTU HayyHbIX LeHTpoB OTAeNeHUs, ABNAIOTCA cneay-
toLLME apryMEHTbI.

B HayuHbIx ueHTpax YpO PAH co3gaHbl cBoM onTudeckue cetu [1, 2], obbeguHawowme UHCTUTYTbI
(1 réut/c) n conpsaratowmecs c cetamu BY308. 1o 2008 ncnosb3osannch apeHa0BaHHbIe KaHa bl CBA3M
2-4 M6ut/c Ha EkaTepuHbypr ana LeHTpanmM3osBaHHOro gocryna 8 MHTepHet (10-60 M6uT/c). Nocne
2008 roga goctyn B MHTEpHET cTano gewesne NOKynaTb Ha MeCTe, NPAMaA CBA3HOCTb CETU HapyLUK-
nacb. Bo3HMKNA 3a4a4a NOCTPOEHMA CKOPOCTHOM PEervMoHanbHOM cetn (Ha cBoboaHbIX OT MHTepHeT
KaHanax cBA3W) ANA NOCTPOEHMA PErMOHANbHbIX pPacnpeseneHHbIX cMcTem 06paboTKM AaHHbIX U gnA
COYYaCTMA B HALMOHANbHbIX U MeXAyHapoaHbIX TPUL, 1 061a4uHbIX UHULMATKMB.

YpauHas opraHM3auMOHHO-TEPPUTOPUAIbHAA CTPYKTYpaA YpanbcKoro otaeneHna PAH. Mecta pacno-
NoXeHuA HayuHbix LeHTpoB B ropoaax ApxaHrenbck, CbiKTbiBKap, UxkeBcK, NMepmb 1 EkaTepunHbypr
ABNAETCA YHUKANbHbIM BapUAHTOM MCNO/Ib30BAHUA ONTOBO/IOKOHHbIX CUCTEM Mepesayun AaHHbIX CO
CNEeKTPanbHbIM YNIOTHEHMEM KaHa/i0B, MOCKOJ/IbKY, Yem 6oblie NPOTAMKEHHOCTb (L ~ 2340 KM) 1 uem
BbllLEe CKOPOCTb Nepeaayu, Tem 6osee 3aMeTHbI NPENMYLLECTBA ONTUYECKUX ceTel. A OpraHM3aLMoH-
HaA cTpykTypa Otaenenma nossoanna Mpesmgmymy YpO PAH BbICTYNUTb B POAM 3aKa3uMKa NPOEKTa
[3], ycTpaunBatouero He ToNbKo HayuHble ueHTpbl OTaeneHus, a u BY3bl n npeanpuaTMa NpomMbILLAEH-
HOrO CEKTOPa 9KOHOMMKM, C KOTOPbIMM TPAAULMOHHO YpaibCKOe OTAe/IeHME BbIMONHAET COBMECTHble
Hay4yHo-UccnesoBaTeNbckne paboTbl.

JKOHOMMYECKan LenecoobpasHoOCTb OLleHEHA Ha NpMMepe conocTaBneHuns B LeHax 2009 roga paso-
BbIX 3aTPAT HA NOCTPOeHne cobCTBEHHOM cKopocTHOM DWDM maructpanu « ApxaHrenbcK - CbIKTbIBKap
- MxkeBCK - Mepmb - EKaTepuHbypr» (puc. 1) opnueHTUPOoBOUYHON A/MHOK ~ 2340 KM U BO3SMOXHbIX exKe-
roAHbIX 3aTPAT B C/ly4ae apeHabl KAHaNoB CBA3M MeXKay HayuyHbIMKU LLeHTpamu:

® npegnaraemoe pellieHune 40 réut/c ~ 345 mnH. py6. pasoso
® BO3MO’KHAA apeHaa 0,2 Iéut/c ~ 400 mAH. pyb. exxerogHo

CTONb HM3KaA CTOMMOCTb peanu3auum obycnoBreHa TeCHOW Koonepauuen ¢ HauMOHaAbHbIMK One-
paTopamu cBAsu K npoussoguTenamm DWDM o60pyaoBaHUA, NOHUMAKOLWMMK, YTO UCCNen0BaTENN
M3 aKageMUUYECKUX UHCTUTYTOB U YHUBEPCUTETOB UIPAtOT KAKOUYEBYIO PO/ib KaK B pa3paboTke ¢yH-
AAaMeHTaNIbHbIX MHTEPHET TEXHONIOMMI, TaK U UX anpobaumm B KPYNHOMACLITabHbIX UCMbITAaTENbHbIX
MoZensax, n N03BONAT UM A0CTUYb KOHKYPEHTHbIX NpenmMyLuects. MMeHHO 3Ta MOTUBaLLMA NO3BO/IN-
Jla HaM HaWTU cTpaTernyecknx napTHepoB aaa peanusaumm MHuumatmebl GIGA UrB RAS, ¢ KoTopbiMmu
3aK/I0YeHbl paMOYHble cornalleHus, onpegenatowme ¢opmat u GMHAHCOBbIE YCNOBUA COTPYAHNYECT-
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Ba. [1pn 3TOM MCNO/Ib30BaH MMPOBOI OMNbIT, 3aK/H0YAOLLMINCA B NPUOBPETEHNM B COBCTBEHHOCTb TEM-
HbIX BOJIOKOH B MarmcTpasnax uamn fo1eBoe coy4yacTne B CTPOUTENbCTBE HOBbIX BOJIOKOHHO-ONTUYECKMX
NnHWin ceasu (BOJIC).

O6beauHAeT Hay4dHble LeHTpbl U BY3bI B ropooax

o 8 il o S RN B . »ApxaHrenbck (ApXaHrensbcKui Hay4HbIA LEHTP)
: : : ; » ChIKTBIBKAP {Komu HayyHbIil LeHTP)
i,,-" Apxﬁlll“eﬂb:mg___‘“““‘; * MreBek (Y AMypPTCKUA HayJuHbIA LeHTp)
{ S, : s "“'---.._,.__ > MNepmb (MepmMCcKNi HAYYHbIA LIEHTP)
H : Ty Exatepnnbypr  (YpO PAH)
A A i -
i -.,‘_‘_ -
L i - WcnonbayeT TexHonorun

: "‘*-‘.,;' " TemHble BonokHa L ~ 2340 km

7 Cb]}c'r],]];[{ap .' v DWDM: 16A x 10-100 lbut/c
o, e CKOpOCTb 0,16-1,6 Tburfc

SkoHomMuueckn schdheKTHBHAE -

» npegnaraemoe pelueHue (40 Méut/c) — 345 MnH. py6. pasoso

> BO3MOXHas apenaa 0,2 Meutic = 400 mnH. pyb. exerogHo
345 mnH. a3oBo << 400 Mny.py6 exeroaHo

HHBecTUUMOHHAA SalLMUIIEHHOCTE

»Cyabba NponycKHOA cNOcoOHOCTH M AMHAMMKA -
pa3BepTbiBaHWA CeTH ¥ MHCTUTYTOB YpO PAH, a He y

nepM b- U\I\?TR’Iynpa»E-J'IEHMH

..... % cncmmow
; Hmenck Yz = ‘-

onepaTopoB CBA3N e W
»HacTpanBaemsIA A-KOMMYHUKALMOHHLIA CepPBUC Ha : ""'-‘-.._“ : Elcanapimﬁypr
pasHoobpasHele NoTpeBHOCT BMECTO OJHOMC apeHayemMoro i . “--.., o :
noToKa, npucnocabnusaemoro Ans BCexX Vga'-lHan opraHMaauuouﬁiﬁ':npnmopuanhHaﬂ crpvlcrvpa
NpUNosKeHuid / NpoeKToB » MononuTtHas cTpykTypa ¥pO PAH Hozsenrer.opuumiiaTts
»PyHAaMEHT co3aaBaemMon KnbepuHdpacTpyKIVphbl HEOPAMHAPHEIE U aMBULIMO3HBIE PELLEHNS
pervoHa » Yem BonbLue npotsxkeHHocTs BONC Tem oueBuaHEN KX :!I
npenmMyLLECTBA

Puc. 1. MHnumatmea GIGA UrB RAS

MHBeCTULMOHHAA NPUBEKATEIbHOCTb pa3pabaTbiBaembIX peLleHui
e PasoBble 3aTpaThl Ha NpUobpeTeHWe ABYX aKaLEeMUYECKMX ONTUYECKMX BOMIOKOH (CPOK 3KcMaya-
Tauumn 25-30 NeT) 1 3a10KeHHasA BOSMOMKHOCTb MO3TAMHOMO HapallMBaHWUA NMPOU3BOAUTENBHOCTH
DWDM cucTembl 40 TepabuTHbIX CKOpocTei obecneynBaloT 3almUTy MHBECTULMIA U CornacyeTcs C

MWPOBOW TEHAEHLMEN Pa3BUTUA HAay4YHO-06pa3oBaTe/IbHbIX CETEN;

e Cyabba NponyckHoM CNoCOBHOCTM U AMHAMMKA Pa3BepPTbIBAHWA CETM OKa3bIBAETCA HA “KOHUYMKAX
nanbLes” y HCTUTYTOB YpO PAH, a He y onepaTopoB CBA3M, YTO NO3BOAAET ONEepPaTUBHO HACTpau-
BaTb A-KOMMYHMKALMOHHbIN CepBUC A48 Pa3HOOBPa3HbIX NOTPEBHOCTEN, BMECTO O4HOMO apeHAay-
€MOro MOTOKa, NPMCNocabanMBaemoro a5l BCeX NPUAOKEHNIN/NPOEKToB.

e Ob6begMHeHWEe MO CKOPOCTHOM OMTUYECKOM MAaruvcTpanu akTMBOB cO3gaBaemoli KnbepuHdpa-
CTPYKTYpbl TEPPUTOPUM (CynepKOMMbIOTEPHbIE LIEHTPbI, XPaHUANLLA JaHHBIX, SKCNEPUMEHTasIbHblIE
YCTaHOBKMW, CUCTEMbI BMU3yanum3aumm) obecneynT HOBbIM YPOBEHb MHTErPALMOHHBIX NPOLLECCOB
HayKku, obpa3oBaHUA U MHHOBALMOHHOM NPOMBbILLIEHHOCTU B cdhepe pa3paboTKu 1 Ucnonb3oBa-
HWA BCEX YCOBEPLUEHCTBOBAHMI MHGOPMALLMOHHbIX TEXHOMOTUA.

OTBeTOM Ha OCHOBHOW Bonpoc K GIGA UrB RAS - “3auem Hy)KHbl 6O/blUME CKOPOCTU ANs Hayuy-
HO-06pa3oBaTeNbHOrO coobuiecTBa pernoHa?” - asuaca cGopmynnMpoBaHHbIN B paboTe [4] npoekT
«PacnpegeneHHbin PIV», cyTb KOTOporo 3akntovaetcA B obpaboTke B peasibHOM BPEMEHW WMHTEH-
CMBHOMO MOTOKA 3KCMepMMeHTaNbHbIX AaHHbIXx (1-10 F6ut/c) Ha yaaneHHOM cynepKkommnbloTepe.
ConyTcTBYOWAnA UeNb NPOEKTa HanpaBAeHa HA WAMOCTPALMIO BO3SMOMHOCTU CO3L4aHMA MPUHLMMNN-
a/IbHO HOBbIX MHCTPYMEHTOB NPOBEAEHMA HAYYHbIX UCCAEL0BAHWUM, NOKA3bIBAET BAUAHUE CKOPOCTHbIX
ceTell Ha pacnpesenieHHble BbIMUCAEHUA U CTUMYAUPYET pelleHne npobiem B3aMMoOCBA3N (MexnnaT-
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dopmeHHoe MO) NoaKAYaeMbIX K CKOPOCTHOW CETU OKOHEYHbIX CUCTeM. [LeMCcTBUTeNbHO, 3TU cUCTe-
Mbl XapaKkTepu3ytoTca 6ONbLIOK U CNOXKHOW MaMATbIO, NPOLLECCOPaMM U NOAKIOYEHHBIMU K CETU Ka-
Hasamu BBOAA/BbIBOAA C MEPAPXMAMM M HACeAyEMbIM Napanaen3MOM B PasMYHbIX NOACUCTEMAX,
M TpebyloT pa3paboTKM HOBbIX METOAO0B U TEXHONOTNIN 3GDEKTUBHOIO MUCMOIb30BAHNA APXUTEKTYP U
pecypcoB KOHEYHbIX CUCTEM.

Crparerua passutua YpO PAH po 2025

LlenecoobpasHoctb naen «MHmnumatnea GIGA UrB RAS» 1 ocasaemblli pe3ynbTaTt npoeKkTta «Pacnpese-
JIeHHbIN PIV» no3sonuamn BHeCTH B pasgen ctpaternm OtaeneHma « CynepKomMnboTeEPbl U CKOPOCTHbIE
ceTu» cneayowyto GopmMmynnpoBKy: «lNocTpoeHne KMbepUHPPaCTPyKTYpbl YPasibCKOro permoHa, KoTo-
pas byaeT cocTtoATb M3 reorpaduyeckm pacnpeneneHHbIX CynepKoMMbioTEPOB, XPAHUAULL, AAHHbIX U
BM3Ya/IM3aLMOHHbIX KNacTepoB, NPpMBOPOB M SKCNepPUMEHTaIbHbIX YCTAHOBOK, CBA3AHHbIX YbTPA Bbl-
COKOCKOPOCTHbIMW OMTUYECKMMW CETAMM, aKTYyasIbHO U CTAaHET TEXHOJIOTMYECKOM OCHOBOM AS1A Hayuy-
HbIX MPOEKTOB, TPEOYOLMX BbICOKONPOU3BOAUTENBHbIX BbIYMCAEHWUI 1 U3YYAIOLLMX CIOXKHbIE MUKPO- U
MaKpo-npobnembl, pacnpeaeneHHble B MPOCTPAHCTBE Y BPEMEHM»

NH®PACTPYKTYPA MATUCTPAJIU «MEPMb - EKATEPUHBYPI»

CKOPOCTHas ONTMYECKaa MarucTpasb Co CNeKTpasbHbIM YNIOTHEHWEM KaHa 0B CO34aeTcs B A4Ba 3Tana
(punc.2).

s 371an 1. 3anyweH SoaxeTHbIA KaHan no Ethernet TexHonorMm Ha ckopocTu
a— 1MuT/c. OnTrdeckad AvHa 456 KM., TUN ONTUYECKOTO BOMNOKHA COOTBETCTBYET |
pekomeHpaunam G.652

3r1an 2. YTanapmupaerca DWDM obopyaoeanue dgmpmel ECI Telecom
{(XDM nnaTchopma)

>  DWDM Mux/Demux Ha 16 nambaa kaHanos (10-100 Mout/c)
> [lBa KnueHTCKUX KaHana Ha ckopocTi 10 MeuT/c (10GbE) B Kaxaom
ObecneyeHa BO3MOXHOCTb HapalliuBaHnsa cropocti 4o 1,6 TBur/c

Mepeomanckoe

Puc. 2. Maructpanb «Mepmb - EKaTepuHbypr»

Ha nepBom atane npuobpeTeHbl ABa ONTOBO/IOKHA M B Havase 2011 roga 3anyLieH KaHan cBA3mM C UC-
nosb3oBaHnem Ethernet TexHonornn (1GE) Ha ckopoctu 1 F6uT/c, cBA3bIBaOLLMIA NAOLWAAKM CETEBbIX
ueHTpos MNepmu (MMCC YpO PAH) 1 EkatepuHbypra (MMM YpO PAH). C yueTom npoTaxkeHHocTy BOJIC
«Mepmb - EKaTepnHbypr», onTuyeckan ganHa KOTopoi coctasmna 456 km, BbiIbpaHbl mecTa pacnoso-
YKEHUA NMPOMEXKYTOUHbIX Y3/10B, 0becrneymBaoWwmx 4JANHY pereHepaunoHHbIX y4acTKoB He 6onee 120
KM KaxKabli B NyHKTax KyHryp, Auut n MNepBomalickoe. 3TO pelueHne BbIBpaHO KaK C Le/iblo YMeHb-
LWeHMA 3aTpaT Ha peanM3aumio, Tak U BO3MOXKHOCTM NOCneayowein KOMMYHUKALLMOHHON NoaaepKKu
pacnpeneneHHbIX B MPOCTPAHCTBE 3TOM TEPPUTOPUN MPOEKTOB.
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Ha BTopom 3tane npuobpeteHo DWDM ob6opyaoBaHue komnaHumn ECI-Telecom (nnatdopmbl XDM-
2000 Ha oKOHeuYHbIX y31ax u XDM-40 Ha NnpoMeXKyTOouUHbIX y31ax), obecneymnsatollee nepegady Asyx A-
KaHanos no 10 F6uT/c B KaskA0M C BO3SMOMKHOCTbIO MacliTabmposaHua 40 16-tn A-kaHanos 10/40/100
réut/c, 63 HeobXoANMMOCTU U3MEHEHUA KOHOUIYpaLLMM 060pYA0BaHMA, CO CAeAYIOWMMM XapaKTepu-
CTUKaMM:

e CTPYKTypa nepBoro A-kaHasia: obecrieyeHne TpaH3uta A-kaHana 10M6uT/c ¢ OKOHeuHoro o06o-
pyAoOBaHMA Ha KOHLLAX CUCTEMbI; OKOHEYHoe 0bopyaoBaHMe npeacTtaBasaeT coboli KommyTaTop
CESR AS9215 ¢ 24-ma noptamum GE n 4-ma noptamm 10GE ¢ COOTBETCTBYIOLWMMM KLLBETHLIMM» TPAH-
cnoHaepamu gns conpaxeHua c DWDM obopyaoBaHuem;

® CTPYKTypa BTOPOrO A-KaHasa: rapaHTMpPOBaHHasA U He3aBNCcUMMan nepesaya 8XGE KaHanos ¢ Tepmu-
HauMel B KNIMEHTCKME NOPTbl C NPUMEHEHNEM COOTBETCTBYOLWMX SFP moayneit;

® BO3MOXHOCTb HapalllMBaHua A0 16 A-KaHanoB Nt060M eMKoCcTH Kaxapiii (10/40/100 r6ut/cek).

B HacToswWee BpemaA cneunduKaLMa NpOMeKyTOUHbIX y3/10B obecneymBaeT TO/IbKO ONTUYECKOe ycue-
HWe cMrHana, oAHaKo 3aknagpisaemoe DWDM obopyaoBaHue npeanonaraet BO3MOMXKHOCTb YCTaHOBKM
ROADM MynbTUNAEKCOPOB B CYLL,ECTBYIOLME LACCU ANS BbIAENEHUA U MAPLLPYTM3aLLMM A-KaHaNoB He
TONIbKO Ha OKOHEYHbIX , HO M Ha NPOMEXYTOUHbIX y31ax. BBoa B npoayKTMBHYO aKkcnayataumio DWDM
TpaKTa naaHupyeTca B nepson nonosmHe 2012 roaa.

MpeaycmoTtpeHo (oTaenbHO OT cyuwecTBytowero) obopyaosaHue Sun Fire V245 u nporpammHoe
obecneyeHne cnMcTeEMbl MOHUTOPWMHIA M ynpaBaeHUAa maructpanbHon BOJIC LightSoft ¢ yctaHoBKOM
AOMWHUCTPATMBHOIO TePMUHANA B OCHOBHOM LEHTpe ynpasneHua ceTbio. Cuctema MOHUTOPUHIA
M YNpPaBAeHMA CETbO nepesayn AaHHbIX COOTBETCTBYET pekomeHaaumam MC3 G.773, G.774, G.784,
M.3010 1 M.3100 u Komnnektam NpPOTOKONOB ANA ynpaBaeHUs cuctemon nepegaum Q.811, 812, a
TakkKe G.784 (XxapaKTepUCTUKKM YNPaBAEeHUSA CUHXPOHHOW Nnepesayelt ynopaaoUYeHHbIX ULMPPOBbIX AaH-
HbIX).

Cuctema ynpasneHus cetbto LightSoft obecneunsBaeT BO3MOXHOCTb HabntoAeHWA U yNpaBaeHUa B pe-
albHOM pEeXXMMe BPEMEHM 3a COCTOSHUEM KabenbHOW MarucTpasbHOM U BHYTPU3OHOBOW ceTei cBA-
3u. Bce ceTeBble 3/1eMeHTbl NOAKAOYEHbI K TepMuHanam (TMN) cuctembl ynpasieHUa ceTbio CBA3M,
BK/lOYatoLLyt0 nepesady, ob6paboTky U aHanM3 aBapuiiHbIX CUTHANOB U MHGOPMALIMM, NOCTYNALOLLMX
13 BCEX 3/1IEMEHTOB CeTW. [NaBHbIMM 3ala4aMmn CUCTEMbI YIPaBAEHUA CETbIO ABNAIOTCA: pPerncTpauma
BCEX aBapWif; LEHTPAIM30BaHHbI KOHTPOJIb BCEW CETU, BK/IOYAA KOHTPO/Ib BCEX LLUPPOBBIX YHACTKOB;
XpaHeHue B pexunme on-line 6a3bl AaHHbIX BCEX CEPBUCHbBIX YCAYT U KOHGUIypaumm nHtepdeincos.

APXUTEKTYPA U ONbIT UCNO/1Ib30BAHUA CKOPOCTHbIX KOMMYHUKALIUIA

TMBKOCTb MHOrOLENeBoro MCMNO/Jb30BaHUA CO34aHHON Ha MepBOM 3Tane OMNTUYECKON Marnctpanmu
«Mepmb-EkaTepuHbypr» (1 [6UT/C) ANA HY»KA, KOHKPETHbIX MPOEKTOB A0CTMraeTcs NOCTPOEHMEM pas-
NYHbIX VLAN no TpaHKOBbIM coeauHeHusm L2 KommyTupytolero obopyaosaHua. Tak, Hanpumep,
Ha pucyHKe 3 nokasaHo VLAN A coeguHeHue, CBA3bIBalOWEE MapLUpyTUsMpytolllee obopyaoBaHune
Cisco 7604 ana ycTaHOB/MEHMA MUPUHIOBbIX OTHOLEHUI MeXAy HayYyHO-06pa3oBaTe/IbHbIMU CETAMMU
HaYy4HbIX LUeHTpOoB. A BUpTyanbHoe coeguHeHne VLAN B cBA3bIBaeT aKCMNEepPUMEHTA/IbHYO YCTaHOBKY
PIV 8 UMCC YpO PAH (Mepmb) ¢ cynepkomnbiotepom «YPAH» 8 UMM YpO PAH (EkaTtepuHbypr), ana
BbINOJIHEHWA PAabOT NO TeMaTUKe nepeayn u 06paboTKM MHTEHCUBHBIX MOTOKOB 3KCNEPUMEHTANbHbIX
AaHHbIX M NONYYMBLUMX Ha3BaHWe «PacnpepeneHHbili PIV» [4, 5]. PaHee gns aTux uenei ncnonb3osan-
ca popmupyembiii no TpebosaHuio L2 KaHan cBA3n Ha ckopocTu 1 Feut/c ao cynepkomnbiotepa CKUD
(HMBL, MTY, MockBa), B opraHu3auum kotoporo yyactsosaan HUBLL, MIY, MCL, PAH, POCHUWNPOC u
onepatop cBA3n «Mimnynbcy. Ero ncnosb3oBaHWe B Te4eHWe HECKONbKMX AHel B 2009 rogy, 0603Ha-
4Ynn Npobaembl CyLLECTBYIOLLMX TEXHOOMMIA BBOAA B CYNEPKOMIMbIOTEP CKOPOCTHbLIX MOTOKOB AAHHbIX U
CTUMY/IMPOBAN NOUCK MYTEN UX PeLLEHMUSA.
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Puc.3. Cxema ncnonb3oBaHMA maructpanu «fepmb - EkaTepuHbypr»

[Ons noKanbHoM OTpaboTKM pa3pabaTbiBaeMbiX PELIEHNI UCMOb3YETCS MHOTOMNPOLECCOPHAA BblYU-
cautenbHas cuctema MBC-1000 n cuctema xpaHeHusa AX4-5i, a anpobauns, TecTMpoBaHue M Npob-
HbI CYeT BbINONHAETCA Ha cynepkomnbtoTepe «YPAH» no cywectsywowemy 1GE KaHany cBs3u Ha
EkaTepuHbypr. [1na aHann3a NpOTOKO/I0B UCMO/Ib3YeTCA CPeACcTBa 3epKannmposaHua (port mirroring)
TpaduKa Ha OTAENbHbIN cepBep «3epKano», NO3BOAOLLENO CHATb HAarpPy3Ky C KOMMNbIOTEPOB OKOHEeY-
HbIX CUCTEM.

MpounntocTpupyem Npumep WMCMOAb30BaHMA CO3L4AHHbIX CKOPOCTHbIX KOMMYHMKAUMM Ans Knacca
3a/iay, UCMONb3YIOLWMX NapannenbHyto obpaboTKy CTPYKTYPUPOBAHHbIX NMOTOKOB AaHHbIX. K Takomy
Knaccy oTHocATcs ucnonbsyemble B MMCC YpO PAH 6eckoHTaKTHble meToabl namepeHuit (P1V) nonen
CKOPOCTM MO M306parKeHMAM, NOCTYNAOLWMX OT U3MEPUTE/IbHON YCTaHOBKMU. CTPYKTYpa NOpOoXKAaeEMO-
ro MNOTOKa 3KCNEPUMEHTA/IbHbIX AAHHbIX COCTOUT B 3TOM C/ly4ae M3 nap n3obpaxkeHui 1 gonyckaet
pacnpegeneHne NoToka AaHHbIX NO MPOLECCOPAM MHOTOMPOLLECCOPHOMN BbIYUCAUTENBHOW CUCTEMBI.
MNHTEHCMBHOCTb MOPOXKAAEMOrO NOTOKA AaHHbIX 3aBUCUT OT YMC/A, PaspeLlleHnsa U 4acToTbl paboTbl
LMbPOBLIX KAMEP U MOMKET LLOCTUIATb HECKOIbKMX TMrabuT B CEKYHAY. A NPOAONKUTENBHOCTb SKCNEepU-
MEHTA OnpeaenseTca XapakKTepoM M3y4yaemblX BAEHUI U, Hanpumep, Npu 1abopaTopHOM U3yYeHUn
HavyanbHOW cTaann GOPMUPOBAHMA TPOMUYECKUX LUKNOHOB MOXKET AOCTUTaTb COTEH MUHYT. OTMETUM
TaKXe, YTO HEeKOTopble 3KCMepMMEHTbI MPeayCcMaTPMBalOT ynpaBasiolLmMe BO3LENCTBUA (BpaLLeHue,
NnoAorpeB) M ¥enaTesibHO MO pe3y/bTaTaM CYeTa B peasibHOM BPEMEHM OKa3blBaTb BO3AENCTBME Ha
3KCNEPUMEHT.

B paboTte [4] npeacTaBneHa «MAaeanbHaa MOAENbY» BBOAA MHTEHCUBHBIX MOTOKOB AaHHbIX B CynepBbl-
yncauTeNb ONA peleHua Takoro Knacca 3agad. CyTb mogenu - NpsMon AOCTYN K BblYUCAUTENbHBIM
y3/1aM MUHYS CTaAMt0 NPeaBapUTENbHOMO NepeHoca AaHHbIX HA CUCTEMbI XPaHEHMA CyrnepKoMMbloTe-
pa. ApXUTEKTYpHbIe pelleHua 3Tol mogenu [5] 3akntoyatoTcs B NOAKAOYEHUN IKCNEPUMEHTAIbHOM
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YCTaHOBKM MO CKOPOCTHOMY KaHasly CBA3M K interconnect yaaneHHON MHOronpoLLecCCOPHOMN CUCTEMDbI
1N UCNONIb30BaHUN «MPOTOKOJ/ILHOTO» MOAX0AA A/A 3aMpoca BbIYMCAUTENbHBIMU Y31aMKU Y SKCNepw-
MEHTa/IbHOWM YCTaHOBKU M3MepsAeMbIX AaHHbIX (Nap n3obpaxeHuit). OueHUm TeHAEHLMM, Npobaembl
1 cnocobbl yMmeHbLUEHMA 3a4ePKKN 0OMeHa JaHHbIMU MeXAy NPUKNAAHbIMM NPOLLeccamm CBA3biBae-
MbIX CUCTEM, KOTOpas UMEET YeTblpe KOMMOHEHTbI: (1) ckopocTb nepesayun, (2) Bpems pacnpocTpaHe-
HWA CUFHAI0B MO NMPOTAXKEHHbBIM JIMHUAM CBA3M, (3) 3a4epiKKa B OKOHEYHbIX CUCTEMAX A5 AOCTaBKM
JaHHbIX NPUIOXKeHUIO U (4) 3aaeprkKa 06paboTKM AaHHbIX NPUKAALHBIMK MPOLLECCAMMN B OKOHEYHBIX
cucTemax.

1. CKopoCTb Nepeaaqn Ha NopPTax KOMMYHUKALMOHHbIX M OKOHEYHbIX CUCTEM MUrpupyeT oT 1 Iéut/c
K 10 F6ut/c . Ana Ethernet Kaapos annHowo 1518 6aiT Ha ckopoctu 1 F6uT/Cc Bpemsa nepegaumn co-
ctasuT 12,144 MmKc, a npu nepexoae Ha ckopocTb 10 F6uT/c noutn Ha NoOpPAAOK YMEHbLUUTCA.

2. Bpems pacnpocTpaHeHns CMrHana no onTOBOJIOKHY COCTaBAAET 5 MKC/KM M ABAAETCA NOCTOAHHOM
BE/IMYMHOW, onpeseniemon GuU3nM4eckor NpUMpoAON pacnpocTpaHeHua cBeTa. Jnsa npoTAXKeH-
HbIX IMHWI CBA3M 3Ta 3aepPrKKa CyLLeCTBEHHA MU COCTABAAET, HANPUMeEpP, ANA ONTUYECKON Tpacchl
«Mepmb-EkaTepunHbypr» (456 KM X 5 MKC/KM) npumepHo 2.3 Mc 6e3 yyeTa 3aJiepiKeK B oyepeanx
KOMMYTALMOHHOIo 061aKa. 3Ta BE/IMUMHA 334EPKKM NOATBEPIKAAETCA B MPUBOANMONM HUXKE Tpac-
CMPOBKE MapLUpPyTa, B KOTOPOM NOKa3aHO Bpems pacnpocTpaHeHus TCP cermeHTa Tyaa v o6paTtHo
(RTT - Round Trip Time) ~5 mc.

1. <1 mc<lmc<lmc172.18.16.1

2. <1 mc <1 mc <1 mc ge0.710.7206.ttk.icmm.ru [195.69.156.69] (/Tepmb)
3. 5mc 5 mc 5 mc 195.69.159.150 (EkamepuHbype)

4. 5mc 5 mc 5 mc medialt.ural.ru [82.193.136.17]

3. Bpema 3aZeprKKMU B OKOHEYHbIX CUCTEMAX A/1A AOCTaBKM NPUHATBIX KAaZPOB NPUIOKEHUIO UMeeT
age coctasaatowme. CobCTBEHHO BpemMsa A0CTaBKU MPUIOMKEHUIO MOATBEPKAEHHOIO CermeHTa
MOXHO YMEHbLUUTb NyTEM UCNONb30BaHUA MHTeNNeKTyanbHbIX NIC KapT, KOTOpble annapaTHO Noa-
OEPXKMBAIOT CTEKM NPOTOKO0B nepedayn AaHHbix (TOE NIC - TCP Offload Engine) 1 TexHonorum
yAaNEHHOTo NPAMOro AoCTyna K onepaTusHow namatu (R-NIC), pasrpyskaa CPU. Btopoli cocTas-
NAOLLEN ABNAETCA BPeMs, 3aTpaunmBaemoe npoLesypammn ynpasBieHMa NOTOKOM M UCTpaBieHuA
OLWMBOK NPOTOKO/IaMM TPAHCNOPTHOrO ypoBHA (L4). CTpaTermn ynpaBneHus B 3TUX MPOTOKOAAX
pa3InyHbI, 3aBUCAT OT 0COBEHHOCTEN KaHaN0B CBA3WN (MPOTAMKEHHOCTb, CKOPOCTb, Ha/IMYMe KOH-
KYpUpYHOLWMX NOTOKOB). Ha pucyHKax 4 U 5 npmBeaeHbl KNnaccuyeckne UAMCTpaLmMm npoueaypsl
MeZ/IeHHOro cTapTa U ucnpasaeHua owmnbok (TCP Retransmission) cOOTBETCTBEHHO, KOTOpPbIE MO-
Ka3blBalOT HEraTUBHbIE acneKTbl NpoTokoaa TCP ana npoTaXKeHHbIX IMHUI cBA3U. CHATUE, aHanu3
1 BM3yanusaumsa TpadurKa nposogmnmce cpeacteamm Wireshark.

Sequence 350000 — :‘ Time/Sequence Graph
number[8] ‘.'. /
6000000 — | :‘: //
5000000 —| 7 / /
4000000 — :: /

i 300000 —| / /
3000000 — = ’:: / /
2000000 — B | J ! J | / /

i 0415 0,0420 /

v 7/
1000000 —| g s’
Fe
1 L, . e 4 Time[s]
FT T RIS T3 T P LR T8 T F T RTS8 [ F]
0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 0,10 0,11 0,1z 0,13 0,14

Puc. 4. MepneHHbliit ctapt TCP (Sequence number - nopazKoBsblit Homep 6aitTa B NOTOKe)
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XapakTepHoe Bpema JOCTUNKEHUA paboyen CKOPOCTU B Npouecce MeaneHHOro cTapTa npoTtokona TCP
B KaHane «lMepmb-EkaTepunHbypr» (puc. 4) uytb 60sbwe 0.14 c v TpebyeT npu 06paboTKe peanbHOro
NMOTOKa 3KCNEePUMEHTaNbHbIX AAHHbIX CTagMu “npenBapuTenbHOro pasroHa” NpoTokonos. Ha BCcTaBKe
B PMCYHOK 4 MOKa3aH /yylMiA BapuaHT C/ie,0BaHMA CETMEHTOB B 3TOM COEAUHEHUMN, CTPEMIEHUE K
KOTOpOoMy TpebyeT TwaTe/bHOW HAaCTPOMKM KOHUTYPaLMOHHbIX MapameTpoB NpoToKosa TCP.

Ha pucyHKe 5 nnnwoctpupyetca pasmep Tekyllero okHa TCP coeguHenus (Win ~ 3,2 M6aliT) u npo-
Leaypa cefiekKTMBHOro ucnpasieHus ownbok (SACKs), KoTopas NOBTOPHO MHULMMPYET npoueaypy
MeA/IeHHOro CTapTa, YyMeHbliatowas Temn nepegayvn. MoboyHbIM HeraTUBHbLIN 3pdeKT npoueaypbl
SACK - nopoxaeHue MHoxecTBa 3anpocos (~ 150 eauHML) Ha NOBTOPHYO nepeaady notepaHHoro TCP
cermeHTa (TCP dup ACK), 3arpy»Katowmx obpaTtHbIi KaHan. Mo3Tomy A5 rnobanbHbIX CKOPOCTHLIX KOM-
MYHMKaLMI YaLlle UCMOb3YIOTCA CNeunann3npoBaHHble TPAHCMOPTHbIE MPOTOKO/bI, BKAtOYAsA Kak bbl-
cTpoaeiicTaytoume BapmaHTbl TCP (HSTCP, STCP, FAST, XCP, SABUL, BI-TCP), Tak n ocHOBaHHble Ha UDP
npoTtokosibl RBUDP 1 UDT. Ux anpobauns n aHann3 Ha peanbHON CKOPOCTHOM MarucTpanm aBnseTcs
OZLHOW M3 3aZ1a4 NPOBOAMMbIX UCCNEA0BAHUN.

Puc. 5. TCP Retransmission

4. 3apeprkKa 06paboTKM NPUKAALHBIM MPOLLECCOM eAUHMLbI CTPYKTYPUPOBAHHBIX AaHHbIX (04HOr0
M3MepeHUs oT ycTaHOBKM PIV) onpegenseT uncno y3nos (agep), He06Xo4MMbIX ANA NapannenbHon
06paboTKM BCEro MOTOKA AAHHbIX B PEa/IbHOM BpeMeHU. YMeHbLUEeHWe 3TOM 3a4,ePKKN BO3SMOMKHO
pa3bureHnem pacyeTHon obaacT Ha NogobaacTn ANA UX NapannesibHon 06paboTKM HECKO/IbKMMM
BbIYUCAUTENIbHBIMM Y3/1aMM U NOPOXKAAET HEPELLEHHYIO NOKa Npobaemy HagexHol multicast go-
CTaBKM AAHHbIX 3TUM y3n1am. Tpebyemoe KONMYECTBO BbIYUC/IUTENbHBIX Y3/10B 3aBUCUT TaKkKe OT
CKOPOCTU reHepaLmm SKCNepMMEHTaNbHbIX AaHHbIX, AOMKHO NPeABapUTENbHO PACCUMTLIBATLCA U
BbIAENATLCA NPUKNALAHON 3a43a4e B MOMEHT ee 3aMyCcKa Ha BblUMC/IUTENbHON CUCTEME.

YMeCTHO ynomsaHyTb 0 Apyrom noaxoge (LambdaRAM) obbeamHeHua TepputopuanbHO pacnpese-
JIEHHbIX K/iacTepoB, CBA3aHHbIX No LambdaGrid. LambdaRAM sBnsetcs nogcuctemon namsaTv ans
LambdaGrids u ncnosnb3yet namaATtb y310B B 04HOM UAu Bonee Knactepax Ansa interconnect no cko-
POCTHbIM CeTAM, 0becneumnBasn NPUNONKEHNAM BbICTPbINA AOCTYN K I0KaZIbHbIM W OTAa/IeHHbIM AAaHHbIM.
3TOT NoAxXo4, UCMNOJb3yeT HOBYIO NMPEBEHTUBHYIO 3BPUCTUKY YMEHbLUEHUA 3a4ePXKKKN, BKAOYan npea-
BapUTENbHYIO OTMPABKY U ynpexAatoLlyto BbIBOPKY, OCHOBAHHYIO Ha CXemax AO0CTyna MpUIoXKeHUn
M NPOTOKO/IOB Nepeaayn AaHHbIX AN CeTell BbICOKOM NPOMYyCcKHOM cnocobHocTu. MoaaepskmusaeTca
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LambdaRAM Habopom nHcTpymeHTOoB (Rails Toolkit - RTK) [7], KoTopblit abcTparupyeT Tonoaoruio Ko-
HeYHbIX cUcTeM (K/1acTepoB) U obecneynBaeT A8 NPUNONKEHWUI U MeXNNATGOPMEHHOTO NPOrpaMmMHO-
ro obecneyeHMA BO3MOXHOCTU COBMECTHOTO NiaHuposaHua aaep LM, GPUs, namaTu n pecypcos cetu
B NpeAeniax MyabTU- U MHOTO-AZEPHbIX KOMMbIOTEPHbIX CUCTEM.

BO3MOMHOCTb MCMNO/b30BaHNA Ha BTOPOM 3Tane CO34aBaeMOi MarmcTpanm HeCKONbKMX rapaHTMpo-
BaHHbIX M HE3aBUCMMbIX (NapannenbHbix) nepesay GE KaHanos B CTPyKType A-KaHana 8XGE Ha yyacTke
«Mepmb-EKaTepuHBYpr» NpeaocTaBafeTcs BCeEM 3aMHTEPEeCOBaHHbIM KOIEKTMBAM McCaeLoBaTenen
1 pa3paboTunkos, pasgenaowmm LambdaGrid napagmrmbl opraHMsaummn pacnpeneneHHbix Bblumnce-
HUNA.

BbIBO/AbI

MHuumaTtmea GIGA UrB RAS HanpaB/iieHa Ha IOCTUNKEHWE CTpaTernyeckoi obecneyeHHOCTH YpanbCKoro
oTtaeneHma PAH cKopoCTHbIMM KOMMYHMKaUMAMMU NOCPEACTBOM COBCTBEHHOTO TEMHOTO BOJIOKHA U UC-
No/1b30BaHUA TEXHOIOTMW CMEKTPA/IbHOIO YN/IOTHEHNA KaHA/0B.

Peanunsauma yyactka ontuMyeckon marmuctpanu «lepmb - EKaTepuHOypr» nokasbiBaeT BbIMOAHUMOCTb
noao6bHOro poaa pernoHasbHbIX NPOEKTOB Hay4YHO-06pa30BaTeNbHbIM COOOLWECTBOM HA TEPPUTOPUM
Poccuiickon depepaumnn.

npeﬂ,OCTaBﬂHEMblﬁ MarumcrTpanbko J'IﬂM6Aa CepBuC NO3BONAET CO34aBaTb NPUHLUMNKNANIBHO HOBbIN WH-
CprMeHTapMVI Ana peweHunAa 3aaad, UCNoNb3yrLWMX NapanieIn3m rapaHTMpoBaHHbIX U HE3aBUCUMBbIX
KaHanoB CBA3U.
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Macuy A. I, Macuu I'. @.%, Llanos B. A.}, CmenaHos P. A.*
NMOTOKOBAA OBPABOTKA bOJibLULNX MACCUBOB
SKCNEPUMEHTA/IbHbIX AAHHbIX HA YOANTEHHOM
CYNEPKOMMNbIOTEPE

Are considered developed in the ICMM UrB RAS information model of direct input to the compute nodes remote
supercomputers intense flux of the experimental data and created on its basis the protocol and the software. The
results of testing of these solutions within the project «Distributed PIV» at the site of Perm-Yekaterinburg, using the
communication channel, built on the Gigabit Ethernet technology.

OBLME CBEAEHUA OB 9KCNEPUMEHTE

JKcnepuMMmeHTasibHasA ycTaHoBKa (3Y) ncnonbsyet metog, PIV (Particle Image Velocimetry) [1] - onTuye-
CKMIA METOA U3MEPEHUSA NONEN CKOPOCTU KUAKOCTU UM ra3a B BbIBPaHHOM ce4eHMM NOTOKA. MpmHLMN
MeToAa: UMNY/IbCHbIN Nla3ep CO343aeT TOHKUI CBETOBOM HOX U OCBELLLAeT MeJIKMe YacTuLbl, B3BELIEH-
Hble B UccnenyeMoM noToKe. MosoXKeHNA YacTUL, B MOMEHT A,BYX NOC/IeA,0BATENbHbIX BCMbILWEK /1a3epa
PervcTpupyroTCcs Ha ABa Kaapa uudposoit Kamepbl. CKOPOCTb BUXPEBOTO MOTOKa onpeaenseTca pacye-
TOM NepemMeLLeHNa, KOTOPOe COBEPLLAIOT YacTULLbl (Tpaccepbl) 338 BpeMa Mexay BCrbllKammM nasepa.
M3mepuTenbHaa 4acTb YCTaHOBKM reHepupyeT NoToK gaHHbix 1-10-100 I6ut/c B 3aBUCMMOCTH OT pas-
peLueHms, 4acToTbl M peXkMmoB paboT Kamep (MoHo/cTepeo/Tomorpadus).

OrpaHMYeHHOCTb AOCTYMHOW BbIYUC/IUTENIBHON MOLLHOCTM B MECTaxX MPOBEAEHUA SKCNEPUMEHTOB
CAEPXKUBAET pPa3BUTME MaTeMaTMYECKOro annaparta M BO3MOXHOCTM MPOBEAEHMA SKCMEPUMEHTOB.
MepeHoC BbIMUCNEHWIA HA YAa/leHHble CyNepKoMMbioTePbl MO3BOINT UCMO/Ib30BaTb PECYPCOEMKME, HO
BbICOKOTOYHbIE a/ITOPUTMbI, M36eraTb XpaHEHWUS TMIAHTCKMX 06beMOB M36bITOYHOM MHPOpMaLuK, 06-
pabaTbiBaTb MU3MEPEHUSA «HA NIETY» U NPOBOAMUTL SKCNEPUMEHTbI C 06paTHOW CBA3bI0. ITa Uaes peanu-
3yeTcA B pamkax npoekTta «PacnpegenerHbin PIV» [2, 3].

PA3PABOTAHHbIE APXUTEKTYPHbIE PELUEHUA
CeTteBan MHPpPaCTPYKTypa NpoeKTa

MpoeKT «PacnpeaeneHHbl PIV» MCNob3yeT BBICOKOCKOPOCTHYHO CETb Nepeaayn AaHHbIX, CO34at0LLy-
tocs B pamkax npoekTta GIGA UrB RAS [4]. Mcnonb3yemas cxema yyacTKa CeTU NpmMBeaeHa Ha pucyHKke 1
n obecneymBaeT coegnHeHMe Ha BTopom ypoBHe mogenu OSI (L2) Y PIV (Mepmb) ¢ cynepkommnbioTe-
pom «YpaH» (EKaTepuHbypr) no Ethernet TexHonornmn Ha ckopoctu 1 F6ut/c. Ha nocneayowmx stanax,
CBA3A@HHbIX C MHCTaNNALMEN Ha 3TOM Y4acCTKe CeTU TEXHOI0TMU CNEKTPANbHOTO YNNOTHEHMA KaHA/0B
(DWDM), nnaHupyeTca ysennyeHune ckopoctv go 10 Féut/c. OTMETUM TaKKe, YTO B OKOHEYHbIX CUCTe-
max ucnonbsyercs TCP/IP cTek NpoToKonoB, a L2 coeanHeHME MeXAy OKOHeYHbIMM cUCTeMaMK Mo-
3BOAET M3beKaTb BPEMEHHbIX 3aTPaT Ha MapLIPYTU3aLMIO U ovepeseint nakeTos B IP ceTn nepesaun
OaHHbIX.

Mopaenb npamoro Ao0CTyna K BbIYUCAUTENIbHbIM Y3/1aMm

Cytb mogenu [4, 5] - npAmOoIt BBOZ, NOTOKA AaHHbIX B ONEPaTUBHYIO MaMATb BbIYMCAUTE/IbHbBIX Y3108
cynepdBM, MUHYA KNaCCUUYECKYHO CXeMy NpeaBapuTeNbHOro COXPaHEHUA AaHHbIX Ha HocuTenax dY u
nocaeAytoLWero Nx NnepeHoca Ha CMCTeMy XpaHeHuA AaHHbIX cynepdBM (pucyHOK 2). Ans ymeHblueHus
3a4ePKKM Nprema/nepesaqn AaHHbIX (1aTEHTHOCTb) B OKOHEUYHbIX CUCTEMAX, KOTOpas onpeaenserca
CKOPOCTbIO NOpTa M BPEMEHEM NOCTYN/IeHUa AaHHbIX oT Ethernet nopTa cetesoro agantepa (NIC) B

1 UHCTUTYT mexaHuKn cnaowHbix cpeg YpO PAH, Mepmb, Poccua
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6ydep onepaTMBHOM NaMATU NPUIOKEHMUA U, HAOHOPOT, LLeNecoobpPasHO UCMOIb30BAHNE UHTENNEKTY-
anbHbIx NIC kapT (Intelligent Ethernet adapter).

Hepwb (MMCC YpO PAH) I /" Exarepmnypr (MMM YpO PAH)

Kaape pHaCOKaMep

DKCNEPHMEHTATLHAA YCTAHOBKA
Q‘[CTO}I P1V (Particle Image Velocimetry) /

DWDM maructpans
Hepwme-Exatepundypr
L_ I _l
‘ ]

J

CynepkoMnbioTep «YPilly

\-

Puc. 1. Cxema ceTu npoekTa «PacnpeseneHHbli PIV»

ITK KapTbl annapaTtHO NoAAEPKMBAKOT CTEKM MPOTOKON0B nepegaun aaHHbix (TOE NIC - TCP Offload
Engine) 1 TexHonormu yaaneHHoro npsamoro goctyna kK namatn (R-NIC) ansa pasrpysku CPU y3nos B
CBA3K C nepexogom Ha ckopoctn 1-10GE. Mo antepaTypHbIM MCTOYHMKAM NPU UCNONb30BAHUU ITUX
nnaT 3aZleprKKa nepefadm coctaBanet 2,5-32 mkc [6]. CTeneHb BAMAHUA 3TUX KapT Ha 1aTEHTHOCTb, KakK
M HACTPOEK NapameTpOB TPAHCMOPTHbIX NPOTOKO/IOB A/1A NPOTAXKEHHOro (456 Km) L2 KaHana Ha cKo-
poctu 10 I'6uT/c - NnpeameT AanbHenLWmMX UccaegoBaHunii B 061actm nepesadm MHTEHCUBHBIX NOTOKOB
OaHHbIX.

MpoTtokon PIV

OcobeHHoCTAMM pa3paboTaHHOrO MPOrPamMMHOro obecneyeHusa ABAAIOTCA: KAMEHT-CEPBEpPHan apXu-
TEKTYpa, BO3MOXKHOCTb YNpPaBJAeHUA YNCIOM 3a4eMACTBOBAHHbLIX BbIYMCAUTENbHLIX Y3/10B, Nepesada
[OaHHbIX HEMOCPeACTBEHHO MeXAY NamATbio TEPPUTOPMANbHO pacnpesesieHHbIX cuctem 6es npome-
YKYTOUYHOIO XpaHeHMA Ha AMCKaX, BO3MOXKHOCTb YNpaB/ieHNsa 3KCNePUMEHTOM B KBasnpeasbHOM Bpe-
MEHW Ha OCHOBE MOJIy4YaeMbIX Pe3yNbTaToB.

PaspaboTaHHbIi npoTokon PIV 6asupyeTcs Ha uaee oTKasa OT OAHO3HAYHOro oToBpaXKeHUs usmepe-
HWI Ha BbIUMCAUTENbHbIE Y3/bl [5]. B cyYae HanMuma e4MHOMo MCTOYHMKA AaHHbIX, KOTOPbIN COOTBET-
CTBYET 3KCMEePUMEHTANIbHOW YCTAaHOBKE, OTKA3 OT OAHO3HAYHOro 0TObparkeHWsA NO3BONUT:

® OTKa3aTtbCA OT CVIHXpOHVI3aLI,MVI BbIYUC/INUTENbHbIX Y3/10B Nepes O6pa60TKOVI KaXXa40ro UsmepeHua;

® V3MEHATb YNCNO 3a4eMCTBOBAHHDbIX Y3/10B HEMOCPEACTBEHHO BO BpeMA IKCNepumeHTa, fobasnas
B C/ly4ae Heob6XOAMMOCTH BbIUUCUTE/IbHBIE MOLLHOCTH;
* MWHMMU3NPOBATb 06BEM NOTEPAHHOM MHPOPMALMM B CNyYae BbIXoda U3 CTPOS O4HOTO UIN
HECKO/IbKUX BbIYMCIUTE/bHbIX Y3/108B.
MpoToKkon PIV aBnaeTca NpOTOKOAOM NPUKIALHOIO YPOBHS, paboTaeT No cxeme 3anpoc-OTBET U MOXKET
MCNONb30BaAThb B KAYecTBe MPOTOKOIA TPAHCMOPTHOrO YPOBHS Nto60ol NPOTOKO/, paboTatoLwmii B NoTo-

KOBOM peXuMe M rapaHTUPYOLWKUIA A0CTaBKy AaHHbIX. Tekylasa peanmsaums MpoTtokona PIV noaaep-
YKMBaeT UCMOJIb30BaHME TPAHCMOPTHbIX NpoToKosios TCP 1 UDT [7].
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/ DKCMEePHMEHTANBHAS YCTAHOBKA

1 u3mepenue 2 HIMEepeHne N-1 N u3Mepenne
P P B HIMCPCHHE Pe
N+1 N+2 N+N-1 N+N
HIMEPEHHE H3IMEpPEHHE - HIMEPEHHE H3IMEPEHHE
R-NIC

[

LambdaGrid
10-40GE

/ Cynepee{HCIHTENL \
I I I I

( Interconnect (cascaded L2 switches 10-40GE) ()

N-1 yzen N yzen

Puc. 2. Mogenb 06paboTku MHTEHCUBHbBIX NOTOKOB AAHHbIX

Mpotokon UDT - 3To ocHOBaHHbIM Ha UDP npoToKkon nepeaayn AaHHbIX 419 BbICOKOCKOPOCTHbIX Ce-
Tel. OH 6bin pa3paboTaH B YHMBeEpcUTETE WTaTa MnnnHolic B Ynkaro. ®yHKUMOHANbHbIE BOSMOXKHOCTHM
npotokona UDT aHanormnyHbl npoTokoay TCP. UDT aBnaeTca AynaeKcHbIM NPOTOKO/IOM nepeaayu no-
TOKa AaHHbIX C NpeaBapUTENbHOMN YCTAHOBKOM coeanHeHunsa. OcobeHHocTbio NpoTokona UDT sieasetcs
OpUIrMHaNbHAA apXMTEKTYpa M peanmnsaLms, a TakKe OPUrMHaAbHbIN afOPUTM YNpaB/ieHUs neperpys-
KoM. Mpu aTom npoTokon UDT no3BoAsSET NPOrpamMUCTy Peann3oBaTh M UCMOIb30BATbL CBOM a/ITOPUTM
ynpaB/ieHUsA Neperpy3Kom.

MpoToKkon PIV paccumTaH Ha nepegady HECKO/IbKMX 6/10KOB BMHaApHbIX AaHHbIX. B ogHOM nakeTe npo-
TOKO/Ia MOXKHO MepefaTtb OT Hyns A0 65535 6/10K0B, KaXAbli U3 KOTOPbIX MOXET MMeTb pasmep A0
4 I'6awnT. NonAa 3aroso0BKa NakeTa NPOTOKONA KOAUPYIOTCA B ceTeBOM nopagke 6ant. dopmaT nakerta
npotokona PIV npuseaeH Ha puUcyHKe 3.

Puc. 3. dopmart naketa npotokona PIV

MpOTOKON NoAAEPKMBAET TP TUMA NaKkeToB (none «KomaHga» npoTokona PIV):
e GET - npegHa3sHaueH Anda 3anpoca AaHHbIX BbIYUCAUTENBHBIMUY y3namun y JY;
e POST - npegHasHayeH 4na nepeaaym AaHHbIX C BbIMMCAUTENBHbIX Y3108 Ha JY;
e RESPONSE - nakeTt oTBeTa Ha 3anpoc BbIYUCANTENBHOIO y3na.

NHbopmauma o noatune RESPONSE-nakeTa KogupyeTtcsa B nose ctaTyca. Yepes nosie cratyca Bbluum-
CAUTENbHBbIM y371am cooblaeTca ycnelwHo n 6bin 06paboTaH 3anpoc uau Het. B ciyyae Heycnexa
KOHKpEeTHOe 3HayeHue NosA cTaTyca onpeaenseT Npon3oLweLwyto OoLWn6Ky.
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AHANN3 NPOU3BOAUTE/IbHOCTU PASPABEOTAHHOIO PELLEHUA

MNccnepoBaHusa Npom3BOAUTENBHOCTU Pa3paboTaHHOro peLleHns NPoBOAMANCHE HA IKCMEPUMEHTAb-
HOM dpparmeHTe ceTeBor MHOPACTPYKTYPbI, COCTOALLEN U3 IMYNATOPA IKCNEPUMEHTANIbHOM YCTAHOBKM
PIV (MMCC YpO PAH, Nepmb) 1 cynepkomnbioTepa «YPAH» 100 Tflops (MMM YpO PAH, EkaTepuHbypr).

IMYNATOP 3KCNepUMEHTaNbHOWM yCTaHOBKM obopyaoBaH npoueccopom Intel Core i7 2600 ¢ TakToBOM
yactoTton 3,4 Ty, 16 I'6 onepaTUBHOW NamaTU U ceTeBoi KapToi Intel Corporation 82579V Gigabit
Network Connection. Imynatop paboTtaeT noa ynpasieHMem onepawlmoHHoN cuctembl openSUSE 12.1
(kernel: 3.1.0).

MpAMoOI AOCTYN K BbIMUCAUTENbHBIM y31am cynepkomMmnbtoTepa «YPAH» ocywectsaaica yepes GppoH-
TaNbHYIO MaLLMHY NOCpeaCcTBOM TexHonornm PAT.

lpaduK 3aBUCMMOCTU CYMMApPHOM CKOPOCTU Mepefayu AaHHbIX Mexay amynatopom Y u y3namu
cynepkomnbloTepa npueeseH Ha pucyHke 4. Mpotokon PIV TecTupoBanca npy MCNosb30BaHUKN TpaH-
cnopTHbIX npoTokonos TCP n UDT. B KauecTBe 3Ta/IOHHOM NPOMYCKHOM cnocobHOCTM KaHana no TCP
MCMONb30BaAIMCh BEIMYMHDI, MOJlyYEHHbIE C MOMOLLBIO NPOorpaMmmHoro obecneyenus iperf.

Puc. 4. CymmapHaa CKOpOCTb Nepeaayn AaHHbIX Mexay JY 1 y3namu cynepkomMmnblotepa

M3 rpadmKa cnegyet, 4To NoruKa paboTtbl NnpoTtokona PIV npu ncnonbzosaHmm TCP He BHOCUT cyLLecT-
BEHHbIX HaKaAHbIX PACX0A0B MO CPAaBHEHUIO C BbIGpPaHHbIM 3TasioHOM (iperf). Mpu ucnonb3oBaHUK B
PIV TpaHcnopTHoOro npotokona UDT ckopocTb Nnepefaymn AaHHbIX OKa3anacb MeHbLUe, YeM Npu UCNOo/b-
30BaHWM TPAHCNOPTHOro npoTtokosa TCP.

Heob6x04MMO OTMETUTb, YTO C POCTOM YMC/Ia NapaiaesbHbIX COeaUHEHWNI NOTEPU CKOPOCTU Nepeaayn
[OaHHbIX, BHOCMMble NI0TMKOM paboTbl NPOTOKoAa PIV, ymeHbLUaOTCA, NO3ITOMY B peasibHOM 3KCnepu-
MeHTe Npu 3a4eMCTBOBAaHNMN AECATKOB M COTEH BbIYMCAMUTE/IbHbIX Y3/10B, CKOPOCTb Nepeaayn AaHHbIX
no npotokoay PIV ele cunbHee npubAN3UTCA K NpeaenbHO BO3SMOXKHOW B AaHHOM KaHasle CBA3M.

3AK/TIOYEHUE

CnpoeKTMpOoBaH NPOTOKOA 1 pa3pa60TaHo nporpammHoe obecneyeHus ana nepepayvyn AaHHbIX C 3K-
cnepmmeHTaanoﬁ YCTAaHOBKW Ha Yy3/ibl BbIMNCNNTENBHOIO KN1aCTepa, TECTUPOBaHME KOTOPbIX noATBeEp-
KOAT pa60TOCI'IOC06HOCTb I'IpELI,/lO)'KEHHOI;'I mogenu 06pa6OTKVI MHTEHCMBHOIO NOTOKa AAdHHbIX.

UccnepoBaHme Npon3BOAUTENIbHOCTM MOKa3asio, YTo JIorMKa paboTbl NnpoTokona PIV He BHOCUT cyle-
CTBEHHbIX NMOTEPb CKOPOCTM, MO CPABHEHWUIO C MAKCMMasIbHOM CKOPOCTbIO Nepeaaym NoToKa AaHHbIX
no npotokony TCP. CpaBHeHWe TpaHCNOPTHbIX NpoTokoaos TCP 1 UDT nokasano, 4To 4nA NpOTOKONA
PIV nyywe ncnonb3oBaTb TPAHCNOPTHbIN NpoTokon TCP, TaK Kak oH obecneynBaeT 60MbLIYIO CKOPOCTb
nepegayn AaHHbIX.

PaspaboTaHHas TeXHOOMMA NPeAOoCTaBAAET NPUHLMMMANBHO HOBbIN MHCTPYMEHT NPOBEAEHMS IKCMNe-
PUMEHTA/IbHBIX MCCNea0BaHWUM, NO3BONAA 06pabaTbiBaTb HbICTPONPOTEKAOLME NPOLECCHI B TEYEHUE
OJINTENIbHOTO BPEMEHM, Hanpumep, npu 1abopaTopHOM M3yYeHMUM HaYabHOW cTagum GopmmpoBaHuA
TPOMUYECKUX LIMKIOHOB.
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Macceno A. 1

MHTEFPALUUA MHTENNEKTYAJZIbHbIX UHOOPMALIMOHHDbIX
TEXHOIOTNIA B UT-UHOPACTPYKTYPY UCC/IELOBAHUIA SHEPTETUKU

The article is described the integration, in the frames of intelligent IT-environment, of technologies supporting
ontology modeling, cognitive modeling, and event modeling. These technologies are proposed for decision sup-
port in the research and providing of energy security. The expert system, based on the precedents of emergences
in energy systems, included in IT-environment too. It’s considered suggested approach and tools for integration of
IT-environment into IT-infrastructure of energy system research.

BBEAEHUE

Mepexoa Poccun K HOBbIM SKOHOMMYECKMM OTHOLLIEHUAM TpebyeT 6bICTPOro U aaeKBaTHOro aHaiu-
33 CUTyauMii B YCIOBUAX M3MEHAIOLLENCS, HeAO0CTaTOYHON U Hea0CTOBEPHOM MHbopMaumn. C ogHoM
CTOPOHbI, 3TUM TPeBOBaHUAM He OTBEeYatoT TPAAULMOHHbIE KOMMJIEKCbl AR UCCNeaoBaHuMI npobnem
3HepreTMyeckoi 6e30NacHOCTU, UCNO/b3YIOLLIME TEXHUKO-3KOHOMMUYECKME Mmoaenn 6onbluoi pasmep-
HocTu. C Apyroii CTOPOHbI, HECMOTPA Ha CO3AaHUe ANA NOAAEPKKN NPUHATUA PeLleHUd CUTYaLUMOHHbIX
LLEHTPOB N CUTYaALMOHHbIX KOMHAT, OTMEYaeTCcA He0CTaTOK UHTE/NIEKTYa IbHbIX MPOrPaMMHbIX CPEACTB
MHPOPMALIMOHHO-aHAIMTMYECKOro obecnedyeHna 3TUX LLeHTPOB M UX NpaKTUYecKoe OTCyTCTBME ANA
NoAAePXKMN MPUHATUA peLleHnid B 061aCTU SHEPTreTUKMN.

Bce BblwecKasaHHOe O6YCJ'IOBJ1VIBBET HeOGXO,CI,VIMOCTb CO34aHNA HOBbIX MHTEN/ZIEKTYA/IbHbIX NpOorpam-
MHbIX CpeacTB ANA NOAAEPKKU NPUHATUA peUJEHMﬁ B nccnegoBaHUAX U obecneyeHumn 3Hep|'6TW~IeCKOl7I
6e3onacHocTH, B nepByko ovepeab, oNA Ka4yeCTBEHHOIO aHa1n3a CI'Ia6OCTDYKTypVIDOBaHHbIX I'IpO6I'I€M-
HbIX CMTyaLI.VII?l B 3HEPreTuke, MHTErpaumnmn HOBbIX NMPOrpaMmHbIX CpeacTs C TPaANUMNOHHbBIMU, pa3pa-
60TKM VIHd)OpMaLI,MOHHOVI TEXHO/I0TUU UX COBMECTHOIO NCMO/1Ib30BaHUA.

B UHcTuTyTe cnctem sHepreTnku um. J1.A. MenenTtbeBa CO PAH BeayTca KOMNAEKCHble UcCaeaoBaHmA
CMCTEM 3HEPTreTUKM, BaXKHYIO POJib B KOTOPbIX UrPpatoT UCCAefoBaHnA npobnem aHepreTuyeckol bes-
OnacHoCTw.

OHTO/IOMMYECKOE, KOTHUTUBHOE U COBbITUMHOE MOZE/IMPOBAHUE

B KauecTBe OCHOBHbIX MHTE/IIEKTYa IbHbIX METOAOB CUTYaLMOHHOIO aHaM3a B Uccien0BaHnax n obec-
neyeHMmM sHepreTUYecKo 6e30MacHOCTM PacCMaTPUBAKOTCA METOAbI OHTONIOMMUYECKOTrO, KOTHUTUBHOIO
1 cobbITMiMHOro mogenmposaHusa (puc. 1)[1,2].

CuTyaunoHHbIA
AHanna

CobuTMAHDS
MOOENUpOBAHKE

KornutueHoe
MoOenHpoBaHHe

OHTonorM4eckose
MoOenvpoBaHWe

MprHATIAE
paweHuA

Puc. 1. B3anmocBA3b MHTENIEKTYaIbHbIX METOA0B CUTYaLMOHHOTO aHann3a

1 UHCTUTYT cnuctem aHepreTukn um. J1.A.MeneHtbesa CO PAH UpkyTck, Poccuna
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[ns COBMECTHOTO MCMONb30BAHUA 3TUX TEXHONOTUIN NPEeA/IONKEHO BBECTU NMOHATUE UHTENIEKTYAIbHOM
UT-cpeapbl.

[na cOBMECTHOro MCNoIb30BaHWUA 3TUX TEXHONOTUIN NPEASIOKEHO BBECTU MOHATUE UHTENNIEKTYaIbHON
UT-cpenbl. 0603HauMm WUT - cpeny Kak HekoTopoe mHoxecto Vi ={O,E,M.,M}UT,, rae {0} -
MHoecTBO oHTonorui, {E} - MHOXecTBo onucaHuit npeLeAeHToB Ypessbluaiinbix cutyauumii, {M C}
- MHOeCTBO KOTHUTUBHbIX MoAenen, {M S} - MHOXXeCTBO COBbITUIMHbIX Mmogeneit, T, - UHCTPyMeH-
Ta/bHble CpeacTBa nNogaepKku UT-cpesbl, BKAOYaOLWMe OnMcaHMe 3HaHWIW, NPesCTaBNeHHbIX B BUAE
OHTO/IOTUIA, onucaHuii npeueaeHToB YC, KOTHUTUBHBIX U COBLITUIHBIX MOZeNei 1 cpeacTsa onepupo-
BaHMA UMM,

Takum o6pasom, HTeNeKTyanbHan UT-cpeaa BKAOYAET NPOCTPAHCTBO 3HAHMI, MHTErPUPYIOLLEE: OH-
TO/IOrMYECKME MOAEAN 3HaHUI B 061acTu uccnegoBaHuin 36, 6asy 3HaHMiA 0 nNpeueaeHTax YC B aHep-
reTuke u 6asbl 3HaHMI, COAepPIKaLLMe KOTHUTUBHbIE MOAEN CTpaTernyeckmx yrpos 36 1 cobbiTuiiHbIe
MoAenn passutua u nocneactenii YC B sHepreTuke (pUc. 2), a TakKe BKAOYAET MHCTPYMEHTasIbHble
cpeacTBa OnNUcaHWA 3HaHWI 1 onepupoBaHua umu [3].

CTonorvieckne
MOOENK 3HAHNA

¢ Baza aHaHmm Baaa aHaHWi Baza sHanwA

MNpeyeneHTsl KOrHUTHEH b CobuiTHiHEIE Mogend
UPEIBLIMANHBIX MGOENKW ¥TPO3 - DA3IBUTHE M NOCNBACTEMA
CHTyaLWi B FHEPrETUHECKOn UPEIALIMARHLIX CHTYALMA &

IHEPIETIRE GeaonacHocT aHapraTie

Puc. 2. MpocTpaHCTBO 3HaHWI, NoAAep:K1BaeMoe UHTeNNeKTyanbHoW UT-cpenoi

9KCMEPTHAA CUCTEMA “EMERGENCY”, OCHOBAHHAA HA ONMUCAHUAX NPELLEAEHTOB YC B
SHEPTETUKE

ABTOPOM NPEeaNoKeHbl METOAMYECKME MPUHLMMBI MOCTPOEHUA SKCNEepTHOW cucTembl “Emergency”, a
MMEHHO: NPUHLMNbI OPraHmn3aLmmn 6asbl 3HaHUI SKCNEPTHOM CUCTEMbI Ha OCHOBE dperiMoBOi Moaenu
npeacTaBNeHUA 3HAHUI; CTPYKTYpa CKeNeTHbIX GppeimoB aaa onucaHua npeueaeHTos YC; npuHLMNbI
NnocTpoeHunn nHTepdeca sKCNePTHOM CUCTEMbI; OpraHM3auma XxpaHeHus 6asbl 3HaHWI Kak GparmeHTa
6a3bl AaHHbIX nog ynpasneHnem CYB/[; nHterpauma skcnepTHoM cuctembl “Emergency” B MHTENNEKTY-
anbHyo UT-cpeay, 6asmnpylowancs Ha UCNOAb30BaHWK PenosnTapma MHGOPMaLMOHHON MHGPACTPYK-
TYpbl UCCEA0BaHNIA B SHEpPreTUKe.

MpuHaTa ¢perimoBas mogenb NpeacTaBAeHUs 3HAHWW. B 6ase 3HAHWMN NpeLeaeHTbl Ype3BblYaHbIX
CUTyaL Ml 0TOBpaXKatoTCA C MOMOLLLbHO TPEX TUMOB CKeNEeTHbIX GpeinMoB:
ES_DATE (aaTa YC), ES_PLACE (mecto YC), ES_DESCRIPTION (onucanue YC). Kaxkabii us ¢ppeiimos onu-
CbIBaeT onpeaesieHHbl Habop NapaMeTPOB, XapaKTepPM3YHOLMX NPOU3OLLEALLYIO B SHEPreTUKe Ypes-
BblYalHy0 cuTyaumto. Bce dppeimbl UMEOT OAMH 0BLLMI CNOT - HoMep.

B nepBsoit Bepcumn IC npeaycMaTpuBaloTca ABa pexuma paboTbl: a) fobasneHne HOBbIX 3HaHWI 1 6)
MOMUCK 1 U3BJIEYEHME 3HAHMI1 N0 3aNpPOocam Nosib3oBaTesen.

Ona obecneyeHns KOHLENTyalbHOTO €AMHCTBA WM COBMECTUMOCTM C APYTMMU WUHCTPYMEHTa bHbI-
MW CPeacTBaMU WHTeNNeKTyanbHon WT-cpeabl peanvsauumsa BbIMNOMAHAETCA B Java-TEXHONOTMU, YTO
obycnosuno BbiIbop ob6onoukK Jess (pacwmpenne obonoukm Clips ana Java) u ucnonbzosaHme CYB/J,
HyperSQLDB ansa xpaHeHua 6a3bl 3HaHUNA.

B nepsowt Bepcum IC aHanm3 YC BbinonHAETCA 3KcnepTom (nonb3osatenem IC). B ganbHelwem npea-
YyCMaTpMBaETCA BO3MOXKHOCTb BCTPAMBaHUS, MO HEOBXOAMMOCTM, CNeLMaNbHbBIX CPEACTB aHAaNUTUYe-
CKOM 06pabOoTKM U3BNEKAEMbIX 3HAHWIA.
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MHTErPALUA UHTENNIEKTYAJIbHOW UT-CPEAbLI B UT-UHOPACTPYKTYPY UCCNEAOBAHUIA
SHEPTETUKU

ABTOPOM pa3paboTaHbl METOAMYECKME MPUHLMMBI MOCTPOEHUA U UHTErPaLMM B MHTENIEKTYaIbHYIO
NT-cpeay MHCTPYMEHTa/IbHbIX CPEeACTB KOTHUTUBHOMO MOAENMPOBaHMA ANA UCCNefoBaHMi npobaem
3B, obecneunBaloLWmMX CO34aHNE, PeAaKTMPOBAHNE U aHaM3 KOTHUTUBHBIX KapT, KOTOPble OMuMCaHbl
HUKE.

MpennoxeHo peleHWe O CO34aHUM MHCTPYMEHTANbHOW Cpefbl, 3 HE MOHOAUTHOrO MPOrPaMMHOro
KOMMAEKca, C Tem, YTobbl obecneunTb rMbKoe MCNoNb30BaHNE MHCTPYMEHTANbHbIX CPEACTB, KaK OT-
OeNbHbIX, TaK U B PAa3/IMYHbIX COMETAaHUAX, C O4HOBPEMEHHbIM YMEHbLUEHNEM GYHKLIMOHANbHOM CNOMK-
HOCTU B KayKAOM KOHKpPETHOM cnydyae. Kpome Toro, obecneymBaeTcad BOSMOXKHOCTb NPUBAEYEHNA IK-
cnepTa AnA aHaM3a BbIXOAHOM M KOPPEKTUPOBKMU BXOAHON MHGOPMALLMKM NpU Nepexoae OT O4HOTO UH-
CTPYMEHTAIbHOTO CPeACTBa K APYroMy, y4MTbIBasA, YTO NONHAA aBTOMATU3aLMA NPeaNOKEHHOM CXeMbl
(puc. 3) HeuenecoobpasHa.
[Ona vHTerpaumm yxe CyLLecTBYHOLNX M HOBbIX MHCTPYMEHTA/IbHbIX CPeACTB NpeaoKeHa CTPYKTypa
MHTeNneKTyanbHon UT-cpeabl, npeacTaBaeHHas Ha puc. 3, B KOTOpOM ucnosb3yetca Penosutapuin UT-
MHOPACTPYKTYpPbI UCCeA0BaHUI B aHepreTuke [4].
PaccmoTpum ynpasneHne MHGOPMaLMOHHBIMK NOTOKaMKM B 3Toi cxeme. ObmeH MHbopmaumeli ¢ Pe-
nosuTapuem BbIMOJHAETCA C UCMONb30BAHMEM NPOrPAaMMHbIX cpeacTB Peno3utapus, pa3paboTaHHbIX
A.H. Konairopoackum. 3To nossosset obecneumTb MHTErPaLMIO MHTEANEKTyabHON UT-cpeapbl B UH-
bopMaLMOHHY MHOPACTPYKTYPY UCCAEf0BaHUI B SHEPTeTUKe.

=

IHEHMA

PEMO3UTAPIAA

X panan L
hannon

- g [
Nofannouue, NpocMoTp, CoafaHme, NpOCMoTp, Coafaune, NpocMaTp,

peaakTHPOBAHKE KW padaKTUpoBaHe pEOAKTHPOBaHWE
aHanwua npeugsaeHToB M aHan1a W aHanua
HpE3EkIHARHLIX CHTYELWA KOrHHTHEHEIX MOJENSR CObLITHAHLIX MOogens i

XpaHaHue

YucneHHeE HWCCNeadBEHHA HHI'IPHE]'IF.HMﬁ

TPELSOHT D pazauTua T3IK o yueTom Tpeboeaquii 3b

‘-Il']F.'SEbIHE'M HEIX

Puc. 3. Cxema B3anMOCBsA3eN MHCTPYMEHTA/IbHbIX CPEeACTB MHTeNeKTyasibHoM UT-cpeabl

B3sammopgeicteme 6a3bl 3HaHUI 1 IC obecneumsaetcsa cpeactsamm IC. Ha 3Tom 3Tane xpaHeHue 6asbl
3HaHuI obecneumnBaeTcs WTaTHbIMK cpeactBamm CYB/ HyperSQLDB, coBmectumoi c 060/104KoM Jess.
MeTaonucaHue 6a3bl 3HAHUIM XpaHMTCA B 6ase meTagaHHbIX PenosunTapwms.

AHanus npeueaeHTos YC B aHepreTMKe BbINOAHAETCA SKCNEPTOM Ha OCHOBaHUMU GPAarMeHTOB 3HAHWUN,
M3BNEeYEHHbIX M3 6asbl 3HaHMI No 3anpocam (nogpobHee pexkMmbl paboTbl 9C paccMOTPEHbI B Cieay-
owem pasgene). B ganbHelwem npesycMaTpMBaeTca paclumpeHune Bo3morkHocTen 3C - gononHeHue
ee cpeacTBaMu aHaAUTUYECKoM 0bpaboTKkM 3HaHMIA. AHanu3 npeuegeHToB YC No3BoaseT aKcnepTam
BbIABUTL TUNOBbLIE (Hanbonee yacTo BcTpeyatowmeca) YC, KoTopble ABNAIOTCA NepBooYepeHbIMU npe-
TEHAEHTaMM AR KOTHUTUBHOTO MOAEAMPOBAHUA.

Ha puvc. 3 He NoKasaHbl B ABHOM BM/E CPEACTBA OHTONIOMMYECKOro MOAEeNMPOBaHUA. Ha gaHHOM 3Ta-
ne ucnonb3ytoTca cBoboAHO pacnpocTpaHaemMble cpeactsa CMapTools unu Protege. Co3aaHHble ¢ UX
NMOMOLLbIO OHTO/IOTUM XPAHATCA B PEno3nTapum u moryT 6biTb NPOCMOTPEHbI UCCAea0BaTeNEM Nepes,
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HAYa/IOM KOTHUTMBHOTO MAWN COBLITUMHOIO MOAENUPOBaHMA. [ XPaHEHUA OHTO/IOMMIA UCMONb3YET-
ca Penosutapuit UT-uHopactpyktypbl MCIM CO PAH, pa3paboTaHHbIl coTpyaHUKom nabopaTtopum
MHGOPMALMOHHbIX TexHonormin MC3IM CO PAH Konakiropoackmum A.H. M3BneveHne nHoopmaumm ms
Penosutapus BbINONHAETCA C MOMOLLBK XPaHUMbIX NpoLeayp, KOTopble co3a4atoTcA BHYTPU 6asbl me-
TagaHHbIX Peno3uTtapumsa Ha asbike SQL, ananekT Kotoporo noaaep»kusaet CYB/[, ncnonHAKTCA Ha CTo-
pPOHe cepBepa 1 3aBeA0MO KOPPEKTHO NMPOU3BOAAT IKCMOPT AAHHbIX, 06ecneymnsan npm 3ToM NOHYHO
COBMECTMMOCTb M0JIb30BATENLCKUX NPUNONKEHUN [5].

bubnnotekn CogMap 1 EventMAP, noKasaHHble Ha pUC. 3, COBMECTMMbI, NMOCKOJIbKY peann3oBaHbl B
OQHOW U TON e rpaduueckonn cpege [6]. bubnnoteka CogMap AN KOTHUTUBHOIO MOAEAMPOBaAHMUA
paspaboTtaHa aBTopom, bubnnoteka EventMap, coaeprkaiwan 6asosble rpadpuyeckme snemeHTbl cobbl-
TUIAHbIX KapT 1M peanunsytolllas aJiropuUTMm Nnepexoaa ot CobbITUIMHOM KapTbl K GOpMann3oBaHHOM cobbi-
TUMHOW MOZeNn Ha ocHoBe Joiner-ceTel, peanmsosaHa B.J1. ApwuHckum [7].

3AK/TIOYEHUE

MpennoXeHo MHTerpMpoBaTh B PaMKax MHTennekTyanbHon UT-cpeabl TEXHONOMMU OHTOIOMMYECKOrO,
KOTHUTUBHOTO M COBLITUMHOIO MOAENNPOBAHUSA ANA NOALEPHKKN MPUHATUA PELLUEHNA B UCCNeL0BaAHM-
AX U obecneyeHMM aHepreTUyeckon 6esonacHocTU. Mcnonb3oBaHMe NPELNOKEHHON TEXHONOMMU NO-
3BO/IAET MHTETPUPOBATb METOAbI KAYeCTBEHHOro aHanusa yrpo3 36, Bkatovana YC Ha obbeKTax sHep-
reTMKM (OHTONOrMYECKOE, KOTHUTUBHOE U COBbITUIIHOE MOAEANPOBAHME) U METOAbI KOJIMYECTBEHHOM
OLLeHKM BapmnaHToB pa3suTuns TIK c yuetom TpeboBaHuit 36 (TpaaMUMOHHBIV Nnoaxoa). MHTerpauma uH-
TennekTyanbHon UT-cpeabl B UT-MHOPACTPYKTYPY UCCNEL0BAHUIN B SHEPreTUKe, pa3paboTaHHyto pa-
Hee COTPYAHMKamMM nabopaTopumn MHGOPMALLMOHHBIX TEXHOOMMIM, obecneymBaeTcs NCNOb30BAaHUEM
PenosuTapua UT-mHPpacTpyKTypbl 1 cCOBNOAEHMEM €4UHbIX CUCTEMHO-KOHLENTYasIbHbIX COTNALIEeHWUH,
obecneunBatoWwmx COBMECTUMOCTb paHee CO34aHHbIX M BHOBb Pa3paboTaHHbIX CPeacTs.
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Milosevic H.%, Petkovic D.}, Kontrec N.*
MATHEMATICAL MODELING OF THE PROCESS OF MAKING FIREPROOF
PROTECTIVE COVERINGS BY TWO-PHASE JETS

The mathematical modelling of the process of making fireproof protective coatings reduces to the consideration
of a problem of the interaction of a two-phase turbulent jet with a plane wall. The second phase represents a fine-
fraction mixture of the coke and magnesite particles, and when impinging on the wall they can both stick to it and
reflect from it. The reflected particles near the wall interact with the carrier gas and with the impinging particles
thus forming a narrow layer of particles with the increased particles concentration, which is usually called as a
screening layer.

The computation of such a flow in a jet was performed within the framework of a continual model. For the descrip-
tion of gas flow the averaged Navier-Stokes equation system and K — & model of turbulence have been used.

INTRODUCTION

Two-phase jets are used for making a protective additional coating on the refractory walls of differ-
ent industrial devices (called as the process of guniting). The guniting of the walls of steel- melting
converters is used in Russia [1]. It allows to increase the number of melting’s in several times without
the replacement of converter’s base fire-proof walling and this method give a large commercial profit.
A problem of numerical modelling of this process within the framework of technological scheme with
coaxial jets is considered. This technological scheme of the jet guniting is shown in Fig. 1.

wall of
converter
tube

gunit mass

oxygen

: two-phase jets :

. J

Fig. 1. Technological scheme of the jet guniting

Two-phase mixture of burning (coke) and non-burning (magnesite) particles and nitrogen (carrier gas)
is fed into the central jet and the peripheral (annular) jet of the oxygen is used for combustion of the
coke. The heat releasing from the burning of coke particles results in the increasing of the magnesite
particles temperature.

Solid particles have sufficiently small dimensions (of the order 80 - 100um), and when impinging on the
wall they can both stick to it and reflect from it. The reflected particles near the wall interact with the
carrier gas and with the impinging particles thus forming a narrow layer of particles with the increased
particles concentration, which is usually called as a screening layer.

MATHEMATICAL MODEL
The sketch computational region of flow is shown in Fig.2. The peripheral oxygen jet is a high-speed jet,
and the central two-phase jet. The jet outflowing from this device has a sufficiently large extension (100

1 Faculty of Science and Mathematics, Pristina University, Kosovska Mitrovica, Serbia
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- 200 calibres), therefore the overall flow region was subdivided into three regions: flow region was sub-
divided into three regions: the non-isobaric flow region in and near the nozzle device (/), the region of
isobaric jet (/1), and the region of the interaction of the jet with the converter wall (///), the computation
of the flow in which was carried out sequentially. Here the values of flow parameters obtained at the
right boundary of each region were the initial data for the computation in the next region.

pU

W

P=const

0,
N —+—>
—>

X,
coke -
—+
magnesite

I I

X

Fig. 2. Diagram of computational region

The simulation of the turbulent two-phase flow was performed within the framework of
“k —&” model taking into account the influence of turbulent pulsations on the motion of particles. The
averaged Navier - Stokes model was used for description of motion of carrier gas.

In addition, the following simplifying assumptions were used:
e the flow is stationary and axisymmetric;

e the carrying medium consists of the oxidizer (O,), reaction products (CO,) and the inert gas (N,).
The gaseous phase density is determined as p = p, + p, + p; (here and in what follows the indi-
ces of the flow parameters will be denoted by figures from 1 to 5 for O,, CO,, N, coke particles
and magnesite particles, respectively; the parameters without the indices will refer to the gaseous
phase on the whole). The ambient space is filled by a hot air;

e the second phase consists of spherical particles of two kinds - the combustible parti-
cles (coke) and non-combustible particles (magnesite). The dimensions of magnesite par-
ticles are constant, those of coke are variable at the expense of coke combustion. The re-
action between the coke particles and oxygen is one-stage and is described by equation
C+0,=C0,;

¢ the reaction takes place only on the surface of a coke particle, and the heat produced thereby is
expended for the heating of the particle itself, and then this heat is transferred to the carrying gas
and through the gas to the magnesite particles in the result of an interphase heat exchange. The
temperature throughout the volume of any particle is the same; in the process of combustion the
particle preserves its spherical shape;

The system of equations governing the two-phase stationary flow has the following form (into regions
land /1).

0
— =yJ, 1
ox, yoU, =y (1)
0 0 0 -
—ypUU, +—yP=—vy[ ur, —p<uu, >|+y(F -JU,), 2
5 ; ypU| k axk y an y|::u‘[|k p i~k :' y( i 4|) ( )
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3=3,-3, J,=-J, J.=0.

where 7, is the tensor of viscous stresses, p <UU, > is the tensor of Reynolds stresses, p is the
calculated density, U is the velocity vector, h is the specific enthalpy, T is the temperature, u is the
dynamic viscosity, 1 is the turbulent dynamic viscosity, Cy is the coefficient of the aerodynamic drag
of a particle, C, is the coefficient of the heat transfer from the particle to the gas, Pr; is the turbulent
Prandtl number, k is the kinetic energy of turbulence, ¢ is the rate of its dissipation, J,,J, are the
mass rate of expending O, and forming CO,, g, are the molecular weights of the components, Q is
the heat of the coke combustion, n is calculated number of particles per the unit volume. The correla-
tions of the pulsation parameters of particles are determined in terms of the averaged parameters of
the carrying gas. The expressions form them, as well as the expressions for C, C, and for the terms
&, , taking into account the additional dissipation k on particles with regard for their combustion are
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taken from [2, 3] and are not presented here because of their bulky form. The change of the coke
particles radius 1, was determined by the computed values p, and n, with the aid of the formula
r,=3p,/ (47zpcn4) , Where p. is the true coke density. For the description of a complex process of the
coke combustion the expression for its mass rate J, was used from [4], which works sufficiently well in
the domains of both kinetic and diffusive regimes of combustion.

As the boundary conditions in the inlet section of the nozzle device, for the gas we have specified the
values of the mass flux (pu), the enthalpy and the direction of the velocity vector. For the particles we
have specified here the values of all the parameters under the assumption on the absence of their lag
in velocity and temperature. On the device wall the sticking conditions were specified for the gas, and
the slip conditions were specified for the particles. The conditions typical for the ambient space were
specified in the upper boundary and the nonreflecting condition was specified in the outlet boundary.

In the region (/) the system (1)-(11) was replaced by a no stationary system and was solved by the
pseudo-unsteady method with the aid of Patankar’s method SIMPLE [5], and for the solution of the
equations for particles motion the implicit A-stable second-order scheme was used [6]. In the region (/)
in the nozzle device the well-known method of near-wall functions was used to determine the values
of k and ¢ near the walls [7].

In the region (//) the pressure was assumed to be constant, and the parabolized system (1)-(11) was
considered here, which was solved by a marching method.

Then it was assumed that in the region (/ll) there are only the magnesite particles and there are not
any chemical reactions (in system (1) - (7): J =J, =J, =0, p,, p, are constants). The particles reflected
from the wall are considered as a new fraction, and they are described by the corresponding equation
system. Therefore instead of system (8) - (11) we used following equation system:

gky(pmumk+<,o;nu'm >)=0, m=12 (12)
iy[,oU U +U_ <pu.>—p <p U >]+G iy,o.:
an m~ mi~ mk mi m='mi m mi ~'mk m an i
: (13)
:y{meRm(Ui_Umi)+szjpmpj(Uji_Umi)/(Mj+Mm)}
j=1
iy[pU Hoy+Hy < oty > —p, <huy, > =
axk m=mi’ 'm m m-'m m m - mk
2
:y{meam(T—Tm)+Zijpmpj(ij/(Mj+Mm)},, (14)
j=1

— — 12 2 |— —
Oy =Un-Uj[ 12, Ky=z[r,+1 ] [Un-Uj|
where: K - the constant of particles coagulation', , - radius and mass of particles, G,, - solids stress
modulus [8]. The subscript 1 refers to the parameters of incident particles, and the subscript 2 refers to
the reflected particles.

The boundary conditions on the wall were specified for the reflected particles as follows. It was as-
sumed that the mass, the tangent component of the velocity vector and the particles temperature do
not change in the process of their reflection from a wall, and the value of the normal component of the
velocity vector was determined from the relationship u, =—pu,, where £ is the accomodation coef-
ficient, which takes into account the inelasticity of the particles collisions with a wall (we have assumed
£ =0.2 in the computations). The ratio of the number of the reflected particles to the number of the
incident particles was assumed to be equal to unity, that is a complete reflection of particles was as-
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sumed. This has been made with the purpose of determining the maximal protective properties of the
screening layer (no less than 80% of the incident particles are usually reflected).

SOME NUMERICAL RESULTS

The turbulent two-phase flows were calculated with following values of main parameters. All linear
dimensions are referred to the radius of the exit section of the annular nozzle (r.= 0.015 m), the ve-
locities of gas and particles are referred to the critical sound speed in the oxygen (a. = 298 m/s), their
temperatures are referred to the stagnation temperature, the densities are referred to the stagnation
density ( p, = 1.28 kg/m). The diameters of the coke and magnesite particles in the inlet section were
assumed to be the same (d, = d, = 100 um), the relation of the mass flow rate of the second phase
to the mass flow rate of the carrier gas W, /W, =10 (W, =W, +W,), and the weight fraction of coke
q =W, /W, was varied. The stagnation temperature T, for both gases in the inlet section was equal to
300 K, the air temperature in the ambient space was 1700 K.

1
0.50 L\

£ ]
T

0,25

0.0 100 200 X
Fig. 3. Flow parameters along the jet axis

The computations have shown that under the same conditions the intensity of the two-phase jet ex-
pansion is significantly less than in the case of a monophase jet, which is related to the back influence
of particles on the gas flow field. In Fig. 3 the flow parameters distributions along the jet axis are shown
(the curves 1 correspond to the parameters of the pure gas, and the curves 2 correspond to the two-
phase flow, the dashed lines refer to the magnesite particles velocity).
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Fig. 4. Flow parameters at x=250. 1 - g=0; 2 - g=0.5; 3 - g=1.0; 4 - g=1.5
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It may be seen that the central jet is accelerated by the viscous interaction with the high speed periph-
eral jet, and the presence of the second phase reduces the intensity of acceleration. However, in the
main region of the jet flow the particles velocity exceeds the gas velocity, and the particles begin to
carry the gas along, thus increasing the “range” of the two-phase jet. The increasing of the gas tempera-
ture due to the particles combustion occurs at a sufficiently large distance from the mouthpiece. This
indicates to a considerable lag of the coke particles ignition process. Filming of the industrial guniting
process confirms the obtained results.

In Fig. 4 we show in section x =250 at different values of the parameter g the distributions of the den-
sity of magnesite particles (solid lines) and of coke particles (dashed lines), and the gas temperature in
the cross section of the jet. With the parameter q increasing, the fraction of non-burnt coke particles
also increases, which makes worse the quality of the coating produced by guniting.

10,0 /\\
g
) .
AV :
5.0 5 100
l" ~~~~~~~ 2 N
<\ d
------------ — v o
0 100 200 X

Fig. 5. Density of magnesite particles and the coke particles diameters along the jet. |- g=0.5; 2 - g=1.0; 3 - g=1.5

In Fig. 5 we depict the distribution of the magnesite particles density along the jet axis for the different
regimes of flow (solid lines and dashed lines) and g.

Y q=0,5
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1 =15
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Fig. 6. Zones of the beginning and end of the coke combustion

The solid lines and dashed lines denote high-speed and low-speed jet of oxygen, respectively. A sharp
increase of the particles density at the initial part of the high-speed jet is related to the effect of the
“lacing” of the particles jet, which is expressed by the reduction of the cross dimension of their jet. This
effect is conditioned by the influence of turbulent pulsations of the carrier gas on the particles motion.
In the case of low-speed jet the mixing of the jets occurs considerably faster with less intensive genera-
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tion of k. The consequence of this is the absence of the “lacing” effect. We show in the same Figure the
change of the coke particles diameter along the jet axis for three values of the coefficient q, from which
it follows that the “lacing” effect reduces the intensity of the coke combustion process.

The dispositions of the zones of the beginning and ending of the coke combustion in the jets are pre-
sented in Fig. 6. It may be seen that the increase of the relative fraction of coke in the gunit mass leads
to a substantial lag of the combustion process, the intensity of which is limited by a turbulent diffusion
of oxygen from the peripheral jet.

X
5
0 5 lOa) 15 20 Y
X
5
0 5 lOb) 15 20 Y

Fig. 7. Distribution of particles density near the wall surface

In Fig. 7a, 7b we show a qualitative picture of the distribution of particles density near the wall surface
in the incident jet for the particles with the diameter dp,=100um without regard (Fig. 7a) and with regard
(Fig. 7b) of the force interaction between the incident and reflected particles. It may be seen that the
consideration of such an interaction alters significantly the structure of the screening layer, which now
“presses itself” to the wall on the jet axis, where the impinging particles have the largest energy. The
isolines of the Mach numbers of the carrying gas are presented in Fig. 8.

i

-

Fig. 8. Isolines of the Mach number

One may well see a region of the formation of the boundary layer along the wall. The effect of the parti-
cles with dpy=100um on the flow structure of the carrying gas is insignificant, and it becomes appreciable
in the case of particles of small sizes dp<10um.

We show in Fig. 9 the pressure distributions along the wall for the particles with dy=100um and dp=10um.
It may be seen that the pressure at the spreading point in the case of dp,=10um is higher. That is related
with more intensive interaction between carrier gas and particles of the small diameters.
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Fig. 9. Presse distribution along the wall. 1 - dp=100um; 2- dp=10um

The distributions of the velocities of incident particles on the wall are depicted in Fig. 10 for dy=100um
and for dp=10um. The solid lines correspond here to the computations taking into account the force
interaction between the incident and reflected particles. The dashed lines refer to the case when the
above interaction is not taken into account.
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U 3N

P

s

0 5 10 15 Y 20
Fig. 10. Distribution of the velocities of incident particles on the wall. 1 - dp=100um; 2- dpzloum

CONCLUSION

The analysis of computational results shows that in the given scheme of guniting it is reasonable to pro-
vide sufficiently high velocity of the central two-phase jet as well as to intensify in some way the process
of the turbulent transfer of the oxygen to the central part of a jet in order to ensure a more complete
combustion of coke particles.

It was showed that the consideration of the force interaction affects substantially the distribution of
the velocities of incident particles, and in the case of large particles this effect (d,=100um) proves to be
even qualitative.
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Milosevic H.%, Petrovic V. V.2
INFORMATION TECHNOLOGIES THROUGH MOODLE SOFTWARE
PLATFORM

Increased use of information and communication technology needs of teachers in higher education to
their existing ways of frontal lectures adjust to new distance education policy. The first step is to choose
the right software to support all the necessary applications. Moodle is offered as one of the good soft-
ware tools. This paper discusses the application software package Moodle in the process of distance
education on subjects that include content courses basis of informatics and computer science, and stud-
ied at the undergraduate level of higher education.

INTRODUCTION

Development of information technologies and constant innovating of educational technologies results
in alterations in methods and forms of educational activities, including the organization which would
appear optimal in the era of mass implementation of internet and electronic sources of knowledge. Ed-
ucation, as a rule, gradually embraces new technologies in view of production, traffic, service providing.
However, multimedia systems, distance education, virtual schools and other technologies which result
in increase of students’ engagement, higher quality of knowledge assessment and students’ advance-
ment in accordance with individual abilities and prior knowledge, were introduced in education [1,2].

In addition to favoring knowledge as principal global resource for the future, significant efforts were
invested in developing and expanding of all forms of electronic support to educational process, dur-
ing the last decade. Alongside utilization of new technologies in enhancement of formal education,
distance education was also developed, with basic goals to set more flexible infrastructure, and with it
the availability of this form of learning to each student, to alleviate the overall level of digital literacy in
academic population and to develop top quality educational content. Education supported by informa-
tion technologies implies three primary components at least:

1. Computer Assisted Learning - CAL
2. Computer Assisted Research
3. Distance Learning - DL

Computer Assisted Learning is used most frequently and it is highly convenient for establishing interac-
tions between students and computers in order to improve existing learning technologies and make
lectures more obvious, dynamic and interesting. Computer Assisted Learning includes multimedia edu-
cational software, computer simulations, virtual reality, artificial intelligence. Utilization of information
technologies envisages individual gaining of knowledge, constant return of information and monitoring
of students’ progress which helps teacher assess students’ knowledge more realistically and points
them to other didactic media so that they could gain new knowledge without difficulty. Computer As-
sisted Learning is, today, used extensively at high education institutions for theoretical researches of
literature from different areas and for empirical researches with using of adequate statistical software.
Theoretical research of literature is almost inconceivable without the use of computer technology, be-
cause, today, almost all major books, papers, studies and repertories from expert and scientific con-
ventions are transferred to electronic form and placed on web portals of publishing houses, faculties

1 Faculty of Science and Mathematics, Pristina University, Kosovska Mitrovica, Serbia
2 School of Electrical and Computer Engineering of Applied Studies, Belgrade, Serbia
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and libraries. Distance learning by using of computers, telecommunications, cable television is more
frequently implemented in education. Distance education represents an instructional method of work
with students which does not require presence of students and teacher in the same room. Develop-
ment of distance education dates from mid 20 century when radio broadcasts and pen-pal schools
were used in order to provide education to students with no means of travel to school or simply unable
to attend lectures. On a basic level, distance education is established when both teacher and student
are physically separated by long distance and when technology (i.e. speech, video, data and printing)
is used to abridge this gap. These types of educational programs can offer second chance for attaining
faculty level education to adults, can reach those who are troubled with time constrains, away from
faculty centers or with physical disabilities, and can also refresh their knowledge and improve skills in
accordance with development of science and technology in their related area of expertise.

This paper contains an overview of Moodle software package in distance education at School of Electri-
cal and Computer Engineering of Applied Studies from Belgrade in course subject Basics of information
technology and computer science and a proposal for implementation of such method of work in course
Theoretical basics of information technology on Faculty of Natural Sciences University of Pristina with
temporary place of residence in Kosovska Mitrovica.

MOODLE SOFTWARE PACKAGE

Moodle software package is used for creation of internet courses and websites and it was created as
support to electronic learning. Term Moodle is an abbreviation of Modular Object Oriented Dynam-
ic Learning Environment. It is created as open source software, with open source code. It essentially
means that author of this software package has protected its rights but whoever uses it has additional
rights. Basic characteristics of this software package, as support to distance education, can be classified
into several categories:

¢ High availability - ability to serve thousands of users simultaneously;
¢ Scalability - ability to absorb increase of users without a drop in performance;

e User friendly - ability to have the user (student or teacher) quickly learn how to use the system;
Interoperability - ability to integrate in the existing software in related institution;

¢ Stability - stabile version of Moodle software provides uninterrupted services to student and teach-
er population; Security - characteristic of system to pose security risk not greater than any other
component of information system in related institution.

COURSE BASICS OF INFORMATION TECHNOLOGY AND COMPUTER SCIENCE THROUGH MOODLE

In course subject Basics of information technology and computer science, studied on the first year of
School of Electrical and Computer Engineering of Applied Studies from Belgrade, an online course was
organized as additional support to traditional methods of providing education. Plan and program of this
course subject greatly overlaps with plan and program of Theoretical basics of information technology
[3,4,5] and many other course subjects studied during the first year of studies in high education. Thanks
to Moodle software package, during this course, students have access to learning materials, complete
set of lectures, announcements sent on email via forum, contact and discussion with professor and as-
sistants and can test their knowledge by taking related tests.

After entering the URL http://e-learn.viser.edu.rs/moodle in web browser, the home
page of Moodle opens, as shown in Picture 1. This home page contains all distance education simplified
courses in Moodle environment at Electrical Engineering and Computer Technology College of Applied
Studies from Belgrade.
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Pic. 1. Home page of Moodle system

Titles of courses at School of Electrical and Computer Engineering of Applied Studies (SECEAS) available
to students through distance education represent links (hyperlinks), as shown in Picture 2.

Pic. 2. Course subject page

By clicking on a related link (course subject title) and entering appropriate access password, Picture 3,
user logs in and becomes an attendee of the selected course, in this case Basics of information technol-
ogy and computer science course.

Pic. 3. Enrolling (logging in) to course

After students pass the procedure of updating their profiles, and it is necessary for a student to receive
a password by school’s network administrator, which will then be used during their entire schooling
in SECEAS, Moodle system sends an activation link to the email addresses they had entered. After the
link for account activation is activated, Moodle page for accessing the system opens. By selecting the
course Basics of information technology and computer technology on attendees’ home page, Picture 4,
students enter their identification password.
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Pic. 4. Enrolled course attendee’s home page

Only several most important elements will be described in detail, during the familiarization with ap-
pearance and navigation within the course, while the description of rarely used elements will be omit-
ted. On the top of the page, in upper left corner, title or name of course is stated. On the right side, on
the top of the page, it can be seen if the students are logged in and which username they use, and there
is an option to log out by clicking on (Logout) link.

Middle section of the page is reserved for resources set by professor or assistants within course sub-
ject’s page and organized in sections or topics. There are several ways for moving alongside the course’s
page.

Clicking on particular parts of linear textual menu, will result in:

System for distance learning: returning to Moodle website home page

BOSCT_lab: opening of Basics of information technology and computer science home page
e Resources: opening the listed lectures
e Exercise 1: currently active resources

Topics are recognizable in the middle section of the course’s page. Within topics, lecturer leaves ac-
tivities and resources, i.e. educational content of related course. Appearance of this column can vary
depending on preferences and intents by the lecturer who creates materials. Topic number and title
(chapter title) can be seen on the top, as explained in Picture 5. In this particular case, it is educational
unit Numeral systems and conversion.

Pic. 5. Sections within topic and tools

Should someone like to see the content of one topic on a page in any moment, a click on little square
on the right side is required [ . After clicking, the view of the same topic remains almost identical but
all other topics are invisible. In order to make the topics visible again, a click on the double square in the
upper right corner of the topic is required. In case someone would like to see all topics again, clicking on
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the double square which will appear on that spot is required. This enables simpler approach to specific
topic in cases when the course has many topics, Picture 6.

Pic. 6. Topic overview on the page

Function blocks

Blocks are parts of text on the screen limited by square frame. They are located on the left or right side
of thematic part of page and have different functions, but they will not be further explained in this
paper.

Additional useful options that may provide service to both users, students and also creators of this
course i.e. lecturers and assistants are available [6,7, 8].

Working with tests

Moodle system also enables testing of course attendees’ knowledge by means of online testing. At
Basics of information technology and computer science course, students check their knowledge related
to laboratory exercises prior to each exercise. Taking the test is conducted by clicking on the test’s title
within certain topic, after which a web page opens, as shown on Picture 7. Information concerning the
test will appear on the first page during opening of the test.

e Number of attempts

e Time limitation

e Grading method (first attempt, last attempt, average grade and highest grade)

e Duration of the test

e General characteristics of the test and related information (purpose)

Pic. 7. First page of the test
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Student starts the test by clicking on Start test button and before he receives questions Moodle systems
informs him on the allowed number of attempts for solving the test, time limitations (if any) and any
other information, Picture 20. Starting from the moment the testing is commenced, a clock counting
down the time to test closure is activated. When time expires the test shuts down and submits itself.
When student marks the answers he believes are correct, in order to complete the test and receive
return information from the system, clicking on the button “Submit all answers and complete the test”
as shown on Picture 8 is required. Besides this option there is also an option to save without submitting,
which memorizes all answers from the test but does not stop the clock.

Pic. 8. Button for submitting test answers

When a student completes the test, a web page with return information regarding the scores on the
test will appear, as well as a possibility to see where mistakes were made, information on the remaining
number of attempts and scores from previous attempts.

CONCLUSION

Distance learning is projected to have the content follow the educational program of related subject
courses, but using hyperlinks also provided opportunity for in-depth researches in particular areas,
which suits individual interests of students and all others who would use these didactic materials for
formal or informal education. It is necessary to establish permanent evaluation of distance education
and its enhancement in accordance with changes that occur in the developed parts of the world, as well
as on the basis of experiences and opinions of lecturers and students in practice. Public approach to
web content stresses the need for protection of privacy of students’ information, so a special database
related to students with password protection and availability to authorized personnel only would be of
necessity. Database containing results of students’ progress must be protected and archived on CD-s,
not only for protection of privacy but also for preventing eventual misuse by the side of students. Nev-
ertheless, in this early phase, assessing the students’ knowledge by means of distance education would
only serve as additional information to lecturers, not as the only one, and surely, during its use, another
organization adjusted to social environment we live in will be imposed. However positive experiences
from this course may successfully be implemented onto other high education facilities.
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Munowesuy X.}, LLIokuH f0. W.%, 3axapos F0. H.3, lelioapos H. A.?, Tymmens E. 3.3

PELUEHUE CTAUMOHAPHbBIX U HECTALUMOHAPHbIX 3AAAN
NMPOTEKAHUA B KAHANAX NPU 3AAAHHOM NEPENAAE AAB/TEHUA

A series of stationary and non stationary problems of a viscous incompressible fluid flow in a channel caused by
a given pressure differential is studied in the paper. The technology of solving such problems which allow to get a
stable solution is offered.

BBEAEHUE

Ha npaKTuke 4acTo BCTPEYAOTCA 334a4M NPOTEKAHMA B KaHANax, rae UCTOYHMKOM ABUKEHUA ABAseTCA
He 334aHHOE MoJie CKOPOCTElM Ha BXOAE M BbIXOAE M3 KaHasa, @ U3BECTHbIW nepenag, LaBnaeHul (cm.
[1]). 370, Hanpumep, 3a4a4M O ABUNKEHUM BO3AYXa B CUCTEMAX BEHTUAALUKU B 343HUAX, NOA3EMHbIX
COOPYKEHUAX U T.N. B MYy ManocTv CKopocTen ABUMKEHUA cpebl U GAaKTUYECKOM €€ HEeCKMMAEMOCTH,
noAo06Hble TEYEHUSA MOKHO MOLENNPOBATb ABUKEHMEM BA3KOW OAHOPOAHOM HECKMUMAEMOM KUAKO-
CTW. [leTanbHbIA aHaNN3 TaKUX TEYEHUI BaXKEH, HaNpUMep, Npu OLEeHKe 3ara3oBaHHOCTU OTAENbHbIX
YYaCTKOB Yro/ibHbIX LLIAXT.

OAOHOM M3 OCHOBHbIX MaTeMaTUYECKUX MOAENEN, OMUCHIBAIOLLMX ABUNKEHME BA3KOM HECHKMMAEMOM
XUAKOCTM, ABNAIOTCA ypaBHeHUAa HaBbe-CTokca [2]. Ecnan o6nacTb TedyeHUa NOoIHOCTbIO OrpaHuYeHa
HEenpoHUL,AEeMOM rpaHuLEei, To 06bIYHO He BO3HUKAET Npobaem ¢ 3afaHneM rpaHUYHbIX YCI0BUIA ann
HeCKMMmaemMblx ypaBHeHui Hasbe-CTtokca. O4HAKO Korga MPUCYTCTBYIOT rpaHuUUbl, Yepes KoTopble
XUAKOCTb BTEKaeT (MK BbiTeKaeT) B 061acCTb, HET 06LENPUHATOrO CorialleHus, Kakoi Bua, rpaHny-
HbIX YCOBUIN NpeanoyYTUTeNIeH C MaTeEMaTUUYECKOM U GU3NYECKOM TOUKU 3pEHUA Ha 3TUX rpaHuLax.
Haunbonee 4acTo MCNOMb3YIOTCA Tak Ha3blBaeMble KNacCUMYECKMe KpaeBble YCI0BUSA, KOraa Ha rpaHumuax
NpoTeKaHWA 3a4at0TcA 3HaYeHuna ckopocTu (cm. [3]). OgHaKo B nocneaHee Bpems Npu NOCTaHOBKE Kpa-
eBbIX 33Ja4 ANA YPAaBHEHUI TMAPOAMHAMMKM CTANM, UCXOAA M3 3aMPOCOB NPAKTUKM, UCNO/b30BaATHCA
M Apyrue Kpaesble yC10BMA (NPOCKanb3blBaHUA, O4HOCTOPOHHME, YC/IOBUA Ha AABAEHWE WU MOHbIN
Hanop u T.4.), NONY4YMBLLME HA3BaHME HEKNACCMYECKUX MAM HeCTaHAAPTHbIX KpaesbiX ycioBuid. Mc-
CNel0BaHUIO Knaccuyeckoi 3agaun upuxne ans cuctem Hasbe-CTOKCa MOCBALEHbI AECATKU ThicAY
paboT. CyLecTBeHHO MeHbLle paboT NOCBALLEHO UCCNEA0BaAHMI0 YPaBHEHWI TMAPOANHAMUKN NPU He-
CTaHAAPTHbIX KpaeBbIX ycioBMAX (cMm. 0630p B [4]).

MocTaHOBKa KpaeBoW 3a4auM O TeYEHUM B KaHasiax, Bbi3BaHHOM 3aJaHHbIM nepenagom AaBneHus,
nmeeTt pajg ocobeHHOCTel, KOTopble 3aTPYAHAT NocTpoeHMe 3G GEKTUBHbIX YNCAEHHbIX a/ITOPUTMOB
nx pelieHuns. Takum obpasom, Lebio HacTosllel paboTbl ABAAETCA MNOCTPOEHMEe MeToda pelleHun
CTaLUMOHAPHbIX M HECTALMOHAPHbIX 33434 O ABUXKEHUM B KaHase 0AHOPOAHOW BA3KOW HECKMMAEMOM
UAKOCTU NPU 3a43aHMM AAB/IEHUA Ha BXOAE M BbIXOAE KaHana.

NMOCTAHOBKA 3A4A4YU
PaccmoTpum ABYMeEpPHYH 3a4a4y NPOTEKaHWA BA3KON O4HOPOAHOW HECKMMAEMOM KUAKOCTU, KOTO-
pas onucbiBaeTca cMcTemol ypaBHeHMin HaBbe-CToKca [5]
(T - V)T +Vp —vAT =0,
divi =0,

(1)

1 YHusepcutet B NpuwTtnHm, Kocoscka Mutposuua, Cepbusa
2 UBT CO PAH, HoBocunbupck, Poccus
3 KemepoBcKuii rocyAapcTBeHHbIV yHUBepcuTeT, Kemeposo, Poccua
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r,=P(X), (2)

pl=p(X), p

, (3)
(T,7)=0, xelUT,, (4)

rae X=(X,y) - Touka obnactv Tedenun Q, U=(u,v)- Bektop cKopoctn, U=U(X,Y), V=V(XY),
p=p(X,y) - AaBneHue, v > 0- KO3PULMEHT KMHEeMaTYecKon Baskoctn, P,(X,Y), p,(X,y) - 3agaH-
Hble QYHKLUMK, T - BEKTOP eAMHUYHOM KacaTenbHol K rpannue; I'=T, UT, UT; - rpanuua obnactu Q,
I n I, - BXo4 1 BbIXOZ, COOTBETCTBEHHO, I'; - TBEpAble cTeHKW. PaBeHCTBO (4) 03HaYaeT, YTO BEKTOP
ckopoctn U nepneHaukynapeH rpaHunuam I u I',. Ha puc. 1 nokasaHa Bo3moxHaA 061acTb pelleHns
Q.3pecb I,=4B,1,=CD, I';=ADUBC.

B\_/—\ C

A\_/_\D

Puc. 1. O6nacTtb TeueHus

[na yncneHHoro pelleHusa Kpaesoi 3agaum (1)-(4) MOXKHO MCNoNb30BaTb METOZ, YCTaHOBIEHUA, KOT-
[a pelleHVe CTauMoHapHOM 3a4a4n MLLETCA KaK npeaesibHOe pelleHne COOTBETCTBYIOLWEN HecTaum-
OHAPHOW 334a4u, MW Ke KaKMM-1MB0 Cnocobom (MeTos, KOHEYHbIX 3/1eMEHTOB, MeTOA, CETOK M1 T.n.)
annpoKCMMMPOBaTb MCXOAHYIO 33434y M NONYYUTb CUCTEMY HEJIMHENHbIX anrebpanyecknx ypasHeHui,
KOTOPYI MOXHO peLlaTb NoAXOAALLMM UTEPALMOHHBIM MeTOAOM. KaxKAablii U3 3TUX cnocoboB nmeet
CBOW A OCTOMHCTBA U HEAOCTATKMU.

KaK BMAHO M3 MOCTaHOBKM 3a4aum (1)-(4), Ha rpaHnuLax NpoTeKaHuA 3a4aHbl GYHKLMA AaBNEHUA U Ka-
caTe/fibHaA COCTaBAIOLLAA BEKTOPA CKOPOCTM, @ Ha TBEPAbIX CTEHKAX - TO/IbKO KOMMOHEHTbI BEKTOpa
cKopocTu. Tem cambiM, A1 060MX METOA0B YNCIEHHOTO pelleHua 3aga4m (1)-(4) Bo3HMKaeT npobnema
3a4,aHM1A YCNOBMA HA HOPMA/IbHYIO KOMMOHEHTY BEKTOPA CKOPOCTM Ha YYaCTKax BTEKAHWUA-BbITEKAHMA.
OpHaKo, Kak noKkasaHo B [5], 4n1a HecTauMoHapHoW 3aaaum ycnosua (2) - (4) u 3agaHHOe HavasibHoe
yC/I0BME eAIMHCTBEHHbIM 0bpa3om onpeaenseT pewerusa ansa t >0 1 Tem cambiM HOPMasIbHYO COCTaB-
NAIOLLYI0O BEKTOPA CKOPOCTU Ha BXOA4E-BbIXOAE 33aaBaTb HE/b3sA, €C/IM OHA He AB/AETCA CleaCTBUEM
(4). A pna crauMoHapHOM 3aa4M NMOKasaHa To/IbKo eé paspewnmocTb (cm.[1]).

OB6bIYHO YMC/IEHHO pPeLLaoTCA 3a4a4M NPOTEKAHMA B KaHanax C NapasiefibHbIMU OCSIM KOOPAMHAT npsa-
MbIMM FpaHULAMM U NMPAMbIMM yraamm (cm. [6,7]). B aTom ciyyae Ha BXoAe M BbIXOAe 3a4at0TCA «ecTe-

ou ov
CTBEHHbIE» KpaeBble YCI0BMA HAa CKOPOCTU BUAA V= 0,6— =0 (u=0, @ =0), KoTopble no3BonstoT
X

NOCTPOWTb aNTOPUTMUYECKN 3aMKHYTbIM YUCNEHHbI MeToZ peleHrsa. OTMeTUM, YTO yC0BUE Ha Npo-
W3BOAHYIO ANA OAHOW M3 KOMMOHEHT BEKTOPA PeLLeHUs ABAAETCA NPAMbIM caeacTemem yciosus V=0
(u=0). OgHaKo Takoe «NpocToe» onpeaenieHne CKOPOCTE Ha FpaHuMLLEe He BCerga BO3MOXKHO, Hanpw-
Mep, B C/lyyae, Korga rpaHuLbl 06/1acTv Te4eHUs He napaniesibHbl 0CAM KOOpAMHaT. [eno B ToM, 4To
KpaeBble YC/10BMA Ha BTOPYIO KOMMOHEHTY ABAAIOTCA, BOOB6LLE rOBOPSA, «ULLIHUMMUY, U, ANS TOTO YTOObI
KpaeBan 3afaya C HUMM MMeNa pelleHne, Heobxoanmo, YTobbl OHWM BblAn ecTecTBEHHbIM 0bpasom
COrnacoBaHbl € peleHnem 3aaaun, cGopmyanpoBaHHOM 6e3 TaKMX JOMONHUTENbHBIX YCAOBUNA.
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Paccmotpum panee pelleHue CTaLMOHAPHOM M HeCTaLMOHaApHOM 3ajayu npoTeKaHua bonee noa-
po6Ho.

CTAUMOHAPHAA 3AJAYA

[Ns YNCNEHHOrO peLleHus CTaluMoHapHOM cucTemMbl ypaBHeHU (1) ¢ KpaeBbiMmn ycnosuamu (2)-(4) no-
cTpoum B 06nactm ( pasHeCcEHHYIO NPAMOYTO/bHYIO M B 0BLLEM CyYae HepaBHOMepHYto ceTky
cornacosaHHyto ¢ rpanuueit I'. Ha €, meTosom KoHTponbHOro o6béma annpokcumupyem (1) pas-
HOCTHOM CXeMoM 2 - ro nopaaka.

BmecTe ¢ annpoKcumaumeit Kpaesbix ycnoBuit (2)-(4) mbl MOAYYMM PasHOCTHYIO 3a4a4y OTHOCUTENbHO
BeKTopa i = (u;,v;, p;), (i, ) € J;. BBeAem Tak’ke MHOXKECTBO MHAEKCOB J,, KOTOPbIE COOTBETCTBY-
10T TEM rPaHNYHBIM Y3/1aM, T4 HET KPAaeBbIX YC/I0BMIA Ha KOMMOHEHTBI ; W p, BEKTOPA PELeHNs.

KonnyecTso ypaBHEHWUI MONYYEHHOM CUCTEMbI MEHbLUEe KO/IMYeCcTBa HEM3BECTHbIX B CUJY TOTO, YTO,
BO-NEPBbIX, OTCYTCTBYIOT YC/NIOBMA Ha FOPU3OHTA/IbHYIO KOMMOHEHTY BEKTOPa CKOPOCTM Ha rpaHuMuax
npoTeKkaHua (Ha BEPTMKaNbHYH KOMMOHEHTY CKOPOCTU NocTassieHo ycnosue (4), o3Havatowee V=0
Ha rpanuuax I u I,), Bo-BTOpbLIX, HET YyCN0BWI Ha AaB/ieHUe Ha rpaHuue I;.

KomnoHeHTbl #, Ha MHOKecTBe y3/108 J, Mbl bysem onpeaenaTb U3 NepBoro ypasHeHWs cuctembl (1),
CYMTAsA ero BbINOJAHEHHbIM, NyTEM anMPOKCMMALLMK ero BHYTPb 061aCTH peLLeHns, 3aMeHsAs NPon3BoA-
Hbleé OAHOCTOPOHHWMMW PA3HOCTAMM NEePBOro UM BTOPOro MOpsAKa annpokcMmauuu. Hepocratowme
YPABHEHWA Mbl MOJly4aem annpoKCMMUPYA Ha rpaHuLLax BHYTPb 061acTu ypaBHEHNA HePa3PbIBHOCTY.
B uTore 3T annpokcMmaumm byayT 3aMblKaTb Pa3HOCTHYO 33Z1a4y, U B 3TOM C/ly4ae KOIMYeCTBO ypas-
HEHUI cucTeMbl ByAeT PaBHO YMCNY HEU3BECTHbIX.

T.0. TaKyto Pa3HOCTHYIO 3aady MOKHO 3anucaTb B BUAE CUCTEMbI BUIMHENHbIX YpaBHEeHWIA pasmep-
HOCTM M

A(uu = f (5)
roe
AGS)t=A(s)t+At, VsteR",

A (U) - maTtpuua, nosydeHHas B pesynbTaTe annpoKCMMALMK HEJIMHENHO YacTu ncxogHo audde-
peHumManbHoM 3agaum, A, - uMci0Bas MaTPMLA, anMNPOKCUMUPYIOLLAS JIMHERHYIO YacCTb 3TOM CUCTEMBI,
f - M3BecTHas npaBas yacTb, MONy4aemasn U3 KpaeBblX YCNOBUI. O4EBMAHO, 3NEMEHTbI MaTpuLbl A
NMHENHO 3aBMCAT OT KOMNOHEHT BekTopa U = (U,,...,U, )" .

MonyyeHHas cuctema (5) pewanacb MetoAom (6) HEMNONHOM anMPOKCMMaLIMM MUHUMA/bHbIX HEBA30K
(8]
un+l/2 :un —Tn+1[A(un)u" _f],

n+l n+1/2
=u

(6)

+a .,z", n=0,12,...,

n+l

u

rae 2" =(z,,....,2,,)" - HEKOTOPbIN HEHYIEBO BEKTOP, U° - NPOM3BO/IbHOE HaYanbHOEe NPUbANKeHNe
n3 obnactu onpegenenHusa onepatopa A, 7,,, - 160 YNCNOBOM UTEPALIMOHHbIN NapameTp, Mbo KBa-
[ApaTHaA AMaroHanbHaa MaTpuua, «,,, - AMaroHasabHaa MaTpULE@ UTEPaLMOHHbIX NapameTpos. B [9]
MOKa3aHo, YTO eC/IN 31IeMeHTbl MaTpuLpl &, ,, BbIBUPATb 13 YCNOBUA MUHMMYMa NOCAe0BaTebHOCTH

rn

HEeBA30K, TO HOPMa HEBA3KM ‘ = HA(u")un - fH MOHOTOHHO Y6bIBaeT 1 MPU HEKOTOPbIX OrPaHUYEHM-

Ax Ha onepaTtop A(U) cTpemuTCs K Hy/It0. ITO 06CTOATEIbCTBO NO3BO/IAET HAXOAMTb XOTA 6bl O4HO U3
peLleHwnit pasHOCTHOM 3aaaun. NMoapobHee o meToae n cnocobax Bbibopa «,,,, cm. [9].

ﬂ,nﬂ TecTupoBaHuUA npe,qnaraemoﬁ TEXHONOMMN Mbl YNCNEHHO pelWwnnn 3a4a4m O Te4HeHUAX B NPOCTbIX
KaHanax c NpAMbIMM CTEHKaMK, NapaaneabHbIMU OCIM KOOpAMHAT (puc. 2). B npaMoyronbHOM KaHane
6b110 NonyyeHo TedeHue Myaseina (Hopma oTanUYME NPUBAUKEHHOTO peLleHMsa OT TOYHOMo COCTaBAsA-
et 10°®). nA KaHaNoB ¢ TpaHLeekn, co cTyneHbKol, T-06pasHoOro KaHana B ABYX- M TPEXMEPHbIX C/yYa-
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AX 6bIIV NONYYeHbl pelweHns, 6n3KMe K pesynbTaTaM APYrnX aBTOPOB: OTHOCUTE/IbHAA HOPMA pPa3Ho-
CTM NOJIYYEHHOTO HAaMU PELLEHU